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NOTICE
Medicine is an ever-changing science. As new research and clinical experience broaden our knowledge, 
changes in treatment and drug therapy are required. The authors and the publisher of this work have 
checked with sources believed to be reliable in their efforts to provide information that is complete 
and generally in accord with the standards accepted at the time of publication. However, in view of the 
possibility of human error or changes in medical sciences, neither the authors nor the publisher nor 
any other party who has been involved in the preparation or publication of this work warrants that the 
information contained herein is in every respect accurate or complete, and they disclaim all responsi-
bility for any errors or omissions or for the results obtained from use of the information contained in 
this work. Readers are encouraged to confirm the information contained herein with other sources. For 
example and in particular, readers are advised to check the product information sheet included in the 
package of each drug they plan to administer to be certain that the information contained in this work 
is accurate and that changes have not been made in the recommended dose or in the contraindications 
for administration. This recommendation is of particular importance in connection with new or infre-
quently used drugs.

FM.indd   2 1/22/2015   8:29:38 AM

http://www.myuptodate.com


htt
ps

://k
at.

cr/
us

er/
tah

ir9
9/

Associate Editor

John P. Kress, MD
Professor of Medicine
Director, Medical ICU

Department of Medicine
Section of Pulmonary and Critical Care

University of Chicago
Chicago, Illinois

Principles of Critical Care

Fourth Edition

Editors

Jesse B. Hall, MD
Professor of Medicine and of Anesthesia  

and Critical Care
Section of Pulmonary and Critical Care

University of Chicago
Chicago, Illinois

Gregory A. Schmidt, MD
Professor of Internal Medicine

Division of Pulmonary Diseases, Critical Care, and 
Occupational Medicine

Department of Internal Medicine
Associate Chief Medical Officer, Critical Care

University of Iowa
Iowa City, Iowa

New York  Chicago  San Francisco  Athens  London  Madrid  Mexico City  Milan
New Delhi  Singapore  Sydney  Toronto

FM.indd   3 1/22/2015   8:29:39 AM

http://www.myuptodate.com


htt
ps

://k
at.

cr/
us

er/
tah

ir9
9/

Copyright © 2015 by McGraw-Hill Education. All rights reserved. Except as permitted under the United States Copyright Act of 1976, no part of this publication may be 
reproduced or distributed in any form or by any means, or stored in a database or retrieval system, without the prior written permission of the publisher, with the exception that 
the program listings may be entered, stored, and executed in a computer system, but they may not be reproduced for publication.

ISBN: 978-0-07-175327-2

MHID: 0-07-175327-3

The material in this eBook also appears in the print version of this title: ISBN: 978-0-07-173881-1,
MHID: 0-07-173881-9.

eBook conversion by codeMantra
Version 1.0

All trademarks are trademarks of their respective owners. Rather than put a trademark symbol after every occurrence of a trademarked name, we use names in an editorial 
fashion only, and to the benefit of the trademark owner, with no intention of infringement of the trademark. Where such designations appear in this book, they have been printed 
with initial caps.

McGraw-Hill Education eBooks are available at special quantity discounts to use as premiums and sales promotions or for use in corporate training programs. To contact a 
representative, please visit the Contact Us page at www.mhprofessional.com.

Previous editions copyright 2005, 1998, 1992 by The McGraw-Hill Companies, Inc.

TERMS OF USE

This is a copyrighted work and McGraw-Hill Education and its licensors reserve all rights in and to the work. Use of this work is subject to these terms. Except as permitted 
under the Copyright Act of 1976 and the right to store and retrieve one copy of the work, you may not decompile, disassemble, reverse engineer, reproduce, modify, create 
derivative works based upon, transmit, distribute, disseminate, sell, publish or sublicense the work or any part of it without McGraw-Hill Education’s prior consent. You may 
use the work for your own noncommercial and personal use; any other use of the work is strictly prohibited. Your right to use the work may be terminated if you fail to comply 
with these terms.

THE WORK IS PROVIDED “AS IS.” McGRAW-HILL EDUCATION AND ITS LICENSORS MAKE NO GUARANTEES OR WARRANTIES AS TO THE ACCURACY, 
ADEQUACY OR COMPLETENESS OF OR RESULTS TO BE OBTAINED FROM USING THE WORK, INCLUDING ANY INFORMATION THAT CAN BE ACCESSED 
THROUGH THE WORK VIA HYPERLINK OR OTHERWISE, AND  EXPRESSLY DISCLAIM ANY WARRANTY, EXPRESS OR IMPLIED, INCLUDING BUT NOT 
LIMITED TO IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. McGraw-Hill Education and its licensors do not  
warrant or guarantee that the functions contained in the work will meet your requirements or that its operation will be uninterrupted or error free. Neither McGraw-Hill  
Education nor its licensors shall be liable to you or anyone else for any inaccuracy, error or omission, regardless of cause, in the work or for any damages resulting therefrom.  
McGraw-Hill Education has no responsibility for the content of any information accessed through the work. Under no circumstances shall McGraw-Hill Education and/or its licensors be  
liable for any indirect, incidental, special, punitive, consequential or similar damages that result from the use of or inability to use the work, even if any of them has been advised 
of the possibility of such damages. This limitation of liability shall apply to any claim or cause whatsoever whether such claim or cause arises in contract, tort or otherwise.

http://www.mhprofessional.com
http://www.myuptodate.com


htt
ps

://k
at.

cr/
us

er/
tah

ir9
9/

We dedicate this edition to:
Our many trainees and colleagues,

Who have learned eagerly,
And taught us graciously.

FM.indd   5 1/22/2015   8:29:39 AM

http://www.myuptodate.com


htt
ps

://k
at.

cr/
us

er/
tah

ir9
9/

This page intentionally left blank 

http://www.myuptodate.com


htt
ps

://k
at.

cr/
us

er/
tah

ir9
9/

vii

Contents

Contributors.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi

Preface. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xxiii

Introduction .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   xxv

PART 1  An Overview of the Approach to and 
Organization of Critical Care . . . . . . . . . . . . . . . . . . . . . . . . 1

	 1	 An Approach to Critical Care  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 2
	 Jesse B. Hall, Gregory A. Schmidt, and Lawrence D. H. Wood

	 2	 Measuring Quality . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 7
	 Andre Carlos Kajdacsy-Balla Amaral and Gordon D. Rubenfeld

	 3	 Intensive Care Unit Staffing .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 15
	 Allan Garland, Hayley Beth Gershengorn, and  

Constantine A. Manthous

	 4	 Infection Prevention and Surveillance in the  
Intensive Care Unit .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 23

	 Hitoshi Honda, David K. Warren, and Marin H. Kollef

	 5	 Preventing Morbidity in the ICU .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 32
	 Promise Ariyo, Theresa L. Hartsell, and Peter J. Pronovost

	 6	 Assessing Cost-Effectiveness in the Intensive Care Unit .  .  .  .  .  .  .  .  .  .  . 37
	 David J. Wallace and Derek C. Angus

	 7	 Interpreting and Applying Evidence in Critical Care Medicine . .  .  .  .  . 44
	 Elizabeth Lee Daugherty Biddison and Douglas B. White

	 8	 Principles of Medical Informatics and Clinical Informatics  
in the ICU .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 49

	 Vitaly Herasevich, Ognjen Gajic, and Brian W. Pickering

	 9	 Preparedness for Catastrophe .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 56
	 James Geiling, Michael Rea, and Robert Gougelet

	 10	 Telemedicine and Regionalization .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 62
	 Jeremy M. Kahn

	 11	 Transportation of the Critically Ill Patient  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 69
	 Charlotte Small, Andrew McDonald Johnston, and Julian Bion

	 12	 Rapid Response Teams .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 77
	 Daryl Jones and Rinaldo Bellomo

	 13	 Assessment of Severity of Illness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
	 James A. Russell

	 14	 Chronic Critical Illness . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 97
	 Shannon S. Carson

	 15	 Long-Term Outcomes After Critical Illness .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 103
	 Margaret S. Herridge, Jill I. Cameron, and  

Ramona O. Hopkins

	 16	 Care of the Caregiver in the ICU and After Critical Illness .  .  .  .  .  .  .  .  . 114
	 Yoanna Skrobik

	 17	 Caring for the Family . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
	 Sabina Hunziker and Michael D. Howell

	 18	 Providing Palliative Care and Withholding or Withdrawing  
Life-Sustaining Therapy .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 120

	 Dee W. Ford and J. Randall Curtis

	 19	 Legal Issues in Critical Care  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 125
	 Marshall B. Kapp

PART 2  General Management of the Patient . . . . . . .        131
	 20	 Nutrition Therapy in the Critically Ill .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 132
	 Daren K. Heyland, Rupinder Dhaliwal, and  

Stephen A. McClave

	 21	 Glycemic Control .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 141
	 Jean-Charles Preiser and Carole Ichai

	 22	 Pain Control, Sedation, and Use of Muscle Relaxants .  .  .  .  .  .  .  .  .  .  .  . 145
	 Sarah Sokol, Bhakti K. Patel, Ishaq Lat, and John P. Kress

	 23	 Sleep .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 155
	 Brian K. Gehlbach and Sairam Parthasarathy

	 24	 Physical Therapy .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 162
	 William Schweickert, Amy J. Pawlik, and John P. Kress

	 25	 Cardiopulmonary Resuscitation  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 166
	 Benjamin S. Abella and Marion Leary

	 26	 Therapeutic Hypothermia  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 174
	 Benjamin S. Abella and Marion Leary

	 27	 Intravascular Devices in the ICU  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 179
	 John F. McConville and Bhakti K. Patel

	 28	 Interpretation of Hemodynamic Waveforms .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 186
	 James W. Leatherman and John Marini

	 29	 ICU Ultrasonography . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 202
	 Paul Mayo and Seth Koenig

	 30	 Interventional Radiology .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 209
	 Brian Funaki, Jonathan M. Lorenz, Rakesh Navuluri,  

Thuong G. Van Ha, and Steven M. Zangan

PART 3  Cardiovascular Disorders  . . . . . . . . . . . . . . . . .                  227
	 31	 The Pathophysiology of the Circulation in Critical Illness . .  .  .  .  .  .  .  . 228
	 Edward T. Naureckas and Lawrence D. H. Wood

	 32	 Assessing the Circulation: Oximetry, Indicator Dilution, and  
Pulse Contour Analysis .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 242

	 Michael R. Pinsky

	 33	 Shock  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 249
	 Keith R. Walley

	 34	 Judging the Adequacy of Fluid Resuscitation .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 262
	 Gregory A. Schmidt

	 35	 Ventricular Dysfunction in Critical Illness . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 266
	 Keith R. Walley

FM.indd   7 1/22/2015   8:29:39 AM

http://www.myuptodate.com


htt
ps

://k
at.

cr/
us

er/
tah

ir9
9/

Contentsviii

	 36	 Cardiac Arrhythmias, Pacing, Cardioversion, and  
Defibrillation in the Critical Care Setting .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 278

	 Vikas P. Kuriachan and Anne M. Gillis

	 37	 Myocardial Ischemia .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 293
	 Steven M. Hollenberg

	 38	 Acute Right Heart Syndromes .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 308
	 Ivor S. Douglas

	 39	 Pulmonary Embolic Disorders: Thrombus, Air, and Fat .  .  .  .  .  .  .  .  .  .  . 318
	 Nuala J. Meyer and Gregory A. Schmidt

	 40	 Pericardial Disease  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 336
	 Paul Sorajja

	 41	 Valvular Heart Disease .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 343
	 Sorin V. Pislaru and Maurice Enriquez-Sarano

	 42	 Aortic Dissection .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 356
	 Vlad Cotarlan and Joseph J. Austin

PART 4  Pulmonary Disorders . . . . . . . . . . . . . . . . . . . . .                      369
	 43	 The Pathophysiology and Differential Diagnosis of  

Acute Respiratory Failure .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 370
	 Edward T. Naureckas and Lawrence D. H. Wood

	 44	 Noninvasive Ventilation .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 377
	 Laurent Brochard, Evangelia Akoumianaki, and  

Ricardo Luiz Cordioli

	 45	 Airway Management .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 384
	 Michael F. O’Connor and David B. Glick

	 46	 Tracheostomy  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 396
	 Jeffrey D. Doyle and Damon C. Scales

	 47	 Upper Airway Obstruction .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 404
	 Brian K. Gehlbach and John P. Kress

	 48	 Ventilator Waveforms: Clinical Interpretation .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 411
	 Gregory A. Schmidt

	 49	 Management of the Ventilated Patient .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 424
	 Gregory A. Schmidt and Jesse B. Hall

	 50	 Novel Modes of Mechanical Ventilation .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 434
	 Mashael Al-Hegelan and Neil R. MacIntyre

	 51	 Ventilator-Induced Lung Injury .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 439
	 Vito Fanelli, John T. Granton, and Arthur S. Slutsky

	 52	 Acute Lung Injury and the Acute Respiratory Distress  
Syndrome . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 449

	 Mark E. Mikkelsen, Paul N. Lanken, and Jason D. Christie

	 53	 Extracorporeal Lung Support . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 470
	 Lena M. Napolitano

	 54	 Acute-on-Chronic Respiratory Failure  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 482
	 Ivor S. Douglas

	 55	 Status Asthmaticus .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 496
	 Thomas Corbridge and Jesse B. Hall

	 56	 Thoracostomy  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 505
	 Shruti B. Patel and John F. McConville

	 57	 Massive Hemoptysis .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 509
	 Alexander Benson and Richard K. Albert

	 58	 Restrictive Disease of the Respiratory System . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 513
	 Benjamin David Singer, Thomas Corbridge, and  

Lawrence D. H. Wood

	 59	 Ventilator-Associated Pneumonia  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 520
	 Jean Chastre and Jean-Yves Fagon

	 60	 Liberation From Mechanical Ventilation  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 535
	 Constantine A. Manthous, Gregory A. Schmidt, and  

Jesse B. Hall

PART 5  Infectious Disorders . . . . . . . . . . . . . . . . . . . . . .                       543
	 61	 Principles of Antimicrobial Therapy and the Clinical  

Pharmacology of Antimicrobial Drugs .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 544
	 Amira Ashok Bhalodi and David P. Nicolau

	 62	 Sepsis and Immunoparalysis .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 551
	 Pavlos M. Myrianthefs, Elias Karabatsos, and  

George J. Baltopoulos

	 63	 Persistent Fever .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 557
	 Gretchen Yandle and Bennett P. deBoisblanc

	 64	 Sepsis, Severe Sepsis, and Septic Shock .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 562
	 Jenny Han, Sushma K. Cribbs, and Greg S. Martin

	 65	 Pneumonia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 576
	 Richard G. Wunderink and Grant Waterer

	 66	 Infectious Complications of Intravascular Access Devices  
Used in Critical Care  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 588

	 John Conly

	 67	 Endocarditis and Other Intravascular Infections .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 593
	 Mark B. Carr and Kanistha Verma

	 68	 Approach to Infection in Patients Receiving Cytotoxic  
Chemotherapy for Malignancy .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 600

	 E. J. Bow

	 69	 Human Immunodeficiency Virus (HIV) and AIDS in the  
Intensive Care Unit .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 625

	 Mark Hull, Adam M. Linder, JSG Montaner, and  
James A. Russell

	 70	 Fungal Infections . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 643
	 Carol A. Kauffman

	 71	 Bacterial Infections of the Central Nervous System .  .  .  .  .  .  .  .  .  .  .  .  . 651
	 Allan R. Tunkel and W. Michael Scheld

	 72	 Encephalomyelitis . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 665
	 Peter Spiro, Venkata Ranganadh Dodda, and  

Vel Sivapalan

	 73	 Life-Threatening Infections of the Head, Neck, and Upper  
Respiratory Tract .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 676

	 Anthony W. Chow

	 74	 Soft Tissue Infections .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 688
	 John Conly

	 75	 Urinary Tract Infections  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 696
	 Gerard J. Sheehan and Eoghan de Barra

	 76	 Gastrointestinal Infections and  
Clostridium Difficile . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  703

	 Jodi Galaydick and Stephen G. Weber

FM.indd   8 1/22/2015   8:29:40 AM

http://www.myuptodate.com


htt
ps

://k
at.

cr/
us

er/
tah

ir9
9/

Contents ix

	 77	 Management of the Critically Ill Traveler .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 711
	 Christian Sandrock and Hugh Black

	 78	 Severe Malaria .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 721
	 Sanjeev Krishna and Arjen M. Dondorp

	 79	 Tetanus .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 729
	 David L. Pitrak, Jason T. Poston, and Jodi Galaydick

	 80	 Viral Hemorrhagic Fevers .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 733
	 Jean-Luc Benoit

	 81	 Biological Warfare . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 744
	 Richard H. Savel, Ariel L. Shiloh, and  

Vladimir Kvetan

PART 6  Neurologic Disorders . . . . . . . . . . . . . . . . . . . . .                      755
	 82	 Delirium in the Intensive Care Unit .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 756
	 Nathan E. Brummel and Timothy D. Girard

	 83	 ICU-Acquired Weakness .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 763
	 William Schweickert and John P. Kress

	 84	 Cerebrovascular Disease .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 770
	 William J. Powers and Dedrick Jordan

	 85	 Seizures in the Intensive Care Unit .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 779
	 Katharina M. Busl and Thomas P. Bleck

	 86	 Intracranial Pressure: Monitoring and Management .  .  .  .  .  .  .  .  .  .  .  . 786
	 Geraldine Siena L. Mariano, Matthew E. Fink,  

Caitlin Hoffman, and Axel Rosengart

	 87	 Neuromuscular Diseases Leading to Respiratory Failure .  .  .  .  .  .  .  .  . 821
	 William Marinelli and James W. Leatherman

	 88	 Coma, Persistent Vegetative State, and  
Brain Death .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 829

	 Halinder S. Mangat and Axel Rosengart

PART 7  Hematologic and Oncologic  
Disorders . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                        841

	 89	 Anemia and Red Blood Cell Transfusion in Critically  
Ill Patients  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 842

	 Kevin P. Desrosiers and Howard L. Corwin

	 90	 Bleeding Disorders .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 844
	 Karl Thomas

	 91	 TTP, HUS, and Other Thrombotic Microangiopathies  .  .  .  .  .  .  .  .  .  .  .  . 858
	 X. Long Zheng and Nilam Mangalmurti

	 92	 Acute Leukemia . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 865
	 Karen-Sue B. Carlson

	 93	 Oncologic Emergencies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 872
	 Cristina Gutierrez and Stephen M. Pastores

	 94	 Hematopoietic Stem Cell Transplantation and  
Graft-Versus-Host Disease .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 881

	 Stephen M. Pastores, Michael A. Rosenzweig, and  
Ann A. Jakubowski

	 95	 Toxicities of Chemotherapy .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 891
	 Kaye E. Hale

	 96	 Sickle Cell Disease .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 902
	 Gregory J. Kato and Mark T. Gladwin

PART 8  Renal and Metabolic Disorders . . . . . . . . . . . .             915
	 97	 Acute Kidney Injury . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 916
	 Claire Hannon and Patrick T. Murray

	 98	 Renal Replacement Therapy in the Intensive Care Unit .  .  .  .  .  .  .  .  .  . 932
	 Suneel M. Udani, Jay L. Koyner, and Patrick T. Murray

	 99	 Electrolyte Disorders in Critical Care .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 943
	 Caitriona McEvoy and Patrick T. Murray

	 100	 Acid-Base Balance . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 968
	 David C. Kaufman, Andrew J. Kitching, and John A. Kellum

	 101	 Hyperglycemic Crisis and Hypoglycemia .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 974
	 David Carmody and Louis Philipson

	 102	 Critical Illness–Related Corticosteroid Insufficiency . .  .  .  .  .  .  .  .  .  .  .  . 980
	 Paul E. Marik

	 103	 Thyroid Disease .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 986
	 Roy E. Weiss and Samuel Refetoff

PART 9  Gastrointestinal Disorders  . . . . . . . . . . . . . . . .                 997
	 104	 Jaundice, Diarrhea, Obstruction, and Pseudoobstruction .  .  .  .  .  .  .  . 998
	 Paul T. Engels and L. N. Tremblay

	 105	 Gastrointestinal Hemorrhage .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 1008
	 Emad Qayed and Ram M. Subramanian

	 106	 Acute Liver Failure . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 1022
	 Julia Wendon

	 107	 Management of the Patient With Cirrhosis .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 1026
	 Sonali Sakaria and Ram M. Subramanian

	 108	 Acute Pancreatitis .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 1031
	 Ajaypal Singh and Andres Gelrud

	 109	 Mesenteric Ischemia .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 1036
	 Hassan A. Al-Zahrani and Thomas Lindsay

PART 10  The Surgical Patient . . . . . . . . . . . . . . . . . . . .                    1045
	 110	 Special Considerations in the Surgical Patient . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 1046
	 Aziz S. Alali, Andrew J. Baker, and Jameel Ali

	 111	 Preoperative Assessment of the High-Risk  
Surgical Patient .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 1053

	 Robert Chen and Jameel Ali

	 112	 Principles of Postoperative Critical Care .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 1060
	 Jonathan Simmons and Laura A. Adam

	 113	 The Acute Abdomen and Intra-abdominal Sepsis . . . . . . . . . . . . . 1077
	 Elisa F. Greco and John M. A. Bohnen

	 114	 Abdominal Compartment Syndrome .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 1084
	 Adam Schlichting and Gregory A. Schmidt

	 115	 The Transplant Patient .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 1087
	 Laveena Munshi, Damon C. Scales, and John T. Granton

	 116	 Care of the Multiorgan Donor .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 1108
	 Masaki Anraku and Shaf Keshavjee

	 117	 Priorities in Multisystem Trauma . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 1116
	 Jameel Ali

	 118	 Head Injury  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 1121
	 John M. Oropello, Nirav Mistry, and Jamie S. Ullman

FM.indd   9 1/22/2015   8:29:40 AM

http://www.myuptodate.com


Contentsx

	 119	 Spinal Injuries .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 1137
	 John M. Oropello, Nirav Mistry, and Jamie S. Ullman

	 120	 Torso Trauma .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 1152
	 Jameel Ali

	 121	 Pelvic Ring Injuries and Extremity Trauma . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 1168
	 Allan Liew, Wade Gofton, and Steven Papp

	 122	 Electrical Trauma .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 1175
	 Lawrence J. Gottlieb, Trang Q. Nguyen, and  

Raphael C. Lee

	 123	 Critical Care of the Burn Patient  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 1180
	 Barbara A. Latenser

PART 11  Special Problems in Critical Care  . . . . . . . .        1191
	 124	 Toxicology in Adults  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 1192
	 Patrick McCafferty Lank, Thomas Corbridge, and  

Patrick T. Murray

	 125	 Critical Care Pharmacology  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 1223
	 Niamh Murphy and Patrick T. Murray

	 126	 Rheumatology in the ICU .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 1241
	 Scott Vogelgesang, Vijay Raveendran Pottathil, and  

John A. Robinson

	 127	 Critical Illness in Pregnancy .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 1254
	 Karen C. Patterson, Michael F. O’Connor, Jesse B. Hall, and  

Mary E. Strek

	 128	 Anaphylactic and Anaphylactoid Reactions . . . . . . . . . . . . . . . . . . 1269
	 Debendra Pattanaik, Jose C. Yataco, and Phil Lieberman

	 129	 Dermatologic Conditions .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 1280
	 Juliana L. Basko-Plluska, Rekha Vij, and Aisha Sethi

	 130	 The Obesity Epidemic and Critical Care . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 1305
	 Brian K. Gehlbach and John P. Kress

	 131	 Hypothermia .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 1311
	 Zoulficar Kobeissi and Janice L. Zimmerman

	 132	 Diving Medicine and Drowning . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 1317
	 Claude A. Piantadosi

		  Index.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1327

FM.indd   10 1/22/2015   8:29:41 AM

http://www.myuptodate.com


http://www.myuptodate.com


Contributors xiii

Anthony W. Chow, MD, FRCPC, FACP
Professor Emeritus
Division of Infectious Diseases, Department of Medicine,
University of British Columbia and Vancouver General Hospital
Vancouver, British Columbia, Canada

Jason D. Christie, MD, MS
Associate Professor of Medicine and Epidemiology
Chief, Section of Medical Critical Care
Director, Center for Translational Lung Biology
University of Pennsylvania Perelman School of Medicine
Philadelphia, Pennsylvania

John Conly, MD, FRCPC, FACP
Professor of Medicine, Pathology & Laboratory Medicine
and Microbiology, Immunology & Infectious Diseases
Medical Director, Infection Prevention and Control
Foothills Medical Centre, Alberta Health Services-Calgary and Area
University of Calgary and AHS-Calgary and Area
Foothills Medical Centre
Calgary, Alberta, Canada

Thomas Corbridge, MD
Professor of Medicine
Professor of Physical Medicine and Rehabilitation
Northwestern University, Feinberg School of Medicine
Chicago, Illinois

Ricardo Luiz Cordioli, MD, PhD
Medical Staff, ICU of Hospital Israelita Albert Einstein and 

Hospital Alemão Oswaldo Cruz
São Paulo, SP, Brazil

Howard L. Corwin, MD
Professor of Medicine
Director, Critical Care Services
University of Arkansas for Medical Sciences
Little Rock, Arkansas

Vlad Cotarlan, MD
Clinical Assistant Professor of Internal Medicine
Division of Cardiovascular Medicine
University of Iowa
Iowa City, Iowa

Sushma K. Cribbs, MD, MSc
Assistant Professor of Medicine
Division of Pulmonary, Allergy and Critical Care
Emory University School of Medicine
Atlanta VA Medical Center
Assistant Program Director, Emory Pulmonary/CCM 

Fellowship program
Director, Home Respiratory Care Program 
Decatur, Georgia

J. Randall Curtis, MD, MPH
Division of Pulmonary and Critical Care Medicine
Harborview Medical Center
University of Washington
Seattle, Washington

Elizabeth Lee Daugherty Biddison, MD, MPH
Assistant Professor
Vice Chair for Clinical Affairs, Department of Medicine
Johns Hopkins University School of Medicine
Baltimore, Maryland

Bennett P. deBoisblanc, MD
Fred Allison, Jr., M.D. Professor of Medicine & Physiology
Section of Pulmonary/Critical Care and Allergy/Immunology
LSU Health Sciences Center
New Orleans, Louisiana

Kevin P. Desrosiers, MD, MPH
Physician, Critical Care and Preventive Medicine
Elliot Hospital
Manchester, New Hampshire

Rupinder Dhaliwal, BASc
Manager, Research and Networking
Clinical Evaluation Research Unit
Queens University
Kingston, Ontario, Canada

Venkata Ranganadh Dodda, MD
Assistant Professor
Pulmonary and Sleep Medicine
University of College of Medicine at Peoria
Bloomington, Illinois

Arjen M. Dondorp, MD, PhD
Professor of Tropical Medicine 
Mahidol-Oxford Tropical Medicine Research Unit 
Mahidol University 
Bangkok, Thailand

Ivor S. Douglas, MD, FRCP (UK)
Chief, Pulmonary Sciences & Critical Care Medicine
Director, Medical Intensive Care
Denver Health Medical Center
Professor, University of Colorado, School of Medicine 
Denver, Colorado

Jeffrey D. Doyle, BSc (hons), MD
Critical Care Medicine and General Surgery
Niagara Health System
Assistant Clinical Professor (Adjunct)
Michael G. DeGroote School of Medicine
McMaster University
Niagara Regional Campus
St. Catharines, Ontario, Canada

Paul T. Engels, MD
Assistant Professor of Surgery and Critical Care Medicine
McMaster University
Hamilton, Ontario, Canada

Maurice Enriquez-Sarano, MD
Professor of Medicine
Mayo College of Medicine, Mayo Clinic
Rochester, Minnesota

FM.indd   13 1/22/2015   8:29:41 AM

http://www.myuptodate.com


Contributorsxiv

Jean-Yves Fagon, MD, PhD
Professor of Medicine, University Paris Descartes
Assistance Publique - Hôpitaux de Paris
Paris, France

Vito Fanelli, MD, PhD
Assistant Professor, School of Medicine
Department of Surgical Sciences
Division of Anaesthesia and Critical Care
University of Turin
Turin, Italy

Matthew E. Fink, MD, FAAN, FAHA, FANA
Louis and Gertrude Feil Professor and Chairman
Department of Neurology
Assistant Dean of Clinical Affairs
Weill Cornell Medical College and New York Presbyterian Hospital/WC
New York, New York

Dee W. Ford, MD, MSc
Division of Pulmonary, Critical Care, Allergy, and Sleep Medicine
Department of Medicine
Medical University of South Carolina
Charleston, South Carolina

Brian Funaki, MD
Professor and Chief, Vascular and Interventional Radiology
University of Chicago
Chicago, Illinois

Ognjen Gajic, MD, MSc, FCCP, FCCM
Mayo Clinic
Rochester, Minnesota

Jodi Galaydick, MD 
Infectious Diseases and Critical Care Medicine
St. Vincent’s Medical Center
Clinical Faculty Quinnipiac University
Bridgeport, Connecticut

Allan Garland, MD, MA
Associate Professor of Medicine and Community Health Sciences
University of Manitoba
Winnipeg, Manitoba, Canada

Brian K. Gehlbach, MD
Clinical Associate Professor of Internal Medicine
Division of Pulmonary, Critical Care, and Occupational Medicine
University of Iowa
Iowa City, Iowa

James Geiling, MD, MPH
Professor of Medicine
Geisel School of Medicine at Dartmouth
Hanover, New Hampshire

Andres Gelrud, MS, MD
Associate Professor of Medicine
Section of Gastroenterology
University of Chicago
Chicago, Illinois

Hayley Beth Gershengorn, MD
Assistant Professor
Albert Einstein College of Medicine
Montefiore Medical Center
Bronx, New York

Anne M. Gillis, MD, FRCPC
Professor of Medicine
Department of Cardiac Sciences
University of Calgary
Libin Cardiovascular Institute of Alberta
Calgary, Alberta, Canada

Timothy D. Girard, MD, MSCI
Assistant Professor of Medicine
Division of Allergy, Pulmonary, and Critical Care Medicine
Center for Health Services Research, and Center for Quality Aging 

in the Vanderbilt University School of Medicine
Geriatric Research, Education and Clinical Center (GRECC) 

Service at the Department of Veterans Affairs Medical Center, 
Tennessee Valley Healthcare System

Nashville, Tennessee

Mark T. Gladwin, MD
Distinguished Professor of Medicine
Division Chief, Pulmonary, Allergy and Critical Care Medicine 
University of Pittsburgh 
Department of Medicine
Director, Heart, Lung, Blood and Vascular Medicine 
Institute of the University of Pittsburgh
Pittsburgh, Pennsylvania

David B. Glick, MD, MBA
Professor
Department of Anesthesia & Critical Care
University of Chicago
Chicago, Illinois

Wade Gofton, BScH, MD, MEd, FRCSC
Associate Professor
Department of Surgery
Division of Orthopedics Surgery
University of Ottawa
Ottawa, Ontario, Canada

Lawrence J. Gottlieb, MD, FACS
Professor of Surgery
Director of Burn & Complex Wound Center
University of Chicago Medicine & Biological Sciences
Chicago, Illinois

Robert Gougelet, MD
Assistant Professor of Medicine (Emergency Medicine)
Geisel School of Medicine at Dartmouth
Hanover, New Hampshire

John T. Granton, MD, FRCPC
Professor of Medicine, Faculty of Medicine
Division of Respirology and Interdepartmental
Division of Critical Care
University of Toronto
Toronto, Ontario, Canada

FM.indd   14 1/22/2015   8:29:41 AM

http://www.myuptodate.com


Contributors xv

Elisa F. Greco, BSc, MEd, MD, FRCSC
Vascular Surgeon, Assistant Professor
Department of Surgery
St. Michael’s Hospital
University of Toronto
Toronto, Ontario, Canada

Cristina Gutierrez, MD
Assistant Professor 
University of Texas
Department of Critical Care
MD Anderson Cancer Center
Houston, Texas

Kaye E. Hale, MD, FCCP
Assistant Attending Physician
Critical Care Medicine Service
Department of Anesthesiology and Critical Care Medicine
Memorial Sloan Kettering Cancer Center
New York, New York 

Jesse B. Hall, MD
Professor of Medicine and of Anesthesia and Critical Care
Section of Pulmonary and Critical Care
University of Chicago
Chicago, Illinois

Jenny Han, MD, MSc 
Assistant Professor
Emory University
Atlanta, Georgia

Claire Hannon, BSc (Pharm), MB BCh BAO, MRCPI
Special Lecturer in Pharmacology
School of Medicine & Medical Science
University College Dublin
Dublin, Ireland 

Theresa L. Hartsell, MD, PhD
Department of Anesthesiology and Critical Care Medicine
Johns Hopkins University School of Medicine 
Baltimore, Maryland

Vitaly Herasevich, MD, PhD
Mayo Clinic
Rochester, Minnesota

Margaret S. Herridge, MSc, MD, FRCPC, MPH
Professor of Medicine, Senior Scientist
University of Toronto
University Health Network and Toronto General Research Institute
Toronto, Ontario, Canada

Daren K. Heyland, MD, MSc, FRCPC
Professor of Medicine
Queen’s University
Kingston, Ontario, Canada

Caitlin Hoffman, MD
Clinical Fellow, Neurosurgery
Hospital for Sick Children
Toronto, Ontario, Canada

Steven M. Hollenberg, MD
Professor of Medicine
Cooper Medical School of Rowan University
Director, Coronary Care Unit Cooper University Hospital
Camden, New Jersey

Hitoshi Honda, MD, PhD
Director of Hospital Epidemiology
Tokyo Metropolitan Tama Medical Center
Fuchu, Tokyo, Japan

Ramona O. Hopkins, PhD
Professor, Psychology and Neuroscience
Brigham Young University
Provo, Utah
Clinical Research Investigator
Pulmonary and Critical Care Medicine
Intermountain Medical Center
Murray, Utah

Michael D. Howell, MD, MPH
Associate Professor of Medicine
Associate Chief Medical Officer for Clinical Quality
University of Chicago
Department of Medicine
Section of Pulmonary and Critical Care
Chicago, Illinois

Mark Hull, MD
Department of Medicine
University of British Columbia
Vancouver, Canada

Sabina Hunziker, MD, MPH
Privatdozent
Medical Intensive Care Unit
University Hospital Basel
Basel, Switzerland

Carole Ichai, MD, PhD
Hôpital Saint-Roch
University Hospital of Nice
France

Ann A. Jakubowski, MD, PhD
Professor of Medicine
Weill Cornell Medical College
Clinical Director, Adult Bone Marrow Transplantation 

Outpatient Unit
Department of Medicine
Memorial Sloan-Kettering Cancer Center
New York, New York

FM.indd   15 1/22/2015   8:29:41 AM

http://www.myuptodate.com


Contributorsxvi

Andrew McDonald Johnston, FRCP (Glas), DMCC, RAMC
Consultant in Respiratory and Intensive Care Medicine
British Army Department of Anaesthesia
Intensive Care Medicine University Hospital
Birmingham, United Kingdom

Daryl Jones, BSc (Hons), MB BS, FRACP, FCICM, MD
Consultant Intensive Care Specialist
Austin Health Adjunct Senior Research Fellow and PhD student 

DEPM Monash University
Adjunct Associate Professor University
Melbourne Medical Director Critical Care Outreach Austin Hospital
Intensive Care Unit Austin Hospital
Victoria, Australia

Dedrick Jordan, MD, PhD
Assistant Professor of Neurology and Neurosurgery
Chief, Division of Neurocritical Care
Department of Neurology
University of North Carolina at Chapel Hill School of Medicine
Medical Director, Neuroscience Intensive Care Unit
University of North Carolina Hospitals
Chapel Hill, North Carolina

Jeremy M. Kahn, MD, MS
Associate Professor of Critical Care Medicine
University of Pittsburgh
Pittsburgh, Pennsylvania

Andre Carlos Kajdacsy-Balla Amaral, MD
Assistant Professor
Interdepartmental Division of Critical Care Medicine
University of Toronto, Sunnybrook Health Sciences
Toronto, Ontario, Canada

Marshall B. Kapp, JD, MPH
Director and Professor
Center for Innovative Collaboration in Medicine & Law
Florida State University
Tallahassee, Florida

Elias Karabatsos, MD, PhD, BSc
Director of Primary Care in Medical Center of Naxos
General Hospital—Medical Center of Naxos Island
Naxos, Greece

Gregory J. Kato, MD
Professor of Medicine
University of Pittsburgh
Pittsburgh, Pennsylvania

Carol A. Kauffman, MD
Professor of Internal Medicine
University of Michigan Medical School
Chief, Infectious Diseases Section
Veterans Affairs Ann Arbor Healthcare System
Ann Arbor, Michigan

David C. Kaufman, MD
Professor of Surgery, Internal Medicine, Anesthesia, Medical 

Humanities and Bioethics, and Urology University of Rochester 
Medical Center Rochester

New York, New York

John A. Kellum, MD, MCCM
Professor of Critical Care Medicine, Medicine, Bioengineering
Clinical & Translational Science Director, Center for Critical 

Care Nephrology
Vice Chair for Research
Department of Critical Care Medicine
University of Pittsburgh School of Medicine
Pittsburgh, Pennsylvania

Shaf Keshavjee, MD, MSc, FRCSC, FACS
Surgeon-in-Chief, University Health Network
Director, Toronto Lung Transplant Program
Professor, Division of Thoracic Surgery
University of Toronto
Toronto, Ontario, Canada

Andrew J. Kitching, MB ChB, FRCA
Consultant Anaesthetist
Royal Berkshire Hospital
Reading, Berkshire, United Kingdom

Zoulficar Kobeissi, MD
Assistant Professor of Clinical Medicine
Department of Medicine
Weill Cornell Medical College
The Methodist Hospital
Houston, Texas

Seth Koenig, MD
Associate Professor of Medicine
Hofstra North Shore Long Island Jewish Medical Center
New Hyde Park, New York

Marin H. Kollef, MD
Professor of Medicine
Washington University School of Medicine
St. Louis, Missouri

Jay L. Koyner, MD
Assistant Professor of Medicine
Section of Nephrology
Department of Medicine
University of Chicago
Chicago, Illinois 

John P. Kress, MD
Professor of Medicine
Director, Medical ICU
Department of Medicine
Section of Pulmonary and Critical Care
The University of Chicago
Chicago, Illinois

Sanjeev Krishna, FRCP, ScD, FMedSci
Professor of Molecular Parasitology and Medicine
Institute for Infection and Immunity
St. George’s, University of London
London, United Kingdom

FM.indd   16 1/22/2015   8:29:41 AM

http://www.myuptodate.com


Contributors xvii

Vikas P. Kuriachan, MD, FRCPC
Clinical Assistant Professor of Medicine
Department of Cardiac Sciences
University of Calgary
Libin Cardiovascular Institute of Alberta
Calgary, Alberta, Canada

Vladimir Kvetan, MD
Director, Critical Care Medicine
Montefiore Medical Center
Bronx, New York

Patrick McCafferty Lank, MD
Assistant Professor, Emergency Medicine
Northwestern University, Feinberg School of Medicine
Chicago, Illinois

Paul N. Lanken, MD
Professor of Medicine and Medical Ethics and Health Policy at 

the Hospital of the University of Pennsylvania 
Pulmonary, Allergy and Critical Care Division
Department of Medicine
Perelman School of Medicine
University of Pennsylvania
Philadelphia, Pennsylvania

Ishaq Lat, PharmD
Associate Director, Clinical Pharmacy
Clinical Pharmacist - Critical Care
Rush University Medical Center
Chicago, Illinois

Barbara A. Latenser, MD, FACS
Professor, Department of Surgery
University of Iowa
Iowa City, Iowa

Marion Leary, RN, MSN, MPH
Assistant Director of Clinical Research
Center for Resuscitation Science
University of Pennsylvania
Philadelphia, Pennsylvania

James W. Leatherman, MD
Division of Pulmonary and Critical Care Medicine
Hennepin County Medical Center
Professor of Medicine, University of Minnesota
Minneapolis, Minnesota

Raphael C. Lee, MD, ScD, FACS
Paul and Allene Russell Professor of Surgery, Medicine, and 

Organismal Biology
Fellow, Institute for Molecular Engineering
Director, Center for Synthetic Molecular Chaperones Research
University of Chicago
Chicago, Illinois

Phil Lieberman, MD
Clinical Professor of Medicine and Pediatrics
University of Tennessee College of Medicine
Memphis, Tennessee

Allan Liew, MD, FRCSC 
Director of Orthopaedic Trauma
The Ottawa Hospital
Assistant Professor 
University of Ottawa
Ottawa, Ontario, Canada 

Adam M. Linder, MD
Department of Infectious Diseases
Lund University
Lund, Sweden

Thomas Lindsay, MDCM, BSc, MSc, FRCS, FACS
Professor of Surgery
University Health Network and University of Toronto
Toronto, Ontario, Canada

Jonathan M. Lorenz, MD
Professor of Radiology
Section of Interventional Radiology
University of Chicago
Chicago, Illinois

Neil R. MacIntyre, MD
Professor of Medicine
Duke University Medical Center
Durham, North Carolina

Nilam Mangalmurti, MD
Assistant Professor of Medicine
Pulmonary, Allergy and Critical Care Division
Perelman School of Medicine
University of Pennsylvania
Philadelphia, Pennsylvania

Halinder S. Mangat, MD
Assistant Professor, Medical Director, Neurocritical Care Unit, 

Newyork-Presbyterian Hospital
Department of Neurology, Weill Cornell Medical College
New York, New York

Constantine A. Manthous, MD
Lawrence and Memorial Hospital
New London, Connecticut

Geraldine Siena L. Mariano, MD
Chief, Neurocritical Care
Assistant Professor II 
St. Luke’s Medical Center, Quezon City 
Quezon City, Philippines

Paul E. Marik, MD, FCCM, FCCP
Professor of Medicine
Eastern Virginia Medical school
Norfolk, Virginia

William Marinelli, MD
Pulmonary and Critical Care Division
Director of Respiratory Care
Hennepin County Medical Center
Associate Professor of Medicine
University of Minnesota
Minneapolis, Minnesota

FM.indd   17 1/22/2015   8:29:41 AM

http://www.myuptodate.com


Contributorsxviii

John Marini, MD
Professor of Medicine
Division of Pulmonary, Allergy, Critical Care and Sleep Medicine
Minneapolis, Minnesota

Greg S. Martin, MD, MSc
Professor of Medicine 
Associate Division Director for Critical Care
Pulmonary, Allergy and Critical Care 
Emory University School of Medicine 
Section Chief, Pulmonary and Critical Care 
Director, Medical and Coronary Intensive Care 
Grady Memorial Hospital 
Atlanta, Georgia

Paul Mayo, MD
Professor of Medicine
Hofstra North Shore Long Island Jewish Medical Center
New Hyde Park, New York

Stephen A. McClave, MD
Professor of Medicine
University of Louisville School of Medicine
Louisville, Kentucky

John F. McConville, MD
Associate Professor, Pulmonary and Critical Care
Department of Medicine
University of Chicago
Chicago, Illinois

Caitriona McEvoy, MB BCh BAO, MRCPI
Nephrology Research Fellow
Special Lecturer in Medicine
School of Medicine and Medical Sciences
University College Dublin
Dublin, Ireland

Nuala J. Meyer, MD, MS
Assistant Professor of Medicine
Pulmonary, Allergy and Critical Care Division
University of Pennsylvania
Perelman School of Medicine
Philadelphia, Pennsylvania

Mark E. Mikkelsen, MD, MSCE
Assistant Professor of Medicine
Division of Pulmonary, Allergy, and Critical Care Medicine 
Perelman School of Medicine
Philadelphia, Pennsylvania

Nirav Mistry, MD
Attending, Critical Care Medicine
Attending, Neurocritical Care
Saint Barnabas Medical Center
Livingston, New Jersey

JSG Montaner
BC Centre for Excellence in HIV AIDS
Vancouver, Canada

Laveena Munshi, MD
Clinical Associate
Interdepartmental Division of Critical Care
Mount Sinai Hospital/University Health Network
University of Toronto
Toronto, Ontario, Canada

Niamh Murphy, BSc (Pharm), MB BCh BAO
Special Lecturer in Clinical Pharmacology
School of Medicine & Medical Science
University College Dublin
Dublin, Dublin 4, Ireland

Patrick T. Murray, MD, FASN, FRCPI, FJFICMI 
School of Medicine & Medical Science
University College Dublin
Belfield, Dublin, Ireland

Pavlos M. Myrianthefs, MD, PhD
Professor of Critical Care
Athens University
ICU at Agioi Anargyroi Hospital City
Athens, Greece

Lena M. Napolitano, MD, FACS, FCCP, FCCM
Professor of Surgery
Division Chief, Acute Care Surgery 
[Trauma, Burn, Critical Care, Emergency Surgery]
Department of Surgery
University of Michigan Health System
Ann Arbor, Michigan

Edward T. Naureckas, MD
Professor of Medicine
Department of Medicine
Section of Pulmonary and Critical Care
University of Chicago
Chicago, Illinois

Rakesh Navuluri, MD
Assistant Professor
University of Chicago
Chicago, Illinois

Trang Q. Nguyen, MD
Associate Physician, Plastic Surgery Service
The Permanente Medical Group
Oakland, California

David P. Nicolau, PharmD, FCCP, FIDSA
Director
Center for Anti-Infective Research & Development Hartford Hospital
Hartford, Connecticut

Michael F. O’Connor, MD, FCCM
Professor
Department of Anesthesia & Critical Care
Department of Medicine
Section of Pulmonary and Critical Care
University of Chicago
Chicago, Illinois

FM.indd   18 1/22/2015   8:29:41 AM

http://www.myuptodate.com


Contributors xix

John M. Oropello, MD
Professor of Surgery and Medicine
Program Director, Critical Care Medicine
Codirector, Surgical ICU
Icahn School of Medicine at Mount Sinai
Institute for Critical Care Medicine
New York, New York

Steven Papp, MD, FRCS (C)
Site Chief of Orthopaedics, Civic Campus-The Ottawa Hospital
The Ottawa Hospital
Ottawa, Ontario, Canada

Sairam Parthasarathy, MD
Associate Professor
University of Arizona and Southern Arizona VA Health 

Care System
Tucson, Arizona

Stephen M. Pastores, MD
Professor of Medicine and Anesthesiology
Weill Cornell Medical College
Program Director, Critical Care Medicine
Department of Anesthesiology and Critical Care Medicine
Memorial Sloan-Kettering Cancer Center
New York, New York

Bhakti K. Patel, MD
Department of Medicine
Section of Pulmonary and Critical Care
University of Chicago
Chicago, Illinois

Shruti B. Patel, MD
Assistant Professor
Department of Medicine
Division of Pulmonary and Critical Care
Loyola University Medical Center
Maywood, Illinois

Debendra Pattanaik, MD, FACP
Associate Professor of Medicine
University of Tennessee Health Science Center
Memphis Tennessee

Karen C. Patterson, MD
Assistant Professor of Clinical Medicine
University of Pennsylvania
Perelman School of Medicine
Pulmonary, Allergy & Critical Care Division
Philadelphia, Pennsylvania

Amy J. Pawlik, PT, DPT, CCS
Physical Therapist
University of Chicago Medical Center 
Chicago, Illinois

Louis Philipson, MD
Professor of Medicine
Section of Endocrinology
Director, Kovler Diabetes Center
University of Chicago
Chicago, Illinois

Claude A. Piantadosi, MD
Professor of Medicine
Division of Pulmonary and Critical Care Medicine
Duke University Medical Center
Durham, North Carolina

Brian W. Pickering, MB, BAO, BCh, FFARCSI, MSc
Assistant Professor, Anesthesiology and Critical Care
Mayo Clinic
Rochester, Minnesota

Michael R. Pinsky, MD CM, Dr hc, FCCP, MCCM
Professor of Critical Care Medicine, Bioengineering, 

Cardiovascular Disease and Anesthesiology
Vice Chair of Academic Affairs
Department of Critical Care Medicine
Pittsburgh, Pennsylvania

Sorin V. Pislaru, MD, PhD
Associate Professor of Medicine
Mayo Clinic
Rochester, Minnesota

David L. Pitrak, MD
Professor and Chief, Infectious Diseases and Global Health 
Section of Pulmonary and Critical Care
Department of Medicine
University of Chicago
Chicago, Illinois

Jason T. Poston, MD
Assistant Professor
Section of Pulmonary and Critical Care
Department of Medicine
University of Chicago
Chicago, Illinois

Vijay Raveendran Pottathil, MD, MTS, MME 
Fellow Physician
Division of Gastroenterology and Hepatology, Internal Medicine
University of Iowa Hospitals & Clinics
Iowa City, Iowa

William J. Powers, MD
H. Houston Merritt Distinguished Professor and Chair
Department of Neurology
University of North Carolina School of Medicine
Chapel Hill, North Carolina

Jean-Charles Preiser, MD, PhD
Erasme University Hospital
Brussels, Belgium

Peter J. Pronovost, MD, PhD, FCCM
Sr. VP Patient Safety and Quality
Professor, Anesthesiology, Critical Care Medicine,  

Surgery, Nursing
Bloomberg School of Public Health and the Carey Business School
Johns Hopkins University
Baltimore, Maryland

FM.indd   19 1/22/2015   8:29:42 AM

http://www.myuptodate.com


Contributorsxx

Emad Qayed, MD
Assistant Professor of Medicine
Emory University School of Medicine
Atlanta, Georgia

Michael Rea, MPH
Curriculum Specialist
Dartmouth Master of Health Care Delivery Science Program
Hanover, New Hampshire

Samuel Refetoff, MD
Frederick H. Rawson Professor in Medicine
Professor of Pediatrics, the Committees on Genetics and Molecular 

Medicine
Director of the Endocrinology Laboratory
University of Chicago
Chicago, Illinois

John A. Robinson, MD
Professor of Medicine and Microbiology
Department of Medicine
Loyola University Medical Center
Maywood, Illinois

Axel Rosengart, MD, PhD, MPH
Director, Neurocritical Care Service
Departments of Neurology, Neurosurgery and Biomedical Research
Cedars-Sinai Medical Center
Los Angeles, California

Michael A. Rosenzweig, MD
Hematologist-Oncologist
City of Hope National Medical Center
Duarte, California

Gordon D. Rubenfeld, MD, MSc
Professor
Department of Medicine, Interdepartmental Division  

of Critical Care
Medicine
University of Toronto, Sunnybrook Health Sciences Center
Toronto, Ontario, Canada

James A. Russell, MD
Professor of Medicine and Principal Investigator
Centre for Heart Lung Innovation
St. Paul’s Hospital and University of British Columbia
Vancouver, British Columbia, Canada

Sonali Sakaria, MD
Assistant Professor
Division of Digestion Disease
Emory University
Atlanta, Georgia

Christian Sandrock, MD, MPH, FCCP
Associate Professor of Medicine
Medical Director, Intensive Care Unit
Division of Infectious Diseases
Division of Pulmonary and Critical Care
UC Davis School of Medicine
Sacramento, California

Richard H. Savel, MD, FCCM
Director, Surgical Critical Care
Maimonides Medical Center
Brooklyn, New York

Damon C. Scales, MD, PhD
Associate Professor
Interdepartmental Division of Critical Care and Department 

of Medicine
University of Toronto
Clinician Scientist
Department of Critical Care Medicine
Sunnybrook Health Sciences Centre and Sunnybrook Research 

Institute
Toronto, Ontario, Canada

W. Michael Scheld, MD
Bayer-Gerald L Mandell Professor of Infectious Diseases
Professor of Medicine
Clinical Professor of Neurosurgery
Director, Pfizer Initiative in International Health
University of Virginia School of Medicine
Charlottesville, Virginia

Adam Schlichting, MD, MPH
Clinical Assistant Professor of Emergency Medicine and 

Internal Medicine
Division of Pulmonary, Critical Care and Occupational Medicine
University of Iowa Healthcare
Iowa City, Iowa

Gregory A. Schmidt, MD
Professor of Internal Medicine
Division of Pulmonary Diseases, Critical Care, and Occupational 

Medicine
Department of Internal Medicine
Associate Chief Medical Officer, Critical Care
University of Iowa
Iowa City, Iowa

William Schweickert, MD
Assistant Professor of Medicine
Pulmonary, Allergy and Critical Care Division
Perelman School of Medicine at the Hospital of the University 

of Pennsylvania
Philadelphia, Pennsylvania

Aisha Sethi, MD
Assistant Professor of Dermatology and Infectious Diseases 
Assistant Director for Outreach
The Center for Global Health
University of Chicago
Chicago, Illinois 

Gerard J. Sheehan, MB FRCPI
Senior Lecturer and Consultant in Infectious Diseases
Department of Infectious Diseases
University College Dublin & Mater Misericordiae 

University Hospital
Dublin, Ireland

FM.indd   20 1/22/2015   8:29:42 AM

http://www.myuptodate.com


Contributors xxi

Ariel L. Shiloh, MD
Director, Critical Care Consult Service
Assistant Professor of Clinical Medicine and Neurology
Division of Critical Care Medicine
Department of Medicine
Montefiore Medical Center
Albert Einstein College of Medicine
Bronx, New York

Jonathan Simmons, DO, MS, FCCP
Clinical Associate Professor
Surgical Medical Director, Cardiovascular Intensive Care Unit
Surgical and Neurosciences Intensive Care Unit
Chair of Emergency Management
Co-Director, Critical Care Fellowship
Departments of Anesthesia, Emergency Medicine and 

Internal Medicine
University of Iowa Hospitals and Clinics 
Iowa City, Iowa

Benjamin David Singer, MD
Post-doctoral Research Fellow
Division of Pulmonary and Critical Care Medicine
Johns Hopkins University School of Medicine
Baltimore, Maryland

Ajaypal Singh, MD
Fellow
Division of Gastroenterology, Hepatology and Nutrition
University of Chicago
Chicago, Illinois

Vel Sivapalan, MD, FACP
Consultant Physician
Division of Infectious Diseases/Department of Medicine
Harlem Hospital Center
Columbia University
New York, New York

Yoanna Skrobik, MD, FRCP(c), MSc
Lise and Jean Saine Critical Care Chair
Professor of Medicine
McGill University; Queen’s University
Montreal/Kingston, Canada

Arthur S. Slutsky, MD
Vice President (Research)
St. Michael’s Hospital
Professor of Medicine, Surgery and Biomedical Engineering
University of Toronto
Keenan Chair in Medicine
St. Michael’s Hospital & University of Toronto
Toronto, Ontario, Canada

Charlotte Small, MSc, FRCA
Research Fellow
University Department of Anaesthesia and Intensive Care Medicine
Queen Elizabeth Hospital
Birmingham, United Kingdom

Sarah Sokol, PharmD
Critical Care Pharmacy Specialist
University of Chicago
Chicago, Illinois

Paul Sorajja, MD
Director, Center for Valve and Structural Heart Disease Senior 

Consulting Cardiologist Minneapolis Heart Institute at Abbott 
Northwestern Hospital

Minneapolis, Minnesota

Peter Spiro, MD, FACP, FCCP
Chief, Pulmonary/Critical Care Medicine
Elmhurst Hospital Center
Elmhurst, New York
Senior Faculty 
Ichan School of Medicine at Mount Sinai 
New York, New York

Mary E. Strek, MD
Professor of Medicine
Section of Pulmonary and Critical Care
University of Chicago
Chicago, Illinois

Ram M. Subramanian, MD
Associate Professor of Medicine and Surgery
Emory University School of Medicine
Atlanta, Georgia

Karl Thomas, MD
Clinical Professor
Executive Vice Chair
Vice Chair for Clinical Services
Division of Pulmonary and Critical Care
Department of Internal Medicine
Iowa City, Iowa 

L. N. Tremblay, MD, PhD
Assistant Professor of Surgery and Critical Care Medicine
University of Toronto
Toronto, Ontario, Canada

Allan R. Tunkel, MD, PhD, MACP
Professor of Medicine
Associate Dean for Medical Education
Warren Alpert Medical School of Brown University
Providence, Rhode Island

Suneel M. Udani, MD, MPH
Associate Member
Section of Nephrology
Department of Medicine
University of Chicago
Chicago, Illinois

Jamie S. Ullman, MD, FACS
Director, Neurotrauma
Associate Professor
Department of Neurosurgery
Hofstra North Shore-LIJ School of Medicine
Manhasset, New York

FM.indd   21 1/22/2015   8:29:42 AM

http://www.myuptodate.com


Contributorsxxii

Thuong G. Van Ha, MD
Professor of Radiology
Section of Interventional Radiology
University of Chicago Medical Center
Chicago, Illinois

Kanistha Verma, MBBS, MD
Clinical Assistant Professor 
The University of Oklahoma School of Community Medicine
Tulsa, Oklahoma

Rekha Vij, MD
Department of Medicine
Section of Pulmonary & Critical Care
University of Chicago 
Chicago, Illinois

Scott Vogelgesang, MD
Clinical Professor
Department of Internal Medicine
University of Iowa Carver College of Medicine
Iowa City, Iowa

David J. Wallace, MD, MPH
Assistant Professor of Critical Care & Emergency Medicine
Department of Critical Care Medicine
University of Pittsburgh School of Medicine
Pittsburgh, Pennsylvania

Keith R. Walley, MD
Director, Centre for Heart Lung Innovation
University of British Columbia
Vancouver, British Columbia, Canada

David K. Warren, MD, MPH
Associate Professor of Medicine
Washington University School of Medicine
St. Louis, Missouri

Grant Waterer, MBBS, MBA, PhD, FRACP, FCCP, FRCPI 
Professor of Medicine, 
University of Western Australia
Adjunct Professor of Medicine, Northwestern University, Chicago
Medical Co-Director, Royal Perth Hospital
Perth, Australia

Stephen G. Weber, MD, MS
Associate Professor
Section of Infectious Diseases and Global Health
University of Chicago
Chicago, Illinois

Roy E. Weiss, MD, PhD
Professor and Chairman
Department of Medicine
University of Miami
Miami, Florida

Julia Wendon, MBChB FRCP 
Professor, Critical Care Director 
Kings College Hospital
Kings College London 
London, UK

Douglas B. White, MD, MAS
UPMC Endowed Chair for Ethics in Critical Care Medicine
Associate Professor
Director, Program on Ethics and Decision Making in Critical Illness
Department of Critical Care Medicine University of Pittsburgh 

School of Medicine
Pittsburgh, Pennsylvania

Lawrence D. H. Wood, MD, PhD
Faculty Dean of Medical Education (Retd.)
Pritzker School of Medicine
University of Chicago
Professor of Medicine and of Anesthesia and Critical Care
Section of Pulmonary and Critical Care Medicine
University of Chicago
Chicago, Illinois

Richard G. Wunderink, MD
Professor of Medicine
Northwestern University Feinberg School of Medicine
Chicago, Illinois

Gretchen Yandle, MD
Fellow
Section of Pulmonary/Critical Care and Allergy/Immunology
LSU Health Sciences Center
New Orleans, Louisiana

Jose C. Yataco, MD, FCCP
Assistant Professor of Medicine
Mayo Clinic Florida
Jacksonville, Florida

Steven M. Zangan, MD
Associate Professor of Radiology
University of Chicago
Chicago, Illinois

X. Long Zheng, MD, PhD
Associate Professor of Pathology and Laboratory Medicine
Director of Hematology and Coagulation Labs
The Children’s Hospital of Philadelphia and The University 

of Pennsylvania Perelman School of Medicine
Philadelphia, Pennsylvania

Janice L. Zimmerman, MD
Professor of Clinical Medicine
Houston Methodist Hospital
Houston, Texas

FM.indd   22 1/22/2015   8:29:42 AM

http://www.myuptodate.com


xxiii

Few fields in medicine have blossomed as dramatically as critical care. 
When we published the first edition of Principles of Critical Care in 1992, 
the critically ill were treated based largely on knowledge of pathophysi-
ology, often derived from whole animal models. The evidence base for 
treatment was sparse and, with few exceptions, large, well-conducted 
clinical trials were lacking. What a change the past two decades have 
brought! The nature of critical illness is far better understood at molecu-
lar, cellular, organ, whole patient, and population levels. Diagnostic 
and monitoring tools, such as point-of-care ultrasound, stroke volume 
estimating equipment, and biomarkers, have altered the way we exam-
ine our patients. New drugs and devices have been devised, tested, and 
applied. Large clinical trials now inform a broad range of treatments, 
including those for respiratory failure, septic shock, acute kidney injury, 
raised intracranial pressure, and anemia of critical illness. Protocols and 
bundles aid, and sometimes frustrate, our provision of care. The modern 
intensivist must both master a complex science of pathophysiology and 
be intimately familiar with an increasingly specialized literature. No lon-
ger can critical care be considered the cobbling together of cardiology, 
nephrology, trauma surgery, gastroenterology, and other organ-based 
fields of medicine. In the 21st century, the specialty of critical care has 
truly come of age.

Why have a textbook at all in the modern era? Whether at home, in 
the office, or on the road, we can access electronically our patients’ vital 
signs, radiographs, and test results; at the click of a mouse, we can peruse 
the literature of the world; consulting experts beyond our own institu-
tions is facilitated through email, listserves, and Web-based discussion 
groups. To guarantee that this text remains useful in its electronic and 
print versions, we have challenged our expert contributors to deal with 
controversy, yet provide explicit guidance to our readers. Experts can 
evaluate new information in the context of their reason and experience 
to develop balanced recommendations for the general intensivist who 
may have neither the time nor inclination to do it all himself/herself.

A definitive text should both explicate the common mechanisms that 
transcend all critical illness and provide an in-depth, specific discus-
sion of important procedures and diseases. The exceptional response 
to the first three editions of Principles of Critical Care showed us that 
we have succeeded. In this fourth edition, we have added new chapters 
on ICU Ultrasound, Extracorporeal Membrane Oxygenation, ICU-
Acquired Weakness, Abdominal Compartment Syndrome, and Judging 
the Adequacy of Intravascular Volume, among others. The changing 
nature of modern critical care spawned new or completely revised 
chapters regarding Preventive Bundles, Informatics, Statistics, Rapid 
Response Teams, Physical Therapy, and more. In addition, we recognize 
that critical illness stresses entire systems, not just individual patients, so 
we have created new contributions on caregiver and family issues and on 
the implications of disordered sleep for the critically ill.

We have collected up front many of the issues of organization that 
provide the foundation for excellent critical care as well as topics 
germane to almost any critically ill patient. The remainder of the 
text follows an organ system orientation for in-depth, up-to-date 
descriptions of the unique presentation, differential diagnosis, and 
management of specific critical illnesses. While we have made many 
changes, we have preserved the strengths of the first three editions: a 
solid grounding in pathophysiology, appropriate skepticism based in 
scholarly review of the literature, and user-friendly chapters begin-
ning with “Key Points.”

Preface

Our approach to patient care, teaching, and investigation of critical 
care is energized fundamentally by our clinical practice. In turn, our 
practice is informed, animated, and balanced by the information and 
environment arising around learning and research. Clinical excellence is 
founded in careful history taking, physical examination, and laboratory 
testing. These data serve to raise questions concerning the mechanisms 
for the patient’s disease, upon which a complete, prioritized differen-
tial diagnosis is formulated and treatment plan initiated. The reality, 
complexity, and limitations apparent in the ICU drive our search for 
better understanding of the pathophysiology of critical care and new, 
effective therapies. It is our hope that this textbook is a reflection of the 
interweaving and mutually supporting threads of critical care practice, 
teaching, and research.

In addition to our author-contributors, we are indebted to our own 
students of critical care at the University of Chicago and the University 
of Iowa who motivate our teaching—our critical care fellows; residents 
in anesthesia, medicine, neurology, obstetrics and gynecology, pediat-
rics, and surgery; and the medical students at the Pritzker School of 
Medicine and the Carver College of Medicine. It has also been a source 
of knowledge and inspiration to interact with practicing physicians 
from around the world in many courses and symposia, helping us to 
understand the breadth of critical care as it is practiced and continues 
to evolve. All of these colleagues make our practice of interdisciplinary 
critical care at the University of Chicago and the University of Iowa 
interesting and exciting.

While the field of critical care has changed greatly since the last edition 
of our textbook, so has the core of senior authors. Thirty years ago, Larry 
Wood inspired Jesse Hall and Greg Schmidt to join him in the pursuit of 
excellence in the practice, teaching, and study of critical care medicine, 
and they have remained steadfast in their appreciation of his mentorship 
along this path. More than 20 years ago, Larry invited these colleagues 
to join him in the creation of the first edition of this textbook, a project 
that has remained a valued task by us all as the reputation of the text has 
grown and it has mapped the course of a dynamically changing field. 
Several years ago, Larry retired and chose to end his participation in 
this project. While we miss his sage advice, keen insight, and mastery of 
critical care, we believe he feels this project is in good hands, because he 
trained us well and we have now been joined by John Kress, professor of  
medicine, anesthesia, and critical care at the University of Chicago. John 
is another trainee of Larry’s, and a much valued colleague ever since his 
residency and fellowship training with us. John has moved seamlessly 
into a role as associate editor and without his help this endeavor would 
surely have been impossible. We look forward to his engagement in 
future editions. Even with all this help, we could not have completed the 
organization and editing of this book without the combined efforts of 
many at McGraw-Hill. Our editors have guided this group of academic 
physicians through the world of publishing to bring our skills and ideas 
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The intuitive mind is a sacred gift
The rational mind is a faithful servant 

We honour the servant
And have forgotten the gift.

—A. Einstein

Knowing and doing the right thing for our patients is a goal of our 
profession. How one arrives at each choice among many is a process 
worthy of consideration. Yet there are few methods of inquiry to search 
for new knowledge to help our patients. This introduction discusses the 
scientific method and proposes a spiritual source of knowledge which 
complements science. Reflection on my life revealed a lot of science and 
many beliefs. Seeking to answer life’s questions by living the interface of 
science and belief, I stumbled on intuition and the still small voice as 
overlooked contributions to finding answers. I hope that many of you 
will find part of yourselves in my deliberation.

SCIENCE AND BELIEF: METHODS OF  
INQUIRY AND KNOWING
Science is the evidence-based generation of knowledge. The scientific 
method was developed to reject erroneous hypotheses because people 
observe what they expect.1 Table 1 organizes the sequential steps for sci-
ence (left column). Step 1 provides the background to the question from 
observation and experience, and step 2 proposes an explanation—a 
hypothesis usually expressed in the negative—the null hypothesis (HO), 
meaning that any difference observed between groups being studied  
is not due to one of the groups having been affected by the interven-
tion being studied. Step 3 makes a prediction from the HO, and step 4 
performs experiments to disprove the prediction and so falsify the HO.2,3 
Living in an age when most new knowledge is generated by the scientific 
method makes most think there is no other way, but science has limita-
tions. When followed rigorously, the scientific method is tedious and 
slow, it handles subjective hypotheses of great importance poorly, and 

the requisite controls make some experiments so cumbersome that the 
question under study is obscured.

Not too long ago, scientific principles were not known or practiced, 
so another method of inquiry prevailed. Belief is a habit or state of mind 
which places trust in an idea or person without convincing evidence. 
Although many trace their system of beliefs to their mother’s knee, 
modern neuroscience ascribes to the brain a function to help the organ-
ism cope with its environment.4 Table 1 (right column) is my attempt 
to organize the corresponding steps for belief to those of the scientific 
method. When the brain notices disparate objects not seen together 
before (see step 1, right column in Table 1), it makes up a myth—a belief 
to explain the phenomenon (step 2). Beliefs are often subjective and 
not measureable, such as God or spiritual issues, so step 3 expects to 
see it again as originally developed. Because it cannot be measured, and 
falsified, there is no corresponding disproof of step 4 for belief, unless 
a credible witness can verify the belief. Then we can choose among the 
innumerable beliefs the explanation most likely to verify the phenom-
enon, generating an intuitive source of knowledge for those physician 
and scientists who seek it. I propose that belief most resembles science 
when the still small voice or intuition verifies that belief. Many look 
down on such beliefs as a method of inquiry because they are strongly 
personal, cannot be externally verified, are not subject to falsification 
and can arise from preconceived ideas. Yet it is compatible with science 
to keep an open mind about explanations that have not been falsified. 
Interface is the site or process where two independent systems act on 
each other, such as science and belief as different methods of inquiry. 
Many transactions in my life are living this interface where I feel, think 
and work toward processing the integrated systems with ceaseless striv-
ing to understand or with active receptivity for revelation.

AN ILLUSTRATIVE CASE
It was 10:30 pm when my home phone rang. The dean’s message was 
terse: “Larry, the 30-year-old daughter of a friend is moribund in the 
ICU of a nearby hospital. He asks that you see her.” At her bedside an 
hour later, my examination confirmed her hyperactive circulation and 
low blood pressure (90/40) likely due to a serious infection (T = 39°C), 
complicated by excess liquid in her lungs with 4-quadrant air space 
filling on her chest x-ray, due in part to excess circulating volume as 
indicated by a pulmonary artery occlusion pressure (PAOP) of 24 mm 
Hg. She was intubated and ventilated with 100% oxygen, positive end 
expiratory pressure (PEEP) of 20 cm H2O, and a tidal volume of 800 
mL at 20 breaths/min. She was oliguric, comatose, and receiving a large 
intravenous dose of broad spectrum antibiotics.

As I examined her, I prayed silently “Lord, Agnes is dying, what 
can I do to help her get better?” Out of the noisy background of her 
ICU cubicle, through the bells and whistles of alarm systems and the  
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  TABLE 1    Sequential Steps for Science and Belief

Steps Scientific Method Steps Belief

1 Characterization from experience 
and observation

1 Noticing co—variables not seen 
before

2 Hypothesis: a proposed explanation 2 Develop a myth

3 Deduction: prediction from the 
hypothesis

3 Expect to see the myth, as devel-
oped above, again

4 Test and experiment 4 Confirmed/denied by still small voice
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chug-chug sound of her laboring ventilator came the still small voice 
“less circulating volume, more dobutamine, less ventilation, less PEEP.”

Recognizing each as plausible interventions not tried together yet in 
her management, we began. First we cut the tidal volume in half to a 
volume more appropriate to her size and acute lung disease, and reduced 
the ventilator rate to 12 breaths/min. Immediately, the auto-PEEP fell 
from 8 to 0 cm H2O and her blood pressure (BP) increased without 
much increase in PaCO2.

Then we removed four units of blood from her indwelling arterial 
line. As her BP decreased, we increased dobutamine from 2 to 12 µg/
kg per minute, and PAOP decreased to 4 cm H2O. Her urine output 
increased to 80 mL/h. Then we progressively decreased PEEP in small 
decrements to 8 cm H2O overnight. By dawn, her cardiopulmonary 
status was nearly normal.

As I left to make ICU rounds at the University of Chicago, I prayed 
“Thank you Lord,” still wondering whose voice I heard. So there I was, 
living the interface of science and belief.

SCIENCE AND ITS LIMITATIONS
Any comparison of these two methods—science and belief—must take 
account of the limitation of each, so I review several studies from my 
research program illustrating such limits of the scientific method.

	 1.	 One question we attempted to answer was: How does increased pul-
monary blood flow (QL) cause increased shunt (QS/QT) in pulmo-
nary edema? For efficiency, we formulated two hypotheses which we 
could test in one canine study.

HOa: incomplete diffusion of oxygen between inspired gas and 
pulmonary blood contributes to QS/QT in pulmonary edema, and 
this diffusion defect gets worse when QL increases because the tran-
sit time for lung O2 exchange shortens.

HOb: increased QL distributes preferentially to edematous lung 
regions.

To test HOa, we used the multiple inert gas elimination technique 
(MIGET) in both lower lobes and the whole lung before and after 
increasing QL suddenly and reversibly from 3.0 to 5.5 lpm by open-
ing two systemic a-v fistulas. Unilobar acute lung injury (ALI) was 
produced by oleic acid injected into the left lower lobar pulmonary 
artery. MIGET demonstrated no diffusion defect for O2 at either QL, 
so we rejected HOa.5 And the lobar distribution of QL measured by 
differentially labeled radioactive microspheres did not change when 
QL increased, so we rejected HOb,5 and formulated another hypothesis.

HOc: increased QL increases edema to increase QS/QT. The key 
additional measurement needed to test HOc was an in vivo repro-
ducible accurate double indicator dilution estimate of extra vascular 
thermal volume (ETV) which uses heat as the diffusible indicator. 
When QL was increased from 5.0 to 6.9 lpm by opening a-v fistulas, 
QS/QT rose from 30% to 38%, but ETV did not change (7.8-7.4 mL/g 
dry lung). So we rejected HOc6 and formulated a fourth HO.

HOd: increased QL raises mixed venous PO2 (PvO2), which blocks 
hypoxic pulmonary vasoconstriction (HPV) to send a greater pro-
portion of increased QL to intralobar edematous regions to increase 
QS/QT. To test HOd, we used an isolated blood perfused edematous 
canine lower lobe. When lobar blood flow increased with no change 
in PvO2, QS/QT did not change. But when PvO2 was increased using 
an oxygenator with no change in flow, QS/QT increased. At last, 
we found an hypothesis we could not falsify, so we concluded that  
QS/QT is increased by increased QL when the greater PvO2 blocks 
HPV to increase blood flow to edematous intralobar lung regions.7

Pheewf!! That was a lot of work, and the scientific method was 
slow and tedious despite creative experimentation with optimal 
measuring devices, in part because there are so many erroneous 
hypotheses that need to be falsified before the truth becomes evident.

	 2.	 A second limit on science is that the underlying mechanism may 
be misinterpreted, so care must be taken to question each step of 

the scientific method. An example with clinical implications was 
illustrated by the observation that O2 consumption measured by 
the Fick technique [VO2F = CO(CaO2 − CvO2)] increased in septic 
patients when O2 delivery (DO2 = CO × CaO2) was increased8,9  
(Fig. 1). This observation could indicate that metabolism at lower 
values of DO2 was anaerobic. However, plotting calculated vari-
ables having shared parameters (viz CO, CaO2) with measurement 
error produces just such a correlation in the absence of anaerobic 
metabolism. This was confirmed in the same studies8,9 by measuring 
VO2G [VE × (FiO2 − FeO2)], a variable which showed no correlation 
with DO2. Unfortunately, earlier studies concluded erroneously that 
metabolism was anaerobic which led to maximizing DO2 when the 
patient didn’t need more O2, so volume loading and high levels of 
dobutamine aggravated pulmonary edema and arrhythmias.

	 3.	 Sometimes it is difficult to distinguish science from belief in reveal-
ing truth. In 2006, a multicenter clinical study of fluid management 
strategies in 1000 patients with ALI demonstrated that conservative 
fluids were associated with fewer ventilator days without adverse 
cardio vascular effects compared to patients with liberal fluid 
management.10 Twenty-five years earlier, we had demonstrated in 
canine models of AHRF that reduction of PAOP by 5 mm Hg 1 hour 
after ALI reduced edema accumulation by 50% during the next 4 
hours.11,12 In the intervening quarter century, considerable debate 
was waged between proponents of these strategies. I thought our 
results and the management goal arising—seek the lowest PAOP 
providing adequate CO and DO2—were good science, and I used 
that goal in all my patients with AHRF (Table 2), while others were 
worried about causing inadequate cardiac output, so they ensured 
enough positive fluid balance to maintain or even maximize CO and 
DO2. Accordingly, I was delighted that the clinical study confirmed 
our approach, but asked myself, “was this science or belief?” It was 
indeed scientifically sound treatment for canine models of AHRF, 
but it was my belief that these canine results would occur in patients 
that drove me to treat them with this regime while awaiting the clini-
cal trial results. Perhaps we were lucky, perhaps intuition counts, or 
perhaps studying an appropriate animal model can provide direction 
long before the clinical trial can be organized and implemented. The 
lesson from these studies is that solid science in animal models led to 
treatment goals for the models, but extension of those goals to treat 
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FIGURE 1.  Schematic illustration of the relationships between mean DO2 (abscissa) and 
two simultaneous measures of mean VO2 (VO2F equals diamond-indicated line, and VO2G equals 
square-indicated line) in 10 patients in Ref. 8. VO2G does not increase with DO2, indicating no 
anaerobic metabolism and so no benefit from maximizing cardiac output. But VO2F increases 
with DO2 due to coupling of shared measures having experimental error (CO, CAO2). To convince 
yourself, consider the data point DO2 = 1200 mL/min, VO2F = 300 mL/min, derived from  
cardiac output = 6 L/min. Now repeat these measures assuming no change in the patient 
status, but allowing experimental error to give cardiac output = 8 L/min; the new DO2 is 
1600 mL/min, the new VO2 is 400 mL/min, and these coordinates lie on a positive relationship 
between VO2F and DO2, a spurious correlation due to the measurement error of cardiac output, 
but having nothing to do with anaerobic metabolism.
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patients in the ICU is a belief until the clinical study demonstrates its 
utility in patients, no matter how long it takes.

Yet, clinical intuition should play a role until controlled clinical 
studies are performed. In the case reports and textbook guidelines 
describing treatment goals in AHRF13-15 we used the least PEEP 
achieving its goals (see Table 2) and coupled that with the least 
tidal volume preventing unacceptable acidosis.13,14,16 As indicated 
in Table 2, the therapeutic goals were supported by subsequent 
multicenter clinical trials,17,18 conducted 25 years later, while all our 
patients were being ventilated with smaller VT and goal directed 
PEEP. This practice of ventilating patients with ALI with small 
VT was based on the intuition that if our patient’s lungs were 80% 
flooded,15 we better give smaller VT or we will injure the aerated 
units further.

How many other standards of Critical Care cause similar dam-
age until disproven? This important question got greater attention 
than it deserves when a multicentered trial of low tidal volume 
ventilation was halted by the concern that one patient group did not 
receive care according to the “best current standard of practice,” as 
arbitrary as that standard may be.19

	 4.	 This study illustrates another limit on science.10 The first protocol 
intervention occurred on average 43 hours after admission to the 
ICU. Thereafter, conservative fluid management was associated with 
a return to spontaneous breathing in 5 days by 255/500 patients, but 
only 200/500 patients receiving liberal fluids resumed spontaneous 
breathing. Accordingly, 55 patients were spared ventilator therapy 
by conservative fluid balance in the first 5 days, and no further dif-
ference was seen between groups after 5 days. It seems that most 
of the benefit of conservative fluid management occurs early, and 
this study nearly missed and almost certainly underestimated it, by 
taking so long to get started. A careful look at Fig. 1 in reference 
10 explains the delay, for so many controlled variables take time 
to organize. This early therapeutic effect was evident in our canine 
studies when the reduction in PAOP was effected 1 hour after the 
injury, and promptly stopped further edema accumulation and its 
effect to increase QS/QT and reduce compliance further.11,12 In a ret-
rospective study of 40 patients with ARDS,20 the group with reduced 
PAOP had the effect measured already by 24 hours from admission, 
so one might expect a greater beneficial effect of conservative fluids 
than was observed in the multicenter trial. Indeed, we reported an 
increase in survival from 29% to 75% in the low PAOP group.20 It 
seems possible to obscure therapeutic effects by delaying the inter-
vention until all the controls are in place. One cannot help but think 
it wise to lighten up on the controls in large clinical studies when 

intuition focuses on the important variable; otherwise you might 
end up with a very well conducted scientific study that concludes 
erroneously that the intervention had no effect on outcome. In the 
guise of critical thinking and right reason, the scientific method may 
cause us to falsify effective treatment.

For all its contributions, the scientific method has provided enough 
incomplete or erroneous explanations of reality to make us wary. Many 
ascribe the birth of science to the publication of Issac Newton in 1687 of 
The Mathematical Principles of Natural Philosophy. For about 250 years 
thereafter, scientists probed nature with this ingenious theory or way 
of thinking to reveal more and more discoveries of how nature works. 
But in the last century, science revealed the world of subatomic physics 
which moved by different forces not explained by Newtonian Laws, in a 
world of sub atomic particles requiring a different set of laws describing 
“quantum physics.” Despite 100 years of focused research, we have yet 
to develop a unified theory to explain both classical and quantum phys-
ics. Though we may just be slow the possibility arises that the scientific 
method is wrong.21,22 Similarly, formulation of the laws of heredity of 
the species by Charles Darwin emphasizes “survival of the fittest” to 
account for the range of creatures in the world. Recently, the data and 
interpretations of heredity put forward 50 years earlier by Lamarck 
demonstrated beyond a doubt that development of new structure and 
function is promoted by the environment of the species. Accordingly, 
Darwin’s theory is now questioned as incomplete or even wrong and has 
been altered while we went looking for a more comprehensive theory.21,22 
And the co-discoverer of the double-helix, Frances Crick, insisted that 
all reproduction was explained by the arrangement and duplication of 
four nucleic acids. This dictum excluded, even ridiculed, scientists pre-
senting data suggesting influence on the expression of the nucleic acids 
by cell membranes, cytoplasmic substances, and extracellular influences. 
The new science of epigenetics is reversing the Crick dictum and its 
interpretation to explain these extracellular effects.22

I cited these three important theories with demonstrated error so 
that we all, scientists and believers alike, may retain skepticism about 
scientific evidence and its interpretation. Nonscientists need not feel 
triumphant about these short falls of science, for it is a strength of the 
scientific method to make itself vulnerable to criticism by obtaining 
accurate, reproducible data and interpreting these data in clear unequiv-
ocal language. This scientific candor helps the scientific community 
revise erroneous theories as the most rapid approach to new knowledge.

NEUROSCIENCE, MYSTICAL EXPERIENCES, AND BELIEF
When we consider the limitations of belief, we do not compare errors for 
they are hard to detect in the softer language of belief. Instead, we look 
for outcomes of belief which, if true, provide enhancement of under-
standing sprinkled around the surface of science. In this sense, there is 
no war of worldviews for these two modes of inquiry are not competing 
for the same prize.23 Instead, they arrive at truth from different points 
of view: science looks outward to describe accurately how the world 
works, while belief looks inward with consciousness to find meaning 
and purpose. Choosing to see these processes as antagonistic perpetu-
ates the human trait of arguing about which approach is best, whereas 
more knowledge is achieved when the participants admit that each has 
something to offer the other in the search for knowledge.

In an extraordinary interview, Joseph Campbell tells Bill Moyers about 
the power of myth.24 A key concept is how myth exposes and explains 
the mysteries of life, most often inner mysteries through introspection. 
The far-fetched mechanisms said to underlie these mysteries lead many 
scientists to skepticism and disbelief. But these same scientists need to 
recall that many hypotheses to explain reality were equally outrageous 
before being put to the test without being falsified. Accordingly, it is not 
scientific to reject beliefs before they are falsified.

In his discussion of the physiology of spiritual experience, Andrew 
Newberg outlines his attempt to elucidate the underpinnings of the spir-
itual experience25 using single photon emission computed tomography 

  TABLE 2    Therapeutic Goals in AHRF

1980 2005

          Seek least PAOP/CVP
          --- Adequate CO
1            ---Absent prerenal oliguria
           ---Absent lactic acidosis
          J Clin Investig. 1981;679

Conservative fluid management
  ---↓ Ventilator time
  ---↓ ICU time
  --- Without ↑ organ dysfunction
N Engl J Med. 2006;3548

          Seek least PEEP
          --- 90% saturation
2            --- Adequate hemoglobin
          --- Nontoxic FiO2

          J Appl Physiol. 1984;5713

Higher PEEP not better than lower PEEP 
in ARDS

N Engl J Med. 2004;35116

          Seek least VT
           ---Absent acidosis
3        Am Rev Resp Dis. 1990;14214

Low VT (6 mL/kg)
  ---↓ Mortality
  ---↓Time on ventilator
  ---↓ Time in ICU
N Engl J Med. 2000;34215
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(SPECT). During spiritual experiences in seasoned meditators, he 
discovered a neural pathway for spiritual experiences which differs 
from that used in day-to-day processing of materialistic observation. In 
particular, both parts of the autonomic nervous system were activated 
(sympathetic and parasympathetic outputs are almost always antago-
nistic), and there was a thalamic mediated shift in activation of self-
orientation associated areas toward attention-associated areas within 
frontal lobes. These spiritual pathways help the brain in interpreting 
concepts like worship, love, prayer and altruism; and are used to process 
spiritual experiences, like those accompanying meditation, glossolalia 
and yoga.25 Conceivably, this is how we are wired for spiritual experi-
ence. Yet he is quick to point out that the use of neural spiritual pathways 
does not prove the existence of God nor Her participation in conversa-
tion with, or healing of, Her children.* The “report back” of mystical or 
spiritual experience “feels real” to the reporter. To understand better, 
Dr. Newberg invites us to compare perceptions in the awake state with 
those in the dream state where those in the dream do not “feel real.” This 
may seem flimsy evidence to validate spiritual experiences; certainly it is 
much more subjective than is allowed by the scientific method.

So far, we have been discussing two methods of inquiry and 
knowing—science and belief. But epistemology alerts us to other ways of 
knowing. One such is the New Archaic based on performative spiritual 
practices which bind together fragmentary subjective experiences into 
the one subjective sensation “I am here within the world.” Considerable 
neuroscience observation parallels this behavioral binding—there are 
17 distinct brain areas in both hemispheres and at all levels responsible 
for religious, spiritual, and mystical experiences (RSMEs) when they 
are integrated, yet during everyday activities each acts separately.26 This 
brain activity underlies RSMEs as one form of belief.

A new discipline, neurotheology, studies correlations of neural phe-
nomena with subjective experiences of spirituality as well as hypoth-
eses to explain this phenomena. The principles of neurotheology are 
described in a new book by Andrew Newberg in which 54 principles 
are discussed as the foundation for this discipline.27 Taken together, the 
analysis of myth, the spiritual neural pathway of Newberg, the integrat-
ing or binding function of the brain for subjective experiences, and the 
development of neurotheology seem to invite greater attention to belief 
as a method of inquiry and knowing. A demeanor of humility and docil-
ity seem to me a fruitful soil to grow understanding, for we have only 
begun to understand the meaning of belief.

Bruce Lipton is a cell biologist whose research focused on the cell 
membrane. He describes a spiritual awakening while contemplating the 
beauty and elegance of the membrane’s mechanics: “the fact that scien-
tific principles lead me, a non-seeker, to a spiritual insight is appropriate 
because the latest discoveries in physics and cell research are forging 
new links between the worlds of science and spirit.”22 One such link is 
our growing understanding of fields, the nonmaterial region of influence 
which surrounds the energy of a system such as a magnetic field. Matter 
is energy bound within a field. And a field of compassion surrounds the 
physician and patient during the healing process to provide a space for 
the still small voice to speak and be heard.28 In his classic series of lec-
tures in 1902, William James’ The Varieties of Religious Experience29 cited 
numerous accounts of persons who had mystical experiences, often with 
profound and life-changing effects. He concluded that the beneficial 
effects of these experiences could not be discounted, yet he highlighted 
that these experiences were personal, could not be externally validated, 
and were limited to a select group of persons. Can others tap into this 
spiritual knowledge? Speaking from an extraordinary background as a 
healer, Caroline Myss says: “medical intuition can help Physicians to 
understand the human body to be both a physical system and an energy 
system, who have a spiritual context for the human experience, to iden-
tify the energy state of a physical illness and heal the underlying cause 
as well as the symptoms.”30

THE STILL SMALL VOICE VERIFIES BELIEF
My brief description of Agnes’ complex case probably makes sense to 
many readers, but I venture to guess that many more are confused or 
skeptical about the still small voice. For me, there was this background. 
Some 35 years ago on a spiritual retreat, I was instructed on the use of 
a spiritual journal.31 Each entry began with a letter from me to the Lord 
of my life, describing my concerns and considerations for that day. But 
the second part of this experience seemed unusual—I write the Lord’s 
response. The retreat directors, Matthew and Dennis Linn, outlined the 
characteristics of the response as: affirming, with a vocabulary of words 
and concepts not recognizable as mine, but compatible with my nature, 
usually of scriptural origin, and almost always surprising (Table 3, left 
column). About that same time, I read two books recording the con-
versations with God by two listeners.32,33 Immersed in reading the daily 
entries, I became habituated to these conversations as a prayer. When I 
found another compilation of God’s conversations with Neale Donald 
Walsch 20 years later,34 they seemed perfectly natural.

An interesting corroboration was published last year,35 The Power of a 
Whisper in which the author describes how his life was favorably influ-
enced by hearing and following the still small voice. Wishing to guide 
his readers on who was speaking, he offered several filters to ensure it 
was God’s voice. They matched the Linns’ guidelines (see Table 3, right 
column). Then he told of writing his parishioners to solicit from those 
who had such experiences descriptions of God’s conversation. Over one 
weekend he received 500 replies each describing messages of affirma-
tion, admonition or calls to action. He concluded that we have a com-
municating God, and hearing His voice is a common experience in his 
Parish. So I wonder how common it is among my colleagues in Critical 
Care. Again, I invite you to find in your own experiences any similar 
occurrences as a basis for exploring further this topic.

My experience with spiritual journaling over the intervening years 
was repeated, consistently affirming, scriptural, surprising. I recently 
scanned my ten 3-ring binders in which I had collected those conversa-
tions, and selected 10 consecutive conversational exchanges. I compiled 
these with other stories told in this chapter to get some feedback from 
some twenty friends. One reply was especially helpful:

I was totally stunned by your story of “the still small voice.” I have a 
HUGE problem with people who believe they communicate directly with 
God, and I have an even greater problem with those who try to justify 
it with such lightweight and “shaky” logic. If I didn’t know you better, I 
would say the person who wrote that was delusional, dysfunctional, or 

just plain crazy.

In my view, this response articulated well several problems with living 
the interface of science and belief. First, “if not delusional, dysfunctional or 
just plain crazy,” what am I? My best explanation is that I am a man living 
the interface of science and belief, taking the evidence of each seriously. 
This allows me to experience the joy and awe of discovery through science  
and the gratitude and blessing of conversation with God through belief. 
Second, what would we accept as evidence for God’s existence or willingness  

  TABLE 3    Characteristics of the Still Small Voice

Linn’s Attributes Hybel’s Filters

1. Scriptural 1. Scriptural

2. Consistently affirming 2. Compatible with God’s character

3. Vocabulary of concepts/words not easily 
recognized as one’s own

3. Wise, simple, elegant choice of words

4. Surprised by novelty and fit of answers 
to questions

4. Direction of message compatible with 
character of listener

*My belief system includes God’s gender as both masculine and feminine, so I alternate randomly. 
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to communicate? Classical arguments about God’s existence convince 
believers and cause nonbelievers to look for more convincing evidence.

Listening for and hearing the still small voice is a complex human 
endeavor. It requires some or all of the following: belief that God can 
and will speak to me; a quiet spirit free from noise, hurry and crowds; a 
desire to know God’s answers to my questions, or God’s preference among 
courses of action in front of me; and a willingness to obey the instructions 
after putting the conversation to the test. Ceaseless striving for discovering 
alternative explanations for the still small voice can squelch these subtle 
movements of the spirit. Alternatively, cultivating these aptitudes for 
active receptivity is an all-consuming spiritual practice that can interfere 
with the search for more convincing evidence. So my approach is to go 
with the flow of the still small voice, choosing to listen rather than search. 
This choice was supported by several happenings in my life. One occurred 
early in my relationship with my wife, Elaine, when I told her about the 
progressive peripheral polyarthritis which I had suffered for the previous 
year. She listened empathically as I finished the story, and then asked if she 
could pray for me. “Of course,” I answered, so she laid her hands on my left 
shoulder saying “Lord, please heal Larry’s arthritis.” Immediately, I expe-
rienced warmth spreading from my left shoulder down my left arm and 
across my shoulders to my right arm, warming all my joints from shoulder 
to wrist and the metacarpal joints of each finger. This feeling lasted a few 
minutes, when the stiffness, pain and fluid in the joints disappeared and 
never returned. I know that I know God used Elaine’s love to heal me, and 
I expect that this spiritual experience will have no effect on the belief of 
any others who hear this story—it is my spiritual experience, done for me 
alone, so anyone hearing this story is unlikely to be convinced—and any 
of my friends who wish to tap in to the spiritual experience need to have 
their own. It seems one cannot accept God’s healing presence vicariously; 
one needs their own spiritual experience.

If I were able to use the scientific method to test my belief that God 
exists and speaks to his people, I would phrase the null hypothesis “God 
does not exist/speak to His people.” Then I would examine each of the 
entries in my spiritual journal for God’s conversational attributes, and 
finding multiple responses to my inquiries, I would reject the hypothesis 
and conclude the opposite—God does exist and speaks to his people. 
I compiled ten such examples which falsified this HO, provided my 
subjective evaluation is allowed as evidence. And there is the risk, for 
as convinced as I am by my subjective evidence, I do understand why 
the scientific method cannot accept it for lack of objective evidence and 
reproducibility in the observers. This does not weaken my belief that 
God spoke to me; indeed, my faith is enhanced and my enthusiasm to 
hear His word is heightened. Yet I do not expect others to be convinced 
by my subjective evidence—they must have their own spiritual experi-
ence before they become convinced.

So belief becomes a personal choice to act on subjective perception of 
God’s presence. It seems like my healing and my learning transcend all 
my understanding of how it can occur, so it is not unreasonable for me to 
invoke divine intervention. To the extent God did it, it is the polite behav-
ior for me to feel grateful and to express my gratitude to Her. Suspending 
my search for scientific proof seems like a good idea given my improved 
health. It is an even better idea given my prior faith experiences, so I have 
no trouble dealing with God as if She exists. This sets me free to converse 
with God and to hear Her still small voice. How else can God communi-
cate with Her children? Besides, everything for which I do have scientific 
proof is so complex and beautiful that it draws out of me wonder and 
praise, so I get it both ways: my skepticism cannot disprove God in scien-
tific terms because I do not have a Godometer; and whenever I can prove 
anything scientific, the result causes me to praise God.

SUMMARY: SCIENCE AND BELIEF ARE 
COMPLEMENTARY!
We have been discussing two modes of inquiry: science and belief  
(Fig. 2). With ceaseless striving scientists develop HOs which might 
explain phenomena and use the scientific method to falsify these HOs, 

such that truth consists of HOs which could not be rejected. Clockwise 
rotation from the interface of science and belief depicts the start (and 
end) of our understanding when we began reading this paper.

But I introduced the notion that belief and its interface with science 
can be processed with active receptivity to develop innumerable myths 
to explain reality. Then the still small voice serves as the hammer to 
nail down the myth which best explains the phenomena under study, 
verifying it as truth to contribute to our new knowledge as depicted—by 
counterclockwise rotation from the interface—in the right side of Fig. 2. 
Accordingly, science and belief are complementary methods of inquiry 
and knowing, each providing limited understanding, but together 
increasing the probability of knowing.

Table 4 compares the attributes of these methods of inquiry. The 
scientific method protects us from bias and erroneous HOs using 
intellectual discipline of statistics and logic, while the still small voice 
requires faith to verify beliefs. Science is objective and measured, but 
belief is subjective and often not measured. Accordingly, science cannot 
process phenomena of great importance, but belief can process interior 
mysteries with active imagination ratified by the still small voice. Science 
is tedious and slow and too many controls can distort the study, while 
belief proceeds at a furious pace when the believer is affirmed, present-
ing innumerable myths for the still small voice to choose from. And even 
when the chosen belief is wrong, the process of communication builds 
relationship between the believer and the still small voice.

Scientific
method

Ceaseless
striving

Science Interface

Believing
scientist

Tr
ut

h

Belief

Active receptivity

Myths

Still small voice

VerificationFalsification

Hos

FIGURE 2.  Schema depicting the methods of inquiry and their interface. Science goes 
clockwise toward falsification, and those HOs not disproven pour into the chamber of Truth; 
belief moves counterclockwise from the interface through innumerable myths until the most 
benevolent and the true myth is verified by the still small voice and enters the chamber  
of Truth.

  TABLE 4    Attributes of the Methods of Inquiry

Science Belief

The scientific method The still small voice

Formulate null hypotheses (HO) Make up a story—myth

Falsifies HO Sorts, chooses most benevolent myth

Truth is what cannot be falsified Truth is verified

Objective, measurable, calibrated Subjective, no measures

Cannot handle the subjective Can process subjective mysteries with active imagi-
nation ratified by the still small voice

Slow, tedious to rule out HOs Imprecise innumerable myths

Excess controls distort the study Builds relationship

Conclusion: Science and belief are complementary
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Introductionxxx

A clarification of my meaning seems necessary. Standing at Agnes’ 
bedside examining her and praying for help, I heard the still small voice. 
Yet it was not clear to me whether intuition intervened at that moment or 
whether these circumstances facilitated the coalescence of brain activity 
set up and stored in neural circuits during 40 years steeped in the care 
of such patients and the 20 studies I published about acute lung injury. 
Either way, I acknowledge being used to help Agnes. I believe that hear-
ing and acting on this voice is every person’s challenge, not confined to 
physicians and patients. This is living the interface of science and belief, 
verified by the still small voice to create a spiritual source of knowing. 
This viewpoint differs considerably from that of many physician-scientist 
who believe that science and spirituality are antagonistic,23 so they must 
choose between them. Those choosing science often seek to discredit 
spirituality as if its very existence threatens science and reason, when 
what it threatens is materialism as a doctrinal worldview. This discussion 
suggests they are complementary, the one filling the gaps of the other to 
provide a more comprehensive understanding than either alone.

As often, Albert Einstein has a last word. Consider one meaning of his 
verse opening this chapter: Acknowledging the rational mind as a faith-
ful servant of the scientific method deserving honor, we risk missing 
the truth when we forget the sacred gift of intuition expressed as belief 
verified by the still small voice.
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CHAPTER 1: An Approach to Critical Care 3

the patient with hemorrhagic shock treated with volume resuscitation 
and blood products also acutely receives intravenous vasoconstricting 
agents to maintain perfusion pressure while hemostasis and volume 
resuscitation are achieved. Once a stable blood pressure and hemostasis 
are achieved, what is the time course for discontinuing catecholamines?

One answer is to wean the vasoconstrictor slowly (eg, decrease the 
norepinephrine infusion rate from 30  by 5 µg/min each hour). Another 
approach is to liberate the patient from the vasoconstrictor by reducing 
the norepinephrine infusion rate by half every 15 minutes. The dif-
ference between these two approaches is more than the time taken to 
discontinue the agent, for if in the second approach the blood pressure 
were to fall after reducing the norepinephrine to 15 µg/min, the critical 
care physician learns that the patient remains hypovolemic and needs 
more volume infusion; the first approach would mask the hypovolemic 
hypoperfused state by the prolonged use of vasoconstrictor agents, 
leading to the adverse consequences of multiple organ hypoperfusion. 
Words convey meaning, and to wean connotes the removal of a nur-
turing, even friendly life-support system from a dependent, deprived 
infant, a process that should proceed slowly; by contrast, liberation is 
the removal of an unnecessary and potentially toxic intervention from 
an otherwise independent adult, a process that should proceed urgently.8 
Similarly, other aspects of critical care management as simple as bed 
rest and sedative administration are best approached as treatments from 
which the patient should be liberated at the earliest opportunity.9,10

■■ DEFINE THERAPEUTIC GOALS AND SEEK THE LEAST 
INTENSIVE INTERVENTION THAT ACHIEVES EACH

Thus the principle that “less is more” applies to many critical care thera-
pies including bed rest, fluid therapy, vasoactive drug use, mechanical 
ventilation, and administration of sedative and muscle-relaxing agents. 
Of course, the difficulty in all these examples is that the therapeutic 
intervention is initially necessary and/or lifesaving, but how long  
the intervention needs to continue for the patient’s benefit versus the 
patient’s harm depends on a critical evaluation of the goal of therapy.

Figure 1-1 indicates the intensity-benefit relationship of many of these 
interventions (eg, the continued use of high-dose norepinephrine in the 
hypotensive patient with hemorrhagic shock discussed earlier). During 
the initial resuscitation, the benefit of increasing the norepinephrine 
dose along the x-axis (intensity) was demonstrated by the rising blood 
pressure during hemostasis, volume resuscitation, and norepinephrine 
infusion. Yet blood pressure is not the appropriate benefit sought in the 
hypoperfused patient, but rather adequate perfusion of all organs. Even 
without measuring cardiac output, an adequate perfusion state could 
be inferred from an adequate blood pressure when the vasoconstrictor 
agent is diminished. However, with continued infusion of the vasocon-
strictor, the adverse effect of a prolonged hypoperfusion state, even with 
an adequate blood pressure, is indicated by the interrupted line, which 

illustrates a decreasing benefit as the intensity of the intervention and 
the shock it masks continues. Armed with this rationale, the intensivist 
should progressively reduce the intensity of norepinephrine infusion 
over a relatively short period to determine whether the volume resusci-
tation is adequate.

A second example is the use of fluid restriction and diuresis in the 
treatment of pulmonary edema. In Figure 1-1 the intensity of the inter-
vention is the achievement of negative fluid balance while the benefit 
would be the reduction of pulmonary edema. Considerable data suggest 
a monotonic relationship between the intensity of these therapeutic 
interventions and the benefit of reduced pulmonary edema.11 Yet, if 
intravascular volume is reduced too much, there is a consequent reduc-
tion in the cardiac output, so the benefit to the patient is more than 
offset by the attendant hypoperfusion state. The thoughtful intensiv-
ist recognizes that the goal of reducing pulmonary edema should not 
induce a hypoperfusion state, so the targeted intensity is the lowest 
intravascular volume associated with an adequate cardiac output and 
oxygen delivery to the peripheral tissues.

■■ FIRST DO NO HARM
Beyond enhancing the clinical scholarship of critical care, this approach 
maximizes another hallowed principle of patient care—“First do no harm.” 
Despite excited opinions to the contrary, effective critical care is rarely 
based on brilliant, incisive, dramatic, and innovative interventions, but 
most often derives from meticulously identifying and titrating each of the 
patient’s multiple problems toward improvements at an urgent but continu-
ous pace. This conservative approach breeds skepticism toward innovative 
strategies: Novel treatments require objective clinical trials before they 
are implemented, and traditional therapies require clarification of goals 
and adverse effects in each patient before their use can be optimized.12-14 
Accordingly, intensivists should carefully consider the experimental sup-
port for each diagnostic and therapeutic approach to critical illness and 
acknowledge that each approach has adverse effects in order to define the 
least intensive intervention required to achieve its stated therapeutic goal.

■■ ORGANIZE THE CRITICAL CARE TEAM
The ICU has long evolved beyond a room in which ventilators are used. 
Instead, in a well-functioning ICU, the physical plant and technology are 
planned to facilitate the delivery of care, while also responding to new 
opportunities in this rapidly evolving field. The physician director, the 
nurse manager, and the team of respiratory therapists, pharmacists, and 
physiotherapists must build a mutually supportive environment condu-
cive to teaching, learning, and care.

Intensivists must be aware of the economic and legal concerns as ICUs 
capture the interest of politicians, ethicists, and the courts. Furthermore, 
the managers of ICUs should build on experience. Quality assurance, 
triage and severity scoring, and infection surveillance are essential to 
the continued smooth running of ICUs and indeed to their improve-
ment over time.

MANAGING DEATH AND DYING IN 
THE INTENSIVE CARE UNIT
Perhaps no critical care issue is more emotionally charged and time-
consuming than the decision to withhold and/or withdraw life-sustaining 
therapy. Practitioners and students of critical care are frequently called 
on to guide patients and their families through this complex decision-
making process. Accordingly, we discuss an approach to managing death 
and dying in the ICU meant to minimize one current adverse outcome of 
modern critical care—our patients die alone in pain and distress because 
maximal care aimed at cure proceeds despite little chance of success.

■■ DECIDE WHETHER THE PATIENT IS DYING
In an analysis of 6110 deaths in 126 ICUs between January and July of 
1996, approximately half were associated with the decision to withhold 

FIGURE 1-1.  A schematic diagram relating therapeutic intensity (abscissa) to the benefit 
of therapy (ordinate). For many interventions in critical illness, there is a monotonic increase 
in benefit as treatment intensity increases (solid line), but concomitant adverse effects of the 
intervention cause harm at higher intensity (interrupted line) (for examples, see text). This 
leads to an approach to critical care that defines the overall goal of each intervention and seeks 
the least intense means of achieving it.
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PART 1: An Overview of the Approach to and Organization of Critical Care4

or withdraw ICU care, as distinguished from deaths after CPR or with 
full ICU care but no CPR.15 One interesting feature of this study was the 
heterogeneity among different units, with some units reporting 90% of 
deaths associated with withholding and withdrawing ICU care, and oth-
ers reporting less than 10% associated with this decision. Considerable 
discussion in the recent literature focuses on the definition of medical 
futility, and many intensive care physicians are perplexed regarding how 
to utilize the vagaries of survivorship data to be confident that continu-
ing therapy would be futile.16,17

Yet many of these same physicians have a clear answer to another 
formulation of the question, “Is this patient dying?”18 An increasing 
number of critical care physicians are answering yes’ to this question 
based on their evaluation of the patient’s chronic health history, the 
trajectory of the acute illness, and the number of organ systems cur-
rently failing. When the physician concludes that the patient is dying, 
this information needs to be communicated to the patient, or as so 
often happens in the ICU, to the significant other of the dying patient 
who is unable to communicate and has not left advance directives. 
This communication involves two complex processes: (1) helping the 
patient or the significant others with the decision to withhold or with-
draw life-sustaining therapy and (2) helping them process the grief this 
decision entails (Table 1-1).

■■ CHANGE THE GOAL OF THERAPY FROM CURE TO COMFORT
In our view, this decision is best aided by a clear, brief explanation of the 
patient’s condition and why the physician believes the patient is dying. 
When the patient or significant other has had the opportunity to chal-
lenge or clarify that explanation, the physician needs to make a clear rec-
ommendation that continued treatment for cure is most unlikely to be 
successful, so therapeutic goals should be shifted to treatment for com-
fort for this dying patient. In our experience, about 90% of such patients 
or their families understand and agree with the recommendation, most 
expressing considerable relief that they do not have to make a decision, 
but rather follow the recommendation of the physician. It is important 
to provide time and support for the other 10% while they process their 
reasons for disagreement with the physician’s recommendation, but this 
remains a front-burner issue to be discussed again within 24 hours in 
most cases.

At this point, patients or their significant others who agree with 
the recommendation to shift goals from cure to comfort benefit from 
understanding that comfort care in the ICU constitutes a systematic 
removal of the causes of patient discomfort, together with the incorpora-
tion of comforting interventions of the patient’s choice (Table 1-2). For 
example, treatment for cure often consists of positive-pressure ventila-
tion associated with chest physiotherapy and tracheal suctioning, the 
infusion of vasoactive drugs to enhance circulation, dialysis for renal 
failure, intravenous or alimentary nutrition, antibiotics for multiple 
infections, surgery where indicated, and daily interruption of sedative 
infusions to allow ongoing confirmation of CNS status. Each of these 
components of treatment for cure includes uncomfortable interventions 
that need to be explicitly described so that patients or their significant 
others do not maintain the misconception that continued ICU care is 
a harmless, comfortable course of action. By contrast, treatment for 
comfort consists of intravenous medication effective at relieving pain, 
dyspnea, and anxiety. It also consists of withholding interventions that 

cause the patient pain or irritation, and of replacing both interventions 
and electronic monitoring of vital signs with free access of the family 
and friends to allow the intensive care cubicle to become a safe place for 
grieving and dying with psychospiritual support systems maximized. 
Once an orderly transition from treatment for cure to treatment for 
comfort has been effected in the ICU, timely transfer out of the unit to 
an environment that permits death and grieving with privacy and dig-
nity is often appropriate. Whenever possible, continuity of care for the 
dying patient outside the ICU should be effected by the ICU physician-
house staff team to minimize fragmentation of comfort measures and to 
keep the patient from feeling abandoned.

■■ MANAGE GRIEF
The second process that is ongoing during this decision making allows 
the dying patient or the family and friends to begin to express their 
grief (see Table 1-1). The very best care of the patient is care for the 
patient, and the critical care physician’s demeanor during the decision-
making process goes a long way toward demonstrating that he or she 
is acting as the patient’s advocate. The urgent pursuit of an agenda that 
care should be withdrawn does not help the patient or family to trust 
in the physician’s desire to help the patient. Instead, pastoral skills such 
as empathic listening, assembling the family and other support systems, 
and acknowledging and sharing in the pain while introducing the 
vocabulary of grief processing are constructive ways to help the patient 
and family reconsider the goals of therapy. This is not an easy task when 
the physician knows the patient and family well, but it is even more 
difficult in the modern intensive care environment, when the physician 
may have met the patient for the first time within hours to days preced-
ing the reconsideration of therapeutic goals. Yet the critical care physi-
cian needs to establish his or her position as a credible advocate for the 
patient by being a source of helpful information, by providing direction 
and listening empathically. Because the critical care physician is often 
a stranger, all efforts should be made at the time of reconsidering the 
goals of therapy to assemble support helpful to the patient, including 
family friends, the primary physician, the bedside nurse, house staff 
and students caring for the patient, appropriate clergy, ethics special-
ists, and social services. Increasingly staff from palliative care services 
become involved in patients dying in the ICU and are particularly 
important in transitioning end-of-life care to other hospital, hospice, 
or home locations.

■■ COMBINE EXCELLENCE AND COMPASSION
Since up to 90% of patients who die in modern ICUs do so with the 
decision to withhold and withdraw life-sustaining therapy, exemplary 
critical care should include a commitment to make this transition to 
treatment for comfort a humane and compassionate process, con-
ducted with the same expertise and excellence sought during treat-
ment for cure. In our view, the physician’s conclusion that the patient 
is dying is the starting point. Thereafter, the physician’s recommenda-
tion to shift treatment goals from cure to comfort is essential so that 
the patient and the family have no illusions that full ICU care will 

  TABLE 1-1   � The Intensivist’s Roles in Deciding to Forego Life-Sustaining 
Treatment

Guiding the Decision Managing the Grief

Explanation Patient’s advocate

Recommendation Empathic listening

Patient’s response Assemble support

Implementation Acknowledge the loss

  TABLE 1-2    Reconsidering the Goals of Therapy

Cure Comfort

Ventilation Treat pain

Perfusion Relieve dyspnea

Dialysis Allay anxiety

Nutrition Minimize interventions

Treat infection Family access

Surgery Support

Differential diagnosis Grieving
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CHAPTER 1: An Approach to Critical Care 5

produce a cure. Third, understanding that comfort care is extensive 
and effective allows the ICU to become a safe place for grieving and 
dying. This is a distinctly different approach from that of many phy-
sicians who feel they have failed their dying patients by not provid-
ing cure; all too often this fear of failure leads to abandoning dying 
patients without providing effective comfort care. Since death is not 
an option but an inevitability for all of us, critical care physicians can 
bring their expertise and understanding to help patients decide when 
to forego life-sustaining therapy and to replace it with effective com-
fort care, making the ICU a safe and supporting space for the dying 
patient and his or her significant others.

Note that the ministerial skills and attitudes required to implement 
this approach are more in the province and curriculum of social work-
ers, psychologists, and clerical pastoral associates than critical care 
physicians. To the extent that experienced intensivists find this approach 
helpful, teaching it to students of critical care becomes an important 
contribution to a curriculum of critical care.

THE SCHOLARSHIP OF TEACHING AND 
DISCOVERY IN CRITICAL CARE
The process of providing exemplary critical care is magnified and refined 
by learning interactions with students of critical care at all levels—from 
freshmen to senior medical students through residents in anesthesia, 
medicine, and surgery to critical care fellows and practicing intensivists 
seeking continuing medical education. In such teaching sessions, these 
students always question the principles of critical care and how best to 
impart them, thereby helping direct a search for better teaching meth-
ods. Of course, any active ICU is a classroom for learning the principles 
of critical care. Yet teachers of critical care need to avoid the pitfalls to 
learning when there is little time for the student to process the reasons 
for the formulations of differential diagnostic and treatment plans in each 
patient. There can develop a “shoot-from-the-hip” pattern recognition of 
critical illness that often misses the mark and perpetuates a habit of erro-
neous interventions that delay a more rational, mechanistic, questioning 
approach to each patient’s problem.

■■ IMPLEMENT A CRITICAL CARE CURRICULUM 
IN THE INTENSIVE CARE UNIT

One helpful teaching technique is to implement a schedule providing 
students of critical care with the luxury of time to think. This prior-
ity provides a counterpoint to the work rounds and clinical problem- 
solving activities that, unfettered, tend to dominate the daily activities of 
the unit. A good start is to ritualize a curriculum for critical care learn-
ing. In many academic centers, house staff and fellows rotate through the 
ICU on monthly intervals. Accordingly, a monthly series of well-planned 
seminars addressing the essential topics that house staff and fellows need 
to know can incorporate medical students and nursing staff, and lay 
the foundations of conceptual understanding necessary to approach the 
critically ill patient effectively. In our teaching program, we emphasize 
a conceptual framework based on the pathophysiology of organ system 
dysfunction shared by most types of critical illness (Table 1-3).

This approach complements the specific etiology and therapy of 
individual illnesses, because the opportunity for favorably treating many 
concurrent organ system failures in each patient occurs early in the 
critical illness, when the specific diagnosis and focused therapy are less 
important than resuscitation and stabilization according to principles 
of organ system pathophysiology. Critically ill patients present many 
diagnostic and therapeutic problems to their attending physicians and 
so to the students of critical care. Recent advances in intensive care 
management and monitoring technology facilitate early detection of 
pathophysiology of vital functions, allowing the potential for preven-
tion and early treatment. However, this greater volume of diagnostic 
data and possible therapeutic interventions occasionally can create 
“information overload” for students of critical care, confounding rather 
than complementing clinical skills. The purpose of a syllabus addressing 

the pathophysiology of critical illness is to provide students with an 
informed practical approach to integrating established concepts of organ 
system dysfunction with conventional clinical skills. New duty-hour 
regulations for US house officers have made it difficult to include all 
members of the team in these teaching sessions, an issue we have not 
been able to fully solve. A syllabus of reading material and videos dem-
onstrating procedures and diagnostic techniques such as ultrasound that 
follows the seminar topics closely is helpful to students.

■■ ENCOURAGE INDEPENDENT INTERPRETING OF IMAGING 
TECHNIQUES, BIOPSIES, AND OTHER INTERVENTIONS

A second forum for teaching critical care is to review essential imaging 
procedures. Accordingly, we incorporate the diagnostic radiology imag-
ing procedures, ultrasound studies, and echocardiograms conducted 
in the last 24 hours on each of our patients on daily rounds, allowing 
learners to interpret these studies and to not rely only on written or 
verbally transmitted reports. This incorporation of studies into daily 
rounds has been greatly facilitated by the digital medical record, which 
allows this review in an efficient manner. We also find it useful to bring 
an ultrasound machine on rounds for purposes of both diagnosis and 
education. Encouraging students of critical care to be active participants 
in bedside diagnostic and therapeutic procedures such as endoscopy 
and to follow-up on all biopsy specimens by direct observation with the 
pathologist are other ways to encourage active learning concerning the 
interpretation of ICU procedures and their integration with the patient’s 
clinical evaluation in a timely manner.

■■ TEACH HOW TO TEACH
An essential component of the critical care fellowship is learning how 
to teach. It is common in academic medical environments to assume 
that completing medical school and residency confers the ability to 
teach, but most critical care fellows value the opportunity for super-
vised and guided enhancement of their teaching abilities by effective 

  TABLE 1-3    Critical Care Curriculum: The Pathophysiology of Critical Illness

	 1.	 O
2
 delivery and the management of life-threatening hypoxia

	 2.	 Pulmonary exchange of CO
2
, dead space (V

d
/V

t
), and ventilatory (type II) failure

	 3.	 Pulmonary exchange of O
2
, shunt, and acute hypoxemic (type I) respiratory failure

	 4.	 Respiratory mechanics and ventilator-lung model demonstration
	 5.	 Perioperative (type III) respiratory failure and liberation of the patient from mechanical 

ventilation
	 6.	 Right heart catheter, central hemodynamics, and lung liquid flux
	 7.	 Cardiovascular management of acute hypoxemic respiratory failure
	 8.	 Ventilatory management of acute hypoxemic respiratory failure, including ventilator-

induced lung injury
	 9.	 Ventilator waveforms to guide clinical management
	10.	 Status asthmaticus and acute-on-chronic respiratory failure
	11.	 Control of the cardiac output and bedside differential diagnosis of shock
	12.	 Volume and vasoactive drug therapy for septic, hypovolemic, and cardiogenic shock
	13.	 Left ventricular mechanics and dysfunction in critical illness—systolic versus diastolic
	14.	 Acute right heart syndromes and pulmonary embolism
	15.	 Acid-base abnormalities
	16.	 Severe electrolyte abnormalities
	17.	 Dialytic therapy
	18.	 Nutrition in critical illness
	19.	 Sedation, analgesia, and muscle relaxation in critical illness
	20.	 Evaluation and management of CNS dysfunction in critical illness
	21.	 The physician on the other end of the ET tube—audiotape and discussion
	22.	 Managing death and dying in the ICU—videotape and discussion
	23.	 Ultrasound in the ICU
	24.	 Miscellaneous additional topics: noninvasive ventilation, heat shock, rhabdomyolysis, 

acute renal failure, hypothermia, and critical illness in pregnancy
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CHAPTER 2: Measuring Quality 7

interface with a basic science research program to allow bench or ani-
mal extensions of hypotheses that are difficult to test in the intensive 
care environment. Together the basic and clinical investigative teams 
implement the essential steps in clinical research in critically ill patients: 
formulate a hypothesis, prepare a protocol, obtain institutional review 
board approval, obtain funding, perform the study, and communicate 
the results.

Many challenges exist in conducting studies in the environment 
of the ICU. These include the unpredictable and unscheduled nature  
of events, the need to maintain complex schedules related to routine 
care in parallel with schedules for study protocols, and the very hetero-
geneous nature of patient populations. In the view of many, the greatest 
challenge is conducting studies of promising therapies for which the 
precise risks and benefits are unknown, yet doing so in patients in whom 
informed consent is not possible because of their critical illness. Some 
would say that such studies simply cannot be done without consent, 
but we find this an undesirable acceptance of the current state of our 
ignorance. We believe that true equipoise exists in the interface between 
many clinical problems and their potential treatments (ie, a realization 
on the one hand that our understanding of an existing treatment for 
a disease process is inadequate, yet no secure knowledge that a new 
approach or therapy is completely safe and efficacious). In this circum-
stance, we believe that prospective, randomized trials offer the only hope 
of informing our practice of medicine, and that studies in the ICU, even 
if conducted with proxy or under some circumstances waived consent, 
are justified. The function of the institutional review board is to foster 
careful deliberation of the merits of each situation and proposed study 
to ensure that these balances are struck.

Measuring Quality
Andre Carlos Kajdacsy-Balla Amaral
Gordon D. Rubenfeld
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KEY POINTS

•• Quality is defined as “the degree to which health services for indi-
viduals and populations increase the likelihood of desired health 
outcomes and are consistent with current professional knowledge.”

•• The ability to measure quality is an essential component to 
improve quality of care.

•• 	Quality of care has multiple domains and no single metric can 
appropriately define quality.

•• 	Quality indicators should represent metrics that have face validity 
and are actionable by patients, clinicians, and managers.

•• 	Methodological rigor is necessary to avoid spurious interpretations 
and provide proper interpretation of quality metrics.

•• 	Public reporting quality metrics can have unintended conse-
quences to the health care system.

•• 	Quality metrics can be divided into outcome metrics, process met-
rics, and structural metrics.

•• 	Quality metrics that are based on outcomes are widely used to 
compare health care systems, but are not necessarily sensitive or 
specific to identify outliers and may lead to biased conclusions.

•• 	When rigorously and objectively defined, quality metrics that are 
based on processes of care can be more informative on specific 
aspects of quality.

•• 	Many structural aspects of ICUs are associated with quality, but it 
is possible for ICUs that do not have these attributes to still per-
form with high quality.

2
C H A P T E R

DEFINING QUALITY
The definition of quality depends on the field being evaluated. For 
example, although they each provide food and housing, the definitions 
for high-quality hotels, prisons, and hospitals will be considerably differ-
ent. The International Organization for Standardization defines quality 
broadly as “the totality of features and characteristics of a product or 
service that bears on its ability to satisfy stated or implied needs” (ISO 
8402–1986 standard). In health care, quality has been abstractly defined 
as “the degree to which health services for individuals and populations 
increase the likelihood of desired health outcomes and are consistent 
with current professional knowledge.”1 Although a bit vague, this defi-
nition emphasizes two challenging aspects of measuring the quality of 
health care: (1) the need to improve outcomes and (2) the importance of 
evidence. Throughout this chapter, we will focus on these two concepts 
to discuss measuring quality through evidence-based processes of care 
that should ultimately lead to improved outcomes.

WHY DO WE MEASURE QUALITY?
“Count what is countable, measure what is measurable, and what is not 
measurable, make measurable” is frequently attributed to Galileo.2 The 
ability to manage outcomes or processes of care is fundamentally tied to 
being able to measure them. Finding clinically relevant, measurable, and 
actionable outcomes and processes in health care is necessary to provide 
clinicians with the ability to improve their systems. This is not to say 
that all important determinants of quality can be measured or that those 
that cannot be measured should be ignored. Deming, the grandfather of 
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PART 1: An Overview of the Approach to and Organization of Critical Care8

quality metrics, once stated that “running a company on visible figures 
alone” is one of the seven deadly sins of management.3 However, to 
demonstrate improvement or to detect deviations from the expectations, 
metrics are needed.

Governments, regulators, clinicians, insurance companies, and 
patients may need different quality measures or the same measures 
presented in different ways. Unfortunately, quality indicators are often 
selected based on convenience, feasibility, or politics rather than valid-
ity. In this chapter, we will try to define what the ideal characteristics 
of quality metrics should be and apply these principles to the current 
metrics proposed for intensive care medicine.

INDICATORS

■■ CHARACTERISTICS
An ideal indicator would have the following key characteristics: (1) specific 
and sensitive to the process or outcome being measured; (2) measurable 
based on detailed definitions so that indicators are comparable; (3) actionable  
so that the they can lead to specific interventions to improve quality;  
(4) relevant to clinical practice and based on available scientific evidence; 
and (5) timely so that the information is reported to the interested parties in 
a way that can motivate change (see Table 2-1).4

Specific and Sensitive:  Indicators share the same properties as diag-
nostic tests: sensitivity and specificity. Sensitivity is the ability of 
a test to identify true positives. For example, a sensitive indicator 
for ventilator-associated pneumonia (VAP) should identify patients 
who actually have VAP. An indicator that measures a process of care, 
such as compliance with daily interruption of sedation, should iden-
tify patients who have received that treatment. On the other hand, 
specificity should also be high; therefore, patients who do not have 
VAP should not be identified by the measure and patients who did 
not receive an interruption of sedation should be properly coded. 
Perfectly accurate quality measures do not exist; however, as long as 
a test is measurable, then comparisons of different units and of the 
same unit over time become feasible.

Measurable:  The parameter must be measurable in a reliable and valid 
way by different observers and over time. Subjective definitions such 
as “if patient is in shock” are too broad to allow for adequate measure-
ments; a better way is to have clear definitions, based on observable 
parameters, such as “if systolic blood pressure is below 90 mmHg for 
at least 1 hour.” For example, the proportion of ventilated patients 
receiving a spontaneous breathing trial (SBT) is not adequate to con-
trol the process, as many patients may not undergo an SBT because 
they have contraindications. Therefore, metrics should clearly specify 
the population that is eligible for measurement.

Reliability implies that repeated measurements will provide the same 
results. An indicator that gives different results for the same population 

should not be used to address quality. An example of a measurement 
that is reliable is the measurement of time to reaching target cooling 
temperature after cardiac arrest. The time zero (hospital arrival) and 
the time of goal temperature can be clearly defined and abstracted from 
charts. On the other hand, VAP rates are less reliable. A study compar-
ing the identification of VAPs by two experienced providers, using the 
CDC VAP definition, observed a twofold variation in the total numbers 
of VAP. Based on these data, twofold increases or decreases in VAP rates 
could be simply due to variation in interpretations of the CDC VAP 
definition.5

Actionable:  An indicator is only helpful if the users and managers 
of the outcomes and processes are able to take actions based on the 
information gained. For example, although long-term health-related 
quality of life in ICU survivors is an important outcome, it is a poorly 
actionable quality measure as the determinants of this outcome are 
poorly understood and may not be primarily determined by practices 
in the ICU. On the other hand, an indicator that provides ICU man-
agers with compliance rates for SBTs may be immediately actionable 
if unacceptable. In some circumstances, indicators may be selected 
due to a misinterpretation of research and may not be achievable. 
For example, a single-center randomized controlled trial observed a 
reduction in mortality for patients with severe sepsis or septic shock 
when treatment was guided by central venous saturation.6 Some 
groups have decided to use the proportion of patients who have 
central venous saturation higher than 70% in the first 6 hours as a 
quality marker. This is flawed. The clinical trial did not study achiev-
ing a central venous saturation of 70%, but trying to achieve it. Some 
patients will never achieve it, due to individual characteristics, while 
others will get there regardless of the treatment provided. A hospital 
might look like a poor quality center with low rates of “achieving 70% 
central venous saturation” simply because their patient population is 
particularly old or sick. The correct quality metrics would be compli-
ance with processes of care used to achieve the goal, for example, 
the proportion of patients with low central venous saturations that 
received protocol guided treatment in the first 6 hours.

Relevant:  Indicators need to be based on evidence that they lead to 
improved outcomes and that the outcomes themselves are relevant. An 
indicator must be accepted by the main stakeholders, including patients, 
families, clinicians, hospital managers, policy makers, and service buy-
ers. For health care providers, indicators that are based on available 
scientific evidence are preferred in relation to indicators selected accord-
ing to nonscientific criteria or availability. Using indicators that do not 
have sound resonance from stakeholders is bound to be received with 
resistance and either disregarded or subjected to data manipulation in 
conscious or unconscious ways. A good example is the use of nighttime 
discharges as a quality metric. Although one study demonstrated an 
association of nighttime discharges with mortality in the ICU,7 its exter-
nal validity is threatened by differences in health care systems, and dif-
ferent ICUs may not demonstrate the same association. In this situation, 
it would be difficult to convince stakeholders that nighttime discharge is 
a good quality indicator when local data demonstrate its safety.

Timely:  To be helpful in influencing decisions, indicators must be 
available in time to allow for actions. Learning that an ICU’s rate of 
compliance with a daily interruption of sedation protocol was low 
6 months ago is less helpful than observing monthly compliance to 
allow for more immediate actions to be taken. Outcome-based quality 
indicators, such as mortality and infection rates, frequently fail this 
item as ICUs require a long-time frame to have enough numbers of 
events to allow for an accurate description of the population.

■■ TYPES OF INDICATORS
Indicators can be measured and reported in various ways. A rate-based 
indicator uses data about events that are expected to occur with some 
frequency. These can be expressed as proportions or rates (proportions 

  TABLE 2-1    The Ideal Quality Indicator (SMART)

Characteristic Definition

Sensitive and specific The ability of the indicator to detect true positives and true 
negatives.

Measurable Validity and reliability. An indicator should measure what it 
is intended to measure (validity) and should be reproducible 
(reliability). Clear instructions for inclusion and exclusion 
criteria, as well as objective parameters are essential.

Actionable The indicator can be modified by actions taken from the 
stakeholders.

Relevant The indicator is based on scientific evidence.

Timely The indicator is available in a timely manner to allow for 
interpretation and corrective actions.

Section01.indd   8 1/22/2015   9:36:43 AM

http://www.myuptodate.com


htt
ps

://k
at.

cr/
us

er/
tah

ir9
9/

CHAPTER 2: Measuring Quality 9

within a given time period) for a sample population. To permit com-
parisons among providers or trends over time, proportion- or rate-
based indicators need both a numerator and a denominator specifying 
the population at risk for an event and the period of time over which 
the event may take place. Examples of common indicators that are 
proportion or rate based include infection rates (number of central line 
infections [CLIs] per 1000 central line days) and compliance with prees-
tablished protocols (number of patients receiving an SBT per number of 
patients eligible for an SBT). An important challenge in proportion- or 
rate-based indicators is defining the denominator population eligible for 
the quality measure. Indicators can be reported as a single continuous 
value. The most common continuous quality indicator is time. Examples 
would be time to hypothermia after cardiac arrest and time to antibiotics 
in severe sepsis. Of course, continuous measures can be dichotomized 
into a proportion particularly when there is evidence that there is an 
optimal threshold value. Finally, indicators can be reported as a count 
of sentinel events. These identify individual events or phenomena that 
are intrinsically undesirable, and always trigger further analysis and 
investigation. Each incident would trigger an analysis of the event and 
lead to recommendations to improve the system. Examples of indicators 
that can be used as sentinels are medication errors, cardiac arrest during 
procedure, and arterial cannulation of major vessels during central line 
insertions.

RESEARCH CONCEPTS RELEVANT 
TO QUALITY MEASUREMENT
Clinicians, managers, and clients will need to decide, based on a panel 
of indicators, whether the quality of care is adequate or not. In essence, 
users of these data are trying to draw a causal inference between the 
observed data, specifically the quality indicators, and quality of care.8 
Therefore, readers of quality reports should approach these data with the 
same criteria for validity as we apply to causal associations in research 
data, namely chance, bias, regression to the mean, confounding, and 
secular trends (see Table 2-2). Incorrect conclusions about quality are 
possible if these are ignored.

■■ CHANCE
Imagine that two ICUs in the same hospital are measuring their VAP 
rates. Assume that in reality, there is no difference in the VAP rates 
between units. At any given time period, it is conceivable that one unit 
will have a VAP rate of 10/1000 mechanical ventilation days, while the 
other will have a VAP rate of 4/1000 mechanical ventilation days. This 
type of association could occur spuriously just by chance. To avoid this 
type of random error, quality indicators should be formally compared 
with statistical tests, to quantify the magnitude of the association that 
could be due to chance alone. This is usually demonstrated with p values  
or confidence intervals, which gives us a sense of the probability that 
chance explains the results. In the example above, one unit could have five 
VAPs over 500 mechanical ventilation days and the other unit one over 
250 days. Although the rates seem to be 2.5 times higher in the poorly 
performing ICU, the p value in this case would be 0.12 and the 95% con-
fidence interval of the relative risk would be from 0.39 to 16. These results 
would, therefore, be expected to occur by chance alone one out of every 
eight measurements and the 2.5 times increase in VAP rates would also be 
compatible with an actual decrease in VAP of 60%. Analyses of rates are 
particularly unstable when studying rare events over short periods where 
a single event can lead to apparently large differences in rates.

Strategies to decrease chance include sampling a larger number of 
patients, choosing processes and outcomes that are more frequent, and 
increasing the precision of measurements. For example, a continuous 
variable that measures the time to delivery of antibiotics is a more 
precise measure of quality than the proportion of patients who receive 
antibiotics in less than 1 hour and would require fewer patients to 
demonstrate differences in quality at the expense of a less interpretable 
quality measure.

■■ BIAS
Bias can be defined as a systematic deviation from reality. Efforts should 
be made to avoid introducing biases in data collection for quality indica-
tors. While there are many sources of bias, there are fundamentally two 
types: nondifferential and differential. Nondifferential bias introduces 
noise but not a deviation into the measurement. For example, using 
physician documentation as the measure of VAP presumably would 
both over- and underdiagnose VAP depending on a variety of physician 
factors. The major problem with nondifferential bias is that the noise 
introduced will obscure actual quality differences. To solve this problem, 
a protocol with objective parameters for detecting VAPs should be used.9

More troublesome is when quality indicators are measured in dif-
ferent ways across units or in the same unit over time. When ICUs or 
hospitals are compared for outcome measures or an ICU is monitor-
ing its quality over time, it is assumed that there is no differential bias 
in the way the indicators were collected. Differential biases are more 
challenging than nondifferential because instead of introducing noise, 
they introduce a signal, but it is a flawed signal. Differential biases can 
be subtle. If a standardized definition requires detection of bacteria in 
sputum, an ICU that has a policy of ordering sputum cultures for every 
febrile patient will have a higher VAP rate due to colonization than an 
ICU that has a protocol for selective ordering of sputum cultures. Similar 
problems could exist even in more objective indicators, such as time to 
cooling after cardiac arrest. If time zero is defined in one ICU as the time 
of hospital arrival and in another ICU as the time of arrest, differences in 
the quality marker simply indicate a biased measurement.

■■ REGRESSION TO THE MEAN
Regression to the mean is a recurring statistical phenomenon that 
has serious implications for the interpretation of changes in quality 

  TABLE 2-2    Research Concepts Relevant to Quality Measurement

Statistical Concept Definition Solution

Chance The association is not real; it 
occurs by a random error.

Calculate p values, increase 
sample size, increase precision 
of the measurement, and choose 
more common events.

Bias The association is not real; it 
occurs by a systematic deviation 
from reality. Biases can be nondif-
ferential (when the measurement 
is biased in all samples) or differ-
ential (when the measurement is 
biased in only one sample).

Ensure that indicators are mea-
sured with the same definition in 
the different units or over time. 
Increase precision of the mea-
surement (eg, using a standard 
definition).

Regression to the 
mean

The association is not real. It 
occurs between two weakly 
correlated measures when one 
of the values is in the extremes; 
the next measurement will 
move in the opposite direction.

Repeat measure over time. Do 
not take actions on isolated 
extreme values as they are likely 
to return toward the baseline.

Confounding The association is real, but 
the cause of the differences 
observed is not due to quality 
of care, but to a third variable 
that is associated with both the 
quality indicator and the differ-
ent units (or over time).

Identify possible confounders 
before collecting data. Restrict 
analysis to a subset of patients 
without the confounder or use 
an adjusted analysis. Avoid infer-
ring differences in quality of care 
across units if the case mix is 
considerably different.

Secular trends The association is real, but 
the quality indicator would be 
improving in spite of efforts for 
improvement. There is no real 
cause-effect.

Analyze interrupted time series. 
Not an important issue for 
demonstrating that quality is 
improving over time, but causal-
ity should not be inferred.
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indicators.10 The classic medical example is screening a population for 
elevated blood pressure and offering treatment to those with hyperten-
sion. Regardless of the efficacy of this treatment, the next set of blood 
pressures will be lower. The same phenomenon occurs in quality. This 
can clearly be a problem when selecting outcomes to improve or even 
selecting hospitals with a quality problem. Since the labeled outliers may 
not be real outliers, their ratings will improve in the next measurement 
regardless of the presence of a quality issue or the efficacy of the quality 
improvement project. Many before-after quality improvement projects 
suffer from this potential error. One of the solutions to this problem is 
the use of serial measurements of quality indicators. Therefore, trends 
over time demonstrating consistently poor quality prior to an interven-
tion and sustained improvement after are the best insurance against 
regression to the mean.

■■ CONFOUNDING
Just as epidemiologists are aware of confounding variables when draw-
ing conclusions about causality, quality scientists must be aware of these 
variables. Confounding measures are those that are associated with the 
ICU and the quality measure but do not necessarily cause the problem. 
For example, if it is known that patients post-cardiovascular surgery 
are less prone to develop a VAP compared to patients intubated for 
shock, the comparison between units could be confounded if the patient 
demographics in the ICUs are very different. Obviously, this is less of a 
problem when following a single unit over time; however, major varia-
tions in the case mix of an ICU over time could cause this phenomenon. 
There are standard approaches to address confounding. Restriction 
excludes certain subsets of patients where the quality measure is known 
to be more or less common. Adjustment mathematically balances con-
founding factors across sites. The most common approach would be to 
use a severity of illness measure to adjust the risk of death in analyzing 
mortality differences between ICUs.

■■ SECULAR TRENDS
Quality indicators may improve over time for reasons apart from spe-
cific efforts to change practice. These changes, usually called secular 
trends, are not necessarily problematic when the aim is to demonstrate 
that quality is improving over time, but may be misleading when the 
data are used to attribute the changes to a specific intervention. An 
excellent example of this problem can be seen from the original descrip-
tion of the central line bundle to decrease CLIs.11 The published report 
demonstrated a significant decrease in CLI rates, from 2.7 to 0 per 1000 
catheter-days. The reported rates are likely correct, but at the same 
time CLIs were decreasing without the implementation of the bundle.12 
Therefore, what can be concluded is that there is a real decrease in CLI 
rates over time, but the use of the bundle may or may not be the cause, as 
rates may have been declining due to secular trends. To solve this prob-
lem when trying to infer causality, different models of analysis, beyond 
the scope of this chapter, should be used, such as an interrupted time 
series or controlled interrupted time series.13

■■ STATISTICAL CONTROL CHARTS FOR PERFORMANCE MONITORING
Some of the statistical problems discussed can be addressed with a 
simple monitoring tool, the statistical control chart (SCC). Chance, 
regression to the mean, and secular trends are addressed by SCCs. 
This approach has its origin in industry and was initially developed in 
1924 by Walter Shewhart at Bell Laboratories, but is widely applicable 
in health care, under multiple formats, depending on the type of data 
available.14 Briefly, SCCs use statistical methods to distinguish random 
variability from special-cause variation from real changes introduced 
into the system. For example, although the rates of self-extubations in 
ICUs are relatively constant, there may be variations in the exact num-
ber during any given month. SCCs are designed to distinguish random 
variation, which is not interesting to clinicians from special-cause varia-
tion due to changes in, for example, a sedation protocol.

An SCC relies on serial measurements of the process or outcome of 
interest in the population or a random subset of patients. In ICUs, these 
measurements may take any of the indicator forms: proportions, rates, 
continuous measures, or indicators. The type of data is important as 
it defines what type of distribution will be used to construct the SCC. 
Different types of data require different types of control charts, which 
use specific formulas for the graphs. The reader is referred elsewhere for 
a more in-depth discussion.14,15

After understanding what types of data are in use, each data point is 
plotted in a graph, organized by time on the x-axis and the results on the 
y-axis. Three lines are then constructed: a center line (CL), which usu-
ally uses the arithmetic mean of the process, but can also use the median 
or an expected value. Then two lines are traced, the upper control line 
(UC) and lower control line (LC), using three standard deviations (SD) 
above and below the CL.14

When a measurement is observed outside the UC or LC lines, the 
process has undergone a special-cause, or nonrandom, variation. Other, 
more complex, rules exist, such as drawing control lines at two SD and 
identifying two out of three points outside the lines as special variation. 
Trends are also important, and a sequence of seven points moving in 
the same direction (either increasing or decreasing) also points toward 
special-cause variation. To conclude that a process is under control, 
stability of at least 25 data points is required.

MEASURING TO IMPROVE

■■ PUBLIC REPORTING OF QUALITY METRICS
There is a growing interest in using quality measurements to identify 
high- and low-quality performers at a systems level, which would prompt 
actions to help low performers improve. Examples of such initiatives include 
the UK star system,16 Canada’s HSMR system,17 and the New York State 
Department of Health reporting of adjusted mortality after coronary artery 
bypass graft surgery.18 In fact, public reporting of hospital performance has 
been proposed as a means of improving quality of care while ensuring both 
transparency and accountability.19 A recently published systematic review 
of 45 articles examined the evidence that public reporting actually improves 
quality. Eleven studies suggested that public reporting increased quality 
improvement activities in hospitals, with 20% to 50% of hospitals imple-
menting changes in response to the reports. The relationship between public 
reporting and improved outcomes is less clear. New York State has imple-
mented a public reporting system on cardiac surgery since 1991.20 Although 
several reports point toward decreased mortality after the introduction of 
the system,21 concurrent data from other states that did not introduce public 
reporting demonstrated that the decrease in mortality occurred at similar 
rate, which questions the real effect of the statewide reporting system.22

Public reporting clearly creates the incentive to improve perfor-
mance, but does not necessarily direct providers on how to improve. 
Expectations would be that improved metrics would be preceded by 
efforts to implement evidence-based practices. However, metrics can 
also be improved by avoiding high-risk patients or by manipulating the 
way the indicator is measured.23 In fact, many of the perceived improve-
ments in cardiac surgery outcomes from public reporting in New York 
State were due to these changes.24 Higher-risk patients in New York were 
also less likely to receive percutaneous coronary intervention (PCI) than 
were those in Michigan, which did not have PCI public reporting.25 This 
migration of patients to other states not only biases the reports, but has 
the negative consequences of overwhelming neighboring health systems 
and ignoring patient preferences for care.

Other unintended consequences include the widespread adoption of 
default therapies to patients who may not need them to enhance quality 
measures. For example, observational studies suggest an absolute reduc-
tion of 1% in mortality when antibiotics are administered early (within 
4 hours of hospital arrival) for patients with community-acquired 
pneumonia (CAP).26 Notwithstanding the small benefit of the proposed 
process of care, this association was the basis for the recommendation 
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that antibiotics should be administered in less than 4 hours for patients 
with CAP, which was endorsed by the Infectious Diseases Society of 
America (IDSA),27 and later by the National Quality Forum, the Joint 
Commission, and the Centers for Medicare & Medicaid Services. This 
measure has since been publicly reported for all US hospitals, which 
drove some hospitals to adopt policies mandating antibiotic administra-
tion even before chest radiographs were obtained.28 The imposition was 
followed by several studies challenging the quality indicator: One study 
observed that 22% of patients with CAP had uncertain presentations 
(often lacking infiltrates on chest radiography), where delayed antibiot-
ics would be appropriate29; other studies demonstrated that the 4-hour 
policy led to increased misdiagnosis of CAP, with concurrent increased 
antibiotic use for patients who did not have CAP30,31; more recently, 
prospective cohorts have failed to demonstrate any association between 
early antibiotics and treatment failure for CAP.32 These unintended 
consequences led the IDSA to revise their guidelines and exclude a fixed 
time frame for antibiotic use, recommending that antibiotics be admin-
istered as soon as a definitive diagnosis of CAP is made.33

Risk-adjusted mortality is a common tool used to measure and bench-
mark the quality of intensive care. This measurement can be thought of 
as a “test” to diagnose whether an ICU has high quality or not. We can 
apply the same criteria of validity, reliability, chance, confounding, and 
bias to see if the application of risk-adjusted mortality can be used to 
identify quality. Unfortunately, using simulations Hofer demonstrated 
that both sensitivities and positive predictive values are inadequate. 
Depending on the case mix, sensitivities would range from 8% to 10%  
(ie, approximately 90% of low performers would not be detected) and 
positive predictive values would range from 16% to 24% (which means 
that 76% to 84% of units classified as low performers would actually be 
average or high performers).34 Risk-adjusted mortality and its more com-
monly reported version, the standardized mortality ratio, certainly have 
uses; however, the limitations of these measures are well documented.35

It is still unclear whether there is value in public reporting of quality 
measures in either driving the market to use high-quality centers or 
motivating quality improvement. It is clear that payers, governments, 
and consumers are likely to demand these reports in the future. The 
challenge then becomes how to apply a rigorous methodology to the 
data collection, implementation of changes, and analysis of effectiveness 
both at the local and system levels.

MODELS OF QUALITY
While there are many newer formulations, the classic model proposed 
by Donabedian36 separated quality into three domains: structure, pro-
cess, or outcome of health care, the rationale being that adequate struc-
ture and process should lead to adequate outcomes37; however, this has 
not always been the case and in fact process and outcomes frequently do 
not move in the same direction.38

Structure measures the attributes of the settings in which care occurs. 
This includes facilities, equipment, human resources, and organiza-
tional structure. Process measures what is actually done in providing 
care, including treatments, diagnostic tests, and all interactions with the 
patient. Outcome measures attempt to describe the effects of care on the 
health status of patients and populations such as mortality and health-
related quality of life. Broader definitions of outcome include improve-
ments in the patient’s knowledge, behavior, and satisfaction with care.

■■ SOURCES OF VARIABILITY IN QUALITY MEASUREMENT
If we combine the above domains of structure, process, and outcomes 
with the methodological concepts described in the previous section, we 
can summarize a model of quality of care that is influenced by the vari-
ability of its different components (adapted from Lilford39):

Variance (Outcomes) = �Variance (Definitions/Quality of Data)  
+ Variance (Case Mix) + Variance (Chance) 
+ Variance (Secular Trends) + Variance 
(Quality of Structure and Process)� (2-1)

From this equation, the rationale for using risk-adjusted outcome 
rates is clear. By controlling the variation due to case mix and express-
ing the effects of chance, these models attempt to expose the residual 
unexplained variation, which is attributable to quality of care. This 
leads naturally to the ranking of hospitals according to risk-adjusted 
mortality rates with an implied correlation with quality of care. From 
the above model, it is clear that these assumptions are overly simplistic. 
Differences in the definitions and quality of data can lead to differential 
bias and upcoding of severity of illness. Despite using protocolized 
data collection, measures of case mix, even in critical care where they 
are highly evolved, are imperfect. Using data from Project IMPACT, 
a multicenter cohort of ICUs that carefully collects data on quality of 
care, Glance customized SAPS II and MPM II scoring systems and used 
it to rank 54 hospitals based on their risk-adjusted mortality. The two 
different scores led to differences in classification of 17 ICUs, including 
some that would be classified as low performers under one model, but as 
high performers under the other model.40 The possibility of outlier mis-
classification suggests that risk-adjustment models are poorly suited to 
claim differences in quality of care. However, when using process-based 
measurements, the sources of variability decrease considerably.

Variance (Process of Care) = �Variance (Definitions/Quality of Data 
Acquisition) + Variance (Chance)  
+ Variance (Secular Trends)� (2-2)

The primary advantage with process measures of quality is that 
they are relatively insensitive to case mix adjustment. This rests on the 
assumption that the rigorous data definitions can ensure that the popu-
lation identified for process measure evaluation should indeed have the 
process applied. Under this assumption, variations in process of care 
should only be influenced by chance and secular trends.

If we could control for all sources of variation in Equation (2-1), we 
would expect to observe a direct relationship between process of care 
and outcomes. That is, the better the process of care at any given unit, 
the better the outcomes should be. While this seems intuitive, sound 
scientific evidence is lacking. Earlier work tried to assess quality of care 
by a process called implicit review.41 When using this process, experts 
performed a qualitative review of medical records and assigned a qual-
ity scale to the care received by each patient. Using this methodology, 
Rubenstein et al could demonstrate a 40% to 200% increase in the rela-
tive risk of death for selected diagnosis associated with the measured 
quality of care.41 However, this methodology is obviously flawed. When 
experts are assessing the charts, they are not blinded to the outcomes 
and knowing whether a patient survived or not may influence their 
opinion on quality of care. The problem with this type of quality review 
was elegantly demonstrated by Caplan et al who queried 112 anesthesi-
ologists regarding the appropriateness of care in 21 cases. In each case 
the outcome had been manipulated to demonstrate either permanent 
disability or temporary disability. The study showed that the appropri-
ateness of care was assessed differently depending on the outcome. In 
cases with permanent disability, the reviewers reduced their rating of 
appropriate care by 30% compared to the exact same clinical scenario 
with temporary disability.42 This study raises significant doubts about 
the validity of implicit expert review for quality when the reviewer 
knows the outcome of care.

More recent work addresses quality of care with objective measure-
ments of processes of care, and the links between process and out-
come are less clear. For example, a study of hospitals’ self-reports of 
structural and process measures of quality endorsed by the Leapfrog 
Group was not associated with inpatient mortality.38 In a large study of 
5791 patients with heart failure, an association between mortality and 
compliance with five process measurements endorsed by the American 
Heart Association could not be demonstrated after risk adjustment. 
The process measure that came closest to demonstrating an association 
with mortality was also the one for which there is the most scientific 
evidence: the use of ACE inhibitor or ARB in patients with left ven-
tricular dysfunction.43
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QUALITY INDICATORS IN CRITICAL CARE

■■ STRUCTURE
Several structural characteristics of ICUs have been linked to better out-
comes. Although it is unlikely that there will be randomized controlled 
trials comparing different models of ICU care,44-57 nighttime availability 
of intensivists,7,58-68 staffing ratios,69-86 volume of admissions,87-94 special-
ized units,95,96 shift models,97 availability of technology,98-101 provider 
experience,102 teamwork,103,104 or organizational climate,105-108 the asso-
ciation between some of these structural features and outcome is quite 
strong. However, it must be kept in mind that organizational behavior is 
more complex than the individual structural factors and many organi-
zations may actually perform quite well in spite of not being compliant 
with policy recommendations.

ICUs can use many different models of care, and the literature has 
confusing terminology for these different models. An ICU model usu-
ally refers to intensivists’ degree of responsibility over patient care taken. 
In “closed” models, only intensivists have admitting privileges to the ICU 
and work in collaboration with the patient’s primary physician. “Open” 
units allow the patient’s primary physician to retain full responsibility 
over clinical decisions and consultation with an intensive care physi-
cian is optional. The term high-intensity staffing model refers to either 
a closed ICU or an open ICU with mandatory intensivist consultation. 
A systematic review of the available evidence demonstrates 30% lower 
hospital and 40% lower ICU mortalities, as well as decreased length of 
stay, in high-intensity staffing model ICUs.51 High-intensity intensivist 
staffing models are currently a major quality recommendation of several 
organizations.109 However, there are several issues to consider in this 
quality metric. First, with the exception of the United States, most large 
ICUs are run under what would be considered a high-intensity model; 
therefore, the open ICU model is primarily an issue for one country. 
Second, the available literature on this quality metric addresses how the 
ICU is organized, not whether an individual patient has an intensivist 
as their physician. At least one publication has demonstrated that, in a 
select group of critically ill patients, ICUs that have no access to inten-
sivists can have good outcomes.54 This study supports the complexities 
of organizations and indicates the challenges of implementing system 
changes on the basis of population studies; some ICUs may achieve 
equally good outcomes with different models. Although it seems reason-
able to suggest the closed ICU model as a policy, health care institutions 
could benefit from learning why these individual ICUs perform so well, 
in spite of not having a closed model.110

Nighttime availability of intensivists is another area where the lit-
erature uses confusing terms. It may refer to on-site 24 hours coverage 
by intensivists, to open ICUs where the evening is covered by intensiv-
ists, or to availability of consultants over the phone or via computer. 
Interest in the subject was raised by reports of an association between 
weekend hospital admissions and mortality for several acute diagnoses, 
such as abdominal aortic aneurysm, acute epiglottitis, and pulmonary 
embolism.111 Several investigators pursued the question whether ICU 
admissions at night or on the weekend were associated with mortality, 
which led to heterogeneous results.7,60-68 There is speculation that the 
heterogeneity of results may be due to different models of care: Units 
that have on-site intensivists may show no differences in mortality 
between daytime and nighttime admissions,60,61 while units without on-
site coverage may have worse outcomes for nighttime admissions.7,65,67 
A meta-analysis, including data from 10 studies and more than 100,000 
patients, could not demonstrate a higher mortality due to nighttime 
admissions, even when stratified by subgroups according to intensiv-
ist coverage. The authors could demonstrate an association between  
weekend admissions and mortality, which may reflect the possibility  
that it is not only the availability of intensivists that makes a difference, 
but that a more complex organizational behavior on weekends, which 
might include limited access to other hospital services, may be the most 
important factor.112 More recent data, from administrative databases 
including 49 ICUs, demonstrated that in ICUs with a high-intensity 

staffing model the addition of a nighttime intensivist did not provide 
benefits; however, in low-intensity staffing ICUs, the presence of a night-
time intensivist was associated with lower mortality.113 Clearly this field 
is a current and exciting topic, still open for discussion, with authors 
debating whether 24-hour intensivist staffing should114,115 or not116,117 be 
adopted. Given the costs of staffing ICUs 24 hours a day, the unavail-
ability of intensivists to staff ICUs even during daytime, and the lack 
of evidence beyond reasonable doubt, it would be premature to suggest 
that 24-hour intensivist staffing model should be universally adopted, 
although it seems reasonable that some organizations may benefit from 
it, especially those with a low-intensity staffing model.

The most expensive part of intensive care is labor. There is a con-
siderable body of literature trying to identify the ideal nursing staffing 
ratios and a more limited set of studies looking at other clinician staff-
ing. Not unexpectedly, an association between higher patient to nurse 
ratio and mortality has been demonstrated. Administrative data from 
general surgery, vascular and orthopedics patients in 168 hospitals in 
Pennsylvania showed that there is an OR for mortality of 1.07 per each 
extra patient per nurse. This represents five excess deaths per 1000 
patients if the patient to nurse ratio goes from 4:1 to 8:1.72 Stemming 
from this important information from ward care, several authors have 
investigated this issue in more detail in the ICU. A meta-analysis of the 
current literature supports a decrease of 30% in nosocomial pneumonia, 
50% in unplanned extubations, and 9% in mortality per increase in one 
registered nurse per patient per day.69,83 Interestingly, there seemed to 
be a dose response effect, consistent with causality, when the data were 
analyzed by quartiles of patients per nurse in the ICU: Models with 1.6 
to 2 patients per nurse per shift were consistently better than models 
with 3 and even larger effects could be seen on the comparison with 
models with 4. It seems reasonable to recommend models where nurses 
do not take responsibility over more than 2 critically ill patients per 
shift. Obviously, organizations may choose a more fluid regimen, where 
nurses share responsibility over 4 patients, but one nurse may be dedi-
cated to a more acute patient when needed, while the other takes over 3 
less intense patients.

Unfortunately there are scarce data on the appropriateness of inten-
sivist staffing ratios. A single center study, where the expansions of the 
ICU led to varying staffing rations over time (from 1:7.5 beds to 1:15 
beds), provides the only evidence available: There was no effect on mor-
tality with varying staff ratios, but length of stay seemed to be higher 
in the model with 1 intensivist caring for 15 beds.80 There currently are 
no data to support recommendations regarding the most appropriate 
intensivist staffing ratio.

Constant training is one of the hallmarks of highly reliable organiza-
tions.118 Much of the training in health care organizations is performed 
on the job. Therefore, it is intuitive to consider the possibility that insti-
tutions that have higher volumes of specific conditions should perform 
better. Higher volumes of specific conditions may also lead to better 
outcomes by decreasing variability in diagnosis and focusing nursing 
expertise. In fact, there is a large amount of evidence linking hospital 
volumes to better outcomes in several clinical conditions,89 including 
AIDS,119 cardiology,92,120 vascular surgery,121 cancer,122 orthopedics,123 
urology,124 neurosurgery,125 and critical care.87,90 This is important for 
two reasons: (1) policy makers may choose to combine units to increase 
the volumes and (2) given the lack of adequate outcomes and process 
quality indicators for benchmarking, health care consumers may choose 
hospitals with higher volume as a surrogate of better outcomes.

Similar reasoning led to the concept of specialty ICUs in transplant, 
trauma, neurosurgery, and other areas. Some evidence points toward 
better outcomes in units with lower diagnostic diversity99,106 and in neu-
rocritical care units for intracerebral hemorrhage.96 However, analyzing 
data from almost 100,000 patients in 124 ICUs across the United States, 
investigators could not demonstrate any benefit of specialty ICUs for 
six medical conditions, including acute coronary syndrome, ischemic 
stroke, intracranial hemorrhage, pneumonia, abdominal and cardiotho-
racic surgery.95 In fact their data support the possibility that “boarding” 
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patients, those with specific conditions being cared for in a specialty 
ICU outside of the needs of the patient, may actually be harmed by 
these models.

■■ PROCESS
Given the limitations in studying outcomes or structure as measures of 
quality, process of care seems like an appealing option. Process measures 
have intuitive appeal to clinicians who may find data showing that they 
are not doing something they believe they should be more compelling 
than recommendations about structure of the ICU or risk-adjusted 
mortality. It also seems a clearer way to address a clinical behavior than 
other quality reports. Finally, for statistical reasons it is easier to moni-
tor changes in more common processes than in rare events like death or 
VAP. Selecting process measures, particularly in critical care, presents 
some challenges. Ideally process measures should be linked with com-
pelling, usually randomized trial, evidence of a direct effect on outcome. 
These evidence-based process indicators may be referred to as outcome 
validated and represent direct measures of quality.126 Unfortunately, 
there is scarce availability of indicators that have been robustly validated 
in critical care. Even processes of care based on large randomized clini-
cal trials, such as low tidal volume ventilation for acute lung injury,127 
have been disputed in the literature.128 This is the very nature of science 
and to expect 100% agreement would break the safeguard against col-
lective error that derives from differences in opinion.129 Although not 
unique to critical care, developing strict process measures of quality of 
care will always be difficult as the evidence base is modest and evolving. 
Glucose control and renal dose dopamine are just a few of the treatments 
that might have made excellent process measures of quality until they 
were shown to be ineffective or harmful.

There is a bit of confusion in the literature regarding what processes of 
care means. Examples of processes of care include deep venous throm-
bosis prophylaxis, sedation interruption strategies, daily assessment of 
readiness to wean, head of bed elevation, assessment for early enteral 
nutrition, compliance with evidence-based protocols, use of continu-
ous subglottic aspiration, stress ulcer prophylaxis, and low tidal volume 
ventilation. Practices that are frequently cited as processes of care, but 
that we do not consider as such, include length of ICU stay, proportion 
of occupied beds, duration of mechanical ventilation,130 plateau airway 
pressures below 30 cm H2O,131 and central venous saturation above 
70%.131 The reason for not considering these as processes of care indica-
tors is that they are confounded by patients’ characteristics and are not 
under the exclusive control of providers. It is easy to understand this 
concept when we discuss ICU length of stay or duration of mechanical 
ventilation. These end points are clearly influenced by more than just our 
clinical processes of care and cannot be compared across patients and/
or centers without appropriate risk adjustment. However, it is harder to 
understand why physiologic targets of appropriate treatments are not 
ideal process of care variables. For example, lung protective ventilation 
for ARDS using one protocol prescribes the tidal volume and a target 
plateau pressure. The physician has complete control over setting the 
tidal volume, however, the resulting plateau pressure reflects a complex 
interaction between the process measure (tidal volume) and patient fac-
tors like thoracic compliance. Ideally, the quality measure would capture 
the attempt of the physician to respond to the plateau pressure and 
titrate the tidal volume, but this is difficult to measure. There is nothing 
wrong with including physiologic targets of evidence-based processes 
like plateau pressure, central venous saturation, or sedation scores as 
quality measures, however, they lack one of the basic advantages of 
process measures, specifically, insensitivity to patient factors and risk 
adjustment. Therefore, if an ICU looks bad because their patients tend 
not to achieve some physiologic targets, this might be due to failure 
to adequately implement the process of care or it might be due to age, 
obesity, severity of illness, or any of a number of patient factors. If physi-
ologic targets of evidence-based process measures are included in qual-
ity assessments, some thought should be given to the need to risk adjust 
the results to the patient population.

Table 2-3 contains a list of selected processes of care indicators, with 
validated outcomes summarized to guide in understanding expected 
benefits from these processes. The last column contains a description 
of the suggested quality indicator to be measured. The definitions are 
intentionally broad to allow for local needs in defining eligible patients. 
Given the state of evidence, it is entirely possible that some of these 
evidence-based process measures will be under debate as you review 
this table.

■■ OUTCOME
Mortality, despite its limitations, will always remain high on the list of 
quality measures stakeholders request when discussing quality. For obvi-
ous reasons, crude mortality is inadequate to assess this outcome, and 
intensive care has led the field of risk adjustment for decades.132-134 Scoring 
systems have helped us simplify our epidemiological description of criti-
cally ill patients and adjust for confounding due to severity of illness in 
research; however, they have not been validated to be used for (1) bench-
marking40 or (2) identification of low performing units.34 One important 
question remains to be answered: Is it useful to monitor mortality over 
time as a quality improvement strategy in individual units? Intensivists 
advocate for several different methods of longitudinal follow-up, including 
serial standardized mortality ratios (SMRs), risk-adjusted p charts, risk-
adjusted CUSUM charts, and other approaches.135 However, to date there 
are no data to validate the use of longitudinal SMRs to monitor quality.

What makes risk-adjusted mortality unsuitable to be used as a quality 
indicator?

	 1.	 SMRs can change due to factors unrelated to the quality of care, 
such as the way laboratory values and vital signs are recorded. In an 
elegant study, patients had laboratory values and vital signs recorded 
at ICU admission and then as per clinical indication (standard mea-
surement), concomitantly, the authors measured laboratory values 
every 2 hours and vitals whenever they were abnormal (intensive 
measurement). The intensive measurements led to absolute SMRs 
10% lower than the standard measurements, in both APACHE II 
and SAPS II.136 An ICU using more intensive measurement will look 
better than one that uses standard measurement, even when no real 
differences exist because the more intensive monitoring yields more 
extreme values for severity of illness variables.

	 2.	 Differences in case mix may lead to differences in the estimate of 
the SMR. Even though risk-adjusted models are supposed to deal 
with different patient characteristics, they are still far from perfectly 
calibrated. In fact, changing the severity of the case mix leads to 
differences in the SMR even when there are no real differences in 
observed outcome per category. In one study, the SMR was catego-
rized by mortality risk, with a cutoff of 10% risk.137 Patients with 
lower risk had SMRs above 2, while those with higher predicted 
risk had SMRs close to 1. Obviously, units with higher percentage 
of low-risk patients may look worse than units that care only for 
sicker patients. This effect is also expected with different popula-
tions where the model may calibrate differently in different patient 
subsets. Therefore, even though risk-adjustment models were devel-
oped to allow for comparisons of different groups of patients, their 
imperfect calibration makes this use challenging.

Nevertheless, it seems inappropriate to completely ignore the infor-
mation that may be present in risk-adjusted mortality data. The main 
concern is that the SMR and changes in it over time should prompt 
appropriate investigations. Hospitals with SMRs that indicate low mor-
tality and good quality of care should not be overly confident that quality 
is excellent anymore than hospitals with poor SMRs should be punished 
for an isolated value.

Recent years have been marked by an increasing interest in nosoco-
mial infections such as VAP and catheter-related blood stream infection 
(CR-BSI). Hospital-acquired infections are an exciting topic for many 
stakeholders. They are thought to be preventable and causally linked 
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to higher mortality, morbidity, and cost. In the United States, Medicare 
will not reimburse providers for the treatment of hospital-acquired 
infections and they are more frequently presented in public reports.138 
However, VAPs are notoriously difficult to diagnose, which impedes 
their use as a concrete and reproducible quality indicator. Up to a third 
of patients diagnosed with VAP are found to have no evidence of such in 
autopsy studies,139 on the other hand, up to one-quarter of patients who 
die without a VAP diagnosis are found to have evidence of pneumonia 
at autopsy.140 Physicians’ frequently err when diagnosing VAP because 
signs and diagnostic findings are shared with a multitude of commonly 
encountered ICU situations: Fever, secretions, leukocytosis, and a new 
radiographic infiltrate can be seen in conditions as diverse as pulmo-
nary embolism, atelectasis, pulmonary edema, acute lung injury, and 
pulmonary contusion. Using a model that took into account the uncer-
tainty of clinical findings both from VAP and some of these commonly 
encountered conditions, investigators demonstrated that VAP rates 
could vary from 6% to 31%, in spite of a known prevalence of 10%.141 
Not only are the findings nonspecific, but the assessment of key points 
such as secretions, worsening gas exchange, and radiographic infiltrates 
is quite subjective and prone to interobserver variability.5 It is difficult 
to demonstrate if recent decreases in VAP rates being published in the 
literature represent differences in interpretation of the diagnostic criteria 
as opposed to a real decrease in VAP rates.

CR-BSIs are also being increasingly tracked as a quality measure and 
suffer the same limitations as VAP. For example, observational data from 

24 hospitals in the United States show that by using two different defini-
tions of CR-BSIs, rates can change up to sixfold.142 In Australia, medical 
charts from six hospitals participating in a statewide surveillance system 
for CR-BSI were reviewed. Their results were impressive: Sensitivity of 
the reported cases was 35% and specificity was 87%, with a high false-
negative rate, where more than 50% of the CR-BSIs could be missed.143

Based on the above data, it can be concluded that VAP and CR-BSIs 
share common problems that make them problematic quality indicators: 
(1) definition is not sensitive or specific; (2) there is large interobserver 
variability and potential for subjectivity in the diagnosis; (3) events are 
rare enough that even if definitions were sensitive and specific it would 
take a long time to collect enough cases to allow for identification of 
improvement or worsening; and (4) benchmarking between institutions 
should, but frequently does not, account for case-mix differences.

There are many additional potential outcome measures that might be 
explored for critical care. Approximately one in five deaths in the United 
States occur in or after admission to an ICU.144 It may be clear very 
early that these deaths are unavoidable and evidence-based processes of 
care may be withheld so some quality metrics may miss the quality of 
care provided to these patients. Markers of good end-of-life care in the 
ICU are being developed and could be deployed.145 Patient and family 
satisfaction with health care is a recognized marker of quality and there 
are validated instruments for use in the ICU.146 Like other measures, 
satisfaction does not necessarily correlate with other domains of quality 
but can be valuable information. Markers of staff retention, burnout, 

  TABLE 2-3    Selected Process of Care Quality Indicators

Process of Care

Validated Outcome

Suggested Quality IndicatorMortality Resource Utilization Other

Continuous aspiration of subglot-
tic secretions (CASS)147

No effect No effect Reduced VAP rates Proportion of eligible patients using 
CASS

Daily assessment of readiness to 
wean148

Decreased when combined with  
sedation interruption149

Decreased LOS and LMV NA Proportion of ventilated patients 
assessed for readiness to wean

DVT Prophylaxis150 NA NA Reduced DVT rates Proportion of eligible patients using 
DVT prophylaxis

Early antibiotics in septic shock151 Decreased NA NA Median time to antibiotic administra-
tion after hypotension

Early enteral nutrition152,153 Decreased (meta-analysis of small 
trials)152

NA Reduced pneumonia rates Proportion of eligible patients receiv-
ing early enteral nutrition 

No effect (cluster RCT)153

Early goal directed therapy6 Decreased No effect on LOS or LMV NA Proportion of severe sepsis/septic 
shock patients monitoring central 
venous saturation in the first 6 hours 
of admission

Head of bed elevation154-156 No effect No effect Reduced VAP rates by 50% (results 
driven by a single small trial, n =86156)

Proportion of eligible patients with 
head of bed elevated >30°

Hypothermia after cardiac 
arrest157-158

Decreased NA No effect on pneumonia or sepsis Median time to achieve temperature 
<34°C in eligible patients or proportion 
of patients achieving target tempera-
ture within 6 hours of cardiac arrest

Stress ulcer prophylaxis159 No enteral feeding
•	 No effect
Enteral feeding
•	 Increased

NA No enteral feeding
•	 Decreased risk of SU
Enteral feeding
•	 No effect on SU
•	 Increased risk of pneumonia

Proportion of eligible patients using 
stress ulcer prophylaxis

Protective lung ventilation127 Decreased Increased ventilator-free 
days

Decreased nonpulmonary organ 
failure

Proportion of eligible patients using 
low tidal volume ventilation

Sedation interruption160 Decreased when coupled with  
spontaneous breathing trial149

Decreased LOS and LMV NA Proportion of eligible patients receiv-
ing a daily interruption of sedation
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and teamwork have also been proposed as markers of quality and may 
provide a different perspective.

CONCLUSIONS
Quality metrics are required to drive quality improvement initiatives in 
ICUs. The science of quality improvement is still young in health care 
and many efforts, including public reporting and benchmarking, have 
not shown benefit for the health care system. Quality of health care, 
like many social science constructs, has many different domains, which 
may not necessarily converge as a single number. This is frustrating for 
consumers and payers who would prefer to have a rating system for 
health care as they have for televisions, automobiles, and restaurants. 
Unfortunately, no single measure meets all of the criteria for specificity, 
measurability, actionability, relevance, and timeliness achievable in the 
business world. This is partially tied to the inadequacy of core outcome 
measurements such as mortality and the possibility of bias in collect-
ing other measures. The future of quality improvement will need to 
balance an increasingly demanding consumer and payer group, which 
seeks publically reported data with the potential unintended negative 
consequences of those activities. Ideally, payers will identify incentives 
to get hospitals to engage in local quality improvement activities that 
rely on internally selected evidence-based process measures rather than 
externally mandated benchmarking or a reasonable balance of these 
activities.
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3
C H A P T E R

INTRODUCTION
Like all complex organizations, intensive care units (ICUs) have numer-
ous variable elements of organization and structure, including how they 
are staffed. Outside of medicine, it is widely accepted that most of the 
opportunities to improve the performance of complex organizations 
derive from improving the structures and processes of which they con-
sist. Within this systems-based concept, every aspect of what we do and 
how we do it is a candidate for study and change, including all aspects of 
ICU staffing.1 Though a variety of types of health care workers (HCWs) 
collaborate in caring for ICU patients,2 relatively little is known about 
the relationships between ICU staffing and outcomes. It is rare for staff-
ing patterns to be the result of an evidence-based assessment of what 
works best; they usually reflect historical precedents, combined with 
practical necessities and growth by accretion.

Staffing options can be framed as a number of questions, such as: 
Who does it?, How many of them are there to do it?, What do they do?, 
and How do they do it? These address the type, training, experience, and 
other characteristics of the HCWs; details of work schedules, including 
workload, duty hours, shiftwork, and coverage for nights and weekends; 
details of assigned tasks; and interfaces between different types of HCW. 
Not only is all of this highly complex and interacting, but the optimal 
staffing structure for a given ICU may well differ based on ICU type, 
size, case mix, and other differences of baseline structure.

In this chapter, we review existing evidence addressing relationships 
between ICU staffing and outcomes. We will discuss intensivists, hospi-
talists, house officers, physician extenders, nurses, respiratory therapists, 
pharmacists, and telemedicine. As it cannot be assumed that what works 

KEY POINTS

•• 	Most studies addressing staffing of ICUs have had significant limi-
tations, and this literature does not yet provide a consistent view of 
the best model to use. This subject is complicated by the fact that 
optimal ICU staffing may depend on ICU characteristics.

•• 	Despite calls for all ICUs to function as closed-model units with  
intensivists as the primary physician of record, evidence support-
ing this view is contradictory. Likewise, studies of around-the-
clock intensivist presence have not consistently shown that it is 
associated with superior outcomes.

•• The data do not supply a consistent answer to the question of 
whether ICUs would obtain better outcomes if they added nurses 
to reduce their patient:nurse ratios.

•• 	Increasingly, nonphysician providers are playing innovative roles 
in the ICU, and care provided by teams including nurse practitio-
ners or physician assistants appears to be safe and comparable to 
that provided by other staffing models.

•• 	The conditions of ICU staffing will continue to change under the 
stresses of shortages of a variety of health care workers relevant to 
ICU care, and increasing duty hour limitations for physician train-
ees. Nonphysician providers, innovative staffing models, telemedi-
cine, and other technologies will be increasingly used to cope with 
these realities.

•• 	Since only quantitative evaluation can tell us whether one staffing 
model is better than another, we need more research from multiple 
sites to develop a consistent and integrated understanding of this 
complex topic.
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best is the same in ICU and non-ICU settings, we will restrict ourselves 
to data derived from ICUs, and generally from adult ICUs. Although the 
major focus will be on clinically relevant outcomes for patients, where 
available we will also include considerations of other outcomes that are 
important to HCWs and society, such as job satisfaction and costs.3 As 
highlighted below, this literature has numerous limitations, and at the 
current time does not supply much guidance on how best to staff ICUs.

INTENSIVISTS
Many investigators have tried to address whether ICU patients have bet-
ter outcomes if there are intensivists (attending physician specialists in 
critical care medicine) involved in their care, or if they receive a higher 
“dose” of intensivist care. This literature is difficult to interpret and apply 
because determining whether intensivist involvement produces better 
outcomes would require all physicians to round in a similar controlled 
fashion, and for there to be no other differences in ICU administration, 
team composition or function. No such experiments have been done.

■■ OPEN VERSUS CLOSED ICUS, AND RELATED TOPICS
Most of these studies relate to “open” versus “closed” ICU structures. 
Usually, an open ICU has patients cared for by multiple generalists with 
or without assistance of intensivists, while in a closed ICU the attending 
physician of record for all the patients is a single intensivist. Open ICUs 
are more common in the United States and some other countries,4-6 
while closed ICUs are the rule in other areas.7,8 However, this delinea-
tion does not adequately define the intensivist staffing model, as there 
are countless variations and intermediate models for both types.6,9 
Furthermore, there are often a host of other differences between open 
and closed ICUs, making it difficult to say that any benefits of closed-
model ICUs are due to the involvement of intensivists; for example, 
closed ICUs are more common in larger, academic hospitals that typi-
cally have residents and ICU fellows working in them.4,6

More than 30 studies have compared outcomes in open versus closed 
ICUs. Most of these have been from single ICUs, and most used before 
versus after study design that in all cases changed from open to closed 
units. These have yielded mixed results. In a systematic review and 
meta-analysis of 27 studies involving 27,000 patients, Pronovost et al 
tried to make sense of the organizational diversity of ICUs by dividing 
intensivist involvement into high versus low “intensity.”10 High intensity 
comprised both closed-model ICUs and open ICUs where consultation 
by an intensivist was mandatory. They found that high-intensity inten-
sivist involvement was associated with lower ICU and hospital mortality 
(unadjusted, pooled risk ratios of 0.61 and 0.71, respectively) and also 
shorter ICU and hospital length of stay (LOS). An economic evaluation 
based on these findings indicated that costs would be lower with high-
intensity intensivist involvement.11 In contrast, Levy et al performed a 
cross-sectional study using the Project IMPACT database, including 
101,000 patients in 123 ICUs.12 Adjusting for severity of illness, they ana-
lyzed hospital mortality according to whether or not patients were under 
the care of an intensivist, without distinguishing whether the intensivist 
acted as the primary attending physician or a consultant. They reported 
that patients with intensivists involved in their care had higher hospital 
mortality (odds ratio [OR] 1.42, p <.001). The accompanying editorial 
speculated about possible reasons for the disparity between Pronovost’s 
and Levy’s studies.13

■■ AROUND-THE-CLOCK INTENSIVIST PRESENCE
A growing movement around the world has intensivists physically 
present around-the-clock (24/7), usually effected via shiftwork where 
different intensivists are present during days and nights. Some have 
opined that 24/7 intensivist staffing is the ideal.14,15 Such staffing exists 
in a minority of North American ICUs,4,16-18 but is common in some 
European countries.8

The main rationale for 24/7 intensivist presence is reasonable, that 
at night critically ill patients need as much expert care as during the 

day. Some have also pointed to data showing that care is worse at night; 
however, that literature is contradictory, with some studies showing such 
an effect19-25 and others not.26-32 Others have called for 24/7 intensivist 
presence by suggesting that it will provide better end-of-life care, and 
benefit trainees and nurses.15

Despite abundant opinions, there are sparse data on this topic, most 
of which were observational, or used before versus after designs that 
suffer from the pitfalls of historical controls.33 Blunt et al, reported that 
the standardized hospital mortality ratio after changing to the 24/7 staff-
ing model among 824 patients in a single ICU in the United Kingdom 
declined from 1.11 to 0.81.34 For 4388 patients in a medical ICU in the 
United States such a change was not associated with improved ICU sur-
vival (10.2 vs 10.4%, p = 0.83), hospital survival (17% vs 19%, p = 0.33), 
or family satisfaction, though it was associated with some improvements 
in ICU-acquired complications, processes of care, and reduced intensiv-
ist burnout.35 Of note, in this latter situation, the standard ICU staffing 
model had ICU fellows present overnight. In the only interventional 
study, which did not use historical controls, Garland et al36 utilized an 
alternating crossover study design in two closed-model, intensivist-run 
ICUs, one academic and one in a community hospital without house 
staff. Inclusion of the community ICU is valuable because it is more 
comparable to the majority of ICUs than are the large, academic units, 
which are the subject of most ICU research.16,37 In this study, 24/7 
intensivist presence did not produce better patient outcomes or family 
satisfaction in either ICU. The main effect of the shiftwork model was 
on the intensivists, for whom it was associated with lower job and life 
stresses. In the largest study to date, Wallace et al performed a retrospec-
tive, cross-sectional analysis of 49 ICUs participating in the APACHE 
database project.38 Their sophisticated analysis indicated that nocturnal 
intensivist presence was associated with lower hospital mortality in ICUs 
with low-intensity involvement of intensivists in daytime care (OR = 
0.62, p = 0.04), but not in those with high-intensity daytime intensivist 
involvement (OR = 1.08, p = 0.78).

These observations highlight the fact that the impact of 24/7 intensiv-
ist coverage may depend on ICU type, and preexisting staffing. Also, 
it is important to note that 24/7 staffing requires more intensivists, a 
serious challenge given the worsening intensivist shortage.39,40 While no 
complete analysis of costs has been done, Banerjee et al reported that 
around-the-clock intensivist staffing led to lower direct costs, but only 
for the sickest patients.41

■■ INTENSIVIST WORKLOAD
Workload is related to staffing, and there has been concern about 
intensivists’ workload. This concern derives from data showing that job 
burnout among intensivists is not rare,42-44 and that trainees’ perception 
of high workload discourages them from going into this subspecialty.45 
Though there has been great attention to reducing the workload of 
physician trainees, little attention has been paid to the consequences for 
attending physicians.46

Although the European Society of Intensive Care Medicine has stated 
that the optimal size of an ICU is 8 to 12 beds,47 little is known about 
the workload intensivists should have in order to improve outcomes for 
patients, and for themselves. In a preliminary study, we found no clear 
relationship between job burnout and self-reported workload.44 Dara et 
al sought to assess patient outcomes in relation to intensivist workload.48 
They studied 2492 patients in a medical ICU over 18 months, during sub-
stantial changes in ICU size and team composition, such that the ratio of 
beds per intensivist varied from 7.5 to 15. The results suggested that ICU 
LOS was longer when the ratio was 15, while hospital LOS and mortality 
rates were not different. An observational study with many methodologic 
limitations suggested better patient outcomes when ICU doctors worked 
12 hours rather than 8-hour shifts.49 In a cluster randomized study in five 
medical ICUs, Ali et al studied the effect of weekend cross-coverage for 
intensivists doing half-month rotations.50 This form of weekend respite 
to reduce workload had no detrimental effects on mortality or LOS, but 
produced less burnout and job distress for the intensivists.
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TELEMEDICINE
Telemedicine involves having ICU clinicians, who may be physicians 
and/or nurses, remotely provide real-time care. This may be nighttime 
only, or both days and nights. Remote clinicians have electronic access to 
a data stream typically including telemetry, diagnostic tests, information 
from devices such as ventilators, and if they exist, an electronic medical 
record and computer order entry.51 In some systems, software continu-
ously analyzes the data for early identification of worrisome trends. The 
eClinicians in these eICUs can see patients via video cameras, and talk 
to HCWs in the ICU via telephone or intercom; they may even have a 
robotic presence in the ICU.52 The remote physicians may or may not 
have order writing authority. Several hundred hospitals in the United 
States have implemented ICU telemedicine.53 The psychosocial aspects 
of working in an eICU environment are substantially different than 
bedside work.54

A number of studies, most commonly assessing the VISICU system, 
have evaluated how introduction of eICU care influenced mortality, LOS, 
costs, and complications55-58; these individual studies have had contradic-
tory results. A recent meta-analysis of 13 studies including 35 ICUs and 
over 41,000 patients53 identified the limitations of this literature: all had 
(a) simple before versus after study designs, (b) modest study quality,  
(c) large heterogeneity in baseline ICU structures and eICU implemen-
tation, and (d) potential for bias by virtue of vendor involvement or 
support for many of these studies.59 With these problems in mind, the 
meta-analysis indicated that eICU implementation led to lower ICU 
mortality (OR = 0.80, p = 0.02) and ICU LOS (difference 1.3 days, p = 
0.01), without concomitant changes in hospital mortality or LOS.

HOSPITALISTS
Hospitalists are attending physicians who specialize in the care of hos-
pitalized patients.60 Many US hospitals now have hospitalists involved 
with ICU care.17 Two studies have assessed outcomes related to these 
nonintensivists caring for ICU patients. An observational study com-
pared outcomes in two adult medical ICUs, one staffed by intensivists 
and the other by hospitalists supported by an intensivist-led consultation 
service.61 After adjustment for large differences in case mix, there were 
no significant differences in hospital mortality (OR = 0.80, p = 0.22), 
ICU mortality (OR = 0.80, p = 0.41), or ICU LOS (mean difference 
−0.3 days, p = 0.32). In a before versus after study in an intensivist-led 
pediatric ICU, Tenner et al compared outcomes when night coverage 
was provided by residents versus hospitalists.62 After adjusting for major 
differences in case mix, nocturnal care by hospitalists was associated 
with lower ICU mortality (OR = 0.36, p = 0.01) and ICU LOS (mean 
difference −21 hours, p = 0.01).

HOUSE OFFICERS
Historically, house officers have been a vital part of ICU workforces, func-
tioning under supervision as an extension of attending physicians. A small 
and disjointed literature has addressed how house officers, that is, resi-
dents and critical care subspecialty fellows influence outcomes in ICUs.

A study of the impact of ICU fellows evaluated outcomes in two 
academic, closed-model, medical-surgical ICUs.63 These units had ICU 
fellows about half the time, though they always had a full complement of 
less senior house staff. Results indicate no differences on mortality rates 
or LOS related to the presence of ICU fellows.

Two studies evaluated outcomes in relation to the level of training of 
ICU residents. The first reported on 2274 patients in two open-model 
ICUs in Taiwan that were covered by a single surgical resident.64 In an 
unadjusted analysis, hospital mortality of patients cared for by first-year 
residents was significantly higher than those cared for by more advanced 
residents (25 vs 18%, p = 0.002). In a study of 5415 children admitted to 
16 pediatric ICUs, mortality was higher in patients cared for by first- and 
second-year than third-year residents, and was also higher earlier in the 
educational year for each resident level.65

Several authors have addressed work-hour limits that have been 
increasingly placed on house officers in many countries.66 This is of great 
consequence since teaching ICUs have historically relied on house staff 
for patient care services, especially overnight. A consequence of these 
limits is changes in house staff scheduling that reduces continuity of 
care. Also, teaching hospitals have attempted to fill the gaps by increased 
use of hospitalists and nonphysician providers.66 While a detailed study 
in two ICUs found that reduced working hours resulted in a lower rate 
of serious errors by first-year residents,67,68 a large study of 104 ICUs was 
unable to detect a change in severity-adjusted mortality attributable to 
the work rule limits implemented in the United States in 2003.69

ICU STAFFING BY NONPHYSICIAN 
PROVIDERS AS PHYSICIAN EXTENDERS
Nonphysician providers, mainly nurse practitioners (NPs) and phy-
sician assistants (PAs), are increasingly involved in the care of ICU 
patients.17,70,71 While different by way of background and training 
(Table 3-1), these two classes of providers have been used, sometimes 
interchangeably, in the ICU setting in a variety of ways. In some aca-
demic ICUs, NPs and/or PAs have been integrated into house staff–
based ICU teams72-74; in others, they have been used to staff entirely 
separate ICUs.75,76 Alternatively, NPs have been employed on specialty-
based (eg, heart failure,77 trauma,78,79 transplantation80) teams, which 
assist in the care of some ICU patients. Finally, NPs have been added in 
novel roles as overseers/outcomes managers and to provide unit-based 
care in previously open-model ICUs.81-83

Studies assessing the impact of NPs and/or PAs are shown in 
Table  3-2. Patient morbidity, mortality, and quality of care have been 
seen to improve with the addition of NPs in novel roles in the ICU. With 
an NP acting as overseer/outcomes manager, hospital mortality, hos-
pital and ICU LOS, duration of mechanical ventilation, complications 
(including skin breakdown and urinary tract infections), and costs were 

  TABLE 3-1   � Differences Between Nurse Practitioners and Physician Assistants  
as ICU Providers

Nurse Practitioners Physician Assistants

Education/Background

Prerequisite education Bachelor of nursing science 
degree and licensure as a regis-
tered professional nurse (RN)

College-level course-
work

Degree conferred Masters or doctorate Bachelor or masters

Duration of program 18 months to 5 years 26 months

Specialty focus in critical care Yes No

Board certification required 
to practice

Varies by state Yes

Previous ICU experience Usually critical care nursing Varies, but usually none

Practice Issues

Practice agreements required State regulated—most do not 
require physician collaboration 
or supervision

Supervisory agree-
ments with a physician 
required

Prescriptive privileges State regulated—NPs have 
prescriptive privileges in most 
states 

Yes

Procedural skills Taught as part of most ACNP 
programs

Learned on job

Writing orders Yes Yes

Reproduced with permission from Gershengorn HB, Johnson MP, Factor P. The use of nonphysician pro-
viders in adult intensive care units. Am J Respir Crit Care Med. March 15, 2012;185(6):600-605.
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all reduced.81,83 Adding an NP in an open-model surgical ICU resulted in 
increased adherence to clinical practice guidelines when compared with 
mandatory critical care consultation without a physician or physician 
extender tied to the unit.82

At the University of Pittsburgh, the use of NPs as an alternative to 
ICU fellows has been examined in a step-down ICU. NPs were more 
engaged in coordination of care and less involved in off-unit projects.84 
There were no differences in mortality, LOS, or difference in duration 
of mechanical ventilation.85 For patients with respiratory failure and 
a tracheostomy, there was no difference in LOS, success in ventilator 
weaning, or ICU readmissions.86

Three studies have been published attesting to the comparability of 
nonphysician providers to house staff in the adult ICU setting. Using a 
historical controlled design, in 1991 Dubaybo et al reported similar mor-
tality rates for medical ICU patients cared for by house staff compared 
with PAs.87 Two more recent studies also support the notion that care by 
nonphysician provider-based ICU teams is similar to that provided pri-
marily by house staff. Both of these two studies compared a medical ICU 
staffed by house staff to another staffed by NPs/PAs operating simultane-
ously in a single academic institution. Kawar et al reported that patients 
in the unit staffed by PAs had similar hospital LOS as well as ICU, hospi-
tal, and 28-day mortality to those cared for by house staff.76 Gershengorn 
et al found that ICU patients whose care was provided by NPs/PAs versus 
house staff experienced comparable ICU and hospital LOS, hospital mor-
tality, and discharge destination for hospital survivors.75

Additional benefits are potentially realizable with the use of nonphy-
sician providers in the care of ICU patients. First, unlike rotating resi-
dents, these providers become a consistent workforce in the ICU. This 

consistency may improve communication between ICU staff members 
and, thereby, ICU culture and safety. Improvements in care quality have 
been associated with better communication88 and a more safe work envi-
ronment.89 Second, procedural proficiency is known to increase with 
practice90-92; as a consistent presence in the ICU, nonphysician providers 
will have more opportunity to hone procedural skills than more tran-
sient care providers. Further, by being present in the ICU consistently, 
nonphysician providers will be repeatedly exposed to ICU-specific 
interventions (eg, continuous renal replacement therapy, mechanical 
ventilation, extracorporeal membrane oxygenation) for which comfort 
only comes with practice and experience. Finally, over long periods of 
time, nonphysician providers in the ICU should become expert in care 
of critically ill patients. While fewer than 5% of internal medicine house 
staff choose to pursue a career in intensive care medicine,45 ICU-based 
nonphysician providers have already selected the discipline and are, 
therefore, likely to be more invested in learning the nuances of diagnosis 
and management of the critically ill patient.

As with all staffing models, there are several potential downsides of 
the use of nonphysician providers in the ICU worthy of consideration. 
First, often NPs and PAs receive less formal in-school education on the 
pathophysiology, evaluation, synthesis, and presentation of complex 
medical cases than do medical school graduates. As such, a signifi-
cant upfront investment of time and resources for on-the-job training 
of these providers has been used72,74 and may be needed. Second, as 
consistent ICU staff members, nonphysician providers may be at high 
risk for developing job burnout.93 This syndrome is known to be highly 
prevalent in ICU care providers and, when present, to negatively impact 
care quality and to push providers to seek other lines of work.94 Finally, 

  TABLE 3-2    Published Literature on Impact of Nonphysician Providers in the ICU

Study First Author, Year, 
Reference Number Staffing Comparison Patient Population Study Design Outcomes

Dubaybo et al, 199187 PA vs house staff MICU Historical control study No difference in mortality

Russell et al, 200283 NP addition to team as overseer, 
outcomes manager

NSICU Historical control study ↓ Hospital LOS
↓ ICU LOS
↓ Rates of UTI
↓ Rates of skin breakdown
↓ Time to bladder catheter removal
↓ Time to mobilization

Burns et al, 200381 NP addition to team as overseer, 
outcomes manager

CCU, MICU, NSICU, surgical trauma 
ICU, CTICU

Historical control study ↓ Duration of mechanical ventilation
↓ Hospital LOS
↓ ICU LOS
↓ Hospital mortality
↓ Hospital costs

Hoffman et al, 200384 NP vs pulmonary/CC fellow Step-down MICU Observational study of alternating weeks  
of service

↓ Time in off-unit activities
↑ Time in coordination of care activities

Hoffman et al, 200585 NP vs pulmonary/CC fellow Step-down MICU Alternating blocks of 7 months No difference in LOS, duration of 
mechanical ventilation, mortality ↓ 
rates of reintubations

Hoffman et al, 200686 NP vs pulmonary/CC fellow Step-down MICU; patients with 
tracheostomies

Alternating blocks of 7 months No difference in LOS, ventilator wean-
ing success, readmissions

Gracias et al, 200882 NP in semiclosed format vs  
mandatory ICU consult

SICU Simultaneous comparison (split service  
into two)

↑ Compliance with clinical practice 
guidelines

Kawar et al, 201176 PA vs house staff MICU Simultaneous comparison of two MICUs No difference in hospital LOS, hospital 
mortality, 28-day mortality

Gershengorn et al, 201175 NP/PA vs house staff MICU Simultaneous comparison of two MICUs No difference in mortality, ICU LOS, 
hospital LOS

CCU, coronary care unit; CTICU, cardiovascular thoracic ICU; MICU, medical ICU; NSICU, neuroscience ICU; SICU, surgical ICU.

Reproduced with permission from Gershengorn HB, Johnson MP, Factor P. The use of nonphysician providers in adult intensive care units. Am J Respir Crit Care Med. March 15, 2012;185(6):600-605.
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employment of nonphysician providers can be financially burdensome. 
The salary of an NP or PA is nearly twice that of a resident.95,96 Some of 
this increased cost, however, may be offset by cost savings associated 
with nonphysician provider-based care.77

The nonphysician provider is an often untapped resource, which 
should be considered for use in the care of adult ICU patients. While 
data are limited, care provided by NP/PA-based teams appears to be 
safe and, in many instances, comparable to that provided using other 
staffing models.

BEDSIDE NURSES
Nurses are the lynchpin of ICU care. Unlike other ICU HCWs, they are 
with the patients most of the time.97 They perform most of the numerous 
interventions conducted daily on ICU patients.98

In this section, we review the existing knowledge about ICU staffing 
by nurses, and nurse extenders. We will limit our review to ICU-specific 
data; wards differ from ICUs in many ways (eg, patient types, struc-
tures, nursing tasks, prevalent patient:nurse ratios), making it unwise to 
assume that findings in one area will apply in the other.

Although the purpose of this section is to review the literature on 
issues related to ICU nurse staffing, the overarching nurse staffing issue 
is the nursing shortage. This shortage is substantial and worldwide.99,100 
ICUs are not immune to this shortage101,102; indeed, they may be particu-
larly affected.103

■■ PATIENT:NURSE RATIOS
Numerous studies have tried to measure the association between the 
workload of ICU nurses and clinical outcomes (Table 3-3). Most of these 
analyzed patient:nurse ratios (PNRs), though a few used the related 
measure of nurse hours per patient-day.

ICU PNRs vary substantially by country and ICU type.37 A 1:1 ratio 
is the historical standard in many countries,104 and remains so in some.7 
In the United States in the early 1990s, even before the nursing shortage 
was severe, the most common ratio was two patients per nurse.102 In 
Germany the average ICU nurse cares for 2.7 patients, and this number 
is higher during nighttime hours.8 California mandates that on all shifts 
there be at least one licensed nurse for each two ICU patients,105 and 
the British Association of Critical Care Nurses believes that patients on 
mechanical ventilation require a 1:1 ratio.104 While we should seek to 
identify the optimal ratio, an inevitable result of the growing nursing 
shortage in conjunction with increased demand for ICU care106,107 is that 
PNRs will rise regardless of what the data show.

Of 10 studies that assessed mortality, four reported that a higher 
PNR was significantly associated with death,108-111 while six did not.112-117  
The largest of these studies included 83,000 patients admitted to 40 
Austrian ICUs where the average PNR was 1.5108; in an adjusted analysis 
hospital death was associated with a higher PNR (OR = 1.3, p <0.05). 
The second largest study included over 33,000 patients in 171 Veterans 
Administration ICUs where the average nursing hours/patient-day was 
17 (approximately equivalent to a PNR of 1.4)112; in a complex adjusted 
analysis hospital death was not associated with more nurse hours/
patient-day (OR = 1.01, p = 0.45). A large study from Korea found 
higher mortality with higher PNR in community hospital ICUs, but 
not those in tertiary referral hospitals.111 An attempt at meta-analysis of 
studies assessing mortality concluded that the data are inconclusive.118

Eight studies evaluated ICU-acquired infections or bacterial coloniza-
tion.109,119-125 Five of these reported at least some significant association 
of higher rates of nosocomial infection with higher PNR, and two with 
nonsignificant findings had point estimates in the same direction.119,124 
These studies differed greatly by size and analytic methods, and some 
significant findings lacked monotonic dose-response relationships that 
mechanistically support the concept that a higher PNR has a causal rela-
tionship with infection rates.109

Three studies from a single research group that assessed LOS evalu-
ated distinct types of complex postsurgical patients from a statewide 

database in Maryland.114-116 These assessed whether LOS was longer 
for patients when PNR >2 versus ≤2, separately during daytime and 
nighttime nursing shifts. While hospital LOS was significantly associ-
ated with PNR >2 at night for abdominal aortic surgery and esopha-
gectomy, it was not for hepatectomy. Harder to explain mechanistically 
is that longer hospital LOS after abdominal aortic surgery patients was 
associated with PNR >2 on night but not day shifts, while ICU LOS  
was associated with PNR >2 on day but not night shifts.114

A handful of studies reported that higher PNR was associated 
with higher hospital costs, higher reintubation rates, and adverse  
events.109,115,116,126-128 Curiously, one study of adverse events among all 
patients in 205 European ICUs on a single day found that the relation-
ship had an inverted U-shape, that is, lower risk of such events for both 
high and low ratios.128

In addition to the data from adult ICUs, six studies of nursing 
workload in pediatric or neonatal ICUs addressed a similar range of 
outcomes as in the adult studies.129-134 Half of these reported significant 
associations. Higher PNR was associated with more infections in two of 
these,130,133 and with fewer unplanned extubations in another.131

Taken together, this literature is difficult and inconsistent, providing 
no clear conclusions about whether ICUs would succeed in improving 
outcomes if they added nurses to reduce their PNRs. Indeed, interpre-
tation is complicated by at least five factors. First, nursing workload 
encompasses considerations other than gross ratios of patients to 
nurses,135 but such considerations were included in few of the studies. 
Second, with the exception of three pediatric investigations,130,131,134 all 
existing studies used measures of average nursing workload. Though 
one might expect to observe an effect using such global measures, if it 
existed, it would be better to relate outcomes of individual patients to 
patient-specific measures of nursing workload. Third, in many ICUs 
there are other HCWs who do some of the work historically performed 
by registered nurses (RNs).37,102 However, most studies excluded the 
work done by nursing assistants, and even licensed nurses other than 
RNs. Fourth, the inconsistent findings could reflect the fact that this is a 
diverse group of investigations that varied greatly by study design, work-
load measures, adjustment for confounding variables, types of patients, 
and the existing standards for nursing workload. It seems quite possible 
that the effect on outcomes of adding additional nurses could be limited 
to specific types of patients, and to ICUs with relatively high PNRs. 
Improving PNRs may show no benefit because those ratios are already 
so low in many ICUs. The final limitation relates to how the design of 
these studies mandates extreme caution in inferring that there is a causal 
relationship between PNR and outcomes. Most studies in Table 3-3 were 
multicenter and cross-sectional, comparing outcomes between ICUs 
with differing average nurse workloads. However, hospitals whose ICUs 
have more nurses per patient may also be more likely to have superior 
administrative structures, more or better medical or information tech-
nologies, and a better climate of patient-centered safety, variables that 
have not been included in any existing study. Thus, it could be those 
other confounding factors, not the number of nurses, that are causally 
related to superior outcomes. It requires longitudinal analysis of nurs-
ing supply and outcomes to move beyond the associations suggested by 
cross-sectional studies in order to understand causal relationships. This 
has been demonstrated in studies of nursing supply in hospitals, not 
ICUs.136-138 For example, using data over time from 414 hospitals, Mark 
et al137 found that a cross-sectional analysis associated higher mortality 
with a lower nursing supply. However, applying appropriate statistical 
techniques to the longitudinal data, this benefit was restricted to hospi-
tals with a low nursing supply at baseline. In addition, the lower infec-
tion rates seen in the cross-sectional analysis completely disappeared in 
longitudinal analysis.

■■ NURSE TYPE, TRAINING, CERTIFICATION, 
AND USE OF NURSE EXTENDERS

There are little data addressing these issues. While the majority of ICU 
nurses in developed countries are RNs, licensed practical nurses (LPN), and 
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Study
First author, year,  
reference number

Substrate
•	 # ICUs; country
•	 # Patients
•	 Patient type

Nursing workload measure(s) Outcomes Results Notes

ADULT ICU STUDIES

Metnitz et al, 2009108 •	 40 ICUs; Austria
•	 83,259
•	 Unselected

Patient:nurse ratio (global  
average in each ICU)

Hospital mortality OR = 0.1.30a

Sales et al, 2008112 •	 171 ICUs; USA
•	 33,020
•	 Unselected

Nurse hours/patient-day  
(global average in each ICU)

Hospital mortality OR = 1.01 (NS) 

Cho et al, 2008111 •	 236 ICUs; Korea
•	 27,372
•	 Any of 26 diagnoses

Patient:nurse ratio (global  
average in each ICU)

Hospital mortality Hospital type:
Tertiary OR = 0.54 (NS)
Community OR = 1.43a

Metnitz et al, 2004113 •	 31 ICUs; Austria
•	 26,186
•	 Unselected

Patient:nurse ratio (global 
average in each ICU)

Hospital mortality NS (point estimate not reported) Analysis unit was 
ICUs, not patients 

Pronovost et al, 1999114

Pronovost et al, 2001126

Dang et al, 2002127

•	 46 ICUs; USA
•	 2606-2987
•	 Abdominal aortic surgery

Daytime patient:nurse >2
Night patient:nurse ratio >2 
(global average in each ICU)

•	 Hospital mortality→
•	 Hospital LOS→
•	 ICU LOS→
•	 ICU-acquired complications→

NS for both variables
Longer for night ratio onlya

Longer for day ratio onlya

RR = 1.7a

Dimick et al, 2001115 •	 33 ICUs; USA
•	 569
•	 Hepatectomy

Night patient:nurse ratio >2 
(global average in each ICU)

•	 Hospital mortality→
•	 Hospital LOS→
•	 Reintubation→
•	 Hospital costs→

NS
NS
OR = 2.9a

$1248 highera

Amaravadi et al, 2000116 •	 35 ICUs; USA
•	 353
•	 Esophagectomy

Night patient:nurse ratio >2 
(global average in each ICU)

•	 Hospital mortality→
•	 Hospital LOS→
•	 Total hospital costs→
•	 Rates of 11 complications→

OR = 1.43 NS
39% highera

$4810 highera

4/11 significantly higher

Bastos et al, 1996117 •	 10 ICUs; Brazil
•	 1734
•	 Unselected

Patient:nurse ratio (global 
average in each ICU)

Hospital mortality, as standard-
ized mortality ratio

Coefficient = 0.32 (NS)

Schwab et al, 2011123 •	 182 ICUs; Germany
•	 159,400
•	 Unselected

•	 All patients:nurse ratio
•	 Ratio of mechanically ven-

tilated patients to nurses 
(global average in each 
ICU, as quartiles)

Bloodstream infection + 
Hospital-acquired pneumonia

•	 All patient ratio: NS (point  
estimates not reported)

•	 Ratio for ventilated patients: 
monotonic rise with higher  
ratios (IRR = 2.4a for highest 
quartile)

Blot et al, 2011124 •	 27 ICUs; various European 
countries

•	 1628
•	 Mechanical ventilation

Patient:nurse ratio >1 
(global average in each ICU)

VAP OR = 1.7 (NS) Also NS if ratio 
included with finer 
subdivisions

Hugonnet et al, 2007119 •	 1 ICU; Switzerland
•	 1883
•	 Unselected

Patient:nurse ratio (average 
value over the 4 days prior  
to onset of infection)

# of ICU-acquired infections IRR = 1.45a

Hugonnet et al, 2007120 •	 1 ICU; Switzerland
•	 936
•	 Mechanically ventilated

Patient:nurse ratio (average 
value over the 4 days prior  
to onset of infection)

VAP HR = 1.52 (NS) Significantly lower  
HR for late-onset 
pneumonia subset

Robert et al, 2000122 •	 1 ICU; USA
•	 28 cases in case-control study
•	 Primary bloodstream  

infection

Nurse hours/patient-day 
(average over 3 days prior  
to onset of infection)

Bloodstream infection NS (point estimate not reported)

Fridkin et al, 1996121 •	 1 ICU;USA
•	 22 cases in case-control 

study
•	 Central venous catheter

Patient:nurse ratio (monthly 
average)

Central venous catheter- 
associated bloodstream  
infection

Monotonic rise in OR with higher 
ratiosa

  TABLE 3-3   � Studies Assessing the Association, Adjusted for Potentially Confounding Variables Unless Otherwise Indicated, Between Nursing Workload and Patient  
Outcomes in ICUs

(Continued)
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Vicca et al, 1999125 •	 1 ICU; UK
•	 50
•	 Acquired MRSA in ICU

Patient:nurse ratio (peak, 
trough, and mean values on 
the day of MRSA transmission)

MRSA (+) patients in ICU Correlation coefficients:
peak = 0.13a

mean = 0.12a

trough = 0.16a

No adjustment for  
confounding variables

Tarnow-Mordi et al, 
2000110

•	 1 ICU; UK
•	 1050
•	 Unselected

Patient:nurse ratio, as quartiles 
(average over each patient’s 
ICU stay )

Hospital mortality OR for quartiles:
(reference), 1.3 (NS), 1.8a, 2.2a

Monotonic dose-
response relationship

Stone et al, 2007109 •	 51 ICUs; USA
•	 6,031-15,846
•	 ≥65 years old

Nurse hours/ patient-day, in 
quartiles (monthly average in 
each ICU)

•	 30-day mortality→
•	 Bloodstream infection→
•	 Urinary tract infection→
•	 VAP→
•	 Decubitus ulcers→

OR = 0.81a in third quartile
OR = 0.32a in third quartile
NS
OR = 0.21 in fourth quartile
OR = 0.69 in third quartile

No clear dose 
response except for 
VAP

Valentin et al, 2006128 •	 205 ICUs in Europe
•	 1913
•	 Unselected

Patient:nurse ratio (average 
value in each ICU on the 
single day of the study)

Adverse events aInverted U-shaped relationship 
(lower or at high and low ratios)

PEDIATRIC AND NEONATAL ICU STUDIES

Hamilton et al, 2007129 •	 54 neonatal ICUs; UK
•	 2585
•	 Low birthweight

Shiftwise ratio of #nurses to 
#nurses needed (averaged 
over all shifts for each patient) 

Hospital mortality NS (point estimate not reported)

UK Neonatal Staffing 
Study Group, 2002134

•	 54 neonatal ICUs; UK
•	 13,515
•	 Unselected

Patient:nurse ratio (at time of 
each patient’s admission to ICU)

•	 Hospital mortality→
•	 Bacteremia→

•	 OR = 1.02 per 10% change (NS)
•	 OR = 1.01 per 10% change (NS)

Patient-specific 
measure of nursing 
workload

Cimiotti et al, 2006130 •	 2 neonatal ICUs; USA
•	 2675
•	 Unselected

Nurse hours/patient-day 
(average for each patient over 
the 2-6 day prior to BSI)

Bacteremia •	 ICU#1: HR = 1.54 (NS)
•	 ICU#2: HR = 0.21a

Patient-specific 
measure of nursing 
workload

Marcin et al, 2005131 •	 1 pediatric ICU, USA
•	 55 cases in case-control study
•	 Mechanical ventilation

Patient:nurse ratio (at time of 
the event)

Unplanned extubation OR = 4.24a for 2:1 vs 1:1 Patient-specific 
measure of nursing 
workload

Tibby et al, 2004132 •	 1 pediatric ICU, UK
•	 816
•	 Unselected

Avg # nurses needed Adverse events NS (point estimate not reported)

Archibald et al, 1997133 •	 1 pediatric cardiac ICU; USA
•	 782
•	 Cardiac patients

Nurse hours/patient-day 
(monthly average)

ICU-acquired infection rate Correl. coeff = −0.77a No adjustment for  
confounding variables

ap <0.05

HR, hazard ratio; IRR, incidence rate ratio; LOS, length of stay; MRSA, methicillin resistant Staphylococcus aureus; NS, not statistically significant; OR, odds ratio; RR, risk ratio; VAP, ventilator-associated pneumonia.

  TABLE 3-3   � Studies Assessing the Association, Adjusted for Potentially Confounding Variables Unless Otherwise Indicated, Between Nursing Workload and Patient  
Outcomes in ICUs (Continued)

other types of nurses participate in patient care in some ICUs.2,37 We are not 
aware of any studies of ICU outcomes related to use of RNs versus other 
types of licensed nursing personnel. A study in 171 Veterans Administration 
ICUs found that hospital mortality was not related to the proportion of 
RNs possessing advanced nursing degrees.112 A study in a single surgical 
ICU, with important methodologic weaknesses, suggested that bloodstream 
infections were more common when more “float” nurses were used.122

In the early 1990s in the United States only 20% of ICU nurses had 
special critical care certification.102 The proportion of nurses with such 
certification was not related to mortality or LOS in a study of 25 adult 
ICUs,139 though more nurses with special ICU training was associated 
with lower hospital mortality in 54 neonatal ICUs.129

Two decades ago, one-third of ICUs used unlicensed nurse extenders, 
who go by various titles such as nurses’ aides or attendants, or critical care 
technicians.102 However, in the face of the worsening nursing shortage it 
is likely that the number of such workers has increased and will continue 
to do so.140 Such unlicensed personnel assist nurses with their duties, but 
also typically perform lower level functions that do not require nursing 
degrees, such as bathing and taking temperatures. Although nursing 
organizations have concerns about such personnel,141,142 no studies have 
evaluated whether clinical outcomes are changed with attempts to offset 
fewer nurses by use of unlicensed nurse extenders.

ICU STAFFING BY PHARMACISTS AND 
RESPIRATORY THERAPISTS
Although a variety of HCWs other than physicians and nurses regularly 
contribute to care of ICU patients,2 only scant data have addressed their 
impact on outcomes. In this section, we will review the data regarding 
pharmacists and respiratory therapists (RTs).

In 2001, a consensus group stated that there should be ICU-dedicated 
pharmaceutical care and consultation.4 In the United States this seems 
to generally be true; a survey of 56 ICUs reported that 74% had phar-
macists regularly assigned to them.2 One study, lacking any adjustment 
for numerous potential confounders, evaluated outcomes of Medicare 
patients in ICUs according to whether they had at least some phar-
macist coverage directly involved in patient care, as opposed to simply 
dispensing medications.143 Those authors reported that such pharmacist 
involvement was associated with lower mortality, LOS, and costs of 
care. In the best study on this topic, Leape et al reported on preventable 
adverse drug events before versus after adding a senior pharmacist to 
daily morning work rounds in a medical ICU.144 They found that this 
rate fell by 66%, while it contemporaneously rose by 13% in another 
ICU in the same hospital in which this pharmacist intervention was not 
implemented.

Study Substrate Nursing workload measure(s) Outcomes Results Notes
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Both the aforementioned 2001 consensus group and an RT profes-
sional organization have stated that every ICU should have dedicated RT 
support.4,145 California mandates that ICUs have one RT for every four 
ventilators in use.105 Such statements and mandates do not, however, 
provide guidance on how these can be accomplished in the face of a 
shortage of such practitioners.146

An older survey of US ICUs found that almost half had dedicated 
RTs.102 Studies assessing RTs in relation to patient outcomes in ICUs 
mainly address their role in achieving timely liberation from invasive 
mechanical ventilation. As all of these studies included RTs function-
ing within the framework of protocols, this literature cannot distin-
guish between effects of the protocols versus the RTs themselves. Most 
of these used some form of the protocol popularized by Ely et al,147 
who demonstrated that it could be implemented semiautonomously 
by RTs.148 Three randomized, controlled studies, with a total of 809 
patients, compared protocolized liberation efforts by RTs and/or nurses 
with nonprotocolized physician-directed efforts. Two of them149,150 
found that patients managed under protocols spent substantially less 
time on mechanical ventilation, while the third reported that the 
RT-driven protocol did not lead to improved ventilator time, reintuba-
tion rate, or other outcomes.151 Another study in a cardiovascular sur-
gery ICU, using a less rigorous before versus after study design, found 
that the RT-driven protocolized care reduced the average ventilator 
time, but only by an average of 2 hours.152

SUMMARY AND CONCLUSIONS
We have reviewed a substantial literature pertaining to ICU staffing 
by various types of HCWs. Generally, it is a smorgasbord of disjointed 
observations that does not provide a coherent view of how best to staff 
ICUs, and suffers from numerous shortcomings. Most are single center 
studies, with problematic study designs. Most studies come from large, 
academic ICUs, rather than the community ICUs of more modest size, 
where most critically ill patients receive care.16,37 Most have limited 
themselves to evaluating only short-term clinical outcomes for patients, 
ignoring other outcomes relevant to the many other stakeholders in ICU 
care.3 Large heterogeneity of focus and design within individual topics 
hinders generalization and the ability to draw firm conclusions. Most 
studies focus on a single type of ICU worker, disregarding the important 
interactions between them.153,154 And there are concerns about publica-
tion bias against negative studies.155

The two areas with the most data relating to patient outcomes are the 
intensity of intensivist involvement in care, and the PNR. Despite calls 
for all ICUs to function as closed-model units with intensivists as the 
primary physician of record,47 evidence supporting this view is contra-
dictory.10,12 Likewise, the weight of current evidence does not strongly 
support the need for around-the-clock intensivist presence.34-36,38 Even 
if it turns out that that closed-model ICUs produce better outcomes, it 
is a multifaceted intervention, and we do not know which specific ele-
ments of that organizational paradigm are responsible for improvement. 
Likewise, the data do not supply a consistent answer to the question of 
whether ICUs would obtain better outcomes if they added nurses to 
reduce their PNRs.

Although we do not yet know how best to staff our ICUs, we do know 
that the landscape of ICU staffing will continue to change under the 
stresses of nurse and intensivist shortages, and increasingly severe work-
hour limitations for physician trainees. Increasing use in ICUs of physician 
extenders, nurse extenders, innovative staffing models, and technologies 
such as telemedicine will occur simply to cope with these realities.

In the face of such changes, it is more important than ever to know 
how staffing affects outcomes. At the current time we do not know 
and are forced to guess or hope that how we are staffing our ICUs is 
not unnecessarily harming the patients. In the absence of quantitative 
evaluation, we should not assume that changes in ICU processes and 
functions such as staffing are not causing such harm.3 Since current 

staffing paradigms in most ICUs are not the result of thoughtful design 
based on such quantitative analysis, we cannot assume that our current 
paradigms are optimal.

As discussed, this large question is complicated by the likelihood that 
optimal ICU staffing is not “one size fits all.” Rather, what works best 
may depend on ICU type, size, case mix, and other features of baseline 
structure. We must recognize that the definition of “optimal” includes 
consideration of outcomes not only for patients, but also for the HCWs 
and society. Accordingly, we need much more and higher quality research 
assessing how to best staff ICUs. As with any other kind of research, we 
will need numerous studies from multiple sites to begin developing a 
consistent and integrated understanding of this complex topic.156
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  TABLE 4-1   � Specific Recommendations for Preventing Intravascular Catheter–
Related Infections

Before insertion

•	 �Proper hand hygiene before and after manipulation of intravascular catheter or catheter 
 insertion site

•	 �Educate health care personnel involved in the insertion, care, and maintenance of cen-
tral venous catheter

At insertion

•	 Use an all-inclusive catheter insertion procedure cart or kit

•	 Aseptic technique during catheter insertion and care

•	 �Use of hat, mask, sterile gowns and gloves, and large sterile drape during central venous 
catheter (CVC) insertion

•	 �Use of alcohol chlorhexidine solution with a concentration of chlorhexidine gluconate 
greater than 0.5% or other skin antiseptic (tincture of iodine, iodophor, or 70% alcohol) 
for insertion-site antisepsis

•	 Use a catheter checklist to evaluate adherence to prevention methods

•	 �Antimicrobial/antiseptic-coated CVC should be used if high incidence of CLABSI rate 
despite basic prevention practice, for patients with limited venous access and a history 
of recurrent CLABSI, or for patients with higher risk of severe sequelae from CLABSI

•	 Avoid using arterial or venous cutdown procedures to insert catheters

•	 Avoid using the femoral vein for central venous access

•	 Consider using chlorhexidine-containing sponge dressing for CVC insertion site

After insertion

•	 �Routine replacement of central venous catheters, pulmonary arterial catheters, arterial 
catheters, and umbilical catheters to prevent infection is not recommended

•	 Do not replace catheters suspected of being infected over a guidewire

•	 �Replace IV administration sets and tubing no more frequently than every 72 hours 
unless infection is suspected or blood products or lipid emulsions are used

•	 Replace catheter-site dressing when loose, damp, or soiled 

•	 Use sterile sleeve for pulmonary artery catheters

•	 �Consider the use antimicrobial locks for patients with limited venous access and a his-
tory of recurrent CLABSI or patients with higher risk of severe sequelae from a CLABSI

Pressure transducer systems

•	 Use disposable systems when possible with a sterile, closed flush system

•	 Replace transducer, tubing, flush solution, and flush device every 96 hours

CLABSI, central line-associated bloodstream infection; CVC, central venous catheter.

Data from Marschall, J, Mermel, LA, Classen D, et al. Strategies to prevent central line-associated  
bloodstream infections in acute care hospitals. Infect Control Hosp Epidemiol. October 29, 2008; 
(suppl 1):S22-S30.32

antimicrobial solution into an unused catheter lumen. A few potential 
concerns of antibiotic lock therapy include systemic side effects from 
leakage of lock solution or the emergence of drug-resistant organisms. 
Moreover, it might be impractical in the ICU settings because of the 
frequent need for continuous infusion of intravenous fluid or drugs.

■■ ARTERIAL CATHETERS AND PRESSURE TRANSDUCERS
Compared with central venous catheters, the incidence of catheter-
associated bloodstream infection attributable to arterial catheters has 
not been as well studied but is estimated to be roughly 1.5% per device 
or 2.9 cases per 1000 catheter-days.33 Pressure transducer systems have 
been a common source of epidemic outbreaks of health care–associated 
infection. From 1977 to 1987, these devices were the most common 
source of epidemic bloodstream infection investigated by the CDC.34 
These outbreaks were prolonged (mean 11 months) and involved large 
numbers of patients (mean 24 patients). In each case, reusable trans-
ducers were either improperly disinfected or fitted with improperly 
sterilized domes. Preventive measures for arterial catheter-transducer 

systems are similar to those recommended for central venous catheters.35 
Recommendations for the proper care and use of both arterial catheters 
and pressure transducer systems are shown in Table 4-1.

■■ URINARY CATHETERS
Urinary catheter use is the primary cause of urinary tract infections 
among critically ill patients. There are two clinical entities associated 
with urinary catheter use: catheter-associated asymptomatic bacteriuria 
(CA-ASB) and catheter-associated urinary tract infection (CA-UTI). 
These are differentiated by the presence of clinical symptoms (eg, new 
onset or worsening fever, rigors, altered mental status, flank pain).36 
A national survey of health care–associated infections in 112 medi-
cal ICUs found urinary tract infections to be responsible for 31% of 
all ICU-acquired infections, making urinary tract infections the most 
common health care–associated infection.37 Most of these infections are 
asymptomatic, but between 0.4% and 3.6% of patients with a urinary 
tract infection develop a secondary bloodstream infection.38,39 The most 
effective way to reduce CA-UTI and CA-ASB is restriction of urinary 
catheter use, removal of unnecessary urinary catheters, and hand 
hygiene before and after manipulating urinary catheters. In addition, 
potentially modifiable risk factors for infections with urinary catheters 
include avoiding the use of open urinary drainage systems and breaks 
in closed drainage systems, using condom urinary catheter for male 
patients and avoiding retrograde flow from collection bags into the 
bladder (Table 4-2).36

■■ RESPIRATORY THERAPY EQUIPMENT AND NASOGASTRIC TUBES
Respiratory failure requiring mechanical ventilation is one of the most 
common indications for ICU admission. Nasogastric tubes are used 
often for both gastric decompression and to permit feeding of ICU 
patients. Both mechanical ventilation and nasogastric intubation bypass 
the normal mucosal defenses of the upper and lower respiratory tract, 
which leaves patients at risk for health care–associated sinusitis and 
pneumonia.

Among ICU patients, the vast majority of health care–associated 
pneumonias are ventilator-associated pneumonias. Ventilator-associated 
pneumonia is most likely the result of aspiration of contaminated oro-
pharyngeal and gastric secretions and contaminated condensate in the 
ventilator circuit. Risk factors include the supine position, sedation or 
impaired consciousness, and reduced gastric acidity.40 Contaminated 

  TABLE 4-2    Recommendations for Preventing Urinary Catheter–Related Infections

•	 �Urinary catheters should not be used solely for the convenience of health care personnel 
and should be removed when no longer necessary

•	 Personnel should be trained on proper aseptic insertion and maintenance of urinary catheters

•	 Proper hand hygiene should be performed before and after manipulating catheters

•	 Insertion of catheters should be performed using aseptic technique and sterile equipment

•	 A sterile, continuously closed system should be maintained

•	 If necessary, perform closed continuous irrigation of catheter with sterile irrigant

•	 Urine samples from catheter and collecting bag should be collected aseptically

•	 Urine collection bags always should be below the level of the bladder

•	 Maintain unobstructed urinary flow

•	 �Consider use of antimicrobial-coated catheters to delay or reduce the onset of catheter-
associated bacteriuria

•	 �Consider nurse-based or electronic physician reminder system to reduce inappropriate 
urinary catheterization

•	 �Consider use of condom catheterization as an alternative to short term indwelling catheter-
ization to reduce catheter-associated bacteriuria in men who are not cognitively impaired

Data from Hooton TM, Bradley SF, Cardenas DD, et al. Diagnosis, prevention, and treatment of catheter-
associated urinary tract infection in adults: 2009 International Clinical Practice Guidelines from the 
Infectious Diseases Society of America. Clin Infect Dis. March 1;50(5):625-663.
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respiratory equipment has been implicated as the source of outbreaks 
of nosocomial pneumonia. Devices that generate aerosols, such as 
nebulizer reservoirs used for humidification41 and multidose medication 
nebulizers,42 have been associated with outbreaks caused by hydrophilic 
bacteria. Bronchoscopes have also been a source of health care–associ-
ated pneumonia in the ICU, usually as a result of an incomplete or com-
promised disinfection between procedures.43

Guidelines for the prevention of ventilator-associated pneumonia 
focus on proper hand hygiene when handling respiratory equipment, 
nursing ventilated patients in a semirecumbent position (30° to 45°), 
and maintaining a closed ventilator circuit (Table 4-3).44 The use of 
noninvasive ventilation in selected ICU patients results in a lower risk 
of pneumonia when compared with endotracheal mechanical ventila-
tion. In a randomized, clinical trial, patients ventilated noninvasively 
had a significantly lower rate of both pneumonia (3% vs 25%) and 
sinusitis (0% vs 6%).45 Subglottic suctioning of oropharyngeal secre-
tions using a specially designed endotracheal tube has been shown 
to reduce the incidence of ventilator-associated pneumonia and is 
another method to reduce the risk of nosocomial pneumonia among 
ventilated patients.46 The use of silver-coated endotracheal tubes has 
been shown to reduce the incidence of ventilator-associated pneumo-
nia and mortality.47,48

The presence of a foreign body in the nasopharynx, such as a naso-
gastric feeding tube, predisposes to upper airway infections, particularly 
sinusitis. Health care–associated sinusitis is often difficult to diagnose. 
First, the classic signs and symptoms of sinusitis (ie, sinus tenderness, 
pain, and fever) often are masked in the intubated and sedated patient. 
Also, sinus aspiration to determine if a sinus fluid collection is infected 
is performed only rarely. In a prospective study, paranasal sinus com-
puted tomographic (CT) scans were obtained on all ICU patients with 
purulent nasal discharge and fever not attributable to another source, 
followed by sinus aspiration and culture of any fluid observed on CT 
scan.49 Using this method, sinusitis was identified in 7.7% of patients. 
Risk factors for nosocomial sinusitis include nasotracheal intubation, 
feeding via nasogastric tube, and impaired mental status. These infec-
tions frequently are polymicrobial, with Pseudomonas aeruginosa and 

Staphylococcus aureus being the most common organisms identified.49,50 
Prevention involves avoiding nasotracheal intubation, placing feeding 
tubes through the mouth rather than through the nose, and minimizing 
sedative use.

■■ INTRACRANIAL PRESSURE MONITORING DEVICES
Several infectious complications can result from the use of intracra-
nial pressure monitoring devices, including scalp exit-site and tunnel 
infections, osteomyelitis of the calvarium, meningitis, and ventriculi-
tis. The rate of infectious complications has been reported at 7.4% to 
14.1% per procedure.51,52 Intracerebral or intraventricular hemorrhage, 
cerebrospinal fluid leaks, open head injuries, monitors in place for 
greater than 5 days, breaks in the pressure transducer system, and use 
of intraventricular versus intraparenchymal monitors have been associ-
ated with increased risk of infection. Coagulase-negative staphylococci 
are the most common cause of intracranial pressure monitor–related 
infections, but gram-negative bacilli, such as Acinetobacter baumannii, 
Klebsiella pneumoniae, and Proteus mirabilis, have been reported in up 
to 50% of cases.53 The role of prophylactic antibiotic therapy is unclear. 
Several cohort studies showed no impact on the incidence of infection 
among patients who received antibiotics during or after insertion of the 
devices,52,54 but no randomized, controlled trials of sufficient sample size 
exist to address the question. Routine preventive measures including 
maximal barrier precaution during insertion, routine dressing changes, 
and use of antimicrobial impregnated intraventricular catheter may 
reduce catheter-related ventriculitis.55

INTERVENTIONS TO PREVENT HEALTH 
CARE–ASSOCIATED INFECTIONS
Interventions designed to reduce health care–associated infections 
typically focus on device-related infection, are evidence based, and 
often employ physician and nursing education or introduce a change in 
the process of care. An intervention consisting of a self-study module 
on risk factors for catheter-associated infections, a pre- and posttest 
assessment of knowledge, posters and handouts on the infection control 
practices related to central venous catheters, and didactic teaching were 
given to the nursing staff of a surgical ICU.28 The authors reported a 
66% reduction in the incidence of ICU-acquired bloodstream infec-
tions in the 18-month period after the intervention compared with the  
18 months preintervention (p <0.001), without a significant change 
in the patient population. This study demonstrates that focused inter
vention in ICUs can reduce health care–associated infections, possibly 
through changes in ICU practice and staff behavior.

Another practice designed to prevent health care–associated infec-
tion is selective digestive decontamination. The hypothesis behind this 
practice is that colonization of the oropharynx and gastrointestinal 
tract by flora acquired while a patient is in the ICU serves as a source 
of health care–associated infection, particularly in patients requiring 
prolonged ICU stays and mechanical ventilation. By administering 
oral, nonabsorbable antibiotics, selective digestive decontamination 
seeks to prevent the overgrowth of gram-negative aerobic bacteria and 
yeast while maintaining anaerobic flora. The method has been useful 
in controlling outbreaks of resistant gram-negative bacteria.56 Studies 
of its routine use have had conflicting results, with more methodologi-
cally rigorous studies tending to show no benefit in terms of prevent-
ing health care–associated pneumonia or mortality.57,58 A randomized 
controlled trial demonstrated the survival benefit for ICU patients 
who received either selective digestive tract decontamination or selec-
tive oropharyngeal decontamination.59 However, follow-up study in 
the same population showed selective digestive tract decontamina-
tion or selective oropharyngeal decontamination was associated with 
inducing antimicrobial resistance.60 The benefit and risk of selective 
digestive tract decontamination or selective oropharyngeal decon-
tamination in the ICU should be discussed before implementing these 
interventions.

  TABLE 4-3    Selected Guidelines for the Prevention of Ventilator-Associated Pneumonia

•	 �Educate health care workers regarding health care–associated pneumonia and infection 
prevention and prevention methods.

•	 �Use hand hygiene before and after contact with patient, respiratory devices, or objects 
contaminated with respiratory secretions.

•	 �Do not routinely change ventilator breathing circuit components more frequently than 
every 48 hours.

•	 �Periodically drain condensate from mechanical ventilator tubing; avoid draining of con-
densate toward the patient.

•	 Use sterile water to fill bubbling humidifiers and nebulizers.

•	 �Do not use large-volume room-air humidifiers unless they undergo daily high-level 
disinfection; use sterile water in device.

•	 �Devices used on multiple patients (eg, portable respirators, oxygen sensors, Ambu bags) 
should undergo sterilization or high-level disinfection between patients.

•	 Thoroughly clean respiratory equipment prior to disinfection or sterilization.

•	 Use aseptic technique when changing a tracheostomy tube.

•	 Use only sterile fluid to remove secretions from respiratory suction catheter.

•	 Keep head of bed elevated at an angle of 30° to 45° and semirecumbent position for 
patients on a ventilator or receiving enteral tube feedings, if possible.

•	 Discontinue mechanical ventilation and enteral tube feedings as soon as clinically feasible.

•	 Perform regular antiseptic oral care.

•	 Use an endotracheal tube with in-line and subglottic suctioning for all eligible patients.

Data from Coffin SE, Klompas M, Classen D, et al. Strategies to prevent ventilator-associated pneumonia 
in acute care hospitals. Infect Control Hosp Epidemiol. October 29, 2008;(suppl 1):S31-S40.
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  TABLE 4-4   � Factors Associated With Colonization or Infection With Multidrug-
Resistant Microorganisms

•	 Extended length of hospitalization

•	 Interhospital or nursing home transfer

•	 Immunocompromised host

•	 Invasive devices (ie, central venous catheters, mechanical ventilation)

•	 Advanced age

•	 Severity of illness

•	 Exposure to broad spectrum antibiotics

Data from Safdar N, Maki DG. The commonality of risk factors for nosocomial colonization and infection 
with antimicrobial-resistant Staphylococcus aureus, enterococcus, gram-negative bacilli, Clostridium dif-
ficile, and Candida. Ann Intern Med. 2002;136(11): 834-844.97

ANTIBIOTIC RESISTANCE IN THE ICU
Intensive care units have long been associated with an increased preva-
lence of antibiotic-resistant organisms compared with other areas of the 
hospital. The frequent use of broad-spectrum antibiotics, a patient popu-
lation with prolonged lengths of stay and the need for invasive devices, 
and the close interactions between health care workers and critically ill 
patients all contribute to the propagation of antibiotic-resistant microor-
ganisms within the ICU. The recent emergence of highly resistant virulent 
organisms, such as vancomycin-resistant S aureus, multidrug-resistant 
(MDR) gram-negative bacilli, and C difficile highlight the importance of 
understanding and controlling antibiotic resistance within the ICU.

■■ THE EPIDEMIOLOGY OF ANTIBIOTIC RESISTANCE
The resistant organisms seen most commonly in the ICU include meth-
icillin-resistant S aureus (MRSA), vancomycin-resistant Enterococcus 
faecium or E. faecalis (VRE), and MDR gram-negative bacilli, such as 
P.  aeruginosa, Stenotrophomonas maltophilia, Acinetobacter baumanii, 
and extended-spectrum β-lactamase–producing Enterobacteriaceae. 
While each of these organisms has individual differences that affect ICU 
transmission, patients who are colonized or infected with these organ-
isms tend to share common characteristics (Table 4-4).97

Patients can either enter the ICU with endogenous-resistant bac-
teria already present or become colonized during their ICU stay 
owing to cross-contamination from other colonized patients. Brun-
Buisson and colleagues demonstrated through serial rectal swabs that 
90% of all patients subsequently found to be colonized with MDR 
Enterobacteriaceae were negative on admission to a medical ICU and 
had a mean time to colonization of 14 days.61 The primary mechanism 
by which patient-to-patient transmission of resistant microorganisms 
occurs within the ICU is on the hands of health care workers. Resistant 
bacteria can be carried on health care workers’ hands and clothing.62 
Another source of transmission of antibiotic-resistant microorganisms 
is the ICU environment itself. This is particularly true for hydrophilic, 
gram-negative bacilli, such as Pseudomonas spp, Stenotrophomonas 
spp, and Acinetobacter spp, VRE, and C difficile. These organisms are 
particularly resistant to the effects of drying; therefore, they can survive 
on inanimate objects in the environment for extended periods of time. 
Outbreaks of health care–associated infections associated with these 
bacteria can persist if the environmental source is not addressed.63

PREVENTING ANTIBIOTIC RESISTANCE IN THE ICU

■■ SURVEILLANCE
Understanding the extent to which ICU patients are colonized or 
infected with antibiotic-resistant microorganisms is important for 
identifying outbreaks or high endemic rates of particular pathogens and 
targeting methods for control. Strategies include both passive and active 
surveillance. Passive surveillance is employed most frequently in ICUs 

within the United States and consists of identifying patients colonized 
with resistant microorganisms by review of clinical specimens. While 
this strategy requires the least amount of labor and supplies, it fails to 
identify a significant proportion of colonized patients.64 In active sur-
veillance, cultures are obtained for the specific purpose of identifying 
colonized patients. These cultures can be performed on every patient 
or on selected high-risk subsets (see Table 4-4). Selective screening of 
high-risk patients, combined with other infection control interventions, 
reduced the prevalence of ICU-acquired MRSA infections in a medi-
cal ICU and was cost effective.65 Published guidelines recommended 
active surveillance culture for detecting MRSA-colonized patients.66-68 
However, a European randomized controlled study demonstrated that 
active surveillance for MRSA did not reduce the incidence of MRSA 
infection.69 In a recent North American trial, targeted versus universal 
decolonization to prevent ICU infection were compared in a prospective 
randomized (by center) trial.70 Universal decolonization with chlorhexi-
dine bathing and adjunct therapy appeared more effective at reducing 
nosocomial ICU infection than MRSA-specific screening and isolation 
policies. Whether this approach is cost effective for ICUs to use for other 
pathogens is an area of further study.

■■ ANTIBIOTIC USE AND CONTROL
Inadequate initial antibiotic therapy of infections has been associated 
with increased mortality among ICU patients.71 This observation argues 
for the use of broad-spectrum antibiotics. However, the increasing use 
of broad-spectrum antibiotics has been associated with the acquisition 
of antibiotic-resistant pathogens. Exposure to broad-spectrum antibiot-
ics can alter the normal flora of patients and can facilitate colonization 
with resistant organisms or expansion of populations of already-existing 
organisms. The dilemma created by these competing pressures has 
shaped efforts to control the use of antibiotics within the ICU, particu-
larly drugs with a broad-spectrum of activity.

Antibiotic use in the ICU can be divided into empirical use against 
a suspected community-acquired or health care–associated infec-
tion, targeted use against a specific pathogen, and prophylactic use. 
There is considerable overlap between these concepts. For example, 
critically ill patients often are started empirically on broad-spectrum 
antibiotics and then switched to an antibiotic with a more targeted 
spectrum once the pathogen-causing infection is known. Selective 
digestive decontamination as a method to prevent nosocomial infec-
tions is an example of the prophylactic use of antibiotics in the ICU, 
which was discussed earlier in this chapter. Strategies that have been 
applied to control antibiotic use include closed or restricted pharmacy 
formularies, rapid narrowing of antibiotic spectrum of activity once 
a pathogen is known, discontinuation of empirical antibiotic therapy 
based on set clinical parameters, cycling or rotation of empirical anti-
biotics with gram-negative activity, and decision-support systems for 
physician prescribing.

Often, antibiotic therapy that is started empirically in a critically ill 
patient is continued even after evidence suggests that infection is not 
present. In a study by Singh and colleagues,72 patients suspected of hav-
ing ventilator-associated pneumonia were scored using a validated clini-
cal pulmonary infection score. Patients suspected clinically to be at risk 
for pneumonia but not meeting a predetermined threshold score were 
randomized to two groups. The experimental group received a single 
antibiotic for 3 days, with reevaluation at that time. If this group still did 
not meet the threshold criteria, antibiotics were discontinued. The type 
and duration of antibiotic used in the control group were at the treat-
ing physicians’ discretion. Antibiotic use was continued after 3 days in 
only 28% of the experimental group versus in 90% of the control group  
(p <0.001). Mortality and ICU length of stay did not differ between the 
two groups, but patients in the experimental group had significantly 
shorter durations of antibiotic use and a lower incidence of antimicro-
bial-resistant isolates and nosocomial infections during their ICU stay. 
In a randomized controlled trial, the treatment efficacy was not different 
between the patients who received either shorter or longer duration of 
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antimicrobial therapy (8 or 15 days) for the treatment for ventilator-
associated pneumonia, and among patients who developed recurrent 
infection; those with the shorter treatment less frequently developed 
multidrug-resistant pathogens.73 Cycling empirical antibiotics usually 
requires the use of only a single antibiotic for the empirical treatment 
of suspected health care–associated infection, followed by a switch to 
another agent after a predetermined time period. Although several 
studies suggested a potential benefit of antibiotic cycling, confounders  
(eg, improving hand hygiene) in these studies make it difficult to con-
clude the reduction in detection of MDR organism was entirely due to 
antibiotic cycling.74 Current guidelines do not recommend antibiotic 
cycling as a part of antimicrobial stewardship.74

Increased interest in computer-assisted physician order entry has 
allowed for the development of physician ordering support systems.  
A prospective study of a computerized antibiotic management program 
in one ICU found that patients treated using the computerized support 
system had a lower incidence of mismatches between antibiotics pre-
scribed and the susceptibility of isolated bacteria.75 The computerized 
support system was also associated with shorter durations of antibiotic 
use. Further studies need to be performed to see if the reduction in over-
all antibiotic use by this method can reduce the prevalence of antibiotic-
resistant bacteria.

Newer approaches for reducing antimicrobial use in the ICU have 
evolved. Biomarkers, such as procalcitonin may distinguish bacterial 
infection from conditions mimicking bacterial infections. It potentially 
leads to reduced antimicrobial use and the emergence of MDR organ-
isms. Procalcitonin is a precursor of calcitonin and it is released in 
response to exposure to bacterial toxins. A multicenter, open-labeled 
trial demonstrated that using procalcitonin levels to help guide the 
decision to initiate antimicrobial therapy in the ICU, reduced antimi-
crobial exposure among ICU patients without increasing mortality.76 
Comprehensive management by a multidisciplinary team is another 
important strategy for reducing antimicrobial use in the ICU. Daily ICU 
rounds with clinical pharmacists reduce the unnecessary antimicro-
bial use in the ICU.77 Other health care workers should be involved in 
patients’ care to improve antimicrobial stewardship.

■■ HAND HYGIENE
Proper hand hygiene has been known to be fundamental in prevent-
ing nosocomial infections since the studies of puerperal fever by 
Semmelweis in the mid-19th century. After contact with patients, health 
care workers’ hands can become transiently colonized with pathogenic 
and antibiotic-resistant bacteria, which are then transferred to other 
patients. Hand soaps containing an antiseptic agent, such as chlorhexi-
dine, or alcohol-based hand rubs have been shown to effectively reduce 
bacterial counts on hands when used properly.

Despite the known benefit of proper hand hygiene in preventing 
health care–associated infections and the transmission of antibiotic-
resistant bacteria, observed compliance with hand hygiene among ICU 
personnel remains low.78 Hand hygiene adherence for physicians was 
generally lower than for other health care workers.79 The greatest bar-
riers to compliance with hand hygiene are time and accessibility. An 
outbreak of Enterobacter cloacae infections in a neonatal ICU coincided 
with a period of patient overcrowding and short staffing of nurses.80 
During this time, adherence to hand hygiene was 25% and subsequently 
increased to 70% when staffing and patient census returned to normal 
levels. Accessibility to sinks in the ICU may be limited, particularly in 
older units. When personnel do wash their hands with antiseptic soap, 
it is often for a shorter period of time than the duration used to test the 
product’s effectiveness.

Waterless alcohol-based hand rubs improve health care workers’ 
compliance with hand hygiene in the ICU.81 Compared with using 
traditional antiseptic soap and water, alcohol-based products require 
less time to use and are more convenient. Antiseptic soap and water 
should still be used, however, when hands are visibly soiled. There is 

potential concern for C difficile transmission, due to the inactivity of 
alcohol against C difficile spores; however, studies examining C difficile 
incidence before and after the introduction of these products have failed 
to show an increase.

Other recommendations for ICU personnel concerning proper hand 
hygiene include avoiding the wearing of artificial fingernails as out-
breaks of health care–associated infections have been associated with 
these products, performing hand hygiene before and after using gloves, 
and providing staff with hand lotions to minimize the risk of irritant 
contact dermatitis.

Besides proper hand hygiene, a novel strategy has evolved to reduce 
the transmission of health care–associated pathogens. In a multicentered 
quasi-experimental study, daily antimicrobial bathing (ie, chlorhexidine 
solution) appears to reduce the acquisition of MRSA and VRE among 
ICU patients.82

PREVENTING TRANSMISSION OF PATHOGENS 
BETWEEN ICU PERSONNEL AND PATIENTS
Health care workers in the ICU are potentially at risk of being exposed 
to infectious agents during the course of caring for patients. Likewise, 
health care workers can spread infectious agents, particularly antibiotic-
resistant bacteria, to patients. A primary goal of infection control is to 
prevent both. Transmission of infectious agents in the ICU is currently 
prevented by what has been termed by the CDC as standard precautions 
and transmission-based precautions (ie, airborne, droplet, and contact 
precautions).83

■■ STANDARD PRECAUTIONS
The concept of standard precautions arose from efforts to prevent 
patient-to-health care worker transmission of blood-borne pathogens. 
The concept of standard precautions is based on the assumption that 
all body substances (ie, blood and other body fluids, secretions, and 
excretions) and certain body sites (ie, nonintact skin and mucous mem-
branes) are potential sources of infectious agents. Therefore, health care 
workers should use the same basic precautions, regardless of whether a 
patient is known to have a particular infection. Standard precautions are 
designed to minimize the risk of transmission of both recognized and 
unrecognized sources of infection in hospitals and include (1) wearing 
clean gloves when there is the potential for contact with blood, body flu-
ids, secretions, excretions, contaminated items, mucous membranes, or 
nonintact skin, (2) washing hands immediately after gloves are removed 
or when body fluids are inadvertently contacted, (3) wearing a gown, 
mask, and eye protection or a face shield when there is the potential for 
splashing or spraying with bodily substances, (4) avoiding practices that 
increase the risk of exposures and injuries, such as recapping or remov-
ing used needles from syringes.

■■ TRANSMISSION-BASED PRECAUTIONS
Current CDC guidelines for isolation precautions are based on the 
known modes of transmission of either highly contagious or epidemio-
logically significant pathogens (Table 4-5).83 Institution of transmission-
based isolation for an ICU patient should occur when infection or 
carriage of one of these pathogens is either confirmed or suspected. 
Transmission-based categories of isolation include airborne, droplet, 
and contact isolation.83 The transmission-based precautions require that 
patients be placed in either a private room or be cohorted with patients 
who have the same infection, if necessary. Transport of the patient out of 
the room should be limited to procedures that are medically necessary 
and cannot be performed in the room. When patients must be trans-
ported out of the room, the area receiving the patient should be notified 
of their isolation status, and special precautions (such as a surgical mask 
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Infection/Condition Typea
Precautions, 
Durationb

Anthrax, cutaneous or pulmonary S

Clostridium difficile–associated diarrhea C DI

Conjunctivitis, acute viral (acute hemorrhagic) C DI

Corona virus (SARS) A,D,Cc Fd

Diphtheria

Cutaneous C CN

Pharyngeal D CN

Epiglottitis due to Haemophilus influenzae D U (24 hours)

Hepatitis A virus, diapered or incontinent patients C Fe

Herpes simplex virus

Encephalitis S

Mucocutaneous, disseminated or primary, severe C DI

Influenza

Seasonal influenza D DI

Avian (H5N1) influenza A Ff

Pandemic influenza (H1N1) D~Ag DI

Measles (rubeola), all presentations A DI

Meningitis

Haemophilus influenzae, known or suspected D U (24 hours)

Neisseria meningitidis, known or suspected D U (24 hours)

Other diagnosed bacterial S

Meningococcal pneumonia D U (24 hours)

Meningococcemia (meningococcal sepsis) D U (24 hours)

Multidrug-resistant organisms, infection or colonization

Gastrointestinal C CN

Respiratory C CN

Pneumococcal S

Skin, wound, or burn C CN

Mycoplasma pneumonia D DI

Parovirus B19 D Fh

Pertussis (whooping cough) D U (5 days)

Plague

Bubonic S

Pneumonic D U (72 hours)

Infant and young children D U (72 hours)

Rabies S

Respiratory syncytial virus infection, infants, young children, or 
immunocompromised adults

C DI

Streptococcal disease (group A Streptococcus), skin,  
wound, or burn

Major (no dressing or uncontained drainage) C U (24 hours)

Minor or limited (contained drainage) S

Tuberculosis

Extrapulmonary, draining lesion (including scrofula) S

Extrapulmonary, meningitis S

Pulmonary or laryngeal disease, confirmed or suspected A Fi

Skin test positive with no evidence of current pulmonary disease S

  TABLE 4-5    Isolation Precautions Required for Selected Infections and Conditions
Infection/Condition Typea

Precautions, 
Durationb

Varicella-zoster virusf

Varicella (chicken pox) A, C Fj

Zoster

Localized in immunocompromised patient, disseminated A, C Fk

Localized in normal patient S

Wound infections

Major (no dressing or uncontained drainage) C DI

Minor or limited (contained drainage) S

Adapted with permission from Siegel JD, Rhinehart E, Jackson M, et al. 2007 Guideline for Isolation 
Precautions: Preventing Transmission of Infectious Agents in Healthcare Settings. Available at http://
www.cdc.gov/hicpac/pdf/isolation/Isolation2007.pdf Accessed on September 23 2010.
aType of precautions: A = airborne; C = contact; D = droplet; S = standard.
bDuration of precautions: CN = until off antibiotics and culture negative; DI = duration of illness;  
U = until time specified after initiation of effective therapy; F = see footnote.
cAirborne precaution is preferred. Contact precaution if N95 mask is unavailable.
dDuration of isolation is duration of illness plus 10 days after resolution of fever, provided respiratory 
symptoms are absent or improving.
eMaintains precautions in infants and children younger than 3 years of age for duration of hospitalization; in 
children 3 to 14 years of age, for 2 weeks after onset of symptoms; for children over 14 years of age, for 1 week 
after onset of symptoms.
fMaintains precautions for 14 days after onset of symptoms or until either an alternative diagnosis is estab-
lished or diagnostic test results indicate that the patient is not infected with influenza A virus. See the Web 
site for current avian influenza guidance: www.cdc.gov/flu/avian/professional/infect-control.htm.
gDroplet precaution for general care and use of N95 mask when health care workers perform aerosol-
generating procedure. CDC noted that current situation of H1N1 influenza is postpandemic status. 
Updated preventive measures can be accessed at http://www.pandemicflu.gov.
hMaintain precautions for duration of hospitalization when chronic disease occurs in an immunodeficient 
patient. For patients with transient aplastic crisis, maintain precautions for 7 days.
iDiscontinue precautions only when the patient is on effective therapy, is improving clinically, and has 
three consecutive negative sputum smears collected on different days or tuberculosis is ruled out.
jPersons susceptible to varicella are at risk of varicella when exposed to patients with herpes zoster 
lesions or varicella and should not enter the room.
kMaintain precautions until all lesions are crusted; see text.

being placed on the patient for airborne and droplet precautions) should 
be taken to minimize infection risk during transport.

Airborne precautions are for agents transmitted by airborne droplet 
nuclei (generally less than 5 μm in size) or other similarly sized particles. 
These small particles can remain suspended in the air currents in a room 
for hours and may be dispersed widely. Examples of pathogens spread 
in this manner include Mycobacterium tuberculosis and rubeola virus. 
Patients with an infection caused by a pathogen transmitted via airborne 
particles should be housed in a private room that has negative-pressure 
ventilation or other special air handling relative to the outside hallway. 
In addition, susceptible persons who enter the room should wear an 
N95 respirator or other respiratory equipment capable of filtering small 
airborne particles; a standard surgical mask is not protective. Negative-
pressure systems and other special air handling systems should be tested 
regularly to ensure that they function properly.

Droplet precautions are for infectious agents that are spread by larger 
respiratory droplets that can be generated during coughing, sneezing, 
talking, or performing procedures. These larger droplets do not remain 
suspended in the air and travel only short distances, usually 1 m or 
less. Examples of pathogens transmitted primarily via large respiratory 
droplets include B. pertussis and Neisseria meningitidis. Patients who are 
known or suspected to be infected with an agent spread by large respi-
ratory droplets should be placed in a private room, and all individuals 
should wear a surgical mask (at least) when entering within 1 m of the 
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patient (for practical purposes, most hospitals require a mask when 
entering the patient’s room).

Contact precautions should be employed for agents capable of spread 
through direct contact with the patient or contact with contaminated envi-
ronmental surfaces or equipment. This is the most frequently employed 
transmission-based precaution in the ICU setting, typically used to 
prevent the spread of antibiotic-resistant bacteria. Contact precautions 
are generally defined as the use of gloves by all personnel entering the 
patient’s room and the use of a gown when contact with the patient or 
environmental surfaces is anticipated. The use of dedicated equipment 
(eg, stethoscopes, thermometers) is recommended to prevent this equip-
ment from transmitting the infectious agent to others. Equipment should 
be cleaned and disinfected properly before it is used on other patients. The 
risk of nosocomial transmission of MRSA in a neonatal ICU was reduced 
16-fold by the use of contact precautions.84 Once the patient on contact 
precautions is discharged from a room, environmental surfaces must be 
cleaned thoroughly to eliminate organisms that might persist.

■■ OCCUPATIONAL HEALTH AND THE ICU
Occupational or employee health plays an important role in preventing 
the spread of highly infectious agents among health care workers. The 
hospital’s occupational health department is responsible for screening 
employees for contagious diseases and offering employees vaccination 
for preventable infections related to health care, particularly hepatitis B 
virus and varicella-zoster virus. In the case of an exposure to an infec-
tious agent from a patient, occupational health’s role is to evaluate and, 
if necessary, treat exposed employees. For particular infectious agents, 
such as exposure of a nonimmune health care worker to varicella-zoster 
virus, occupational health has the authority to remove a worker from 
direct patient care. In smaller hospitals, often a single individual will be 
responsible for both infection prevention and occupational health, but 
most large hospitals have two separate departments. The role of infec-
tion prevention is to determine which health care workers were exposed 
to a contagious agent and refer exposed workers to occupational health 
for follow-up.

INFECTION CONTROL ISSUES RELATED 
TO SPECIFIC PATHOGENS

■■ BLOOD-BORNE PATHOGENS: HIV, HEPATITIS C VIRUS,  
AND HEPATITIS B VIRUS

Because of the need for frequent invasive procedures, the often-urgent 
nature of these procedures, and the patient population that is served, 
critical care personnel are at risk of exposure and infection with 
blood-borne pathogens. The most common mechanism by which ICU 
personnel are exposed is by a percutaneous injury, usually an inadver-
tent needle stick. The risk of infection after a percutaneous exposure 
varies significantly depending on the virus. The risk of infection with 
HIV after a percutaneous exposure to infected blood or bloody fluids 
has been estimated to be 0.3%. The risks associated with occupational 
mucous membrane and cutaneous exposures to HIV-infected blood 
appear to be substantially smaller. For hepatitis C virus, the risk of 
infection after percutaneous exposure is between 0% and 7%, and for 
hepatitis B virus, the risk of developing serologic evidence of infection in 
a nonimmune person is 23% to 62%, depending on whether the source 
patient is positive for the hepatitis B e antigen.85

Prevention of infection with blood borne pathogens focuses primarily 
on preventing exposure to blood and offering hepatitis B vaccination on 
employment. Practices that minimize the risk of percutaneous injury 
(eg, discarding disposable sharp devices in puncture-resistant containers 
immediately after use) are key aspects of prevention. Precautions should 
also be applied to other body fluids containing visible blood and to cere-
brospinal, synovial, pleural, peritoneal, pericardial, and amniotic fluids 
and vaginal secretions and semen.81 Protective equipment (ie, gloves, 

gowns, masks, and eyewear) should be used when there is a potential 
for exposure to these fluids. Following an exposure, the affected skin 
should be cleaned immediately with soap and water, and mucous mem-
branes should be rinsed with copious amounts of water. Zidovudine 
chemoprophylaxis following needle-stick exposure to HIV-1 decreases 
transmission risk by 80%.86 Current guidelines recommend 4 weeks 
of combination antiretroviral therapy with either a two- or three-drug 
regimen for postexposure prophylaxis, taking into consideration degree 
of exposure, level of viremia in the source patient, and the potential for 
resistant virus. For hepatitis C virus, no prophylaxis is currently avail-
able; exposed workers generally are monitored for 6 months for evidence 
of infection. For hepatitis B virus exposure, the immune status of the 
employee should be determined, and hepatitis B immunoglobulin and 
vaccination should be offered to nonimmune employees.

■■ VARICELLA-ZOSTER VIRUS
Patients with evidence of disseminated varicella-zoster virus (VZV) 
infection (eg, chicken pox, varicella pneumonia, disseminated zoster) 
are capable of transmitting VZV aerosolized particles via respiratory and 
shedding virus from noncrusted skin lesions. These patients should be 
placed on airborne precautions with negative-pressure ventilation and 
contact precautions until all skin lesions are crusted. Immunocompetent 
hosts with localized zoster can be cared for using standard precautions. 
Immunocompromised patients with localized zoster should be placed in 
airborne and contact precautions until disseminated disease is ruled out. 
Health care workers without a history of chicken pox or documented 
evidence of immunity should not enter the room of a patient with an 
active VZV infection. If a potentially nonimmune health care worker 
or patient is exposed, VZV serology should be obtained on that indi-
vidual. Seronegative personnel should be removed from direct patient 
contact between 10 and 21 days after the exposure occurred. Likewise, 
if a seronegative patient is exposed to a patient with VZV infection, he 
or she should be placed in the appropriate precautions between 10 and 
21 days after the exposure. The use of VZV vaccine and varicella-zoster 
immunoglobulin should be considered in both nonimmune exposed 
ICU patients and personnel when not contraindicated.

■■ TUBERCULOSIS
Tuberculosis is often unsuspected in hospitalized patients, including 
those admitted to ICUs. This failure of diagnosis has emerged as an 
important contributor to mortality87 and also may increase the risk 
of transmission to hospital personnel. ICU personnel who perform 
procedures that generate respiratory aerosols (eg, endotracheal intu-
bation, fiberoptic bronchoscopy, and ventilator management) may be 
at particular risk for tuberculosis infection. It should be noted that a 
negative acid-fast respiratory smear does not eliminate the possibility 
of transmission to medical personnel. ICU physicians must maintain 
a high level of suspicion for tuberculosis and initiate airborne precau-
tions whenever the diagnosis is considered. Health care workers must 
wear National Institute of Occupational Safety and Health (NIOSH)–
approved 95% (N95) particulate respirator masks or high-efficiency 
particulate air (HEPA)–filtered respirator masks when caring for 
patients with known or suspected tuberculosis.88 In addition, all ICU 
personnel should undergo tuberculin skin testing on hire and at regu-
lar intervals.

■■ RESPIRATORY SYNCYTIAL VIRUS
Respiratory syncytial virus (RSV) is a leading cause of bronchiolitis 
and pneumonia in infants and small children and is a frequent cause of 
nosocomial outbreaks of lower respiratory tract infections in pediatric 
wards. While RSV has been long recognized as a cause of seasonal 
infection in children, transmission has been reported in adult patients, 
with significant morbidity and mortality in immunocompromised 
hosts.89 The primary mode of transmission of RSV is inoculation of 
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the eyes and nasal mucosa by the hands after handling objects or 
touching surfaces contaminated by respiratory secretions. Infants have 
been shown to shed high titers of RSV in respiratory secretions for up 
to several weeks, and the virus is stable in the environment for up to 
24 hours. RSV can be transmitted in pediatric wards via contaminated 
hands or equipment or by infected health care workers. Infection 
prevention measures for RSV include placing infected young children, 
infants, and immunocompromised adults on contact precautions. 
Personnel with respiratory illnesses during RSV outbreaks should not 
care for children and immunocompromised adults at risk for severe 
RSV infection.90

■■ MENINGOCOCCUS
Patients with meningitis and bacteremia caused by N. meningitidis fre-
quently require admission to the ICU for circulatory collapse and airway 
management. Often the diagnosis is suspected but not confirmed until 
the organism is isolated in culture. Patients with known or suspected 
meningococcal infection should be handled using droplet precautions 
because this organism is typically carried in the nasopharynx and spread 
by respiratory secretions and large respiratory droplets. Personnel 
should wear a surgical mask when caring for infected patients and either 
goggles or a face shield when performing procedures capable of generat-
ing droplets. Precautions can be discontinued after the patient has been 
on effective antibiotic therapy for at least 24 hours.

The admission of a patient with suspected or known meningo-
coccal disease can generate a significant amount of anxiety among 
personnel. Cases of meningococcal health care–associated infection 
in health care workers have been associated with close contact with 
respiratory secretions (eg, mouth-to-mouth resuscitation) without 
the use of precautions.91 However, transmission resulting in disease in 
health care workers is rare, and the risk of transmission from casual 
contact with a patient is likely negligible. The incubation period for 
meningococcal disease after exposure can range between 2 and 10 
days but is commonly 3 to 4 days. Therefore, the decision to give 
antibiotic prophylaxis for a case of meningitis does not need to be 
made emergently, but can made after more information on the cause 
of the infection is available. Infection prevention and occupational 
health staff should evaluate all potential employee exposures, educate 
staff on the risk of infection, and determine if antibiotic prophylaxis is 
needed on a case-by-case basis. Ciprofloxacin-resistant meningococci 
have been detected in regions of the United States.92 The regimen of 
antimicrobial prophylaxis should be chosen, with regional suscepti-
bility patterns in mind.

■■ INFLUENZA VIRUS
Influenza virus is a challenging topic for infection prevention. 
Recommended infection prevention practices have varied for seasonal 
influenza, avian influenza (H5N1), and the 2009 H1N1 pandemic influ-
enza strains. Although the mode of transmission is likely the same for 
each of these influenza A strains, the recommended preventive measure 
have differed, because of uncertainty in disease attack rate and mortality 
in three strains. Current recommendation for the precaution of seasonal 
influenza is droplet precaution.83 For H5N1 (avian) influenza, airborne 
precaution (use of N95 mask, goggles and negative pressure room) is 
recommended.93 Recommended infection control strategies for H1N1 
influenza remains controversial and can differ between professional 
organizations and government agencies. The CDC announced that the 
condition of H1N1 influenza is currently in postpandemic status (as of 
September 2010). The most recent interim guidelines from the CDC (as 
of September 2010) and WHO (as of September 2009) recommended 
adherence to droplet precaution for general care and airborne precau-
tion when health care workers perform aerosol-generating procedures 
for H1N1 influenza.94,95 Updated recommendation from various orga-
nizations should be followed and compared. Vaccination for health care 
personnel is an important method to prevent transmission of influenza 

to patients, by creating herd immunity in health care environments and 
reducing the risk of health care worker infection. Although mandatory 
vaccination for health care workers remains controversial, it has been 
successfully implemented in some health care facilities.96

■■ CORONAVIRUS
In 2003, the world experienced an outbreak of a viral illness capable 
of producing a rapidly progressive respiratory illness—severe acute 
respiratory syndrome (SARS) that spread from China to southeast Asia, 
Singapore, and Canada resulting in over 800 cases with 744 deaths.98 
The causative agent was proven to be a coronavirus. More recently 
another coronavirus infection was identified in Saudia Arabia in a 
patient with pneumonia and a new syndrome described—Middle East 
respiratory syndrome secondary to coronavirus (MERS-CoV).99 This 
illness also spread outside of the region in which it was originally 
identified.

These experiences outline a number of points concerning the 
interface of critical care with emerging diseases. In the case of SARS, 
meticulous barrier and airborne infection control measures helped 
contain this disease and avert a pandemic. In the case of MERS, we 
are still learning about the mechanisms of transmission of the agent 
but that early identification and appropriate isolation of patients with 
respiratory and other organ failures that do not fit a readily identifiable 
pattern and diagnosis is an important part of the job of the intensiv-
ist, who may find themselves on the front line of treating these new 
infectious diseases
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KEY POINTS

•• 	Fundamental to improving patient safety is the ability to design 
systems of care that reliably deliver evidence-based interventions 
and reduce preventable harm.

•• 	Translating evidence effectively into practice involves four key 
processes:

	 a.	 Summarizing the evidence
	 b.	 Identifying local barriers to compliance
	 c.	 Measuring performance
	 d.	 Ensuring that all patients receive the therapy

•• 	A culture of teamwork is vital to improving the quality and safety 
of care provided to patients.

•• 	Significant investment in a patient safety infrastructure is required 
to fulfill a commitment to safe and high-quality care.

•• 	Chosen quality measures should be clinically important, scientifi-
cally sound (valid and reliable), useful, and feasible.

•• 	An ICU quality and safety scorecard can be developed locally to 
demonstrate a broad overview of patient safety performance over 
time, or relative to a benchmark.
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C H A P T E R

A QUESTION OF SAFETY
A decade after the To Err Is Human report,1 the global health care commu-
nity still struggles to state definitively whether patients under our care are 
safer. An estimated 98,000 fatalities result from medical errors every year 
in the United States.2 That number at least doubles if nosocomial infec-
tions and other sources of preventable harm are included. This statement 
is true despite amazing advances in biomedical science that have led to  
cutting-edge, lifesaving therapies—in part because patients receive only 
about 50% of recommended evidence-based interventions.3 Although the 
epidemiology of preventable harm is an immature science, preventable 

death is a leading cause of death. In addition to increased patient morbid-
ity and mortality, this crisis of patient safety has increased health care costs 
and lowered public confidence in health care.

PREVENTABLE VERSUS INEVITABLE HARM
The past 10 years have seen a national focus on reducing adverse events, 
with an increase in research and interventions designed to ensure that 
patients are receiving safe and high-quality care. Unfortunately, most 
investment and interest in patient safety has been reactive in nature, 
addressing egregious, although relatively rare, examples of preventable 
harm, such as operating on the wrong body part. Other types of pre-
ventable harm are more common yet also more nuanced. Within the 
critical care unit, the acuity and complexity of patient disease lead many 
to believe that complications and morbidity are inevitable. Central to 
advancing patient safety improvements and optimizing care delivery is 
the ability to distinguish preventable harm from inevitable harm.4

In commercial aviation, all fatal crashes are deemed preventable. 
The implicit idea of preventable harm is that an error occurred that 
caused harm, but if the error had been prevented, no harm would have 
occurred. Health care differs substantially from aviation because it is 
complex and dynamic, and patient conditions not always controllable. 
Despite receiving the best-known medical therapies, some patients will 
inevitably die or sustain complications. With ever-advancing scientific 
knowledge and often expensive technologies, what is inevitable now 
may be preventable in the future.

Valid measures of preventable harm require clear definitions of the 
event (numerator) and those at risk for the event (denominator), plus 
a standardized surveillance system to identify both indicators.5 If the 
harm (eg, mortality from acute myocardial infarction or pneumonia) is 
only partially preventable (as most is), we will need methods to dissect 
inevitable from preventable harm.6,7

Clinicians have labeled virtually all harm as inevitable for decades. 
They did so partly because false-positive events (truly inevitable cases 
labeled as preventable) did not help them learn and improve care. 
Clinicians most often reviewed and learned about morbidity and mor-
tality alone or with other physicians, focusing more on individual skills 
and actions rather than on systems or team skills. Such an approach is 
efficient for physicians; it is very specific (truly inevitable cases labeled 
as inevitable) but it is not very sensitive (truly preventable cases labeled 
as preventable).

Although this approach misses many patients who experience pre-
ventable harm, reviewing the cases identified as preventable can provide 
useful information. Recent efforts by payers, such as the Centers for 
Medicare & Medicaid Services (CMS), have gone to the other extreme 
by labeling all harm as preventable. Examples include measures of 
overall hospital mortality,8,9 the Institute for Healthcare Improvement 
(IHI) global trigger tools for measuring adverse events,10 and most of 
the “never events” identified by the CMS.11 Both approaches have risks 
and benefits.

■■ THE SCIENCE OF SAFETY
The gap between medical breakthroughs and patient harm remains 
significant because little has been done to study and improve the actual 
science of health care delivery (Fig. 5-1). We have made minimal invest-
ments in the basic science of patient safety. In the United States, for every 
dollar the federal government spends on traditional biomedical research, 
they only allocate 2 cents to research ensuring patients actually receive 
these treatments.12 Directing resources to advance the science of safety 
would allow us to better understand the causes of harm, would support 
the design and testing of interventions to reduce harm, and would pro-
mote robust evaluation of the effects of harm.4 Instead, examples of large-
scale quality improvements are rare and methods to evaluate progress in 
quality are virtually nonexistent. This lack of data to analyze, understand, 
and ultimately improve health care is a complex local and national prob-
lem. Most importantly, patients remain at risk of harm.
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support from senior leaders in the health care organization to provide 
assistance in garnering resources.

The CUSP model provides a knowledge base about the science of 
safety so frontline staff can recognize safety hazards in the workplace 
and design interventions to eliminate these hazards. Moreover, it 
emphasizes the importance of effective teams, trains staff to use a 
practical tool to investigate and learn from defects, and offers tools 
to improve teamwork and communication both within and between 
patient care areas. Implemented initially in two surgical intensive care 
units at The Johns Hopkins Hospital in 2001, the program produced 
a significant reduction in ICU length of stay and medication errors as 
well as a potential improvement in nurse turnover.33,36,37

While CUSP provides a platform for individual staff to share expe-
riences with everyone in the unit and empowers the group to solve 
local problems in care delivery, embedding these interventions in 
the daily work routine can also enforce positive changes in the unit’s 
safety culture. For example, creating interdisciplinary rounds in the 
unit offers a platform for nurses to voice concerns, seek clarification 
about a patient’s management, and gain autonomy as the bedside 
caregiver. Interdisciplinary rounds lessen the hierarchy that usually 
occurs between physicians and nurses, a hierarchy that causes ineffec-
tive collaboration among clinical disciplines and prevents individuals 
from acting upon safety concerns. Implementation of a daily goals 
sheet (Fig. 5-2) can also help improve communication and collabora-
tion among nurses and physicians for individual patients, plus leads 
to more effective coordination of daily care plans and efficient move-
ments of patients to discharge.38

C.	Learning from defects: Retrospective identification of medical 
errors and in-depth analysis of contributing factors provides an 
opportunity to learn from, rather than just recover from harm. 
Knowledge is a better defense against the recurrence of the same 
or a similar harm and is essential to promoting a culture of safety. 
The Institute of Medicine has targeted incident reporting systems as 
a method to collect defect information, investigate the causes, and 
improve safety.1,39 To make incident data useful, health care organiza-
tions can learn from reported mistakes through formal (root cause 
analysis) or informal (case review) methods.

Pronovost and colleagues developed a practical tool to investigate 
and learn from defects in patient care.40 The Learning From Defects 
tool is a “lighter” version of a root cause analysis and provides a struc-
tured approach to help caregivers and administrators investigate a 
case and identify systems that contributed to the defect (Table 5-2). It 
also provides a follow-up mechanism to ensure safety improvements 
are achieved. Use of the tool allows staff to investigate more incidents 
closer to the time of the incident and to identify and mitigate a larger 
number of contributory factors. The learning from defects process 
can be implemented as part of the CUSP framework or as a key ele-
ment in educational programs focusing on quality improvement.41

D.	 Investing in safety infrastructure: Fulfilling a commitment to safe and 
high-quality care will not be possible without substantial investment  

in a patient safety infrastructure. As our understanding of how to improve 
patient safety has grown, so has our realization that the current admin-
istrative framework is insufficient to support safety efforts. As a result, 
many patient safety efforts fail to achieve their intended goal. A safety 
infrastructure needs
•• A sufficient number of qualified clinicians in an ICU to provide 

care (eg, intensivist staffing, nurse to patient ratio)
•• Clinical leaders and administrators trained in the science of 

improving quality and safety42

Investments in an infrastructure must occur at multiple levels 
of the health care organization. At the patient care level, organiza-
tions will likely need to increase nursing hours per patient day to 
accommodate the myriad of new work to improve and document 
patient safety. Just one example of new work is medication recon-
ciliation, which was first addressed by The Joint Commission as 
a 2006 National Patient Safety Goal and is now mandated for all 
patients at hospital admission, transfer between units, and hospital 
discharge.43 This requires the reconciliation of existing and newly 
written medication orders to ensure that patients receive appropriate 
pharmacologic therapies. This adds significant new work for nurses 
and is generally not accompanied by an increase in nursing hours per 
patient day—a common measure of nursing resources—or dedicated 
time for physician oversight. Each new intervention may provide 
some benefit to patients, but there must be resources to support  
the new work.

At the unit level, there should be a nurse safety manager with 
training in the science of safety who can carry through this training 
to unit staff. There should be a CUSP team or a similar infrastructure 
to develop, implement, and monitor safety projects. Finally, nurse 
managers should be equipped with dedicated time and support to 
proactively identify and mitigate hazards on their units.

At a departmental or hospital level, there should be a patient safety 
director with higher level training and an understanding of both the 
technical aspects and the leadership aspects of improving patient 
safety. The role of the patient safety officer/director is to design and 
lead activities that include the following:

•• Identify hazards (typically through an incident reporting system)
•• Conduct root cause analyses and implement the recommendations
•• Develop measures of patient safety, then monitor and report prog-

ress back to clinicians
•• Design, implement, and evaluate new interventions
•• Comply with the ever-growing list of regulatory and accreditation 

requirements
•• Educate clinicians regarding safety efforts
•• Monitor and improve safety culture

E. Reducing diagnostic errors: Errors in diagnosis are also an impor-
tant source of preventable harm. While grossly underreported, an 
estimated 40,000 to 80,000 deaths occur annually among hospitalized 
patients in the United States because of a misdiagnosis.44 Such errors 
include diagnoses that were missed, wrong, or delayed, as detected 
by subsequent definitive tests or findings. Harm may result from 
delay or failure to treat the correct underlying disease, complications 
of unnecessary diagnostic testing, or treating a condition that is not 
actually present.

Patients in an intensive care unit are especially prone to suffering 
harm from diagnostic errors. They have limited reserve, often require 
fast diagnosis and treatment, are cared for by multiple clinicians, and 
undergo frequent laboratory and imaging evaluations.45 In a recent 
systematic review examining autopsy-confirmed diagnostic errors in 
adult ICU patients,46 28% had at least one misdiagnosis; of the autopsies 
reporting misdiagnosis error classifications, 8% were major and poten-
tially lethal with an additional 15% considered major but not lethal. 
Extrapolating to all ICU deaths annually, this suggests that 34,000 (95% 
CI = 22,600 to 40,500) ICU patients in the United States may die as 
the direct result of diagnostic errors each year, a number comparable to 
estimated deaths from catheter-related bloodstream infections.46

  TABLE 5-1    Comprehensive Unit-Based Safety Program34

Pre-Post CUSP Complete survey at baseline and annually after CUSP implementation to 
evaluate domains of culture (safety, teamwork, job satisfaction, unit-level 
and hospital-level management, stress recognition)

CUSP step 1 Educate staff: view Science of Safety multimedia educational materials

CUSP step 2 Frontline staff identify safety issues (provide mechanism for incident reporting)

CUSP step 3 Partner with senior executive, schedule monthly meetings on the 
unit, discuss new and outstanding safety issues and potential/existing 
improvement projects32

CUSP step 4 Learn from defects using structured tool40

CUSP step 5 Implement tools to improve teamwork, communication, culture (eg, daily goals38)
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FIGURE 5-2.  Example of a daily goals sheet for use during multidisciplinary rounds in the ICU. The goals sheet is completed to operationalize the plan for each patient day, and kept at the 
patient bedside for easy availability to all providers. Progress toward goals can be benchmarked throughout the day.

Room Number _____                MD/NP COVERING patient today: Date 
____/____/____

AM shift (7AM)
PM shift (7PM)

**Note Changes from AM**

Sa
fe

ty

What needs to be done for the patient
to be discharged from the ICU? 

Patient’s greatest safety risk?
How can we decrease risk?

What events or deviations need 
to be reported?

P
at

ie
n

t C
ar

e

Pain Management/Sedation
• CAM-ICU
• Qualify for PAD protocol?
• Qualify for AWS protocol?

Pain goal ____/10  w/___RASS goal ___w/____
Daily lightening of sedation
if not provider should document why not

CAM ICU Positive Negative
AWS admission screen  Positive  Negative

Wean sedation for extubation in AM

Cardiac 
• Review ECGs

HR goal_______    At goal  
ß Block_________

Volume Status
• Net goal for midnight

Net even  Net positive
Net neg: ____ w/_______
Pt determined

Pulmonary
Ventilator: (HOB
elevated, Oral care q4),
RTW/weaning

OOB/ pulm toilet/ambulation
Maintain current support
FiO2

 <_____  PEEP < ____  
Wean as tol    (_ _SBT) Swallow Eval
PS/Trach trial  ___h x ____    Mechs  before/after

Wean vent  (_ __SBT)
Mechanics by __AM

Plan to extubate

SIRS/Infection/Sepsis Evaluation
SIRS Criteria

Temp > 38°C or  < 36°C 
HR > 90 BPM
RR > 20 b/min or  PaCO2

 < 32 torr
WBC > 12K   < 4K or > 10% bands

No current SIRS/sepsis issues
Known/suspected infection:

PAN Cx Bld x2   Urine  
Sputum Other
ABX changes: Initiate/D/C AG Levels: 
Sepsis Bundle

Can catheters/tubes/lines be
removed/rewired?

Y  N 
If foley cannot be removed provider must document a
note why not

GI/Nutrition/Bowel Regimen
(TPN line, NDT, PEG needed?)

NPO    TF Type______goal _____  
TPN   INSULIN REQ__________Adj needed y/n

Is this patient receiving DVT/PUD
prophylaxis?

DVT: Hep q8/q12/gtt (protocol?)    PUD:  PPI
TEDS/SCDs                                         H2B
LMWH  

Anticipated LOS >72hours:
fluconazole PO 

Fluconazole prophylaxis
N/A

Can any meds be discontinued,
converted to PO, adjusted?

N/A   
D/C: PO:
Renal: Liver:

To
 D

o

Tests/Procedures/OR Today N/A  Consents needed/obtained Line change

Scheduled Labs
(Reassess need q12h)

N/A

Planned AM labs
CXR?
Order for restraints?

CMP  BMP  H8  Coags  ABG 
Lactate  Core 4  
CXR   
Restraints Ordered

Wed: Transferrin Iron  Prealb  24h urine

Consultations
Y N  

Does pt meet criteria for mobility protocol?  
PT/OT/SLP consult 

D
is

p
o

si
ti

o
n

Is the primary service up -to-date?
Y   N

Has the family been updated?
Social issues addressed
(LT care, palliative care)

Y   N   Family meeting today?

Y    N   N/A

Rev 11.07.12

ICU status: ___ IMC status: vitals q ______   Fellow/Attending Initials: ______   Nursing Initials: ______  
 

Unfortunately, methods to measure diagnostic errors are under-
developed and most studies measuring patient safety ignore diag-
nostic errors.44 Practical solutions to reduce diagnostic errors have 
also lagged behind those in other areas of safety. Risk predictors 

for misdiagnosis at the patient, organizational, or provider level are 
incompletely defined, and little information exists on the root causes 
of misdiagnosis in the ICU. One risk factor for some types of ICU 
misdiagnosis is during off hours (eg, nighttime) when physicians 
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are not physically in the unit.47 Patient demographics and institu-
tional factors, as well as greater comorbidity or illness complexity 
at presentation, may play a significant role in misdiagnosis.46 Some 
misdiagnoses may be directly linked to limited sensitivity and speci-
ficity of individual tests in the critical care setting,48 but remediable 
causes are most often associated with failures in information process-
ing. Cognitive errors are also a major contributor to misdiagnoses. 
A recent review49 identified a large number of tested and untested 
interventions (eg, simulation training, reflective practice) that may 
help reduce cognitive errors and hence, misdiagnoses.

A major impediment to developing a better understanding of diag-
nostic errors is the declining autopsy rate.50 One alternative that might 
improve the rate of autopsy is the “virtual autopsy,” using sophisti-
cated radiological techniques as opposed to dissection. Wichmann51 
recently reported a comparison of “virtual autopsy” to traditional 
autopsy in ICU patients, suggesting that it compares favorably and 
has a higher acceptance rate in terms of percent of deaths referred to 
postmortem analysis. With further refinement, virtual autopsy may 
offer a mechanism to obtain the postmortem information required to 
more clearly analyze the source of preventable harm.

■■ AN INTEGRATED APPROACH TO PATIENT SAFETY
Bloodstream infections are one of the four most common health care 
infections, along with urinary tract and surgical site infections, and 
ventilator-associated pneumonias. These four account for up to 800,000 
preventable infections, 60,000 preventable deaths, and $27 million dol-
lars in excess costs annually in the United States. The Keystone ICU 
project was a safety project developed at Johns Hopkins and imple-
mented in over 100 ICUs across Michigan and led to a 66% reduction in 
central line–associated bloodstream infections (CLABSI) and a median 
CLABSI rate of zero, with improvements sustained for >4 years.52 This 
project encompassed both the technical (eg, summarizing evidence, 
using robust measurement) and adaptive (eg, culture change) work 
needed to successfully implement any quality and safety improvement 
initiative.52,53

A program called On the CUSP: Stop BSI was formulated from the 
Keystone project, with the goal of implementation in every state across 
the country.53 At the root of this program structure is a mechanism to 
move evidence to the bedside and foster a culture where the focus is the 
patient. The three main components include

A.	A model to prevent CLABSI: translating research into practice 
(TRIP)54

	 1.	Summarizing the science: The Centers for Disease Control and 
Prevention guidelines were reviewed and the following five-item 
checklist of infection prevention practices was created: (1) wash 
your hands, (2) clean the patient’s skin with chlorhexidine, (3) use 
full barrier precautions, (4) avoid the femoral site if possible, and 
(5) remove unnecessary catheters. This type of checklist helped 
democratize knowledge and ensure that the entire team and 
patients were clear about expected behaviors.

  TABLE 5-2    Description of Learning From Defects Tool40

Summary Description

Section I Explain “what happened”

Section II Review and check all factors that caused or increased risk of patient harm 
(negatively contributed) and all factors that reduced or eliminated harm 
(positively contributed)

Section III List specific actions to reduce the likelihood of this defect from happening 
again, assign a project leader to be accountable for the activities and set a 
follow-up date, and consider how to evaluate if risk has been reduced

Data from Pronovost PJ, Holzmueller CG, Martinez E, et al. A practical tool to learn from defects in 
patient care. Jt Comm J Qual Patient Saf. February 2006;32(2):102-108.

	 2.	Walking the process: One of the barriers discovered when inves-
tigating the use of the infection control practices was the fact that 
physicians traveled to eight different places to gather supplies 
needed to comply with the checklist items. To remove this barrier, 
a “central line cart” was developed to store all of the equipment 
needed to comply with the checklist, reducing eight steps to one.

	 3.	Measuring performance: Both process measures (how often 
patients receive the recommended therapy) and outcome mea-
sures (evaluate the results of therapy) were measured. A pilot test 
of the performance measures, data collection forms, and database 
interface was done, and a plan established for a data quality control 
plan. Then baseline performance was measured, the intervention 
implemented, and performance continued to be measured to 
evaluate the impact of the project on CLABSI.

	 4.	Ensuring that all patients reliably receive the intervention: We 
used the four Es approach to improve reliability of care.

	 5.	Engaged staff by sharing real-life stories of patients who suf-
fered preventable harm because of inappropriate evidence-based 
therapies.

	 6.	Educated all staff about the evidence supporting the proposed 
interventions and about the science of safety through the CUSP 
intervention. Clearly defined the roles, tasks, and timing to avoid 
ambiguity.

	 7.	Executed the intervention by pilot testing and walking the pro-
cess to ensure there were no barriers when implementing the 
intervention.

	 8.	Evaluated the impact by measuring the CLABSI rates (outcome) 
before starting the intervention and for a defined period of time 
after implementing it.

B.	 CUSP: A culture-based program was put into place before the 
CLABSI intervention to provide a foundation for safety awareness, 
establish interdisciplinary teamwork, and encourage the execution 
of evidence-based practices. Nurses must feel comfortable question-
ing senior physicians about failure to comply with the checklist. As 
described earlier in this chapter, the CUSP is designed to improve a 
unit’s teamwork and safety culture. In the Keystone project and sub-
sequent nationwide program the following occurred:
Step 1: Staff were educated about the science of safety using a slide 
presentation and a series of interactive discussions with staff.
Step 2: Staff were asked to identify how the next patient would be 
harmed on their unit, and what they would do to prevent this harm 
from occurring; a CUSP improvement team was formed to lead the 
work.
	Step 3: A senior hospital administrator partnered with the unit, 
reviewed the safety hazards identified by the unit staff with the 
improvement team, provided the resources and political support 
needed to implement risk reduction interventions, and held the staff 
accountable for mitigating hazards
	Step 4: Teams were trained to use the learning from defects tool, and 
asked to investigate at least one defect each month.
	Step 5: Teams were offered a menu of tools to improve communi-
cation and teamwork and instructed to modify the tools to fit the 
context to ensure ease of implementation.

C.	Data collection system: Improvement teams partnered with the 
hospital infection preventionist for surveillance and data collec-
tion. Explicit definitions from the Centers for Disease Control and 
Prevention were used, and infection data (number of infections  
and central line-days) obtained monthly from the infection preven-
tionist were entered in a centralized database for management and 
ensuring of data quality.

■■ SAFETY SCORECARDS: A TOOL FOR ICU QUALITY IMPROVEMENT
External agencies such as the CMS, the Leapfrog Group, and The Joint 
Commission have developed measures to evaluate patient safety and qual-
ity of care. Such measures should be meaningful to clinicians who will use 
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them to improve care and should also be scalable—able to be aggregated 
to the health system, state, and national levels. For example, CLABSI 
can be reported at an intensive care unit level, hospital level, or state/
national level.4

With the demand to improve patient safety increasing within 
health care organizations, many hospitals have responded by creating 
scorecards to evaluate and share progress in improving quality and 
safety.55,56 Within the critical care unit, a quality and safety scorecard 
is attractive because hospital leaders, clinicians, and other stakehold-
ers can quickly obtain a broad overview of patient safety performance 
across different measures, either over time or relative to a benchmark. 
These scorecards may include measures required by the CMS, The 
Joint Commission, and insurers, as well as measures developed by 
individual hospitals for local improvement. Such an ICU safety score-
card may be a valid and practical tool to track progress of a unit’s 
efforts to improve patient safety and answer the question “How safe 
is my ICU?”57

Berenholtz and colleagues57 have described a model for such an  
ICU scorecard to assist in measuring and monitoring patient safety. This 
scorecard can be applied to an individual ICU or aggregated for an indi-
vidual hospital, health system, state, or country. Outcome measures are 
stratified into two categories. One category uses valid rate-based mea-
sures to evaluate: How often do we harm patients? (outcome measure) 
and How often do we provide the interventions that patients should 
receive? (process measure). The second category includes measures 
that we cannot express as valid rates: How do we know we learned from 
defects? (structural measure) and How well have we created a culture 
of safety? (context measure). Note that these measures move the focus 
away from using mortality rates, a very imperfect outcome measure for 
evaluating quality and safety concerns.58

The first step in developing a safety scorecard to measure and moni-
tor safety in the ICU is to convene a multidisciplinary panel, which may 
include senior and departmental leaders, physicians, nurses, and rep-
resentatives from departments of performance improvement/quality 
assurance, hospital epidemiology, and information systems. The second 
step is to gain consensus about measures that should be included on the 
safety scorecard. There are several potential measures for each domain 
on the scorecard, which should be selected based on the answers to three 
questions: Are the measures important? Are the measures valid? Can we 
use these measures to improve patient safety in our organization?55 This 
framework is based on the premise that the goal of the scorecard is to 
monitor progress in improving patient safety over time or relative to a 
benchmark, thus pushing the organization to stop conceptualizing safety 
as a dichotomous variable (safe or unsafe) and start viewing safety as a 
continuous variable (is it improving?).
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Assessing Cost-Effectiveness 
in the Intensive Care Unit
David J. Wallace
Derek C. Angus

6
C H A P T E R

KEY POINTS

•• 	Critical care is expensive for patients, hospitals, and society.
•• Both overall health care expenditures and the proportion dedi-

cated to critical care are increasing.
•• Cost-effectiveness studies are an important component of critical 

care valuation, both for new and existing therapies.
•• Market forces alone cannot be expected to result in optimal pub-

lic health—policies informed by cost-effectiveness contribute to 
improve critical care delivery and efficiency.

Pluck the goose so as to obtain the most feathers  
with the least hissing.

—Jean-Baptiste Colbert,  
Minister of Finance to King Louis XIV of France

Critical care medicine is expensive for patients, hospitals, and soci-
ety. In 2005, Medicare and Medicaid costs for critical care were $81.7  
billion, accounting for 4.1% of national health expenditures and 0.66% 
of the gross domestic product.1 The scale of critical care delivery is also 
expanding, with an increasing number of hospital beds allocated to inten-
sive care, increasing number of patient days spent in intensive care units 
(ICUs), and increasing occupancy rates.1 These two factors, growing 
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costs and expanding use, have focused attention on cost-effectiveness 
studies as a method for appraising resource allocation decisions and 
weighing the value of new interventions. On March 23, 2010, President 
Barack Obama signed legislation to overhaul the health care system in 
the United States with a plan that specifically highlighted the importance 
of comparative effectiveness research and cost transparency.2

Interest in health care cost and quality, of course, is not new. The origin 
of health economics as a distinct discipline is often credited to Kenneth 
Arrow, who in 1963 outlined conceptual differences from general eco-
nomics. He discussed the principle pareto optimal, the state of optimal 
cost and benefit for a system (Fig. 6-1). Conversely, when conditions 
are not pareto optimal, it means that resources can be redistributed with 
marginal gains for some and without any individual losses. Arrow stated 
that society will intervene through nonmarket mechanisms (eg, public 
policy, requests for proposals, or special institutions) when market forces 
alone do not result in pareto optimal health conditions. The medical care 
industry exemplifies this tendency to intervene when it is out of balance.3 
More recently, the principle of pareto optimal has been challenged as not 
modeling a desirable equilibrium in health care, but it nonetheless is 
conceptually useful for thinking about resource allocation.

Over the next 30 years, cost evaluations increasingly entered the 
medical literature. As these studies grew in number, there amassed a 
range of interpretations over meaning of the term cost-effective and a 
multitude of methodologies.4 In 1996, recognizing a need for unifor-
mity, the US Public Health Service established standards for the con-
duct of rigorous cost-effectiveness analyses.5-7 The American Thoracic 
Society (ATS), in turn, established its own guidelines based on these 
recommendations.8

In this chapter, we will cover the principal aspects of cost-effectiveness 
analysis and outline how such studies should be conducted. The over-
all goal of this chapter is to familiarize the reader with cost analysis 
terminology and broadly describe the core methodologies. For a more 
detailed discussion of economic analysis in health care, the reader is 
referred to texts by Gold and Drummond.9,10

ECONOMIC EVALUATIONS IN HEALTH CARE
Health economics can be reduced to two central questions:

1. Is a procedure, service, program, or therapy worth doing when com-
pared to other activities we could perform with the same resources?

2. Should a portion of our limited health care budget be allocated to a
given therapy or program, rather than in some other way?

For example, should inhaled nitric oxide be used in the treatment 
of neonatal respiratory failure? Two randomized clinical trials (RCTs) 

demonstrated benefit for patients with respiratory failure, yet the 
therapy is expensive.11,12 When worth is viewed as opportunity cost, 
it is equivalent to the activities, procedures, or therapies that could 
be performed with the same resources—and that cannot now be per-
formed—in place of the current activity. Given a constrained budget, 
which services would go unfunded if inhaled nitric oxide therapy was 
broadly implemented for neonates with respiratory failure? This second 
question relates to social policy and requires weighing a given therapy 
against therapies for other conditions. In our example, although inhaled 
nitric oxide might be deemed worthwhile in the treatment of neonatal 
respiratory failure, a state Medicaid agency needs to compare its value 
to a hepatitis B vaccination program for newborns, influenza vaccina-
tions for the elderly, and other public health activities. In other words, 
we need to know if inhaled nitric oxide is not only cost-effective in the 
standard management of neonatal respiratory failure, but also whether 
we can afford it as a society.

There are essentially four types of cost studies: cost minimization, cost 
benefit, cost-effectiveness, and cost utility. Though sounding similar, 
each is methodologically distinct and provides different information. 
We will review each study type in turn.

COST-MINIMIZATION ANALYSIS
Cost-minimization studies consider only how much interventions 
cost and are essentially evaluations of comparable medication expen-
ditures. When comparing different products (eg, two sulfonamides), 
each product is assumed to have equal efficacy and to equally affect 
all other aspects of treatment (although this may or may not be true). 
Medication benefits such as shortened length of stay, reduced need for 
other therapies, and improved quality of life after illness are not consid-
ered in cost-minimization analyses. The preferred therapy is simply the 
one that costs the hospital less money per unit of treatment (eg, per day 
of therapy, or per dose).

COST-BENEFIT ANALYSIS
In a cost-benefit analysis, all costs and effects are converted into mon-
etary units. One problematic aspect of this study design is that human 
life, as an outcome, must also be converted into dollars. After this 
valuation, all costs are subtracted from all benefits—yielding a sum-
mary dollar amount. If the final total is negative, the costs outweigh 
the benefits, and vice versa. Although the final output is attractive in its 
simplicity, the manipulations required can be controversial and require 
assigning dollar values to survivors. As a result, this type of analysis has 
largely fallen out of favor in health care cost evaluations.

COST-EFFECTIVENESS ANALYSIS
Cost-effectiveness analysis is the current dominant methodology for 
health care cost and outcome evaluation. One metric from a cost-
effectiveness analysis is the incremental cost-effectiveness ratio—the ratio 
of the net change in costs to the net change in effects associated with two 
different programs or therapies. The denominator represents the gain 
in health (eg, life years gained, number of additional survivors, cases of 
disease averted), while the numerator reflects the marginal cost in dol-
lars. As the units are different for the numerator and denominator, the 
expression will take the form of cost per unit of benefit (eg, dollars per 
life years gained, dollars per additional survivor, dollars per cases of dis-
ease averted). Alternatively, the ratio of cost to outcome can be reported 
for an individual therapy, rather than in comparison to another therapy 
(this is known simply as the cost-effectiveness ratio).

After calculating the incremental cost-effectiveness ratio, there remains 
an entirely separate and subjective decision about whether that therapy 
or program is deemed cost-effective. That determination is based on a 
spending threshold—the amount that society is willing to pay overall 
for a given outcome. For many years, this threshold was held as $50,000, 

FIGURE 6-1.  Vilfredo Pareto (1848-1923).  Source: Wikipedia.

Section01.indd   38 1/22/2015   9:36:53 AM

http://www.myuptodate.com


htt
ps

://k
at.

cr/
us

er/
tah

ir9
9/

CHAPTER 6: Assessing Cost-Effectiveness in the Intensive Care Unit 39

FIGURE 6-2.  Simple decision tree comparing outcome for neonates with respiratory failure treated with inhaled nitric oxide versus standard care. In order to calibrate the tree, we must 
estimate (1) the probability for a given patient to live or die, given whether they received the new therapy or not and (2) the average costs associated with each of the four branches.

Inhaled nitric oxide

Standard
Therapy

Alive

Dead

Alive

Dead

Probability Cost

derived from an argument made in the early 1980s-1990s that (1) renal 
dialysis is cost-effective, (2) renal dialysis costs $50,000 per quality-
adjusted life year saved, and (3) therefore, $50,000 is cost-effective. 
Some challenge this threshold,13,14 but there is general consensus that a 
level somewhere between $50,000 and $100,000 per year of life gained 
is acceptable in the United States today. Therefore, a new therapy with 
an incremental cost-effectiveness ratio of $82,000 per year of life gained 
would be viewed as cost-effective.

To create these ratios, a typical cost-effectiveness analysis requires 
collecting a significant amount of information on costs and effects 
for both standard care and the new intervention, often from varying 
sources. Assimilating this information may be difficult, requiring a deci-
sion analysis model to show key clinical decisions and outcomes. These 
models are represented by trees, where each branch has a probability of 
occurrence and a cost. At its simplest, the tree will contain only branches 
for treatment allocation (eg, inhaled nitric oxide or standard therapy) 
and outcome (eg, alive or dead). To calibrate the tree, we need to know 
the probability of living or dying based on each therapy, and the average 
cost of care for survivors and nonsurvivors in the two treatment arms 
(Fig. 6-2).

We could expand this model to include other elements that affect 
morbidity and cost, such as extracorporeal membrane oxygenation 
(ECMO) use or sequelae other than death. The new therapy, while 
expensive alone, may offset its own expense with a reduced need 
for other supportive care, and may therefore be comparatively more 
cost-effective than standard therapy. This is unlike the cost-benefit 
analysis, where downstream effects are not accounted for. As addi-
tional elements are incorporated in the decision analysis model, addi-
tional branches must be added to the tree. For each branch, we must 
know a patient’s likelihood of entering the arm and the average costs 
(Fig. 6-3). Indeed, this is how inhaled nitric oxide for neonates with 
respiratory failure was shown to be a dominant strategy—through 
substantial reduction in the need for the even more expensive ECMO 
therapy and reduced incidence of patient-centered outcomes such as 
chronic lung disease.15

Cost-effectiveness analysis is endorsed by both the United States 
Public Health Service Panel on Cost-Effectiveness in Health and 
Medicine (PCEHM) and the ATS as the primary method by which 
to measure the costs and effects of health care programs and medical 
therapies.7,8

COST-UTILITY ANALYSIS
A cost-utility analysis is a special case of a cost-effectiveness analysis 
where the effects are converted into common units of utility. Typically, 
this approach involves adjusting the number of years of survival for the 
“quality” of that survival. A person living for 1 year with a quality-of-life 
score of 80% would be “awarded” 0.8 years of quality-adjusted survival. 
The advantage of this approach is that it allows comparison of differ-
ent interventions for different diseases through a common metric (eg, 
inhaled nitric oxide can be directly compared to a hepatitis B vaccina-
tion program for newborns, via quality-adjusted life years).

METHODOLOGICAL CONSIDERATIONS 
IN COST-EFFECTIVENESS ANALYSIS
Early cost-effectiveness analyses were inconsistent in terminology and 
study design. Both PCEHM and ATS guidelines have attempted to 
address these problems by establishing expectations and a standard ana-
lytic approach. The elements of a complete cost-effectiveness analysis are 
outlined in Table 6-1 and discussed individually in more detail below.

PERSPECTIVE
Cost accounting varies depending on the perspective of the analysis. 
For example, consider the consequences of an early discharge from the 
hospital after childbirth. From the hospital’s or managed care organiza-
tion’s perspective, costs may be reduced by a decreased length of stay. 
In contrast, from a societal perspective, the cost savings for the health 
care system may be offset by additional costs incurred by the patient 
and patient’s family (eg, the cost of missed work for the spouse who 
now needs to care for the new mother). Failure to maintain a consistent 
perspective hampers comparison of results across studies and threatens 
the validity of the study itself. Both the PCEHM and ATS recommend 
using the societal perspective for cost-effectiveness studies.

OUTCOMES
Outcome measures are challenging for a variety of reasons. Outcome 
measures frequently come from RCTs, which may not reflect the actual 
practice of clinical medicine. RCTs are usually designed to maximize 
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Patients Care Process
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FIGURE 6-3.  Decision tree comparing outcomes for neonates with respiratory failure treated with inhaled nitric oxide versus standard care that incorporates the potential for transfer from 
an outside hospital, extracorporeal membrane oxygenation, and outcomes with sequelae. In order to calibrate the tree, we must estimate the probabilities and average costs for nine separate 
trees. (Reproduced with permission from Angus DC, Clermont G, Watson RS, Linde-Zwirble WT, Clark RH, Roberts MS. Cost-effectiveness of inhaled nitric oxide in the treatment of neonatal 
respiratory failure in the United States, Pediatrics December 2003;112(6 pt 1):1351-1360.15)

the likelihood of finding an effect, and therefore may represent a rather 
idealized situation (the exception being studies known as pragmatic 
effectiveness trials). Enrollment, timing of therapy, and other aspects of 
care are frequently protocolized and carefully controlled. The treatment 
effect under these rigorous conditions is termed a therapy’s efficacy (or 
maximal effect). In the real world, the treatment effect may be diluted by 
patient selection, changes in dosing and timing, and increased variability 
in other aspects of care. Under real-world conditions, this is termed a 
therapy’s effectiveness.

A cost analysis using efficacy outcomes might be better termed a 
cost-efficacy study, rather than a cost-effectiveness study. Unfortunately, 
there are no clear guidelines on how to obtain unbiased effectiveness 
estimates. One possibility is to add an open-label, open-enrollment arm 
to clinical trials,16 though this presents its own logistic and ethical dif-
ficulties. The more accepted alternative is to expose the cost model to 
estimates of reduced effect in a sensitivity analysis.

Further complicating matters, RCT outcomes may not be directly 
relevant to the cost-effectiveness analysis. The PCEHM and ATS rec-
ommend that quality-adjusted life years be used as the units of effect 
or utility. However, many RCTs in critical care use short-term (28-day 
or in-hospital) mortality and others use indices like “organ failure–free 
days” or length of stay as their primary end points.17 Although short-
term survival likely correlates with long-term survival, the relation-
ship is not explicitly clear. The jump from health indices to long-term 
quality-adjusted survival is even more tenuous and may not be valid at 
all.18 Furthermore, many health care programs are administered, and/
or have effects lasting over a long time, making long-term follow-up of 
patients crucial for comparative valuations. The available evidence indi-
cates that there is considerable mortality and morbidity occurring on 
the scale of years after hospital discharge, supporting the use of longer 
patient follow-up.19-28

COSTS
Earlier we introduced the incremental cost-effectiveness ratio. Remember 
that this is the ratio of net costs between therapies to net effects. In prac-
tice, we only need to consider costs likely to differ between the treatment 
groups. For example, although PCEHM guidelines highlight pain and 
suffering as relevant costs, they can be omitted from calculations if pain 
and suffering are presumed to be equivalent in the two treatment arms. 
The caveat is that we have now made the assumption of no difference in 
pain, which may not be true.

All other costs that are not balanced between treatment arms should 
be included in the accounting. These include lost wages while the patient 
was hospitalized and lost wages after discharge, as examples of oppor-
tunity costs. Examples of costs attributable to an early discharge might 
include the increased costs of outpatient rehabilitation, visiting nurses 
and increased clinic visits.

Cost savings are included in cost accounting; however, the true impact 
of reduced downstream resource use requires careful examination.  
A seemingly intuitive line of reasoning is that if a therapy results in a 
shorter length-of-stay, it will have a significant reduction in the overall cost 
of care. This conclusion rests on assumptions that may not be valid. While 
changes in the length-of-stay should be incorporated into the analysis, the 
actual savings recaptured by reducing the length of an ICU stay are not 
equivalent to the cost of an “average” ICU day. This is because patient costs 
are usually disproportionally concentrated in the first few hours to days of 
admission. By the time the patient is being transferred out of the ICU, there 
is a lower intensity of procedures, monitoring and therapies being per-
formed. Length-of-stay reductions come from this side of the admission, 
the tail, where costs are inherently lower.29 Alternatively, a new therapy may 
result in a reduced length-of-stay, but still have the same overall resource 
use through resource compression into a shorter time span.
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  TABLE 6-1    Methodological Considerations in Cost-Effectiveness Analysis

Methodologic Problems Second ATS Workshop on Outcomes Research

Aspect Individual CEA Comparing CEAs ICU Specific
PCEHM Recommendations 
(Rationale) Position Comment

Perspective Not defined Different Societal (ethical, pragmatic) Agree •	 May be instances when provider perspective is 
useful

Outcomes (effects) Data are inadequate or dif-
ficult to evaluate

Different out-
comes

Long-term follow-up 
is rare

QALYs (pragmatic, conventional) Agree •	 Require better natural history of ICU conditions 
and modeling or longer follow-up; other outcomes 
may be useful depending on perspective

Best-designed, least biased source  
(pragmatic)

Agree •	 Consider modeling reduced efficacy in sensitivity 
analysis

Costs Data are inadequate or dif-
ficult to evaluate

Different costs Only hospital costs are  
usually measured; no  
international standard

Costs to include: health care services; 
patient time; caregiving; nonhealth 
impacts (theoretical)

Agree •	 Standard approach to measuring these costs not 
yet developed; estimating units of resource use 
and multiplying by standard costs probably most 
practical approach currently; detail with which 
resource use is tracked should be tailored to 
nature of intervention and likely effects on costs

Include or exclude other disease 
costs and test in sensitivity analysis 
(theoretical, pragmatic, user needs, and 
accounting)

Include costs of other diseases 
(too hard to disentangle)

Comparators (stan-
dard care)

Choice distorts results — Determining standard 
often difficult

Existing practice (conventional) Agree

If existing practice is suspect, consider  
best-available, viable low cost, or “do  
nothing” (conventional)

Agree •	 Many existing ICU practices may be ineffective or 
cost ineffective; therefore, consider comparison to 
best practice rather than standard practice

Discounting Inadequate representation 
of the effect of time

Different rates Not usually done Discount costs and effects to present 
value (theoretical)

Agree

Use a 3% discount rate (theoretical, 
pragmatic)

Agree

Uncertainty Inadequate representation 
of uncertainty on results

— Not usually done Sensitivity analysis essential; multiway  
sensitivity analysis preferred (user 
needs)

Agree •	 Multiway sensitivity analyses probably essential 
given high likelihood that several key assumptions 
will be necessary to generate reference case from 
critical care trials

Reporting — Not standard Reference case (user needs) Agree •	 But, also present  “data-rich” case

Compare to available ratios (user needs) Agree

Journal and technical report (user 
needs)

Agree •	 Also file (eg, on Internet) intended analysis plan 
prior to unblinding when concurrent with ran-
domized clinical trial

ATS, American Thoracic Society; CEA, cost-effectiveness analysis; ICU, intensive care unit; PCEHM, Panel on Cost-effectiveness in Health and Medicine; QALY, quality-adjusted life years.

Data from Angus DC, Clermont G, Watson RS, Linde-Zwirble WT, Clark RH, Roberts MS. Cost-effectiveness of inhaled nitric oxide in the treatment of neonatal respiratory failure in the United States. Pediatrics December 2003;112(6 pt 1):1351-1360.
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Long-term acute care (LTAC) facilities are playing an increasing 
role in the care of patients after critical illness.30 Many of these facili-
ties accept patients directly from the ICU, even before liberation from 
mechanical ventilation. Transferring patients to LTACs, as an example of 
a process of care, results in a reduced length of stay for the originating 
hospital, and may encourage the assignment of some cost savings as a 
result of that reduced length of stay. While it is possible that this pro-
cess of care is overall less expensive from the perspective of society, this 
determination would need to include all costs of care incurred by the 
patient in the LTAC along with costs of care at the originating hospital. 
Without this accounting step, the cost of patient care is simply shifted 
to the LTAC, rather than inherently reduced. Likewise, introducing an 
intermediate care unit in the hospital may decrease ICU costs, but not 
have the same financial benefit from the standpoint of the hospital.31 The 
importance of perspective cannot be overstated.

COST ESTIMATES AND GUESSES
Not all costs in a cost-effectiveness analysis are measured empirically. 
One reason is that pricing for a treatment may not be established at the 
time of the analysis. In this circumstance, an educated “best guess” is 
made, with consideration of preliminary pricing set by company.

Perhaps surprisingly, estimates of costs may not even have a major 
impact on the analysis. To investigate how sensitive a cost-effectiveness 
ratio is to cost estimates, the completed model is exposed to a sensitivity 
analysis. As long as the estimated costs have little effect on the overall 
conclusions, estimates are acceptable and the finding is considered robust.

COST STREAMS
When the cost of therapy is computed, the duration of the costs attributed 
to the therapy must also be considered. For example, if our new therapy 
allows more people to leave the ICU, but causes a higher incidence of 
renal failure requiring long-term dialysis, this needs to be included in the 
accounting. In producing a survivor, one must also take responsibility for 
the cost of maintaining survival, which means following the cost streams 
for an appropriate length of time. Furthermore, if chronic renal failure 
leads to a lower quality of life, the new therapy will be doubly penalized, 
both for the cost of the dialysis and for the reduced quality-adjusted 
survival. This concept is known as the cost of survivorship.

COST MEASUREMENT
For the costs we choose to measure, we must decide what represents 
true cost. True costs might be assumed to be those generated by formal 
cost-accounting mechanisms. For example, the cost of a complete blood 
count includes the wage rate for and time spent by the employee who 
drew the blood, the cost of the tube, and some tiny amortized fraction 
of the cost of the equipment upon which the test is run. In economics, 
this approach is called microcosting. However, detailed information 
such as this is rarely available as part of a cost-effectiveness analysis. 
Instead, a frequently used approach is to collect hospital charges and 
adjust them by the hospital- or department-specific cost-to-charge 
ratio. Comparisons between department-specific cost-to-charge ratio-
adjusted charges and estimates generated from a formal cost-accounting 
system show good correlation when assessing patients in groups.32 
Agreement is worse when comparing individual patients and when 
using hospital-specific ratios; however, cost-effectiveness analyses rely 
on average grouped estimates, and therefore department-specific esti-
mates are adequate for estimating hospital costs.

DEFINING STANDARD CARE
The comparison group in the analysis, standard therapy, must reflect 
contemporary clinical practice to yield meaningful conclusions. For 
example, percutaneous coronary interventions (PCI) with drug-eluting 

stents have a different cost-effectiveness ratio when compared to no PCI 
as opposed to standard therapy with PCI and bare metal stent delivery. 
Standard therapy should also represent the least expensive strategy 
possible. Recognizing that there is variability in practice between physi-
cians, the ATS guidelines simplified matters by recommending that best 
practice be the comparator of choice for cost-effectiveness studies.

DISCOUNTING
Discounting costs over time is another important element in the 
analysis. When we borrow money, we must pay it back with interest. 
This is because money is worth more now than it will be in the future. 
For example, $10 is more valuable now than $10 delivered at a rate of  
$1 per year for the next 10 years. It follows, to repay $10 over the next 
10 years, we would be required to pay more than $1 per year. Worldwide 
economic growth is occurring at approximately 3% per year, and there-
fore the PCEHM and ATS recommend that all costs be discounted at a 
3% rate per annum.

Equally important, effects should also be discounted. Analogous to 
the borrowed money example, the benefit of one person living 10 addi-
tional years is not equivalent to 10 persons each living one additional 
year. Failure to discount effects incurs the Keeler-Cretin procrastination 
paradox, wherein we would forever favor health care programs that take 
place sometime in the future.33 Effects are therefore discounted at 3%, 
the same rate as costs.

ROBUSTNESS AND SENSITIVITY ANALYSIS
When we perform an RCT, our primary conclusion is a statement of 
effect: Did the new therapy change the outcome of interest? Statistical 
testing for significance tells us which therapy arm is better, but not how 
much better. Consider the case of inhaled nitric oxide among neonates 
with respiratory failure, for which an RCT found a reduced chronic 
lung disease (7% vs 20%; p = 0.02) and reduced use of ECMO (38% 
vs 64%; p = 0.006).11 This does not mean that exactly 26 patients avoid 
ECMO therapy for every 100 neonates treated. Rather, it tells us that 
our best estimate is that 26 patients are spared. If we in turn presume 
a binomial distribution around the rate, we can generate confidence 
intervals for the estimate. The confidence intervals might now tell us 
that the new therapy prevents between 18 and 34 ECMO runs per 100 
neonates treated, but cannot tell us where the true value falls within 
that range.

On the other hand, in cost-effectiveness analysis, it is a primary 
interest to describe the magnitude of effects and costs, yielding a cost-
effectiveness ratio. To do this, we generate a base case and then perform 
a sensitivity analysis. The base case comes from our best point estimates 
of cost and effect. Thereafter, we vary our estimates across their range 
of probabilities to determine the extent to which the cost-effectiveness 
ratio varies. This exercise is known as a sensitivity analysis and can be 
performed with multiple variables simultaneously. If, despite varying 
several or all variables across their stochastic distributions, there is 
minimal change in the final ratio, we have confidence in the robustness 
of our estimate.

The sensitivity analysis can also be used to determine which model 
parameters need to be measured most accurately. For example, the cost-
effectiveness ratio may be particularly sensitive to estimates of ICU costs, 
but relatively insensitive to expected costs of postdischarge resource use. 
In this situation, ICU costs need to be measured carefully, while postdis-
charge resource use can be estimated with less rigor. Alternatively, a sensi-
tivity analysis can be pinned to cost-effectiveness threshold (eg, $50,000) 
and then vary other parameters to show the ceiling of costs under which 
a given therapy would still be considered cost-effective. An example of 
this approach was used in the evaluation of lung-protective ventilation for 
acute lung injury.34 Even at an investment level of $9482 per patient with 
acute lung injury, an intervention that increased adherence to lung-pro-
tective ventilation from 50% to 90% would be considered cost-effective.34
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Figure 6-4 shows the base case cost-effectiveness and reference case 
cost-effectiveness ratio estimates for inhaled nitric oxide generated by 
running 1000 simulations.15 This is a common graphic representation 
of the output from a rigorously conducted cost-effectiveness analysis. 
The x-axis shows incremental effects and the y-axis incremental costs. 
Quadrants to the right of the y-axis represent where treatment with 
inhaled nitric oxide was associated with a net gain in effect. Quadrants 
above the x-axis represent a net increase in cost. The majority of the 
simulation estimates fall within the lower right hand quadrant, indicating 
a net gain in effect with a decrease in cost (less costly, more effective).

REPORTING AND THE PCEHM REFERENCE CASE
The PCEHM and ATS advocate standardized reporting for cost-
effectiveness studies. Studies must generate a reference case, indicate the 
perspective chosen, determine costs and effects, define the study time 

FIGURE 6-4.  Monte Carlo simulation of incremental effectiveness. The plot shows 1000 simulated trials of inhaled nitric oxide therapy in neonatal respiratory failure, varying conditions in 
the estimates for each trial. Inhaled nitric oxide is demonstrated to be a dominant strategy, as it is both cheaper and more effective than standard therapy in the majority of simulations (71.6%). 
The reference case point estimate is $440,000 saved and 2.8 QALYs gained at 1 year for every 100 patients treated. (Reproduced with permission from Angus et al.15)
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horizon, provide measurements of uncertainty, and include sensitivity 
analysis. This standardized approach allows for comparisons of results 
across studies. The reference case allows us to make inferences about the 
cost-effectiveness of inhaled nitric oxide in neonates compared to a ther-
apy for breast cancer. When compiled, these comparisons can be sorted 
by incremental cost-effectiveness in league tables (Fig. 6-5). These tables 
can include interventions against specific disease states (eg, myocardial 
infarction, stroke, lung transplantation)35-40 and interventions designed 
to prevent injury or illness (eg, airbags).41

POLICY IMPLICATIONS
Decision making based on the results of a cost-effectiveness analysis is 
founded on the idea of social utilitarianism. The assumptions are that 
(1) Good is determined by consequences at the community level—
these consequences being the sum of individual utilities (health and 

Intervention More favorable scenario $/QALY Less favorable scenario $/QALY

Statins35 For secondary prevention with
stepped care vs niacin 

1,600 For primary and secondary
prevention vs secondary only 

48,000

Neonatal
intensive care36 

Vs standard neonatal care for
infants 1-1.5 kg 

7,100 Vs standard neonatal care for
infants 0.5-1 kg 

49,000

CABG37 For left main vessel disease vs
medical management of angina 

7,100 For one-vessel disease vs
medical management 

56,000

t-PA for AMI38 For anterior myocardial infarction
vs streptokinase  

18,000 For inferior myocardial
infarction vs streptokinase 

60,000

Drotrecogin
alfa34 

For severe sepsis with APACHE II
≥25 vs standard therapy 

27,000 For all severe sepsis vs
standard therapy 

49,000

Air bags41 For driver side only vs no air bag 28,000 Dual air bags vs driver-side air
bag only 

72,000

Implantable
defibrillators39

ICD-only regimen vs amiodarone
to ICD regimen 

40,000 Amiodarone to ICD regimen vs
amiodarone only 

157,000

Lung
transplantation40 

Vs standard care, assuming 10-
year survival

44,000 Vs standard care, assuming 5-
year survival

204,000

FIGURE 6-5.  League table showing the range of cost-effectiveness ratios for a variety of medical or preventive interventions.
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happiness); (2) All utilities are equal within the metric used to measure 
them; (3) Loss of benefit to some individuals is balanced by benefit to 
others.

As a simple example, consider the decision to fund a childhood 
immunization program rather than a chemotherapy program to treat a 
rare cancer. This decision assumes that spending resources on immuni-
zations will maximize the community’s utility (health) more than money 
spent on treating a rare cancer. Social utilitarianism acts to maximize the 
health and happiness (utility) of the community, and consequently leads 
to maximum efficiency in use of health care resources for community 
benefit. Cost-effectiveness analysis is designed to result in a ranked list 
of community benefits and cost outlays. While cost-effectiveness analy-
ses can inform us about where to spend money to improve utility, they 
cannot say how much should be spent to improve health care overall.

If monies were unlimited, we would focus on treatment options that 
minimized patient morbidity and mortality, and cost-effectiveness 
analysis would be unnecessary. In the real world, however, with a con-
strained budget, we must focus on relative value. The rigorous appli-
cation of cost-effectiveness analysis methodology enables a rational 
basis for comparisons between therapies and programs. To the extent 
that market forces alone will not result in pareto optimal health condi-
tions, health policy will have a role in maintaining social utilitarianism. 
Robust economic evaluations of new therapies, procedures, protocols, 
and interventions are a crucial underpinning of these policies, especially 
in the complex world of critical care medicine.

CONCLUSION
The health care industry has been issued a mandate: Improve the 
return on your investment. Cost-effectiveness analysis provides an 
economic basis for comparing medications, procedures, protocols, 
and interventions. Critical care, with its inherent complexity, frequent 
innovations, and high cost, is well suited for these analyses. While the 
studies cannot tell us what proportion of overall resources should be 
spent on health care or even critical care, they can tell us what should 
be considered within a given budget. Clear and consistent reporting of 
cost-effectiveness analyses is essential as its audience grows to include 
health policy authors, entitlement adjudicators, hospital administra-
tors, ICU directors, and ultimately individual clinicians. Transparency 
and rigor will allow better choices to be made, and in turn, improve the 
public health.
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Interpreting and Applying 
Evidence in Critical Care 
Medicine
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7
C H A P T E R

KEY POINTS

•• 	Effective critical care practice requires a rational approach to 
understanding, interpreting, and integrating clinical research 
studies, outcome measures, measures of association, and statistical 
testing relevant to research in intensive care units.

•• 	Clinical research studies generally fall into one of two categories: 
observational studies or experimental studies, and each study type 
has different strengths and weaknesses.

•• 	The goal of the observation is to evaluate associations between 
exposures and one or more outcomes of interest to investigators. 
The randomized controlled trial (RCT) is an important experi-
mental design used to assess the efficacy of a medical intervention.

•• 	Critical care research frequently relies on surrogate end points that 
allow demonstration of treatment effect with fewer patients over 
less time. Trials using surrogate end points should be interpreted 
with great caution.

•• 	Appropriate interpretation of the results of treatment trials requires 
clear understanding of measures of association, including both 
relative risk and absolute and relative risk reduction (RRR). Making 
an educated decision about the application of a study’s findings 
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to one’s patients also necessitates assessing the number needed to 
treat (NNT) to see a benefit to the population.

•• 	Evaluating clinical research evidence also requires addressing the 
meaning of p values and confidence intervals. These statistical mea-
sures aid the assessment of whether observed differences in outcomes 
between groups reflect true differences or simply chance variation.

•• 	To correctly interpret a variety of diagnostic tests, one must under-
stand how well that test reflects the actual presence or absence 
of disease in any given patient. The sensitivity and specificity of 
a given test reflect how closely the result of that test reflects the 
“truth” about a patient’s disease process.

•• 	Qualitative methods can serve a variety of purposes in critical care 
research and should be reviewed no less critically than quantitative 
methods.

INTRODUCTION
Without a rational approach to interpreting and applying research find-
ings at the bedside, clinicians can be frustrated in their efforts to inte-
grate the results of empirical studies into the care of their patients. Here 
we review important elements of clinical research study design, outcome 
measures, measures of association, and statistical testing relevant to 
research in intensive care units (ICUs). We also discuss the nature and 
role of qualitative research in intensive care medicine and summarize 
strategies to assess the rigor of a qualitative research study.

STUDY DESIGN AND RELATED ISSUES

■■ OBSERVATIONAL STUDIES
Clinical research studies generally fall into one of two categories: 
observational studies or experimental studies. Observational stud-
ies may include case series, case-control studies, prospective cohort 
studies, and cross-sectional studies. Each type of observational study 
has different strengths and weaknesses, but all involve observing the 
results of a subject’s exposure to a factor of interest that was intro-
duced independent of a research protocol. The goal of the observa-
tion is to evaluate associations between exposures and one or more 
outcomes of interest to investigators. Although observational studies 
can help identify associations between exposures and outcomes, they 
generally cannot be used to establish a causal link between the predic-
tor and outcome of interest.1

There are numerous well-known examples in which the results of 
an observational study suggested a causal link that did not withstand 
the scrutiny of further scientific testing. One example is the effect 
of hormone replacement therapy on coronary heart disease.2 Early 
observational studies suggested that hormone replacement therapy 
was significantly protective against coronary heart disease, but 
randomized trials later showed that hormone replacement therapy 
either had no impact on coronary heart disease or increased the risk 
of disease.3,4 A variety of reasons for these differences have been 
suggested, all relating to potentially unidentified confounders in the 
observational study.

When assessing an observational study, one must be aware that 
such studies are subject to a variety of types of confounding and bias. 
Confounding, in which a factor is associated with both a predictor or 
risk factor and the outcome being studied, can have the effect of appear-
ing either to strengthen or weaken the association between the predictor 
and the outcome. One very common type of confounding in observa-
tional studies is confounding by indication. This type of confounding 
occurs because those who receive treatment in an observational study 
are more likely to have worse disease than those who do not receive 

treatment. In this case, a poor outcome may be erroneously associated 
with the treatment rather than the disease that actually caused it.5

Bias in observational studies, which results from systematic errors in 
the design or conduct of a study,6 falls into two major categories: selec-
tion bias and information bias. Selection bias results when individuals 
have differing probabilities of being included in the study sample based 
on a factor that is relevant to the study design. Information bias results 
in systematic misclassification of participants in a study based on a vari-
ety of sources of misinformation including recall bias, interviewer bias, 
observer bias, and respondent bias.6 Both confounding and the influence 
of information bias introduced by loss to follow-up are discussed below 
in our examination of randomized controlled trials.

■■ RANDOMIZED CONTROLLED TRIALS
The randomized controlled trial (RCT) is an important experimental 
design used to assess the efficacy of a medical intervention. In RCTs, 
subjects are randomly assigned to either the treatment or control group. 
The process of randomization minimizes the risk of confounding 
because it increases the likelihood that both known and unknown con-
founders will be equally distributed between the two groups.

Assessing Study Validity:  Several factors should be carefully considered 
by the reader of any RCT before deciding whether the results of the 
trial are valid, including randomization, blinding, loss to follow-up, 
and post-randomization confounding.
Randomization  Critical evaluation of an RCT should include a comparison 
of the control and treatment groups at baseline to ensure that potential 
confounders have been adequately balanced between the two groups by 
the randomization process. This evaluation is especially important for 
small studies in which randomization does not always result in equiva-
lency between groups at baseline.
Blinding  Blinding (or masking) refers to the process by which study par-
ticipants or investigators are prevented from knowing to which study 
group subjects have been assigned. Blinding of both the investigator and 
the research subject (double-blinding) protects against bias that may 
arise from either one being aware of the group to which the research 
participant was randomized. Blinding of the investigator assessing out-
comes is especially important if the outcome being measured is subjec-
tive, as with a self-reported measure of post-ICU quality of life.
Loss to Follow-Up  It is also necessary to carefully assess the adequacy 
of follow-up when evaluating the validity of study findings. Loss to 
follow-up can occur in either differential or nondifferential fashion. 
Non-differential loss to follow-up involves loss of subjects who are not 
different in important respects from those for whom follow-up data are 
obtained. Non-differential losses usually result in a loss of power since 
there will be fewer participants than planned at the final analysis. Such 
underpowered RCTs are problematic because they often produce falsely 
negative findings, resulting in missed opportunities to identify benefi-
cial therapies. Differential loss to follow-up presents a more challenging 
problem. In this case, those who are not followed through to the end of 
the study are in some way systematically different from those who are 
observed throughout entire the study period. Differential losses result in 
both loss of power and potential bias in the findings due to uncontrolled 
confounders. It has been argued that readers can do a rudimentary 
assessment of the potential impact of loss to follow-up by assuming that 
all losses from the treatment group had poor outcomes and all losses 
from the control group had positive outcomes. Recalculating the overall 
outcome using this assumption provides an estimate of the impact of 
those losses.7

Post-Randomization Confounding  Confounding may enter in after the 
randomization process. A recent study of extracorporeal membrane 
oxygenation (ECMO) for management of acute respiratory failure by 
Peek et al randomized subjects with acute respiratory failure to either 
routine critical care management or referral to an ECMO center.8 That 
study documented better outcomes in the patients randomized to referral 
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for management at the ECMO center. By definition, the potential for 
confounding exists when factor A, in this case, care at a tertiary referral 
center, may be associated with improved outcomes, and is also related 
to Factor B, in this case, management using ECMO, but is not a result 
of Factor A. Critics have argued, in fact, that the improved in outcomes 
may have been related to overall improved care at the single referral 
center rather than the ECMO intervention itself.9

THE PROBLEM OF SURROGATE OUTCOMES 
MEASURES IN CRITICAL CARE RESEARCH
Before implementing a new treatment, clinicians would ideally like 
to know what that treatment’s impact will be on important patient-
centered outcomes such as mortality and quality of life. Critical care 
research, however, is often both complex and costly. The time and 
resources needed to carry out studies that are adequately powered 
to detect a mortality difference sometimes make them infeasible. 
Therefore, critical care research not infrequently relies on surrogate 
end points that allow demonstration of treatment effect with fewer 
patients over less time.1

Trials using surrogate end points should be interpreted with great 
caution. Acceptable surrogate end points are those that have been 
validated as a marker for the disease outcome of interest. Few surrogate 
markers meet this criterion. There have been important examples in 
critical care research in which a surrogate end point has suggested that a 
therapy was beneficial when it was in fact harmful.10

Investigations of partial liquid ventilation (PLV) for acute respiratory 
distress syndrome (ARDS) in adults are an example of this problem. 
Early studies of PLV for ARDS demonstrated significant improvements 
in oxygenation,11 and some interpreted these findings to mean that the 
treatment was beneficial for patients. However, subsequent studies failed 
to show any impact on mortality.12,13

Combined end points have been used in some critical care research as 
a means to identify clinically meaningful outcomes with fewer patients.14 
A commonly used combined end point in critical care research is 
ventilator-free days (VFDs), which measures the amount of time a 
patient is alive and not on a mechanical ventilator, usually over 28 days.10 
There are a number of problems with an outcome measure like VFD.15,16 
Although a thorough examination of combined end points is beyond 
the scope of this chapter, it is important to remember that studies have 
demonstrated improvements in mortality even without differences in 
VFD17 and, further, VFD as an end point assumes that the end points 
of mortality and prolonged mechanical ventilation are of equal weight.15

MEASURES OF ASSOCIATION AND 
QUANTIFYING EFFECT SIZE
Appropriate interpretation of the results of treatment trials requires 
clear understanding of measures of association, including both relative 
risk and absolute and relative risk reduction (RRR). Making an educated 
decision about the application of a study’s findings to one’s patients also 
necessitates assessing the number needed to treat to see a benefit to the 
population.

■■ RELATIVE RISK AND RRR
The relative risk (RR), also called the risk ratio, for a given outcome in 
a study is calculated by dividing the risk in the treatment group by the 
risk in the placebo group. The RRR is calculated by subtracting the RR 
from 1, and the absolute risk reduction is simply calculated by subtract-
ing the risk in the control group from the risk in the intervention group. 
Consider the following hypothetical example:

An RCT enrolls 400 patients to receive antibiotics or placebo in an 
effort to decrease the incidence of ventilator-associated pneumonia 
(VAP). A total of 200 patients are assigned to receive antibiotics and 200 
are assigned to receive placebo. Ten patients in the antibiotic group and 
15 in the placebo group get VAP. Therefore

And the RR is

Risk in Intervention Group	 0.050
   Risk in Control Group	

=
	0.075 

=
 
0.67

The RRR is 0.33 or 33% and the absolute risk reduction is 0.025 or 
2.5%. The statistical significance of RR is measured by the 95% confi-
dence interval which, as we will discuss further below, tells us the range 
of values that is most consistent with the true RR.

■■ NUMBER NEEDED TO TREAT
Knowing the relative risk and absolute risk reduction allows the cal-
culation of the number needed to treat (NNT).18 NNT is the number 
of patients that must receive the intervention in order to avoid a single 
occurrence of the outcome being studied. Using our example, the NNT 
would tell us how many patients would need to be treated with antibiot-
ics in order to avoid one episode of VAP. NNT is calculated by dividing 
the absolute risk difference into 1. In this small VAP study, the NNT = 
1/(0.075 − 0.05) = 40.

It is important to remember, however, that the risk ratio from a given 
study can be misleading. In a much larger study that examines a less com-
mon outcome, an equivalent risk ratio can be found even with a much 
different NNT. For example, if there were 20,000 patients in each group, 
rather than 200, and there were 100 cases of VAP in the antibiotic group 
and 150 cases in the placebo group, the risk ratio would be the same.

Group Risk

Antibiotics 10/200 = 0.050

Placebo 15/200 = 0.075

Group Risk

Antibiotics 100/20,000 = 0.0050

Placebo 150/20,000 = 0.0075

And the RR is

Risk in intervention group    0.050
    Risk in control group	

=
 0.075 

= 0.67

The RRR would thus still be 0.33 or 33%, but the absolute risk reduc-
tion would be 0.0025 or .25%. In this study, then, despite an equivalent 
risk ratio, the NNT is 1/(.0075 − .005) = 400 or 10 times higher.

Judging Applicability:  Once the clinician has assessed the validity of a 
study and is satisfied with the meaning of the outcomes in that study, he 
or she must make an assessment of whether the study findings are gen-
eralizable and truly applicable to a given patient. Consideration must be 
given to three different applicability questions. First, the clinician must 
decide if there are biological or pathophysiologic reasons why the study 
may not apply: Is the patient’s disease truly equivalent to the one evalu-
ated in the study? Second, the social context in which the treatment is 
to be provided should be considered: Are there reasons why this patient 
cannot adhere to the intervention or are there reasons why I, as a clini-
cian, cannot monitor this intervention appropriately? Finally, epidemio-
logic factors must be assessed: Is there reason to believe that the patient 
is at different risk than those in the original study for the outcome being 
prevented or for a side effect from the intervention?19

P VALUES, CONFIDENCE INTERVALS, AND POWER
No discussion about evaluating clinical research evidence is complete 
without addressing the meaning of p values and confidence intervals 
(CIs). These statistical measures aid the assessment of whether observed 
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differences in outcomes between groups reflect true differences or sim-
ply chance variation, also known as random error.

At the conceptual level, there are four possible results of any given study:

	 1.	 There is an observed difference in outcomes between two groups, 
which represents a true association between the predictor and the 
outcome.

	 2.	 There is no observed difference in outcomes between two groups, 
which correctly represents a true lack of association between the 
predictor and the outcome.

	 3.	 There is an observed difference in outcomes between two groups when 
there is no true association between the predictor and the outcome.

	 4.	 There is no observed difference in outcomes between two groups, 
when, in fact, there is an association between the predictor and the 
outcome.20

A Type I error is exemplified by number three above, in which the 
investigator has incorrectly concluded that there is a difference between 
two groups when there is no true difference. The p value is a measure 
of the probability that this type of error occurred. Significance testing 
compares study findings with the “null hypothesis,” which states that 
there is no difference between the groups in question. Many incorrectly 
interpret the p value as the probability that there is truly no difference 
between the groups (ie, the null hypothesis is true), given the results of 
the study.21 The p value, however, is correctly interpreted as the prob-
ability of obtaining the given study results or something more extreme 
if there is truly no difference between the groups.21 By convention, a p 
value of less than 0.05 is considered statistically significant.

Some have argued that the tendency to approach the question of sta-
tistical significance in such an “all-or-none” fashion (significant vs not 
significant) misses a great deal of meaning in study findings.22 Another 
common approach to quantifying the possibility of random error is to 
calculate 95% CIs. 95% CIs may be calculated for risk ratios, as discussed 
above, among other measures. For any such measure, a point estimate 
is calculated from the data collected. The 95% CI includes the point 
estimate and is best defined as the range of values consistent with the 
findings observed in the study.21

For risk ratios, if the 95% CI includes 1, there is a reasonable prob-
ability that either (a) there was no difference in risk between the groups, 
or (b) the study was underpowered to detect that risk, since the width 
of the confidence interval is sensitive to the number of outcomes in the 
treatment and placebo groups. Confidence intervals also aid in the inter-
pretation of the precision with which a given outcome is determined. 
That is, the narrower the confidence interval, the more precisely we may 
understand the effect size of a given study. Or, put another way, the wider 
the confidence interval, the less well characterized is the range of values 
consistent with the study findings. Thus, even if the confidence interval 
does not cross 1, a wide confidence interval may reveal that the current 
study does not in fact reveal all that much about true effect size.

A return to our list of possible study interpretations above brings us 
to the idea of power. A Type II error is exemplified by number four, 
failing to identify a difference between two groups when that differ-
ence actually exists. The power of a study is the likelihood of correctly 
finding a difference when one exists (ie, avoiding a Type II error) and 
is defined as 1—the probability of committing a Type II error. A study’s 
power is, in large part, a function of both the sample size and the 
magnitude of the difference between the groups that the investigator 
is attempting to detect. The larger the sample size, the smaller a differ-
ence one will be able to detect, and the larger the difference between 
the groups, the smaller the sample size needed to detect that difference.

UNDERSTANDING DIAGNOSTIC TESTS
Clinicians are faced with two basic questions with each patient coming 
through their doors: (1) What is wrong with this patient? (2) What is the 
best treatment for his/her illness? Answering the first question requires 

skill in the correct interpretation of diagnostic tests. To correctly inter-
pret a variety of diagnostic tests, one must understand how well that test 
reflects the actual presence or absence of disease in any given patient. 
The sensitivity and specificity of a given test reflect how closely the result 
of that test reflects the truth about a patient’s disease process.

The sensitivity of a test is the proportion of people with the disease in 
question that will have a positive test result. A highly sensitive test will 
identify the majority of patients who actually have that disease and will 
yield very few false-negative results. The specificity of a test measures the 
proportion of people without the disease that have a negative test. A highly 
specific test will identify the majority of those who do not have the dis-
ease and will have very few false-positive results. In order to evaluate the 
sensitivity and specificity of a new diagnostic test, it must be tested against 
another highly reliable method of identifying the disease, referred to as the 
“gold standard.” Sensitivity and specificity are best visualized, understood, 
and calculated using a 2 × 2 table, as shown in the example below:

A biotech company markets their “PE-Dx,” a bedside, noninvasive 
diagnostic test for pulmonary embolism (PE), as a scientific  

breakthrough. Your institution studies 2000 patients using PE-Dx.  
Those patients also undergo pulmonary angiogram, the gold standard  

test for PE. A total of 800 patients have a PE diagnosed via angiogram,  
of whom 400 have a positive PE-Dx. Among those with a negative  

angiogram, 300 have a positive PE-Dx.

Using a 2 × 2 table, we see

PE by Angiogram

Positive Negative

PE-DX test result Positive 400 300

Negative 400 900

Total 800 1200

The sensitivity, which is the proportion of those who actually have the 
disease (800) who have a positive test (400), is 400/800 = 0.5 or 50%. 
The specificity, which is the proportion of those who are healthy who 
have a negative test, in this case is 900/1200 = 0.75 or 75%.

From this same information, we can also learn the positive and negative 
predictive value of a test. A test’s positive predictive value (PPV) indicates 
what proportion of those who test positive actually have the disease, and 
the negative predictive value (NPV) indicates what proportion of those 
who test negative who are disease free. The PPV is calculated by dividing 
the number of true positives by the total number of people who tested 
positive, and, conversely, the NPV is determined by dividing the number of 
true negatives by the total number of patients testing negative. It is impor-
tant to note that the predictive value of a test is dependent not only on the 
inherent properties of the test itself but also on the prevalence of the disease 
in the population being tested. In a population in which the disease is rare, 
the predictive value will be much lower than in a population in which the 

Patients With 
Disease

Patients Without 
Disease Total

1% Disease prevalence Test positive 19 40 59

Test negative 1 1940 1941

Total 20 1980 2000

10% Disease prevalence Test positive 190 90 280

Test negative 10 1710 1720

Total 200 1800 2000
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disease is more common. Returning to our previous example, but assum-
ing that the test in question has a sensitivity and specificity of 95%

Given That Positive Predictive Value = #  A Patients With Disease
	  �Total  #  of Patients Testing  

	Positive

If the disease prevalence is 1%, PPV = 19/59 = 0.32 or 32%

But if the disease prevalence is 10%, PPV = 190/280 = 0.67 or 67%

■■ QUALITATIVE DATA AND ITS ROLE IN CRITICAL CARE RESEARCH
The vast majority of critical care research is quantitative in nature. 
That is, it tests well-articulated hypotheses and assesses outcomes that 
may be counted or measured on either an objective or subjective scale. 
Qualitative research, on the other hand, tends to answer the “what,” 
“how,” and “why” questions rather than the questions of “how many” 
or “how much.”23 Qualitative methods can serve a variety of purposes 
in critical care research. They can be used for initial hypothesis gen-
eration or theory development. Another valuable role for qualitative 
research is the investigation of anomalous findings from quantitative 
studies. Qualitative methods include data collected from a broad range 
of sources including direct observation and ethnographic studies24 
semistructured interviews or focus groups,25,26 document analysis, and 
mixed methods.27,28 Qualitative methods have demonstrated usefulness 
in areas of investigation including, among others, end-of-life care,29-32 
transitions of care and follow-up,25,26 and team dynamics.33

Giacomini and colleagues have outlined helpful guidance on the 
interpretation of qualitative research in health care, advocating a system-
atic approach that addresses key aspects of assessing study validity.34,35 
Such an assessment requires evaluation of (1) participant selection,  
(2) choice of data collection method, (3) comprehensiveness of data 
collection, and (4) rigor of data analysis and corroboration of findings.34

A high-quality study will have a clearly defined research question 
and will explicitly state how the participants recruited to the study were 
chosen to answer the stated question. Such a study will also outline in 
its methods specifically why a particular data collection method was 
chosen: Was direct observation chosen as the study method? If so, was 
the presence of the observer likely to have influenced the behavior of the 
participants? Were there multiple methods used in the same study and, 
if so, what did each method contribute? Why was one method chosen 
over another? What evidence is there that the chosen method was the 
appropriate one to gain the desired information?

Credible qualitative methods should demonstrate comprehensiveness 
in both data collection and analysis. Unlike studies on the quantitative 
end of the research spectrum, qualitative data collection and analysis 
often occur in an iterative process. Data are initially collected from a 
predetermined number of participants, and analysis of patterns and con-
cepts generates theory that informs additional data collection. Ideally, 
this process continues until no new themes emerge with additional data 
collection. Thoroughness of data collection is often assessed by whether 
or not the study has reached this point of “theoretical saturation.”

Additional evaluation of the validity of a qualitative study should 
include careful review of the analysis methods. In contrast to quantita-
tive data analysis, qualitative data analysis utilizes inductive reasoning, 
withholding the application of predetermined theories in order to allow 
new ideas or hypotheses to emerge from the data collected. The primary 
goal of qualitative analysis is interpretive—understanding responses and 
behaviors in context of the social environment in which they take place.36

Qualitative methods should be reviewed no less critically than quan-
titative methods. Investigators should report how their data were coded 
and how many persons were involved in the analysis process. Analysis 
should be assessed for interrater reliability, where possible. Investigators 
should describe a process of data “triangulation,” in which multiple 
sources of information are used to corroborate findings. Triangulation 
may occur through investigator triangulation, with multiple investigators 

analyzing the same data, member checking, with draft findings reviewed 
by participants for accuracy, or theory triangulation, in which findings 
are correlated to existing social theory.

As with quantitative studies, questions may arise about the generaliz-
ability of qualitative findings. It is important, however, to recall that the 
purpose and structure of qualitative methods are such that generaliz-
ability is often not the intended goal. The goal of qualitative methods is 
more often to understand the range of behaviors and concepts within a 
specific context. Thus, although qualitative methods may generate many 
hypotheses and theories, much of what is learned using these methods 
must be further assessed on a population level to understand whether 
the findings may be appropriately applied in broader contexts.

SUMMARY
A rational approach to the clinical interpretation and application of 
research findings at the bedside can lead to effective translation of sta-
tistically significant findings to clinically meaningful interventions. It is 
incumbent on all clinicians to develop a system for critical appraisal of 
the literature that is both well reasoned and efficient. Both our intellec-
tual integrity and our patients’ best interests depend on it.
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KEY POINTS

•• 	Development of data integration platforms, Clinical Decision 
Support Systems (CDSS), telemedicine, and mobile computing 
applications are rapidly changing the acute hospital environment.

•• 	The widespread adoption of health information technology (HIT) 
is being actively promoted as a tool to facilitate quality and safety 
of health care.

•• 	High cost, indiscriminate data presentation, information overload, 
and a lack of human factor consideration present significant barri-
ers to wider HIT adoption.

•• 	Although HIT adoption improved some elements of quality and 
safety, there is currently little evidence to prove that HIT adoption 
is associated with improved patient-centered outcomes.

•• 	To get the most from the digitalization of the ICU environment, 
an integrated and multidisciplinary approach is required. Medical 
informatics and human factor engineering provide a core method-
ology and tools for meaningful use of HIT to optimize quality and 
safety of critical care delivery

It has been estimated that ICU patients are exposed to an average of 178 
processes of care every 24 hours.1 Each process is an opportunity for the 
system of health care delivery to fail. The same study estimated that the 
rate of failure, in the form of errors, which caused or had the potential to 
cause harm, was about 1%, or just fewer than 2 per patient per day. This 
may seem a small number of failures but when one considers severity of 
illness of ICU patients, it is not surprising that they are particularly vul-
nerable to those errors. With the declaration of Vienna, the elimination 
of error in the ICU has been determined to be the single most important 
priority of the critical care societies of all major developed and develop-
ing nations including the Society of Critical Care Medicine in the USA 
and European Society of Intensive Care Medicine. The combination of 
health information technology, medical informatics, and an invested 
team of frontline providers has the potential to play an important role in 
the redesign of ICU systems of health care delivery. In this chapter, we 
outline the application of medical informatics in the acute care setting. 
With examples, we illustrate some of the challenges and opportunities 
that exist for acute care settings equipped with a comprehensive elec-
tronic health record.

HEALTH INFORMATION TECHNOLOGY AND  
ELECTRONIC HEALTH RECORD
Health care providers and policy makers already support the use of 
health information technology (HIT) as a tool for providing efficient, 
high-quality patient care. HIT has been defined as “the application of 
information processing involving both computer hardware and software 
that deals with the storage, retrieval, sharing, and use of health care 
information, data, and knowledge for communication and decision 
making.” Electronic health record (EHR) is one application of HIT and 
is perhaps the one most familiar to bedside providers.

Widespread adoption of interoperable HIT has become a top priority 
for health care systems in both developed and developing nations. In the 

USA, implementation of HIT is supported by the HITECH provisions of 
the American Recovery and Re-investment act of 2009.2 Central to the 
release of funding, the concept of “meaningful use” has been adopted as 
a mechanism to ensure government funding is directed toward technol-
ogy that enhances the quality of care delivered to patients. The defini-
tion of meaningful use of EHR has only recently been agreed upon by 
the Center for Medicare and Medicaid Services and is expected to shape 
the core functionality of HIT in the USA for the foreseeable future.

The adoption of HIT has been advocated on the basis that an overall 
increase in the quality of care delivery will follow. The major areas of 
positive impact are reported to include increased adherence to protocol-
based care,3 reduction in medication errors, and lower cost.4,5

Despite the potential benefits, the complexity of the effect that 
widespread adoption of EHR will have on processes of care is largely 
unknown. Significant knowledge gaps currently exist and are underlined 
by a number of studies that report a negative impact of HIT on patient-
centered care. These negative effects include disruptions to established 
workflow, increased time spent in documentation and away from patient 
care, and information overload. The care of patients in the ICU gener-
ates vast quantities of data. A significant advantage of a HIT-enabled 
ICU is that these data are available in a digital form. Digital signatures 
of patient characteristics, disease state, physician and nursing actions, 
as well as operational data such as time stamps or entity location offer 
an unprecedented opportunity to capture data, which facilitates system 
understanding as well as the development of applications which nudge 
it toward an optimized state.

ICU patients, however, by virtue of their severity of illness and the 
large number of processes of care, team members, and technology, may 
be particularly vulnerable to the potentially disruptive effects of HIT 
adoption. For example, the implementation of a commercially available 
computerized physician order entry (CPOE) system in a pediatric ICU 
was associated with a doubling of adjusted mortality.6 In many cases, 
technology buries useful information in noise. The hopelessly inadequate 
performance of bedside alarms manifest as unnecessary interruptions to 
workflow, frequent manual override without action, and provider fatigue.

In order to realize the “meaningful use” of EHR, it is essential that 
hospital managers, clinicians, systems engineers, cognitive scientists, 
and information technology and informatics experts work together to 
understand how health care providers can best be enabled to provide 
safe care and improve patient-centered outcomes. In other industries, 
this multidisciplinary approach has been adopted very successfully and 
has led to increased reliability, system optimization, and innovation. 
In a similar manner to a state-of-the art navigational aid, future HIT 
applications should guide the ICU patient safely from one health state 
to the next.

BIG PICTURE: WHAT IS MEDICAL INFORMATICS?
Informatics and computers in medicine mean different things to dif-
ferent people depending on their roles and responsibilities. For policy 
makers, they may facilitate access to benchmark public health data. For 
hospital administrators, they may provide resource utilization oversight 
and reportable indicators of quality. For the hospital or community 
practitioner, they may be used for documentation, patient scheduling, 
prescribing, and billing. For the patient, they may offer access and the 
ability to share their own medical data. For researchers, they may pro-
vide access to raw data and the tools to analyze it.

Medical informatics is defined by American Medical Informatics 
Association as, the application of “the principles of computer and infor-
mation science to the advancement of life sciences research, health pro-
fessions education, public health, and patient care” and is described as 
a “multidisciplinary and integrative field focused on health information 
and communication technologies, and involves computer, cognitive, 
and social sciences.” The growing importance of this field of practice is 
such that there are ongoing efforts to establish clinical informatics as a 
formally recognized medical subspecialty.7
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In general, medical informatics has two overall goals8:

	 1.	 Provide solutions for problems related to data, information, and 
knowledge processing in medicine and health care.

	 2.	 Study the general principles of processing data, information, and 
knowledge in medicine and health care.

Medical informatics coordinates the activity of many different disci-
plines and areas of expertise (Fig. 8-1).

Top-level medical informatics domains include

•• Public health informatics: Use informatics on the population level 
(eg, disease surveillance systems)

•• Bioinformatics: Processing of molecular and cellular data, such as 
gene sequences

•• Clinical informatics: Practice of informatics as it relates to patients 
and clinicians, including nursing and dentistry

•• Imaging informatics: Computer applications and information tech-
nology in the medical imaging field

BRIEF HISTORY AND CURRENT STATE OF  
COMPUTER USE IN THE ICU
Using technologies in critical care is not a new concept. A recent review 
article covers the history of technology implementations in ICU.9 
Computer use in the ICU was first reported in 1964 when physicians 
and engineers began to adapt heart-lung bypass monitors for ECG and 
blood pressure recording.10 At the same time, the care of critically ill 
patients was becoming more complex and the development of intensive 
care as a medical subspecialty began. Even in the early stages of critical 
care development it was recognized that a large quantity of information 
was being recorded and processed by bedside practitioners. Studies done 
during this period demonstrated that nurses spent up to 40% of their 
time on communication and clerical tasks. Continued medical progress 
through the intervening decades has led to an exponential growth in 
available information and expected standards of documentation of 
processes of care.

With the introduction of microprocessors and personal computers 
at the end of 1970s health care organizations started using computer 
applications for administrative and financial tasks.

The first commercial clinical information systems (CIS) in the ICU 
were developed by monitors’ manufactures to extend functionality, 
but later the EHR itself became the most important part of CIS. CIS 

was introduced into ICU practice in the hope that it would increase 
the accuracy and availability of patient data, reduce the time clinicians 
spend on documentation while increasing the time available for direct 
patient care, and facilitate the development of displays, which presented 
a clearer clinical picture than that represented by the raw data. The suc-
cess of CIS in these areas is variable. A systematic review (12 articles) of 
critical care CIS showed that 25% of the studies found an increase, 33% 
reported a decrease and 42% found no difference in the time providers 
spent charting.11 Some of the most commonly cited concerns voiced by 
providers when asked about barriers to CIS implementation include 
disruption of established workflow, increased complexity, and reduced 
patient contact.12,13

The early innovators in the clinical informatics field worked in 
academic settings. Nowadays due to the high cost and complexity of 
systems development, this activity has shifted to commercial companies. 
Unfortunately, this trend can lead to a disconnect between the developer 
and the end user with the promotion and implementation of applica-
tions which fail to meet clinician’s needs.

■■ IMPACT OF EHR
The objectives of ICU information management today are

•• Automatic capture of information from monitors and devices and 
transfer for display and storage within CIS. Bedside monitors were 
the first devices connected to ICU EHR. Later other devices such 
as ventilators and infusion pumps become connected as well. The 
automatic data collection reduces data error compared to manual 
charting

•• Communication with other hospital systems with links to radiology 
and laboratory systems

•• Automatic calculation of raw data into meaningful information

While EHR has the potential to advance the quality of care in the ICU, 
studies have shown mixed results. Table 8-1 summarizes some of the 
studies of EHR impact on ICU quality of care.

■■ FUNCTIONAL AND ABSTRACT MODEL OF ICU EMR
An ICU EMR (terminology is interchangeable with EHR—see glossary) 
has additional components compared to outpatient and inpatient EHRs. 
The most notable difference is that the charting module captures high-
resolution data from medical devices. ICU charting modules are a vital 
component of the modern ICU EMR (Fig. 8-2).
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FIGURE 8-1.  Schematic relationship between clinical informatics and other disciplines. Medical informatics encompassed many different areas of research and application. Currently four 
major areas of activity have been identified: public health, bioinformatics, clinical informatics, and imaging informatics.
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FIGURE 8-2.  Functional and abstract model of ICU EMR. Central place taken by systems used in ICU. At the side, there are other clinical and administrative systems used to support practice in ICU.

  TABLE 8-1    Studies of EHR Impact on ICU Quality of Care and Their Findings

Study Finding

A 4-year cross-sectional study of 18 quality measures. No association between the duration of EMR use and performance with respect to qual-
ity of care.33

Study of 3364 hospitals comparing quality of care measures for hospitals with or without fully 
implemented CPOE systems.

Significant positive association in 5 of 11 quality measures related to ordering medica-
tions and in 1 of 9 nonmedication-related quality measures.34

Automated data capture from ICU devices. Reduces nursing workload.35

Shown to increase time spent in direct patient care.36

Better automation and usability ICU. Increased use of HIT was associated with fewer catheter-related infections.37

To assess the effect of CIS on quality of nutritional support in the ICU. The use of postpyloric feeding tubes and energy (food) delivery increased with CIS, 
resulting in significantly less patient weight loss.38

To study the impact of the use of a reporting tool derived from an ICU-computerized flow sheet 
on compliance with JCAHO core measures performance.

Improvements in DVT prophylaxis, GI bleeding prophylaxis, and glucose control in the ICU.39

To compare the impact on patient care of general CPOE system versus a modified system  
designed specifically for ICU use.

The number of orders written per patient for vasoactive drips, sedative infusions, and 
ventilation management decreased significantly with the modified CPOE system, how-
ever, no impact on ICU length of stay.40

Effect of CPOE on prevention of serious medication errors. The rate of serious medication errors decreased by 55% after CPOE implementation.14

Impact individual electronic medical record surveillance on the risk of ventilator-induced lung injury. The exposure to potentially injurious ventilation decreased after the system implementation.21

Prospective trial compared a paper-based ICU versus a computerized. The ICU computerization resulted in a significant decrease in the occurrence and sever-
ity of medication errors in the ICU.41

Study of the impact of implementation of commercially available CPOE on standardized mortal-
ity in a pediatric ICU.

CPOE introduction was associated with a doubling of mortality.6
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■■ COMPUTERIZED PHYSICIAN ORDER ENTRY
Computerized physician order entry (CPOE) can be used to order 
medications, laboratory tests, radiologic investigations, and consultation 
services. In many instances, CPOE has been demonstrated to decrease 
the time taken to complete an order, decrease associated complications 
(handwriting identification and medication errors), and improve billing 
management. One of the major reported effects of CPOE is a 55% 
decrease in serious medication errors.14 In the ICU, the rate of preventable 
medication errors is almost twice that found in other hospital settings.15 
Earlier study in 1993 found that CPOE implementation lowered costs per 
admission by $887 and length of stay decreased by 0.89 days.16 Advanced 
CPOE systems can also utilize elements of CDSS.

More widespread use of CPOE has, however, uncovered some new errors 
and underlines the importance of post adoption safety surveillance and 
adverse event reporting, a provision that is currently being debated as part 
of the ongoing discussion about meaningful use. The problem with CPOE 
deployments can be overcome by systematically developing and applying 
human-centered design, implementation, and evaluation methods led by 
practitioners experienced in medical informatics.17 In addition to concerns 
about increased complexity and the potential negative impact on patient-
centered outcomes, implementation of CPOE can be slow, resource inten-
sive, and costly. Indeed the cost of implementation has emerged as a critical 
barrier to providers working in smaller group practices.

■■ CLINICAL DECISION SUPPORT SYSTEM
The US Office of the National Coordinator for Health Information 
Technology (ONC) defines Clinical Decision Support System (CDSS) 
as providing “clinicians, staff, patients, or other individuals with knowl-
edge and person-specific information, intelligently filtered or presented 
at appropriate times, to enhance health and health care. CDSS encom-
passes a variety of tools to enhance decision making in the clinical 
workflow. These tools include computerized alerts and reminders to 
care providers and patients, clinical guidelines, condition-specific order  
sets, focused patient data reports and summaries, documentation 
templates, diagnostic support, and contextually relevant reference infor-
mation, among other tools.”

Computer technologies should facilitate and enhance the clinician’s 
ability to make decisions for the benefit of the patient. A classical 
example of a successful CDSS is the Health Evaluation Through Logical 
Processing (HELP) system.18

CDSS can support clinical decision making in a number of ways.

•• Alert: Notification about an event or inaction. Examples include 
drug-drug interactions, allergy, dosing errors, or blood transfusion 
ordering.19 There are two modes of interaction: passive guidance 
when notification is delivered in a way that does not interrupt work-
flow, and active alerting, which forces clinicians to take action and 
potentially interrupt workflow.

•• Critique the decision and propose alternatives: Computer 
system analyze the decision and suggest alternative solutions if 
needed. Guidance for blood transfusion is an example of such a 
system.20

•• Expert systems: Developed in medicine for over 40 years. In general, 
expert systems can be classified into two categories: diagnostic or 
therapeutic. Most use Bayesian probability to generate a recommen-
dation but systems have been developed which utilize fuzzy logic, 
neural networks, pattern matching, and machine learning.

•• Retrospective quality assurance: This is a post hoc analysis of prior 
decisions and suggestions for better future solutions.

•• Reference links to online guidelines and training materials 
(Infobuttons): During the examination of the patient’s EMR, a clini-
cian has access to content dependent references for data interpreta-
tion and potential therapeutic options. Examples of such Infobutons 
includes: UpToDate, Isabel, Epocrates, Micromedex, and InfoButton 
Access from Thomson Reuters.

•• Closed-loop control: Based on expert systems, this type of CDDS 
includes a computer linked directly to a technical device, with 
the capability to adjust that device without human intervention. 
Mechanical ventilators and automated target control drug deliv-
ery are examples of closed-loop control devices that are equipped 
with the capability to automatically adjust one parameter based on 
another.

■■ BEDSIDE MONITORING
Bedside monitors are an essential part of the ICU electronic environment 
and generate a large quantity of data. Bedside monitoring is a specific 
part of device technology that is a subset of biomedical technology.

The development of bedside monitors correlates with advances in 
hardware and software technology. Gradual incorporation of microcom-
puters and sophisticated algorithms has increased the ability of monitors 
to calculate and display meaningful clinical parameters. Modern moni-
tors can communicate with EHR and archive data. The rate of change 
of patient monitors is now limited by the rate of advance in sensor 
technology. The future generation of medical sensors should be wire-
less, portable, durable, noninvasive, and especially for military medicine 
cheap and disposable.

The rationale for current use of physiological monitoring in the ICU 
is to facilitate the detection (and prediction) of physiological instabil-
ity. Reliance on physiologic data alone to trigger alerts about complex 
disease states such as sepsis has led to poor specificity. Monitoring 
data needs to be integrated with other patient-related information. 
For example, arterial blood pressure should be evaluated together with 
information about vasoactive drugs administration. Modern ICUs have 
multiple monitoring devices that display and archive data through 
charting programs linked to the EHR. This capability facilitates the 
development of algorithms that combine information contained within 
the EHR (ventilator settings, laboratory values, or imaging reports) with 
vital signs data (heart rate, respiratory rate, temperature, pulse oximetry) 
from a bedside monitor and form the basis of smart alerts.21

■■ TELEMEDICINE
The ICU manpower shortage and lack of on-site expertise has created 
a demand for remote consultations and monitoring. Surprisingly, back 
in 1997, only 27% of ICU patients were treated by intensivists.22 One of 
the emerging technologies that may help deal with this problem is tele-
medicine (Fig. 8-3). The American Telemedicine Association defines 
telemedicine as “the use of medical information, exchanged from one 
site to another via electronic communications, to improve patients’ 
health status”. The first reported use of telemedicine (intermittent con-
sultative advice) was published in 1982.23 Until recently, technological 
issues represented the major barrier to widespread implementation of 
telemanagement in the ICU. While these technological barriers have 
been overcome and several companies offer commercial packages for 
ICU telemedicine, the evidence supporting their ability to add value to 
the care of ICU patients is conflicting. In addition, the start-up costs, 
estimated at up to $50,000 per ICU bed, and ongoing staffing expenses 
have emerged as the key barriers to more widespread adoption.

■■ MOBILE COMPUTING
The development of mobile networks and hardware opens up exciting 
possibilities for the future of the EMR. Wi-Fi networks and high-speed 
cellular networks (3G and 4G) allow access to data from remote loca-
tions. The most recent generation of handheld devices offer very high 
screen resolution comparable with desktop monitors, intuitive gesture-
based interactions, and integration with desktop applications. Tablet 
computers are becoming lightweight (~2 lb) with unprecedented battery 
life (~10 hours) and no boot time compared to laptops. These features 
have made them popular with health care providers. According to 
Manhattan Research, “Physicians in 2012: The Outlook for on Demand, 
Mobile, and Social Digital Media,” the number of physicians who own 
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FIGURE 8-3.  Functional scheme of tele-ICU.

smartphones will increase from 64 percent in 2009 to 81 percent by 
2012. Such high rates of acceptance may drive demand for health care 
applications that run on those devices and integrate with established 
CIS resources. Some concerns persist about radiofrequency interference 
in the critical care environment. A recent study found that there are 
no problems if mobile devices are located more than1 m from medical 
electronic equipment.24 Already a number of handheld computers can be 
used to interface with patient EMR (Fig. 8-4); however, access to medi-
cal reference information is currently the most common use of handheld 
devices for medical practitioners.25

“MEANINGFUL USE” OF HIT IN THE ICU

■■ STANDARDS FOR INTEROPERABILITY
One of the key advantages of the digitalization of the medical record is 
that it should allow the free exchange of information between practitio-
ners and patients. In order to make information exchange a reality, the 

FIGURE 8-4.  Mobile application for synthesis of the EHR viewer at the Mayo Clinic.

need for health care standards is no different than those of other indus-
tries. In the context of health care, interoperability refers to the ability 
of different EHR to communicate and share patient data in a secure and 
reliable fashion. Standards usually need to be adopted when excessive 
diversity creates inefficiencies or impedes effectiveness. Historically, 
health care businesses in the United States are independent from each 
other. The first phase of implemented HIT products was based on ven-
dors’ standards, with each standard vying for primacy in an emerging 
market.

Integrating the Healthcare Enterprise (IHE) is a joint initiative by 
health care professionals and industry that promotes the coordinated 
use of established standards such as DICOM and HL7 for transmis-
sion of data within the EHR. In 1996, president Bill Clinton signed into 
law the Health Insurance Portability and Accountability Act (HIPAA). 
HIPPA was designed to make insurance more affordable and accessible. 
An important part of this law was designed to simplify administrative 
processes and protect the confidentiality of personal health informa-
tion. HIPPA includes four standards or rules: (1) Privacy, (2) Security, 
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(3) Identifiers, and (4) Transactions and Code Sets (HIPAA TCS rule). 
The HIPAA TCS Rule took effect in October 2003 and includes eight 
ANSI X12N standards (http://www.x12.org/). The Secretary of the 
Department of Health and Human Services (DHHS) operates the stan-
dards maintenance organizations (DMSO) and takes responsibilities for 
the development, maintenance, and modification of relevant electronic 
data interchange standards (Table 8-2).

During past decades, a number of controlled terminologies have been 
developed including

•• Digital imaging and communications in medicine (DICOM) 
(http://medical.nema.org/): A standard developed for handling, 
storing, printing, and transmitting information of medical imaging 
by the joint committee of the American College of Radiology and the 
National Electrical Manufacturers Association. DICOM is vendor 
independent. Current version is DICOM 3.0. Version 3 of DICOM 
defines image data as well as patient, study, and visit information 
necessary to provide the context for the images.

•• Systematized nomenclature of medicine—clinical terms 
(SNOMED  CT): Comprehensive multilingual clinical terminology. 
In 2010, National Institute of Standards and Technology (NIST) pub-
lished a set of approved procedures for testing information technology 
systems that work with EHRs. This document is step forward to stan-
dardization of EMR.

■■ SECONDARY DATA USE FOR PRACTICE MONITORING AND RESEARCH
Clinical data obtained during routine medical care within EHR have 
the potential to provide researchers with unprecedented access to data 
in a usable form. To fully exploit this availability, the addition of infor-
matics expertise to quality improvement research teams is increasingly 
important. Databases created for specific scientific projects should 
not be confused with databases of EHR data. A significant portion 
of the cost savings associated with EHR adoption will come from 
research that leads to earlier diagnosis, identification of the most effec-
tive treatments, and optimization of processes of care delivery. These 
research targets will deliver improved patient-centered outcomes, 
reduce waste, and improve system safety. The integration and analysis 
of data extracted from thousands of patient records, combined with 
environmental, molecular, and genomics information may facilitate the 
emergence of new knowledge. A modern informatics infrastructure 

  TABLE 8-2    The Standards for Coding and Responsible Maintenance Organizations

Standard Functionality Maintainer URL

International Classification of Diseases, 9th 
Edition, Clinical Modification (ICD-9-CM)

ICD-9 published by World Health Organization in 1977 and  
currently in public domain. ICD-9-CM, clinical modification  
currently in use in the United States and extended with  
additional morbidity details and procedures codes

The National Center for Health Statistics 
(NCHS) of Centers for Disease Control (CDC)

http://www.cdc.gov/nchs

National Drug Codes (NDC) Product identifiers for human drugs. The current edition of 
the National Drug Code Directory is limited to prescription 
drugs and a few selected over-the-counter products

National Council for Prescription Drug 
Programs (NCPDP)

http://www.ncpdp.org

Healthcare Common Procedure Coding  
System (HCPCS)

Code set for reporting supplies, orthotic and prosthetic 
devices, and durable medical equipment

Center for Medicare and Medicaid Service 
(CMS)

http://www.cms.gov

Current Procedural Terminology, Fourth  
Edition (CPT-4)

Medical nomenclature used to report medical procedures 
and services under public and private health insurance 
programs

American Medical Association (AMA), National 
Uniform Billing Committee (NUBC), and 
National Uniform Claim Committee (NUCC)

http://www.ama-assn.org

Code on Dental Procedures and Nomenclature  
(CDT)

Used to record and report dental procedures and treatment Dental Content Committee of the American 
Dental Association (ADA DCC)

http://www.ada.org

Health Level Seven (HL7), Clinical Document 
Architecture (CDA), Continuity of Care  
Document (CCD)

Submission of lab results and patient summaries to public 
health agencies for surveillance or reporting (excluding 
adverse events reporting); submitting information to 
immunization registries

HL7 International http://www.hl7.org

is necessary for the development of Analytic Healthcare Repositories 
(AHR), which can be used for multiple projects not only in a research 
but also in a clinical setting. The functional outline of such a system is 
represented in Figure 8-5.

In ICU, there are a number of examples of successful development of 
those infrastructures to support major strategic objectives.26,27

•• Practice monitoring, reporting and feedback
•• Intelligent alert systems
•• Education, research
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FIGURE 8-5.  Analytic Healthcare Repository. (Reproduced with permission from Anna 
Bogdanova, Dan Housman, Aaron Abend. The Clinical Data Pipeline. White paper from 
Recombinant Data Corp.)
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■■ FACTORS AFFECTING HIT ADOPTION
A recent survey of US hospitals showed that hospitals that had adopted 
either basic or comprehensive electronic records have risen modestly, 
from 8.7% in 2008 to 11.9% in 2009 and increasing at about 3% to 6% 
per year.28 Health care is still behind other industries in the adoption 
of information technology. Implementation of HIT faces a number of 
barriers, including institutional, cognitive, liability, knowledge, and 
attitudinal.29 Before adoption of HIT, health care organizations should 
consider the following:

•• Early adopter experience: The experience of early adopters of HIT 
has an influence on followers.

•• Legacy systems: Unique disparate systems cannot be replaced with 
new systems on an ad hoc basis. Many institutions are stuck with old 
systems that cannot integrate with new EHR.

•• Inadequate standards: Lack of interconnectivity and interoperability 
between different vendors can represent a key barrier to adoption 
across a health care practice.

•• Lack of capital and access to technology: HIT requires a large initial 
investment in technology and human resources. That cost is often 
underestimated at the planning phase.

•• Operating costs: Ongoing maintenance and operation costs of HIT 
are significant.

•• Risk-reward perception: Implementation of EHR may introduce 
a period of lower productivity during learning and adoption of a  
new system.

■■ NEXT GENERATION OF ICU EHR
Today clinicians are faced with information overload. Raw data are 
indiscriminately presented from multiple sources with minimum or no 
integration. The care of critically ill patients generates a median of 1348 
individual data points/day and this quantity has increased 26% over  
5 years.30 Important data elements are distributed across many different 
computer platforms and applications. This makes diagnostic pattern 
recognition difficult for clinicians and in the context of the critical care 
environment can lead to delays in diagnosis and delivery of care.

A future generation of EHR needs to exploit the advantages offered 
by the digitalization of the ICU environment. Key functionalities will 
include

•• Detection of the clinical context in which they are operating
•• Reduce information overload by configuring the user interface to 

preferentially display subsets of task specific data to bedside provid-
ers at the point of care

•• Provide decision support
•• Provide systems surveillance of health care delivery and real time 

feedback on performance with reference to established standards  
of care

•• Be seamlessly integrated into the environment and workflow in a 
manner that exploits our understanding of distributed cognitive 
function and “choice architecture”31 to optimize patient-centered 
outcomes

•• Secondary data use in the development of sophisticated models of 
critical illness syndromes, which will form the basis of comparative 
effectiveness research and in silico clinical trials

•• Support cost-effective administrative decision making through the 
automated measurements and analysis of processes of care essential 
to quality improvement initiatives

•• Support the identification and recognition of patients with poten-
tial or established critical illness outside critical care areas32 for the 
purpose of timely intervention and enrollment in clinical research 
trials

GLOSSARY OF TERMS
Clinical Decision Support Systems (CDSS) or Decision Support System 
(DSS) or Clinical Decision Support (CDS)  Computer-based application 
provides reminders and best-practice guidance in the context of data spe-
cific to the patient that helps physicians make clinical decisions.
Computerized physician order entry (CPOE)  Computer system that 
allows direct entry of medical orders to EMR.
Critical Care Information System (CCIS)  Electronic medical record 
implementing specific requirements for care ICU patients.
Data warehouse or Central Data Repository (CDR)  Collection of data 
gathered from one or more data repositories to create a central database. 
Data warehousing also includes the architecture and tools needed to col-
lect, query, analyze, and present information.
Electronic medical record (EMR) or electronic health record (EHR) or 
computer-based patient record (CPR)  Variations of terms for all electronic 
patient care systems containing current and historical patient information.
Electronic patient record (EPR)  Similar to the EMR, but focuses on 
information gathered by specific provider.
Health information technology (HIT)  The application of information 
processing involving both computer hardware and software that deals 
with the storage, retrieval, sharing, and use of health care information, 
data, and knowledge for communication and decision making.
Hospital Information System (HIS) or Clinical Information System 
(CIS)  Comprehensive, integrated computerized information system 
designed to manage clinical, administrative, and financial aspects of a hospital.
Infobutton  Context-specific link from EMR to other resources that 
provides information that might be relevant to the initial context.
Patient health record (PHR)  Managed and controlled by the patient 
and is mostly Web-based.
Picture Archiving and Communication Systems (PACS)  Clinical 
computer system for storage, rapid retrieval, and access to images 
acquired with multiple modalities.
Often terms HIT, clinical information technologies (CIT), and EMR  
systems are used interchangeably.

HELPFUL RESOURCES

•• Certified HIT Product List (CHPL) provides a comprehensive list-
ing of complete EHRs and EHR modules that have been tested and 
certified under the Temporary Certification Program maintained by 
the Office of the National Coordinator for Health IT (ONC) (http://
onc-chpl.force.com/ehrcert).

•• The Office of the National Coordinator for Health Information 
Technology (ONC)—http://healthit.hhs.gov.

•• A resource of information that contains literature about the benefits 
of HIT is the Searchable Health Information Technology Costs & 
Benefits Database from AHRQ (http://healthit.ahrq.gov/tools/rand).
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SETTING THE STAGE

You work in a small city that has several nearby colleges. Many students and 
faculty come from around the globe, including Southeast Asia where yet another 
flu strain seems to be developing. Early reports indicate the severity of the illness 
and affected population to be potentially greater than that of nH1N1 in 2009.

KEY POINTS

•• 	Critical care providers must be aware of challenges for the ICU,  
hospital, and community in disaster preparation and response. Failure 
to fully understand and appreciate the applicable concepts of disaster  
medicine will impede the provision of optimal critical patient care in  
a disaster.

•• 	Hazard Vulnerability Analysis is a tool to aid in hospital and ICU 
emergency planning in terms of likelihood and risk to demand 
ratios for hospital services. Given these likely events, hospitals and 
ICUs must then develop and test Emergency Operations Plans.

•• 	Preparing and exercising plans challenge hospitals and ICUs that 
already suffer from fiscal and time constraints for high risk, but 
low probability events. However, a variety of funding sources, 
exercise development resources, and modeling applications exist 
to aid in medical surge planning relevant to critical care.

•• 	Incidents such as intentional explosions and disease outbreaks will 
likely have a direct, though vastly different, impact upon demand 
for hospital-based critical care resources. Acute traumatic events 
tend to surge demand for surgical services with short ICU stays, 
whereas pandemic flu, for instance, will more likely isolate its 
effects in the ICU for a prolonged period of time.

•• 	The “stuff,” “staff,” and “space” paradigm provides three key meth-
ods to surge critical care resources during a disaster response. 
Streamlining and simplifying inventory to meet common critical 
care issues such as respiratory failure and shock, cross-training 
staff who have critical care providers overseeing a tiered team, and 
finally expanding the ICU into other areas of convenience inside a 
hospital, together provides an effective response strategy.

•• 	Understanding the process of hospital and community emergency 
planning lends to greater scarce critical care resource management 
in actual catastrophe. An ICU does not, nor can it, manage a surge 
of patients in isolation.

At 10 am on August 27, a handful of patients are referred from the college’s 
Health Clinic to your hospital’s emergency department (ED), with fever, 
cough, sore throat, and muscle aches months before the normal start of the 
influenza season. A few are presenting with exacerbations of their asthma.

By evening the ED is overflowing with patients presenting with typical flu-
like symptoms. A handful of patients in acute respiratory distress are arriving 
by ambulance. The EMT says that this is the sixth case and third hospital to 
which he has transported such a patient today.

The pattern recurs and worsens the following day. Half of the ED patients 
are experiencing what appears to be primary viral pneumonia and those 
admitted the previous day are developing multiorgan failure. Many are 
transferred to the intensive care unit (ICU) and require mechanical ventila-
tion. Meanwhile, patients have overflowed from the ED into the hallways as 
they await diagnosis, treatment, and final disposition.

Three days into this event, all of the nearby hospitals are reporting an 
influx of patients with similar symptoms. Their EDs are overcrowded, every 
inpatient bed is filled, and the night shift—already sparse—is short staffed 
because some health care workers (HCWs) are afraid to come to work due to 
the mysterious infectious outbreak being reported on the television news.

INTRODUCTION AND BACKGROUND
Critical care providers must be prepared to handle mass casualties 
resulting from all types of natural and man-made disasters. Hurricanes, 
floods, other weather-related incidents, wildfires, and earthquakes 
occur both seasonally and sporadically in various parts of the world. 
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Hazardous material spills, power outages, or transportation accidents 
can occur as well, or in concert with naturally occurring events, as took 
place in the 2011 Japan earthquake. Man-made events can also occur as 
a result of terrorists’ attacks, such as occurred with the Aum Shinrikyo 
cult’s 1995 release of sarin gas in the Tokyo subway where 12 people were 
killed and 5000 injured,1 and in the 2005 London underground station 
and bus bombings where 56 people were killed.2 Although predicted to 
cause few direct casualties, terrorists could also disperse nuclear material 
by placing radioactive materials in a conventional explosive; this “dirty 
bomb” would likely result in more chaos and fear than direct patient 
trauma. Of course a “backpack” or improvised nuclear detonation by 
a suicide bomber would cause catastrophic casualties with significant 
loss of infrastructure. Finally, the threat of emerging infectious diseases, 
such as the 2003 SARS outbreak3 or the 2009 nH1N1 pandemic,4 could 
also result in large numbers of medical, critically ill patients. All of these 
disasters have the potential for a rapid influx of patients requiring imme-
diate critical care, and in some cases, long-term critical care.

Lacking specific planning and exercising, critical hospital functions 
and the ability to care for patients from a catastrophe may be severely 
limited, resulting in further injury or loss of life. For example, as hos-
pitals increasingly depend on electronic medical records to provide 
services, a power system failure or computer virus could halt patient 
services if back-up systems are not in place. Without an emergency gen-
erator, flooding could result in a power outage throughout the facility 
and intensive care unit (ICU) patients would be left without functioning 
ventilators.5 Some events may cause hospitals to close when their ser-
vices are needed most, either as a result of overextending their capacity 
or physical structural damage. Moreover, the medical response would 
be ineffective if the disaster response is not planned prior to a disaster, 
causing many victims going without potentially lifesaving medical care 
as a result of chaos and confusion in the response effort.

Hospitals possess limited capital and staff time to spend conduct-
ing comprehensive disaster response drills or emergency planning 
and preparedness. However, these efforts do afford other benefits to 
hospital functionality outside of the ability to effectively respond to an 
actual mass casualty event. Such activities support routine patient-care 
activities through improved communications, enhanced use of infec-
tion control (IC) precautions, improved interdepartmental coordination 
and patient tracking, and optimized working relationships with exter-
nal community partners such as Emergency Medical Services, Public 
Health, emergency management agencies, and other hospitals. These 
enterprises all serve the hospital in both its day-to-day operations as well 
as its integration into the community.

All emergencies and catastrophes begin as local events. Some disasters 
require a rapid response, such as nerve agent exposure where victims 
may develop symptoms within minutes before dying of respiratory 
arrest. Other emergencies may impede transportation to and from an 
affected area. Patient movement around a city may be prevented because 
of the fear of spreading a contagious agent. Finally, although disasters 
are multidimensional events, hospitals are the lynchpin of the definitive 
medical effort because they are always open. Thus hospitals must be 
prepared to function independently early in a disaster and continue to 
support their essential ongoing activities as well as care for the surge of 
patients from the incident.

Critical care resources may be particularly vulnerable during catas-
trophes. State and federal assets are poised to assist and respond, but 
depending on the extent of the event and other confounding variables 
(such as weather), local capabilities must be able to function inde-
pendently for some time. These entities may provide some critical 
care equipment and supplies, but no specific state or federal teams or 
response systems are ready to provide critical care to large numbers 
of civilian victims of a terrorist attack in the first 24 to 48 hours. The 
US’ Strategic National Stockpile (SNS) implemented by the Centers for 
Disease Control and Prevention (CDC) could take up to 12 hours to 
reach the hospital—a delay that is likely to be too long in the event of 
a chemical attack. The SNS cache includes several critical care supplies, 

such as emergency airway management and intravenous (IV) supplies, 
but it does not include cardiopulmonary monitoring equipment, remote 
monitoring equipment for ventilators, diagnostic equipment, closed 
suction devices, or medical gases.6 Additionally, there could be logistical 
problems regarding the distribution of assets to hospitals once the local 
and/or state authorities receive them. Therefore, all hospitals must have 
some internal capacity to augment critical care.

PREPARATION AND PLANNING
Every hospital and ICU must undertake catastrophe planning, not only 
because disasters may impact any facility, but also because in the United 
States, it is an accreditation requirement for hospitals under The Joint 
Commission (TJC). These standards, started in 2001, require hospitals 
to develop and maintain a written Emergency Operations Plan covering 
the following areas of emergency management:

1.	 Communication
2.	 Resources and assets
3.	 Safety and security
4.	 Staff responsibilities
5.	 Utilities management
6.	 Patient and clinical support activities
7.	 Regular testing and evaluation of the plan7

Semiannual evaluation of the plan is required in the form of opera-
tional exercises. For hospitals that offer emergency services or are 
community-designated disaster receiving stations, each exercise shall 
use one of the following two scenarios.

•• An influx of simulated patients
•• An escalating event in which the local community cannot support 

the hospital8

A distinct challenge for hospitals and ICUs is: For what disaster 
should they prepare? Trying to develop contingencies for all possibilities 
becomes an overwhelming and expensive enterprise. A hazard vulner-
ability analysis (HVA) is an effective tool to help hospitals determine 
the likelihood, potential impact, and current vulnerabilities to events. 
TJC defines an HVA as the identification of “potential emergencies that 
could affect demand for the hospital’s services or its ability to provide 
those services, the likelihood of those events occurring, and the con-
sequences of those events.”8 The HVA tool developed by the American 
Hospital Association’s American Society for Healthcare Engineering 
designates emergencies as natural, technological, and human events and 
then rates them in terms of the probability of occurrence, risks posed, 
and hospital’s level of preparedness.9

Working through this process with community partners helps hospi-
tals and ICUs in their planning. While no plan can truly be “all hazards” 
in nature, key processes identified in developing the plan can translate 
across a variety of catastrophes, such as command and control, commu-
nications systems, etc. This allows organizations to be flexible enough 
to respond to emergencies of all types and to meet established TJC 
standards for care provision.

HVAs AND ICUs
In working with communities, hospitals must plan their response efforts 
in concert with the HVA of the community and state. Similarly, ICUs 
should also work with hospital emergency management committees 
to determine the highly probable events for which they should plan. 
Casualty patterns and victims’ medical needs generally can be predicted 
based on the types of hazards identified in the HVA (Table 9-1).

Reviewing a handful of recent intentional explosions offers a general 
picture of casualty patterns and medical needs of victims in order to 
demonstrate the type of injuries and care needs following such attacks. 
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For example, in 1995, a terrorist attack destroyed the Alfred P. Murrah 
Federal Building. What came to be known as the Oklahoma City 
Bombing resulted in 759 casualties and 168 deaths. Eighty-three victims, 
11 of whom died, were admitted to the hospital.10 The following year, a 
bomb exploded in the Centennial Olympic Park in Atlanta, Georgia, 
during the Summer Olympic games. This terrorist attack resulted in 111 
injured people and two deaths. Twenty-four individuals, 22 of whom 
died, were admitted to the hospital.11 Terrorists crashing two airplanes 
into the World Trade Center on September 11, 2001, resulted in 3825 
casualties and 2726 deaths.12 Of the 181 victims admitted to the hospital, 
five died.

In a conventional explosion, the majority of patients will have trauma 
injuries (Table 9-2), with 30% having an Injury Severity Score of greater 
than 16. Some of these critically injured patients die before they can be 
stabilized enough to be admitted to the hospital. Such patients will result 
in many emergency department (ED) visits, with approximately 30% 
becoming ICU patients.13 Burns that occur, unless associated with fire, 
tend to be superficial thermal flash burns.14

Within 90 minutes following a sudden impact event like an explosion, 
50% to 80% of acute casualties will likely arrive. However, the initial 
wave of patients will be minimally injured self-referrals who leave the 
disaster scene by their own accord. The most common injuries are eye 
injuries, sprains, strains, minor wounds, and ear damage, whereas the 
most severe injuries are fractures, burns, lacerations, and crush injuries. 
The hospital closest to the catastrophe will be the most impacted, with 
ED, surgical, and mental health services being most affected. Other 
surrounding hospitals usually receive few or no casualties. Disaster 
recovery will likely begin within hours, days, or weeks.14 Following the 
collapse of the World Trade Center in 2001, 448 victims were treated in 
a 24-hour period at New York Downtown Hospital, the closest one to 
the event. The hospital, which transferred only 21 patients, was able to 
stay open.15

When trying to predict the number of victims who will present 
after a mass casualty trauma event, it is important to remember that 
such patients typically arrive quickly and that approximately half of all 
casualties will arrive at the hospital within a 1-hour window. To predict 
the total number of victims a hospital can expect one can double the 
number of casualties the hospital receives in the first hour (Table 9-3).14

Conversely, an outbreak will result in mostly medical patients, a large 
proportion of whom may require critical care services. These patients 
may go to physician offices or clinics, or present to hospitals where the 
inpatient services, especially the ICU, will be most impacted. Because 
the event itself could occur over weeks, months, or longer, recovery typi-
cally will not begin for at least a similar time interval. Over a 4-month 
period, approximately 375 SARS patients (suspected and confirmed) 
were cared for at hospitals in Ontario, Canada. More than 33% of the 
ICU beds were closed at some point during the outbreak. Some hospi-
tals had to refuse additional patients for weeks to months. One of two 

  TABLE 9-1    Epidemiology of Natural Disasters

Earthquake Flash Flood Volcano Eruption

Deaths Many Many Many

Injuries Many Few Few

Damage to health care 
facilities

Severe Severe but localized Severe

  TABLE 9-2    Disasters With Traumatic Injuries

Example: Conventional explosions
 Nearest hospital most impacted
 Initial wave of patients self-refer and are less injured
 <20% survivors critically injured
 Most survivors have non-life-threatening soft-tissue injuries

  TABLE 9-3    Emergency Department Triage: Conventional Explosions and Other Trauma

•	 Major needs: surgical evaluation and intervention
•	 Resources: trauma teams, diagnostic radiology capacity, blood products, staffed operat-

ing rooms, burn beds
•	 Goal: sorting through many less seriously injured patients to identify those who will 

benefit from rapid resuscitation and surgery

  TABLE 9-4    Explosions Versus Outbreaks

Conventional Explosion Outbreak

Casualties can be large Casualties can be very large

Mostly trauma patients
Critically injured usually die before hospi-
talization, many ED visits, fewer inpatients

Mostly medical patients
Large proportion may require critical 
care services

Nearest hospital most impacted Patients may present to many hospitals

Emergency department, surgical and men-
tal health services most impacted

Inpatient services (especially ICUs) may be 
most impacted

Event recovery likely to begin within hours,  
days, or weeks

Length of event may be weeks to months 
or longer

Level 1 trauma centers was closed to ambulance arrivals during part of 
the outbreak.16

In summary, comparing the patient demographics of an explosion to 
an infectious outbreak clarifies the benefits of conducting an HVA in 
ICU disaster planning (Table 9-4).17

EXERCISES AND MODELING DISASTER RESPONSE

■■ ROLE OF EXERCISES RELATED TO ICU NEEDS FOR MEDICAL SURGE
Multiple resources exist to support exercising plans for emergency 
preparedness within the critical care setting in all-hazards scenarios. 
Outside of Joint Commission–required hospital emergency exercises 
within the United States, other programs exist to fund and support 
efforts in training, all-hazards preparedness planning, exercising, 
response, and recovery. Two principal examples are the US Department 
of Homeland Security Exercise Evaluation Program (HSEEP)18 and the 
US Department of Health and Human Services Hospital Preparedness 
Program (HPP) grant.19 Hospitals are incentivized to utilize HSEEP and 
other current standards as the backbone for exercise planning evaluation 
to aid funding for efforts to build emergency preparedness. HPP and 
other programs encourage participation and planning for contingencies 
such as alternate care sites to transfer noncritical inpatients to commu-
nity-based centers to reduce the hospital burden. Utilization of local, 
regional, and state resources by a community to support a hospital that 
has become overwhelmed is a cornerstone of public health emergency 
preparedness. The national medical surge standard for public health 
emergencies such as infectious disease outbreaks is 500 additional beds 
per one million individuals.20,21

■■ MODELING FOR MEDICAL SURGE PATIENTS AND RESOURCES
A variety of modeling efforts have demonstrated expected casualties 
in specific mass emergencies to better inform hospitals and clinicians 
of expected casualties and required resources. Specific to pandemic flu  
is the CDC’s Flu Surge 2.0. Flu surge is a spreadsheet-based model where 
the user inputs the length and virulence of a flu pandemic with the  
following model outputs.

•• Hospitalizations
•• Number requiring ICU care
•• Number requiring ventilator support
•• Deaths22
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The Agency for Healthcare Research and Quality (AHRQ) hospital 
surge model is used to estimate “the hospital resources needed to treat 
casualties from biological, chemical, foodborne, nuclear, radiological, or 
conventional explosive attacks.”23 Inputs into the model are the scenario 
selection and the estimated number of casualties to treat within the hos-
pital. Model outputs are day-based estimates for

•• Number of casualties by severity, number of casualties in each unit 
(emergency department, ICU, floor)

•• Cumulative number of discharged and dead patients
•• Required hospital resources (personnel, equipment, supplies)23

One example for community preparedness and public health plan-
ning is the All-Hazards Modular Emergency Medical System (MEMS).24 
MEMS provides a framework for integrating hospitals and public health 
assets for mass casualties and medical surge. The Resource Requirements 
and Allocation Model (RRAM)25 (a companion to MEMS) estimates 
community resource requirements (personnel, equipment, supplies) for 
pandemic responses.

SURGING CRITICAL CARE RESOURCES
Once an ICU has participated in the hospital’s plan for determining likely 
catastrophes, predicted ICU impact, and conducted realistic training 
exercises, preparations for expanding capabilities must occur in order to 
provide care for increased numbers of critically ill patients. The initial 
goal will be to provide normal dimensions of care. Alternatively, in order 
to reorganize care to treat increased numbers of patients, Rubinson et al 
proposed a streamlined standard armamentarium of basic critical care 
interventions to meet the needs of patients in a bioterrorist attack or 
other similar disaster posing high demands on critical care resources.26

In 2007, the Task Force for Mass Critical Care (hereafter referred to 
as the Task Force) met in Chicago to develop proposed mechanisms to 
surge resources to meet the needs of a variety of disasters. The princi-
pal focus was on pandemic flu due to its predicted high impact on the 
need for critical care, specifically mechanical ventilation. The proposed 
model evoked the domains of “stuff, staff, and space” in order to catego-
rize the efforts to expand normal ICU capabilities during a disaster.27

■■ STUFF
ICUs require an expansive and expensive array of equipment for the provi-
sion of critical care. Paramount is the use of mechanical ventilators. The 
number of ventilators available to a facility, region, or nation is hard to 
define, but it continues to increase. In 2010, Rubinson et al reported the 
median number of full-featured mechanical ventilators per 100,000 popu-
lation in the United States was 19.7; many hospitals and regions also have 
ventilators with less sophisticated features, such as transport ventilators, 
that can be used in disaster settings.28 Thus, as ventilator supplies wane 
during an event, ICUs may have to develop other sources including repur-
posing anesthesia machines, transitioning stable patients to noninvasive 
positive pressure ventilation, or even manual ventilation for short periods.

When local and region or state ventilator capacity is exhausted, 
requests to the federal government through a state’s emergency manage-
ment agency may result in delivery of ventilators and other stockpiled 
emergency equipment and supplies (antibiotics, nerve agent antidotes, 
etc) from DHHS’ Strategic National Stockpile.5 The ventilators in this 
cache have a basic set of features that streamline delivery of mechanical 
ventilation and avoid the costly, labor- and knowledge-intensive aspects 
of using full-featured ventilators. Should ICUs locally or regionally 
decide to stockpile such devices, guidelines regarding critical capabilities 
have been published elsewhere.29,30

The availability of oxygen is key to both the provision of critical care 
and mechanical ventilation. It is important to note that many of the 
above-mentioned resources may be able to provide equipment, but the 
“software” oxygen may not be included; this specifically applies to the SNS. 
Most hospitals rely on bulk delivery and storage in on-site liquid oxygen  

containers. Production and delivery are both restricted by availability of 
personnel, transport vehicles, and transportation routes—all of which may 
be in limited supply or compromised during a catastrophe. Compressed 
gas cylinders may provide a temporizing measure, as may oxygen concen-
trators.31 Though these devices cannot support the high demands of ven-
tilators, they may be used to provide oxygen to less critically ill patients.32

Finally, providing usual critical care is a staff and resource-intensive 
endeavor. Normal ICU patients with cardiovascular and respiratory 
compromise require sophisticated monitoring, treatment devices, and 
consumables (eg, IV lines, drains, pumps, solutions, cables, ECG 
patches, and medications). Streamlining processes and developing basic 
disaster formularies to meet the needs of most critically ill patients will 
help ICUs strategize an efficient response effort.25,33

■■ STAFF
Most ICUs continually face the challenge of finding adequate, qualified 
staff to meet the rising demands for critical care.34-36 Given the already-
strained personnel demands of daily care, catastrophes will exacerbate 
the problem, both due to high patient demands but also perhaps by lack 
of staff due to illness (or fear of illness if they come to work), personal 
injury, or personal tragedy at home. Thus ICUs must also surge staff.

The Task Force and others propose a “tiered strategy” to augment 
critical care providers.30 In this scheme, critical care providers supervise 
knowledgeable non-ICU HCWs in providing critical care. For example, 
intensivists may supervise a team of hospitalists, while they themselves 
perform only those direct care activities unique to their expertise. 
Similarly ICU nurses may supervise a team of ward nurses, critical care 
pharmacists may oversee outpatient or other pharmacists, and critical 
care respiratory therapists may oversee non-ICU RTs. Preparation for 
this scenario requires advanced training and/or access to simplified 
“on-the-job training” in order for these non-ICU providers to assume 
their new roles. As an example, the United States DHHS’ Agency for 
Healthcare Research and Quality has developed such a tool to assist 
non-RT providers in learning the basics of mechanical ventilation.37

■■ SPACE
Finally, ICUs will need to expand their footprint in order to meet the 
increased demand. Since many ICUs are normally at or near capacity,38 
shaping that demand will be necessary to meet the needs of the influx 
from an event. Discharging or moving stable patients to step-down 
units, postanesthesia care areas, surgicenters, or other locations with 
limited monitoring capability may help. Canceling elective surgeries and 
procedures on patients who normally require limited postop ICU stays 
is another useful strategy. Even with these measures, ICUs remain likely 
to be overcrowded.

Critically ill patients have overwhelming specific monitoring and 
therapeutic needs. Currently, provision of this type of care outside health 
care facilities, such as in buildings of convenience (gymnasiums, cafete-
rias, etc) or under tents is a capability that only exists within the military. 
Therefore, the Task Force recommended that every effort should be 
made to make hospitals the focused location for the provision of emer-
gency mass critical care.29 Surge facilities in the community as described 
below should be reserved for stable, less ill patients. Thus to expand ICU 
capability, once step-down units and others have been exhausted, ward 
patients should be moved to these community resources in order to 
expand ICU care further, but within the confines of the hospital.39 This 
model can only work with predetermined, exercised plans with local 
disaster planning authorities and strategic partners.

INTEGRATION OF ICU INTO HOSPITAL AND 
COMMUNITY EMERGENCY PLANNING
The ICU remains a hospital’s most valuable resource for care of criti-
cally ill patients in any level of emergency. Awareness of how the ICU 
integrates into the hospital and how the hospital thereby assimilates into 
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the community’s plan for mass casualty and medical surge augments 
the process of scarce resource management. This optimizes health care 
delivery to both the local ICU and the critically ill patients within a com-
munity or region during a catastrophe.

■■ ORGANIZING THE HOSPITAL FOR DISASTER RESPONSE
The US National Incident Management System (NIMS)40 is the frame-
work by which local, state, and federal agencies organize to prepare for 
and respond to emergencies. NIMS provides a standard structure and 
terminology so that responders across multiple agencies utilize the same 
organizational construct for Incident Command System (ICS) and pro-
cesses for emergency management; ICS standardizes response agencies’ 
command and control organization to streamline and coordinate their 
efforts. The Hospital Incident Command System (HICS)41 is a NIMS-
compliant modified ICS structure for hospital emergency response and 
planned operations requiring complex resource management. HICS is 
organized into four sections (Table 9-5) under the Incident Commander 
with specific positions within the structure dedicated to the Hospital 
Command Center (HCC) (Fig. 9-1).41

The intensive care unit is considered a medical care branch inpatient 
unit resource. Utilization of HICS is a departure from normal hospi-
tal operations, chain of command, and information flow designed to 
facilitate decisions and actions by the HCC. ICU practitioners may be 

  TABLE 9-5    Hospital Incident Command System (HICS) Sections

Position Description

Incident Commander •	 Overall responsibility for managing incident
•	 Sets objectives, devises strategies and priorities

Operations •	 Directs resources
•	 Conducts tactical operations such as patient care and cleanup

Planning •	 Collects and evaluates information
•	 Prepares and maintains documentation and reports

Logistics •	 Provides and manages support and resources

Finance/administration •	 Monitors incident-related costs
•	 Provides procurement and accounting

Incident Commander

Public
Information

Officer

Liaison
Officer

Operations
Section Chief

Planning
Section Chief

Logistics
Section Chief

Finance/
Administration
Section Chief

Time
Unit Leader

Procurement
Unit Leader

Compensation/
Claims

Unit Leader

Cost
Unit Leader

Service
Branch Director

Support
Branch Director

Resources
Unit Leader

Staging
Manager

Medical Care
Branch Director

Situation
Unit Leader

Documentation
Unit Leader

Demobilization
Unit Leader

Infrastructure
Branch Director

HazMat
Branch Director

Security
Branch Director

Business
Continuity

Branch Director

Medical/
Technical

Specialist(s)

Safety
Officer

FIGURE 9-1.  Hospital Incident Command System. (Reproduced with permission from California Emergency Medical Services Authority. Hospital Incident Command System Guidebook. 
Available at: http://www.emsa.ca.gov/HICS/files/Guidebook_Glossary.pdf. Accessed July 1, 2011.)

trained in and assigned roles within HICS. A general understanding of 
how processes differ when HICS is utilized for incident management 
and how the ICU integrates into those efforts with proper communica-
tion ensures adequate health care delivery in the management of poten-
tially scarce resources. The use of HICS within hospitals also provides 
the common and accepted organization and language for incident man-
agement to streamline interaction with supporting community agencies.
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■■ COMMUNITY EMERGENCY PLANNING
Hospital emergency planning efforts link directly into those of the 
community. Local and regional incident command and Emergency 
Operations Centers are designed to coordinate with Emergency Medical 

Notes:
- All MEMS components
have established
communication and
coordination links.
- The MCC oversees all
operations.
- The CTS transports
casualties between all
MEMS components.
- If the NEHC operates
as a POD or VC, then
the population at risk is
processed through and
returns to work/home.
- Special Needs Shelters
will receive patients
from ACC based on their
medical needs.
- Mass Care Shelters will
house nonmedical
evacuees.

Medical Control
Center (MCC)

Community
Outreach (CO)

Area Hospitals
Acute Care

Centers (ACC)

Neighborhood
Emergency Help
Centers (NEHC)

Casualties &
Worried Well

Casualty
Transportation
System (CTS)

Hospitals and
Clinics Out-of-
Area for Non-

Incident Patients

Resources & Patient Flow

Information Flow

Fatality
Management

Casualties
Treated or

Convalescing
at Home

Worried Well
Return to

Work/Home

In Home Care

Assumptions:
- Although the primary
point of entry into MEMS
is the NEHC, patients
will self-present to
hospitals, ACC, and any
other available medical
resource. 

FIGURE 9-2.  Modular Emergency Medical System. (Reproduced with permission from New England Center for Emergency Preparedness. Modular Emergency Medical System. Available at: 
http://www.dmsnecep.org/files/mems.pdf. Accessed July 1, 2011.)

  TABLE 9-6    Modular Emergency Medical System Modules

MEMS Module Description

Medical Control Center 
(MCC)

•	 Coordinates hospital operations
•	 Provides medical direction and expertise for other MEMS 

modules
•	 Interfaces with Emergency Operations Center Medical Branch

Neighborhood Emergency 
Help Center (NEHC)

•	 Provides triage and initial treatment
•	 Dispenses prophylaxis and other medications functioning 

as a point of dispensing (POD) or vaccination clinic (VC)

Acute Care Center (ACC) •	 Provides 50-bed scalable medical surge unit
•	 Lower level of definitive and supportive care
•	 Site to move noncritical patients from hospitals to create 

more space for critical care patients

Casualty Transportation 
System (CTS)

•	 Provides forward transportation of patients outside of 
affected areas

•	 Provides transportation of patients between MEMS modules
•	 Based upon local EMS, but scalable for more volunteers 

and buses

Community Outreach (CO) •	 Provides in-home care for quarantine or when number of 
casualties exceeds capacity for hospitals and ACC modules

•	 Medical personnel and civilian volunteers conduct home visits

System and casualty (ambulance) transport. A local HICS is designed to 
seamlessly integrate into larger local and regional incident command as 
specified within NIMS. For example, the MEMS is a scalable and flexible 
model (Fig. 9-2) for community and hospital response to all-hazards 
emergencies.

MEMS modules are designed to be utilized as necessary to support 
medical surge and mass care for hospitals and the surrounding com-
munity (Table 9-6).24

Of relevance to hospital resources and intensive care is the Acute Care 
Center (ACC) module. The ACC is designed as a 50-bed alternate care 
site for a hospital to transfer stable noncritically ill patients for continued 
inpatient care. MEMS execution through the ACC serves to support 
hospitals by transferring stable noncritically ill patients to an external 
facility to free up hospital space for critically ill patients.24

SUMMARY
While hospital disaster preparedness has historically fallen within the 
domain of Emergency Medicine, many disasters may have their primary 
clinical impact on the critical care domain. ICU leaders and critical care 
providers therefore must understand the process of determining how 
to best prepare their ICUs for such events. Such preparation requires 
the understanding of a new lingo and paradigm of disaster prepared-
ness. Critically evaluating the threat, the ICU’s response capabilities, 
and the actions needed to both mitigate the disaster’s impact as well 
as respond effectively requires HCWs in the ICU to coordinate their 
response with both their hospital’s preparedness plan as well as that of 
their community and region. Such preparations ensure the safety and 
readiness of ICU staff, ultimately improving the care provided to criti-
cally ill patients.
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Telemedicine and 
Regionalization
Jeremy M.  Kahn

10
C H A P T E R

For most of its history, critical care medicine has existed as a local pur-
suit. Nurses and physicians provided high-intensity care to seriously ill 
patients within a hospital, but rarely thought beyond the hospital walls. 
More recently, however, the practice of critical care has evolved into a 
regional endeavor, one in which intensivists across multiple hospitals 
must provide for the critical care needs of an entire populace within a 
region. Regional referral centers now routinely provide specialty critical 
care services to the highest-risk patients,1 interhospital transfers of criti-
cally ill patients are increasingly common,2 and the threats of pandemics 
and natural disasters are forcing hospitals within regions to coordinate 
their critical care services.3 Governmental agencies will soon require 
that regional critical care services not only be coordinated but also 
be accountable—that is, hospitals and regions will have to show that 
they are capable of effectively providing high-quality critical care to all 
patients in need.4

Several factors explain this paradigm shift in critical care. First, the 
expansion of information technology allows hospitals to share clinical 
information rapidly and securely.5 Second, advances in the quality of 
interfacility transport allow the safe transfer of extremely sick patients 
across large distances.6 Third, a shortage of trained intensivist physicians 
has made it difficult to match intensivist supply with the increasing 
demand for critical care under the current system.7 Finally, and perhaps 
most importantly, health care stakeholders increasingly recognize that 
hospitals vary widely in their capabilities and overall quality of critical 
care.8 Not all hospitals are capable of providing 24-hour trauma care, 
stroke diagnosis and treatment, emergent surgery, coronary interven-
tions, or specialty medical care such as continuous renal replacement 
therapy or extracorporeal membrane oxygenation (ECMO). Hospitals 
that provide these services are often few and far between, as it is expen-
sive and inefficient to reproduce these services at all hospitals. Moreover, 
hospitals that care for a large number of critically ill patients typically are 
of higher quality, with lower risk-adjusted mortality compared to low-
volume hospitals.9 Critical care outcomes might be improved by concen-
trating patients in these centers of excellence, or by using technology to 
deliver the expertise of these hospitals to smaller, community centers.

These developments mean that innovative strategies are needed to cre-
ate coordinated, accountable, regional systems of critical care. This chap-
ter will discuss two such strategies: regionalization, in which high-risk 
patients are systematically transferred to regional referral centers, and 
telemedicine, in which audiovisual technology is used to provide critical 
care services across a distance. As regional care systems develop they will 
likely incorporate both of these approaches to meet the needs of critically 

KEY POINTS

•• 	Intensive care unit practitioners increasingly will be required to 
develop, manage, and participate in regional systems of critical care.

•• 	Regionalization and telemedicine are two strategies by which criti-
cal care can be coordinated across a region.

•• 	Regionalization entails the systematic triage and transfer of high-risk  
critically ill patients to designated regional referral centers. 

Regionalization might improve outcomes by concentrating 
patients at high-quality centers of excellence and by increasing the 
efficiency of care.

•• 	Important barriers to regionalization include the need for a strong 
central authority to regulate and manage the system and potential 
capacity strain at large-volume hospitals.

•• 	Telemedicine entails the use of audio, visual, and electronic links to 
provide critical care across a distance. Telemedicine might improve 
outcomes by leveraging intensivist expertise across greater num-
bers of patients and facilitating local quality improvement, thereby 
improving access to high-quality critical care.

•• 	Important barriers to telemedicine include the high cost of the 
infrastructure and operation, local resistance to organizational 
changes, and pragmatic barriers related to interoperability with 
existing clinical information systems.

•• 	Both regionalization and telemedicine will play an important role 
in future critical care delivery. Critical care clinicians should be 
prepared to help shape these complementary approaches, as well 
as work to maintain patient centeredness in the face of a rapidly 
evolving critical care system.
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ill patients in a variety of different care settings. This chapter will out-
line conceptual models for telemedicine and regionalization, review the  
existing evidence base in support of these two approaches, and provide 
practical guidance for clinicians who increasingly will be required to 
develop, manage, and practice in these regional systems of care.

REGIONALIZATION
Regionalization is defined as the systematic transfer of high-risk criti-
cally ill patients to designated regional referral centers. A regionalized 
critical care system requires four primary components:

•• A method to delineate regions, by either geography or political 
boundaries

•• A method to objectively stratify hospitals by the level of critical care 
they are capable of providing

•• A strategy for triaging patients to designated high-level hospitals
•• A regulatory body to manage and oversee the system

Although there are few examples of regionalized critical care in exis-
tence today, regionalized health care exists for several disease syndromes 
that are analogous to critical care. Regionalized trauma systems are per-
haps the best example. Most industrial nations have instituted regional-
ized trauma care in some form. The concept for regionalized trauma 
emerged in 1960s out of the advances in emergency medicine and triage 
made during the Vietnam conflict, as well as the advocacy work of pro-
fessional societies that recognized the potential for improved outcomes 
by centralizing care for seriously injured patients.10 Most existing trauma 
systems are supported by specific legislation, and several studies docu-
ment that injured patients receiving care in a trauma center are less likely 
to experience morbidity and mortality as a result of their injury than 
similar patients receiving care in a nontrauma center.11

Other clinical domains that are regionalized in some form include 
neonatology,12 stroke,13 and acute myocardial infarction,14 although for-
mal regionalization for these areas is far less prevalent than for trauma. 
All of these areas, including critical care, share attributes that support 
the potential benefits of centralized care. These include

•• The high risk for an adverse outcome
•• The time sensitive nature of the conditions
•• The extensive infrastructure and stand-ready costs necessary for 

effective 24-hour care
•• Demonstrated volume-outcome relationships that suggest that out-

comes might be improved by centralizing care at high-volume 
centers15

Due to this strong theoretical foundation, regionalization of critical 
care is supported by several multidisciplinary stakeholder groups.16 Calls 
for implementing regionalization of care have occurred both for critical 
care in general and for specific disease states with a high likelihood of 
critical illness, including acute myocardial infarction, acute stroke, high-
risk surgeries, and out-of-hospital cardiac arrest.17

■■ POTENTIAL BENEFITS
Regionalization has several potential benefits, foremost being the 
potential for increased survival for critically ill patients. Rapid triage 
of critical ill patients to hospitals capable of providing definitive criti-
cal care could facilitate several time-sensitive evidence-based practices 
associated with improved outcomes, including thrombolysis for stroke,18 
therapeutic hypothermia for cardiac arrest,19 and early adequate volume 
resuscitation for severe sepsis.20 Care at a high-volume regional referral 
center could also facilitate evidence-based practices that although not 
time sensitive are complex and may be better provided at experienced 
regional referral centers, such as low-tidal-volume ventilation for acute 
lung injury,21 daily interruption of continuous sedative infusions,22 and 
ECMO for severe acute respiratory failure.23

In addition to improving mortality, regionalization could lower 
costs for patients with critical illness. ICUs exhibit economies of scale, 
meaning that additional production in terms of patient throughput is 
accompanied by lower per-unit costs.24 Most hospital costs are fixed, and 
with higher volumes those fixed costs can be spread over more patients, 
ultimately improving overall efficiency. For example, the cost of a single 
ECMO machine might be prohibitively expensive for a small commu-
nity hospital that might use it one or two times per year. However, if a 
large center uses ECMO frequently, the costs of that machine are spread 
over many patients, reducing the per-patient costs of ECMO. In this 
way, concentrating high-risk, high-cost care such as critical care has the 
potential to reduce overall costs for the health system.

■■ UNINTENDED CONSEQUENCES
Regionalization carries a number of potential unintended consequences 
that could limit or even negate any potential clinical or economic ben-
efits.25 First, upscaling critical care capacity at some hospitals necessarily 
means downscaling capacity at other hospitals. One effect of such a 
down-scaling may be to reduce the ability of these small hospitals to 
care for sick patients in an emergency. For example, under a regional-
ized scenario smaller hospitals will see fewer cases of sepsis. Septic 
patients receiving care in these hospitals may be subject to increased 
morbidity as a result. In this way, although regionalization may ben-
efit patients ultimately transferred to large regional referral centers, it 
may harm patients who receive care at smaller community hospitals. 
Regionalization may also harm small hospitals economically, since many 
high-margin medical services such as oncology and cardiac surgery 
depend on high-quality critical care. Down-scaling critical care may 
force these hospitals to abandon these profitable programs.

Second, regionalization may place significant capacity strain on 
high-volume referral centers. Many large academic medical centers 
are already under pressure to expand critical care capacity in a setting 
of limited resources. A persistently high census may reduce access to 
critical care beds, potentially increasing mortality for some patients. 
Indeed, boarding critically ill patients in the emergency department 
or in ICUs unequipped to care for specialty cases is associated with 
higher mortality,26,27 a situation that may increase under regionalization. 
Regionalization may also strain our capacity for interhospital transport. 
Available evidence suggests that long-distance transfer of critically ill 
patients is both feasible and safe.28 However, that reality may change if 
the system is required to transfer more patients, and more sick patients, 
over longer distances.

Finally, regionalization may increase rather than decrease health care 
costs despite the added efficiency from the economies of scale. In addi-
tion to existing health care costs, regionalization incurs the added costs 
of routine interhospital transport and regulation of the system. Many 
trauma systems struggle with issues of costs and cost-effectiveness, and 
it is likely that the critical care system, which would be of greater scale, 
will have these same issues.

■■ EVIDENCE
To date there are few direct data in support of regionalized critical 
care. As mentioned above, regionalization is indirectly supported by 
the existence of volume-outcome relationships and positive evaluations 
of analogous systems such as regionalized trauma and neonatal care.25 
Additional indirect support came from a 2008 study that simulated the 
impact of regionalization for nonsurgical patients in the United States 
receiving mechanical ventilation.29 In that study, which analyzed hospi-
tal discharge data from eight diverse states, nearly 50% of mechanically 
ventilated patients received care in ICUs with very low admission vol-
umes. Simulating the transfer of those patients to high-volume centers 
and assuming a mortality benefit similar to past volume-outcome stud-
ies resulted in a significant number of lives saved, with only 15.7 patients 
needed to transfer in order to prevent one death. Transfer distances were 
relatively small for most patients, especially those located in urban areas, 
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and the impact on total census was marginal. The study concluded that 
regionalizing care was feasible and might result in a significant mortality 
benefit for these patients.

Although this study provides some conceptual support for regional-
ization, there are a number of important limitations. The study assumed 
that patients transferred to regional referral centers would receive the 
same mortality benefit as patients originally admitted to those centers, 
an untested assumption. Additionally, the study assumed a perfect tri-
age model whereby all eligible patients were successfully triaged to a 
regional referral center. In reality, triage is extremely difficult under the 
best of circumstances, even in trauma where triage criteria are relatively 
standardized and objective.30 In the broader world of critical care, there 
are no commonly accepted strategies for triaging patients at high risk for 
death. There are several strategies under development, although early 
evidence suggests that none are adequate for immediate use.31

■■ BARRIERS
Regionalization faces several key barriers to implementation 
(Table  10-1). In a 2009 survey of intensive care physicians, the most 
significant perceived barrier to regionalization was the lack of a strong 
centralized authority to regulate and enforce the system.32 In the 
United States, there is no central health authority to oversee such a sys-
tem—even trauma regionalization is a patchwork of mechanisms and 
authorities that varies across regions. There is also substantial hospital 
competition in the United States, which might preclude standardization 
of critical care delivery across hospitals in a region. Some countries such 
as the United Kingdom, Canada, and Australia have public health sys-
tems and regional health authorities capable of regulating a regionalized 
critical care system; however, even in these countries hospitals may resist 
efforts to dictate the services they can provide.

Another major barrier to regionalization is the personal strain on 
families that regionalization may cause. Under a regionalized scenario, 
patients and families may be forced to travel long distances to receive 
critical care, often by unfamiliar clinicians in unfamiliar settings. The 
system may therefore place undue burden on families and compromise 
the patient-physician relationship, leading to adverse consequences 
such as cognitive and emotional dysfunction among family members.33 
Patients and families may be willing to accept a higher risk of death if it 
means receiving critical care closer to home.

Other barriers to regionalization include capacity constraints at large-
volume hospitals, the difficulty in accurately identifying patients in need 
of transfer, and providers’ (both hospitals and physicians) potential 
unwillingness to sacrifice income when patients are transferred to other 
hospitals for care.

■■ IMPLEMENTATION STRATEGIES
To overcome these barriers and effectively implement regionalized 
care will require both intelligent system design and a coordinated 
effort among stakeholders. Several issues around the design of a 
regionalized care system must be addressed by careful comparative-
effectiveness research. First, regional systems can be designed around 
either a traditional hub-and-spoke model or a model with multiple 

disease-specific referral centers (Fig. 10-1). These different models 
may suit different regions to varying degrees. Next, policy makers must 
explicitly define the methods to identify regional referral centers and 
the method to identify patients in need to transfer to a regional care 
center. It is essential that these criteria be objective to avoid subjective 
and necessarily arbitrary decisions that may hurt hospital economies or 
allow for gaming of the system. Potential structural criteria for referral 
center certification include intensivist physician staffing and the avail-
ability of definitive surgical, coronary, and cardiac care, among others 
(Table 10-2).11,23,34-39 Certification as a regional referral center should be 
voluntary, yet certification should be regulated by existing governmen-
tal bodies in order to ensure that the number and location of regional 
referral centers best meet population needs. The goal is not only to 
improve access but also to make access as equitable as possible—equity 
may be harmed if some areas are overserved by regional centers and 
other areas are underserved.

Practically, regionalization will require the dedicated, coordinated 
efforts of clinicians and policy makers. Support from all relevant 
stakeholders is needed, with leadership likely coming from profes-
sional medical societies who are in the best position to develop 
evidence-based standards for hospital certification, and governmental 
accreditation bodies who are in the best position to enforce those 
standards. Regionalization will also require demonstration products 
supporting both feasibility and effectiveness. Given the large-scale 
system changes that regionalization involves, it is unlikely that we can 
proceed until initial studies demonstrate improvements in patient-
centered outcomes.

■■ ROLE OF INTENSIVISTS
Practicing intensivists should be aware of the key roles they will play in a 
regionalized system. If critical care is regionalized, it will likely occur as 
an inclusive system, whereby all hospitals are capable of providing some 
level of critical care, but more seriously ill patients are systematically 
transferred to higher levels. This is in contrast to an exclusive system, 
whereby only some hospitals can provide critical care and triage occurs 
entirely outside the hospital. The distinction is important because exclu-
sive systems place the burden of triage and initial treatments both on 
emergency medical personnel and emergency physicians and intensiv-
ists practicing in small community centers. Although these clinicians 
may not need extensive experience in caring for patients with severe 
multiple organ dysfunction, they will still need the ability to quickly 
recognize emerging critical care syndromes and activate the necessary 
treatment and transfer protocols. Intensivists will also be responsible 
for helping to inform overall system design, including the outcomes by 
which accountable care systems will be evaluated and benchmarked. 
Ultimately, it is essential that intensivists take an active role in the devel-
opment of regional critical care systems, lest regionalization proceed 
without significant intensivist input.

TELEMEDICINE
ICU telemedicine refers to the use of audiovisual technology to pro-
vide critical care from a remote location. Telemedicine itself is a broad 
concept that has been in use for decades in several medical fields.40 In 
general, there are three major categories of telemedicine: store-and-
forward, remote monitoring, and interactive care. Store-and-forward 
systems such as teleradiology and telepathology involve the remote 
analysis of static medical data and are common in the current health 
system. In the ICU, telemedicine most typically refers to a combination 
of remote monitoring, by which the health status of patients is continu-
ously monitored, and interactive care, by which the technology is used 
to directly manage patients in real time.41 Applications of telemedicine-
based technology that do not involve direct patient contact, for example, 
distance-based medical education and quality improvement, come 
under the rubric telehealth, and, although important to the practice of 
critical care, are not discussed here.

  TABLE 10-1    Barriers to the Development of Regionalized Systems of Care

Need for a strong central authority to regulate and manage the system

Lack of consensus on the criteria for a regional referral center

Lack of objective patient triage criteria

Potential to overwhelm capacity and resources at large referral centers

Risks of routine interhospital transport for critical ill patients

Physician and hospital resistance to lose autonomy and income

Potential to decrease overall quality at small volume hospitals

Personal strain on patients and families
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•• A method for the distance-based provider to communicate the care 
plan to the bedside clinicians

On top of this basic technology could lie any number of additional 
features, including alarms for early recognition of physiological dete-
rioration, clinical decision support, care protocols for standardizing 
practice, and artificial intelligence for recognizing critical illness syn-
dromes like sepsis and acute lung injury. Importantly, these added layers 
of functionality could just as easily be used in traditional ICUs at the 
bedside. Thus they are not limited to telemedicine, although their use 
may be facilitated by the clinical information systems that are integral to 
most telemedicine applications.

Functionally, these systems take on a number of forms that vary 
widely in simplicity, cost, flexibility, and utility (Fig. 10-2). At one end 
of the spectrum are ad hoc, on-demand remote care systems for indi-
vidual patients, as has been accomplished using robotic telepresence in 
the neurological ICU.42 At the other end of the spectrum are multicenter 
telemedicine units that provide continuous monitoring and interven-
tion for entire hospitals.43 These systems are similar in theory but quite 
different in practice. The ideal type of system for a particular ICU will 

A 

B

D C

C B  

A

FIGURE 10-1.  Models for critical care regionalization. Top Panel: A classic hub-and-spoke model, with three smaller community hospitals (A, B, and C) transferring patients to a single larger 
regional referral hospital (D). Critically ill patients in the field may be initially admitted to the community hospitals or the referral hospital, although they are selectively triaged to the referral 
hospital based on severity of illness. The dotted line from hospital D back to hospital C indicates that patient flow can be bidirectional, with patients in the recovery phase of critical illness 
transferred back to their hospital of origin. Bottom Panel: A model with multiple regional referral centers, each specializing in a certain type of patient (eg, one stroke center and one cardiac arrest 
center), signified by either dotted or solid lines. The small community hospital (A) transfers patients to either referral center B or referral center C based on diagnosis. Critically ill patients in the 
field may be initially admitted to the community hospitals or the referral hospital, although they are selectively triaged to the referral hospital based on severity of illness and diagnosis. This 
model may prevent system strain by allowing more hospitals to act as regional referral centers, but requires duplication of resources across more hospitals.

  TABLE 10-2   � Potential Standards for Certification as a Regional Referral Center  
for Crucial Care

All intensive care units staffed by trained intensivists under closed or mandatory consult model34

Consistent multidisciplinary rounds for all patients35

Formal quality measurement and improvement programs for ICU patients36

Hospital certified as Level 1 trauma center11

Hospital certified as stroke center37

Availability of 24-hour percutaneous transluminal coronary angioplasty38

Availability of 24-hour neurosurgery37

Capability for extracorporeal membrane oxygenation23

Capability for renal replacement therapy39

All ICU telemedicine applications require three primary components.

•• A method for electronic patient monitoring
•• A clinical information system for facile transmission of real-time 

clinical data
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depend on the goals, budget, and clinical needs of the ICU in question. 
ICU telemedicine is also not limited to physician-based care. Several 
ICU based telemedicine-based applications include nurse-led care, 
respiratory therapy, and pharmacy services.44

■■ POTENTIAL BENEFITS
ICU telemedicine is not just a method to provide regional critical care. It 
is a potentially transformative approach to the entire practice of critical 
care medicine, with substantial promise to improve health care quality 
for critically ill patients. Consequently it can positively impact patient 
care in several ways.

Most significantly, telemedicine is a novel strategy to better match the 
supply of intensivist clinicians with demand for critical care services. 

Data convincingly show intensivist-led care is associated with better 
outcomes in the ICU.34 However, there are not enough intensivists to 
meet current or future demand, and hospitals without trained intensivists 
are frequently small, rural facilities.45 Through telemedicine, intensivists 
could provide patient care across large distances, thereby ensuring use 
of evidence-based practice, facilitating early recognition of physiological 
deterioration, and providing leadership in emergent situations. ICU phy-
sicians with expertise in complex therapies like therapeutic hypothermia 
or high-frequency oscillatory ventilation could provide this type of care 
even if located off-site. Telemedicine might also improve the efficiency of 
care, allowing a single intensivist to provide care for greater numbers of 
patients. Indeed, the ability of telemedicine to leverage intensivist exper-
tise is one of its major supposed advantages over traditional bedside care.

Audio-visual

EMR

Off-site command center

Physician Staff 

Hospital B

Audio-visual

EMR

Telemetry

RadiographyMultidisciplinary
Staff 

On-site command center

Hospital A

Hospital B

Hospital C

Hospital A

FIGURE 10-2.  Models for intensive care unit telemedicine. Top Panel: A simple telemedicine program for as-needed coverage across multiple ICUs. An intensivist in an off-site command 
center has one way audiovisual access to multiple hospitals via a roving camera. Staff in the remote ICUs can request an intensivist consult as needed. For example, a small hospital wishing 
assistance in order to institute therapeutic hypothermia after cardiac arrest for a single patient could request a consult from the teleintensivists. Bottom Panel: A comprehensive telemedicine 
program for continuous monitoring of multiple ICUs. The command center is located within hospital A and allows a multidisciplinary team to manage all ICU beds in both hospital A and 
hospital B via two-way audiovisual access and a multiple electronic data sources. Under this model, multiple clinicians with complimentary skill sets (ie, physicians, nurses, pharmacists, and 
respiratory therapists) can continuously monitor a large cohort of patients and intervene when necessary.
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Telemedicine has also the potential to substantially decrease costs in 
critical care, although the theoretical rationale behind cost reduction 
is less clear than outcome improvements. By preventing ICU-acquired 
infections, triaging ICU patients, and reducing ICU length of stay, tele-
medicine could reduce overall expenditures in critical care. However, 
costs of ICU telemedicine are extensive and include not only infrastruc-
ture and staffing costs but also the costs of ongoing system maintenance. 
Future savings are not assured and may not offset these costs.

■■ UNINTENDED CONSEQUENCES
Implementation of an ICU telemedicine program carries the potential 
for several unintended adverse consequences. The most obvious risk is 
that any quality gained by the introduction of ICU telemedicine will not 
justify the costs. Telemedicine is not a therapy itself, but a tool through 
which therapies can be administered—its impact depends not only upon 
its existence but on how it is used.46 Like the pulmonary artery catheter, 
another once-widely used tool in critical care, use of telemedicine may 
facilitate small changes in minute-to-minute patient management but 
not impact overall outcome.47

Another risk of telemedicine is that it might paradoxically lead to 
decreased vigilance and increased errors through a sociospychological 
phenomenon known as diffusion of responsibility. Shared patient over-
sight necessarily means that oversight is not explicitly assigned to a 
single provider, and the knowledge that another clinician is watching 
may lead bedside clinicians to pay less attention to critically ill patients. 
Providers may overlook or ignore important problems if they feel that 
someone else is taking care of such issues. Redundancy in oversight has 
improved safety in other industries such as aviation and manufactur-
ing, but it may not translate to critical care, which is more expectedly 
dynamic and unpredictable than those fields.

A final risk is the risk of technological failure and down time. As we 
become more dependent on technology in medicine, we put ourselves at 
greater risk if that technology fails. No amount of fail safes can prevent 
the occasional systems outage. Such outages may have minimal impact 
when telemedicine is purely used for redundant care, but they can be 
disastrous in cases where telemedicine represents the only immediate 
access to a trained intensivist.

■■ EVIDENCE
Systematically evaluating the telemedicine programs is inherently dif-
ficult.48 ICUs are complex, and the clinical impacts of organizational 
changes can be hard to detect. Telemedicine programs themselves are 
equally complex, frequently involving a number of simultaneous orga-
nizational changes. Determining which part of the intervention led to 
the observed changes in outcome can be difficult if not impossible. 
Also, since ICU organization is frequently changing in other ways, any 
changes in outcomes are not necessarily attributable to the telemedicine 
intervention under study.

Nonetheless a growing body of literature has sought to determine 
the relationship between ICU telemedicine and patient outcomes. The 
vast majority of evaluations are before-after studies in a single center, 
and few systematically address differences in case mix or coincident 
interventions that might confound the results. A 2011 report compre-
hensively reviewed these studies and performed a meta-analysis of their 
findings.49 The meta-analysis showed that, on average, introduction 
of a telemedicine program did not reduce either in-hospital mortality 
(odds ratio for in-hospital death: 0.82, 95% confidence intervals 0.65 to 
1.03) or ICU length of stay (adjusted difference: −0.64 days, 95% con-
fidence interval −1.52 to 0.25). However, there was wide heterogeneity 
between studies, with some studies showing a substantial benefit50 and 
others showing no benefit at all.43 Additionally, few studies addressed 
the potential mechanism of the effect, nor did they specifically examine 
telemedicine in the extremely small, resource-poor hospitals where it 
may be most beneficial. These data demonstrate that more evidence 
about the mechanism and impact of telemedicine is necessary before 
widespread adoption is possible.

Additional insight was provided by a more recent study showing 
60% reduction in the adjusted odds of death in seven ICUs under the 
telemedicine model.51 What differentiated this study from others is that 
there were extensive efforts to couple telemedicine with specific qual-
ity improvement initiatives such as daily screening for best-practice 
implementation. Patients in the telemedicine were more likely to receive 
practices such as deep-vein thrombosis prophylaxis and stress-ulcer pro-
phylaxis. However, it is not clear why these practices and others could 
not also be effectively provided by intensivists at the bedside, calling 
into question whether the benefits of telemedicine in this model could 
not be obtained through easier means. Nonetheless, this study provides 
important conceptual evidence that telemedicine can be used to improve 
critical care delivery and increase survival.

■■ BARRIERS
The primary barrier to further adoption of telemedicine is cost, which 
includes initial capital investment in the technology and ongoing operat-
ing costs. This barrier may become less of an issue in the future as the 
costs of the technology decline. Yet even systems that are technologically 
inexpensive still carry the costs of the workforce to staff the telemedicine 
unit. Depending on whether telemedicine is used continuously or as 
needed, these costs may be extensive. Additionally, there are important 
opportunity costs associated with telemedicine. Trained intensivist 
physicians and nurses are in short supply, and clinicians that work in 
a telemedicine unit cannot work in an actual unit at the same time. In 
theory, telemedicine could help ease the workforce crisis by increasing 
efficiency, but these efficiency gains are not yet proven.

Other important barriers to ICU telemedicine are the pragmatic 
aspects related to interoperability, billing and reimbursement, licens-
ing and credentialing. Interoperability with existing electronic health 
records is a major concern as hospitals frequently have made substantial 
investments in these systems and do not want to purchase additional 
systems that cannot work with the existing ones. In health systems with 
fee-for-service physician payment, there is not yet consistent reimburse-
ment for critical care services provided via telemedicine. In the United 
States, most health care purchasers will only pay for critical care that is 
provided at the bedside. Although this policy acknowledges the critical 
importance of physical assessment in the practice of critical care, it fails 
to recognize the growing intellectual expertise inherent in critical care, 
expertise that may be effectively provided from a remote location.

Regarding licensing and credentialing, several major issues must be 
addressed prior to widespread adoption of ICU telemedicine. Under a 
telemedicine model there are no geographic or political boundaries that 
could limit access to care. Strategies to credential physicians to provide 
care across hospitals, states, provinces, and even countries are necessary. 
These issues are by no means insurmountable—similar medicolegal 
issues exist in all telemedical fields, and they did not prove a barrier for 
the widespread adoption of teleradiology, in which health care is often 
provided across hemispheres.

A final barrier is that of provider acceptance. Telemedicine can be 
transformative in the ICU, but that transformation can be both posi-
tive and negative. Whenever care processes are fundamentally changed, 
providers and patients may react negatively. In the ICU, communication 
between care providers and interpersonal trust is critical. The degree to 
which these issues are affected by telemedicine, in which clinical rela-
tionships occur between people who are not only in different physical 
locations, but also may not ever have met, is unknown.52 In fact, lack of 
provider acceptance is often the primary reason cited to explain inci-
dences when telemedicine failed to improve outcomes.43

■■ IMPLEMENTATION STRATEGIES
Effective implementation of ICU telemedicine is similar to the imple-
mentation of any broad quality improvement measure, but similarly 
challenging.53 The first step is to perform a comprehensive needs assess-
ment and environmental scan. What quality deficits currently exist in 
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the ICU? What are specific goals of telemedicine in this setting? What 
are our current workforce needs and what will our needs be under the 
telemedicine model? How receptive is the ICU staff to organizational 
change? What existing clinical information systems must be integrated 
with the new technology? What are the budgetary constraints? How 
scalable will the system need to be in the event of expansion or shift-
ing need? The answers to these questions will inform the type of tele-
medicine program and the ways in which effectiveness of the program 
is evaluated.

There are several additional operational considerations. Physical 
space for the telemedicine unit is important, and should be considered 
on par with the physical environment of the ICU itself. As in other 
industries such as air-traffic control, workstation design and ergonom-
ics have potential to influence worker effectiveness.54 Although the 
location of the telemedicine unit is not limited to any one place, hos-
pitals may want to locate it in close proximity to one or another ICU 
if telemedicine physicians might ever be asked to provide in-person 
care. Important technological issues include whether to include two-
way video (such that bedside clinicians can see the telemedicine unit), 
whether to integrate the telemedicine application with an existing clini-
cal information system, how to ensure data privacy and security, and 
how to manage and store the vast amounts data involved. There are sev-
eral commercial vendors that provide a range telemedicine services—if 
a commercial solution is sought then the vendor can often help assess 
and review local needs.

■■ ROLE OF INTENSIVISTS
Intensivist physicians must recognize their special role within a telemed-
icine program, and how that role differs from traditional in-person care. 
This role can also be customized from program to program. In some 
programs teleintensivists will manage all aspects of patient care just as in 
a closed ICU. In some programs, teleintensivists will comanage patients 
with nonintensivists, a relationship common to many existing ICUs, the 
only difference being distance. In still other programs, teleintensivists 
will comanage patients with other intensivists, a novel cooperative care 
model that will require new strategies for communication between phy-
sicians. Teleintensivists under this model will simultaneously be team 
leaders and members of a larger team, a role that may not come naturally 
to most intensivists.

All participating intensivists will have to learn a new method of 
patient care, one for which they may not have received any specific 
training. The skills required to provide critical care across a distance are 
not necessarily intuitive. These skills include the ability to make diag-
noses in the absence of a traditional physical examination, the ability 
to effectively communicate with other providers through cameras and 
speakerphones, and the ability to integrate multiple simultaneous data 
sources in patients for whom they may have little or no familiarity. Most 
challenging among these may be the ability to gain the trust and confi-
dence of patients and bedside nurses from the other side of a camera.52 
Effective interpersonal communication is the cornerstone of effective 
multidisciplinary ICU care, and the ability to provide it is almost cer-
tainly a learned skill.

SPECIAL CHALLENGES
Both telemedicine and regionalization involve a fundamental reorga-
nization of the way we provide critical care. Although each evolved 
separately, they both developed out of the need to bring a regional 
perspective to critical care medicine. The problems that created this 
need—the gap between evidence and practice, variation in quality 
between hospitals, growing workforce crisis—are unlikely to go away 
soon. Consequently, the use of these strategies and others that might 
improve access to high-quality critical care are likely to expand. With 
that in mind, there are several special challenges that the field must face 
as critical care reorganizes across the world.

■■ EDUCATING NEW CLINICIANS
Traditional medical education emphasized bedside care, with lessons on 
the pathophysiology of disease tightly linked to the patient assessment at 
the bedside. Over the last few decades, the profession added additional 
education in communication, ethics, and professionalism in response to 
new challenges faced by doctors. However, the current medical educa-
tion system still does not prepare trainees to practice in the fully inte-
grated health system of the future, one in which care is provided across 
regions using a combination of technological and physical approaches. 
To ensure a prepared workforce, we must rethink the way we educate the 
next generation of clinicians.

■■ BALANCING STAKEHOLDER NEEDS
Reorganizing critical care will mean carefully balancing the needs of 
competing stakeholders. Relevant stakeholders in critical care include 
community physicians, academic physicians, other clinicians, hospitals, 
governmental agencies, and health care purchasers. Frequently the needs 
and incentives for these stakeholders may not align. For example, region-
alization and telemedicine may require community physicians to sacrifice 
autonomy in order to achieve greater health care quality. Conversely, in 
settings where regionalization and telemedicine do not make sense, aca-
demic physicians with personal or financial stakes in their success may 
have to sacrifice. Clearly these approaches are not panaceas for the prob-
lems facing critical care, but are just two of many possible tools. Figuring 
out ways to use these tools in ways that prioritize the needs of all major 
stakeholders is a pressing challenge for the profession.

■■ MAINTAINING PATIENT CENTEREDNESS
In all the discussions about regional care delivery and technological 
innovation, it is easy to lose sight of the patient. It is essential that as we 
work to reorganize the health care system we maintain a patient focus. 
We must not forget to consider patient and family wishes when we sug-
gest transferring critically ill patients far from their homes, or replacing 
the soothing presence of a physician at the bedside with a disembodied 
voice coming over a loudspeaker. Moreover, some important aspects 
of critical care may be totally incompatible with transfer to a distant 
regional care centers or use of telemedicine, such as pastoral care or 
end-of-life care. Certainly health care value is a major priority: the 
health care system should achieve the greatest benefit for the greatest 
number of people in the most efficient manner possible. Regionalization 
and telemedicine are likely to be part of the value equation in the years 
to come. Yet we must not lose sight of the fact that an equal priority is 
reinforcing the importance of the patient in our efforts to implement 
regional critical care.
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11
C H A P T E R

KEY POINTS

•• 	The transport of critically ill patients should be undertaken by 
appropriately trained and supported staff.

•• 	All critically ill patients undergoing transport are at risk of 
complications.

•• 	Preparation for transfer requires a systematic approach to assess-
ment, physiological stabilization before departure, and communi-
cation between centers.

•• 	Adverse event recording and audit may improve the quality of 
transport systems.

INTRODUCTION
The transport of critically ill patients dates back to the Napoleonic wars, 
with Baron Dominique Larrey’s invention of the “ambulance volante” 
to transport injured soldiers rapidly to the surgeon. In the modern era 
transport with ongoing intensive care support can be dated to Pantridge 
and Geddes’ 1967 description in The Lancet of the successful transport 
of over 300 myocardial infarction patients to hospital by mobile inten-
sive care unit with a high success rate for resuscitation.1

Transport of critically ill patients is a common element in their care, 
encompassing journeys lasting from a few minutes to many hours. 
These may include transfer from the scene of injury or illness to the 
hospital, transport from the emergency department to the radiology 
department and the operating room, and from there to the intensive 
care unit. Transport across much greater distances may be necessary 
in rural areas, for tertiary referrals, and in repatriation from overseas 
for both civilian and military patients. The main determinants of risk 
common to all patient movements are dependence on organ system sup-
port, physiological instability and limited reserve, and separation from 
sophisticated diagnostic and therapeutic interventions.

■■ PRIOR TO TRANSFER

Timing:  Most transfers within the hospital occur at the convenience 
of the intensive care, imaging or operating room staff departments, 
and are contingent on the urgency of the intervention. Critical care  
transfers between hospitals can be classified as either time critical 
or nontime critical. An example of a time critical transfer would be 
that of an acute intracranial bleed requiring urgent neurosurgical 
intervention.2 Transfers outside working hours should be avoided 
if possible and, if aeromedical transfer is required, transfer during 
daylight hours is preferable. Duration of both intrahospital and inter-
hospital transfers varies widely; dedicated transfer teams may reduce 
transfer times by reducing the time required for patient preparation.3

Team Composition:  To optimize efficiency and safety, a team leader 
should assume responsibility for patient preparation, communication 
between all relevant parties, and team coordination. The composition 
of the transfer team will depend on the requirements of the patient, 
specialist equipment in use, such as an intra-aortic balloon pump, and 
the duration and mode of travel. Team composition will also depend 
on local protocols, regional systems, and team member experience 
and training. A 2-year cohort study of 1169 patients transferred by 
air demonstrated no difference in outcomes between nurse-lead and 
physician-lead transfer teams.4 Indeed, nurse- or paramedic-lead 
teams may be appropriate for less severely ill patients regardless of 
the mode of transport.5 Longer distance transfers of patients requiring 
cardiovascular or respiratory support almost certainly benefit from 
the presence of an appropriately trained doctor as part of the team.6,7 
They should be experienced in anesthesia, intensive care, or an acute 
care specialty and be proficient in airway management, resuscitation, 
and organ support.8,9 Papson et al demonstrated that unexpected or 
adverse events were common during intrahospital transfers between 
the emergency department and the intensive care unit. The frequency 
of these events was negatively correlated with the experience level of 
the escorting doctor.10 This effect may be ameliorated by training.11

Some units and organizations will advocate the use of specialist 
retrieval teams trained to manage patients according to particular 
protocols.12-18 This applies to pediatric hospitals and those providing 
highly specialized services. It has been suggested that use of special-
ized teams results in fewer adverse events, improved patient outcome, 
improved staff satisfaction, and an increase in cost effectiveness.3,18-19 
A minimum of two escorts should accompany the patient.9,20 One of 
those should be an experienced medical practitioner who is compe-
tent at managing the airway as well as providing organ support and 
resuscitation. All clinical members of the team should be familiar with 
the patient’s condition and management to date.21 They should have 
received training in patient transportation and be familiar with the 
transport equipment and environment.8,9

In some jurisdictions, some of the above provisions are mandated 
by law. For example, in the United States among other requirements, 
transfer team members must be appropriately qualified and the 
relevant documentation must accompany the patient. Medical staff 
responsible for organizing or undertaking transfers should be famil-
iar with local legal requirements and the recommendations of their 
national medical bodies.

Section01.indd   69 1/22/2015   9:37:11 AM

http://www.mhprofessional.com/hall
http://www.myuptodate.com


PART 1: An Overview of the Approach to and Organization of Critical Care70

atmospheric pressure, partial pressure of oxygen, and relative humidity.27  
Most commercial fixed wing aircraft have their cabins pressurized to 
8000 ft above sea level with a total ambient pressure of 565 mm Hg 
(75.3  kPa).37 At this altitude, the partial pressure of oxygen falls to  
65 mm Hg (8.7 kPa). Oxygen saturations in a normal subject will fall 
to 93% to 94% at this altitude, placing them on the steep part of the 
hemoglobin-oxygen dissociation curve. In the nonintubated patient, this  
reduces the oxygen-carrying capacity of blood and increases oxygen require-
ments. Team members may also feel the effects of reduced oxygen tension 
with increased fatigue, dehydration, and poor concentration.

According to Boyle’s law, gases increase in volume as pressure decreases 
(at a fixed temperature). At 8000 ft, gas expands by a factor of 1.35. Gas 
is normally found in a number of body cavities including the middle 
ear, sinuses, and bowel. Expansion of such gas can cause discomfort and 
barotrauma. In the critically ill patient, there may be unwanted gas in 
the thorax, peritoneal cavity, or skull. Expansion of such gas may have 
serious consequences. A nasogastric tube should be inserted and placed 
on free drainage and any pneumothorax should be treated with a chest 
drain with a one-way valve prior to departure. If air transfer is necessary, 
some aircraft can pressurize their cabins to sea level, at the expense of 
speed, increased turbulence, and reduced fuel efficiency.

Whichever vehicle is chosen, it must be appropriately equipped to 
transfer a critically ill patient. The vehicle should allow unobstructed 
access to the patient, with seating for staff members within close 
proximity. The patient, stretcher, and escorting staff must be provided 
with appropriate fixing points, harnesses, or seatbelts. Oxygen and suc-
tion should be available as well as a power supply compatible with the 
equipment used. Patient and staff comfort should be optimized with 
adequate heating, air conditioning, and lighting.8 Once the vehicle is 
selected, contact should be made with the relevant control center to 
book the transport according to the timings required.

Communication:  Poor communication is associated with adverse 
events during transportation.40 The team leader is responsible for 

Mode of Transport:  The chosen mode of transport for interhospital 
transfers will depend not only on the distance to be traveled, but also  
on the stability and physiology of the patient, urgency of transfer, vehicle 
and staff availability, weather conditions, cost, and time of day.21,22 
Each mode of transport carries its own advantages and disadvantages 
(Table 11-1). Smaller countries, such as the United Kingdom, predomi-
nantly use a road ambulance system for critical care transfers, with air 
transport used to transfer patients longer distances from isolated areas 
or to specialist centers,22,23 or for trauma retrieval. Larger countries, such 
as the United States and Australia, rely more heavily on air transport 
rather than road ambulances. Both the military and private aeromedical 
companies provide long-distance transportation by air, bridging con-
tinents if required.24-28 Regulatory bodies such as the Federal Aviation 
Authority (US), Joint Aviation Authority (Europe), and Civil Aviation 
Authority (UK) stipulate standards for operation of air ambulances.

Patient transportation by any mode subjects the patient to physi-
ological changes. All modes, including simple bed movement during an 
intrahospital transfer, expose the patient to the effects of acceleration 
and deceleration, as well as motion sickness, vibration, temperature 
change, noise, and anxiety.29 Air transport can pose hazards to both the 
patient and the escorting team.30 Studies evaluating the efficacy of air 
transport show conflicting results, probably due to geographical factors 
and differences between systems. A number of studies have concluded 
that while transfer times may be shorter by air, this does not always cor-
relate with improved patient outcome.31-33 Gunnarsson concluded that 
there were no more adverse events associated with air transport when 
compared to road transportation of pediatric patients34 whereas Mann 
et al concluded that the removal of a rotary aircraft transfer system for 
rural intrahospital transfers had increased mortality associated with 
traumatic injuries.35 When conducted appropriately, transfers by rotary 
aircraft have been shown to be as safe as road transfers.22 While major 
adverse events during helicopter transfers are rare, minor physiological 
events are more common, especially in those patients requiring ventila-
tory and inotropic support.36 Air transport causes changes in ambient 

  TABLE 11-1    Comparison of Different Modes of Transport

Mode of Transport Advantages Disadvantages Considerations

Land/road ambulance Inexpensive Limited access to very remote locations May require police escort if a rapid move is 
required through urban areas.

Ideal for most short distances Slow over long distances Some areas have dedicated critical care ambu-
lances, these have been recommended by national 
guidelines8

Usually readily available Limited space

Familiar to most clinicians Speed limited by traffic speed

Can offer “door-to-door” transfer Frequent changes in acceleration/deceleration forces  
depending on traffic speed

Weather independent

Rotary wing aircraft Can cover short to medium distances quickly Limited space Approved aeromedical equipment must be used

Can access remote locations Vibration Crew and medical staff must be trained in man-
agement of in-flight emergencies/evacuation 
procedures

Noise

Requires helicopter landing site

Weather dependent38

Limited availability of aircraft

Fixed wing aircraft Can cover large distances rapidly Space may be limited in some aircraft Approved aeromedical equipment must be used

Can be used to transfer more than one patient 
at a time

Vibration Crew and medical staff must be trained in man-
agement of in-flight emergencies/evacuation 
procedures

Noise

Requires a serviceable landing strip and second land 
transfer from strip to hospital may be needed

Limited availability of aircraft

Weather dependent

Increased patient anxiety39
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ensuring there has been clear communication with all relevant  
parties.

•• Patient: If feasible, consent for the transfer should be obtained from 
the patient following a discussion of risks and benefits.9 The patient 
should be kept informed of the progress of their transfer at all times.

•• Patient’s next of kin: An explanation of the risks and benefits of the 
transfer as well as the contact details for the receiving unit should be 
provided, particularly when this involves a transfer of responsibility 
of care.

•• Transferring specialist: The decision to transfer the patient lies with 
the specialist with overall responsibility for the patient’s care.9 Any 
other specialists involved in the patient’s care must be made aware of 
the transfer and timings. A comprehensive summary of the patient’s 
condition should accompany them.

•• Receiving specialist: The final decision to accept the patient lies 
with the receiving critical care specialist.8 Once the patient has been 
accepted by the receiving specialist the following information should 
be confirmed to them:

◦◦ Reason for transfer
◦◦ Patient name, age, sex
◦◦ Medical history
◦◦ Details of current clinical condition
◦◦ Details of current therapy
◦◦ Change in therapy to be undertaken for transfer
◦◦ Infection risk
◦◦ State of family communication
◦◦ Mode of transfer
◦◦ Time frame of transfer
◦◦ Contact details for referring team

•• Other specialties involved: Handover should be provided between 
all the teams involved in the patient’s care at the discharging unit and 
the receiving unit, including details of nursing care.

•• Critical care network: Depending on the location, there may be 
central coordination of critical care beds, thus transfers should 
usually be arranged with the approval of the critical care network 
administrator.8,41,42

•• Ambulance control/aeromedical control center.
•• Hospital porters/orderlies.

This can be delegated to another team member if required. All com-
munication should be documented clearly, with copies kept by the 
discharging and receiving units.

Preparing the Patient:  A number of risks associated with patient 
transfer can be attributed to inadequate patient stabilization prior 
to departure. Patients transferred with cardiovascular or respiratory 
instability have higher overall mortality than those who are stable dur-
ing transfer.43 In a survey of 100 consecutive interhospital transfers,  
Olson et al identified 45 errors in stabilization in 28 patients, many  
resulting in morbidity or mortality.44 A thorough, systematic approach 
must therefore be taken when preparing the patient for transfer. 
Equipment and drug requirements will depend on the duration of 
the transfer (Table 11-2). Hazards of intrahospital transfer are almost 
identical to those of interhospital transfer.21 Standardization and 
homogeneity of such an approach reduces transfer-related risks.45 
The discharging team should be involved in patient preparation, 
facilitated by local guidelines provided by the transportation team or 
unit.46 All body systems should be examined carefully. In all but the 
most spacious of vehicles, access to the patient is likely to be limited, 
and procedures such as line insertion and tracheal intubation can be 
particularly difficult. The patient may undergo physiologic changes in 
any organ system, and appropriate monitoring and medication to deal 
with such changes should be available during transfer. The advent of 
transportable monitoring in the 1970s resulted in early recognition 

Respiratory

Check

Endotracheal tube placement is correct and secure—consider filling cuff with saline for air  
transportation27

Laryngeal masks should be replaced with endotracheal tubes

Oxygen requirement

Ventilation mode and parameters

Recent chest radiograph for evidence of reversible pathology such as pneumothorax

Recent arterial blood gas and trends

Monitoring

Oxygen saturations

Capnography

Endotracheal tube cuff pressure

Respiratory rate

Blood gas analysis for prolonged transfers

Stethoscope

Potential events

Intubation/reintubation during transfer

Airway obstruction

Respiratory depression

Increased oxygen requirement

Vomiting and aspiration of stomach contents

Pneumothorax

Drugs

Intubating/anesthetic drugs—induction agent, muscle relaxant

Nebulized/inhaled bronchodilators

Oxygen

Equipment

Airway adjuncts: Oropharyngeal airways, nasopharyngeal airways

Emergency surgical airway kit with capability to ventilate via it

Stethoscope

Water-soluble lubricant

Nasal cannulae

Face masks with reservoir bags and oxygen tubing

Heat and moisture exchange filter

Self-inflating bag and mask

Portable suction device

Magill forceps

Portable mechanical ventilator capable of providing positive end-expiratory pressure 
(PEEP) and lung protective ventilatory parameters for long-duration transfers50

Oxygen analyzer to accompany mechanical ventilator

Nebulizer kit

Laryngeal masks

Endotracheal cuff pressure manometer

Laryngoscopes and selection of blades, spare batteries, and bulbs

Selection of endotracheal tubes, scissors, and tube ties/tape

Gum elastic bougie/other intubating aids

Cuff pressure gauge

Mechanical ventilator with spare tubing

Chest drain kit, clamp, and seal

  TABLE 11-2    Preparing the Patient

(Continued)
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Cardiovascular

Check

Hemodynamic parameters

Cardiac output studies

Fluid requirements, balance, and urine output

Intravenous/intra-arterial lines are patent, functioning and secured firmly with  
antisiphon valves

Recent 12 lead electrocardiogram

Inotropic/vasopressor requirements

Full blood count, coagulation screen, blood group/cross match

Venous thromboembolism prophylaxis

Peripheral pulses and circulation

Monitoring

Electrocardiogram

Invasive and noninvasive blood pressure

Central venous pressure

If a pulmonary artery (PA) catheter is in situ, PA pressure should be monitored during 
transfer if feasible. If not, the PA catheter should be withdrawn to the right atrium or 
superior vena cava and used to monitor central venous pressure8

Point-of-care blood testing for long transfers

Urine output—Foley bladder catheter

Potential events

Acute ischemia

Cardiac arrhythmia

Hypotension

Hypertension

Cardiac arrest

Hemorrhage

Peripheral ischemia

Drugs

Resuscitation drugs: epinephrine, atropine, amiodarone, and lidocaine

Vasopressors

Inotropes

Intravenous fluids

Blood products if likely to be required

Anticoagulant

Equipment

Assorted hypodermic needles and syringes

Infusion pumps

Intravenous cannulae 20-14G

Tourniquets

Spare central access monitoring sets

Peripheral venous cannulae in various sizes

Giving sets, including those for blood products

Electrocardiogram leads and electrodes

Defibrillator and adhesive pads

External pacemaker

Compression stockings

Urinary catheter and collection bag

Neurological

Check

Level of consciousness, Glasgow coma scale score

Pupil size and reactivity

Analgesia and sedation requirements

Spinal clearance

Monitoring

Intracranial pressure if monitored

Pupil size and response

Potential events

Deteriorating conscious level

Agitation

Pain—movement and anxiety contribute to increased pain scores in critically ill patients  
undergoing transfer, thus pain management should be optimized prior to departure29,51

Seizures

Increasing intracranial pressure 

Deteriorating neurological exam in the context of spinal cord injury

Drugs

Intubating/anesthetic drugs (see the Respiratory section)

Short-acting sedatives, eg, benzodiazepine

Rapid-acting anticonvulsant

Range of analgesia including paracetamol/acetaminophen and morphine

Drugs to reduce intracranial pressure—eg, mannitol

Opiate and benzodiazepine antagonists

Equipment

Intracranial pressure monitor if in situ prior to transfer

Spinal immobilization device

Ability to raise patient’s head—back rest/adjustable trolley

Pen torch

Scissors

Spinal immobilization equipment

Gastrointestinal

Check

Enteric feeding tube placement—aspirated and placed on free drainage prior to departure  
due to risk of aspiration52

Feeding regime

Bowel motility/absorption

Diarrhea

Monitoring

Gastric aspiration

Potential events

Vomiting 

Diarrhea

Drugs

Antiemetic

Prokinetic

Equipment

Spare nasogastric tube and collection bag

Enteric syringes

  TABLE 11-2    Preparing the Patient (Continued)   TABLE 11-2    Preparing the Patient (Continued)

Section01.indd   72 1/22/2015   9:37:12 AM

http://www.myuptodate.com


CHAPTER 11: Transportation of the Critically Ill Patient 73

Portable suction

Rectal tube

Absorbent pads

Metabolic/temperature

Check

Temperature

Electrolytes—potassium, calcium, and magnesium as IV salt solutions

Blood glucose

Insulin/glucose requirements

Metabolic acid-base balance

Hemofiltration/dialysis requirements

Patient weight

Monitoring

Temperature probe/other measuring device

Blood glucose monitor

Point-of-care testing for long transfers

Potential events

Hypothermia 

Hyperthermia

Hypo/hyperglycemia

Electrolyte abnormalities

Drugs

Electrolyte replacement

Short-acting insulin

Glucose—oral and intravenous

Diuretic

Equipment

Thermometer

Warming/insulating blanket

Cooling device

Point-of-care testing/blood glucose monitor

Hyperbaric equipment

Immune/infection

Check

Infective status of the patient—positive screens/cultures

Infection control procedures required

Antimicrobials—current and recent

Antipyretic requirements

Temperature

Inflammation blood profile

Wounds—change dressings if possible prior to transfer

Monitoring

Temperature

Potential events

New onset pyrexia

Contamination by infective agents

Drugs

Antipyretic

Broad spectrum antibiotic for long transfers

Equipment

Thermometer

Microbiology swabs/sample pots for long transfers

Miscellaneous

Check

Long bone fracture stability—these should be splinted to provide pain relief and reduce  
blood loss/tissue/neurovascular damage

Pressure areas

Dressings

Females: menstruation

Allergies

Patient comfort if awake

Patient identity bracelet

Monitoring

Skin, visual check of pressure areas, dressings

Potential events

Development of pressure areas during transfer

Excessive soiling of dressings

Drugs

Barrier cream

Antihistamine, epinephrine, corticosteroid, intravenous fluid

Equipment

Pressure relieving pads/mattress

Adhesive tape

Scissors

Bandages, gauze, dressings, etc

Absorbent pads

Pillow, blankets, ear plugs, food, and water for the patient as appropriate to optimize 
comfort during long journeys

Power inverter/generator

and management of patient deterioration during transfer.47 The moni-
toring used during transfer should have the same capabilities as that 
used on the intensive care unit and, ideally, should be capable of data 
recording, although this does not obviate the requirement for written 
documentation.20 Charts and results for the previous 12 hours should 
be reviewed to assess patient stability and suitability for transfer.

The majority of adverse events during transfer have been attributed to 
equipment failure,48 thus all staff members should be familiar with, and 
have thoroughly checked all equipment prior to departure. Adequate 
battery supplies should be taken to ensure optimum operation for the 
entire duration of the journey plus spares for delays en route. The team 
leader should brief the team on management of emergencies en route. 
The ability to perform procedures such as advanced life support can 
be limited within a confined space,49 thus all team members should be 
made aware of their roles during such an event.

Equipment:  Standards for equipment provision are stipulated by 
national guidelines.8,9 As a rule, the patient should receive the same 
level of monitoring they received prior to transfer. A number of 
studies identify equipment-related adverse events, particularly in 
relation to portable ventilators, invasive monitoring, and sedation. 
All authors highlight inadequate knowledge as being contributory to 
such events.10,40,53

  TABLE 11-2    Preparing the Patient (Continued)   TABLE 11-2    Preparing the Patient (Continued)
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The method of carrying transport equipment depends on local prefer-
ences, but modular backpacks or compartmentalized hard plastic cases 
work well for securely carrying equipment in an accessible manner 
(Fig. 11-1). For most hospital environments, it is necessary to use a dif-
ferent pack for interhospital and intrahospital transfers from that used 
for prehospital care where the demands are different.

Whichever system is used for carrying equipment it should be well 
organized, and should contain a thoughtfully designed, comprehensive 
but not exhaustive list of equipment and medications informed by the 
relevant guideline. A robust mechanism should be in place for regular 
checking of the transfer kit contents and replenishment of any consum-
ables that have been used. A training package should be in place for 
those members of staff expected to use the transfer kit.

The type of transport ventilator used may depend on patient char-
acteristics. While transportable ventilators provide superior ventilation 
compared to manual ventilation in terms of reliability of oxygenation 
and tidal volumes, many portable ventilators offer inferior triggering 
systems and tidal volume maintenance when compared to standard ICU 
ventilators.54,55 It can prove difficult to manage patients with severe lung 
injury using transport ventilators, and it may occasionally be necessary 
to use an intensive care ventilator for intrahospital transfers rather than 
attempting to use a portable ventilator.

Transfer equipment should be56

•• Easy to use and familiar to all nursing and medical staff
•• Robust
•• Light and easy to carry
•• Easy to read with a clear, well-lit display
•• Reliable during vibration and movement in transfer
•• Able to use a portable power supply, eg, external batteries
•• Compatible with aircraft systems

All equipment should be stowed carefully during the transfer, ideally  
on the floor near the bulkhead on a road ambulance or secured to the 
floor in an aircraft. Under no circumstances should equipment be stored 
on the patient. In the event of a collision or turbulence, unsecured 
equipment can become dangerous projectiles. All monitors and syringes 
should be visible to staff throughout the transfer.8

Oxygen:  Hypoxemia must be avoided during transfers to avoid 
adverse events such as acidosis and cardiac ischemia.57 A study of 
patients with traumatic brain injury undergoing intrahospital transfer 

for computed tomographic brain scans demonstrated that a signifi-
cant number of patients showed reductions in the partial pressure of  
oxygen in their brain tissue following the transfer, most notably in 
those with impaired lung function.58

Patient oxygen requirements can be calculated using the formula 
below.

Delivered Oxygen Flow (L/min) × Duration of Transfer (min) 
    = Oxygen Required (L)

As a pragmatic measure, this figure is usually doubled to allow for 
unexpected delays.

Cylinder size and availability will then determine the number of cyl-
inders required (Table 11-3). Each cylinder should be checked and full.

Medication:  All drugs should be stored in an easy to access container, 
at the appropriate temperature. Expiry dates should be checked prior 
to departure and adequate supplies should be taken for the entire 
journey plus some extra in case of delays or diversions. Controlled 
drugs should be signed out and held by an appropriate member of the 
transfer team. All medication should be prescribed and accounted for 
in the patient documentation.

Preparing the Team:  Transfer team members should ensure that they have 
orientated themselves with their transfer vehicle and, especially in the 
case of aircraft, are briefed on emergency and evacuation procedures. 
Each team member should ensure that they have the following items:

•• Money—to pay for return journey if required
•• Mobile phone and contact details of discharging and referring units
•• Food and drink
•• Adequate clothing
•• Antiemetic if known to suffer from motion sickness
•• High-visibility clothing

Individuals are responsible for arranging and checking their own 
professional liability and insurance cover, as in some countries this is not 
necessarily provided by the hospital or health care organization.

During Transfer:  The patient should be reassessed immediately prior 
to transfer. In the event of physiological deterioration or other sig-
nificant change in condition, a decision should be made to delay or 
cancel the transfer.

Most vehicles use a purpose built trolley or stretcher (Fig. 11-2). Some 
organizations use dedicated, standardized transfer trolleys. Indeed, this 
is recommended by the UK Intensive Care Society.8 If used, the trans-
fer trolley should be compatible with the vehicle. When transferring 
the patient on to the stretcher, it is important to consider access in the 
vehicle. Most road ambulances load their stretchers such that access to 
the left side of the patient is limited. Lines, tubing, and monitors should, 
therefore, be positioned on the right side of the patient.

Provided that adequate assessment and stabilization have been 
undertaken prior to departure, little or no active intervention should be 
required during the journey.21 Ensuring that there is no interruption in 
monitoring of vital signs or support of vital functions can reduce risk 
to the patient.20 Apart from patients undergoing mechanical ventilation 

Size (US) M7 C D M22 E M60 M90 MM

Capacity (L) 196 255 425 640 680 1738 2549 3455

http://www.respiratorygroup.com/products/high_pressure/med_o2_spec.aspx.

  TABLE 11-3    Oxygen Cylinder Sizes and Capacities

Size (UK) C D E F G J CD ZX

Capacity (L) 170 340 680 1360 3400 6800 460 3040

http://www.bocsds.com/uk/sds/medical/medical_oxygen.pdf.

FIGURE 11-1.  A typical modular backpack configured for intrahospital transfer.
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and the presence of positive end expiratory pressure, no particular 
patient group has a significantly increased risk of deterioration or mis-
hap during the transfer,48 thus meticulous monitoring and care must be 
taken for all patients. A number of observational studies have concluded 
that both manual and mechanical ventilation can result in hyperven
tilation, thus capnography and arterial blood gas analysis should be 
utilized during long-distance transfers.48,59

The team should be aware of the location of the receiving unit, or met 
by a member of the receiving team on arrival at the hospital. Relatives 
should be updated on the progress of the transfer but should not rou-
tinely accompany the patient.21

Physiological Effects of Transfer:  A cross-sectional analysis of intrahos-
pital transfers reported to the Australian Incident Monitoring Study 
in Intensive Care (AIMS_ICU) concluded that serious adverse events 
occurred in 31% of the 176 reports submitted.40 Patients commonly 
undergo alterations in blood pressure, respiratory parameters, and 
body temperature.60,61 Unfortunately those patients at risk of physi-
ological deterioration cannot be reliably predicted prior to transfer.

All Transfers 

•• Gravitational forces: Ideally the long axis of the patient should be
placed perpendicular to the direction of travel to minimize the effects 
of acceleration and deceleration. In practice, safety restraints in most
vehicles will not allow this. Those with hypovolemia or a reduced
capacity to increase cardiac output, such as cardiac failure, are most at 
risk of complications secondary to such forces. To attempt to reduce
this risk, the circulating volume should be near normal prior to
departure.8,27 The patient should be placed head up to minimize the
effect of alterations in gravitational forces on intracerebral pressure.
Unnecessary high-speed transfers should be avoided.8

•• Motion sickness: This can cause nausea and vomiting in both patients 
and staff.

•• Vibration: Related to changes in floor or ground surface or transmit-
ted vehicle engine vibration.45 It may increase pain and anxiety or
increase mobility of respiratory secretions, increasing the require-
ments for endotracheal suction.

•• Changes in ambient temperature: Most commonly the patient is
exposed to cold, especially while being transferred to and from vehicles.

Transfers by Air 

•• Gaseous expansion by a factor of 1.35 when ascending from sea level to a 
cabin altitude of 8000 ft, resulting in gas trapping within body compart-
ments, pain, nausea, and barotrauma or even decompression sickness.

•• Reduced humidity—drying of secretions, dry mucous membranes
•• Patient fear or anxiety
•• Turbulence

FIGURE 11-2.  Long-range transfer of a military trauma patient by a specialist transfer team.

Patient Documentation:  As well as documentation to be completed 
during the transfer, copies of notes, referral letters, and digital or film 
imaging should accompany the patient.

Transfer Documentation:  Recording of observations of vital signs that 
would usually be recorded on the intensive care unit should be contin-
ued during transfers, at a frequency guided by the degree of stability 
of the patient.

Particular note should be made of observations that are likely to 
deteriorate during the transfer such as hemodynamic stability and pain 
scores.51 As well as the usual physiological data collection, transfer tools 
have been developed integrating descriptions of monitoring and special 
equipment, checklists, and event descriptions. Such tools may not only 
improve patient safety but also allow efficient follow-up and surveillance 
of transport-related incidents.62

■■ Special Circumstances/Clinical Conditions

ECMO:  A number of specialist regional centers provide extracorporeal 
membrane oxygenation (ECMO) and related therapies such as pumpless 
extracorporeal lung assist and extracorporeal life support (ECLS) for 
patients with refractory lung or heart failure. There may be a require-
ment to initiate one of these therapies in a critically ill patient outside 
of these units, with subsequent transfer to the specialist center. There 
are considerable logistic and practical considerations involved in such  
transfers, and therefore, their use is generally restricted to specialist 
teams familiar with the equipment. Two units have described their expe-
riences of transferring these patients.63,64 Despite mechanical stresses 
such as vibration during helicopter takeoff and landing, neither institu-
tion reported equipment malfunction or dislodgement of lines, though 
two cases of compartment syndrome due to arterial occlusion were 
noted. The reduction in ambient pressure and oxygen availability reduce 
the performance of membrane oxygenators, resulting in an oxygen 
desaturation of 3% to 4% at a cabin altitude of 5000 ft.63

Head Injuries/Intracerebral Bleeds:  While patients with mild traumatic 
brain injury can be monitored safely in most nonspecialist units,65 
severely head injured patients often require specialist neurosurgical 
intervention and monitoring to reduce the impact of secondary brain 
injury.66,67 Transfer of the head injured patient, whether intrahospital 
or interhospital, has been associated with deleterious effects such as 
reduced brain tissue oxygenation, resulting in increased secondary 
brain injury.58,68 Despite many of these transfers being time critical, such 
patients must be carefully resuscitated prior to departure.

Major Trauma/Spinal/Burns:  Centralization of trauma and burns  
services has resulted in the concentration of expertise at specialist 
trauma units. The hazards of interhospital transfer appear to be offset 
by the improved care received at such units, even for those patients 
requiring air transportation over long distances.26 McGinn et al 
advocate the use of a specialist retrieval team, based at the receiving 
hospital, as their experience of this system did not demonstrate delays 
in transfer when compared with transfers undertaken by nonspecialist 
teams from the referring unit. This service would incur extra costs to 
the system but outcomes may be improved by the increased expertise 
of the transfer team.15 Both European and US studies have established 
that severely injured patients who were transferred from nonspecialist 
hospitals to specialist trauma centers have better outcomes than those 
who remained in nonspecialist units.66,69 Primary transfer by air in the 
United Kingdom has been shown to benefit only the most seriously 
injured or burned patients, most likely due to the smaller distances 
involved when compared to larger countries.70,71 Movement of patients 
with spinal injuries can potentially result in deleterious neurological 
effects, and no method of transport has been shown to be superior 
to any other in this patient group. Ideally, these patients should be 
transferred directly to a spinal unit, preventing the need for secondary 
transfer, though in practice accurate assessment of spinal injuries at the 
scene of the incident can be difficult.72 Consideration should be taken 
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as to the most appropriate mode of spinal immobilization. Hard “spine 
boards” cause more rapid development of pressure sores than inflat-
able devices or vacuum splints.73 Other complications of spine boards 
include raised intracerebral pressure, difficult airway management, 
deep venous thrombosis, and impaired mouth care.74

Particular problems with transferring patients with severe, wide-
spread burns include difficulties in recognizing stridor and securing 
a compromised airway and difficulties with monitoring, temperature 
regulation, and securing intravenous access. These factors should be 
taken into account prior to secondary transfer, with meticulous atten-
tion to securing endotracheal tubes and IV cannulas. There should be a 
low threshold for intubating patients with airway burns, and establish-
ing invasive monitoring prior to transfer. Warming or cooling devices 
should be provided for transfer where feasible.23,75

Obstetrics:  Critically ill pregnant women may be transferred by road 
or air to tertiary referral centers due to complications arising during 
pregnancy, such as preeclampsia or antepartum hemorrhage, or for 
advanced neonatal care, in cases such as multiple pregnancy or pre-
term labour.76,77 Risk benefit to both the mother and the fetus should 
be considered carefully, as the outcome of a high-risk fetus is better 
when delivered in a specialist perinatal center when compared to a 
local hospital.78 However, the transfer itself can be more hazardous for 
the mother prior to delivery. More commonly, critically ill patients are 
transferred following delivery. In the United Kingdom, over a quarter 
of obstetric units do not have critical care facilities on-site, necessi-
tating an interhospital move. Standard monitoring and management 
should be carried out as per generic critical care transportation guide-
lines with the addition of avoidance of aortocaval compression using 
left lateral tilt and the presence of medical staff trained to manage 
obstetric emergencies and pediatric resuscitation in the unlikely event 
of delivery. Road transfer should be undertaken at normal speed, 
regardless of the distance.14

Neonates/Pediatrics:  In a large multicenter UK survey, Ramnarayan and 
colleagues reported that critically ill children transferred to a pediatric 
intensive care unit have higher survival rates when transferred by a 
specialist pediatric retrieval team compared to those transferred by 
nonspecialist teams.12 In common with adult patients, the most critically 
ill children are those at greatest risk of adverse events and deteriora-
tion during transfer. Small diameter endotracheal tubes leave smaller 
patients particularly vulnerable to tube obstruction by secretions and 
resultant hypoxia.79 Inspired oxygen concentration should be precisely 
measured and controlled during the transfer of neonates.9

The Infectious or Contaminated Patient:  The receiving unit should be 
made aware of the infectious state of the patient, especially if they will 
require isolation due to colonization or infection with a multidrug 
resistant organism. Transfer of colonized patients increases the risk 
of spread of infection to other patients; likewise patients are more 
likely to develop nosocomial infections following transfer.80 Patients 
transferred from distant areas or countries may expose native patients 
to previously unseen organisms, particularly those evacuated from 
disaster areas or areas of conflict.27

Training, Research, and Audit:  Training for all types of transfer is often 
inadequate.8 Training of medical staff can improve patient outcomes, 
reduce incidence of adverse events, and increase speed of patient prepa-
ration prior to transfer.8,11 Staff involved in critical care transfers have a 
responsibility to ensure that they receive adequate training appropriate 
to the types of transfers they undertake. This can occur locally or on 
nationally recognized training schemes.2 Service provision can also 
be improved by the appropriate use of clinical audit.81 Feedback from 
receiving units, whether formal or informal, can be of benefit to the 
transfer team.82 Critical incidents, adverse events, and near misses 
should be reported, recorded, and reviewed in a manner that is both 
blame free and informs other medical personnel. It has been noted 
that nurses are more likely than doctors to report adverse events.83 

Comprehensive documentation allows retrospective case review and 
identification of individual adverse events and trends.

As noted above, there is a notable lack of rigorous scientific data sur-
rounding patient transfer. Research within the field of patient transport 
can be difficult due to the small numbers of heterogeneous patients 
transferred by any one institution, difficulty in blinding in-house asses-
sors, and ability of team members to collect research data while concen-
trating on patient care (see Table 11-4).

  TABLE 11-4   � Outcomes of Interfacility Critical Care Adult Patient Transport:  
A Systematic Review84

Barriers to Transport Research and Recommendations for Future Studies

Barriers/Problems Potential Solutions/Approaches

Lack of validated and feasible definitions for 
many transport-associated complications

Develop a priori definitions for transport-
associated complications by expert consen-
sus; validate these prospectively (eg, pilot 
study) or retrospectively (eg, chart review)

Difficulties consistently documenting 
pretransport clinical status across multiple 
sending facilities

Standardization of pretransport data collec-
tion by centralized form/checklist admin-
istered by transport personnel at time of 
patient retrieval and/or by telephone follow-
up following arrival at receiving facility

Limited monitoring (eg, no blood tests or 
x-rays) and documentation during transport

Standardization of data collection (eg, 
physiological parameters) during transport 
by centralized form/checklist administered 
by transport personnel during transport

Underreporting of adverse events/errors due 
to a real or perceived culture of blame

Anonymous reporting and independent 
abstraction of documented adverse events/
errors; achieve “buy-in” from frontline staff 
through education and involvement in proj-
ect development

Inability to identify an adequately matched, 
nontransported comparison group due to het-
erogeneous patient population transported to 
tertiary centers and inevitable selection bias of 
those chosen for transport to these centers

Use of a multicenter, prospective obser-
vational cohort study including a broad 
spectrum of referral institutions; study risk 
factors for transport-related adverse events

Reproduced with permission from Fan E, MacDonald RD, Adhikari NK, et al. Outcomes of interfacility 
critical care adult patient transport: a systematic review. Crit Care. February 2006;10(1):R6.
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Rapid Response Teams
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C H A P T E R

KEY POINTS

•• Patients admitted to modern hospitals may develop serious 
adverse events in up to 20% of admissions. In addition, hospital-
ized patients can deteriorate unexpectedly due to the development 
of a new problem.

•• In a high percentage of cases, deterioration is gradual in onset and 
is associated with the development of derangement in the patient’s 
vital signs.

•• Many hospitals have introduced Rapid Response Teams (RRTs) to 
review deteriorating patients when they develop derangements in 
vital signs that fulfill predefined criteria.

•• Evidence for the effectiveness of RRTs is conflicting, and the optimal 
team composition and thresholds for activation remain undetermined.

INTRODUCTION
Modern hospitals treat patients with increasingly complex medical con-
ditions. Despite advances in medical technology and the advent of new 
medicines and interventions, many patients admitted to hospitals suffer 
adverse events. The most studied of these events are unplanned admis-
sions to the intensive care unit (ICU), unexpected hospital deaths, and 
cardiac arrests. Other studies have shown that such events are preceded 
by the development of new problems or derangements in vital signs for 
several hours, and that the response to these problems by ward staff may 
be suboptimal.

Traditional code teams are activated when a patient suffers a cardiac 
arrest manifesting as a loss of circulation or respiration. In this chapter, 
we discuss the concept of the Rapid Response Team (RRT), which is 
activated when a patient develops less severe and earlier signs of insta-
bility. We also describe the Rapid Response System (RRS), which is the 
entire system used to support the team.

SERIOUS ADVERSE EVENTS ARE COMMON 
IN HOSPITALIZED PATIENTS
Modern hospitals in developed countries care for patients of increas-
ing age, acuity, and complexity.1 Studies conducted in North America, 
Australia, New Zealand, and the United Kingdom suggest that such 
patients suffer adverse events in up to 20% of cases depending on the 
definition used and population assessed (Table 12-1).

In 1964, Schimmel2 reported on the incidence of adverse events in a 
cohort of 1014 patients admitted over an 8-month period to a univer-
sity teaching hospital in the United States. Participating house officers 
reported “every noxious response to medical care occurring among their 
patients.” The study found that 20% suffered iatrogenic injury, 6.7% of 
which were fatal. Subsequently, two large studies, one in New York3 and 
the other in Utah and Colorado,4 estimated a much lower incidence  
of adverse events of 2.9% to 3.7%. However, both of these studies defined 
adverse events from a medicolegal perspective in an attempt to estimate 
the incidence of medical negligence. In a different study assessing a 
broader definition of medical error, Andrews and coworkers5 found  
a 17.7% incidence of adverse events.

Four subsequent studies defined adverse events as “unintended injury 
or complication resulting from medical management rather than the 
underlying disease process.” These studies were conducted in multiple 
countries worldwide including Australia,6 New Zealand,7 England,8 
and Canada9 and enrolled more than 25,500 hospitalized patients 
(Table  12-1). These studies reported an incidence of adverse events 
ranging from 7.5%9 to 16.6%6 and suggested that between 36.9%9 and 
51%6 were preventable.

The above studies assess adverse events from the perspective of 
iatrogenesis and negligence. Patients may suffer an adverse event that 
does not fall into these categories. Bellomo and coworkers10 conducted 
a 4-month study of serious adverse events (SAEs) in 1125 patients 
undergoing major surgery (defined as surgery requiring admission for 
more than 48 hours) at the Austin hospital. A dedicated research coor-
dinator assessed patient records for the presence of 11 predefined SAEs: 
acute myocardial infarction, pulmonary embolism, acute pulmonary 
edema, unscheduled tracheostomy, respiratory failure, cardiac arrest, 
cerebrovascular accident, severe sepsis, acute renal failure, emergency 
ICU admission, and death. The study reported that 16.9% of patients 
suffered postoperative SAEs, and that 7.1% of patients died. Further, 
in those older than 75 years who underwent unscheduled surgery, the 
mortality was 20%.10

SERIOUS ADVERSE EVENTS ARE PRECEDED 
BY SIGNS OF INSTABILITY
A number of studies have assessed the clinical course and manage-
ment of patients in the hours leading up to SAEs and cardiac arrests 
(Table 12-2). Some of these studies11,12 have used an expert panel to 
determine whether the cardiac arrest or iatrogenic arrest was avoidable 
and whether it was associated with medical error. Such studies suggest 
that approximately 60% of cardiac arrests were avoidable. Similarly, an 
assessment of 100 consecutive emergency ICU admissions suggested 
that 54% of patients received suboptimal care, and that suboptimal care 
was associated with increased mortality.13

The major limitation of these studies is their retrospective design and 
lack of objective criteria for assigning preventability. Consistent with 
this notion, Hayward and Hofer14 reported an analysis of 111 deaths in 
7 Veteran hospitals in the United States, which suggested that previous 
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  TABLE 12-1    Summary of Studies Reporting Adverse Events in Hospitalized Patients

Reference(s) and Year of Inception Study Population Definition of Adverse Events Major Findings

Schimmel2 1960-1961 1014 patients admitted over 8 months to a 
university-affiliated hospital

Every noxious response to medical care occurring 
among patients…resulting from acceptable diagnos-
tic and therapeutic measures deliberately instituted 
at the hospital

20% suffered iatrogenic injury

6.7% of adverse events resulted in death

LOS in those with noxious events was 28.7 days 
compared with 11.4 days in other patients

Leape et al,3 1984 30,195 patients in 51 hospitals in New York Unintended injury that was caused by medical man-
agement that resulted in measurable disability 

3.7% incidence of adverse events

47.7% associated with operation

Drug error, wound infection, and technical  
complication responsible for 45.9% of events

Thomas et al,4 1992 14,700 patients in 28 hospitals in Utah and 
Colorado

Injury caused by medical management rather than by 
the disease process and resulted in prolonged LOS or 
disability at discharge

2.9% incidence of adverse events

6.6% of adverse events resulted in death

44.9% were due to operative events

Andrews et al,5 1989-1990 1047 patients from 3 units of a university 
teaching hospital in the United States

Situations in which an inappropriate decision was 
made when, at the time, an appropriate alternative 
could have been chosen

17.7% suffered at least one adverse event

Increased events in those with long stays

37.8% due to an individual

9.8% due to administrative decisions

Wilson et al,6 1992 14,179 patients in 28 hospitals in New 
South Wales and South Australia

Unintended injury or complication that resulted in 
disability, death, or prolonged hospital stay and was 
caused by the health care management rather than 
by the underlying disease process 

16.6% incidence of adverse events

51% had high preventability

13.7% resulted in permanent disability

4.9% resulted in death

Resulted in 7.1 day increased LOS

Davis et al,7 1998 6579 patients in 13 New Zealand hospitals 
with more than 100 beds

Same as the study by Wilson et al 12.9% incidence of adverse events

37% preventable to a significant degree

15% associated with permanent disability or death

Resulted in 9-day increased LOS

57.5% associated with surgery

Vincent et al,8 1999-2000 1014 patients in 2 London hospitals Unintended injury that was caused by medical man-
agement rather than the disease process

10.8% incidence of adverse events

48% preventable

Baker et al,9 2000 3745 patients in 20 Canadian hospitals Same as the study by Wilson et al 7.5% incidence of adverse events

36.9% preventable

Bellomo et al,10 1998-1999 1125 patients undergoing major surgery in 
a university teaching hospital

Specific criteria for 11 predefined adverse events 16.9% incidence of serious adverse events

20% mortality in patients over 75 undergoing 
unscheduled surgery

LOS, length of stay.

Data from Baker GR, Norton PG, Flintoft V, et al. The Canadian Adverse Events Study: the incidence of adverse events among hospital patients with Canada. CMAJ. May 25, 2004;170(11):1678-1686.

  TABLE 12-2    Summary of Studies Reporting Antecedents to Serious Adverse Events and In-Hospital Cardiopulmonary Arrests

Reference and Year of Inception Study Population and Setting Method of Assessment Major Findings

Bedell et al,11 1981 203 cardiac arrests

(Most arrests were in medical patients)

Boston Beth Israel Hospital

Iatrogenic arrest defined as an arrest that 
resulted from a therapy or procedure or 
from a clearly identified error of omission

Review by three independent internists

14% followed an iatrogenic complication

Iatrogenic arrests less likely to have cardiogenic shock or 
myocardial infarction before arrest

64% of iatrogenic arrests associated with inadequate 
clinical assessment, medication errors, and suboptimal 
response to symptoms (dyspnea and tachypnea)

Schein et al,15 Jul-Oct 1987 64 consecutive cardiopulmonary arrests 
(age 51 ± 2 years)

Jackson Memorial hospital (1200-bed 
university teaching hospital)

Only included arrests in ward patients

Assessment of charts for vital signs, medi-
cal and nursing notes during the 8 hours 
before the arrest

The patients’ underlying condition was 
classified as rapidly fatal, ultimately fatal, 
or nonfatal

Arrest occurred 161 ± 26 h postadmission

84% had documented deterioration or new complaint 
within 8 hours of the arrest

Frequency of alteration were respiratory > multiple > 
cardiac > neurologic

Prognosis of underlying disease nonfatal in 36%

(Continued)
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studies had overestimated the incidence of death due to medical error. 
In addition, the authors demonstrated considerable interobserver vari-
ability in estimation of preventability, suggesting that “preventability was 
in the eye of the reviewer.”14

Other investigators have retrospectively assessed patients’ case his-
tories for objective signs of physiological or biochemical instability in 
the hours leading up to the cardiac arrest or unplanned ICU admis-
sion. At least five studies15-19 have demonstrated that patients develop 
new complaints or deterioration in commonly measured vital signs or 
laboratory investigations in up to 84% of cases in the 24 hours prior to  
the event (Table 12-2). Such perturbations are not only objective, but 

they are routinely measured and assessed by treating medical and nurs-
ing staff (Figs. 12-1 to 12-3). However, the limitation of these studies 
is that they fail to demonstrate whether intervention during the course 
of deterioration would have altered the patient outcome. In addition, 
they do not assess a control group to document the frequency of such 
perturbations in patients not suffering cardiac arrest and unplanned 
ICU admission.

Three studies have attempted to assess the utility, sensitivity, and 
prevalence of deranged vital signs in prospective cohort studies. Thus, 
Goldhill and McNarry20 conducted a study in which the vital signs of 
433 patients were prospectively recorded on a single day. They reported 

  TABLE 12-2    Summary of Studies Reporting Antecedents to Serious Adverse Events and In-Hospital Cardiopulmonary Arrests

Reference and Year of Inception Study Population and Setting Method of Assessment Major Findings

McQuillan et al,13 Winter 1992 100 consecutive emergency admissions 
to adult ICU in England (Portsmouth and 
Southampton)

Opinions of two external assessors on 
quality of care before admission → espe-
cially recognition, investigation, monitor-
ing and management of abnormalities of 
airway, breathing, and circulation.

Assessors agreed that 20% received optimal care and 54% 
suboptimal care. ICU mortality of these patients was 25% 
and 48%, respectively. Suboptimal care resulted from 
lack of organization and knowledge, failure to appreciate 
urgency, failure to seek advice

Buist et al,17 Jan-Dec 1997 43 cardiac arrests and 79 unplanned ICU 
admissions in 112 patients

Dandenong Hospital Victoria

Retrospective assessment of medical 
records for abnormalities in vital signs and 
blood tests

76% of patients had instability for >1 hour

Median duration of instability was 6.5 hours

Hemodynamic > respiratory > abnormal laboratory 
results > reduced conscious state

Overall mortality = 62%

Accounted for 15% all ICU admissions, one-third ICU 
deaths, 18% hospital deaths

Hodgetts et al,12 1999 118 consecutive arrests over 1-year 
period in all hospital areas except day 
units and the emergency department

700-bed acute district general hospital 
in southeast England

Review by expert panel to determine if 
arrests were potentially avoidable

Inadequate treatment included errors in 
diagnosis, inadequate interpretation of 
investigations, incomplete treatment, 
inexperienced doctors, management in 
inappropriate clinical areas

Panel unanimously agreed that 61.9% of arrests were 
potentially avoidable

Cardiac arrests more likely on the weekend

Odds ratio for potentially avoidable arrest on general ward 
versus critical care area was 5.1

100% of potentially avoidable arrests deemed to receive 
inadequate treatment

Hodgetts et al,16 1999 118 cardiac arrests as above

Compared with 132 controls who did 
not suffer cardiac arrest

Compared incidence of abnormal clinical 
criteria

Assessed for risk factors for cardiac arrest 
using clinical criteria

Risk factors for arrest included abnormalities in respira-
tory rate, breathing, pulse rate, systolic blood pressure, or 
temperature, as well as chest pain, hypoxia, or concern by 
the doctor or nurse

Buist et al,22 May-Dec 1999 6303 patients admitted over 7 months 
to 320-bed hospital in Dandenong 
Australia

Prospective assessment of patients identi-
fied by predefined abnormal observations 

8.9% of admissions fulfilled criteria. Oxygen desaturation 
and hypotension comprised 68% of all events. The pres-
ence of any abnormality was associated with a 6.8-fold 
increased risk of mortality

Goldhill et al,19 13-month 
period from May 1995

79 unplanned ICU admissions in 76 
patients 

Physiological values and interventions in  
24 hours prior to ICU admission

34% underwent cardiopulmonary resuscitation. Many had 
respiratory deterioration: 75% received oxygen, 37% received 
arterial blood gas analysis, 61% had oxygen saturation mea-
sured (63% of these had SpO2 < 90%) Overall mortality 58%

Goldhill and McNarry,20 
Dec 2002

Recorded vital signs on 433 patients on 
a single day

Measured vital signs within 8 hours of  
patient review

6% died within 30 days

Increased number of abnormal vital signs was associated 
with increased risk of death. Patients often died many days 
after admission, suggesting there was time to intervene

Nurmi et al,18 Dec 2001 to  
May 2003

110 cardiac arrests in four Finnish 
hospitals

Chart review of vital signs, symptoms,  
and interventions in the 8 hours prior to 
cardiac arrest

54% of cardiac arrests had MET criteria in the 8 hours 
before the arrest, documented on average 3.8 hours before 
the arrest. Most common abnormalities were “respiratory 
distress” and hypoxia, but respiratory rate was docu-
mented in only one of 110 patients

Bell et al,21 Two separate days:  
Dec 10, 2003, and Mar 24, 2004

1097 patients

Karolinska University Hospital Solna

50 nursing students recorded vital signs 
of 1097 patients between 9 am and 2 pm on 
two separate days

4.5% of the cohort fulfilled commonly measured criteria 
used to trigger Medical Emergency Team (MET) review

These patients had a 30-day mortality of 25% compared 
with 3.5% for patients not fulfilling criteria

AMI, acute myocardial infarction; ICU, intensive care unit; OR, odds ratio; MET, Medical Emergency Team.

(Continued)
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that increased number of abnormal vital signs was associated with 
increased risk of death. Bell and coworkers21 recently reported on a 
prospective study in which the vital signs of 1097 patients were assessed 
between 9 am and 2 pm over two separate days. They reported that 4.5% 
of the patients in this study had deranged vital signs that satisfied cri-
teria commonly used to trigger review by a Medical Emergency Team 
(see below). In these patients, the 30-day mortality was 25% compared 
to 3.5% in patients who did not satisfy these criteria. Finally, Buist and 
coworkers22 reported that 8.9% of the 6303 patients admitted over a 
7-month period fulfilled MET criteria, and that this was associated with 
a 6.8-fold increase in adjusted mortality.

THE OUTCOMES OF CARDIAC ARRESTS ARE POOR
Multiple studies report that the outcome of in-hospital cardiac arrests is 
poor. Thus, the survival to hospital discharge is typically 10% to 20%,23 
and many survivors are left functionally impaired. Furthermore, these 
outcomes have remained largely unchanged for the past 50 years.24 In a US 
study involving 507 hospitals between January 2000 and February 2007, 
there were 86,748 arrests. The overall survival was 18.1%. Importantly, 
72% of arrests had either asystole or pulseless electrical activity as the ini-
tial rhythm,23 suggesting that cardiac arrest detection was delayed. When 
combined, these findings suggest that in-hospital cardiac arrests are 
common and are associated with a high mortality and poor neurological 
outcome, and that more emphasis should be placed on preventing them.

DETERIORATION OF PATIENTS ON THE FLOOR  
IS NOT ALWAYS RECOGNIZED
Although signs of deterioration may be present for several hours prior 
to the development of an adverse event, this is not always recognized 
or acted on by staff on the hospital floor (Figs. 12-4 and 12-5) with an 
associated increase in patient risk. Studies in three countries reveal that 
care was suboptimal prior to the development of an adverse event,15,19,22 
suggesting that ward staff may not have the skill set or resources to rec-
ognize, assess, and treat deteriorating patients on the floor.

Additional problems that have been identified include inappropriate 
patient triage,25 delayed doctor notification,26 failure of the doctor to attend 
and review deteriorating patient, and failure to seek help and advice after 
review.27 In their aggregate, these observations suggest that objective cri-
teria for deterioration are needed,27-29 and that when deterioration occurs 
staff with appropriate skills are summoned to assess the patient.

These observations have important consequences. Studies of treat-
ment for myocardial infarction,30 sepsis,31 severe trauma,32 and some 
forms of ischemic stroke,33 all suggest that early intervention in the 
course of deterioration improves outcome.

PRINCIPLES UNDERLYING THE RAPID 
RESPONSE TEAM CONCEPT
A Rapid Response Team (RRT) is a team of clinicians who have expertise 
in the assessment and treatment of acutely unwell hospitalized patients.34 
They typically comprise staff from intensive care units. The team is acti-
vated in a similar manner to a traditional code team. In contrast, the acti-
vation criteria for an RRT involve degrees of physiological derangement 
far less pronounced than those that are required to activate a traditional 
code team. Thus, code teams are usually activated when a patient has suf-
fered a cardiorespiratory arrest as demonstrated by unresponsiveness, no 
palpable pulse, and absence of respiratory effort. Activation criteria for an 
RRT typically involve respiratory distress, low blood pressure, tachy- or 
bradycardia, and altered conscious state (Table 12-3). Similar to a code 
team, activation of the RRT can bypass the need to call the parent unit 
doctors, although in many hospitals they are often involved in the call.

Another important principle underlying the concept of the RRT is 
the response time of the team,35 which is typically less than 5 minutes. 

FIGURE 12-1.  Differential distribution of respiratory rate in patients who went on to 
experience a major adverse event (death, cardiac arrest, or ICU admission) within 24 hours 
and age-, sex-, and ward-matched controls. The arrow marks the rate at which more people 
have a significant increase in risk.
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FIGURE 12-2.  Differential distribution of heart rate in patients who went on to experi-
ence a major adverse event (death, cardiac arrest, or ICU admission) within 24 hours and age-, 
sex-, and ward-matched controls. The arrow marks the rate at which more people have a 
significant increase in risk.
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FIGURE 12-3.  Differential distribution of heart rate in patients who went on to experi-
ence a major adverse event (death, cardiac arrest, or ICU admission) within 24 hours and age-, 
sex-, and ward-matched controls. The arrow marks the rate at which more people have a 
significant increase in risk.
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CHAPTER 12: Rapid Response Teams 81

to review the patient; and (5) ability of the team to commence critical 
care–type therapies at the bedside.

NOMENCLATURE SURROUNDING 
RAPID RESPONSE SYSTEMS
The findings of the first international consensus conference on Rapid 
Response Systems have been recently published.27 It was recommended 
that the term Rapid Response System be used to describe the entire  
system including (1) the afferent limb; (2) the Rapid Response Team;  
(3) an administrative limb that links to (4) quality improvement and 
clinical governance mechanisms.

The afferent limb is composed of the calling criteria, the floor staff that 
initiate the call, and the mechanism for calling (typically overhead PA sys-
tems and pagers). The Rapid Response Team is the team of staff that reviews 
the patient once the system has been triggered. A Medical Emergency 
Team (MET) is a Rapid Response Team that has all the following capabili-
ties: (1) ability to prescribe therapy; (2) advanced airway management skills;  
(3) capability to establish central vascular access; (4) ability to begin ICU 
level of care at the bedside; (5) presence of a physician team leader.27

The administrative limb oversees the day to day running of the ser-
vice while the quality improvement and governance mechanisms review 
problems identified by the RRT that may relate to diagnostic, manage-
ment, and process-related issues.

CONDITIONS REVIEWED  
AND INTERVENTIONS PERFORMED
One of the most underinvestigated aspects of the field of RRTs is the 
reason(s) for patient deterioration. In a study of 400 MET calls in a 
teaching hospital, investigators found that respiratory distress, hypoten-
sion, and altered conscious state were the three most common triggers 
for calls. Sepsis, heart failure, and arrhythmias were thought to be 
responsible for 53% of all calls.37 In keeping with these findings, com-
mon interventions performed by the team included airway suctioning, 
administration of oxygen and noninvasive ventilation, intravenous fluids 
and diuretics, and application of nebulized β2 agonists for bronchospasm.

An increasing role of RRTs is to assist in the end-of-life care planning in 
unwell patients on the hospital floor. Multiple studies demonstrate that end-
of-life care issues may be involved in up to one-third of calls38-40 and that in 
approximately 10% of calls, a new “do-not-resuscitate” order is documented.

EVIDENCE FOR THE EFFECTIVENESS OF RRTs
A number of single center studies have shown that the introduction of 
an RRS is associated with a reduction in the incidence of in-hospital 
cardiac arrests.41-44 Other studies show a reduction in patient mortality, 

FIGURE 12-4.  Circadian distribution of MET (Medical Emergency Team) calls in an academic hospital. There are call surges every time observations are done (purple arrow), nurse shift changes occur (red 
arrow), and doctor’s rounds occur (green arrow). Asterisks indicate peak periods in morning, afternoon, and evening MET calls. During the night as observations and patient reviews decrease, so do MET calls.
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FIGURE 12-5.  Circadian distribution of MET (Medical Emergency Team) calls and cardiac 
arrests in an academic hospital. During the night as observations and patient reviews decrease, 
MET calls decrease and cardiac arrests increase. During the evening, at the peak of MET calls, 
cardiac arrests are at their lowest.

  TABLE 12-3    Example of Activation Criteria for a Rapid Response Team

Airway criteria
Obstructed airway
Stridor or noisy breathing
Problems with a tracheostomy tube

Breathing criteria
Difficulty breathing
Respiratory rate <8
Respiratory rate >25
SpO2 ≤90% despite high flow oxygen

Circulation criteria
HR <40 bpm
HR >120 bpm
Systolic BP <90 mm Hg

Other criteria
Urine output <50 mL over 4 hours
Staff member is worried about the patient

While many of the interventions performed by the team are relatively 
simple, in a minority of cases it involves advanced airway management 
and administration of vasoactive agents at the bedside.34,36

Thus, in summary, the principles underlying the RRT include  
(1) expertise of team members; (2) activation of the team prior to car-
diorespiratory arrest; (3) ability to call the team without the need to wait 
for parent unit review if the need arises; (4) prompt response of the team 
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particularly in surgical patients.45 Importantly, some of these hospitals 
have demonstrated that these benefits can be sustained over a prolonged 
period.44,46 In one hospital, introduction of an RRS was associated with a 
progressive reduction in the rates of cardiac arrests with time (Fig. 12-6).44

The MERIT study involved a cluster-randomized controlled trial of 
23 hospitals in Australia and New Zealand. In this study, patients were 
not randomized to receive or not receive an intervention, because of the 
risk of cross-contamination. Instead, after a 2-month period of baseline 
data collection, 12 of the 23 hospitals were randomized to have an RRT 
implemented, while 11 had ongoing care as usual.47 Data were then col-
lected for a 4-month period after the introduction of the RRT to assess 
the effectiveness of the intervention.

The study revealed that there was an increase in emergency call rates 
in the RRT hospital, when compared with the control hospitals (8.7/1000 
admissions versus 3.1/1000; p < 0.001). However, this was not associ-
ated with a statistically significant reduction in the incidence of the com-
posite end point of cardiac arrests, unexpected deaths, and unplanned 
ICU admissions (5.86 versus 5.21; p = 0.64). A number of reasons for 
the lack of positive outcome have been proposed. These include the 
relatively short education period and the short follow-up period after 
the RRS implementation. Data from other hospitals show that more 
time is needed to see full uptake of the RRT service (Fig. 12-7). In 
addition, the call rate seen in the MERIT hospital intervention hospi-
tals (8.7/1000 admissions) was low in comparison to that seen at other 
hospitals (24.7-56.4/1000 admissions).48,49 Furthermore, many patients 
who suffered adverse events in the intervention hospitals had anteced-
ent calling criteria, but the team was not called (Figs. 12-8 and 12-9).  
Finally, control hospitals displayed a great degree of MET-like activity 
(contamination) (Fig. 12-10).

Recently, there has been recognition that the “dose” of review may 
be an important factor as to whether the implementation of the team is 

FIGURE 12-6.  Changes in the incidence of cardiac arrests in an academic center follow-
ing introduction of an RRT in late 2000.
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FIGURE 12-7.  Progressive uptake of RRT calls in an academic center. The number of calls 
increased from 25 calls/month to 147 calls/month over 7 years.
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Assessment of Severity  
of Illness
James A. Russell

13
C H A P T E R

Severity-of-illness scoring systems were developed to evaluate the 
delivery of care and predict outcome of groups of critically ill patients 
admitted to intensive care units (ICUs). The purpose of this chapter 
is to review the scientific basis for these scoring systems and to make 
recommendations for their use. While there is a growing recognition 
that when properly administered, these tools are useful in assessing and 
comparing patient populations with diverse critical illnesses, their use 
for predicting individual patient outcome remains controversial and 
unresolved.

•• Novel propensity scoring systems and case:control matching strat-
egies have also been developed and are now commonly used to 
simulate clinical trials to assess efficacy and safety of therapeutics in 
critical care.

PURPOSES OF SCORING SYSTEMS
There are six major purposes of severity-of-illness scoring systems 
(Table 13-1). First, scoring systems have been used in randomized 
controlled trials (RCTs) and other clinical investigations to assess bal-
ance of treatment and control groups at baseline.1-5 The second purpose 
of severity-of-illness scoring systems is to quantify severity of illness 
for hospital and health care system administrative decisions such as 
resource allocation and accreditation. The third purpose of scoring  
systems is to assess ICU performance and compare the quality of 

KEY POINTS

•• 	In the last four decades, intensive care units (ICUs) and critical 
care researchers have amassed a great body of pathophysiologic 
and clinical knowledge that has advanced the care of critically ill 
patients. Severity of illness scoring systems are tools that have been 
designed to both predict and evaluate, from multiple perspectives, 
the outcomes of critically ill patients.

•• 	Most scoring systems evolved from multivariate regression analysis 
applied to large clinical databases of discovery cohorts to identify  
the most relevant factors for prediction of mortality. Scoring sys-
tems are then validated by prospective application to independent  
validation cohorts.

•• 	The ideal components of a scoring system are data collected during 
the course of routine patient management that are easily measured 
in most or all patients, inexpensive, objective, and reproducible.

•• 	The most widely applied scoring systems in adults are the 
Acute Physiology and Chronic Health Evaluation (APACHE), the 
Mortality Probability Models (MPM), Simplified Acute Physiology 
Score (SAPS), and Sequential Organ Failure Assessment (SOFA).

•• 	The uses of severity-of-illness scoring systems for cohorts of 
patients include clinical investigation (to compare study groups 
usually at baseline but sometimes over the course of ICU care), 
ICU administration (to guide resource allocation and budget), and 
assessment of ICU performance (to compare performance over 
time or between health care settings).

•• 	The use of scores to guide decisions about delivery of care to indi-
vidual patients is controversial; in some studies the accuracy of 
prediction of outcomes of scoring systems is not greater than that 
of the individual clinician’s judgment.

associated with subsequent improvement in patient outcomes.49 In addi-
tion, the majority of studies showing effectiveness of the service have 
included a doctor as the team leader, suggesting that the composition of 
the team may also impact patient outcomes.

CONCLUSIONS
Despite the best efforts of health care staff and advances in medicine, 
patients admitted to modern hospitals suffer SAEs in up to 20% of 
admissions. Such events are preceded by signs of instability that manifest 
as measurable derangements in the patients’ vital signs, sometimes for 
several hours prior to the development of the event. The RRS approach 
involves staff activating the RRT when a ward patient fulfills predefined 
criteria of instability. In sites where there has been acceptance and 
uptake of the RRS, there has been an associated reduction in cardiac 
arrests, and in some cases unplanned ICU admissions and in-hospital 
mortality. It is likely that increasing the dose (calls/1000 admissions) of 
RRT calls is likely to influence patient outcomes.
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dysfunction over time to enhance sensitivity, specificity, positive and 
negative predictive capability to mortality prediction.7-11

Scoring systems have been developed using databases from patients 
already admitted to ICUs and not from the pool of patients outside the 
ICU (eg, emergency, in-patient wards, operating room, and recovery 
room), where the triage decision to admit a patient to the ICU is made. 
While severity-of-illness scoring systems in theory could be used to 
increase the accuracy of triage decisions regarding appropriateness of 
ICU admission, reformulation of the current scoring methods would be 
necessary to reflect the patient population outside the ICU, where triage 
occurs. Obviously, ICU resources should be focused on patients who 
are most able to benefit from ICU care. However, to date there are no 
reports regarding the use of scoring systems to assist in decisions regard-
ing appropriateness of ICU admission.

DEVELOPMENT OF SCORING SYSTEMS
The major scoring systems that are the focus of this chapter were designed 
specifically to predict outcome of critical illness. Initially, clinical and phys-
iologic variable selection was based on subjective judgment and consensus 
of clinicians, supplemented by extensive review of the relevant critical care 
trials and outcomes literature. Subsequently, logistic regression modeling 
was used to select significant predictive variables from a (often very large) 
derivation cohort. Ideal variables are simple, inexpensive, well-defined, 
reproducible, and widely available measurements collected routinely in the 
course of patient care. The design and development of severity of illness 
scoring systems required collection of a large number of clinical and physi-
ologic variables collected on a large sample size of critically ill patients, as 
well as survival status at ICU and hospital discharge. Multiple logistical 
regression identifies the specific variables that significantly predicted sur-
vival and assigns relative weights to each variable. This set of variables is 
then retested prospectively for accuracy of prediction in another sample of 
patients (termed a validation or replication cohort) to validate the selected 
variables and appropriate weighting of such variables.12

The sampling frequency and the time period of measurement of 
physiologic variables are important additional methodologic consider-
ations in the development of severity of illness scoring systems. Most 
scoring systems use the most abnormal measurement of a physiologic 
variable in the 24 hours prior to ICU admission. More recently, scoring 
systems have used the most abnormal value of a physiologic variable for 
each successive 24-hour period while a patient is in the ICU, and then 
correlated these physiologic variables with outcome. Therefore, predic-
tion prognosis could be adjusted daily depending on the patient’s course 
(natural history) and the patient’s physiologic response to treatment. In 
essence, changes in organ dysfunction are used to improve accuracy of 
outcome prediction.7-11 Studies have shown that the change in organ dys-
function from day 0 to day 1, from day 0 to day 3,9 and indeed from day 
to day,13 can be used to accurately predict outcome of the critically ill.

Another important consideration in the development of severity-of-
illness scoring systems is the patient cohort used to derive the scoring 
system. For example, it is relevant to know whether scoring systems were 
derived in medical, surgical, or medical-surgical ICUs, whether com-
munity or tertiary care teaching hospital ICUs were used, whether ICUs 
were selected from one country or from many countries, and how many 
different ICUs were used to establish the scoring system. Furthermore, 
scoring systems derived from the sample of patients involved in a clini-
cal trial may be biased (because of unique and often strict inclusion and 
exclusion criteria) and so may not represent a general population of 
critically ill patients (ie, generalizability is reduced).

■■ METHODOLOGIC CONSIDERATIONS
Critical appraisal of severity-of-illness scoring systems assesses accuracy 
(calibration and discrimination), reliability, content validity, and meth-
odological rigor.14

Discrimination describes the ability of a model to distinguish between 
a patient who will live and one who will die. If discrimination is perfect, 

  TABLE 13-1    Potential Uses of Severity-of-Illness Scoring Systems

Uses of scoring systems in randomized controlled trials (RCTs) and clinical research

To compare different RCTs and clinical studies

To determine sample size

To do stratified randomization (to determine subgroup identification and stratification 
for severity of illness)

To assess success of randomization

To assess treatment effects in subgroups (posttreatment subgroup identification)

To compare study patients to patients in clinicians’ practices

Uses of scoring systems for administrative purposes

To describe resource utilization of ICU

To describe acuity of illness

To relate resource utilization to acuity of care

To guide reimbursement and budget of ICU

Uses of scoring systems to assess ICU performance

Quality assurance

To assess performance of an ICU in general or for a specific disease category

To assess performance of an ICU over time

To compare individual intensivists’ performances

To assess the performance of a therapeutic intervention

Comparison of ICU performance in different categories of hospitals, countries, etc

To assess performance for different ICU administrative characteristics (open/closed unit,  
communication, ICU director task, etc)

Effectiveness

Uses of scoring systems to assess individual patient prognosis and to guide care

Triage of patients

Decisions regarding intensity of care

Decisions to withhold and withdraw care

care between different ICUs and within the same ICU over time. For 
example, severity-of-illness scoring systems have been used to assess 
the impact on patient outcomes of planned changes in the ICU, such 
as changes in bed number, staffing ratios, and medical coverage.6 The 
fourth purpose of these scoring systems is to assess the prognosis of 
individual patients in order to assist families and caregivers in mak-
ing decisions about ICU care. Novel propensity scoring systems and 
case:control matching strategies have been and are used to simulate 
clinical trials to assess efficacy and safety of therapeutics in critical care. 
This approach supplements (but may not replace) the need for RCTs to 
assess therapeutics in critical care.

Finally, scoring systems are used to evaluate suitability of patients for 
novel therapy (eg, APACHE II was used to assess suitability of patients 
for prescription of the now discontinued recombinant human activated 
protein C [drotrecogin alfa] in sepsis).

The general hypothesis underlying the use of severity-of-illness scor-
ing systems is that clinical variables assessed on ICU admission predict 
survival and other outcomes of critically ill patients. This hypothesis 
is based on observations that increasing age, presence of underlying 
chronic disease, and increasingly severe abnormalities of the physiol-
ogy of critically ill patients are associated with increased mortality. 
Accordingly, most severity of illness scoring systems combine relevant 
acute and chronic clinical variables to predict risk of death. Early in 
this evolution, severity-of-illness scores calculated at ICU admission or 
in the 24 hours following ICU admission were used to predict hospital 
mortality. More recently, scores have been calculated over the course 
of the ICU stay to provide updated (and more accurate) prediction of 
hospital mortality. This dynamic approach uses change in acute organ 
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there is no overlap in probability estimates between patients who live 
and those who die.15 Discrimination is described by the area under the 
receiver operating characteristic (ROC) curve15,16 (Fig. 13-1). The ROC 
curve shows the relation between the true-positive rate (sensitivity) and 
the false-positive rate (100% - specificity). Because sensitivity and spec-
ificity are computed from independent columns in the decision matrix, 
and are therefore independent of sample mortality, the area under the 
ROC curve represents the proportion of patients who not only died, but 
who also had a higher probability of death than the patients who lived.14

The area under the ROC curve ranges from the lower limit of 0.5 
for chance performance to 1.0 for perfect prediction. By convention, a 
model is considered to discriminate well when this area is greater than 
0.8. An area of 0.9 means that a randomly selected actual nonsurvivor 
will have a more severe score than a randomly selected survivor 90% 
of the time.12 It does not mean that a prediction of nonsurvival occurs 
with probability 0.9, nor does it mean that a prediction of death is asso-
ciated with observed nonsurvival 90% of the time. The area under the 
ROC curve illustrates the discriminating ability over the entire range of 
prediction scores.15

Calibration compares observed mortality with predicted mortality 
within the severity strata. Patients are placed into subgroups according 
to predicted risk. Typically, 10 strata are formed, called deciles of risk.15 
Calibration is evaluated using goodness-of-fit tests; the most commonly 
used is the Hosmer-Lemeshow χ2 statistic.18 Typically, a 2 × 10 χ2 table 
is created, with 10 strata of probabilities. The lower the overall χ2, the 
better the fit. The calibration test must be interpreted with care, as it is 
very sensitive to sample size.

Reliability refers to inter- (between) and intraobserver (within) agree-
ment in the use of any severity of illness score, and represents the 
agreement in the data collection.14 The greater the subjectivity of vari-
ables used in the scoring system (ie, choosing a primary diagnosis or 
assessing the level of consciousness in a sedated, intubated patient), the 

poorer the reliability of the system. Intraobserver reliability can be mea-
sured using a variety of techniques, and is expressed on a range between 
0 (measurement involves nothing but error) and 1 (no variable error). A 
reliability coefficient of greater than 0.7 (suggesting that no more than 30% 
of the score is due to error) has been used as a statistical standard of rea-
sonable relaibility.14 The kappa statistic measures interobserver reliability.

Content validity reflects the comprehensiveness of the model.14 
Mortality is dependent not only on measured physiologic derangements 
and underlying health status, but may also be influenced by factors that 
are difficult to quantify, such as duration of organ system failure before 
treatment was instituted, staffing of an ICU, time of day of admission to 
ICU, and whether the admission was planned or unplanned, among oth-
ers. In general, as the number of variables increase in a scoring system, the 
reliability and ease of capturing the data decrease. The exception would 
be inclusion of more variables that are easily collated from the large com-
puterized clinical information systems used in most ICUs. In other words, 
this computerization of ICU variables could decrease the complexity pro-
duced by use of large numbers of patient variables in a severity of illness 
scoring system. Also, recording errors and transcription errors can be 
decreased by ICU computerization driving the data for severity of illness 
scoring systems. Nonetheless, the inclusion of many variables (overfit-
ting) may actually reduce the performance of the model because some of 
these variables will be correlated with the outcome by chance alone. It has 
been proposed that stepwise regression should not be used unless there 
are at least 10 outcome events for each potential predictor.

Methodologic rigor refers to the avoidance of bias in development of a 
model. It is important that any severity-of-illness scoring system is based 
on a large cohort of all consecutive eligible patients to minimize bias.14 
Several ICUs should be involved in data collection to minimize unique 
institutional bias in interpretation of coding or scoring rules. Chosen 
clinical and laboratory variables should be those that are routinely col-
lected, because collection of unusual data (such as serum ammonia) may 
bias treatment (treatment effect). Rigor must be applied in the consis-
tency of data collection, and rules for dealing with missing data need to 
be uniformly applied. Validation using a second independent validation 
cohort is important in assessing the reliability of the model. Finally, the 
usefulness of a rigorously developed and validated scoring system can be 
degraded by poor application.

SEVERITY-OF-ILLNESS SCORING 
SYSTEMS IN CLINICAL USE

■■ SCORES ESTABLISHED AT ADMISSION
The scoring systems most commonly used in critically ill adults are 
APACHE II,17 APACHE III,19 MPM II,20 SAPS II,21 and SOFA.7,22 The 
variables included in each of these scoring systems are summarized in 
Table 13-2. The Pediatric Risk of Mortality (PRISM) score23 is the most 
widely used scoring system in pediatric critical care.

Some clinical variables are common to APACHE II, APACHE III, 
MPM II, SAPS II, and SOFA, probably because these variables measure 
specific clinical and physiologic functions that have been reproducibly 
shown to be major predictors and in some cases causal determinants 
of mortality. Specifically, each of these scoring systems uses age, type of 
admission, heart rate, blood pressure, assessment of renal function (blood 
urea nitrogen, creatinine, and/or urine output), assessment of neurologic 
function (Glasgow Coma Scale [GCS] or presence of coma), assessment 
of respiratory function (mechanical ventilation, PaO2/FiO2, or alveolar-
arterial oxygen gradient), and assessment of chronic health status. In 
contrast, other variables are not uniformly shared: serum potassium  
in APACHE II, glucose and albumin in APACHE III, and serum bicar-
bonate in SAPS II. These unique variables exist because of differences in 
the derivation of each scoring system, such as patient sample size, types 
of ICUs and patients included, and statistical methods used to derive 
each score. An important difference between severity of illness scoring 
systems is how the predictor variables were chosen.24 For instance, in the 

FIGURE 13-1.  The receiver operating characteristic (ROC) curve. The diagonal line indicates an 
index that operates no better than chance and has an area under the ROC curve of 0.5. Points A, B, 
C, and D correspond to decision criteria of 50%, 70%, 80%, and 90% predicted risk of death, respec-
tively. A decision criterion of 0.5 (point A) means that every patient with a risk greater than 0.50 is 
predicted to die. The overall correct classification rate was 86%, with a sensitivity of 47% and a speci-
ficity of 92%. A decision criterion of 0.80 (point C) had an overall correct classification rate of 83%, 
with a sensitivity of 19% and a specificity of 93%. For a 90% predicted mortality, a scoring system 
has low sensitivity but high specificity. It is most specific for minimizing the prediction of a positive 
outcome (survival) when it actually does not occur, and poorly sensitive to predict the outcome (sur-
vival) when it actually occurs. (Reproduced with permission from Knaus WA, Draper EA, Wagner DP, et 
al. APACHE II: A severity of disease classification system. Crit Care Med. October 1985;13(10):818-829.)
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APACHE II APACHE III MPM II
0
 ADM MPM II

24
 24 Hours SAPS II SOFA

Age X X X X X

Prior treatment location X

Type of admission X X X X X

CPR prior to ICU admission X

Mechanical ventilation X X

Vasoactive drug therapy X

Acute diagnoses

Acute renal failure X

Cardiac dysrhythmias X

Cerebrovascular incident X

Gastrointestinal bleeding X

Confirmed infection X

Intracranial mass effect X X

Select one of 50 diagnoses X

Select one of 78 diagnoses X

Physiology

Temperature X X X

Heart rate X X X X

Respiratory rate X X

Blood pressure X X X X X

Pressor dose X

Hematocrit X X

White blood cell count X X X

Platelet count X

Albumin X

Bilirubin X X X

Glucose X

  TABLE 13-2    Variables Included in Severity-of-Illness Scoring Systems in Clinical Use
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APACHE II APACHE III MPM II
0
 ADM MPM II

24
 24 Hours SAPS II SOFA

Serum sodium X X X

Serum potassium X X

Serum bicarbonate X

Blood urea nitrogen X X

Creatinine X X X

Urine output X X X X

PaO2 or (A-a) DO2 or FiO2 X X X X X

PaO2/FiO2 X

pH and PCO2 X X

Prothrombin time X

GCS or modified GCS X X X X

Coma or deep stupor X X

Chronic health status

AIDS X X X

Immunosuppression X X

Lymphoma X X a

Leukemia/mult. myeloma X X a

Metastatic cancer X X X X

Hepatic failure X X

Cirrhosis X X X X

Chronic renal insufficiency X X

Chronic coronary insufficiency X

Chronic respiratory insufficiency X

In SAPS II, these two criteria are grouped into one entity called hematologic malignancy.

(A - a)DO2, alveolar-arterial oxygen difference, AIDS, acquired immunodeficiency syndrome; APACHE II, Acute Physiology and Chronic Health Evaluation II; APACHE III, Acute Physiology and Chronic Health Evaluation III; CPR, cardiopulmonary resuscitation; FiO2, fraction of inspired 
oxygen; GCS, Glasgow Coma Scale; insuff, insufficiency; MPM II0, Mortality Probability Models II, assessment at ICU admission; MPM II24, Mortality Probability Models II, assessment 24 hours after ICU admission; mult. myeloma, multiple myeloma, SAPS II, Simplified Acute Physiology 
Score II; SOFA, Sequential Organ Failure Assessment.
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APACHE II model, the developers selected those variables they thought 
relevant to patient outcome and then arbitrarily weighted each variable. 
In the development of MPM II, SAPS II, and APACHE III, statistical 
techniques identified agnostically variables independently associated 
with death. These variables were then further refined by use of linear dis-
criminant function and stepwise logistic regression analysis, and the final 
set of variables were then weighted by statistical methods and presented 
as a cumulative score to predict mortality.

The Acute Physiology and Chronic Health Evaluation II (APACHE II)  
system17 is the most commonly used clinical severity-of-illness scor-
ing system in North America. APACHE II is a disease-specific scoring 
system. It uses age, type of admission, chronic health evaluation, and  
12 physiologic variables (acute physiology score or APS) to predict hos-
pital mortality (see Table 13-2). The 12 physiologic variables are defined 
as the most abnormal values during the 24 hours after ICU admission.

The predicted hospital death rate is computed from the weighted sum 
of APACHE II score, a variable determined by whether the patient had 
emergency surgery, and the specific diagnostic category weight. The 
original publication in 1985 of APACHE II score was validated in 5815 
ICU admissions from 13 hospitals. The correlation of APACHE II and 
predicted mortality is likely not accurate after nearly 30 years of progress 
including changes in ICU design and administration, wide presence of 
trained intensivists, introduction of many new therapies and proto-
colized care. In the original APACHE II report, the correct classification 
rate for a 50% predicted risk of death was 85%.

APACHE III19 extended APACHE II by improving calibration and 
discrimination through the use of a much larger derivation and valida-
tion patient sample. However, at this time, APACHE III is a proprietary 
commercial product.

The main disadvantages of the APACHE II system are its failure to 
compensate for lead-time bias,25 the requirement to select only one 
clinical diagnosis, inaccuracies in clinical subsets, which produce poor 
interobserver reliability and its derivation from cohorts nearly 30 years 
ago. To reemphasize, the derivation set of APACHE II is now nearly  
30 years old and so the absolute predictions are quite inaccurate 
and dated. Nonetheless, comparison of contemporaneously collected 
patients (such as a treatment and control group in an RCT) may be 
compared for similarity of APACHE II scores. If there are differences 
in APACHE II scores between cases and controls at baseline, that raises 
concerns about interpretation of the main study results (because dif-
ferences in baseline risk of death could explain differences between 
treatment groups in observed mortality rate). A lack of balance between 
treatment groups at baseline drives the need for an adjusted analysis 
in which APACHE II score and treatment group are covariates in the 
analyses. In spite of these shortcomings, APACHE II remains the most 
well known and most widely used severity of illness scoring system.24

APACHE III is a disease-specific score that was developed from 17,440 
admissions in 40 US hospitals. Eighteen variables (see Table 13-2) were 
included, and their respective weights were derived by logistic regression 
modeling. To improve the accuracy of assessment of neurologic function, 
the GCS score was changed, because reliability testing suggested the need 
to eliminate similar GCS scores that could occur in patients who had 
different neurologic presentations. The APACHE III score sums physiol-
ogy, age, and data variables from seven potential comorbid conditions. 
The final APACHE III score can vary between 0 and 300. Risk estimate 
equations for hospital mortality are calculated from the weighted sum 
of disease category (78 diagnostic categories are included), a coefficient 
related to prior treatment location, and the APACHE III score. In the 
original derivation sample, estimates of mortality for the first day in  
the ICU had an area under the ROC curve of 0.90, and the correct clas-
sification at 50% mortality risk level was 88%. Although APACHE III 
scores can be calculated from published information, weights to con-
vert the score to probability of death are proprietary; therefore, the full 
commercial APACHE III system has not been widely accepted or used. 
However, some trials groups (eg, ARDSnet) use APACHE III raw scores 
to compare treatment groups at baseline in their trials.

The Mortality Probability Model (MPM II)20 was developed from 
19,124 ICU admissions in 12 countries. MPM II is not disease specific. 
MPM0 is the only severity-of-illness scoring system that was derived 
at ICU admission and can therefore be used at ICU admission. MPM 
II does not yield a score, but rather a direct probability of survival. 
Burn, coronary care, and cardiac surgery patients are excluded. MPM0 
includes three physiologic variables, three chronic diagnoses, five acute 
diagnoses, and three other variables: cardiopulmonary resuscitation 
prior to admission, mechanical ventilation, and medical or unscheduled 
surgery admission (see Table 13-2). Each variable is scored as absent 
or present and is allocated a coefficient. The sum of these coefficients 
constitutes the logit that is used to calculate the probability of hospital 
mortality.

The MPM24
20 was designed to be calculated for patients who remained 

in the ICU for 24 hours or longer. MPM24 includes 13 variables, 5 of 
which are used in the MPM0. In the validation data set, the area under 
the ROC curve was 0.82 and 0.84 for the MPM0 and MPM24, respectively.

The Simplified Acute Physiology Score II (SAPS II)21 was developed 
from a sample of 13,152 admissions from 12 countries, based on a 
European/North American multicenter database. SAPS II is not disease 
specific. SAPS II uses 17 variables (see Table 13-2) that were selected 
by logistic regression: 12 physiology variables, age, type of admis-
sion (scheduled surgical, unscheduled surgical, or medical), and three 
underlying disease variables (acquired immunodeficiency syndrome, 
metastatic cancer, and hematologic malignancy). The area under the 
ROC curve was 0.86 in the validation sample. The probability of hospital 
mortality is calculated from the score. SAPS is widely used in Europe 
and less widely used in North America.

The Sequential Organ Failure Assessment (SOFA) was originally 
developed as a descriptor of a continuum of organ dysfunction in 
critically ill patients over the course of their ICU stay.22 The SOFA 
score is composed of scores from six organ systems, graded from 0 to 4  
according to the degree of dysfunction/failure. The score was primar-
ily designed to describe morbidity; however, a retrospective analysis of 
the relationship between the SOFA score and mortality was developed 
using the European/North American Study of Severity System data-
base.7,21 Subsequently, SOFA was evaluated as a predictor of outcome in 
a prospective Belgium study.13 SOFA score on admission was not a good 
predictor of mortality (area under the ROC curve 0.79); however, mean 
SOFA score and highest SOFA score had better discrimination (area 
under the ROC curve 0.88 and 0.90, respectively). Independent of the 
initial value, an increase in the SOFA score during the first 48 hours of 
ICU admission predicts a mortality rate of at least 50%. SOFA is quite 
commonly used in assessing balance at baseline of treatment groups in 
RCTs, especially in Europe.

■■ DYNAMIC SEVERITY OF ILLNESS SCORING SYSTEMS
All severity-of-illness scoring systems at ICU admission have rela-
tively high rates of misclassification of survivors and nonsurvivors. 
Misclassifications may be caused by (1) inadvertent exclusion of strong 
outcome risk factors that cannot be measured or were not measured at 
ICU admission, (2) inadvertent exclusion of complications that occur 
during ICU stay,26 and/or (3) inadvertent exclusion of treatment effects 
that modify outcome. Scoring systems applied over the course of the 
ICU stay can diminish the impact of these factors. However, discrimi-
nation of scoring systems applied during the ICU course is lower than 
discrimination of scoring systems evaluating outcome at the time of 
initial admission to the ICU.

MPM48 and MPM72
27 were developed to estimate the probability of 

hospital mortality at 48 and 72 hours in the ICU. MPM48 and MPM72 
have the same 13 variables and coefficients that are used in MPM24, but 
the models differ in the constant terms, which reflect the increasing 
probability of mortality with increasing length of ICU stay, even if physi-
ologic parameters are constant. In the validation group, the areas under 
the ROC curves of MPM48 and MPM72 were 0.80 and 0.75, respectively.
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APACHE III can also be used to calculate a daily risk of hospital  
mortality.28 A series of multiple logistic regression equations was 
developed for ICU days 2 to 7. The APACHE III daily risk estimate of 
mortality includes the APS on day 1, APS on current day, change in APS 
since the previous day, the indication for ICU admission, the location 
and length of treatment before ICU admission, whether the patient was 
an ICU readmission, age, and chronic health status.

The SOFA score has been used to increase accuracy of outcome pre-
diction over the first 7 days of the ICU course.13 The changes in SOFA 
score in cardiovascular, renal, and respiratory dysfunction from day 0 to 
day 1 of sepsis were significantly correlated with 28-day mortality in two 
large cohorts of patients who had severe sepsis.

■■ COMPARISON OF THE DIFFERENT SCORING SYSTEMS
Comparing the accuracy of the different scoring systems is difficult 
because of differences in populations used to derive these scores and 
different statistical methods. Thus there have been few head-to-head 
comparisons of different scoring systems. A multinational study29 
compared different generations of the three main severity-of-illness 
scoring systems in 4685 ICU patients. APACHE III, SAPS II, and MPM 
II all showed good discrimination and calibration in this international 
database and performed better than did APACHE II, SAPS, and MPM. 
APACHE II and APACHE III have been compared in 1144 patients 
from the United Kingdom.30 APACHE II showed better calibration, 
but discrimination was better with APACHE III. Both scoring systems 
underestimated hospital mortality, and APACHE III underestimated 
mortality by a greater degree.

■■ COMPARISON OF CLINICAL ASSESSMENT WITH SCORING SYSTEMS
Clinical judgment to predict outcome has been criticized because it 
is not very reproducible, it has a tendency to overestimate mortality  
risk, and bias is introduced by the ability to recall particularly memo-
rable, rare, and recent events.15 Three studies compared APACHE II 
with physicians’ mortality predictions in the first 24 hours of ICU 
admission,31-33 and one study evaluated physicians’ predictions only.34 
Discrimination by physicians had ROC curve areas ranging between 
0.85 and 0.89, which were similar to32,34 and even significantly better 
than those of APACHE II.31,33 In contrast to ability to discriminate, cali-
bration rate of physicians’ predictions of mortality versus APACHE II 
differed. For high-risk patients, APACHE II and physicians had similarly 
correct predictions for mortality, ranging from 71% to 85%. However, 
for estimated mortality risks below 30%, rates of correct classification 
of physicians’ predictions were 39% to 69%, compared with 51% to 67% 
for APACHE II.31

■■ CUSTOMIZATION OF SCORING SYSTEMS FOR SPECIFIC DISEASES
Severity-of-illness scoring systems have been developed, derived, and 
validated for specific diseases to improve the accuracy of general scor-
ing systems. APACHE III uses 74 disease classifications and derives a 
unique mortality risk prediction for each of these disease classifications. 
New scoring systems have been introduced to better predict mortality 
for patients with multiple organ failure and sepsis. The original models 
of SAPS II and MPM II did not perform well in patients who had severe 
sepsis, because mortality in severe sepsis was higher than mortality in 
patients with other diagnoses. Both models subsequently were custom-
ized5 for sepsis by using the original data to derive coefficients unique for 
sepsis to calculate predicted mortality. Furthermore, severity-of-illness 
scoring systems specifically designed for sepsis have been developed.

Prediction of mortality in sepsis will likely benefit from a dynamic 
approach that is based on evolution of multiple organ dysfunction. 
Commonly used organ failure–based systems that have been stud-
ied include the SOFA score,22 the Multiple Organ Dysfunction Score 
(MODS),35 and the Logistic Organ Dysfunction System (LODS).36

All three systems attribute points for organ dysfunction in six differ-
ent organ systems. MODS,35 which applies to surgical patients, differs 

from SOFA and LODS in the cardiovascular assessment. MODS scores 
the cardiovascular system based on the “pressure-adjusted heart rate,” 
defined as the product of the heart rate multiplied by the ratio of the 
right atrial pressure to the mean arterial pressure. LODS and MODS 
have excellent discrimination, with ROC curve areas of 0.85 and 0.93, 
respectively.35,36

APACHE II, MODS, and SOFA were recently used to compare out-
come prediction in and prospective study of 949 ICU patients.37 There 
were no significant differences between MODS and SOFA in terms of 
mortality prediction. The area under the ROC curves for APACHE II, 
SOFA, and MODS were 0.880, 0.872, and 0.856, respectively. In patients 
with shock, the MODS and SOFA scores were slightly better mortality 
predictors than APACHE II score (area under ROC curve 0.852 and 
0.869 vs 0.825).

Some have suggested that organ failure–based scoring systems could 
provide an outcome measure to be used as a surrogate for the end point 
of mortality.38 Thus, for large (and expensive) randomized clinical trials 
such as those recently conducted in the treatment of sepsis or acute lung 
injury could a reduction in some score of organ failure be taken as a 
measure of reduced morbidity and hence high drug efficacy?

Many RCTs in critical care have successfully evaluated organ dys-
function as secondary outcome variables by using scoring systems. 
Important recent examples include the ARDS Network study of 6 mL/kg 
versus 12 mL/kg of ideal body weight tidal volume in patients who had 
acute lung injury.39 The use of a protocol of 6 mL/kg ideal body weight, 
positive end-expiratory pressure (PEEP), and guidelines for respiratory 
rate and minute ventilation decreased mortality from 40% (with 12 mL/
kg tidal volume) to 30%. In addition, the 6 mL/kg tidal volume strategy 
significantly increased the number of days patients were alive and free 
of respiratory, hepatic, cardiovascular, coagulation, and renal dysfunc-
tion39 as assessed using the Brussels scoring system.9 A randomized trial 
of conservative versus liberal fluid management of acute lung injury 
found that conservative management was associated with increased 
organ function as assessed by Brussels score and by increased number 
of days alive and free of ventilation (also known as ventilator-free days). 
The original PROWESS RCT of recombinant human activated protein 
C (rhAPC; drotrecogin alfa) showed that rhAPC decreased mortality of 
severe sepsis from 31% to 25% compared to placebo.40 The SOFA score 
was used in this study to evaluate organ dysfunction.

■■ SCORING SYSTEMS SPECIFIC FOR TRAUMA PATIENTS
Scoring systems have been developed to improve triage of trauma 
patients and to predict their mortality (see Chap. 117). Trauma scoring  
systems were developed using general trauma patient samples, not 
specifically critically ill trauma patients. The initial scores were either 
anatomic (Injury Severity Score or ISS1,41) or physiologic (Trauma Score 
or TS42 and Revised Trauma Score or RTS43). Recently, trauma scoring 
systems have been expanded to include age, anatomy, and physiology, 
including the Trauma and the Injury Severity Score or TRISS method-
ology,2 and A Severity Characterization of Trauma or ASCOT.44 Large 
trauma registries facilitated implementation and validation of trauma 
scoring systems in large samples of patients. Table 13-3 summarizes the 
main trauma scoring systems.

The accuracy of TRISS and APACHE II have been compared in criti-
cally ill trauma patients.45 APACHE II classifies trauma patients under 
only four diagnostic categories: postoperative multiple trauma, postop-
erative head trauma, nonoperative multiple trauma, and nonoperative 
head trauma. In APACHE II, patients with combined head and other 
injuries were assigned to multiple trauma, which was given a lower 
weight than the isolated head trauma category in predicting mortality.46 
The number of derivation patient samples of APACHE II were much 
smaller than the samples used for the trauma scores. TRISS tends to 
perform better than APACHE II. APACHE II significantly overestimates 
the risk of mortality in the lower ranges of predicted risk and underesti-
mates the risk of mortality in the higher ranges. APACHE III attempted 
to improve prediction of mortality for head-injured patients by revising 
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the definition for head trauma, allowing assignment of patients with 
isolated head trauma as well as head trauma and other injuries to the 
head trauma category. This resulted in a higher predicted mortality that 
more closely reflected the actual mortality.

CLINICAL, ADMINISTRATIVE, AND 
MANAGEMENT USES OF SCORING SYSTEMS

■■ SCORING SYSTEMS IN RANDOMIZED CONTROLLED 
TRIALS AND OTHER CLINICAL RESEARCH

Clinical research in critical care often includes heterogeneous samples 
of critically ill patients and as a result treatment and control groups 
may not be balanced at baseline for variables that are associated with 
(1) risk of death and (2) response to the specific therapy. Accordingly, 
severity-of-illness scores are virtually always used to (1) compare treat-
ment groups at baseline and (2) describe the acuity of illness (so that 
readers can compare different studies and compare studies with a clini-
cian’s practice). Scoring systems are used in RCTs to describe severity 
of illness, to assess comparability at baseline of control and treatment 
groups, to assess the expected mortality, to determine sample size, and to 
perform stratified randomization. The success of randomization is often 
assessed by using scoring systems to confirm that the baseline charac-
teristics of control and treatment groups were not significantly different.

In an RCT, if the randomization is not balanced, then outcomes may 
be altered by the imbalance in baseline characteristics. In that instance, 

severity of illness scoring systems may be used to do an adjusted analysis 
(ie, by adjusting groups for differing severity of illness and then calculat-
ing adjusted mortality). For example, a large, pivotal multicenter RCT 
of two different PEEP regimens in patients who have acute lung injury 
found no difference in mortality between groups, but unfortunately age 
was significantly higher in the high PEEP group. Therefore, an adjusted 
analysis using age and severity of illness had to be done to adjust for dif-
ferences in these differing baseline characteristics; the adjusted analyses 
confirmed that there was no difference in adjusted mortality. Scoring 
systems are also used to determine the effect of the therapeutic interven-
tion across different disease severity and mortality risk strata. In a study 
with no positive drug effect, finding efficacy in a subgroup of patients 
(eg, in the sickest patients47) can be hypothesis generating for new stud-
ies involving these sicker patients only.

■■ SCORING SYSTEMS FOR ADMINISTRATIVE PURPOSES
The major purposes of scoring systems in administration are to describe 
utilization of ICU beds and resources, to describe acuity of illness, and to 
relate resource utilization (eg, funding, drug utilization, and/or personnel)  
to acuity of care in an ICU. The further ultimate goal can be to affect 
accreditation of a hospital by comparing scoring system (eg, APACHE II)  
predicted mortality to actual mortality.

Resource utilization can be described, for example, by the 
Therapeutic Intervention Scoring System (TISS) score,48,49 developed 
at the Massachusetts General Hospital in 1974. The purpose of TISS 
was to provide quantitative data to determine the severity of illness 

  TABLE 13-3    Characteristics of the Major Trauma Scoring Systems

Name Purpose and Main Characteristics Variables Included Comments

ISS Description of the severity of injury Anatomic variables: three highest scoring body 
regions from the AIS are squared and summed

Developed for MVA (blunt) trauma victims

Anatomic description

Blunt trauma Value 3-75

TS Triage Respiratory rate Immediately available for triage

Survival probability Respiratory effort

Systolic blood pressure Determination of respiratory effort and capillary refill 
are subjectivePhysiologic score Capillary refill

Blunt and penetrating trauma GCS

Range 1-16a

RTS Triage Respiratory rate Value of each variable empirical, but weight of 
variables for probability of survival by regression 
analysis. Better goodness of fit than TS

Survival probability Systolic blood pressure

GCS

Physiologic score Each coded 0-4

Blunt and penetrating trauma Range 0-12b

TRISS Survival probability RTS Coefficients by regression analysis

Considers anatomy, physiology, age, blunt and penetrating 
trauma

ISS (with revised AIS-85)

Age < or >55 years Different values for blunt or penetrating trauma

Blunt/penetrating trauma

ASCOT Survival probability RTS More variables for calculation of survival probability

Anatomy profile component—ICD/AIS-85

Considers anatomy, physiology, age, blunt and penetrating 
trauma

Age (five subclasses) Better performance than TRISS for blunt and pen-
etrating traumaBlunt/penetrating trauma

Set aside: very severe or very minor injury
aA score of 1 is the worst prognosis.
bA score of 0 is the worst prognosis.

AIS, Abbreviated Injury Scale; AIS-85, the fifth review of the Abbreviated Injury Scale; ASCOT, A Severity Characterization of Trauma44; GCS, Glasgow Coma Scale; ICD, International Classification of Diseases; ISS, Injury 
Severity Score1,41; MVA, motor vehicle accident; RTS, Revised Trauma Score43; TRISS, Trauma and the Injury Severity Score; TS, Trauma Score.42
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in individual patients, in order to determine appropriate utilization of 
intensive care facilities and predict staffing requirements. TISS quan-
tifies the amount of critical care provided to patients by measuring  
76 nursing activities, monitoring techniques, resuscitation procedures, 
and technology. Each intervention is given 1 to 4 points. Therefore, TISS 
assesses severity of illness indirectly by the level of services provided to 
the patient (as opposed to measuring physiology and organ function). 
TISS was designed as a descriptor of the intensity of care, and was not 
designed specifically to predict outcome.

TISS scores have been used to categorize the level of care that patients 
require.49,50 Beck and coworkers used TISS scores at ICU discharge as 
an objective assessment of the risk of premature discharge, and inves-
tigated the relationships of discharge time, TISS scores, and discharge 
destination on post-ICU mortality.51 There was a significant association 
between increasing TISS scores and post-ICU mortality at ICU dis-
charge (χ2 for trend = 0.90, p = 0.028). Patients with high TISS scores 
(>30) who were treated in hospital wards had significantly increased 
severity-adjusted mortality risks compared with a comparable group of 
patients who were discharged to high-dependency units.

In addition, acuity of care can be correlated with indices of resource 
utilization.52 Furthermore, reimbursement can be guided by assessment 
of severity of illness. For example, planning for ICU bed allocation, 
staffing, and budget can be aided by measures of admission numbers, 
diagnoses (eg, diagnosis-related groups [DRGs] and case-mix groups 
[CMGs]), and severity of illness.

■■ SCORING SYSTEMS TO ASSESS INTENSIVE CARE UNIT PERFORMANCE
Scoring systems can be used by ICUs to evaluate quality of care (quality 
assurance; see Chapters 2, 3), to assess performance of an ICU over time,  
to assess performance of different intensivists, and to assess perfor-
mances of different ICUs (see Table 13-1). The scoring systems provide 
a tool to normalize for differences in severity of illness of different 
samples of patients. Although quality assurance has largely been sup-
planted by newer approaches such as continuous quality improvement, 
severity-of-illness scoring systems nonetheless can be used to assess 
predicted and actual mortality. ICUs can review the outcomes of 
patients in general, or for specific disease categories, and compare the 
actual outcomes with predicted mortality. The performance of an ICU 
can also be followed over time. Evaluation of new technologies or new 
treatment modalities in an ICU can also be the object of continuous 
quality improvement evaluations.

There are potential problems associated with the use of scoring 
systems to compare actual with expected mortality in an ICU. For 
example, biases in the regression techniques used to calculate the risks 
of mortality can lead to situations in which hospitals providing care to 
more severely ill patients will tend to have actual mortality rates above 
predicted, and thus will appear to be giving suboptimal care. This occurs 
because most scoring systems underestimate mortality of high-risk 
patients. Also, medical and nursing interventions can improve physi-
ologic data, leading to a lower estimated risk of mortality for the same 
patient.53 The outcomes of individual intensivists can be adjusted for 
severity of illness to better assess performance. This is controversial for 
several reasons. First, patient sample size of the intensivist may be insuf-
ficient to draw legitimate conclusions regarding performance.54 Second, 
ICU care is team care, including house officers, nurses, respiratory 
therapists, physiotherapists, and other caregivers, so outcomes are less 
influenced by the behavior of individual physicians.

Scoring systems can be used to compare ICUs in different hospital 
settings (tertiary care, community, academic, etc) and to compare ICUs 
of different countries. A comparison of New Zealand and US hospitals 
demonstrated different patient selection and fewer admissions to ICUs 
in New Zealand, and yet hospital mortality rates were comparable.55 
Another observational study comparing hospitals in Canada and in the 
United States revealed similar results.56 However, important differences 
in mortality have been observed between pediatric ICUs in the United 
Kingdom and Australia. For comparable severity of illness, the mortality 

rates of critically ill children were higher in the United Kingdom than 
in Australia.57

Severity-of-illness scoring systems can also be used to assess ICU 
performance in different models of organization. For example, Carson 
and coworkers58 evaluated the effects of changing from an “open” to a 
“closed” model of ICU care by dedicated intensivists by using a “before/
after” study design. Patient severity of illness as assessed by APACHE 
II was greater, yet care costs were similar, and the ratio of actual to pre-
dicted mortality was lower after converting a medical ICU from open to 
closed care. Similar studies involving patients with sepsis demonstrated 
that changing ICU staffing to include physicians formally trained in 
critical care medicine reduced mortality.59,60 Other examples of the 
use of scoring systems to assess ICU performance include studies of 
availability of ICU technology and studies of organizational practices  
and outcomes.61

Rapoport and coworkers62 described a method to assess cost-
effectiveness of ICUs. A clinical performance index was defined as 
the difference between actual and MPM II predicted mortality. The 
economic performance (resource use) used a surrogate for costs: the 
“weighted hospital days,” a length-of-stay index that weights ICU days 
more heavily than non-ICU days. Predicted resource use was calculated 
by a regression including severity of illness and percentage of surgical 
patients. The actual and predicted survival and actual and predicted 
resource use of hospitals were compared with the mean. A scatterplot 
illustrated which units were more than one standard deviation off for 
clinical and economic performance.

The cost-effectiveness of ICUs should include nonmortality measures 
of effectiveness such as quality of life, return to independent living, and 
patient/family satisfaction.63 These nonmortality measures of outcome 
need to be adjusted for ICU severity of illness by using severity-of-illness 
scoring systems.

■■ SCORING SYSTEMS TO ASSESS INDIVIDUAL 
PATIENT PROGNOSIS AND TO GUIDE CARE

The assessment of individual patient prognosis is complex and remains 
controversial. Moreover, the use of severity-of-illness scoring systems 
for assessment and prediction of individual patient prognosis is often 
inaccurate. We believe that management decisions cannot be based 
solely on prognosis as evaluated by the scoring systems. Assessment 
of individual patient prognosis influences decisions regarding triage of 
patients (ie, ICU admission), intensity of care, and decisions to withhold 
and withdraw care.

Theoretically, a very accurate estimate of patient prognosis could 
be used to triage patients who have such a good prognosis that ICU 
admission would be unnecessary and inappropriate, and to identify 
patients who are so hopelessly ill that ICU admission would be futile and 
inappropriate. Scoring systems may complement physician judgment 
regarding appropriateness of ICU admission. However, it is important to 
emphasize that most scoring systems were derived from patients already 
admitted to an ICU using data from the first 24 hours of ICU admission. 
The MPM II might be more accurate and appropriate because MPM0 
used variables available immediately at ICU admission rather than the 
worst values of variables over the first 24 hours in the ICU. However, 
none of the commonly used scoring systems were validated for the 
purpose of triage of ICU patients.

Scoring systems have been used to assist in triage of patients to inter-
mediate care (monitoring) or to intensive care (life support). Recently, 
APACHE III was modified to estimate the probability of need for life 
support of patients admitted for ICU monitoring.64 Among 8040 ICU 
admissions for monitoring, 79% were predicted to have a low probability 
(<10%) for active treatment during their ICU stay. These patients were 
admitted to an intermediate care unit and 96% received no subsequent 
active treatment. The predictive equation had an ROC curve area of 
0.74. There are scoring systems designed specifically for triage of trauma 
patients. The Triage Index65 for trauma patients assesses injury severity 
and predicts an outcome using physiologic variables available before 
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admission. The TS42 and the RTS43 are derived from the Triage Index. 
In the part of the RTS used for triage, the T-RTS, specific decision rules 
are proposed to indicate appropriate transfer to a trauma center.43 These 
rules are based on the score and the GCS score. There are at least two 
caveats regarding use of scoring systems to guide ICU triage decisions. 
First, a patient who could be admitted to the ICU who has a very low 
probability of mortality estimated by the MPM0, might in fact have a 
higher actual probability of mortality if ICU admission were denied,20 
because outcome could be adversely affected by ward admission and the 
associated lower intensity of monitoring and treatment. Second, physi-
cians tend to underestimate mortality in low-risk patients. Thus scoring 
systems can be more accurate than clinician judgment for risk estimate 
of low-risk patients.31

A novel use of severity of illness scoring systems is in patient selection 
for specific therapies. The initial approval of a now withdrawn therapy for 
severe sepsis, recombinant human activated protein C (rhAPC; drotre-
cogin alfa), was an example. In the original pivotal multicenter RCT 
(PROWESS trial), rhAPC significantly decreased mortality compared to 
placebo in treatment of severe sepsis.40 Treatment with rhAPC activated 
was associated with a reduction in the relative risk of death of 19.4% (95% 
confidence interval [CI], 6.6 to 30.5) and an absolute reduction in the risk 
of death of 6.1% (31% vs 25%, p = 0.005). The number needed to treat 
(NNT) with rhAPC was 16 to save one life. A post hoc analysis of the 
study data performed by the FDA reported a differential benefit accord-
ing to APACHE II score (Fig. 13-2);67 among patients with an APACHE 
II score of 25 or more, the relative risk of death among patients treated 
with rhAPC, as compared with those given placebo, was 0.71 (95% CI, 
0.59 to 0.85), whereas among those with a score of 24 or less, the relative 
risk of death was 0.99 (95% CI, 0.75 to 1.30). Consequently, the FDA con-
cluded, “efficacy of drotrecogin alfa has not been established in patients 
with lower risk of death (eg, APACHE II scores <25),”66 and the drug was 
not approved for use in patients with lower severity of illness. Therefore, 
in the United States and in some other countries, regulatory and payer 
groups permitted use of rhAPC only in patients who have severe sepsis 
and a high risk of death as defined by an APACHE II score greater than 
25. In contrast, in Europe rhAPC was approved for use in patients who 
have severe sepsis and two or more organ dysfunctions or an APACHE 
II score greater than 25. These differing regulatory approvals and clinical 
practices likely reflect differences in how APACHE II scores can be used 
to make individual patient therapeutic decisions.

A later large multicenter RCT of rhAPC in septic shock (PROWESS 
SHOCK) did not find that rhAPC decreased mortality. PROWESS SHOCK, 
a randomized, placebo-controlled trial of rhAPC in 1696 patients with 
septic shock showed that 28-day mortality was 26.4% and 24.2% in 
the rhAPC and placebo arms, respectively (p = 0.31), with remarkably 

low rates of serious bleeding (1.2% vs 1%). On October 25, 2011, Eli 
Lilly and Company withdrew rhAPC from the market worldwide. In 
PROWESS SHOCK, the observed pooled mortality was much lower 
than expected, lower than in PROWESS, which enrolled a broader 
population of severe sepsis. The low mortality rates observed in 
PROWESS SHOCK may be explained in part by recent advances  
in the management of septic shock and in part by the selection of lower 
risk patients.

In support of this approach (ie, use of APACHE II to identify high-
risk patients), a cost-effectiveness analysis by Manns and coworkers68 
found that rhAPC is relatively cost-effective when targeted to patients 
with severe sepsis, greater severity of illness (an APACHE II score of 25 
or more), and a reasonable life expectancy if they survive the episode 
of sepsis. In a second cost-effectiveness analysis by Angus and cowork-
ers, rhAPC cost $27,400 per quality-adjusted life-year when limited to 
patients with an APACHE II score ≥25, and was cost-ineffective when 
limited to patients with a score <25.69 Manns and coworkers concluded, 
“given the discrepancy between the published study results and their 
analysis, it would be reasonable to restrict the use of activated protein C 
to patients with an APACHE II score of 25 or more until convincing evi-
dence of effectiveness and cost-effectiveness in patients with less severe 
illness becomes available.”68

There are several criticisms of using baseline APACHE II scores in 
individual patients to guide therapy.70 First, the PROWESS trial was 
not powered to determine an efficacy difference among APACHE II 
subgroups. Even more importantly, the APACHE II disease severity 
scoring system was not designed and has not been validated for use 
to discriminate any parameter in the individual patient. Furthermore, 
the interobserver and intraobserver variability in the determination of 
APACHE II scores among experienced intensive care physicians may be 
as high as 10% to 15%.71 To our knowledge, this is the only example of a 
proven therapy in critical care that was approved based on an individual 
patient’s APACHE II score.

ETHICAL ISSUES RELEVANT TO USE OF SCORING 
SYSTEMS TO GUIDE MANAGEMENT
Use of severity-of-illness scoring systems to assist in decision making 
regarding withholding and withdrawal of care is controversial for several 
reasons. First, scoring systems are designed to describe severity of illness 
and probability of death in groups of patients, not individual patients. 
Second, even in groups of patients, no system is perfectly calibrated and 
such systems cannot perfectly discriminate survivors from nonsurvi-
vors. Third, scoring systems can guide care decisions only in the context 
of appropriate understanding of the ethical principles relevant to with-
holding and withdrawal of care.72 Nonetheless, scoring systems could 
assist in deciding that ICU care is futile. Schneiderman and coworkers73 
proposed that “when physicians conclude (either through personal 
experience, experiences shared with colleagues, or considerations of pub
lished empirical data) that in the last 100 cases a treatment has been 
useless, they should regard that treatment as futile.” Using this definition 
of futility, let us consider use of scoring systems and physician judgment 
to help predict futility. Calibration of APACHE III found that for an 
estimated mortality rate above 90%, the rate of correct classification was 
85%, with a specificity of 99.8%. By comparison, for the same estimated 
mortality rate above 90% strata, physicians’ predictions yield a correct 
classification of 70% to 76% and a specificity of 97% to 99%.31,32 Thus 
APACHE III may be more accurate than physicians in predicting that a 
group of patients have a 90% chance of mortality. However, at a quan-
titative threshold of futility of less than 1% chance of survival, scoring  
systems are not precise enough. The highest precision of any  
scoring system to date was a 95% probability of death, meaning that 
5% of patients with that score would survive28 (Fig. 13-3).76 Therefore, 
severity-of-illness scoring systems may not accurately identify patients 
in whom ICU care is futile if futility is defined as less than 1% chance 
of survival. The SUPPORT study74 (Study to Understand Prognoses 

FIGURE 13-2.  Data from PROWESS. Differential mortality benefit of rhAPC according to 
APACHE II quartile. In a subgroup analysis conducted by the US Food and Drug Administration, 
the use of human recombinant activated protein C (rhAPC; drotrecogin alfa) was associated 
with a mortality benefit only in patients in the highest two quartiles of APACHE II. (Data from 
Warren HS, Suffredini AF, Eichacker PQ, et al. Risks and benefits of activated protein C treatment 
for severe sepsis. N Engl J Med. September 26, 2002;347(13):1027-1030.)
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and Preferences for Outcomes and Risks of Treatments) is important 
because it was designed to determine whether providing physicians with 
accurate predictions of death would change physician behavior, patient 
satisfaction, and decisions regarding care. SUPPORT was designed to 
estimate survival of seriously ill hospitalized patients who were not 
necessarily in an ICU. The SUPPORT74 prognosis model includes nine 
diagnostic groups and the following 15 prognostic factors: disease 
group, 11 physiologic variables, age, history of malignancy, and the 
number of days the patient was hospitalized before study entry. In phase 
I of the study, the investigators noted shortcomings in communication, 
variability in frequency of aggressive treatment, and variability in care at 
the time of death (CPR, comfort care, pain management, etc). In phase II 
of the study,75 physicians in the intervention group received probability 
estimates of 6-month survival, outcome of cardiopulmonary resuscita-
tion, and incidence of functional disability at 2 months. Specifically 
trained nurses made multiple contacts with the patients, families, physi-
cians, and hospital staff to elicit preferences, improve understanding of 
outcomes, encourage attention to pain control, and facilitate advance 
care planning and patient-physician communication. Importantly, the 
phase II intervention did not improve care or patient outcomes. Patients 
experienced no improvement in patient-physician communication. 
Also, there was no change in the incidence or timing of written DNR 
(do not resuscitate) orders, physicians’ knowledge of their patients’ pref-
erences not to be resuscitated, number of days spent in the ICU before 
death, or use of hospital resources. Thus the SUPPORT study showed 
that providing physicians with objective outcome predictions did not 
change physicians’ attitudes and behavior.

Several observations suggest that there is a gap between scoring 
system predicted outcome and decisions to withhold and withdraw 
ICU care. Patients in whom care was withdrawn in a medical ICU had 
APACHE II predicted mortality on the day of ICU admission of only 
61% ± 22%.77 Furthermore, patients with prolonged multiorgan system 
failure who continue to require life support generally do not have very 
abnormal physiologic parameters54 and thus have relatively low APS 
scores. Finally, an increasing proportion of critically ill patients in ICUs 

die without CPR (cardiopulmonary resuscitation),78 and many die after 
withholding or withdrawal of care.

A major portion of ICU resources is spent on patients who have mini-
mal chances of survival. However, until a public consensus is reached 
about dealing with these very difficult issues,79 broad ethical principles 
of beneficence, nonmalfeasance, and autonomy are likely to be more 
important components of end-of-life decisions than quantitative data 
provided by scoring systems. Broader social and economic policy issues 
should be separate concerns.

SOURCES OF ERROR AND BIAS IN SCORING SYSTEMS
Severity-of-illness scoring systems are not perfect, partially because of 
error and bias. Error and bias limit the reproducibility of scoring systems 
outside the original sample of patients, and thus limit the applicability 
of scoring systems to different clinical situations. Specifically, bias of 
scoring systems can be related to the selection of included variables, 
to the collection of data, to the lead time before the onset of the acute 
disease and admission of the patient to the ICU, to the imprecision in 
choosing a principal admission diagnosis, to the inaccuracy of certain 
scoring systems for specific disease categories, and finally to the use  
of scoring systems for purposes they were not meant to accomplish.

■■ BIAS RELATED TO THE SELECTION OF VARIABLES 
AND TO THE COLLECTION OF DATA

Variables can be included in a severity-of-illness score by a multivariate 
analysis that shows that each variable is a statistically independent pre-
dictor of mortality. Alternatively, variables can be selected by consensus 
of experts. Consensus panel selection of variables is subjective, and 
variables can be interrelated.15 The problem with interrelated variables is 
that two such variables are not independent of each other as predictors 
of mortality. Noncontinuous variables increase error in the computation 
of risk of mortality. Noncontinuous variables are classified as present or 
absent, so a single misclassification results in a large error in outcome 
prediction.15

Detection bias is another cause of bias of the included variables. 
Detection bias means that variables are only detected if measured. 
However, because scoring systems use variables measured in clinical 
practice, not all variables will be measured on all patients on all days. 
Therefore, in several scoring systems, unmeasured (undetected) vari-
ables are assigned a normal value. The assumption that unmeasured 
physiologic variables are normal can underestimate the risk of mortality. 
APACHE II, APACHE III, and SAPS II contain some variables that are 
not used routinely in daily care, such as albumin and bilirubin levels.

Use of the worst value of a variable in 24 hours also causes errors. Most 
scoring systems use the worst value of a variable in a 24-hour period. 
However, selection of the worst value can be subjective. For example, the 
GCS contributes a large number of APACHE II points; however, many 
intubated critically ill patients require sedation and narcotics to facilitate 
intubation and ventilation. Thus, a patient could deteriorate from a GCS 
of 13 prior to intubation to 3-5 after intubation. Therefore, clinicians 
often record the “native” GCS as the GCS prior to sedation. The GCS is 
thus more inaccurate during heavy sedation; some use GCS after partial 
withdrawal of sedation (eg, daily awakening trials) to compute the daily 
APACHE II. There are other errors associated with collection of data, 
including temperature conversion from Fahrenheit to Celsius, creatinine 
conversion to the international system, use of the GCS on deeply sedated 
patients,54 transcription errors, and errors in analysis of data. Direct 
computer data entry may decrease transcription error.

■■ BIAS RELATED TO POOR CALIBRATION
Statistical regression in scoring systems has a propensity for poor cali-
bration. Regression techniques tend to underpredict the likelihood of 
death of more severely ill patients, and tend to overpredict the likelihood 
of death of patients with less severe illness (Fig. 13-3). These errors can 

FIGURE 13-3.  Relationship between first-day APACHE III score and risk of hospital mor-
tality for trauma admissions to APACHE III study. With distribution of the sample into specific 
disease categories, the number of high risk of mortality patients used in the validation set is 
fairly low. In the highest score subset of patients, the mortality for these groups remains much 
lower than 99%. Also, severity-of-illness scoring systems are prone to underestimating the risk 
of mortality in high-risk patients. (Data from Watts CM, Knaus WA. The case for using objective 
scoring systems to predict intensive care unit outcome. Crit Care Clin. January 1994;10(1):73-89.)
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create a pernicious bias. For example, hospitals providing care to more 
severely ill patients will tend to have actual mortality rates above pre-
dicted, and thus will appear to be giving poor care. On the other hand, 
hospitals with less severely ill patients will tend to have actual mortality 
rates lower than predicted, and will appear to be giving better than aver-
age care.80

■■ LEAD-TIME BIAS
Lead-time bias refers to the different lengths of time that patients are 
ill prior to ICU care and scoring. Lead-time differences also influence 
treatment decisions, as well as predicted and actual mortality. Acute 
physiology scores do not assess previous treatments. Thus, for the same 
score, a patient hypoxemic in the emergency room can improve rapidly 
and have a better outcome than a patient referred from another hospital 
for persistent hypoxemia. Because of lead-time bias, APACHE II under-
estimates the mortality of patients referred from other ICUs,25 other 
hospitals, or even within other parts of the same hospital.15 APACHE III 
contains a variable to assess patient location and treatment prior to ICU 
admission in an attempt to minimize lead-time bias.

Therapies provided prior to and immediately after ICU admission 
change physiologic variables and thus influence physiologic scores. 
Rapid and successful resuscitation in the emergency department prior 
to ICU admission or early in the ICU will hide abnormally low values 
of variables that would have been recorded as the worst over 24 hours. 
Theoretically, poor care would increase physiologic scores and increase 
predicted mortality rate, whereas good care would decrease scores and 
reduce predicted mortality rate.80 The effects of treatment can be mini-
mized and mortality prediction might be enhanced by using hospital 
presentation data.

■■ IMPRECISE PRINCIPAL DIAGNOSIS
Inaccurate diagnosis is another source of error in many scoring systems. 
Some scoring systems (eg, APACHE III) predict different prognoses of 
patients who have different diseases but similar physiologic abnormalities. 
Accurate diagnosis can be difficult in the critically ill for several reasons. 
First, patients in the ICU often suffer from several conditions. APACHE 
II and APACHE III require identification of one diagnosis or organ failure 
that prompted ICU admission. Consider a patient with bacterial pneumo-
nia and sepsis who is admitted to the ICU. In APACHE III, patients who 
have bacterial pneumonia and patients who have sepsis who have similar 
physiologic scores have different predicted mortality (Fig. 13-4). Thus the 

assignment of appropriate diagnosis is very important in making an accu-
rate mortality prediction.15 The principal diagnosis could differ between 
prospective identification versus retrospective chart review.54

■■ SEVERITY-OF-ILLNESS SCORING SYSTEMS 
FOR SPECIFIC DISEASE CATEGORIES

For patients with specific disease processes, it is debated whether 
specific severity scoring systems are better than general ones. Because 
inaccuracy of diagnosis can cause error, we recommend that scoring sys-
tems be tested for different diagnostic categories. Both disease-specific 
systems (APACHE II and APACHE III) and non–disease-specific sys-
tems (SAPS II and MPM II) need to be compared in external validating 
patient samples.15

APACHE II, APACHE III, and SAPS II have performed well in several 
disease-specific categories, including liver failure,81,82 malignancy,83-85 
cardiac bypass surgery,86-88 sepsis,89 peritonitis,90-92 pancreatitis,93-99 acute 
myocardial infarction,100-103 HIV patients,104,105 obstetric patients,106 and 
stroke.107 APACHE III performed well in head-injured patients.108,109 In 
general, the performance of APACHE II, APACHE III, and SAPS II for 
these disease processes was similar to that reported for heterogeneous 
ICU patients.

APACHE II and III have consistently performed poorly in 
trauma,46,110,111 in postoperative patients,112,113 and in women with 
eclampsia.114

■■ INACCURACY OF SCORING SYSTEMS FOR CERTAIN TYPES OF 
INTENSIVE CARE UNITS OR DIFFERENT GEOGRAPHIC REGIONS

The patient cohorts used to derive and validate a scoring system can 
influence the mortality predictions. There are potentially important 
differences in outcomes of comparable patients in community versus 
teaching hospitals, in different regions of a country, and in different 
countries because of the influence of health care funding and policy. For 
example, a comparison of New Zealand and US hospitals demonstrated 
different patient selection and fewer ICU admissions in New Zealand, 
and yet found similar hospital mortality.55

Some investigators have used scoring systems to compare critical 
care in different countries but came to sharply different conclusions. 
For example, Sirio and coworkers115 used APACHE II to compare Japan 
and the United States. Despite an ROC curve area of only 0.78 in the 
Japanese patient sample, they concluded that APACHE II performs well 
in Japan. In contrast, the Intensive Care Society APACHE II study116 

FIGURE 13-4.  The influence of the choice of a single disease category for the prediction of hospital risk of death in APACHE III. Relationship between APACHE III score and predicted risk of 
hospital death for patients with postoperative subdural hematomas (S SDH), sepsis (other than urinary tract), bacterial pneumonia (BACT PNEUM), and postoperative gastrointestinal perforation 
(S GI PERF). The same APACHE III score can lead to different estimated hospital risk of death, depending on the choice of main diagnosis. (Reproduced with permission from Knaus WA, Wagner 
DP, Draper EA, et al. The APACHE III prognostic system. Risk prediction of hospital mortality for critically ill hospitalized adults. Chest. December 1991;100(6):1619-1636.)
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examined 8724 critically ill patients and reported that crude death 
rates in hospital varied more than twofold between ICUs in Britain and 
Ireland. Application of the APACHE II equation produced an ROC 
value of 0.83 and failed to explain outcome in four ICUs. They con-
cluded that the American APACHE II equation did not fit their data 
uniformly, and cited systematic differences in medical definitions and 
diagnostic labeling, diagnostic mix, measurement of physiologic vari-
ables, effectiveness of treatment, and differences in age-specific health 
status between the two countries.

The performance of APACHE III has been assessed in several 
countries including Brazil,117 the United Kingdom,118 Korea,119 and 
Australia.120 In most countries, the observed hospital mortality was 
significantly higher than the APACHE III predicted mortality rate. In 
the Australian study, when the model was corrected for hospital char-
acteristics, the observed hospital mortality rate was not different. The 
area under the ROC curve was 0.92. The APACHE III mortality model, 
when adjusted for hospital characteristics, had good discrimination and 
calibration in the Australian adult ICU population.

■■ PROPENSITY SCORING SYSTEMS AND CASE MATCHING 
TO SIMULATE RANDOMIZED CONTROLLED TRIALS

RCTs are the “gold standard” of level I evidence for assessing efficacy of 
new or controversial therapies. However, RCTs are expensive, often run 
over several years, have tight inclusion and exclusion criteria, and so 
are sometimes less generalizable than observational studies. There are a 
limited number of patients available to participate in RCTs, which lim-
its the number of trials and hypotheses that can be tested. The science 
and practice of critical care has advanced to address these limitations 
of RCTs.

In recent years in critical care, investigators have used observational 
cohorts and sophisticated case matching systems to simulate RCTs of 
interventions and drugs. The concept is to use an observational cohort 
and control for differences between control and treatment groups in 
the design as opposed to in the analyses.121-127 Most often, differences 
between control and treatment groups are addressed in the adjusted 
analyses, for example, by using logistic regression and including vari-
ables that differ between groups as covariates. Then the adjusted analy-
ses determine whether there is still a statistically significant difference in 
the outcomes of interest between treatment groups while adjusting for 
differences between groups in baseline characteristics. In case-matched 
studies, there are adjustments in design to balance control and treatment 
groups because a well-matched control group is obviously critical to the 
validity of such a nonrandomized study.121-127

Let us consider an observational cohort of patients in whom clinicians 
have treated patients with septic shock with low-dose corticosteroids or 
have not treated with corticosteroids. An investigator wishes to deter-
mine whether the cohort could be used to examine whether cortico-
steroid treatment (compared to no corticosteroid treatment) decreases 
hospital mortality.

The investigators would have to agree on a set of inclusion and exclu-
sion criteria (eg, presence of two of four systemic inflammatory response 
syndrome (SIRS) criteria, presence of infection, and presence of hypo-
tension despite adequate fluid balance). Patients would be assessed for 
eligibility according to the inclusion criteria and only those that are 
eligible would be included for the selection of matched patients. Of note, 
both treated and nontreated patients need to pass this inclusion and 
exclusion screen (as in an RCT). After screening of patients according to 
eligibility, the full matching algorithm would be implemented.

Within the screened cohort, control patients would be selected pro-
grammatically to match the corticosteroid-treated patients using an 
algorithm that matches on (1) baseline demographic and disease vari-
ables that may have influenced clinicians’ decision to give corticoste-
roids and (2) variables that are associated with risk of death (if mortality 
is the primary outcome of interest). In a design-based approach, the 
first set of variables that must be matched between controls and cases 

are variables that influence a clinician’s decision to treat with corti-
costeroids, such as dose of norepinephrine being used (because clini-
cians often use corticosteroids in patients who are “not responsive” to 
norepinephrine) and APACHE II (because perhaps sicker patients are 
more likely to be given corticosteroids in practice). Thus, controls and 
cases would be matched as closely as possible according to baseline 
norepinephrine dose and APACHE II. The second step in matching is 
to determine from the literature and consensus opinion which variables 
at baseline are associated with increased risk of death (such as increased 
APACHE II score, age, number of organ systems failing, etc). One 
would want to match corticosteroid-treated cases to comparable non-
corticosteroid-treated controls so that the patients are matched closely 
enough (numerically) for these variables associated with increased 
risk of death. As a result, any differences found in hospital mortality 
between corticosteroid-treated and nontreated controls can be attrib-
uted to treatment group and not to differences in baseline variables that 
predict risk of death. In interim summary, for such a study of patients 
who had septic shock, covariates that could be included in the match-
ing algorithm would be age, APACHE II score (or SAPS II score), the 
presence or absence of specific organ dysfunctions (eg, cardiovascular, 
respiratory, renal, and hematologic), norepinephrine dose, surgical  
status, and the site of primary infection.

To address the likelihood that a clinician would prescribe cortico-
steroids, a propensity score (the likelihood of having received corti
costeroids given the key baseline characteristics) would be calculated 
using covariates. The matching methodology would ensure that the 
three most relevant covariates, eg, age, APACHE II score (or SAPS 
II score), and propensity score are tightly matched between cortico-
steroid-treated patients and the matched controls. For example, one 
could decide that the matched patients must be within 5 years of age, 
within 2 points on the APACHE II score (4 points on SAPS II score), 
and within 0.6 standard deviations on propensity score. To control 
for potential changes over time in best treatment and supportive care 
of patients with septic shock, patients could be matched according  
to date of enrollment in the cohort (eg, within 24 months of each other’s 
date of enrollment).

Another critical aspect of case-matched studies is that the matching 
of controls and cases must be done while blinded to outcome (in this 
case hospital mortality) to minimize unintended and intended bias.  
A two-phase transfer of data from each center would be implemented 
to ensure that the selection of matched control patients is imple-
mented in an unbiased manner. First, the database would be loaded 
with the (1) baseline variables needed for determination of eligibility  
(screening for inclusion), (2) variables for matching, and (3) treatment 
group. Then patients would be matched (controls matched to cor-
ticosteroid-treated patients) without knowledge of outcome. Once 
the matching has been completed and the control patients have been 
identified and matched to each corticosteroid-treated case, then the 
database would be “locked” (ie, the controls and cases are now inextri-
cably linked together). Then, the hospital mortality outcome of each 
patient is loaded into the database. Finally, the statistical analyses are 
now done comparing control group to corticosteroid-treated group to 
determine whether there is an association of corticosteroid treatment 
with hospital mortality.

There are strengths and weakness of this approach. Some of the 
strengths are as follows. Even though patients would not be prospec-
tively recruited for such a study, the use of strict eligibility criteria would 
ensure that the validation of the treatment hypothesis (ie, treatment 
effect of corticosteroids in septic shock) would be conducted in a well-
defined and relevant population of patients treated in practice. The 
biggest challenge in choosing appropriate patients for the control group 
is overcoming the known patient selection bias due to lack of random-
ization to corticosteroid treatment. The very fact that corticosteroids 
are not uniformly prescribed for patients who have septic shock allows 
this type of matched-patients study to be conducted. If corticosteroids 
were used most of the time in the eligible patients, then it would be very 
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difficult to find appropriate non-corticosteroid-treated patients to use 
as matched controls.

To demonstrate that there is a corticosteroid treatment effect, it is 
essential that a closely matched comparable non-corticosteroid-treated 
control group is selected. This control group is needed to be sure that 
differences between baseline clinical variables that were simply a pre-
dictive (of treatment response) or a prognostic (of hospital mortality) 
do not account for and explain any observed difference in mortality. 
As shown in the literature, in clinical practice corticosteroids are often 
given to younger patients with greater severity of disease and higher 
doses of norepinephrine. Therefore, simply comparing the mortality 
rates in all corticosteroid-treated patients to all non-corticosteroid-
treated patients in the cohort would be biased and invalid. For this 
example, we show how to use a design-based approach of matching cases 
to controls to control for key baseline variables associated with risk of 
death and with propensity to prescribe corticosteroids to yield a control 
sample that is directly comparable to the treated sample. This approach 
optimizes efficient use of resources since only a subsample of all possible 
controls is needed for detailed evaluation.

Other considerations arise if a cohort is multicenter. First, to control 
for differences in standard of care across diverse geographic regions 
and over time, matched patients would have to be selected within each 
individual center from a contemporaneously enrolled population. The 
optimal matching method, based on a calculated Mahalanobis distance, 
can be implemented using baseline demographic and disease character-
istics that may have influenced the decision to give corticosteroids or 
that may impact survival.

The statistical method for analyzing the primary efficacy variable 
(hospital mortality) would be a conditional logistic regression to be 
consistent with such a matched-patients study design.

It is recognized that this type of study uses convenience samples of 
patients from observational cohorts. Several fundamental strengths of 
this design are notable. First, it is often possible to create a very large 
study, so statistical power is high. Second, this type of study would reflect 
the use of corticosteroids in “real-world” clinical practice. Therefore, the 
effectiveness of corticosteroids would be tested in the population of 
patients who are currently being treated with corticosteroids. The study 
population would not represent a highly selected population, such as can 
occur in RCTs, because enrollment in such cohorts often spans several 
years and could draw from multiple jurisdictions.

Interestingly, a case-matched study of corticosteroid treatment of 
severe sepsis and septic shock that incorporated a propensity score 
found that corticosteroid treatment (compared to no corticosteroid 
treatment) was associated with increased mortality.128

RECOMMENDATIONS FOR CLINICAL USE
There has been rapid growth in the number and types of severity-
of-illness scoring systems in critical care, and they are increasingly 
used for clinical research, administrative tasks, quality assurance, and 
individual patient prognosis. Therefore, physicians and administrators 
must understand the principles underlying development and testing 
of these systems, as well as the sources of errors in their development, 
to interpret the literature and to decide how and which system to use. 
We recommend four uses of severity-of-illness scoring systems. First, 
scoring systems are useful in clinical trials and in clinical research. The 
scoring system used must be validated and published in peer-reviewed 
literature. When researchers and clinicians have a common language for 
description of severity of illness, clinicians can compare the patients in 
studies with the patients in their own practices to decide how the results 
of the studies influence their own practices.

Second, scoring systems may be used for administrative purposes, 
to describe resource utilization relative to acuity of illness, and to assist 
with resource-allocation decisions.

The third potential use of scoring systems is to assess ICU perfor-
mance. However, several biases limit this application because very 

little is known about accuracy of generalizations of scoring systems 
to different categories of hospitals, hospitals from different countries 
with different health care systems, or even different ICUs in the same  
hospital. Therefore, we believe that use of scoring systems to compare 
ICU performance is limited and requires further evaluation.

The fourth potential use of scoring systems is to assess individual 
patient prognosis and to guide care. We believe that scoring systems 
have limited use for individual patient prognosis and care decisions. 
At best, they can guide physicians, families, and patients in difficult 
decisions. Patients’ preferences and patients’ quality of life prior to ICU 
admission cannot be integrated into mathematical models. Severity-
of-illness scoring systems predict probability of mortality, but they are 
not helpful in assessing probability of death in the 6 months following 
discharge from the ICU. Finally, scoring systems do not predict quality 
of life or return to independent living of patients.

We also recommend use of propensity scoring systems and case 
matching of patients in observational cohorts to simulate RCTs and so 
increase our understanding of the safety and efficacy of therapeutics 
used clinically.
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CCI patients have a phenotype that is recognizable to critical care 
clinicians of any discipline (Table 14-1).1 Patients are usually extremely 
weak and dependent on mechanical ventilation. Their physical appear-
ance is altered by muscle atrophy and generalized edema, and a trache-
ostomy has been placed or is being contemplated. Sixty-three percent 
are delirious or comatose,2 and those that are alert report a wide range 
of symptoms such as pain, dyspnea, thirst, or anxiety, mostly at severe 
levels.3 They are often cycling through recurring infections, multiple 
antibiotics, and are being colonized by multidrug resistant organisms. 
Their families are distressed, frustrated, and exhausted. Finally, their 
physicians and nurses are equally frustrated and often are challenged to 
maintain enthusiasm for their care.

Despite having a recognizable phenotype, a common definition for 
CCI is more elusive. For the purposes of epidemiologic studies or clinical  
trials, patients are identified by a certain number of days of mechanical 
ventilation or ICU care, by presence of a tracheostomy for prolonged 
ventilation, or by transfer to a ventilator rehabilitation unit.4 The actual 
number of days of ventilation or ICU stay that is considered to meet a 
threshold of prolonged has varied from 2 to 29 days depending on an 
investigator’s intuitive sense of what is exceptional or by restrictions 
of administrative databases.5-7 In 2005, a consensus conference repre-
senting physicians, respiratory therapists, nurses, and long-term care 
hospitals recommended a standard definition for prolonged mechanical 
ventilation (PMV) of greater than or equal to 21 consecutive days of 
mechanical ventilation for ≥6 hours per day.8 However, more recent 
clinical trials involving PMV patients are enrolling patients after 10 or 
14 days of mechanical ventilation in order to intervene earlier along the 
continuum from acute to chronic critical illness.1 Placement of a trache-
ostomy for prolonged ventilation is considered by many to be a good 
definition of CCI because clinicians have determined that the patient 
is unlikely to die or be liberated from mechanical ventilation in a short 
period.9 However, there is wide variation between centers as to how early 
and even if to place a tracheostomy in specific conditions.10 When using 
administrative data such as Medicare datasets that do not include venti-
lator days, the most reliable approach is to identify patients who have an 
ICU length of stay of ≥21 days and have been assigned DRG 541 or 542 
(tracheostomy for a condition other than head, neck or face disease) or 
ICD-9 code 96.72 (mechanical ventilation >96 hours).7

INCIDENCE
Depending on the definition, between 5% and 10% of patients admitted 
to adult ICUs become chronically critically ill.11,12 Patients with DRG 541 
or 542 increased from 86,911 in 2000 to 116,491 in 2010, an increase 
of 34%. Total hospitalizations only increased by 7% during that period 
(AHRQ National Inpatient Sample, 2010. http://hcupnet.ahrq.gov) 

  TABLE 14-1    Phenotype of Chronic Critical Illness

Prolonged ventilatory failure and ventilator dependence
Residual hypoxemia and decreased lung compliance from ARDS
Respiratory muscle weakness

Hemodynamic instability
Residual or recurrent sepsis
Orthostatic hypotension
Arrhythmias
Right and left ventricular dysfunction
Renal insufficiency or failure

Malnutrition
Hyperglycemia and insulin resistance
Anasarca

Muscle atrophy
Skin breakdown
Delirium or coma
Anxiety and depression

Chronic Critical Illness
Shannon S. Carson14

C H A P T E R

KEY POINTS

•• 	Between 5% and 10% of patients admitted to adult ICUs become 
chronically critically ill. The burden of chronic critical illness is 
anticipated to increase dramatically in the next decade as the popula-
tion ages and more patients survive the acute phase of critical illness.

•• 	Advanced age and multiple organ failure due to severe sepsis and 
multiple trauma are the most significant risk factors for chronic 
critical illness, especially when complicated by comorbidities and 
nosocomial complications.

•• 	Chronically critically ill patients have distinct physiology com-
pared with more acutely ill patients, including suppressed levels 
of anterior pituitary hormones, severe depletion of protein stores 
with muscle wasting, and relative immune compromise.

•• 	Important principles of patient management include prevention 
of infection, protein repletion, limitation of sedating medications, 
aggressive physical therapy, and careful attention to treating pain 
and depression.

•• 	Liberation from mechanical ventilation is usually achieved with 
work-rest cycles that are guided by frequent assessments of readi-
ness for weaning and careful monitoring to avoid fatigue. Weaning 
protocols that include daily periods of unassisted breathing are 
more efficient than protocols that are based on gradual decreases 
in pressure support ventilation.

•• 	One-year survival for chronically critically ill patients is between 
40% and 50% in most cohorts.

•• 	Chronically critically ill patients experience a median of four 
transfers of care after acute hospital discharge, and 74% of days 
alive during the subsequent year are spent in institutionalized care 
or receiving professional care at home. After 1 year, only 10% of 
patients are alive and functionally independent at home.

•• 	Costs of care for chronically critically ill patients are extreme 
during hospitalization and after discharge. Cost savings can be 
achieved by managing hemodynamically stable patients in dedi-
cated wards or facilities outside of the acute ICU setting with lower 
nurse-to-patient ratios.

•• 	There is often significant discordance in understanding of long-
term outcomes between surrogate decision makers and clinicians. 
The ProVent Score, a validated clinical prediction rule for long-
term mortality in chronically critically ill patients, can inform 
discussions of prognosis in shared decision making.

Advances in medical management and technology have greatly enhanced 
patients’ ability to survive critical illness and injury. For most critically 
ill patients, the clinical course is typified by liberation from organ sup-
port systems such as vasoactive drugs and mechanical ventilation after 
reversal of the acute process, followed by a short period of observation 
before transfer from the ICU to a medical/surgical ward or an interme-
diate care unit. For a significant number of patients, however, this timely 
transition to a more stable condition does not occur, and they remain 
dependent on life-support systems or other ICU services for prolonged 
periods. These patients often are referred to as the chronically critically ill 
(CCI). As larger proportions of aging patients are surviving episodes of 
severe sepsis, the acute respiratory distress syndrome (ARDS), multiple 
trauma, or acute on chronic respiratory failure, CCI patients are becom-
ing a significant component of the practice of critical care medicine.
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These CCI patients represent 0.25% of the 35 million annual hospital 
discharges in the United States. Although this is a small fraction of all 
hospital admissions, CCI patients have a substantial impact on hospital 
resources owing to prolonged stays and high-intensity care. Importantly, 
52% of CCI patients are over age 65. This reflects an overall higher inci-
dence of acute respiratory failure in elderly patients.13 As the baby boom 
generation approaches this age group in the next 10 years, the number 
of patients at risk for CCI is expected to more than double, demanding a 
significant increase in ICU and hospital bed days (Fig. 14-1).14

RISK FACTORS
Patients who are susceptible to chronic critical illness are as heteroge-
neous as the general ICU population. The most significant risk factor 
for CCI is multiorgan failure including shock or ARDS at admission 
(Table 14-2).15 Severe sepsis and multiple trauma are common etiolo-
gies as are severe neurologic injuries such as stroke or traumatic brain 
injury.16 While PMV is a hallmark of CCI, and patients with end-stage 
lung disease or neuromuscular disorders are certainly susceptible, such 
patients with single organ failure represent a small proportion of the 
CCI population. Patients with postoperative complications from cardiac 
or abdominal surgery are at risk, and trauma patients are common as 
well. Critically ill patients admitted to the ICU with significant comor-
bidities are at higher risk, especially those with underlying heart disease, 
chronic obstructive pulmonary disease (COPD), and kidney disease. For 
surgical patients, preoperative instability, COPD, prolonged operation, 
and in the case of cardiac surgery patients, increased bypass time are 
important risk factors for PMV.17 Development of nosocomial pneumo-
nia, aspiration events, and failed extubations are additional proven risk 
factors for PMV.18 A predictive model quantifies the risk of prolonged 
(greater than 7 days) mechanical ventilation by including the primary 
disease, acute physiology by APACHE III score, age, presence of COPD, 
prior functional limitations, and length-of-hospital stay prior to ICU 
admission.19 The acute physiology score and primary reason for ICU 
admission accounted for 0.66 of the explanatory power for the model.  
Of the variables in the acute physiology score, pH, PaCO2, PaO2/FiO2 ratio, 
albumin level, and respiratory rate were significant predictors. Further 
development of clinically useful prediction models for PMV would be of 
great benefit for resource planning in the ICU.

Perhaps one of the most important risk factors for chronic criti-
cal illness is ICU-acquired weakness associated with critical illness 

polyneuropathy (CIP), critical illness myopathy, and immobility. CIP 
is evident in up to 47% of patients who are ventilated for greater than 7 
days20 and in 95% of patients who are ventilated for more than 28 days.21 
The presence of the systemic inflammatory response syndrome (SIRS) 
and hyperglycemia are the greatest risk factors.22 The use of aminogly-
cosides, neuromuscular blockers, and steroids may also contribute to the 
development of CIP although studies are conflicting. Abnormalities on 
neurophysiologic testing persist for up to 5 years.21 There is no specific 
therapy for this condition other than aggressive rehabilitation. In most 
cases, recovery is very slow. Diaphragm paralysis from phrenic nerve 
injury is another neuromuscular condition that contributes to PMV. It is 
difficult to diagnose, but it should be suspected in any patient who has 
had cardiothoracic or neck surgery and has difficulty with spontaneous 
breathing, especially while in the supine position. An elevated hemi-
diaphragm on chest radiograph is suggestive, but it is often not present. 
Real-time ultrasound during spontaneous breathing is a simple and 
accurate means to establish the diagnosis.21b

PATHOPHYSIOLOGY OF CHRONIC CRITICAL 
ILLNESS: THE NEUROENDOCRINE MODEL
Despite the varied definitions and nonspecific clinical findings that have 
been used to describe CCI patients, they appear to be a physiologically 
distinct subset of the overall ICU population. This has been best dem-
onstrated by the work of Grete Van den Berghe and others who have 
examined neuroendocrine responses to critical illness. During the acute 
phase of critical illness, adrenocorticotropic hormone (ACTH), cortisol, 
and prolactin levels are elevated, whereas thyrotropic and gonadotropic 
hormone levels are reduced.23 During the chronic phase of critical 
illness, hormonal responses are significantly different (Table  14-3). 
ACTH and other anterior pituitary hormone levels decrease, but 
hypercortisolism persists, suggesting an alternative pathway for cortisol 
release.24 CCI patients lose thyroid-stimulating hormone (TSH) pulse 
amplitude, which results in typically low or low-normal TSH levels and 
low thyroxine (T4) and triiodothyronine (T3) concentrations compared 
to acutely stressed patients. This may be related to reduced expression 
of the thyrotropin-releasing hormone (TRH) gene in the hypothalamic 
paraventricular nuclei.25

The somatotropic axis also demonstrates important differences 
between acute and chronic critical illness. For patients who are in the 
acute phase of critical illness, the pituitary gland actively secretes growth 
hormone (GH) into the circulation in a pulsatile fashion that is regulated 
by hypothalamic growth hormone–releasing hormone (GHRH). GH 
levels and GH pulse frequency are increased compared with normal 
function. In contrast, for patients who have received mechanical ventila-
tion for greater than 21 days, the pattern of GH secretion is less regular, 
and the amount that is released in pulses is greatly reduced.23 Nocturnal 
secretion of GH is reduced relative to the acute stressed condition.

  TABLE 14-2    Risk Factors for Chronic Critical Illness

Advanced age
Severe sepsis
Multilobar pneumonia or ARDS
Multiple trauma
Severe cerebrovascular accident or traumatic brain injury
Comorbidities

COPD
Renal insufficiency
CHF

Postoperative complications
Preoperative instability
Prolonged operation

Ventilator-associated pneumonia or central line–associated bloodstream infection
ICU-acquired weakness

FIGURE 14-1.  Projected increases in ICU and hospital bed days for patients requiring at 
least 96 hours of mechanical ventilation (prolonged acute mechanical ventilation [PAMV]). 
(Adapted with permission from Zilberberg MD, Shorr AF. Prolonged acute mechanical ventila-
tion and hospital bed utilization in 2020 in the United States: implications for budgets, plant 
and personnel planning. BMC Health Serv Res. November 25, 2008;8:242.)
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The hormonal changes that occur in acute illness may be posi-
tive adaptations that help divert energy away from anabolism and 
toward maintenance of vital tissues and immune function, for example. 
However, the hormonal responses to chronic critical illness may be mal-
adaptive. CCI patients suffer from significant protein deficiencies owing 
to ongoing degradation and suppressed production. This hypercatabolic 
state likely contributes to the severe and prolonged muscle weakness 
that is characteristic of these patients. While protein is lost despite 
feeding, reesterification of free fatty acids allows fat stores to build 
up.23 Hyperglycemia, insulin resistance, and hypertriglyceridemia are  
common. Prolonged hypercortisolism and low levels of GH and thyroid 
hormone may contribute significantly to these processes. In addition to 
prolonged wasting, immune function is also likely to be affected as well. 
As a clinical correlate, prolonged weakness associated with ventilator 
dependence and recurrent infectious complications are hallmarks of the 
CCI condition.

MANAGEMENT OF THE CCI PATIENT

■■ INFECTION CONTROL
CCI patients are at very high risk for nosocomial infection. Perhaps 
their greatest risk factor is disruption of multiple infection barriers. 
Most patients have tracheostomies or endotracheal tubes that promote 
aspiration, inhibit cough, and greatly increase their risk of airway colo-
nization with nosocomial organisms. Central venous catheters, includ-
ing peripherally inserted central catheters (PICC lines), are common 
and remain in place for long periods, significantly increasing the risk of 
bloodstream infections. The presence of bladder catheters promotes uri-
nary tract infections, and nasogastric tubes increase the risk of sinusitis. 
Weeks of immobility and edema predispose patients to skin breakdown, 
which provides another infection source.

The underlying comorbidities that make patients susceptible to 
chronic critical illness also predispose to infections. COPD is often 
accompanied by bacterial colonization of lower airways and compro-
mised airway clearance. Neurologic impairment increases aspiration 
risk and weakens cough response. Diabetes mellitus, renal failure, 
congestive heart failure, and hepatic dysfunction are all associated 
with compromised immune function and are important risk factors for 
pneumonia. Diabetes mellitus and hepatic dysfunction also increase the 
risk for fungemia. Immune function is further impaired by nutritional 
deficiencies, protein depletion, and ongoing catabolic processes. Recent 
data indicate that “immune exhaustion” following severe sepsis can leave 
patients effectively immune compromised as soon as 3 to 4 days follow-
ing their acute presentation.26

Because CCI patients spend weeks in ICUs where multidrug-resistant 
bacteria are common, the incidence of infection or colonization with 
these organisms is quite high.27 This problem is compounded by mul-
tiple rounds of broad-spectrum antibiotics over the course of their 
hospitalization. This is a particularly important issue for ventilator 
rehabilitation hospitals, where patients are admitted from numerous 
different referring hospitals. Nearly every new admission brings unique 
strains of resistant organisms. Containing the spread of these organisms 
is a constant challenge.

Infectious complications were documented in a series of 100 patients 
admitted to a hospital unit dedicated to the care of patients with chronic 
critical illness.28 All patients were receiving mechanical ventilation 
through a tracheostomy after at least 2 weeks of critical illness. During 
hospitalization on this unit, 61% of patients developed evidence of SIRS, 
and 11% developed septic shock. Line sepsis (11%), primary bacteremia 
(6%), tracheostomy-associated pneumonia (10%), and Clostridium dif-
ficile colitis (10%) were the most common infections. Urosepsis was less 
common in this series, but the authors were appropriately conservative 
in the diagnosis of urosepsis. This diagnosis required the presence of 
SIRS and pyuria or a positive urine culture without any other obvious 
source of infection.

The management of nosocomial infections in CCI patients begins 
with prevention. Elimination of all unnecessary compromise of barriers 
to infection is paramount. Venous catheters should be well maintained 
and removed as soon as possible. A patient who is hemodynamically 
stable with a functioning gastrointestinal tract may be able to receive 
all medications enterally. Continued maintenance of a venous cath-
eter out of habit or ICU policy in a hemodynamically stable patient is 
inappropriate. When central venous catheters are necessary for long 
periods, tunneled catheters or chlorhexidine-, silver-, or antimicrobial- 
impregnated catheters should be considered. More importantly, stan-
dardized and checklist-monitored approaches to line placement and 
maintenance should be adopted.29 Bladder catheters should be removed 
as soon as possible. Strategies to prevent ventilator-associated pneumonia 
include semirecumbent positioning, oral decontamination, removal of 
the nasogastric tube when possible, closed endotracheal suctioning, and 
scheduled drainage of condensate from ventilator circuits.30 Minimizing 
sedation is also beneficial.31 As always, effective hand washing is  
essential. Judicious use of broad-spectrum antibiotics, reduced reliance 
on proton-pump inhibitors, and effective isolation will decrease the 
incidence of C difficile colitis and infections with multidrug-resistant 
organisms. Routine surveillance for these organisms may be beneficial; 
however, a recent cluster randomized trial of ICUs revealed that univer-
sal decontamination using 5 days of twice-daily intranasal mupiricin 
and daily bathing with chlorhexidine-impregnated cloths was more 
effective than targeted decontamination or screening and isolation 
of colonized patients in reducing rates of MRSA clinical isolates and 
bloodstream infections of any type.32 It is yet to be determined whether 
similar results would be obtained in a ventilator weaning facility where 
colonization with resistant organisms is more common.

■■ NUTRITION
Some of the hallmarks of chronic critical illness include low protein 
stores owing to impaired synthesis and persistent losses, muscle wasting 
and atrophy, and weight loss (unless volume overload persists). Adequate 
nutrition is essential if a patient is going to improve respiratory and skel-
etal muscle function and avoid life-threatening infectious complications. 
Clinical studies specifically addressing nutrition management for CCI 
patients are lacking. However, some systematic approaches have been 
developed based on principles derived from the literature for acutely 
critically ill patients and nonventilated long-term care patients. One 
approach attempts to replace protein stores in the hypoalbuminemic 
patient while trying to avoid the common complication of overfeeding. 
Caloric overfeeding results in volume expansion, hyperglycemia, steato-
cholestasis, and possibly hypercapnea with increased ventilatory load. In 
a study of 213 CCI patients from 32 hospitals,33 58.2% of patients were 
receiving more than 110% of required calories according to indirect 
calorimetry, whereas only 12.2% were being underfed. To avoid this 
syndrome, one initially can provide lower total calories (20-25 kcal/kg  
per day) and greater protein content (1.2-1.5 g/kg per day) than is 
usually recommended for ICU patients.34 Patients with higher protein 
losses (eg, on renal replacement therapy or with a decubitus ulcer) may 
need protein supplementation as high as 2.0 g/kg per day. This prescrip-
tion can be adjusted by following clinical parameters and biochemical 
measurements such as serum albumin and prealbumin levels, blood 

  TABLE 14-3    Neuroendocrine Function in Acute and Chronic Phases of Critical Illness

Acute Critical Illness Chronic Critical Illness

ACTH ↑ ↓

Cortisol ↑↑ ↑

Prolactin ↑ ↓

Thyrotropin ↓ ↓

Gonadotropin ↓ ↓

Growth hormone ↑, pulsatile ↓, irregular
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urea nitrogen levels, and urine urea nitrogen levels. Indirect calorim-
etry, when available, can be used if overfeeding remains a concern. For 
enteral formulas, a semielemental feed may be most appropriate for CCI 
patients with serum albumin concentrations of less than 2.5 g/dL to 
achieve better amino acid absorption and insulin response.

Enteral feeding through a nasogastric tube or a gastrostomy tube 
is the most common route of nutrition for the CCI patient. Enteral  
feeding should be accompanied by careful attention to common compli-
cations. Persistent underfeeding can be prevented by using high limits 
for gastric residuals or not following residuals at all. Sinus infections and 
nasal complications can be reduced by using gastrostomy tubes placed 
with the help of interventional radiologists, endoscopists, or surgeons 
when enteral nutrition is expected to be prolonged (>30 days). Frequent 
assessments should be made of a patient’s swallowing capabilities to 
allow for as much oral feeding as possible. Oral feeding provides signifi-
cant comfort to the patient and provides an important source of enjoy-
ment and empowerment. Oral feeding may have to be supplemented, 
however, if it is limited by reduced stamina, nausea, dysphagia, or 
depression. Parenteral nutrition is usually reserved for situations where 
enteral feeding is not possible owing to issues with enteral access or 
function. However, when enteral nutrition is not proceeding smoothly, 
prolonged periods of inadequate nutrition should be discouraged and 
supplementation with parenteral nutrition should be considered.35

■■ LIBERATION FROM MECHANICAL VENTILATION
Although PMV is one of the defining characteristics of CCI patients, 
until recently little data have existed regarding optimal approaches to 
liberation. Patients’ generally weakened states usually dictate a slower 
pace of weaning than is recommended in the acutely critically ill 
patient. However, patients can also have an unnecessarily prolonged 
course when clinicians and therapists are not aggressive enough. By 
definition, most of these patients have failed early attempts at liberation. 
Subsequent efforts depend on continued maintenance of hemodynamic 
stability, avoidance of preventable complications, optimal nutrition, 
frequent assessments of readiness for weaning, and careful exercise of 
respiratory muscles to improve strength and function.

A standard approach to weaning usually involves work-rest cycles 
that include periods of “exercise” alternating with periods of “rest.” 
What constitutes appropriate exercise and actual rest has been debated. 
Patients typically are maintained on mandatory ventilation with assist 
control or synchronized intermittent mandatory ventilation during the 
night. In the morning, the patient is placed on a setting requiring more 
patient effort using some degree of pressure-support ventilation or  
trials of unassisted breathing using humidified oxygen via a tracheos-
tomy collar.36 The degree of ventilatory support and length of exercise 
efforts depend on patient strength and endurance. Patients are moni-
tored for early evidence of fatigue, as suggested by increased heart rate 
or blood pressure, increased respiratory rate, anxiety or diaphoresis, or 
oxygen desaturation. Frequent blood gas monitoring in slowly weaning 
CCI patients is not useful.

A randomized controlled trial of weaning approaches for CCI patients 
was completed at a long-term acute care (LTAC) hospital.37 Progressive 
pressure support weaning was compared with daily tracheostomy collar 
trials: Successful weaning was more likely for patients randomized to 
the tracheostomy collar group and median weaning time was shorter 
(15 vs 19 days). Importantly, patients were screened prior to enrollment 
by undergoing an unassisted breathing trial that lasted up to 5 days. The 
benefit for weaning time was significant in the subgroup of patients who 
failed the screening procedure between 12 and 120 hours. There was no 
difference between groups for patients who failed the screening trial 
within the first 12 hours. There was no difference in long-term survival 
between groups. Finally, the investigators also found that 32% of patients 
who were screened passed their initial unassisted breathing trial, sug-
gesting that a substantial number of patients who were determined to 
need prolonged weaning by physicians in referring hospitals had not 
been adequately assessed.

This randomized trial37 will help inform weaning protocols for CCI 
patients. There are some data that support the use of weaning protocols 
in CCI patients over usual care by multiple clinicians. In one prospec-
tive cohort study using historical controls, a respiratory therapist–
implemented weaning protocol decreased median time to wean from 
29 days in historical control subjects to 17 days in the protocol group.36 
This protocol was applied in an LTAC hospital where the respiratory 
therapist-to-patient ratio was 1:7. A therapist-implemented protocol 
such as this may be even more effective for CCI patients who are being 
managed in acute ICU settings where physician attention is often drawn 
to more severely ill patients. Success would be contingent on availability 
of experienced respiratory therapy staff.

■■ AIRWAY MANAGEMENT
Although the benefits of early tracheostomy in the acute ICU setting  
remain a topic of debate,38 for the CCI patient who is not facing impend-
ing death or extubation, tracheostomy is recommended.10 Tracheostomies 
have many advantages, including improved comfort and communication, 
less sedation requirement, lower dead space, and better pulmonary toilet, 
and they allow for oral feeding in some patients. They require lower lev-
els of monitoring than endotracheal tubes, and facilitate transfer of the 
patient to lower levels of care. Despite their advantages, they are not with-
out acute and long-term complications. Acute obstruction by mucous 
plugging or malfunction happens uncommonly, but consequences are 
devastating. Therefore, caregivers should not become complacent with 
regard to pulmonary toilet and monitoring, especially when patients are 
weak and unable to signal for assistance. Despite such vigilance, mucous 
plugging may be unavoidable in some patients. Tracheal stenosis is an 
uncommon occurrence but can be associated with significant morbidity.

An important question for CCI patients is timing of decannulation 
after liberation from the ventilator. Clinicians often are tempted to 
remove the tracheostomy tube quickly in order to simplify discharge 
planning and improve patient comfort. This can be hazardous, however, 
because patients remain diffusely weak after weaning and are at risk 
for recurrence of respiratory failure for at least several weeks. They are 
also at great risk for aspiration. Swallowing function remains compro-
mised in many of these patients owing to muscle atrophy, pharyngeal 
edema, neurologic dysfunction, and effects of the tracheostomy itself 
on swallowing mechanics. Upper airway obstruction is also possible 
due to granulation tissue associated with the tracheostomy, vocal cord 
dysfunction, and upper airway edema. Therefore, decannulation should 
take place in a stepwise fashion with careful assessments of swallowing 
function and airway patency. For patients who demonstrate adequate 
ability to protect their airway but remain at high risk of respiratory fail-
ure for other reasons, the tracheostomy tract can be kept patent after the 
tracheostomy tube has been removed using a stoma stent.39

■■ PHYSICAL AND OCCUPATIONAL THERAPY
Prolonged immobility can predispose patients to a range of organ dys-
functions, some of which are preventable.40 While CIP is difficult to 
avert, disuse atrophy can be lessened in some patients, and joint contrac-
tures can be avoided in most. Range-of-motion exercises should begin 
soon after intubation in the acute care ICU and continue throughout 
the period of CCI.41,42 While full-range-of-motion exercises involv-
ing multiple joints can tax a busy ICU nurse, nursing aides and even  
family members can contribute to the effort with instruction from phys-
ical therapists. A mechanical ventilator should not prevent strength-
ening exercises against resistance, sitting in bed with legs dangling, 
transfers to a bedside chair, or even ambulation.43 These activities help 
patients maintain balance and overcome orthostatic hypotension, which 
can develop after only 4 to 7 days of bed rest.44 Recent studies have con-
firmed the benefits of an early mobility protocol using a mobility team 
in the acute ICU on decreasing ICU length of stay and helping prevent 
CCI.41,42 Increased mobility interventions through the period of CCI 
are facilitated by the presence of a tracheostomy and the elimination of 
sedatives when possible.
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CCI patients are prone to skin breakdown, particularly in the regions 
of the sacrum, coccyx, and heels. Pressure ulcers become an important 
site of infection, protein loss, and discomfort. Courses of antibiotics, 
débridements, and diverting colostomies that are required for treatment 
of the ulcers further complicate a complex medical course. Frequent 
turning of supine, bedbound patients is essential for prevention, but care 
should be taken to avoid skin breakdown in other areas, such as the ears, 
greater trochanter, and lateral malleoli. Specialty beds offer benefit and 
should be considered as soon as a persistent immobilized state becomes 
likely. Specialty beds should not, however, lead to relaxed vigilance 
toward skin condition in vulnerable sites.

■■ PSYCHOLOGICAL SUPPORT
Common barriers to ventilator weaning and physical therapy include 
oversedation and delirium. Over 63% of patients with CCI experience 
delirium or coma.2 Limiting sedative medication improves delirium, as 
does maintaining day/night cycles; facilitating use of eye glasses and 
hearing aids; and encouraging family visitation, mobilization, and other 
forms of patient engagement. Alert patients are better able to partici-
pate in weaning efforts and physical therapy. Importantly, they are also 
able to communicate their symptoms, which can allow the clinician 
to formulate a more rational approach to anxiolysis, pain control, and 
diagnosis and management of depression.

Symptoms of depression are common in CCI patients.45,46 Depression 
should be considered in patients who appear unmotivated despite 
gradual improvement in their condition or in those with persistent symp-
toms of delirium despite simplification of their medical regimen. This 
should not be considered a “reactive depression” related to their difficult 
circumstances because there are usually other important contributors. 
Many patients, particularly the elderly, have preexisting depression that 
was either being treated or undiagnosed. Changes in the neurohumoral 
axis described earlier may play a role, and other metabolic disturbances 
could contribute as well. After correcting medical factors, including con-
trol of pain and delirium, antidepressants can be started, especially when 
the depressive symptoms are interfering with the patient’s participation 
in care. It should be remembered that clinical benefit from such medical 
therapies is slow to develop, so doses should not be escalated rapidly. Low 
doses of psychostimulants such as methylphenidate can be considered 
when a more immediate impact is desired.47 Taking time to communicate 
with the patient, promoting family interactions, and general supportive 
care can be very effective and will also have an immediate impact.

Other common symptoms in CCI patients include dyspnea, pain, 
anxiety, and sleep disturbance.3 These symptoms can elicit physiologic 
responses that will worsen the course of critical illness, such as increased 
oxygen consumption, immune dysfunction, protein catabolism, and 
electrolyte disturbance. Addressing these symptoms through appro-
priate medical and environmental interventions may improve patient 
outcome while providing humane care for a desperately ill patient. 
Frustration from inability to communicate is a particularly common 
problem that exacerbates other symptoms. Letter boards and writing 
pads should be easily accessible to patients. One-way valves on tracheos-
tomies that allow for air passage through the vocal cords with cuff defla-
tion should be used as soon as the patient is able to protect the airway. 
Regaining vocalization is a tremendous relief for the patient. Most of all, 
time should be taken to inform the patient of his or her condition and 
elicit responses and concerns. Palliative care consultation can facilitate a 
personalized approach to symptom management.45

■■ ALTERNATIVE SITES OF CARE
In the 1980s, clinicians in the ICU began to understand the unique med-
ical requirements of CCI patients, and recognized that these needs often 
could be better accommodated in settings removed from the acute ICU. 
Managing stable CCI patients outside the ICU allows for lower nurse-
to-patient ratios, which can result in cost savings for the acute hospital.48  
At the same time, other essential services such as physical therapy, 

speech therapy, or occupational therapy can be provided more consis-
tently. These dedicated units have taken a number of forms, including 
separate units in acute care hospitals,48 specialized units in acute rehabil-
itation hospitals or subacute care facilities, or LTAC hospitals designed 
specifically for the care of CCI patients.49 Prolonged ventilator units vary 
in the type and acuity of the patients they manage.50 This variation is 
usually driven by local resource needs, reimbursement restrictions, and 
overall goals of care. Some units exist primarily to off-load the acute 
ICU of patients with prolonged courses and poor prospects of recovery. 
Other units restrict admissions to patients who have good rehabilitation 
potential and can benefit most from a multidisciplinary approach to 
weaning and comprehensive rehabilitation.

A recent large observational study compared long-term survival for  
CCI patients who were transferred to LTAC hospitals to survival for simi-
lar patients who continued care in acute hospitals.51 Of 234,799 Medicare 
patients with CCI, 20.6% were transferred to LTAC hospitals. Survival was 
not different for those who were transferred to LTAC hospitals after adjust-
ing for patient and hospital characteristics as well as instrumental variables 
to account for selection bias (distance from nearest LTAC and number of 
LTACs in the region). ICU physicians should familiarize themselves with 
the units and facilities that are available in their region. They should be 
aware of the resources that are available and general approaches to care in 
each facility so that they can make referrals according to patient needs and 
best possible outcome. Referrals to facilities outside the acute hospital set-
ting should be made only when it is clear that complex diagnostic services 
are no longer required for the patient and that the receiving center can 
manage any active medical or surgical issues adequately. It should also be 
remembered that a marginally stable patient in an acute ICU setting may 
become somewhat unstable with the stress of transportation.

Only a minority of CCI patients will have access to specialized acute 
hospital units or LTAC hospitals.52 The rest will continue to receive care 
in the acute ICU setting until they are free of life-sustaining therapies. 
This should not be an impediment to excellent care. Physicians and 
nurses should adapt their approach to care of the patient according to the 
principles discussed earlier, and they should involve the essential ancil-
lary services as soon as indicated. For hospitals that do not have access to 
specialized facilities, multidisciplinary care teams consisting of physicians, 
respiratory therapists, nutritionists, physical therapists, and social workers 
who have expertise in managing chronic critical illness can be helpful.53

OUTCOMES

■■ SURVIVAL
Despite the poor physical condition of most CCI patients, cohort studies 
enrolling patients from acute care hospitals consistently indicate that 70% 
of patients are weaned from mechanical ventilation, and between 60% and 
80% survive hospitalization.16,54-56 This is similar hospital survival to that 
of mechanically ventilated patients who do not develop CCI.55 However, 
due to their ongoing medical problems and limited physical reserve, fewer 
than 10% of patients are discharged to home. Instead, patients are sent 
to LTAC hospitals, skilled nursing facilities, or inpatient rehabilitation 
hospitals.57 Most of these facilities are designed to promote further recov-
ery and rehabilitation; however, almost all patients cycle between institu-
tions due to new complications and persistent functional limitations. 
Patients experience a median of four transfers of care after acute hospital 
discharge, and 74% of days alive during the subsequent year are spent in 
institutionalized care or receiving professional care at home. Not surpris-
ingly, only 40% to 50% of CCI patients are alive after 1 year, and only 10% 
are functionally independent at home.16,54,57,58 The poor long-term survival 
of CCI patients is a remarkably consistent outcome over 20 years.

■■ FUNCTION AND QUALITY OF LIFE
CCI patients experience considerable functional limitations in long-
term follow-up. Compared to patients who require short-term mecha
nical ventilation, CCI patients require assistance with an average of  
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2.8 activities of daily living 6 months following hospital discharge.55 This 
is significantly higher than functional limitations for survivors of short-
term mechanical ventilation. There is some improvement by 12 months, 
but this is impacted by some degree of survival bias, in that patients with 
the highest number of limitations in ADLs at 6 months are less likely to 
survive to 1 year. In fact, when trajectories are followed, significantly 
more patients will die or experience declines in physical function than 
will improve.57 Cognitive limitation is another important factor for long-
term survivors of CCI. In a study of patients admitted to a ventilator 
weaning unit, 68% of 6-month survivors were delirious or comatose at 
the time of follow-up. The high degree of physical and cognitive limita-
tions for CCI patients at long-term follow-up reflect both the severity of 
the original insults or injury and development of new complications in 
a vulnerable population.59

While functional limitations can be profound, overall health-related 
quality of life is not as closely linked to functional limitations as many 
people would believe. Patients who have experienced near-death events 
can be satisfied with living with physical limitations when death is the 
obvious alternative.60,61 This is especially true in the elderly, for whom 
physical limitations were often present before their critical illness. 
Quality-of-life assessments in cognitively intact survivors of CCI reflect 
this phenomenon of adaptation. Depending on the setting, between 
50% and 80% of survivors report their quality of life to be fair, good, 
or excellent.62,63 In fact, in at least one study, quality-of-life outcomes 
for cognitively intact survivors did not differ significantly from those 
of other ICU patients.63 It should be remembered, however, that the 
majority of patients in these studies did not survive to 1 year in a cogni-
tively intact state. For the majority of patients who die within the year, 
their terminal courses are characterized by long periods of invasive and 
institutionalized care, with accompanying symptoms of discomfort and 
emotional distress.

■■ COSTS
The growing burden of CCI has significant cost implications for health 
care systems. Annual hospital costs for CCI patients in the United States 
is expected to rise to as high as $64 billion by 2020.64 Patients who 
require more than 7 days of mechanical ventilation consume as much 
as 37% of ICU resources, and 21% of ICU resources are consumed 
after the seventh day of mechanical ventilation.2 In the United States, 
public programs (Medicare [45%] and Medicaid [20%]) pay for the 
majority of hospitalizations for CCI. Median hospital days per Medicare 
patient undergoing mechanical ventilation for at least 4 days and a 
receiving a tracheostomy was 25 days, and average Medicare costs were  
$105,000 per stay.65 However, index hospital costs account for only part 
of the total costs for an episode of care for a CCI patient. Forty-six per-
cent of Medicare patients with CCI are transferred to LTAC hospitals. 
The total median length of stay (hospital and LTAC) for those patients 
is 66 days, and total median Medicare costs for the entire episode are 
over $150,000.

These high costs attract the attention of hospital administrators, 
third-party payers, and patient and family advocates. Given the overall 
poor outcomes for many of these patients, clinicians often wonder about 
the appropriateness of some of these expenditures. A cost-effectiveness 
analysis comparing ongoing care for a typical 65-year-old CCI patient 
compared to patients who had life-sustaining therapies withdrawn by 
day 14 of mechanical ventilation conservatively estimated added costs 
to be approximately $144,000, or $82,000 per quality-adjusted life year 
(QALY).66 Costs were most sensitive to age ($206,000 per QALY gained  
for an 85-year-old) and prognosis ($61,000 per QALY gained for patients 
with <50% probability of death at 1 year). This economic analysis places 
cost-effectiveness of continued care for younger CCI patients with better 
prognoses within the range of other medical interventions. In most soci-
eties, costs should not drive medical decision making, and most health 
care systems adapt to costly outliers. However, clinicians and surrogate 
decision makers should use good judgment in recognizing that contin-
ued aggressive care in individual patients who are unlikely to survive 

with acceptable quality of life is not an appropriate use of resources. 
Clinicians should also remain cognizant of ways to decrease costs in this 
patient population.

Alternative sites of care for CCI patients can reduce hospital costs. 
These cost savings are largely related to lower-intensity nursing. In 
one study, CCI patients were randomized to receive continued care in 
an acute ICU versus further management in a specialized multidisci-
plinary unit in the same hospital.48 Hospital mortality did not differ 
between the two groups, but mean hospital costs per survivor in the 
specialized unit were $109,220 compared with $138,434 in the ICU  
(p = 0.0005). Economic analyses of the cost implications of transferring 
CCI patients to external facilities such as LTAC hospitals are challeng-
ing because of selection bias involved with LTAC transfer decisions. 
However, a recent study of Medicare patients suggested that transfer to 
an LTAC hospital is associated with longer hospitalization and higher 
Medicare payments, adjusting for propensity factors associated with 
LTAC transfer.65 Another recent analysis confirmed that LTAC transfer 
results in higher Medicare payments for the episode of acute care, but 
when considering time spent in skilled nursing facilities and acute 
hospital readmissions, LTAC transfer is associated with lower overall 
health care costs.51 The societal cost issues related to postacute care 
remain complex, but the potential cost savings for individual hospitals 
will remain a major factor driving transfers of CCI patients to LTAC 
hospitals until payments are bundled and shared between referring and 
receiving institutions.

The most effective approach to reducing costs for CCI patients is to 
prevent complications in the acute phase that can lead to prolonged 
organ failure and CCI. This is likely to begin with early appropriate 
resuscitation and antibiotic coverage for severe sepsis; lung-protective 
ventilation for ARDS; protocols for reducing central line–associated 
bloodstream infections, ventilator-associated pneumonia, and other nos-
ocomial infections; delirium prevention; and early mobility protocols.

COMMUNICATION OF OUTCOMES
The poor long-term survival and functional outcomes of CCI patients 
are well documented, yet clinicians either remain unaware or are reluc-
tant to communicate expected outcomes to surrogate decision makers. 
In focus group studies, families of CCI patients express a desire to hear 
prognoses for long-term survival and function, yet only 7% of families 
receive information about 1-year survival, and 20% receive informa-
tion about expected function.67 These limitations in communication 
between clinicians and decision makers result in significant discordance 
in expectations of outcome (Table 14-4).68

One of the barriers to communication of prognosis is uncertainty 
on the part of clinicians and worries about being wrong. This issue 
is particularly relevant in CCI since patients have survived the worst 
part of their acute illness, which can provide a sense of improvement 
for clinicians and families alike. Additionally, much of the long-term 
mortality is related to new problems that occur after the patient leaves 
the acute ICU. In order to facilitate understanding and communica-
tion of long-term prognosis in CCI, investigators have developed and 
validated a prediction model for 1-year survival from CCI.16,58 Mortality 
increases with cumulative presence of risk factors measured on day 21 
of ventilation including advanced age, low platelet count, and continued 
requirement for renal replacement therapy or vasopressors (Table 14-5). 
Similar models are being developed using variables measured on day 
10 and 14 of mechanical ventilation so that long-term prognoses can 
be discussed earlier in the course of CCI. Importantly, an objective 
assessment of prognosis will only help if time is taken to communicate 
the information and facilitate decision making that is centered on a 
patient’s values. Multiple interventions are being studied to enhance this 
process of assessment and communication of outcomes for CCI patients.  
A written brochure describing CCI and its outcomes has been devel-
oped and validated, and is available through the Society of Critical Care 
Medicine.69 Additionally, an electronic decision aid that assists clinicians 
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and surrogate decision makers in formulating goals of care for patients is 
being studied in a multicenter randomized trial.70

CONCLUSIONS
CCI is a rapidly growing problem for many ICU patients, their caregivers,  
and the health care system. Management of the CCI patient must be 
responsive to their unique physiologic state with an emphasis on restor-
ing strength and function while ventilator weaning progresses, and 
avoiding new complications. CCI patients require significant health 
care resources for prolonged periods, and long-term survival and func-
tion are poor for patients with irresolvable or recurring organ failure. 
Clinicians should engage patients and surrogate decision makers in 
discussions of prognosis, patient values, and goals of care early in the 
course of CCI.
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  TABLE 14-4   � Surrogate Decision Maker and Physician Estimates of Prognosis  
for CCI Patients

Surrogate Decision Makers Physicians

High expectations for:

One-year survival 93% 43%

Physical function 71% 6%

Quality of life 83% 4%

Responses of surrogate decision makers for CCI patients and their physicians to questions of expectations for 
long-term survival, functional status, and quality of life. Overall surrogate-physician concordance in expecta-
tions was poor (κ <0.08), suggesting ineffective communication of expected outcomes by clinicians.

Data from Cox CE, Martinu T, Sathy SJ, et al. Expectations and outcomes of prolonged mechanical venti-
lation. Crit Care Med. November 2009;37(11):2888-2894.

  TABLE 14-5    ProVent Score for Mortality Prediction in CCI

Risk Factora Points
Cumulative 
Point Score Patients %

One-Year 
Mortality % 

(95% CI)

Age ≥65 years old 2 0 28 20 (10-29)

Age 50-64 years old 1 1 23 36 (24-48)

Vasopressors 1 2 30 56 (45-68)

Platelet count ≤150 × 109/L 1 3 14 81 (67-94)

Renal replacement therapy 1 4-6 5 100 (77-100)
aRisk factors measured on day 21 of mechanical ventilation uninterrupted by more than 72 hours.

Adapted with permission from Carson SS, Kahn JM, Hough CL, et al. A multicenter mortality prediction 
model for patients receiving prolonged mechanical ventilation. Crit Care Med. April 2012;40(4):1171-1176.
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C H A P T E R

KEY POINTS

•• Survivors of critical illness experience important functional dec-
rements and decreased health-related quality of life due to ICU-
acquired weakness and a spectrum of other physical disabilities, 
neurocognitive and neuropsychological dysfunction.

•• These morbidities may not be wholly reversible and the decrement 
in function may be more marked in older patients, those with a 
greater burden of comorbid illness or longer ICU length of stay.

•• Poor neurocognitive outcomes have been linked to delirium, 
hypoxia and sedative-hypnotic use, hypoglycemia, and possibly 
conservative fluid management; dysfunction is similar to that of 
moderate traumatic brain injury and mild dementia.
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•• Approximately one-third to one-half of survivors of critical illness 
will develop long-term neurocognitive impairments.

•• Early mobility during critical illness is safe and feasible.
•• ICU multidisciplinary early mobility rehabilitation programs designed 

for patients who had good premorbid functional status improve 
functional outcome at ICU and hospital discharge. The role for these 
programs in less functional patients at ICU admission is unclear as is  
the lasting effect of this early rehabilitation intervention on longer-
term outcomes.

•• ICU self-help manual has been shown to improve physical out-
comes after critical illness.

•• ICU diaries have been shown to improve psychological outcomes 
in patients after critical illness.

•• Neurocognitive rehabilitation has shown some early benefit on 
outcome and requires further study.

•• Family caregivers also experience psychological morbidity and are 
important modifiers of patient outcome over time.

BACKGROUND
Surviving critical illness is only the beginning. Only recently has it 
become clear that an episode of critical illness results in long-term phys-
ical and neuropsychological dysfunction, ongoing health care utilization 
and incurred costs, and the risk of financial and mental health devas-
tation of families.1-9 This acquired disability may be irreversible.2 The 
legacy of muscle, nerve, and brain dysfunction may necessitate a change 
in disposition where those who were previously living independently 
may require assisted living situations or comprehensive care after their 
critical illness.4,5 Acquired morbidity comes at significant additional 
cost with some reports that health care utilization after critical illness is 
similar to that for patients with chronic disease.2,10,11

Abstract

An episode of critical illness is transformative. Patients suffer important 
new nerve, brain, and muscle injury that results in important func-
tional limitations that affect health-related quality-of-life (HRQoL) 
outcomes. The spectrum of morbidity varies according to individual 
risks but prevalent disabilities transcend diagnostic groupings. Each 
patient who enters the intensive care unit (ICU) will begin to degrade 
his or her muscles through upregulation of different proteolytic 
pathways, and although the inciting stimulus, or its magnitude, may 
differ somewhat across patients, the result is the same. This argues 
for an approach to rehabilitation that is etiologically neutral and 
based on an understanding of molecular pathophysiology that can 
be mapped to functional outcome and tailored to individual need. 
Neuropsychological dysfunction is important and also potentially 
irreversible and similar to that of moderate traumatic brain injury and 
mild dementia. Cognitive interventions may need to follow a similar 
rehabilitation model to those proposed for ICU-acquired weakness 
(ICUAW). Family caregivers should be part of the rehabilitation 
intervention as they represent important risk modifiers of short- and 
longer-term outcomes.

Keywords

cognition, critical illness, family caregiver, ICU-acquired weakness, 
muscle biology, neuropsychological disability, outcomes, rehabilitation

In this chapter, we will review the important recent advances in our 
understanding of outcomes after critical illness and focus on newer data 
on functional and neuropsychological disability in patients and fam-
ily caregivers and early models of rehabilitation and intervention after  
critical illness. Most literature remains focused on long-term outcomes 
after acute lung injury, but emerging data on sequelae of chronic critical 
illness will be included here as it adds depth to our current understand-
ing of the spectrum of post-ICU disability. Finally, the chapter will 
conclude with a commentary about the future direction of outcomes 
work and potential rehabilitation strategies for patients and families 
after critical illness.

LONG-TERM OUTCOME MEASURES 
IN CRITICAL ILLNESS
The nature of the ICU outcomes literature has progressed from physi-
ologic measures, mostly comprised of cardiopulmonary function, to 
the study of generic health-related quality of life (HRQoL). These early 
data suggested important decrements in physical function without a 
clear understanding of specific contributing factors.12 This was fol-
lowed by more recent data suggesting that physical HRQoL was heavily 
influenced by ICU-acquired muscle wasting and weakness.13 Additional 
findings have been added to these observations including prevalent 
neurocognitive disability14 and mood disorders.15 Contemporary out-
comes work focuses on functional independence5 to inform HRQoL 
outcomes and includes diverse patient samples comprised of different 
clinical phenotypes with varied and distinct outcome patterns con-
tributing to a more comprehensive understanding of the spectrum of 
disability after critical illness. The spectrum ranges from the young  
and previously healthy,2 older with comorbid illness,4,5 elderly with 
preexisting functional disability,16 and the very long-term ventilated4 
patient, and how these phenotypic groupings migrate with different 
functional dependences, mood disorders, health care utilization and 
disposition.

Patients with acute lung injury and acute respiratory distress syndrome 
(ALI/ARDS) have served as the archetype of complex critical illness and 
its outcomes. ALI/ARDS is a clinical syndrome of rapid onset bilateral 
pulmonary infiltrates and hypoxemia of noncardiac origin.17,18 In 2005, 
it was estimated that ALI/ARDS affected 190,600 people per year in the 
United States and was associated with 74,500 deaths, and 3.6 million 
hospital days.19 In the United States, over 100,000 patients will survive 
ALI/ARDS each year19; they have been the most rigorously studied 
group of ICU survivors to date and their outcomes will form the basis 
of the discussion to follow. There is an important emerging literature 
on longer-term outcomes in the chronically critically ill, the elderly, and 
sepsis patient populations, and these data will be included where relevant.

HEALTH-RELATED QUALITY OF LIFE
HRQoL is an important patient-centered outcome. However, it is 
intensely personal and reflects personal values. As such, it may not 
represent the best outcome measure to inform details of functional or 
neuropsychological disability and how to construct individually tailored 
rehabilitation programs to meet specific needs.

HRQoL is defined as a set of causally linked dimensions of health, 
including biologic/physiologic, mental, physical, social function, neu-
rocognitive, and health perception.20 Measures of HRQoL assess how 
disease and its treatment are related to physical, social, emotional, 
and neurocognitive functioning and it has emerged as an important 
patient-centered metric of recovery from critical illness. There is emerg-
ing evidence that the degree of disability acquired after critical illness 
and resultant HRQoL may be variable and related to differences in  
premorbid functional status, burden of comorbid illness, and nature and 
duration of critical illness. This heterogeneity is important to consider 
when attempting to risk stratify patients for early mobility and post-ICU 
rehabilitation interventions.
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Although there is some heterogeneity across different study samples 
of ARDS patients, there appears to be less variability in reported 
HRQoL in this group compared with general populations of critically ill 
patients.21 The following is a brief, historical overview of the emergence 
of the ARDS HRQoL outcomes literature that served as the sole model 
for outcomes after critical illness until more recently. In 1994, McHugh 
and her colleagues prospectively evaluated pulmonary function and 
quality of life to assess the relationship between pulmonary dysfunction 
and functional disability.22 These authors found that the Sickness Impact 
Profile (generic quality-of-life measure of the subject’s self-perceived 
physical and psychological condition) scores were very low at extuba-
tion, rose substantially in the first 3 months and then exhibited only 
slight improvement to 1 year. When quality of life was assessed using 
a lung-related Sickness Impact Profile score, only a modest proportion 
of the patients’ overall disability was attributed to pulmonary dysfunc-
tion. Weinert and coworkers20 also identified functional impairment in 
their lung injury survivors and captured disability through the Medical 
Outcomes Study 36-item short-form health survey (SF-36), which yields 
scores in eight domains including physical and social functioning, role 
limitations because of emotional or physical problems, mental health, 
vitality, bodily pain, and general health perceptions.23 While all domains 
of the SF-36 were substantially reduced in their study sample, the largest 
decrements occurred in role-physical and physical functioning and were 
largely attributed to global and generalized disability. Schelling et al24  
made similar observations about impaired physical functioning and 
inferred that disability was due to pulmonary dysfunction; however, 
they did not assess this directly in their study. Davidson and colleagues25 
assessed differences in HRQoL in ARDS survivors and comparably ill 
controls using the SF-36 and a pulmonary disease–specific measure  
(St George’s Respiratory Questionnaire [SGRQ]), to determine the 
degree to which perceived physical disability in ARDS survivors was 
related to pulmonary dysfunction. Similar to previous reports, all 
domains of the SF-36 were reduced and the largest decrement was in the 
role-physical domain. ARDS survivors had significantly worse scores 
on the SGRQ compared to critically ill controls, suggesting an ARDS-
specific degree of physical disability but it was not clear whether this was 
solely related to pulmonary dysfunction or whether there were other 
important extrapulmonary contributors.

Angus and colleagues12 used the quality of well-being score (QWB) 
in a prospective cohort of ARDS survivors to measure quality-adjusted 
survival in the first year after hospital discharge. The mean QWB scores 
for their ARDS cohort at 6 and 12 months were significantly lower than 
a control population of patients with cystic fibrosis. When QWB was 
disaggregated into its component subscores, the symptom component 
scores of the QWB accounted for 70% of the decrement in perfect 
health at 6 and 12 months and the most common complaints were 
musculoskeletal and constitutional. In their prospective cohort study of 
78 ARDS survivors, Orme and colleagues26 evaluated HRQoL and pul-
monary function outcomes in patients treated with higher tidal volume 
versus lower tidal volume ventilation strategies. Both groups (higher and 
lower tidal volumes) reported decreased HRQoL in physical function-
ing, physical ability to maintain their roles (role-physical), bodily pain, 
general health, and vitality (energy) on the SF-36. The minor pulmonary 
function abnormalities correlated with decreased HRQoL for domains 
reflecting physical function.

LONG-TERM FUNCTIONAL DISABILITY
The observation of impaired physical functioning after critical illness is 
robust across studies and investigators and persists for long periods of 
time following ICU or hospital discharge and in some cases, may be irre-
versible. The Davidson paper25 discussed above reported outcomes at  
23 months after discharge and Herridge and colleagues have documented 
persistent physical dysfunction at 2 and again at 5 years after ICU dis-
charge2,27 This recent 5-year ARDS outcomes paper demonstrates that 
relatively young (median age 45), previously working patients with few 

comorbidities may not regain their precritical illness functional status 
nor premorbid HRQoL 5 years after ICU discharge. Physical disability, 
including ICUAW, and decrements in neuropsychological performance 
may contribute to this persistent dysfunction captured as a reduction in 
the physical component score (PCS) of the SF-36. This was reported as 
one standard deviation below an age- and sex-matched control popula-
tion at 5 years after ICU discharge (Fig. 15-1A). These morbidities gen-
erated additional health care costs that were higher than predicted for 
this age group and more comparable to individuals with chronic disease.

As discussed above, quality of life may improve over months to 
years after ICU discharge but, on average, does not appear to return 
to premorbid baseline based on long-term data in ARDS patients. A 
recent meta-analysis of HRQoL studies in ARDS patients found lower 
quality-of-life scores for ARDS survivors consistent with what has 
been reported previously.21 In addition, HRQoL recovery in ARDS 
survivors was uneven across domains and time, similar to the finding 
of Hopkins et al.28 Despite early improvement in the mental health 
domains, quality of life in ARDS survivors remains significantly 
lower than healthy populations years after ICU discharge.21 Another 
meta-analysis of quality-of-life studies in general critically ill patients 
consistently reported lower scores than matched, normative controls 
at all time points (from hospital discharge to 66 months later) after 
ICU discharge.29 Further, they found larger decrements in the four 
physical domains (physical functioning, role-physical, bodily pain, and 
general health perceptions) compared to the mental domains (vitality,  
social functioning, role-emotional, and mental health). The greatest 
gains occur in physical functioning, social functioning, and role-phys-
ical in the first 6 months, with only modest additional improvements 
thereafter.29 Recent 5-year ARDS data show that there is little change in 
mental domains over years, but there continues to be some improvement 
in physical domains over time; however, these never achieve normal 
predicted values. The most persistently affected domains over time are 
those of general health and vitality and these do not improve between 1 
and 5 years after ICU discharge.2

Iwashyna and colleagues found persistent reduction in functional 
status after sepsis and critical illness. In their older patient study sample 
(median age 77), they observed a high rate of new functional limita-
tions in those who had no limits prior to their episode of sepsis (mean 
1.57 new limitations; 95% CI 0.99-2.15). In those with reductions in 
activities of daily living prior to sepsis, they noted an important further 
decrement in function. They reported that neurocognitive and physical 
decline persisted for at least 8 years after the episode of sepsis and this 
represented an important and pivotal decline in the patients’ ability to 
live independently.5

The robust theme of acquired and persistent morbidity after critical 
illness was also noted in a publication by Unroe and colleagues.4 These 
authors evaluated outcomes, care trajectories, and health care utilization 
in a study sample (n = 126) requiring prolonged mechanical ventilation 
(median age 55). Most patients had two comorbid illnesses at the time 
of hospitalization and the majority were not employed or were retired 
or disabled. At 1 year, only 11 patients (9% of the cohort) were alive and 
functionally independent. Risk factors for poor outcome included the 
following: older age, greater burden of comorbid illness, and discharge 
disposition to a postacute care facility. The total cost for this cohort of 
126 patients was $38.1 million. The mean cost per patient was $306,135 
(SD, $285,467) for an estimated $3.5 million per independently func-
tioning survivor at 1 year.4

HRQoL AND NEUROPSYCHOLOGICAL MORBIDITIES
The landmark paper by Hopkins and colleagues first described neuro-
cognitive dysfunction in ARDS survivors and its important impact on 
HRQoL.9 Fifty-five consecutive ARDS survivors had decreased HRQoL 
related to neurocognitive disability and this was noted to persist to  
2 years after hospital discharge.28 These observations were confirmed 
by Rothenhausler and colleagues who reported that ARDS survivors 
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with neurocognitive sequelae had worse quality of life than individuals 
without neuropsychological dysfunction.30 Decreased HRQoL has also 
been associated with psychiatric morbidities such as posttraumatic stress 
disorder (PTSD), which may represent yet another important contribu-
tor to subsequent disability and loss of employment.15,31,32 A more ful-
some discussion of neuropsychological morbidities will follow later in 
this chapter.

There is clear evidence that HRQoL in ARDS survivors is adversely 
influenced by physical and neuropsychological morbidities. These 
observations have helped to elevate awareness about the important 
consequences of critical illness in the critical care community, but an 
important limitation that remains is the lack of generalizability of the 
ARDS outcomes literature to all ICU survivors. Rapidly accruing out-
comes data from international cohorts, evaluating both functional and 
neurocognitive long-term outcomes, has helped us begin to understand 
the heterogeneous nature of reported morbidity and the complexity of 
interaction among physical, emotional, and neurocognitive domains in 
individual patients (Fig. 15-2).

NEUROMUSCULAR DYSFUNCTION
Recent research work has highlighted the concept of a continuum of 
weakness that begins with muscle injury documented within hours of 
mechanical ventilation,33 is evident with bedside testing using clinical 
strength measures (MRC scoring system) within 1 week of ICU admis-
sion,34 and may persist with incomplete recovery for years after ICU dis-
charge (Fig. 15-1B).2 Muscle weakness and impaired function constitute 
an important morbidity of severe critical illness.

ICUAW appears to be ubiquitous in severe lung injury and also with 
other complex critical illnesses. Regardless of disease process, muscles 
and nerves are injured and this manifests as prolonged mechanical 
ventilation and poor functional outcomes. However, ICUAW does not 
completely explain functional impairment since this is influenced by 
many factors. In 2009, a Round Table Conference was held in Brussels, 
which produced a series of publications that serve as a good review 
on this topic including a framework for classification of ICUAW.13 An 
overview of the findings was included in a summary by Griffiths and 
Hall.35 ICUAW comprised a nerve or muscle lesion or a combination 
of each as outlined below and recently reviewed in detail by Latronico 
and Bolton.36

CRITICAL ILLNESS POLYNEUROPATHY

■■ BACKGROUND AND INCIDENCE
Bolton and colleagues first described critical illness polyneuropathy 
(CIP) in 198437 and reported on five critically ill patients who were 
having difficulties with liberation from mechanical ventilation. On 
electrophysiological testing, these patients had a primary axonopathy, 
which manifested clinically as a mixed sensorimotor neuropathy. 
Since this initial publication, it has become clear that CIP is very com-
mon in patients with the systemic inflammatory response syndrome 
(SIRS) and sepsis, with an occurrence of 70% to 100% of longer stay 
ICU patients. It affects the limb and respiratory muscles and facial 
muscles are typically spared. Limb involvement is symmetrical, most 
prominent in the proximal muscle groups and in the lower extremi-
ties. Detection of the true incidence of CIP is complicated by lack of 
consensus on surveillance, timing and nature of testing, limitations to 
testing because of patient sedation or poor cooperation, formal defi-
nition, and diagnostic criteria. When patients were evaluated strictly 
on clinical grounds for weakness, studies have reported an incidence 
of 25% to 36%.34,38 A systematic review on 1421 critically ill patients, 
reported an incidence of ICUAW of 46% (95% confidence interval 
43%-49%).39 They defined patients as having ICUAW if they were 

FIGURE 15-1.  A. Survival, 6-minute walk distance and quality of life to 5 years after ICU 
discharge. Exact survival times were used for these analyses whereas deaths indicated in the consort 
diagram were included between scheduled follow-up visits. Top Panel: Kaplan-Meier curve to 5 years. 
Dashed lines represent the 95% confidence interval. Middle Panel: Distance walked in 6 minutes 
(meters and % predicted); distance in meters is a solid line and % predicted is a dashed line. Bottom 
Panel: SF-36 Subscale scores for Physical Component Score (PCS) and Mental Component Score (MCS). 
(Reproduced with permission from Herridge MS, Tansey CM, Matte A, et al. Functional disability  
5 years after acute respiratory distress syndrome. N Engl J Med. April 7, 2011;364(14):1293-1304.)  
B. Improvement but incomplete resolution of muscle weakness at 1 year after ICU discharge.
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evaluated using diagnostic tests (nerve conduction velocities, needle 
electromyography, direct muscle stimulation, histopathology of muscle 
or nerve tissue) or a combination of these test findings and clinical 
findings of muscle weakness, decreased or absent deep tendon reflexes, 
and/or failure to liberate from mechanical ventilation. Weakness may 
initially be absent or difficult to detect clinically in these patients, but 
subsequent electromyography (EMG) testing will demonstrate abnor-
malities showing an initial primary axonal degeneration of the motor 
neurons, followed by the sensory neural fibers, and this coincides with 
acute and chronic changes of denervation noted on muscle biopsies in 
affected patients.40

■■ ETIOLOGY AND PATHOPHYSIOLOGY

SIRS and Sepsis:  CIP occurs in the context of SIRS and sepsis as shown 
by multiple prospective and retrospective cohort studies.41 In sepsis, 
the pathogenesis of CIP is linked to a perturbation in the microcircu-
lation with resultant axonal injury and degeneration. A recent report 
describes increased expression of E-selectin on the endoneurial and 
epineurial vessels of peripheral nerves in septic patients and this has 
been shown to be mediated by proinflammatory cytokines such as 
TNF-α and IL-1.42 There is also evidence for a disruption of nerve 
action potential, which may be functional—and potentially entirely 
reversible early on—and not necessarily structural over the course of 
the disease.43

Hyperglycemia:  ICUAW is consistently associated with hyperglycemia 
in critically ill surgical and medical populations.44-46 In their initial 
landmark publication, Van den Berghe and colleagues demonstrated 
that tight glycemic control reduced CIP, as defined by neurophysiologic 
testing, from 51.9% in control subjects to 28.7% among insulin-treated 
patients.44 Similar findings were noted in a predominantly medical 
population in a subsequent study by the same group of investigators.45 
The pathophysiologic link between glucose control and neuroprotec-
tion remains unclear, although there are some emerging data that may 
provide some new insights. Vanhorebeek and colleagues47 found that 
hyperglycemia causes mitochondrial dysfunction and ultrastructural 
damage in the hepatocytes of critically ill patients. One might speculate 
that there is a similar effect on the peripheral nervous system and that 
protection of intact neuronal mitochondria may avert the deleterious 
effects of oxidant injury and apoptosis that have also been implicated 
in the pathophysiology of CIP.48 There may also be an important con-
tribution from derangement of nitric oxide production. Asymmetric 
dimethylarginine inhibits nitric oxide production and is an independent 
predictor of mortality in critically ill patients. Siroen and colleagues49 
showed recently that insulin modulates levels of asymmetric dimethylar-
ginine and this may be an additional pathway by which insulin improves 
this outcome. Some evidence indicates that insulin inhibits proinflam-
matory transcription factors and may actively promote neuroregenera-
tion during critical illness.50,51

Pharmacologic Agents:  Early reports suggested a link between neu-
romuscular dysfunction and the use of neuromuscular blockers and 
systemic corticosteroids.52-54 This risk was highlighted by the observa-
tion of neuromuscular dysfunction in patients with status asthmaticus 
who received treatment with both agents.55 However, these relation-
ships have not been borne out in a recent, exhaustive systematic 
review.56 Reports link aminoglycoside, vasopressor, and renal replace-
ment therapy use with neuromuscular dysfunction, but since most 
patients have sepsis or SIRS and will receive these therapies, it is very 
difficult to determine any true causality.57,58 Furthermore, in a recent 
randomized controlled trial on the early use of paralytic therapy in 
patients with severe ARDS, the exposure to 48 hours of continuous 
paralysis did not appear to confer additional risk for weakness on 
the ICU survivors as assessed by the Medical Research Council score 
assessing strength.59

CRITICAL ILLNESS MYOPATHY

■■ BACKGROUND AND INCIDENCE
Critical illness myopathy (CIM) encompasses a variety of descriptive 
terms that include critical illness myopathy, acute quadriplegic myopa-
thy, thick filament myopathy, and necrotizing myopathy. Reported 
incidence has varied between 48% and 96% in prospective studies that 
have included muscle biopsy as part of their diagnostic evaluation.58 
CIM is characterized pathologically by a nonnecrotizing myopathy that 
is diffuse and associated with fatty degeneration of muscle fibers, fiber 
atrophy, and fibrosis.60 This has been described in patients with sepsis 
but also in those treated with corticosteroids and neuromuscular block-
ers. Patients will be weak, paretic, and have difficulties in weaning and 
may be indistinguishable from patients with CIP. Muscle biopsy allows 
differentiation between these lesions.

Thick filament myopathy shows a selective loss of myosin filaments in 
the context of significant corticosteroid or neuromuscular blocker exposure 
and immobility.61 Some have speculated that this may represent a precursor 
to acute necrotizing myopathy since this form of CIM may show progres-
sion to myonecrosis. Acute necrotizing myopathy is distinguished by exten-
sive myonecrosis with vacuolization and phagocytosis of muscle fibers and 
has been most often linked to corticosteroid and neuromuscular blocker 
exposure and occurs in the context of multiple failed organ systems.62

■■ ETIOLOGY AND PATHOPHYSIOLOGY
The pathophysiology of CIM entails catabolism, inflammation, and 
derangement of membrane excitability. Protein catabolism and an 
increase in urinary nitrogen loss are observed in CIM. Muscle biopsies 
in affected patients show low glutamine, protein, and DNA levels. There 
is evidence for the upregulation of the calpain and ubiquitin proteolytic 
pathways and this occurs in concert with an increase in apoptosis.63

Inactivity in critically ill patients is linked to propagation of inflam-
matory mediators, which result in direct stimulation of protein loss in 
differentiated muscle cells, activation of a cascade of signaling events that 
promote oxidative injury, and disruption of insulin receptor signaling in 
muscle resulting in a reduction in substrate availability and impairment 
of myofibril growth and repair.64 IL-1, IL-6, and TNF-α have proinflam-
matory properties and have all been implicated in muscle degradation 
in critical illness and augment proteolysis and result in loss of muscle 
mass with a resultant decrease in muscle strength. The presence of IL-10 
inhibits proinflammatory mediators and may have a role in mediating 
apoptosis and myocyte proteolysis.65 Some studies suggest evidence of 
muscle membrane inexcitability, which may be related to inactivation 
of sodium channels at the resting potential (sodium channelopathy).  
A recent report by Allen and colleagues found altered muscle-fiber excit-
ability and evidence for muscle membrane dysfunction as the principal 
underlying abnormality in CIM.66

CLINICAL PHENOTYPES IN CRITICAL ILLNESS 
AND THE SPECTRUM OF DISABILITY
There are emerging data from recent cohort studies and administrative 
datasets that the heterogeneity in disability after critical illness may be 
organized into discrete etiologically neutral clinical phenotypes with 
different risks and recovery trajectories over weeks and months after 
critical illness. These different clinical groups, when viewed together, 
may comprise the spectrum of disability and facilitate the development of 
rehabilitation interventions by understanding how common patient traits 
may be used to risk stratify and to inform the needs of that specific group.

■■ UBIQUITOUS INJURY
The imbalance between protein synthesis and protein degradation 
appears to be universal in critically ill patients. Proteolysis in diaphragm 
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and muscles of the axial skeleton appears to be an early and ubiquitous 
finding.33 In their landmark work, Levine and colleagues noted that 
patients from very diverse clinical groupings (stroke, motor vehicle 
accident, drug overdose, gunshot wound) had similar muscle injury 
attributed to increased activity of the ubiquitin-proteosome pathway. 
Follow-up observations from these same investigators showed marked 
decreases in myosin heavy chains and atrophic AKT-FOXO signaling 
play important roles in eliciting the myofiber atrophy and decreases 
in diaphragm force generation associated with prolonged human dia-
phragm disuse.67 Other recent work cites induction of autophagy68 and 
mitochondrial dysfunction in human muscle69—observations not linked 
to a specific disease etiology. A recent comprehensive review on the 
molecular mechanisms of muscle and nerve injury in critical illness has 
outlined these mechanisms in more detail (Fig. 15-2).70 These important 
observations were not linked to a specific inciting disease and support 
the hypothesis that muscle injury is not specifically linked to underlying 
disease or etiology.

DIFFERENTIAL REPAIR
Muscle injury may be inevitable but repair across patient groupings 
appears to be variable. Most muscle repair and functional recovery 
occurs early and stabilizes by 6 months to 1 year after critical illness.2 
This variability in outcome supports the notion of a spectrum of dis-
ability related to age, comorbid disease, and ICU length of stay. Current 
evidence supports these are key determinants of functional outcome 
and compromised HRQoL.4,5,71-75 Patient demographic and clinical char-
acteristics may serve as proxy measures for nerve and muscle reserve 
and/or comorbid organ dysfunction that existed prior to the episode of 
critical illness.

SARCOPENIA OF AGING
Sarcopenia is defined as a decline in skeletal muscle mass, strength, 
power, and physical functioning in association with aging.76 Sarcopenia 
contributes significantly to physical inactivity, functional disability, 
increased health care utilization, costs, and mortality in older patients.77 
The muscle wasting and weakness observed in survivors of critical ill-
ness may have a similarly significant impact on functional outcomes and 
health care utilization.1,78 The parallels are striking.

There is considerable evidence that increased cytokine levels, in com-
bination with reduced growth factor levels, contribute to sarcopenia and 
age-related decline. Early work showed an association between elevated 
IL-6 levels and advancing age where the highest levels were associated 
with the greatest degree of physical debility and significant mortality.79 
Giresi and others use microarray gene expression profiling to identify 

genes that are dysregulated in older muscle, and specifically, appear to 
be upregulated by inflammatory factors.80

Recently, the importance of TNF-α has been highlighted in this 
literature. Higher levels of TNF-α and IL-6 have been associated 
with increased mortality in the community-dwelling elderly, a lower 
observed quadriceps strength in older men and women and stimulation 
of apoptotic signaling pathways.81 There appears to be a very complex 
interplay between these mediators and there may be some valuable, and 
potentially clinically applicable, insights as well. For example, IL-6 is 
released from skeletal muscle during exercise and this increase can result 
in an inhibition of TNF-α.82 It is possible that the benefits of early mobil-
ity programs, currently under study in many ICUs, not only address 
disuse atrophy but may also have important immunomodulatory effects 
on recovering skeletal muscle after critical illness.83-85

The collapse of these different risk strata into a single population 
or cohort for evaluation may account for the observed heterogene-
ity in functional outcomes currently reported in the literature and 
may obscure the ability to identify distinct clinical phenotypes. Risk 
modification is also an important consideration and deserves mention. 
Modifiers may include mood disorders,9,86 cognitive dysfunction,87,88 
financial and family caregiver resources.

ICU survivors with ICUAW rely on family caregivers for support  
as they transition to home and reintegrate into the community. 
Approximately 57% of ICU survivors who received long-term mechani-
cal ventilation still required the assistance of a family caregiver 1 year 
after their critical illness.89 Current literature suggests this may have 
a negative impact on caregivers, including poor HRQoL compared 
with age- and sex-matched persons,8 posttraumatic stress disorder,90 
emotional distress,91-93 burden,94 depression,92 and anxiety.93 Previous 
work from our group found ARDS survivors’ depression and provision 
of high levels of care to be important contributors to caregiver depres-
sion.8 Others recently report caregivers experience more depression and  
difficulty maintaining participation in valued activities when caring for 
male ICU survivors with poorer functional ability.91,95,96 Determining the 
impact of ICUAW specifically on family caregiver health and well-being 
is necessary to understand the interplay between the survivor and the 
caregiver and the impact on recovery.

ADDITIONAL PHYSICAL MORBIDITIES
As discussed previously, the main morbidities of critical illness include 
ICUAW and neuropsychological dysfunction. However, several other 
physical sequelae also influence physical HRQoL and subsequent health 
care utilization. Again, these have been studied most extensively in 
survivors of ARDS. These include pulmonary dysfunction, entrapment 
neuropathy, late tracheal stenosis, heterotopic ossification, and a variety 

FIGURE 15-2.  Cognitive outcomes after ARDS. (Data from Hopkins RO, Weaver LK, Pope D et al: Neuropsychological sequelae and impaired health status in survivors of severe acute respira-
tory distress syndrome, Am J Respir Crit Care Med. 1999 Jul;160(1):50-56 and Weaver LK, Collingridge D: Two-year cognitive, emotional, and quality-of-life outcomes in acute respiratory distress 
syndrome. Am J Respir Crit Care Med. 2005 Feb 15;171(4):340-347.)

0

20

40

60

80

100

Processing
speed

Memory Executive Attention IQ

Pe
rc

en
t w

ith
 d

ef
ic

its

Hospital DC 

1 Year

2 Years

1- and 2- year cognitive outcomes

Section01.indd   108 1/22/2015   9:37:37 AM

http://www.myuptodate.com


CHAPTER 15: Long-Term Outcomes After Critical Illness 109

of cosmetic changes that have been linked to emotional outcomes, social 
isolation, and sexual dysfunction (Fig. 15-3).

■■ PULMONARY FUNCTION ABNORMALITIES
Many ARDS survivors have persistent pulmonary function impairments 
that are typically mild restrictive changes and an associated reduction 
in diffusion capacity.1,78 Orme and colleagues reported that ARDS sur-
vivors had abnormal pulmonary function associated with decreased 
HRQoL 1 year following hospital discharge26 and Schelling et al reported 
no additional improvement in pulmonary function after the first year 
following ARDS.97 Neff and colleagues reviewed 30 studies that evalu-
ated pulmonary function in ARDS survivors98 and found significant 
variability in the proportion of patients with obstructive (0%-33%) and 
restrictive (0%-50%) defects as well as compromised diffusion capacity 
(33%-82%). Most recent data from 5-year outcomes after ARDS show 
normal to near normal pulmonary function achieved by 6 months to 
1-year after ICU discharge with continued stability over the 5-year 
study period. Evaluation of detailed chest imaging in these patients also 
showed minimal structural change to the pulmonary parenchyma in 
the majority of patients at 5 years after ICU discharge.99 One important 
limitation in this dataset was that 40% of patients were followed in 
their homes and therefore volumetric and diffusion capacity data were 
unavailable and some patients declined radiologic imaging at 5-year 
follow-up. This spectrum of pulmonary dysfunction may relate to popu-
lation heterogeneity with respect to evolving definitions or severity of 
ARDS, severity of lung injury, ICU ventilatory strategy, prior history of 
lung disease or smoking, and the presence of other pulmonary processes 
that fulfill the ARDS definition but that have a very different natural his-
tory (eg, bronchiolitis obliterans organizing pneumonia). Most outcome 
studies found ARDS survivors are often unable to resume their prior 
physical function, but the degree of pulmonary dysfunction does not 
explain this degree of functional limitation.

■■ ENTRAPMENT NEUROPATHY AND JOINT CONTRACTURES
The Toronto ARDS Outcomes study observed a 6% prevalence of peroneal 
and ulnar nerve palsies.1 Although this represents only a small proportion 
of patients, these nerve palsies complicated rehabilitation therapy and 
precluded return to original work in some cases. Clavet and colleagues 
highlighted the important contribution to disability made by the develop-
ment and persistence of contractures during an episode of critical illness.100

■■ HETEROTOPIC OSSIFICATION
Heterotopic ossification is the deposition of paraarticular ectopic bone 
and has been previously associated with polytrauma, burns, pancreati-
tis, and ARDS.101 Heterotopic ossification is linked with paralysis and 

prolonged immobilization. There was a 5% prevalence of heterotopic 
ossification in the Toronto ARDS cohort study with all patients having 
large joint immobilization, leading to important functional limitation1 
(Fig. 15-4). Heterotopic ossification is remediable with appropriate 
surgical intervention and screening for this may help to improve long-
term function.

■■ COSMESIS
The physically transformative nature of critical illness cannot be 
overstated. Many patients suffer from the often devastating emotional 
effects related to their altered appearance. From 5-year outcomes 
data in ARDS survivors,2 many patients had ongoing concerns about 
cosmesis including scars from laparotomy, chest tube, central line, 
arterial line and tracheostomy insertion, burns, striae from volume 
overload, and facial scars from prolonged noninvasive mask ventilation 
(Fig. 15-5). Many patients underwent tracheostomy revision. Patients 
emphasized that cosmetic concerns contributed to social isolation and 
sexual dysfunction.

REHABILITATION FRAMEWORK—
INTERNATIONAL CLASSIFICATION OF 
FUNCTIONING, DISABILITY, AND HEALTH102

The International Classification of Functioning, Disability, and Health 
(ICF) construct emphasizes disability and morbidity as the central 
determinants of health status. This is relevant if we consider that dis-
ability after critical illness is etiologically neutral. The ICF differs 

FIGURE 15-3.  Pathophysiology of ICU-acquired weakness. (Data from Pustavoitau A, 
Stevens RD. Mechanisms of neurologic failure in critical illness. Crit Care Clin. 2008 Jan;24(1):1-24.)
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FIGURE 15-5.  Striae over the leg of an ARDS patient.
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fundamentally from the International Classification of Disease (ICD), 
which focuses on disease as a cause of death. The ICF (Fig. 15-6) has 
three constituent parts, body function and structures, activity, and par-
ticipation, and offers a comprehensive and multidimensional approach 
for rehabilitation interventions. This framework serves to highlight the 
interdependence of factors that should be highlighted and integrated 
into long-term and multimodality rehabilitation program.

The body functions and structures component of the ICF refers to 
physical function and/or specific organ system injury where impair-
ment is characterized as any deviation from normal. Activity refers to 
the ability to execute important activities and participation refers to 
ability to conduct daily activity and “participation restriction” denotes 
difficulties experienced by patients when trying to carry out daily tasks. 
The constituent parts of the ICF capture function and disability and 
interact with the health condition, as well as personal and environmental 
factors. This is an important departure from constructs of quality of life 
that are personalized and capture a global functioning perspective based 
in feelings or satisfaction. For example, the generic short form-36 evalu-
ates functioning in a disease context and does not incorporate aspects 
of patient participation or personal factors or environmental influence 
on outcome.

BARRIERS TO CONSTRUCTION OF REHABILITATIVE 
MODELS AFTER CRITICAL ILLNESS

■■ TRANSLATIONAL RESEARCH IN REHABILITATION
AFTER CRITICAL ILLNESS103

The breadth and variability of morbidity after critical illness will elude 
us if we continue to study diseases or syndromes in isolation. We need 
to evaluate the spectrum of disability to determine robust themes and 
similarities across different disease states and gain an understanding 
of risk stratification and modification. There is increasing emphasis 
on the importance of basic science research and its role in elucidat-
ing the molecular aspects of muscle, nerve, and brain injury, which 
constitute the major morbidities after critical illness. These insights 
will be crucial to optimize future rehabilitation programs since cur-
rently there is inadequate information linking molecular mechanism 
to functional outcome across patient groupings. However, it is crucial 
to also remain cognizant of the interplay of factors that contribute to 
better or worse outcomes both early and late in the illness. Research 
on treatments intended to address the impairments domain of the ICF 
(body structure/function) faces the challenge of determining the likely 
impact of an impairment-level treatment on the multifaceted activities, 
and aspects of participation that are the typical outcomes of rehabilita-
tion treatments.

PHASE-SPECIFIC APPROACH TO RECOVERY 
AFTER CRITICAL ILLNESS

■■ TIMING IT RIGHT FRAMEWORK104

The need for longer-term follow-up and ongoing support in the com-
munity are priorities for ICU survivors and their family caregivers. 
Thus, when constructing rehabilitation interventions, their needs 
must be considered across the full care continuum. In response to this 
need, Cameron and colleagues104 developed the timing it right (TIR) 
framework to promote an organized approach for the development 
and evaluation of interventions designed to meet patients’ and family 
caregivers’ changing needs. It was developed using the clinical course 
of stroke as a model of acute illness requiring ongoing recovery and 
rehabilitation. This framework has been adapted to the ICU population. 
The five phases examine experiences and support needs during (1) the 
critical illness event and ICU care, (2) period of stabilization on the 
general ward, (3) preparation for return to community living, (4) first 
few months of home adjustment, and (5) longer-term adjustment to 
community living. The premise of this framework is that careful atten-
tion to phase-specific needs will enhance patient and family caregiver 
preparedness and ease their transitions across care environments. This 
longitudinal approach and the recognition that needs vary across tran-
sitions and over time will need to be incorporated into comprehensive 
rehabilitation strategies.

CRITICAL ILLNESS–ASSOCIATED BRAIN INJURY

■■ PSYCHIATRIC MORBIDITY
Psychiatric sequelae following critical illness and ICU treatment 
are increasingly recognized. The prevalence and severity of psy-
chiatric disorders including depression, anxiety, and posttraumatic 
stress disorder are common among survivors of critical illness. The 
prevalence of depression and anxiety in ICU survivors ranges from 
10% to 58%.1,28,105,106 In a recent systematic summary, Davydow and 
colleagues reported that 28% of post-ICU patients had clinically sig-
nificant depression.107 Neither sex, age nor severity of illness at ICU 
admission were consistent risk factors for post-ICU depression. Early 
post-ICU depressive symptoms were a strong risk factor for subsequent 
depressive symptoms and post-ICU depressive symptoms were associ-
ated with substantially lower HRQoL. While the range of depression 
in survivors of ARDS is 17%-58%, there is a suggestion that ARDS 
patients suffer a greater degree of depression compared to populations 
of general critically ill patients.12,15,20,108 The rates of depression in criti-
cally ill patients are similar to the 22% to 33% observed in chronically 
ill medical inpatients109 and 25% to 28% in patients with cardiac and 
pulmonary disorders.110

Prospective evaluation of risk factors associated with depression in 
ARDS patients showed relationships with longer duration of mechani-
cal ventilation, ICU length of stay, and sedation. No study has been able 
to demonstrate a significant association between HRQoL and reported 
psychiatric symptoms in these patients.111 A recent study that assessed 
risk factors for depression and anxiety in ARDS survivors found predic-
tors of depression at 1 year were alcohol dependence, female gender, and 
younger age.112 The predictors of anxiety at 1 year were ratio of arterial 
oxygen tension to inspired oxygen fraction and duration of mechanical 
ventilation. Predictors of depression at 2 years were depression and neu-
rocognitive sequelae at 1 year, whereas predictors of anxiety at 2 years 
was anxiety at 1 year.113 A recent study found that hypoglycemia may be 
an important risk factor for depression in ARDS survivors and this war-
rants further study.114 The observed depression and anxiety post-ICU 
treatment are likely multifactorial and further study will be needed to 
better understand patient predisposition, illness, and treatment-specific 
determinants of affective morbidity and appropriate tools for diagnosis 
and monitoring.

FIGURE 15-6.  Interaction of myriad physical and caregiver outcomes on the major mor-
bidities of critical illness. (ICUAW and Mental Health and Cognitive Dysfunction)
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Posttraumatic stress disorder is the development of characteristic 
symptoms that occur following a traumatic event(s) where triggers 
include a serious personal threat experienced with helplessness and 
intense fear.115 The diagnostic criteria include a history of traumatic 
event(s) accompanied by symptoms from each of three symptom clusters:  
hyperarousal symptoms, intrusive recollections, and avoidant/numbing 
symptoms. A number of studies have examined relationships between 
life-threatening critical illnesses and its treatment and the development 
of PTSD. Schelling and colleagues were the first to introduce the concept 
of PTSD resulting from critical illness and ICU treatment to the critical 
care community.24 These authors evaluated HRQoL and PTSD in a cohort 
of 80 ARDS survivors 4 years following discharge from the ICU. Almost 
one-third of the ARDS survivors reported impaired memory, bad dreams, 
anxiety, and sleeping difficulties after ICU discharge, with a prevalence 
rate of PTSD of 28%. PTSD was related to the number of adverse ICU-
related memories recalled by patients. Kapfhammer and colleagues found 
that 44% of critically ill patients developed PTSD at hospital discharge and 
24% had PTSD symptoms 8 or more years later.116 Further, 14% of medical 
ICU patients with mechanical ventilation developed symptoms of PTSD. 
A review by Davydow and colleagues found the median point prevalence 
of questionnaire-ascertained “clinically significant” PTSD symptoms was 
22%, and the median point prevalence of clinician-diagnosed PTSD was 
19% in populations of general critically ill patients.117 Prior psychopathol-
ogy, greater ICU benzodiazepine administration and post-ICU memories 
of in-ICU frightening and/or psychotic experiences were consistent pre-
dictors of post-ICU PTSD. They noted from their review that female sex 
and younger age were less consistent predictors, and severity of critical ill-
ness was consistently not a predictor. Post-ICU PTSD was associated with 
substantially lower HRQoL. The prevalence in ARDS patients appears to 
be higher with psychiatrist-diagnosed PTSD prevalence at hospital dis-
charge, 5 and 8 years were 44%, 25% and 24% respectively.118 Memory for 
nightmares or delusions while in ICU as well as a complete absence of any 
ICU memories have also been perceived as traumatic events.119

The etiology of psychiatric disorders following critical illness may 
be due to sequelae of brain injury sustained from critical illness and/
or its treatments, a psychological reaction to the emotional and physi-
ological stress of critical illness, or both. Factors such as medications, 
physiological changes, pain, altered sensory inputs, and an unfamiliar 
environment are all potential contributors to the development of psychi-
atric sequelae.120-122 A recent review article found an association between 
recall of delusional memories after ICU discharge and PTSD-related 
symptoms, depression, and anxiety.123 Factual memories do not seem 
to protect survivors from experiencing symptoms of PTSD. A study by 
Myhren et al, which evaluated 194 patients, found that 27% had symp-
toms of posttraumatic stress and predictors of PTSD were higher educa-
tion level, optimism, factual recall, and memory of pain.124

While we are just beginning to appreciate how longstanding and 
debilitating psychiatric disorders are following critical illness and the 
important contribution they have to decreased HRQoL and functional 
outcomes, recent studies are beginning to investigate potential inter-
ventions to prevent or reduce psychiatric sequelae. One review paper 
suggests that corticosteroid administration may be protective post-ICU 
PTSD.125 A novel study that used ICU diaries in critically ill patients 
suggests the diaries may reduce the incidence of PTSD. Jones and col-
leagues conducted a randomized, controlled trial, where patients were 
provided with an ICU diary that contained information and photo-
graphs from their ICU stays.126 Of the patients who received the diary 
only 5% had clinically significant PTSD symptoms, compared to 13% 
of controls. Further, the patients who experienced the greatest benefit 
from the ICU diary intervention were those who had substantial early 
PTSD symptoms.126

■■ NEUROCOGNITIVE IMPAIRMENTS
Critical illnesses and their associated treatments can and frequently do 
result in de novo neurocognitive impairments1,28,127 that may persist for 

years after hospital discharge. To date, 15 cohorts9,30,128-134 comprising 
more than 950 patients have examined neurocognitive outcomes fol-
lowing critical illness. The neurocognitive domains that are impaired 
in ICU survivors may depend on the nature of the insults experienced 
during critical illness and its treatment, as well as the presence of pre-
existing neurologic abnormalities, and individual vulnerabilities such 
as older age, or comorbid disorders that might render specific domains 
more vulnerable to critical illness–induced brain injury. Neurocognitive 
impairments in survivors of critical illness occurred in 100% of patients 
at hospital discharge and persisted in large numbers of patients at  
2 months,132 6 months,135,136 9 months,133 1 year,9,137,138 2 years,28 and 
6 years.139,140 Neurocognitive impairments appear to improve during 
the first 6 to 12 months posthospital discharge. The neurocognitive 
impairments are often long lasting and quite severe, and many patients 
continue to experience significant chronic neurocognitive impair-
ments, years after ICU discharge.2,30 For example, ARDS patients with 
neurocognitive sequelae all fell below the 6th percentile of the normal 
distribution of neurocognitive functioning, with significant deficits in 
wide-ranging cognitive domains including memory, executive function-
ing, and mental processing abilities.28

While the majority of studies to date have excluded patients with 
prior neurocognitive impairments using chart review and administra-
tion of dementia screening instruments, it is not clear whether critical 
illness and/or its treatment is the cause of the observed neurocognitive 
impairments or if it merely worsens preexisting comorbid disorders.  
A recent longitudinal cohort study in older adults who did not 
have premorbid neurocognitive impairments or premorbid dementia 
assessed neurocognitive function prior to and following an acute care 
or ICU hospitalization.141 Individuals who underwent acute care or 
critical illness hospitalization had a greater decline in neurocognitive 
function and new incident dementia compared to individuals who 
were not hospitalized. This finding suggests that the acute or critical 
illness may cause an abrupt decline in neurocognitive function that is 
not due to premorbid neurocognitive problems. A second study in sep-
sis patients confirms these findings. The Health and Retirement Study 
followed more than 27,000 older Americans, for whom neurocogni-
tive function was assessed both before and after sepsis.5 Patients with 
severe sepsis developed new, substantial, and persistent neurocogni-
tive impairment. Thus, factors associated with acute or critical illness 
may be causally related to neurocognitive decline in older critically 
ill patients.5,142 An important addition to this literature comes from 
Pandharipande and colleagues which clearly showed that a broad case 
mix of ICU survivors had important neurocognitive dysfunction com-
parable to that of mild dementia or moderate traumatic brain injury at 
1 year after their critical illness. This cognitive disability was present 
in all age groups.6

Pathophysiologic Mechanisms of Neurocognitive Impairments:  Data 
regarding potential mechanisms of neurocognitive impairments 
are increasing as we conduct more long-term outcome studies that 
inform linkages to ICU or patient level risk factors. The etiology of 
neurocognitive impairments is undoubtedly multifactorial and due 
to a spectrum of factors that interact dynamically with premorbid 
and genetic variables to produce adverse outcomes. Current data 
suggest that unfavorable neurocognitive sequelae are not related 
to illness severity scores, medical data, age, smoking, or alcohol 
abuse. For example, neither ICU length of stay, Acute Physiology 
and Chronic Health Evaluation II (APACHE II) scores, duration 
of mechanical ventilation, tidal volume, or days receiving sedative, 
narcotic, or paralytic medications are associated with neurocogni-
tive impairments in critically ill patients.28,136 Thus, the neurocogni-
tive impairments experienced by ICU survivors cannot simply be 
explained in terms of the degree of acute illness severity. Possible 
pathophysiologic mechanisms include hypoxemia,9 sedatives or 
analgesics,143 hypotension,131 delirium,144 hyperglycemia,135 and sep-
sis and inflammation.145
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Hypoxemia  The mechanisms of critical illness–induced brain injury are 
unknown, but hypoxemia is undoubtedly implicated.9,146 Hopkins et al 
evaluated pulse oximetry in a prospective cohort of mechanically venti-
lated ARDS survivors and studied the relationship between the duration 
and severity of a mean oxygen saturation below 90 and neurocognitive 
outcome.9 The pulse oximetry was measured for a total of 31,665 hours, 
excluding data without a good pulse waveform. Patients’ mean satura-
tions were below 90% for 122 ± 144 hours per patient. The degree of 
hypoxemia correlated significantly with neurocognitive sequelae (r2 = 
0.25 to 0.45, all p < 0.01).9 The recent ICOS study also confirmed this as 
an important risk factor for the subsequent development of neurocogni-
tive dysfunction.88

Supportive evidence includes neuronal death in the CA1 subfield of 
the hippocampus and increased S-100B protein serum levels in pigs 
with acute lung injury and associated hypoxemia.147 Hypoxia can cause 
cortical atrophy,148-150 and ventricular enlargement, a sensitive indica-
tor of structural damage.149,150 Nonspecific neuronal cell loss results in 
brain volume reduction manifest by reduced gyral volume, increased 
sulcal space, passive increase in ventricular volume (ie, hydrocephalus 
ex vacuo), and an increase in whole brain cerebral spinal fluid (CSF).151 
Neurocognitive impairments are frequent in patients with chronic 
obstructive pulmonary disease (COPD),152,153 cardiac and/or respiratory 
arrest,148,154,155 obstructive sleep apnea syndrome (OSAS),149 and postop-
erative hypoxia following cardiac surgery.156

The mechanisms by which hypoxia/hypoxemia damage the brain has 
been elucidated over the last decade, in both in vivo and in vitro models 
and reviewed by Johnston et al157 Mechanisms include (1) decreased 
ATP production without decreasing ATP utilization,158 (2) lactic  
acidosis,159,160 (3) neurotoxicity of excitatory amino acid neurotransmit-
ters,161,162 (4) increased calcium influx and intracellular accumulation of 
calcium due to ionic pump failure,163,164 (5) reperfusion and/or reoxy-
genation injury,165-167 (6) necrosis due to edema and rupture of the cell 
membrane,165 and (7) apoptosis or programmed cell death.168,169

Hypotension  Hypotension may represent a more modest risk factor for 
poor neurocognitive outcome. Continuous mean blood pressure data 
were automatically collected through the GE-Marquette (Milwaukee, 
Wisconsin) bedside physiological monitoring system connected to a 
computer during ventilatory support. Continuous blood pressure was 
measured from the arterial catheters and was sampled every 2 minutes  
and the median value for each 15-minute period recorded.169 The 
duration of hypotension events was calculated by adding consecutive 
measurements (each measurement represents a 15-minute interval) 
that were <60 and <50 mm Hg. The mean blood pressure <50 mm Hg 
correlated with memory scores at hospital discharge. There were no sig-
nificant correlations between neuropsychological test scores and mean 
blood pressure <50 mm Hg at 2 years. Thus, the duration of hypoten-
sion modestly correlated with impaired memory at hospital discharge 
and 1 year, but not at 2 years.28

Delirium  Another possible contributor to neurocognitive sequelae is 
delirium, a common condition among critically ill patients that  
is associated with adverse neurologic outcomes in wide-ranging hos-
pital populations. A recent review of the association between delirium 
and development of long-term neurocognitive function144 found four 
studies with greater decline on neurocognitive measures at follow-up 
among patients experiencing delirium during hospitalization and four 
studies found higher incidence of dementia at long-term follow-up in 
elderly patients.144 The only study that assessed delirium and neurocog-
nitive outcomes in critically ill patients found long-term neurocognitive 
impairment in one in three patients with delirium at 6-month follow-
up.127 A trend toward a longer duration of delirium (number of days 
of delirium) was found for patients with neurocognitive impairment 
compared to patients without neurocognitive impairment, but it did not 
reach statistical significance.

A recent study compared long-term neurocognitive outcomes in 
critically ill mechanically ventilated patients.170 The median duration 

of delirium was 2 days in these 77 critically ill patients. Survivors had 
a high rate of neurocognitive impairments at 3 and 12 months (~71%).  
A longer duration of delirium predicted worse neurocognitive impair-
ment at 3 and 12 months.171 The association between duration of delir-
ium and longer-term neurocognitive dysfunction was also confirmed in 
the Pandharipande study.6

Mechanisms of delirium are complex and thought to be related to 
imbalances in synthesis, release, and inactivation of neurotransmitters.172  
For example, dopamine excess or acetylcholine depletion can result in 
delirium.172 Serotonin imbalance and increased noradrenergic activity 
can also contribute to the development of delirium.173 Other mecha-
nisms of delirium include endotoxin- and cytokine-induced inflam-
matory abnormalities,174 inadequate cerebral perfusion,175 metabolic 
derangements,176 and hypothalamic pituitary activation.177

Glucose Dysregulation  Hyperglycemia (>110 mg/dL) is common in critically 
ill patients, and contributes to morbidity and mortality.44 Hyperglycemia 
is associated with (a) increased mortality in acute ischemic stroke178; 
(b) impaired neurological recovery following ischemia, anoxia,179 and  
traumatic brain injury180; (c) poor neurologic outcome following 
stroke181; and (d) neurocognitive impairments in diabetic patients.182 
Hypoglycemia leads to neuronal death in the hippocampus, cerebral 
cortex, and striatum183 due to increased extracellular glutamate concen-
tration, glutamate receptor activation and associated excitotoxicity.184 
Sustained glutamate receptor activation results in the production of 
peroxynitrate and other reactive oxygen species, leading to additional 
neuronal cell death.185

Hopkins and colleagues assessed relationships between blood  
glucose and neurocognitive function at 1-year posthospital dis-
charge.186 The incidence of hypoglycemia (<60 mg/dL) was low 
(<0.5%). Moderate hyperglycemia during ICU hospitalization was 
associated with poor neurocognitive outcomes at 1 year. Blood glucose 
values greater than 153 mg/dL predicted adverse cognitive sequelae, 
but the effect did not worsen as blood glucose values increased above 
that threshold. Greater duration of mechanical ventilation and longer 
ICU stays also predicted neurocognitive sequelae. Blood glucose 
dysregulation—specifically moderate hyperglycemia—was associated 
with adverse neurocognitive sequelae in critically ill ARDS survi-
vors.186 A recent study in surgical critically ill patients demonstrated 
that hypoglycemia, hyperglycemia, and fluctuations in blood glucose 
were associated with worse neurocognitive outcome.187 Further evi-
dence of the adverse neural effects comes from Dowdy and colleagues 
who found hypoglycemia was associated with a 3.6-fold increased risk 
of depression in ARDS patients.188

Mechanisms of hyperglycemic-induced brain injury include increased 
lactic acid formation and impaired phosphorus metabolism,189-191 free 
radical production, increased calcium release, calcium overload of 
mitochondria, increased catecholamine release,192-194 and neuronal death 
following anaerobic glycolysis.195 Hyperglycemia also leads to increased 
neutrophil accumulation that is associated with an increase in the 
size of the brain contusion or ischemic area196 due to microvascular 
occlusion,197 formation of oxygen radicals, cytolytic proteases, and pro-
inflammatory cytokines.198,199 Hyperglycemia decreases cerebral blood 
flow,200,201 damages the vascular endothelium,202,203 increases blood-brain 
barrier permeability,204 and increases release of excitatory neurotrans-
mitters resulting in neuronal death.205

Sedatives or Analgesics  The role of certain medications such as sedatives, nar-
cotics, and paralytics in the development of delirium are well known206; 
however, less is known regarding their impact on long-term neurocogni-
tive function. Although data on the impact of anesthetics and sedatives 
on long-term neurocognitive functioning are conflicting, reports suggest 
they may have neurotoxic effects particularly for high-risk groups such 
as the very old (>75 years) and/or those with a recent history of neuro-
cognitive impairment.207,208 Reducing sedation reduces time on mechani-
cal ventilation and ICU length of stay. One study assessed long-term 
neurocognitive outcomes in patients treated with spontaneous breathing 
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trials plus a wake up and breathe protocol that interrupts and reduces 
sedative exposure compared to spontaneous breathing trials alone.209 
Neurocognitive impairments were less common in the group that received 
the wake up and breathe intervention at 3 months but not at 12-month 
follow-up. There was no difference in symptoms of depression and post-
traumatic stress disorder or neurocognitive function between the two 
groups at 3 and 12 months.210

A number of medications routinely administered in the ICU have 
known effects on neurotransmitters including acetylcholine, dopamine, 
serotonin, γ-aminobutyric acid (GABA) glutamate, and norepineph-
rine. Medications such as tricyclic antidepressants, H2 blockers, opiates, 
furosemide, benzodiazepines, and others have central anticholinergic 
properties.211 A relative excess of dopamine is a risk factor for delirium212 
and GABA abnormalities contribute to hepatic encephalopathy and 
delirium.213

It may be that the effects of medications on cognition are mediated 
by genetic factors, with one of the probable genetic factors in drug sen-
sitivity being the apolipoprotein E4 (APOE4) allele. The APOE4 allele 
has been shown to be a significant risk factor for the development of 
certain forms of dementia,214 increased risk for greater hippocampal 
atrophy,215 worse recovery of neurological function following traumatic 
brain injury,216 neurocognitive decline following cardiopulmonary 
bypass surgery,217 and delirium.218 While more research is needed, 
certain anticholinergic agents may have particularly adverse effects 
on cognition when used with patients possessing the APOE4 carriers. 
For example, lorazepam—commonly used in ICU settings—increases 
susceptibility to impaired verbal learning and related neurocognitive 
deficits in patients with APOE4 when compared to those without this 
polymorphism.219

Inflammation and Sepsis  One important potential cause of neurocognitive 
morbidity is cytokines and inflammation such as occurs during sepsis. For 
example, induced cytokine activation in healthy male volunteers by intra-
venous injection of Salmonella abortus equi endotoxin resulted in increased 
anxiety, depressed mood, and impaired memory that correlated with cyto-
kine secretion.220 Inflammation and elevated cytokine levels are also related 
to cognitive impairments associated with chronic fatigue.221 Neural lesions 
in septic patients include necrosis of cerebral white matter,222 basal ganglia, 
and cortical infarcts.223 Sepsis and inflammation can decrease blood flow, 
resulting in reduced cerebral blood flow and hypoxia.224

The brain is immunologically active and is influenced by systemic 
inflammatory reactions and responses, such as those that result 
from systemic illness and sepsis.145 These inflammatory responses 
are mediated by cytokines that penetrate the blood-brain barrier 
and directly or indirectly modulate brain activity. Neurocognitive 
dysfunction is associated with inflammation.225 Endotoxin-induced 
inflammation and cytokine activation in healthy volunteers result in 
impaired learning and memory.220 Further animal models of sepsis 
find elevated interleukin-1 (IL-1) and IL-6 in the hippocampus and 
prefrontal cortex,226 and rodents with sepsis are impaired in tasks of 
learning and memory.227 In humans with sepsis, a long-term outcome 
study found sepsis survivors had neurocognitive impairments several 
years after hospital discharge.228 There is considerable evidence show-
ing that inflammation and oxidative damage directly or indirectly, 
due to free radical production and reactive oxygen species, can lead to 
brain damage in humans following ischemia, traumatic brain injury, 
and Alzheimer’s disease. Animal models have shown that a number 
of antioxidants prevent brain injury through a variety of cellular 
mechanisms.229,230

Other mechanisms of brain injury associated with sepsis include 
nitric oxide, cytokines, and prostaglandins modulating brain neu-
rotransmitter systems.231 At the intracellular level immune activation 
inhibits mitochondrial respiration232 and releases cytotoxic agents such 
as calcium and reactive oxygen species.233 Multiple factors associated 
with sepsis can trigger neuronal apoptosis including ischemia, anoxia, 
glial activation, TNF-α, IL-1β, interferon, and nitric oxide.222-225 For a 
review of sepsis associated brain injury, see Sharshar et al.234

CAREGIVER AND FAMILY BURDEN IN CRITICAL ILLNESS
More recently, some researchers have begun to focus on the importance 
of caregiver outcomes and their interaction with those of ICU survivors 
to understand the effect of critical illness on the family unit. There is a 
considerable body of work evaluating these interactions in other medi-
cal conditions. As one example, there is a well-developed literature in 
stroke and elderly care giving. These data show that caregivers who are 
challenged in their care-giving role may contribute to poor rehabilita-
tion outcomes for survivors235 or threaten the ability to sustain care at 
home.236,237

Recent work indicates that 57% of ICU survivors who received long-
term mechanical ventilation required the assistance of a family caregiver 
1 year after their critical illness.75 Existing evidence suggests that pro-
viding such care may have a deleterious impact on caregivers, and may 
compromise HRQoL compared with age- and sex-matched persons.8  
In addition, there have been reports of posttraumatic stress disorder,7 
emotional distress,8,238-240 burden,94 depression,92 and anxiety.241

In a review article, Johnson242 concluded that caregivers experience 
burden due to the patient’s physical and psychological dysfunction 
and the challenges of managing complex care in the home. Lifestyle 
disruption and provision of high levels of care8 also contribute to poor  
caregiver outcome.8,243 This area of research is limited by its predomi-
nantly cross-sectional design and limited follow-up to 1 year after hospi-
tal discharge.78 In addition, there is a deficiency in our knowledge about 
how caregiver health outcomes change over time.

TREATMENT—EARLY MOBILITY AND REHABILITATION
A major limitation in constructing rehabilitation programs after critical 
illness is our inability to risk stratify our patients. Risk stratification is 
a fundamental principle employed by other disciplines to devise robust 
treatment approaches. The field of cardiology has a detailed understand-
ing of pathogenesis of the disease process and therefore has been able to 
construct detailed critical pathways that vary depending on the nature 
and risk of presenting signs and symptoms. They have devised tools 
for stratification that are inexpensive (eg, ECG), accessible, reliable, 
and which are correlated/validated with both clinical and biochemical 
markers. Most importantly, they have interventions that are responsive 
to level of risk and that change measureable outcome.

ICUAW and the other sequelae of critical illness have none of these. We 
fundamentally lack a detailed understanding of the pathophysiology and 
long-term outcome of this lesion. We do not have robust critical pathways 
nor reliable tools to elucidate risk. We do not understand the spectrum of 
rehabilitative potential across our varied critically ill patient population. 
This latter point is crucial because inherent to the process of surveillance 
is the assumption that identification and categorization of the disease will 
lead to the application of an intervention that will improve outcome.

The heterogeneity of critically ill populations is an important barrier 
that needs to be addressed to be able to understand differences in func-
tional outcome across different patient groups and the various factors 
that appear to drive a broad spectrum of outcome. In reference to the 
earlier discussion about clinical phenotypes, there is clearly an enor-
mous difference in functional outcome between relatively young sur-
vivors of ARDS1,29 compared to older chronically critically ill patients4 
despite the apparent similarities of severity of illness and a protracted 
ICU length of stay. The young, previously working, lung injured group 
had few comorbid disorders, very low mortality after ICU discharge, and 
a significant, albeit less than predicted, improvement in functional status 
to 1 year and with virtually all returning to independent living. This is 
in stark contrast to an older group of chronically critically ill patients 
with a significant burden of comorbid disease, with a 44% mortality at 
1-year after ICU discharge and only 11% achieving a good (alive with no 
functional dependency) outcome.

Current interventional work has focused on early mobility, which has 
been shown to be safe and feasible and to alter short-term outcome in 
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those patients who were previously functional.83,244-248 It is practical and 
logical to trial physiotherapy and occupational therapy interventions in 
those for whom there is a high likelihood for benefit.83 However, this 
approach, while important and laudable, will not determine how inter-
ventions should be tailored to meet individual needs nor differentially 
applied since there are almost no guidelines on specific patient sub-
groups. For example, offering such interventions to subpopulations of 
patients whose muscles and nerves have sustained such profound injury 
that they have lost any potential for rehabilitation may raise expectations 
inappropriately. Investigations of the effects of physical rehabilitation on 
neuromuscular outcomes are few. A recent multicenter randomized trial 
of 286 critically ill patients assessed HRQoL comparing outcomes from 
a nurse-led intensive follow-up program to standard care at 12 months. 
There was no difference in HRQoL on the physical or mental health 
component scores; however, the nurse-led follow up program cost sig-
nificantly more than standard care.249 Alternatively, a self-help manual 
with instructions for physical therapy improved 6-month outcomes in 
physical function assessed using the SF-36 HRQoL instrument and per-
haps patients and families will use this guide to tailor to individual need, 
although this was not studied explicitly in this trial.

There has been some early work evaluating potential interventions to 
improve neuropsychological disability. As noted above, Jones and col-
leagues evaluated whether a prospectively collected diary of a patient’s 
ICU stay could reduce the development of new onset PTSD during 
convalescence after critical illness.126 Patients with an ICU stay of more 
than 72 hours were recruited to the study and intervention patients 
received their ICU diary at 1 month after ICU discharge and assessment 
of the development of PTSD was made at 3 months. They were able to 
demonstrate that there was an associated decrease in the diary group of 
new onset PTSD. These early data are very promising but further under-
standing of the longer-term effect of the diary intervention is warranted.

SUMMARY
The current state of the art in the ICU outcomes literature suggests that 
patients will sustain some degree of neuromuscular, functional, and/or 
neuropsychological morbidity as a result of their critical illness, which 
does not appear to be wholly reversible over time, even in younger 
patients who were previously working and highly functional. Family 
caregivers may acquire new mood disorders that impair their HRQoL 
and may also modify outcomes in those patients surviving critical  
illness. ICUAW represents a central morbidity and studies on interven-
tions such as early mobility and ICU multidisciplinary interventions are 
promising but more work needs to be done on risk stratification so that 
programs can be tailored to individual and family needs. Future work 
needs to be directed to a more complete understanding of the patho-
physiology of ICUAW and neuropsychological dysfunction to better 
inform emerging rehabilitation interventions and the incorporation of 
family caregiver needs into these programs.
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C H A P T E R

KEY POINTS

•• 	Fifty percent (50%) of physicians and nurse caregivers working 
in intensive care units (ICUs) are reported to experience burn-
out. Physician burnout is attributable to the number of working 
hours (number of night shifts, and vacation time and frequency), 
whereas burnout among ICU nurses is mainly related to ICU orga-
nization and end-of-life care policy.

•• ICU conflicts are independent predictors of burnout for both 
physicians and nurses. Recent studies identify potentially effec-
tive preventive measures. Despite identification of associations 
and triggers, no prospective study addresses the issues of impact 
on quality of care or caregiver outcome, or effective management 
strategies once burnout occurs.

•• Standardized communication strategies appear key to ensure safety, 
effective functioning, and harmonious end-of-life decision making 
and care; physicians may not be natural leaders in establishing inter-
professional intensive care communication strategies. Communication 
should be considered a safety feature on par with infection control, 
and requires organization and buy-in from all stakeholders.
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mechanical ventilation, such as those experienced by Toronto teams 
during the SARS outbreak in 2004, or the H1N1virus in Montreal and 
Winnipeg in 2009. Such situations place two specific kinds of pressure 
on caregivers. The first is related to the sudden increase in the gap 
between demand and the capacity to accommodate critically ill patients. 
Triage of patients to select those most likely to benefit from critical 
care resources is in direct conflict with the covenant of trust between 
physicians and their patients. Models of triage, including third-party 
decision making, have been developed with the hope of aiding health 
care professionals with these difficult choices.19 The failure of these 
models to predict outcome accurately20 mirrors the poor performance 
of clinicians in predicting outcome in individual patients,21 and adds 
to the potentially challenging uncertainty that critical care caregivers 
face daily. The second stressor is the risk of exposure to infection dur-
ing outbreaks such as SARS and H1N1, and the variety of responses 
among physicians and nurses. Moral and professional obligation should 
apply to all members of an ICU team and to those providing them with 
protective equipment equally. When some workers come in to work and 
others do not, and some caregivers are infected with the epidemic virus, 
considerable tension emerges in the postcrisis period. Both of these situ-
ations (disasters and pandemics) constitute a small proportion of what 
critical care caregivers will face in a professional life span, but warrant 
mentioning because they have all the elements to provoke strain beyond 
that experienced under “normal” circumstances. Whether critical care 
caregivers are at risk for developing posttraumatic stress disorder or 
other adaptation difficulties, much like caregivers returning from war 
zones, is not clear.

This chapter will focus on two common areas described as challeng-
ing by nurses and physicians alike and which are specific to the critical 
care setting. These two areas are chosen empirically from a review of 
stressors in the critical care literature associated with burnout and care-
giver distress, because of their frequent occurrence and relative impor-
tance in the context of the critically ill. The first is establishing the level 
of care in a critically ill patient—withholding, withdrawing, or limiting 
critical care support. The second relates to effective communication.

In ICUs, considerable time and effort are devoted to delivering bad 
news, discussing the level of care to be provided to patients, discussing 
end-of-life (EOL) topics22 with patients and their close relatives, and 
guiding them through the process of deciding to withhold or withdraw 
life-support therapy when necessary.23-25 Senior medical residents often 
initially decide upon the level of care, medications, and treatment strat-
egies for newly admitted patients, and for those who develop further 
complications during their hospitalization. They spend a great amount 
of time at patients’ bedsides and engage them and their families in 
discussions.26 What trainees considered a meaningful EOL decision-
making experience was explored in a recent qualitative study involving 
critical care fellows.27 Their experience and the sociocultural context 
within which it occurred were thus considered. Negative experiences 
accounted for the majority (58%) of stories, followed by negative experi-
ences with positive learning opportunities (37%), while only 5% of the 
descriptions were positive. Descriptions of suffering were ubiquitous, 
and paralleled the perception of suffering in ICU patients. All inter-
viewees considered revisiting their difficult experiences as valuable. All 
expressed gratitude at the opportunity to tell their tale. A wide range of 
emotions was expressed by the participants.

Although some publications address the burden and distress of health 
care providers in ICUs,28,29 medical culture does not easily acknowl-
edge caregivers’ suffering as part of the EOL experience. Insistence 
that professionalism involves removing oneself from emotions refutes 
the dimension of caregiver suffering, and does not acknowledge the 
important impact emotions may have on day-to-day team interactions, 
learning, and professionalism. Most descriptive accounts of the deci-
sion-making process for physicians do not incorporate emotions into 
the paradigm.26 Deep emotional experiences, however, can be harnessed. 
They are associated with retention of information and can trigger a 
reflection process that shapes learning experiences.30

•• The specific context of pandemics and natural disasters impose 
a greater burden on critical care staff and require planning and 
postevent debriefing and caregiver follow-up.

•• The stress experienced by trainees exposed to critical care is essen-
tial to learning. Reflexive learning and the use of the narrative are 
useful in contexts where emotion and morality are part of the criti-
cal caregiver’s experience.

Caring for the sick can strain critical care caregivers. Long working 
hours and sleep deprivation can exhaust even the most energetic physi-
cians. Death is a constant companion to all critical care nurses, trainees, 
and doctors. Treatments are proffered, and decisions made that alter 
whether patients live or die. Families accompany patients, bringing with 
them their sorrow, anxieties, and conflicts. Teamwork, which is at the 
center of caring for the critically ill, can be disturbed by individuals, 
local culture, and demands exceeding the physical or organizational 
capacities of its members.

Although the stress experienced by critical care nurses has been 
explored in the nursing literature for decades, the first publication 
addressing stress lived by intensive care unit (ICU) physicians only 
appeared in 1986.1 Burnout, a negative consequence of stress, and of 
the individual’s response to it, is now understood to affect ICU physi-
cians2 and nurses3 frequently. Its incidence among physicians is roughly 
50% and correlates with overall burnout rates among all (critical care 
and noncritical care) physicians. This correlation suggests that despite 
stressors inherent to critical illness and its technology-focused environ-
ment, the balance between effort and reward4 may be no different than 
in other environments.

The correlation between stressors, burnout, and job dissatisfaction, 
and the personnel shortages in critical care should make stress and 
burnout a policy-driving issue, in addition to a caregiver’s health issue. 
Calls for recognition by professional societies, better organization, and 
proactive resolution of stressors within individual intensive care units5 
have not affected the daily challenges faced by caregivers. No prospec-
tive studies have validated the effectiveness of interventions that aim 
to minimize ICU physician burnout. Although several studies describe 
the point prevalence or self-report6 of burnout symptoms—with the 
limitation that self-reported angst may not correlate with psychological 
health7—no longitudinal studies of the natural history of burnout over 
time could be found at the time of this writing. Some data suggest that 
nurses can gain insight into stress and coping with it from educational 
seminars,8 but whether this translates into long-term benefit to them, 
physician trainees, or other medical staff is not clear.

Nurses report futility in aggressive care as an important stressor,9 
and conflict and lack of communication as important determinants of 
professional well-being. Physicians, on the other hand, are more affected 
by workload, conflict and communication issues with peers, but not 
by communication with nurses.10 Caregiver gender,11 resilience,12 and 
personality13 probably play a role in handling work-related challenges 
and developing burnout as well. A healthy work climate can improve 
personnel retention and professional satisfaction in all team members.14 
Effective multidisciplinary teams are associated with lower patient 
mortality.15 Conversely, and in the context of the medical crises that 
characterize critical care, entire team performances and perceptions can 
be affected by one or more individuals.16 A healthy professional envi-
ronment thus seems a sensible goal from every perspective. Strategic 
implementation of communication strategies around end-of-life issues 
minimize conflict and appear to improve burnout rates.17 Once burnout 
occurs, no intervention has unequivocally been shown to be effective.18

Additional tension can be placed upon entire health care delivery 
systems in situations of natural disaster, such as those experienced by 
caregivers during Hurricane Katrina in New Orleans in 2005, or dur-
ing outbreaks of infectious diseases during which more patients require 
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The narrative as a means to better understand any experience—
particularly a difficult one—has long been used by medical anthropolo-
gists.31 Nursing literature has incorporated the narrative as a reflexive 
learning tool.32 The narrative is also helpful in healing following difficult 
experiences, for example, in survivors of critical illness.33 In traumatic 
events such as in those exposed to conflict or war, narrative is considered 
a treatment that involves emotional exposure to the memories of trau-
matic events and the reorganization of these memories into a coherent 
chronological story.34 Narratives are based on the teller’s personal values, 
cultural beliefs, and emotions, and legitimize the narrator’s reasoning.35 
Medicine, after all, combines rational and irrational elements, joining 
attention to the body with concern for the moral dimensions of sickness 
and suffering.36 The tales physicians tell are always those of their patient’s 
illness or disease, and not their own. Narratives by trainees and caregiv-
ers in meaningful or difficult end-of-life decision-making situations may 
be helpful in fostering introspection, learning, and resolution of difficult 
experiences. Alleviation of stress may lie in the simple telling of the tale.

The American Association of Critical Care Nurses considers commu-
nication, consisting of exchange of information or respectful dialogue, 
as the most important element in establishing and sustaining a healthy 
work environment.37 Teamwork, however, means different things to 
physicians and nurses.38 Creating a culture that encourages communica-
tion, and incorporates the discussion of patient safety issues during ICU 
rounds, has been touted as a potential aid in ICU adverse event reduc-
tion,39 and certainly effective communication between physicians and 
nurses is linked to fewer errors.40 Since ICU conflicts appear to be inde-
pendent predictors of severe burnout in both physicians and nurses,25 
communication strategies are useful during end-of-life care and in 
the prevention and management of ICU conflicts. Most publications 
addressing communication in the ICU, and aimed at physicians, particu-
larly around end of life, focus on the physician’s ability to communicate 
with the family or decision makers.41 In contrast, the nursing literature 
implicates poor communication as one of the most important causes of 
moral distress among the staff.42 Nursing assessments of quality of care 
are strongly related to their perception of collaboration. Physicians may 
not be natural leaders in establishing interprofessional intensive care 
communication strategies. An initiative that considers communication 
as a safety feature on par with infection control would require orga-
nization and buy-in from all stakeholders.43 If such an initiative were 
mandated, a prospective evaluation on the well-being of caregivers in 
the ICU could determine whether improved communication strategies 
could alleviate the stressors associated with burnout.
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KEY POINTS

•• Family members of ICU patients often serve as surrogate decision 
makers and are at high risk to develop long-term psychological prob-
lems, such as depression, anxiety, and posttraumatic stress disorder.

•• Proactive communication has been shown to be an important 
factor improving satisfaction and lower psychological burden in 
families of patients dying in the ICU (end-of-life situation).

•• It can be assumed that around 50% of family members do not 
understand the diagnosis, prognosis, and treatment of their loved 
ones. Better information and higher completeness of information 
have been shown to result in increased family satisfaction.

•• Relatives’ preference for involvement in the decision-making pro-
cess varies. Physicians should respect their preference and adapt 
the family conference accordingly.

•• Family conferences can be improved if (a) they occur promptly 
after ICU admission of the patient, (b) information is consistent 
across treating teams, (c) there is an adequate room for the confer-
ence with privacy and good atmosphere, and (d) health care work-
ers ensure that in an end-of-life situation the patient will not suffer 
and provide explicit support for decisions made by the family.

•• Empathic statements and more time listening to family members 
(and less time talking by health care workers) improve families’ 
experiences in the ICU.

INTRODUCTION
In recent years, the focus of health care workers in the critical care 
settings has broadened from looking at disease only to patient- and 
family-centered care. In line with this, the Institute of Medicine defines 
high-quality care as safe, timely, efficient, effective, equitable, and 
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patient centered,1 which includes family-centered care. Put another way, 
patient- and family-centered care is an intrinsic part of the delivery of 
high-quality health care.

Family-centered care is particularly important in an intensive care 
setting because patients are frequently unable to participate in their 
care due to sedation, delirium, and their degree of illness. Thus, fam-
ily members frequently serve as surrogate decision makers, a role that 
brings enormous pressure and may result in significant psychological 
burden and long-term morbidity. Clinical research has demonstrated 
that proactive communication and high level of care for relatives can 
lower their psychological burden and prevent posttraumatic stress dis-
order (PTSD), anxiety, and depression in this population. In this chapter, 
we will discuss principles of caring for families of ICU patients, an area 
of evolving importance.

THE PROBLEM: PSYCHOLOGICAL BURDEN OF 
CRITICAL CARE ON PATIENTS’ RELATIVES
Families of ICU patients are at a surprisingly high risk of developing 
long-term psychological problems, as well as somatic illnesses, as a 
direct result of their family members’ ICU stay and illness. It has been 
demonstrated that up to 80% of families of critical care patients suffer 
from deleterious effects from their ICU experience.2 Family members 
are at increased risk for anxiety and depression, which may manifest 
during the initial ICU stay of the patient, but may also persist for a long 
time or appear only after discharge or death of the patient.3-5 Up to 70% 
of family members of ICU patients show symptoms of anxiety. Similarly, 
symptoms of depression are found in up to 35% of all patients, and in up 
to 50% in families of patients who do not survive.4,5

Further, family members are at high risk for PTSD, a particularly 
disabling form of psychological morbidity. Moreover, this may manifest 
months after ICU discharge of their loved ones. Symptoms consistent 
with PTSD can be found in roughly 30% of relatives within 3 months 
after leaving the ICU or after the death of the patient.6 Some experi-
ences bring a higher risk of PTSD: rates of up to 50% are found among 
relatives who felt that information provided by the clinical staff were 
incomplete, or when the patient died in the ICU. End-of-life decision 
making brings a particularly high risk of posttraumatic stress symptoms 
in family members: up to 60% of relatives of patients dying in the ICU 
after end-of life decision making may experience these symptoms, espe-
cially if they were involved in the shared decision-making process (80%). 
PTSD in relatives of ICU patients is usually associated with symptoms  
of anxiety and depression, leading to an important decrease in the 
quality of life.3,6

HIGH-RISK SITUATIONS FOR RELATIVES 
TO DEVELOP PSYCHOLOGICAL PROBLEMS
There are different factors associated with the risk of relatives of ICU 
patients developing psychological problems in the short and long term. 
These include patient factors such as age of the patient and type of medi-
cal condition (eg, end-of-life situations), relatives’ factors (eg, vulnerabil-
ity and relationship with patients), and health care provider/institutional 
factors (eg, type of ICU, communication and interaction with health care 
workers). While patient- and relative-specific factors can typically not be 
influenced, satisfaction with health care providers and with the overall 
ICU experience can be improved and may translate into better outcomes 
of relatives. The following institutional and provider risk factors for fam-
ily dissatisfaction have been identified, among others: more than two 
ICU physicians and/or different nurses on two consecutive days caring 
for the patient.7 In addition, dissatisfaction with the following items 
predicted overall low satisfaction with ICU care: perceived competence 
of nurses, concern and caring by intensive care unit staff, completeness 
of information, the decision-making process, frequency of physician 
communication, and the atmosphere of the intensive care unit and the 
waiting room.8,9 There are also family- and patient-related risk factors 

for family dissatisfaction with ICU care, such as living in the same city 
as the hospital, disagreement within the family regarding care, hav-
ing a cardiac comorbidity but being hospitalized in a noncardiac-care 
intensive care unit, and living in a different household than the patient.8 
Conversely, proactive communication as well as respect and demon-
strated compassion are important factors improving satisfaction in  
families of patients dying in the ICU. In addition, family satisfaction 
increases with the duration of life-support withdrawal.10

MEASURING THE QUALITY OF THE 
CRITICAL CARE EXPERIENCE
Because of this close correlation, many authorities advocate that satis-
faction with care must be a central outcome measure in critical care.11-13 
From a systematic viewpoint of improvement, measurement of the 
ICU experience is a key aspect of quality improvement. In our view, 
measurement of patient satisfaction alone is likely to be systematically 
biased and incomplete. First, many patients are unconscious for long 
periods of their ICU stay, related both to their underlying disease and 
to therapeutic use of sedative medications. Second, many patients are 
delirious during their ICU stay. Third (and perhaps most important), 
a significant fraction of ICU patients die and are therefore unable to 
respond to patient satisfaction surveys. Similarly, patients who remain 
delirious, on mechanical ventilation, or neurologically injured after 
their ICU stay are unlikely to be able to respond to patient satisfac-
tion surveys. Instruments that measure only patient satisfaction would 
systematically underreport the experience of these patient groups. And 
yet we care very much about the quality of the ICU experience in all of 
these circumstances.

It is therefore important to assess and measure relatives’ satisfaction 
with care in the ICU setting. Because most ICU patients have a fam-
ily member or surrogate involved in their care during their ICU stay, 
measurement of these family members’ experience is less subject to 
the systematic biases described above. Different instruments are suited 
for this purpose of quantifying satisfaction with care (summarized in 
Table 17-1). The Critical Care Family Needs Inventory (CCFNI) was 
one of the first questionnaires used for this purpose.14 However, it did 
not include satisfaction with the decision-making process, an item that 
has been shown to be of utmost importance. Two other instruments 
include this dimension: the Critical Care Family Satisfaction Survey 
and the Family Satisfaction in the ICU (FS-ICU) instrument. The 
FS-ICU is a well-validated instrument designed to measure satisfac-
tion with the critical care experience over different domains.11,15 Items 
in the questionnaire were generated from a conceptual framework of 
patient satisfaction, quality care at the end of life, research on needs 
of families, dissatisfaction with medical decision making, among oth-
ers. The Critical Care Family Satisfaction Survey, finally, is a 20-item 
questionnaire focusing on assurance, information, proximity, support, 
and comfort.16

In addition to instruments measuring satisfaction of family members 
with ICU care, other instruments have been validated to measure the 
burden of families in domains such as anxiety, depression (HADS), sub-
jective distress (IES, IES_R), and aspects of dying experience (QODD). 
There are also instruments to measure comprehension of family mem-
bers in the ICU, which allow health care workers to provide additional 
information when needed, but they have not been formally validated.17  
Table 17-1 shows advantages and limitations of these instruments 
adapted from Kentish-Barnes and colleagues.2

PRINCIPLES OF CARING FOR FAMILIES: STRATEGIES FOR 
PREVENTING PSYCHOLOGICAL STRESS AND DAMAGE
How can we reduce the psychological impact of an ICU stay on families? 
Researchers have investigated a number of avenues that we briefly detail 
in this section. First, to actively participate in the process of decision 
making, relatives must comprehend what is going on. There is evidence 
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  TABLE 17-1    Validated Instruments for Assessing Family Burden in Relatives of ICU Patients

Domains Satisfaction Anxiety/Depression Stress Dying/Death 

Selected instruments CCFNI, FS-ICU, CCFSS HADS IES and IES-R QODD

Clinical use Identifying family needs. Family sat-
isfaction is influenced by patient care, 
information, cohesion of the ICU team, 
organization of the ICU, and support dur-
ing the decision-making process

Detects symptoms of anxiety and 
depression, as opposed to syn-
dromic anxiety and depression

Assesses subjective distress: 
intrusion and avoidance of 
thoughts/ impressions/activities 
or people associated with the 
traumatic event

Assesses aspects of the dying 
experience that are important to 
patients and their families

Strengths CCFNI: well validated with a shorter and 
easy-to-use revised version. FS-ICU: well 
validated and correlated with family-
QODD

Reliable, valid, easy-to-use and 
practical; anxiety and depression 
subscales are independent from 
each other; validated cutoffs

Valid, reliable, and responsive; 
can be completed easily during a  
telephone interview

Valid and reliable; good internal 
consistency; systemic approach  
(relatives, nurse, and physician  
surveyed); specific ICU question-
naire

Caveats CCFNI: no items on satisfaction with deci-
sions. CCFSS: limited research experience

Not specific for the ICU Not a diagnostic tool for PTSD; 
IES-R has not been validated in 
ICU patients or relatives

Settings for use Autoquestionnaires; can be sent  
by postal mail

Autoquestionnaire; can also be 
administered during a face-to-
face or phone interview

Self-assessment questionnaire;  
ideally assessed 3-6 months after 
ICU discharge or death

Interviewer-administered 
questionnaire

CCFNI, Critical Care Family Needs Inventory; CCFSS, Critical Care Family Satisfaction Survey; FS-ICU, Family Satisfaction in the Intensive Care Unit Questionnaire; HADS, Hospital Anxiety and Depression Scale; ICU, 
intensive care unit; IES, Impact of Event Scale; IES-R, Impact of Event Scale-Revised; PTSD, posttraumatic stress disorder; QODD, Quality of Dying and Death instrument.

Adapted with permission from Kentish-Barnes N, Lemiale V, Chaize M, Pochard F, Azoulay E: Assessing burden in families of critical care patients. Crit Care Med. October 2009;37(suppl 10):S448-S456.

that up to 50% of family members do not understand the diagnosis, 
prognosis, and treatment of their loved ones.2,17-19 Poor comprehension 
is often due to insufficient information time provided by clinicians, 
and high complexity of information. Techniques such as “check-backs” 
about whether families understand the information provided may 
help, but are used infrequently. For example, in one detailed study of 
family conferences, physicians only rarely assessed whether families 
understood information relevant to the decision at hand; in fact, this 
was the least frequently discussed element of shared decision making 
studied.20 Effective information is therefore important to improve not 
only the comprehension of relatives but to optimize shared decision 
making for relatives, acting as surrogate decision makers. Furthermore,  
better information and higher completeness of information has been 
shown to result in increased family satisfaction and helps meet their 
expressed needs.7,8,21,22

Communication between families and the treating ICU physicians 
often takes place in family conferences. These conferences are para-
mount for discussing diagnosis, prognosis, treatment, and for shared 
decision making. This is particularly important in relatives of ICU 
patients, since these patients often are unconscious and relatives serve 
as surrogate decision makers. Therefore, effective communication with  
relatives not only reduces stress on families but also improves medical 
decision making and outcomes for the critically ill patient. Communi
cation between physicians and families of ICU patients often do not 
meet basic standards of informed decision making20 and health care 
systems often provide inadequate support for family members.23 Because 
relatives’ preference for involvement in the decision-making process 
varies, it is important to explore their preferred role in this regard and 
tailor the communication strategy accordingly.24,25 This, however, is 
often missing in real life.24,25

There are several features and issues during family conferences which 
are important and may influence satisfaction of family members. First, 
conferences should occur promptly. Conferences held within 72 hours of 
ICU admission result in higher satisfaction with care and lower lengths 
of ICU stay without changes in mortality.26 Second, all members of the 
health care team should provide consistent information. This can be 
hard to accomplish with a multidisciplinary team with many consul-
tants, but remains important nonetheless. There should be an adequate 
private room for the conference.4 Preconference “huddles” among 
health care workers may help find consensus among the team in terms 

of prognosis and treatment strategy.27 Further, it is important to assure 
relatives that patients in an end-of-life situation will not suffer and to 
provide explicit support for decisions made by the family.28

Also, the communication style is very important and is not only 
associated with quality of care, but also with family satisfaction with 
communication and the extent of psychological burden. Empathic 
statements and more time listening to family members (and less time 
talking by health care workers) improves families’ experiences.29,30 This 
is particularly important and well studied in end-of-life situations, but 
may also apply to relatives of all ICU patients given that even families 
of surviving ICU patients are at increased risk to develop psychological 
symptoms and morbidities compared to the general population.6

What is known about interventions to improve psychological out-
comes for patients and families at high risk of death? First, we know of 
a few things that do not work. A seminal study conducted in the early 
1990s (SUPPORT) studied 9,105 seriously ill hospitalized US patients 
and showed that there were serious problems with physician-patient 
communication in this population, but also showed that an intervention 
consisting of a specially trained nurse outside the usual health care team 
had no impact on patient-centered outcomes.31 More recently, a ran-
domized study using videotaped, simulated family conferences assessed 
whether how the physician conveyed prognosis mattered. In this study, 
surrogates were randomized to a conference that included either numer-
ical estimates of the risk of death (“90% chance of dying”) or qualitative 
estimates (“very unlikely to survive”). This had essentially no effect: 
neither the surrogates’ understanding of the physician’s prognostication 
nor their personal estimation of the likelihood of survival varied based 
on how prognosis was conveyed.32 Finally, a large cluster-randomized 
trial involving 12 hospitals focused on a quality improvement interven-
tion for patients dying in the ICU. This complex intervention included 
clinician education about palliative care and communications, develop-
ment of local champions, academic detailing of ICU leaders, feedback 
of performance data to ICU clinicians, and system supports such as 
palliative care order sets. This resulted in no detectable change in family 
satisfaction or in the family-rated quality of dying and death.33

On the other hand, another strategy focused on ICU patients at the 
end of life was conducted in 22 ICUs in France. This approach random-
ized families to either usual care or a strategy that included both a proac-
tive end-of-life conference and a bereavement brochure. Interviewed 90 
days later, families in the intervention groups had fewer posttraumatic 
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  TABLE 17-2   � Principles of Proactive Communication During a Family 
Conference: The VALUE Checklist

VALUE family members

V: Value family statements

A: Acknowledge and address family emotions

L: Listen and respond to family members

U: Understand the patient as a person 

 - Explore and focus on patient values and treatment preferences

E: Elicit family questions

  TABLE 17-3   � Commonly Recommended Approaches to Supporting the Families  
of Critically Ill Patients

Provide support—and supportive environments—for families.

•	 Be attentive to providing a comfortable ICU environment and waiting room.42

•	 Offer social work and clergy/chaplaincy support.37,43,44

•	 Strongly consider open visiting hours for families.37,45

•	 Strongly consider encouraging families to participate in ICU rounds when desired.37,45

Communicate routinely and consistently with ICU patients and families.

•	 Begin family conferences within 48-72 hours of ICU admission.37,45

•	 Conduct multidisciplinary family conferences using the VALUE approach (Table 17-2)34 
in a private room.24

•	 Provide culturally competent care, taking into account communication preferences of 
patients and families.37

•	 Ensure that the entire multidisciplinary team provides consistent information to patients 
and families about diagnosis, prognosis, and the plan of treatment.37,45

Care for patients during the dying process, and for families after the death of a loved one.

•	 Palliative care should be a formal part of critical care education, and palliative care con-
sultation sought routinely and when needed.37

•	 Provide bereavement services and follow-up care for family members whose loved ones die.37

stress symptoms, less depression, and less anxiety.34 The proactive com-
munication strategy used included an end-of life family conference 
according to specific guidelines25,29,35,36 and concluded with the provision 
of a brochure on bereavement. What is particularly useful for practi-
tioners is that the authors integrated the key communication elements 
into a mnemonic and checklist—the VALUE checklist24,34 (summarized 
in Table 17-2). This checklist specifies the following five objectives: to 
Value and appreciate what the family members said, to Acknowledge 
the family members’ emotions, to Listen, to ask questions that would 
allow the caregiver to Understand who the patient was as a person, 
and to Elicit questions from the family members. In this randomized, 
controlled trial, use of this instrument significantly reduced family 
members’ subsequent anxiety, depression, and PTSD.

Several other items are commonly recommended for support of 
the family of ICU patients. Although generally based on lower qual-
ity of evidence than randomized controlled trials, many of these make 
intuitive sense, are associated with little risk, and require few additional 
resources. These items were the subject of a 2004-2005 American 
College of Critical Care Medicine Task Force and are published as a for-
mal clinical practice guideline.37 A number of these recommendations 
are summarized in Table 17-3.

TREATING FAMILY CONFERENCES LIKE PROCEDURES
From an operational standpoint in our own practice—particularly when 
teaching trainees—we have found it helpful to conceptualize family 
conferences like invasive procedures. Why? They have many things 
in common. Like invasive procedures, family conferences have high 
risks of causing significant harm if done incorrectly. There should be a 

huddle and “time-out” by clinicians and others just before the meeting 
begins, in order to ensure consistent information and messages. There 
are a series of procedural best practices and techniques (eg, the VALUE 
approach and others) that are associated with higher-quality outcomes 
from the conference itself. Family conferences should often be attend-
ing supervised, rather than conducted by unsupervised novice trainees 
with little experience. The procedure itself can be taught and assessed 
using high-fidelity human simulation.38-40 Finally, when the conference 
is complete, a note about the conference should be written in the medi-
cal record.41

CONCLUSIONS
Patient- and family-centered care is an integral part of providing 
high-quality care in the ICU. Family members of ICU patients are  
at high risk for developing long-term, significant morbidity from the 
ICU experience, with astonishingly high rates of depression, anxiety, 
and posttraumatic stress disorder. ICU providers and directors should 
be particularly attentive to creating supportive environments for the 
families of ICU patients and creating policies and routines that support 
the family. Besides improving the physical environment (waiting rooms 
and ICU rooms), ICUs can create policies that provide families access to 
consistent information about their loved ones’ care: experts commonly 
recommend open visiting hours and family presence in ICU rounds. 
Stronger levels of evidence support focusing on routine, early family 
conferences and on conducting family meetings using a structured 
approach summarized in the VALUE mnemonic: Value and appreciate 
what the family members said, Acknowledge family members’ emotions, 
Listen to what family members say, ask questions that allow providers to 
Understand who the patient is as a person, and to Elicit questions from 
the family members.

KEY REFERENCES

•• A controlled trial to improve care for seriously ill hospitalized 
patients. The study to understand prognoses and preferences for 
outcomes and risks of treatments (SUPPORT). The SUPPORT 
Principal Investigators. JAMA. 1995;274(20):1591-1598.

•• Azoulay E, Pochard F, Chevret S, et al. Half the family members of 
intensive care unit patients do not want to share in the decision-
making process: a study in 78 French intensive care units. Crit 
Care Med. 2004;32(9):1832-1838.

•• Curtis JR, Nielsen EL, Treece PD, et al. Effect of a quality-
improvement intervention on end-of-life care in the intensive 
care unit: a randomized trial. Am J Respir Crit Care Med. 
2011;183(3):348-355.

•• Curtis JR, Sprung CL, Azoulay E. The importance of word choice 
in the care of critically ill patients and their families. Intensive Care 
Med. 2014; 40:606-608.

•• Curtis JR, Vincent JL. Ethics and end-of-life care for adults in the 
intensive care unit. Lancet. 2010;376(9749):1347-1353.

•• Curtis JR, White DB. Practical guidance for evidence-based ICU 
family conferences. Chest. 2008;134(4):835-843.

•• Hunziker S, McHugh W, Sarnoff-Lee B, et al. Predictors and 
correlates of dissatisfaction with intensive care. Crit Care Med. 
2012;40(5):1554-1561.

•• Kentish-Barnes N, Lemiale V, Chaize M, Pochard F, Azoulay E. 
Assessing burden in families of critical care patients. Crit Care 
Med. 2009;37(10 suppl):S448-S456.

•• Lautrette A, Darmon M, Megarbane B, et al. A communication 
strategy and brochure for relatives of patients dying in the ICU.  
N Engl J Med. 2007;356(5):469-478.

Section01.indd   119 1/22/2015   9:37:47 AM

http://www.myuptodate.com


PART 1: An Overview of the Approach to and Organization of Critical Care120

is to improve the quality of life through the relief of suffering in each 
of its major domains: physical, emotional, psychosocial, and spiritual. 
Thus, follows the second principle that palliative care is provided by 
an interdisciplinary team that generally includes the professions of 
medicine, nursing, social work/counseling, and chaplaincy. The third 
principle is that the patient and family are the focus of care rather than 
the patient individually. An important feature of palliative care for 
ICU clinicians to understand is that it can be offered simultaneously 
with aggressive efforts to extend life and does not impose an “either-or 
choice” between conventional critical care and palliative care.

Given the substantial risk of death for many critically ill and injured 
patients, ICU clinicians can enhance important aspects of patient and 
family outcomes by considering how to integrate these principles into 
their practices. Although not focused primarily on the relief of suffering, 
critical care has increasingly begun to value the importance of symptom 
management,2-4 emotional and psychological outcomes,5 and psychoso-
cial support.6-8 More generally, investigation into health-related quality 
of life following critical illness has identified important deficiencies9,10 
especially when considered in the context of the substantial resources 
invested. For example, a prospective, cohort study of 126 patients desig-
nated as chronically dependent on mechanical ventilation found that at 
1 year only 9% were alive with a good outcome at a cost of $3.5 million  
per independently functioning survivor.10 These findings raise the 
notion that critical care may need to evolve and expand its purview into 
post-ICU issues of survivorship, analogous in some ways to emerging 
focus on cancer survivorship.11

Effective interdisciplinary care has proven value in intensive care 
units.12,13 Furthermore, patients and families report that interdisciplinary 
collaboration is a key element to good end-of-life care,14 yet the value 
that intensivists place on nursing involvement in end-of-life decisions 
is variable as documented in an international survey. A questionnaire 
completed by 1961 intensivists found that only one-third of surveyed 
intensivists in the United States, Brazil, Japan, and Southern Europe 
would involve nursing in end-of-life decision making for a hypotheti-
cal patient without a surrogate decision maker as compared to 62% in 
Northern and Central Europe.15 In addition, interdisciplinary conflict 
around end-of-life care in ICUs is associated with increased professional 
burnout, depression, and posttraumatic stress among ICU clinicians, 
which should further prompt intensivists to work toward improving 
interdisciplinary collaboration around end-of-life care in ICUs.16-18

While the three main principles of palliative care are relevant to the 
practice of quality critical care, two recent randomized, controlled trials 
of interventions designed to integrate fundamental aspects of palliative 
care such as basic communication techniques for critical care clinicians 
into existing ICUs systems of care have not shown significant improve-
ments.19,20 These studies suggest that significant improvements may 
require more in-depth interventions as well as involvement of palliative 
care specialists in the care of these patients and families.

Fortunately, palliative care is emerging as a separate medical sub-
specialty that can be offered in conjunction with conventional critical 
care. Hospice and Palliative Medicine was recognized as a new medical 
subspecialty by the American Board of Medical Specialties in 2005 and 
in the United States the growth of palliative care programs in acute care 
hospitals has been substantial with 30% of US hospitals and 70% of 
hospitals with greater than 250 beds offering palliative care programs in 
2005, representing a 96% increase since 2000.21 Palliative care consults 
reduce physical and psychological suffering,22-24 increase patient and 
family satisfaction,23 reduce costs among patients who die,21 and increase 
survival in outpatient populations.24,25

Specific to critical care, several studies have found that proactive 
approaches to palliative care and/or ethics consultations reduce both 
ICU length of stay (LOS) and the use of specific, aggressive ICU thera-
pies among patients who died in the ICU26-30 and one multicenter, ran-
domized, controlled trial found that proactive ethics consultations could 
achieve reductions in hospital LOS, ICU LOS, and days of mechanical 
ventilation among decedents.31 Importantly, none of these investigations 
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THE ROLE OF PALLIATIVE CARE IN THE ICU

■■ DEFINING AND UNDERSTANDING PALLIATIVE CARE IN THE ICU
Palliative care is a unique approach and a distinct model of clinical 
care when compared to conventional care. It focuses on patients with 
serious, life-threatening illness and is characterized by three main prin-
ciples.1 The first principle is that the overarching goal of palliative care 
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KEY POINTS

•• 	Approximately 20% of deaths in the United States are associated 
with or occur in an intensive care unit and a substantial majority 
of these deaths will have some aspect of intensive care treatment 
either withheld or withdrawn. High-quality care for patients dying 
in the ICU should incorporate the principles and practice of pal-
liative care and therefore intensive care unit clinicians should 
familiarize themselves with basic aspects of palliative care.

•• 	High-quality communication with critically ill patients and their fam-
ily is an essential skill for ICU clinicians and one component of pallia-
tive care. Communication about end-of-life issues requires navigating 
cognitive, emotional, and ethical elements of decision making.

•• 	The use of structured, patient- and family-centered approaches to 
end-of-life communication improves outcomes among family of 
deceased ICU patients.

•• 	The provision of high-quality palliative care requires a multidisci-
plinary approach to effectively address physical, psychosocial, and 
spiritual suffering.

•• 	An ideal model for palliative care in the ICU should include inte-
grating principles of palliative care into routine ICU practice as 
well as the use of palliative care, ethics, and spiritual support teams 
for some patients and family members.

•• 	Withdrawing or withholding life-sustaining therapy is widely 
accepted and common in the United States. This practice should 
adhere to the standards for quality medical care including appro-
priate documentation, attention to detail, an explicit plan for 
addressing patient, family, and clinician needs, and interdisciplin-
ary implementation. An institutional protocol may help achieve 
these standards.
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found a difference in overall mortality between their control and inter-
vention groups suggesting proactive, palliative care interventions do 
not shorten survival. Furthermore, each found high rates of acceptance 
among ICU clinicians and families.

■■ THE INTERFACE BETWEEN CRITICAL CARE,  
END-OF-LIFE CARE, AND PALLIATIVE CARE

In the United States, 22% of deaths are associated with an ICU admis-
sion,32 an observation that may seem incongruous with the notion of 
intensive care as representing aggressive attempts at cure. However, 
given that the leading causes of death in the United States often incor-
porate a trajectory that includes an unexpected and potentially revers-
ible decline, it becomes understandable why a substantial proportion of 
US deaths are accompanied by ICU admissions. The top four causes of 
death for Americans today are chronic health conditions and include 
heart disease, cancer, stroke, and chronic respiratory diseases.33

The trajectory of declining health status preceding death has been con-
ceptualized as assuming one of several patterns.34,35 The most common 
pattern is of chronic illness with progressive organ failure punctuated by 
acute exacerbations and incomplete improvement. Examples of condi-
tions that often assume this pattern include congestive heart failure and 
chronic respiratory diseases. A second common pattern is observed in 
terminal conditions such as advanced cancer where patients often expe-
rience good functional status until an acute, rapid decline followed by 
death. Frailty that may accompany advanced age or progressive demen-
tia generally imposes a poor functional status over an extended period 
of time prior to death.

Acute care hospitalizations may occur at any stage during declining 
health status and especially during an acute exacerbation of a chronic 
health condition. These three conceptual representations of health status 
prior to death, combined with inherent uncertainty in prognostication, 
help explain why the majority of Americans die in an institutional setting. 
Fifty-eight percent of Americans die in an acute care hospital, 21% die in 
a nursing home or other chronic care facility, and 21% die at home.36 The 
reliance on acute care hospitals as the location for end-of-life care often 
encourages the option of an ICU admission, and in fact having increased 
ICU resources available is a significant predictor of using critical care ser-
vices during a terminal hospitalization.37 Thus, ICU clinicians often find 
themselves providing end-of-life care to many ICU patients and families 
during their careers. Improved communication about end-of-life care 
and advance care planning may help limit terminal ICU admissions for 
some patients,38 but the ICU will always remain a setting where death and 
end-of-life care are relatively common. Furthermore, many patients who 
survive the ICU will also have important palliative care needs. Therefore, 
critical care clinicians must become skilled at providing palliative care.

PROVIDING PALLIATIVE CARE  
IN INTENSIVE CARE UNITS
Whether the end-of-life care provided in ICUs is also palliative care is an 
important distinction and as described above should necessarily include 
the three main principles of palliative care: relief of suffering, collabora-
tive interdisciplinary care, and patient/family-centered care. Assistance 
from formal palliative care or ethics teams can be beneficial. Asking 
whether improved palliative care should be achieved through involve-
ment of palliative care specialists or training in palliative care for critical 
care clinicians raises a false dichotomy: High-quality palliative care in 
the ICU will require both approaches simultaneously.39 Discussed below 
are approaches that ICU clinicians can integrate into their practices to 
better meet the palliative care needs of their patients including improv-
ing communication, pain management, and spiritual support.

■■ COMMUNICATION
Effective communication between patients, families, and clinicians in 
ICUs is a cornerstone to providing patient/family-centered care, yet 

significant deficiencies in the quality of communication40,41 as well as 
resultant adverse psychological outcomes among families have been 
reported.42 Analyses of audiotaped ICU family conferences have found 
specific opportunities for improvement including listening and respond-
ing to questions, providing emotional support, and addressing palliative 
or ethical principles.43 Other analyses of these data found that when 
physicians spoke less and families spoke more during ICU family con-
ferences, families’ ratings of the quality of communication were higher.44 
Notably, families of patients who survive report less satisfaction with 
communication than families of patients who die, suggesting a broad 
opportunity for improvement in communication regardless of antici-
pated survival status.45

Communication about end-of-life care in the ICU can be especially 
challenging. This communication is complicated by several factors: 
There is typically reliance on surrogate decision makers,46 ICU clinicians 
often lack a longitudinal relationship with the patient and family, and 
the time between consideration of end-of-life care and death is often 
brief.47 An important objective of communication about end-of-life care 
in the ICU is to determine the goals of care for the patient. Physicians 
have an obligation to provide information on the diagnosis and progno-
sis whereas families are generally the best source of information about 
patients’ beliefs and values. The recommended framework for end-of-
life decisions is a shared decision-making model in which the physician 
and family jointly assume responsibility for decisions about end-of-life 
care.48,49 Substantial variation, however, is observed in the degree to 
which families want to be responsible for decisions about end-of-life 
care. Some family members favor a shared decision-making role with 
physicians50,51 whereas others do not wish to be involved in decision 
making or conversely prefer the physician not be involved in decision 
making.52-54 There is also substantial variation in the degree to which 
physicians report involving families in ICU discussions about end-of-
life care. Families in the United States are traditionally more involved in 
these decisions than families in Europe55 and nearly 100% involvement 
among families is reported in some Asian countries.56,57

In order to accommodate the variation in preferences among families, 
one recommended procedure is offered in Figure 18-1.58,59 This approach 
begins with a default position of shared decision making. The physician 
assesses prognosis and the degree of prognostic certainty and offers to 
assume a greater burden of decision making as prognosis worsens and 
certainty increases. This framework assumes a certain degree of confi-
dence in physician prognostication, which has limitations, but is none-
theless important for families to make informed choices.

Autonomy or
family decides 

Shared decision
making 

3. Adapt strategy based on patient and family factors  

2. Assess family preference for role in decision making

1. Assess prognosis and certainty 

Default starting place of shared decision making

Spectrum of family role in decision making

Parentalism or
doctor decides 

Figure 18-1.  Three-step approach to patient- and family-centred decision making, which 
advocates for a default starting place of shared decision making that can be modified by prog-
nosis and certainty of prognosis and also by family preferences for role in decision making.58,59
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The second step is to assess family preferences in decision making 
and finally to adapt the strategy to both the clinical context and fam-
ily preferences. Significant communication skills are necessary to align 
clinicians and families around shared goals of care and implement this 
decision-making framework, and most physicians have not received 
formal education or training in communication.60,61 Fortunately there 
are descriptive reports and clinical trials that provide insights into how 
ICU clinicians should approach family conferences.58,62

After evaluating 21 articles representing 16 unique interventions, 
a systematic review of interventions to improve ICU communication 
identified two recurring themes associated with improved outcomes.62 
First, the use of a structured approach to communication with fami-
lies improves patient- and family-centered outcomes and timing of 
decisions about major treatments. The VALUE mnemonic detailed in 
Table 18-1 is a useful tool for clinicians demonstrated, in a randomized 
trial, to improve family-centered outcomes of emotional distress and 
lessen the use of nonbeneficial ICU therapies.63 Table 18-2 provides 

additional guidance for a structured and evidence-based approach to 
communication during ICU family conferences.59 The three stages of 
an ICU family conference include activities prior to the conference, 
during the conference, and following the conference. Prior to the family 
conference, consensus should be achieved among the clinicians treat-
ing the patient to ensure consistency and avoid confusion. The setting  
for the conference should include a private, quiet location free from 
distractions,64 and each person present should introduce themselves and 
describe their relationship, whether clinical or personal, to the patient.

The physician usually opens the conference and a strategy to achieve 
family-centered communication starts by asking the family their per-
ception of the patient’s status including diagnosis and prognosis.65 This 
should be followed by active listening and offering families adequate 
time to speak.44 Then the physician often provides medical information; 
it is important to do this using language the family understands and con-
firm their understanding. The conversation should center on what the 
patient’s values and treatment preferences would be in the current clini-
cal context.43 The use of empathetic statements66 and acknowledging and 
addressing family emotions can improve family experiences.43 Families 
should be assured that the patient will not suffer or be abandoned prior 
to death66 and receive explicit support for their decisions.67 The conclu-
sion of a family conference should include summarizing the discussion 
and decisions, asking for questions, affirming family decisions,67 and 
arranging for follow-up as necessary.

After the family conference, it is important to establish that the fam-
ily understands the information provided and the treatment plans and 
knows how to contact the clinical team if additional questions arise. The 
role of nurses during and following ICU family conferences is important 
as nurses often find themselves functioning as the front line for family 
questions and concerns.

The second theme identified in the systematic review of interventions 
to improve ICU communication was the provision of printed information 
to families. This practice increases family comprehension and reduces 
emotional distress associated with ICU hospitalizations.62 This is a simple 
and effective mechanism to improve ICU clinician-family communica-
tion and several major professional societies including the American 
College of Chest Physicians, American Thoracic Society, and the Society 
for Critical Care Medicine have appropriate materials available through 
their respective Web sites. Another excellent source for ICU palliative 
care resources can be found from the Center to Advance Palliative Care’s 
IPAL-ICU Project available at http://www.capc.org/ipal-icu/.68

■■ PAIN ASSESSMENT AND MANAGEMENT
Pain assessment and management is a broad topic and full discussion 
is beyond the scope of this chapter, yet some basic aspects to pain 
management are especially relevant to ICU clinicians if a transition to 
end-of-life care is planned. ICU patients experience significant physical 
suffering with 55% to 75% of ICU patients who were able to complete 
assessment tools reporting pain, anxiety, sleep disturbance, hunger, or 
thirst and rating these symptoms as moderate to severe in intensity.69 
Furthermore, among chronically critically ill patients completing symp-
tom assessment tools, 90% are symptomatic with 54% reporting pain at 
the highest possible level.70

The first step in symptom management is a symptom assessment. 
Pain is an important symptom to address, although there are many other 
symptoms that are prevalent among critically ill patients as noted above. 
A patient’s self-report is considered the most reliable pain assessment 
and among patients who can communicate the 0-to-10 numeric rat-
ing scale is the most commonly used assessment tool. This simple and 
reliable tool has been validated for ICU patients.71 However, many ICU 
patients are unable to reliably self-report pain so alternative assessment 
options are necessary.72 There are several objective pain assessment tools 
designed for noncommunicative ICU patients which have received some 
degree of validation.73 These tools combine behavioral assessments (eg, 
facial expression) with physiologic indicators of pain (eg, heart rate). 
Specifically, the behavioral pain scale (BPS)74 and the Critical-Care Pain 

  TABLE 18-1   � Useful Mnemonic for Critical Care Clinicians Leading ICU Family 
Conferences (Demonstrated to Improve Family Outcomes)63

Mnemonic Cue Explanation

Value Appreciate what family members say

Acknowledge Explicitly recognize family emotions

Listen Allow families time to speak and to think about information presented

Understand Learn and understand who the patient is as a person

Elicit Solicit questions from family members

Data from Lautrette A, Darmon M, Megarbane B, et al. A communication strategy and brochure for  
relatives of patients dying in the ICU. N Engl J Med. February 1, 2007;356(5):469-478.

  TABLE 18-2   � Key Steps for Improving Communication During Interdisciplinary  
ICU Family Conferences

Stages of the ICU Family 
Conference Common Steps and Topics

Prior to a family conference in 
the ICU

	 1.	 Plan the specifics of location and setting: quiet, 
private place

	 2.	 Conduct a “preconference” with the clinicians 
to develop consensus and ensure consistency of 
information provided

	 3.	 Family and clinicians should introduce them-
selves and describe their relationship with the 
patient

Conducting a family conference  
in the ICU

	 1.	 Elicit family perceptions on the patient’s status 
and expected outcomes

	 2.	 Provide medical information using clear and sim-
ple language and confirming family understanding

	 3.	 Use active listening and provide family adequate 
time to speak

	 4.	 Use empathic statements to provide support  
for families

	 a.	 Difficulty of having a critically ill loved one
	 b.	 Difficulty of surrogate decision making
	 c.	 Impending loss of a loved one
	 5.	 Acknowledge and address family emotions
	 6.	 Explore and focus on patient values and treat-

ment preferences
	 7.	 Affirm nonabandonment of the patient and family

Finishing a family conference in 
the ICU

	 1.	 Summarize information and decisions
	 2.	 Ask for questions and allow family time to  

consider questions
	 3.	 Reaffirm and support family around decisions made

Adapted with permission from Curtis JR, Vincent J-L. Ethics and end-of-life care for adults in the inten-
sive care unit. Lancet. October 16, 2010;376(9749):1347-1353.
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Observation Tool (CPOT)75 are available and ICU clinicians can review 
each to determine which best meets the needs of their patient populations 
and clinicians.

In addition to bedside assessment tools, ICU clinicians should con-
sider a patient’s specific clinical risk factors for pain including a history 
of chronic pain syndromes, active clinical problems associated with 
pain, and the invasiveness of interventions and ongoing therapies.72 
Another mechanism for assessment can include surrogate (family or 
clinician) reporting of a patient’s pain, which has reasonable reliability 
with a sensitivity of 80% and a specificity of 68%.76 Finally, the use of 
an analgesic trial to evaluate pain can be simultaneously diagnostic and 
therapeutic particularly when guided by a bedside pain assessment tool 
to gauge efficacy of the analgesic therapy.72

In addition to a standardized pain assessment that is systematically 
implemented, four fundamental tenets of pain management should 
be adhered to in the ICU, especially in the context of end-of-life care. 
First, clinicians should “assume pain present” and opt to treat pain 
when assessments are unclear and pain is part of the differential diag-
nosis. Second, pain is more effectively and easily controlled when it 
is identified and treated sooner rather than after it has accelerated in 
severity. Third, analgesics should be prescribed in patients with potential 
pain prior to administration of sedatives. Fourth, patients may develop 
tolerance to opioids so ongoing reassessments are necessary to maximize 
symptom control and monitor for potential adverse reactions.2 Pain 
management regimens in the ICU will typically rely on opioids and the 
choice and dosing regimen will depend on a variety of specific clinical 
factors. There is little high-level evidence to guide ICU clinicians, 
although a useful review of the nuances related to selection, administra-
tion, dosing, adverse effects, and adjuvant analgesic therapies from a 
critical care perspective is available from Erstad et al.2

Symptom assessment and management in the ICU must also incor-
porate the value of the spontaneous awakening trial and recent efforts 
to reduce sedation in critically ill patients.77,78 Although spontaneous 
awakening trials have clearly been shown to improve patient out-
comes and are not associated with increased long-term symptoms,79 
it is important that these trials be conducted in a way that ensures 
patient comfort. In addition, spontaneous awakening trials may not 
have value for patients if the goals of care have changed to comfort 
measures only.

■■ SPIRITUAL SUPPORT
The role that faith and/or religion play in coping with illness and end-
of-life decision making from the patient and family perspective cannot 
be overemphasized. Patients and families cite religion as one of the most 
important factors enabling them to cope with medical illness80 and in a 
survey of 1006 members of the general public, 68.3% responded that their 
religious beliefs would guide decision making if they were critically injured 
and 57% reported that God could heal even if doctors concluded further 
treatment was futile. In qualitative investigation among families of ICU 
patients, religion was one of four themes found to be associated with sur-
rogate’s doubts regarding physician predictions of medical futility81 and the 
value of spiritual support during ICU end-of-life discussions was sponta-
neously cited by families even a year after the patient’s death.82 Congruent 
with these reports, a prospective, multicenter, cohort study of patients with 
advanced cancer found that religious-based coping increased utilization of 
intensive life-prolonging care including mechanical ventilation and CPR 
during the last week of life.83 This remained true after adjusting for poten-
tial confounders such as race, age, and prior advance care plans. Patients 
and families that receive spiritual support in the ICU report greater satis-
faction with having their spiritual needs met and higher overall satisfaction 
with ICU care.84 Additionally, patients whose spiritual needs are largely or 
completely supported by their medical teams, receive more hospice care, 
less aggressive care prior to death, and experience higher quality of life 
prior to death.85 Thus, professional societies and other organizations have 
identified spiritual care of patients and families as a measure of quality ICU 
end-of-life care and a component of comprehensive ICU care.86,87

A significant impediment to meeting the spiritual needs of ICU 
patients and families may be the gap between patients and physicians 
with respect to the importance each group places on faith or religion. 
Information specific to critical care clinicians is lacking but surveys of 
internal medicine and family practice physicians find a majority do not 
believe it is appropriate to inquire about patients’ religious beliefs unless 
the patient is dying and internists are less likely to endorse religious inqui-
ries even in this clinical context as compared to family practice physi-
cians.88 With respect to bridging this gap and meeting the spiritual needs 
of ICU patients and families, there is little specific, empiric information 
to guide ICU clinicians. However, the fundamental communication tech-
niques described in Tables 18-1 and 18-2 are appropriate techniques to 
elicit patient’s and family’s values including their religious and spiritual 
values. ICU clinicians should inquire about and acknowledge statements 
regarding faith or religion as with other statements that give meaningful 
insight into the patient as an individual. Finally, in-depth spiritual sup-
port is generally best left to professionals formally trained in meeting 
these needs such as chaplains and other spiritual care specialists.84

WITHHOLDING OR WITHDRAWING 
LIFE-SUSTAINING THERAPY
Withdrawing or withholding one or more aspects of life-sustain-
ing treatment is a common practice among patients who die in an 
ICU although substantial international variation has been described.59  
A prospective, descriptive survey of 131 ICUs in 110 hospitals in 38 
US states found that 70% of deaths were preceded by withholding or 
withdrawing certain treatments such as CPR or mechanical ventila-
tion.89 A similar report from 37 ICUs in 17 European countries found 
that 77% of deaths were preceded by withholding or withdrawing a life-
sustaining treatment.90 Other reports found lower frequencies of this 
practice ranging from 38% in Spain,91 49% in India,57 53% in France,92 
and 59% in Hong Kong.56 It is likely that different cultural and religious 
backgrounds influence this international variation in clinical practice.

■■ ETHICAL CONSIDERATIONS OF WITHHOLDING  
OR WITHDRAWING LIFE SUSTAINING THERAPIES

Critical care professional societies93,94 and many ethicists95 assert that 
there is not an ethical difference between withholding and withdrawing 
a life-sustaining therapy. However, this opinion is not universally held96 
and is probably not in keeping with the opinion of many in the general 
public.97 Religion has important bearings on beliefs around end-of-life 
care and on the acceptability of withholding versus withdrawing life-
sustaining therapies. Studies suggest that physicians from some religions 
(such as Jewish or Greek Orthodox) are more likely to withdraw life-
sustaining therapies compared to physicians of other religions (such as 
Catholic or Protestant).98 From the patient perspective, religion is an 
important determinant of illness perceptions among critically ill patients 
and families.99 Therefore, effective communication and a decision-
making framework, as suggested in Figure 18-1, become important for 
ICU clinicians to navigate the complexities inherent in our increasingly 
multicultural societies. ICU clinicians should focus on patient’s and fam-
ily’s values and the patient’s clinical context as the fulcrum for decisions 
regarding withholding or withdrawing ICU treatments and be mindful to 
avoid institutional pressures regarding withholding or withdrawing life-
sustaining therapies.100 In the United States, the legality of withdrawing 
life-sustaining therapies is supported by the ethical principle of auton-
omy, which includes the rights of patients and/or surrogates to engage in 
informed consent and informed refusal for medical treatments.101

Although a shared decision-making framework is recommended, 
clinical situations can emerge where there is irresolvable disagree-
ment between surrogates and clinicians regarding realistic treatment 
goals in the ICU. While relatively uncommon, conflict between ICU 
clinicians and surrogates imposes substantial distress on clinicians,102 
and has been termed by some as “a tyranny of autonomy.”103 The rela-
tive merit of cardiopulmonary resuscitation often becomes a nidus for 
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these disagreements and quantitative evidence suggests CPR among 
ICU patients, especially those receiving vasopressors, has little benefit 
with survival to hospital discharge ranging from 9.3% to 21.2%, with 
3.6% of patients on vasopressors who receive CPR being discharged to 
home.104 Historically, general ethical convention in the United States is 
that autonomy was the preimminent value and thus drives end-of-life 
treatment decisions. However, many ethicists and professional medical  
societies have taken the position that physicians are not obligated to 
provide care that is futile.93 The American Medical Association rec-
ommends that when a patient or surrogate decision maker insists on 
a therapy that the physician believes is futile, a communication and 
negotiation process should be initiated to reconcile these differences 
and the treatment should be provided until differences are reconciled.105 
Another approach has been developed in the state of Texas and codified 
into state law:106 The Texas Advance Directives Act outlines processes 
that allow physicians to override the requests of patients or families for 
treatment deemed futile, while ensuring due process for patients and 
families. Debate on the pros and cons of this legislation will no doubt 
continue as consensus is currently lacking on how to best address irre-
solvable conflict between surrogates and clinicians.107,108 Even though 
this debate continues, invoking medical futility to withhold or withdraw 
life-sustaining treatments against the wishes of a patient or surrogate 
decision maker is rarely necessary if clinician communication has been 
good and if building trust has been a focus of the clinical team.

■■ PRACTICAL ASPECTS OF WITHHOLDING  
OR WITHDRAWING LIFE-SUSTAINING THERAPY

If the determination is made to withdraw life-sustaining treatments, 
the process by which this is carried out should adhere to the expected 
standards for quality medical care including appropriate documentation, 
attention to detail, an explicit plan, and interdisciplinary implementa-
tion.109 Communication with families should include information about 
how the withdrawal process will proceed, assurances that symptoms will 
be identified and treated appropriately, and, if the family wishes to be 
with the patient after withdrawal of life support, information on what 
dying looks like. The rationale and decision-making process behind the 
decision to withdraw life support should be documented in the patient’s 
medical record.

There are limited data to guide clinicians in the practical aspects 
of withdrawal of life support110 but because abrupt discontinuation of 
mechanical ventilation can be associated with substantial suffering, 
development and utilization of a protocol are reasonable and several are 
available online from the Center to Advance Palliative Care’s Improving 
Palliative Care in the ICU Project (IPAL-ICU). Detailed protocols can be 
found in the section on policies/protocols entitled “Withdrawal of Life 
Support Orders” and “Withdrawal of Mechanical Ventilation Protocol.”68 
A life support withdrawal order form was evaluated in a before-
after study and found to be helpful to ICU physicians and nurses.113 
Additionally, although the use of opioids and benzodiazepines increased 
in the after group, time to death was unchanged, suggesting the use of 
the protocol did not hasten death.113

Table 18-3 provides the steps generally included in protocols/order 
forms for withdrawal of life-sustaining ICU treatments and breaks these 
steps into three stages. First, preparation and general care issues should 
be attended to. These include communication, counseling, and support 
of the family, as well as discussion among the interdisciplinary ICU 
team. Treatments and monitoring devices not congruent with a goal 
of palliation should be discontinued except the ventilator. Second, a 
stepwise and sequential approach to terminal ventilator discontinuation 
should be used to get the patient comfortably off mechanical ventilation 
through administering analgesics and sedatives as needed, based on 
signs and symptoms of distress.

Limited data exist as to whether patients should be extubated after 
terminal discontinuation of mechanical ventilation. Small studies have 
found no significant difference in patient comfort, but lack power to 
detect clinically important differences.111 Families rate quality of dying 

  TABLE 18-3   � Suggested Components for a Withdrawal of Life-Sustaining  
ICU Treatments Protocol

Stages of the Withdrawal Key Elements and Practical Details

Preparation and general  
care issues

	 1.	 Document decision and rationale for withdrawal of life  
support

	 2.	 Discuss the withdrawal plan with the interdisciplinary 
ICU team including nursing and respiratory therapy

	 3.	 Explain to family the process and expected duration of 
the process based on the patient’s clinical context

	 4.	 Offer open visitation for family and endorse time for  
cultural or religious rituals

	 5.	 Offer appropriate spiritual and/or psychosocial support 
for family (eg, chaplains, palliative care)

	 6.	 Discontinue treatments (eg, vasopressors) and monitor-
ing devices (eg, cardiac monitors) not intended to sup-
port goal of comfort excluding mechanical ventilation

	 7.	 Continue administering analgesic and sedative medi-
cations if patient already receiving

Palliative approach to with-
drawal of mechanical  
ventilation

	 1.	 Ensure neuromuscular blockade is not being administered
	 2.	 Ensure analgesic and sedative medications are avail-

able in intravenous bolus formulations
	 3.	 Reduce Fio2 to room air and PEEP to 0 and treat signs of 

dyspnea with opioids and anxiety with sedatives
	 4.	 Sequentially reduce the amount of respiratory support 

provided by the ventilator and treat signs of distress  
if/when they emerge (eg, change mode to pressure 
support and progressively reduce amount of positive 
pressure from 20 to 0 mm H

2
O

	 5.	 Monitor for signs of distress throughout terminal 
discontinuation process including respiratory rate >20 
breaths/minute; accessory muscle use; nasal flaring; 
facial grimacing

	 6.	 Treat symptoms as necessary with each incremental 
decrease in ventilatory support

Airway management 	 1.	 Consider prophylactic medication (eg, scopolamine) 
for excessive secretions if apparent or anticipated  
(eg, pulmonary edema)

	 2.	 Families report greater satisfaction with the quality of 
dying when endotracheal tubes (ET) are removed

	 3.	 If the patient is at risk for abrupt airway collapse,  
consider retaining endotracheal tube (eg, major neu-
rologic injury)

higher when patients are extubated, but the observational nature of such 
studies limits conclusions.112 The decision to extubate should, therefore, 
be made on an individual basis depending on the anticipated time to 
death and family preferences regarding the endotracheal tube and the 
potential for distressing sounds of respirations.

The entire process typically requires 10 to 20 minutes and the time 
between withdrawal of ventilation and death for most patients is in the 
range of 1 to 6 hours.47 However, some patients may survive consider-
ably longer and the clinical team and the family should be prepared for 
this possibility.

SUMMARY
Chronic and progressive diseases are the most common causes of death 
in the developed world and in the United States this prompts a reliance 
on acute care hospitals as a common location for death. Thus, ICUs play 
a central role in end-of-life care and this will likely remain the case as 
patients, families, and clinicians continue to grapple with the complex 
processes of shared decision making in the context of a multicultural 
and multireligion milieu. End-of-life care in ICUs often includes with-
holding or withdrawing life-sustaining treatments and ICU clinicians 
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can improve family outcomes and expedite informed decision making 
by using specific communication strategies with support from other 
specialty clinicians, such as palliative care, spiritual care, and ethics. 
Finally, ICU clinicians should work toward integrating key principles 
of palliative care into their ICUs including identification and treatment 
of suffering, provision of interdisciplinary care, and offering patient/
family-centered care.
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C H A P T E R

KEY POINTS

•• 	Legal concerns become less dominating and intrusive, and more 
likely to be supplanted by ethical considerations, when critical care 
teams initiate and continue sensitive, consistent, and honest com-
munication with their patients and significant others.

•• 	Most informed consent legal cases are framed as negligence 
actions, in which the alleged unintentional wrong is the physician’s 
violation of the fiduciary or trust duty to serve the patient’s best 
interests by informing the patient adequately as part of the testing 
and treatment authorization process.

•• 	In order to be considered legally effective, consent to medical 
treatment must (in the absence of a valid exception such as an 
unforeseeable emergency) be voluntary, informed, and made by a 
cognitively and emotionally capable decision maker.

•• 	Consent remains necessary for the treatment of decisionally inca-
pacitated patients, but the consent must be obtained from a sur-
rogate acting on the patient’s behalf.

•• 	A properly informed, mentally capable patient has the right to 
make personal medical decisions, including a decision to refuse 
even life-prolonging treatment.

•• 	A surrogate is expected to make decisions consistent with what the 
patient would choose if he or she were presently able to make and 
express choices personally—the substituted judgment standard.

•• 	The ability of physicians to consult institutional guidelines con-
cerning patient admission to, retention in, and discharge from 
ICUs generally leads to better, more consistent decisions that are 
easier to defend against later claims of impropriety.

•• 	The “brain death” standard provides, as either an alternative to or a 
replacement for the traditional heart-lungs approach, that a person is 
legally dead when there is irreversible cessation of all brain function.

•• 	Creating and maintaining accurate records of patient care is an inte-
gral part of the duty that a health care provider owes to a patient.

•• 	Particular areas of attention in a critical care–sensitive risk man-
agement program should include the organization and admin-
istration of ICUs, the roles and responsibilities of the different 
professionals having contact with patients in those units, medi-
cal records, equipment maintenance, equipment modification, 
equipment records, analysis of equipment malfunctions, incident 
reporting, and trend analysis of unexpected incidents.

The making, implementation, and documentation of patients’ treatment 
decisions in the practice of critical care medicine raise a host of poten-
tial legal implications. This chapter briefly outlines some of the more 
salient issues and suggests avenues for their management and further 
exploration.

This chapter concentrates primarily on the chief legal ramifications 
of critical care medicine in the United States. It should be recognized, 
however, that law is increasingly influencing the delivery of critical care 
medicine elsewhere in the world as well. Historically, Non-American 
critical care physicians have tended to behave more paternalistically 
and unilaterally than their American counterparts, but “the apparently 
increasing frequency of contentious legal cases in other countries” in the 
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critical care context has been noted.1 Today, “European intensive care 
physicians [as well as physicians in other parts of the globe] are well 
aware that the decisions made in end-of-life situations, or in other cases 
when recovery of essential vital functions is not possible, are governed 
by different laws in different countries.”2

Because critical care is evolving rapidly throughout the world, the 
contributions of the respective legal systems, positive and negative, to 
health care and society are difficult to pin down precisely. It is clear, 
though, that legal concerns become less dominating and intrusive, and 
more likely to be supplanted by ethical considerations, when critical care 
teams initiate and continue sensitive, consistent, and honest communi-
cation with their patients and significant others.

INFORMED CONSENT AND REFUSAL
The established legal doctrine of informed consent (more properly, 
informed decision making) is based on the ethical principles of autonomy 
(personal self-determination) and beneficence (doing good for the 
patient). Early lawsuits growing out of medical interventions conducted 
in the absence of any semblance of consent were predicated on a battery 
theory (the wrong of touching the patient without permission). Most 
modern legal cases, however, are framed as negligence actions, in which 
the alleged unintentional wrong is the physician’s violation of the fiduciary 
or trust duty to serve the patient’s best interests by informing the patient 
adequately as part of the testing and treatment authorization process.

In order to be considered legally effective, consent to medical treat-
ment must meet three tests (in the absence of a valid exception such as 
an unforeseeable emergency).

•• Voluntariness
•• Information
•• Decisional capacity

First, consent must be voluntary—that is, not coerced or based on the 
exercise of undue influence, in nature. In a patient and family-centered 
model of critical care delivery, the patient (or surrogate decision maker) 
must retain the ultimate power to accept or reject the available medical 
interventions.

Second, consent must be adequately informed or knowing. About half 
of the jurisdictions within the United States still enforce a physician-ori-
ented standard of information disclosure, inquiring whether the amount 
of information shared by the physician with the patient or surrogate was 
consistent with the usual practice of other prudent physicians in simi-
lar circumstances. By comparison, the remaining states have adopted 
a more patient-oriented standard, requiring physicians to disclose all 
the information that a reasonable patient would want to know under 
the circumstances. This latter approach is also termed the materiality 
standard, because it mandates the disclosure of information that would 
be material—that is, information that might affect the decision-making 
calculus—of a reasonable patient.

Under either a physician- or patient-oriented approach, several par-
ticular kinds of information need to be disclosed in understandable  
lay language (rather than using medical jargon). These informational 
items include

•• Nature of the patient’s medical problem
•• Prognosis with and without the intervention
•• Nature of the suggested intervention
•• Likely benefits from the intervention
•• Reasonable alternatives
•• Foreseeable risks or side effects of the suggested intervention and the 

various alternatives
•• The probable financial ramifications of the medical decision

Third, informed consent is sufficient only when given by an individ-
ual with adequate mental (both cognitive and emotional) capacity and 

legal authority. This element of consent may be especially problematic in 
critical care and is discussed in the next section.

A note of caution regarding the legal value of written consent forms 
must be added here. Contrary to popular belief, a written consent form 
is not the equivalent of legally effective informed consent. True informed 
consent is the process of mutual communication, negotiation, and 
ultimate patient or surrogate choice as described earlier.3 The written  
form is only tangible documentation or evidence that the communi-
cation and negotiation process occurred. This evidence may be very 
important to the physician in defending against a lawsuit claiming that 
medical intervention was inflicted in the absence of informed consent, 
by creating a legal presumption that consent was properly obtained. 
However, when inadequate communication actually took place, the 
presumption created by the consent form may be successfully rebutted 
or overcome by the plaintiff.

While broad blanket consent forms used in many hospitals are suf-
ficient to authorize routine, noninvasive medical interventions, more 
specifically tailored and informative forms are preferable for interven-
tions that are nonroutine or invasive. Certainly, specifically detailed 
written consent forms are necessary for interventions that might be 
characterized as investigational or innovative.

Application of these general principles is somewhat complicated in 
critical care by the fact that in the intensive care unit (ICU), interven-
tions can be nearly continuous for the most unstable patients. Informed 
consent is required any time the physician proposes doing anything 
to a patient (ie, any medical intervention). For quasi-continuous 
interventions, informed consent must be obtained at the initiation of  
the intervention, and the patient or surrogate must be afforded the 
opportunity to withdraw that consent at any later point.

Most interventions in critical care may be categorized as risky or 
invasive, that is, an intervention involving a higher degree of risk or 
intrusion for the patient than he or she would ordinarily face in nor-
mal, everyday life. However, this categorization is relevant only to the 
question of the extent of advisable documentation; the requirement of 
a meaningful informed consent process itself applies regardless of an 
intervention’s level of risk or invasiveness.

DECISIONAL CAPACITY AND SURROGATE  
DECISION MAKING
Minor children (defined by the states for medical purposes as those indi-
viduals younger than 18 years old) are presumed legally to be incapable 
of making their own medical decisions. In the absence of an exception 
based on the minor’s “emancipated” or “mature” status, the natural 
parent or court-appointed guardian/conservator is legally empowered 
to act as the medical decision maker. In sharp contrast, adults are pre-
sumed legally to be decisionally capable to act on their own behalf. In 
critical care, some patients remain capable of making and expressing 
medical choices, or at least participating in the decision-making process 
to some extent (with or without the assistance of family or friends), 
based on a rational thought process of digesting and weighing informa-
tion about the benefits and risks of different alternatives.4 Many critical 
care patients, though, are so ill and debilitated that they lack sufficient 
present decisional capacity.

Although in theory the same degree of mental capacity is neces-
sary whether the patient is accepting or declining the recommended 
medical intervention, in practice, a formal inquiry into patient capacity 
usually occurs only in the case of patient refusal. Ideally, a judgment 
about patient decisional capacity, which may fluctuate widely over time 
because of a variety of natural and iatrogenic factors, is being made at 
least implicitly by the attending physician each time the patient is seen.5 
Such an inquiry ought to be built automatically into every physician-
patient encounter. When decisional capacity is questioned seriously, 
a more focused examination needs to be conducted. In especially 
ambiguous cases, documentation in the patient’s medical record by con-
sultants who have evaluated the patient’s decisional capacity is prudent 
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risk management for the physician proposing an intervention, since 
that physician is the one ultimately responsible for ensuring informed 
consent; the legal system affords psychiatrists a great deal (arguably 
an excessive amount) of deference as consultant assessors of patients’ 
decisional capacity.

For patients who—in fact—lack sufficient ability to engage in a 
rational decision-making process, the presumption of capacity is rebut-
ted or overcome. This does not mean, however, that the physician may 
dispense with obtaining informed consent prior to initiating particular 
interventions. Consent remains necessary for the treatment of incapaci-
tated patients, but the consent must be obtained from a surrogate acting 
on the patient’s behalf.6 Several approaches to surrogate decision making 
have been developed.7

The overwhelming majority of states have enacted “family consent 
statutes,” which specify relatives and other people (ordinarily in a prior-
ity order) who may legally make medical decisions for an incapacitated 
family member. Advance proxy directives (see the next section), espe-
cially the durable power of attorney, may be used by currently capable 
persons to designate their own surrogates in the event of future inca-
pacity. A formal guardianship or conservatorship (precise terminology 
varies among jurisdictions) proceeding may be initiated, in which a court 
finds the patient (the ward) to be decisionally incapacitated (the legal 
term usually employed is incompetent) and appoints someone else (the 
guardian or conservator of the person) as the surrogate decision maker.

In most cases, however, the physician relies on a family member as 
the surrogate decision maker for an incapacitated patient, even when 
there is not a specific statute, advance directive, or court order expressly 
empowering the family to act in this role. This informal process of mak-
ing do using next of kin, even without explicit legal authority, works well 
in the vast majority of situations in which the family members agree on 
a course of conduct both among themselves and with the physician, and 
where they appear to be acting consistently with the patient’s own values 
and preferences (the substituted judgment standard) or with the patient’s 
objectively determined best interests.8

DECISIONS TO LIMIT TREATMENT
Some patients retain a sufficient degree of capacity to make and express 
their own medical decisions even after admission to an ICU. Legal prec-
edent is very clear that, except in cases in which the welfare of a third 
party such as a minor dependent is jeopardized, a properly informed, 
mentally capable patient has the right to make personal medical deci-
sions, including a decision to refuse even life-prolonging treatment.

If the patient is decisionally incapacitated, a more difficult scenario 
may confront the physician.9 A surrogate decision maker may be iden-
tified (see the previous section) by either a state family consent statute, 
the patient’s prior execution of a durable power of attorney naming 
a health care agent, court appointment of a guardian/conservator, or 
informally relying on available, willing family members. The surrogate 
is expected to make decisions consistent with what the patient would 
choose if he or she were presently able to make and express choices 
personally—the substituted judgment standard, or “donning the men-
tal mantle” of the incapacitated person. If there is no reliable indica-
tion of the patient’s preference under the circumstances (a number 
of states require proof of this fact by clear and convincing evidence),10 
the surrogate must act benevolently in the patient’s best interests, 
considering—from the patient’s perspective—the proportionality or 
comparison of likely benefits and burdens associated with available 
medical alternatives. The surrogate frequently is guided in fulfilling his 
or her decision-making role by treatment recommendations offered by 
the attending physician.11

A serious problem arises when another relative or friend of the 
patient accuses the surrogate of making choices that are contrary to 
both the patient’s substituted judgment and best interests and that rela-
tive or friend demands a contrary course of treatment. Such unfortunate 
circumstances, such as those surrounding the infamous Florida case 

of persistent vegetative state patient Terri Schiavo, often end up being 
resolved in a courtroom.12

Surrogate decision making for others is a difficult, stressful endeavor.13 
Especially as the population ages, an increasing percentage of patients 
lack available and willing relatives or friends to act as surrogate decision 
makers for them. In such cases, there are several potential sources of 
guidance for the physician.

The patient may have executed a living will document while still 
decisionally capable. This type of advance directive, which is autho-
rized by state statute (frequently called a natural death act), permits a 
capable adult to make a record of personal preferences regarding future 
medical treatment in the event of subsequent incapacity and critical 
illness. Although usually this directive is used to indicate a preference 
for the limitation of future medical intervention, the directive could 
be employed to request maximum medical intervention if there is any 
perceived likelihood of benefit to the patient.

A physician who complies in good faith with the patient’s expressed 
voluntary, informed wishes to limit life-prolonging treatment is on 
firm legal ground. For the physician who, for ethical or other reasons, 
chooses not to follow a living will’s directive to limit treatment, there is 
an ethical and legal obligation to notify the patient or surrogate (if one 
is present) of the physician’s objection and to make a reasonable attempt 
to transfer the patient to another physician who is willing to comply;  
at the very least, the attending physician is obliged not to impede such 
a transfer.

Advance care planning often improves end-of-life care and patient 
and family satisfaction and reduces stress, anxiety, and depression in 
surviving relatives.14 However, “[a]lthough advance directives may 
stimulate discussions and reduce the stress of surrogate decision mak-
ing, well-documented controversy exists over their clinical effectiveness, 
including their inability to affect clinicians’ and families’ understanding 
of patients’ preferences and the type of care received.”15 Thus, there is a 
higher probability that the patient’s wishes will be effectively honored 
by health care providers when those wishes have been ascertained in a 
timely fashion and incorporated into a written physician’s order for life-
sustaining treatment (POLST).16,17 The health care provider community 
is at different stages of adopting and implementing the POLST paradigm 
in various jurisdictions.

In many states, a public guardianship system has been created to 
make surrogate decision makers available, either through a government 
agency or a private agency under government contract, for incapacitated 
patients who lack available, willing relatives or friends.18 There are also 
projects in some locales that use charitably funded agencies and their 
volunteers to act as surrogate medical decision makers for incapacitated 
patients. The physician should consult hospital legal counsel to deter-
mine acceptable local sources of surrogate decision making for the 
incapacitated patient without relatives or friends.

The most controversial and complicated issue in the treatment limi-
tation arena is still the status of artificial feeding and hydration.19 The 
courts have been unanimous in holding that feeding tubes (of all kinds) 
are merely another form of medical intervention that could be withheld 
or withdrawn under the same circumstances applicable to the with-
holding or withdrawal of any other type of medical intervention. Major 
medical groups endorse this position.20 However, some people argue 
that feeding and hydration, even when accomplished only through tubes 
surgically or forcibly inserted into the patient’s body, are fundamentally 
different and more elemental than medical treatment, and therefore 
ought to be continued as long as they might keep the patient alive. A 
number of state legislatures have embodied this argument in living 
will or durable power of attorney statutes that are intended to severely 
restrict the prerogative of patients and surrogate decision makers to 
authorize the removal of feeding tubes.21 Both the wisdom and the con-
stitutionality of these purported restrictions are extremely questionable.

The 1990 case of Nancy Cruzan is still the only US Supreme 
Court decision that deals directly with the issue of discontinuing life-
prolonging medical treatment.22 Cruzan was an automobile accident 
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victim who was kept alive in a permanent vegetative state within a 
government (Missouri) long-term care facility, through the use of feed-
ing and hydration tubes. Her parents asked that this intervention be 
discontinued, a request they claimed was consistent with the patient’s 
previously expressed (although not documented) wishes. The attend-
ing physicians refused to honor this request, and the Missouri Supreme 
Court upheld the trial court decision and denied the parents’ request to 
discontinue treatment.

On appeal, the US Supreme Court held that a mentally capable adult 
has a fundamental constitutional right, under the liberty provision of the 
Fourteenth Amendment’s due process clause, to make personal medical 
decisions, even regarding life-prolonging treatments including artificial 
feeding and hydration. For decisionally incapacitated patients, though, 
the court ruled that the public interest in preserving life is strong enough 
to permit a state, if the state so chooses, to require—before the state 
must comply with a surrogate’s instructions to withdraw life-prolonging 
medical treatment—“clear and convincing” evidence that the patient 
would want that treatment withdrawn if the patient were currently 
able to make and express an autonomous choice. Presumably, a writ-
ten declaration made by the patient while the patient was decisionally 
capable would suffice as evidence of treatment preference in the event 
of subsequent incapacity. Under the Cruzan decision, states are also free 
to set lower standards of proof than “clear and convincing” evidence for 
incapacitated patients, namely proof by a preponderance of the evidence 
(in other words, greater than a 51% likelihood).

One form of treatment limitation around which there is a high degree 
of current consensus is the Do-Not-Resuscitate (DNR) or No Code 
order, which instructs caregivers to refrain from initiating cardiopul-
monary resuscitation (CPR) for a patient who suffers an anticipated 
cardiac arrest. There have been very few legal cases in this arena, but the 
well-accepted rule is that a decisionally capable patient has the right to 
refuse CPR, and that surrogates may elect to forego CPR for a patient 
if the likely burdens of this intervention to the patient would be dispro-
portionate to any benefits (eg, mere continued existence until the next 
arrest) that might be derived. As is true for all medical decisions, a DNR 
order should be created only after a thorough consultation with the 
patient or surrogate and should be clearly documented in the medical 
record.23 A DNR order may be included as part of a more comprehensive 
POLST (discussed earlier).

When the patient or surrogate declines aggressive, technologically 
oriented interventions, the physician still has the legal obligation to 
provide basic palliative (comfort, pain control, and emotional support) 
and hygiene measures.24 Failure to do so could constitute negligence or 
form the basis for professional disciplinary action. Good palliative care 
may sometimes include the practice of palliative sedation (also called 
total, terminal, or controlled sedation) for intractable distress or suffer-
ing during the dying process.25

In every American jurisdiction, it is a criminal offense (as a form of 
homicide) for a physician to engage in positive or affirmative actions 
that are intended to hasten a patient’s death (such as administering a 
lethal injection), even if the patient requested such action.26 Similarly, 
in every state except Oregon, Washington, and Montana,27 it is illegal 
for a physician to comply with a patient’s request that the physician 
supply the patient with the means to hasten his or her own death (such 
as writing a prescription for a lethal dose of a medication, knowing 
that the patient intends to commit suicide by ingesting that lethal 
dose).28 The US Supreme Court has soundly rejected the argument 
that individuals have any constitutional right to physician-assisted 
death (PAD).29,30

The other side of the coin on treatment decision making is presented 
when the patient, or more usually the family, insists on initiation or 
continuation of medical treatment (“doing everything possible”) that 
the clinician concludes is futile in terms of benefit to the patient. 
Neither a patient nor the family has a legal right to, nor does a physi-
cian owe an obligation to provide, medical treatment that would be 

nonbeneficial.31-33 On the very rare occasions that courts have been 
involved prospectively with the futility issue, their holdings have been 
confusing, inconsistent, and poorly reasoned. However, no court has 
ever imposed liability for failure to begin or perpetuate futile interven-
tions for a critically ill patient, even in the face of family insistence on 
doing everything technologically possible. In practice, clinicians usu-
ally seem to take the path of least resistance in such circumstances and 
“treat the family,” often out of misapprehension about potential liability 
exposure. In the vast majority of cases, better physician-family com-
munication, in which the realistic implications of “doing everything 
possible” are spelled out clearly, can obviate serious disagreement over 
how to proceed.34

INSTITUTIONAL PROTOCOLS AND SUPPORTS
A broad panoply of tools for guiding life-support decisions in critical 
care situations have been published. These tools vary widely in their 
genesis, authorship, format, focus, and practicality.35

Hospitals have adopted written policies and procedures concerning 
patient admission to, retention in, and discharge from ICUs. The ability 
of physicians to consult institutional guidelines generally leads to better, 
more consistent decisions that are easier to defend against later claims of 
impropriety.36 Clear protocols facilitate communication and cooperation 
among members of the health care team, decreasing both inadvertent 
mistakes and interpersonal tension. Institutional protocols are also 
essential as inevitable public and private discussions regarding health 
care rationing take on increasing urgency.37

The development and dissemination of institutional protocols regard-
ing critical care are required by the federal Patient Self-Determination 
Act (PSDA)38 and some state statutes. Such protocols are also required 
for hospital accreditation by the Joint Commission.39

Critical care physicians must be very familiar with their own institu-
tions’ formal policies and procedures, and must ensure familiarity with 
them on the part of nurses and other team members. Ideally, members of 
the medical staff should contribute to the drafting, continuing reevalu-
ation, and revision of institutional protocols. Questions regarding the 
meaning or implementation of these protocols should be addressed in 
a timely fashion (before a crisis erupts) to the hospital’s legal counsel  
and/or clinical ethics consultant.40

Similarly, the physician must be knowledgeable about the operation 
of the hospital’s institutional ethics committee (IEC). The past several 
decades have seen a proliferation within health care institutions of enti-
ties designed to provide education, formulate policies and procedures, 
and offer advice regarding particular cases and issues with serious 
bioethical implications. Joint Commission standards require that hos-
pitals have in place a mechanism for carrying out these functions, and 
a few states specifically require the existence of an IEC in each licensed 
health care facility. Although the emphasis of IECs is, and ought to 
be, on better ethical decision making, salutary legal benefits may also 
result from their activities. Effective use of an IEC may help keep out 
of the judicial system claims that otherwise might have been initiated 
by relatives or health care team members who feel that their opinions 
have not been adequately taken into account. Moreover, in the relatively 
unlikely event of the informal decision-making process breaking down 
and court involvement being invoked, using an IEC may act as powerful 
evidence of the provider’s good faith and appropriate concern for patient 
autonomy and welfare.

DETERMINATIONS OF DEATH
One inescapable aspect of critical care medicine with important legal 
implications is the determination and declaration of when a patient 
has died. Traditional definitions of death based on cessation of car-
diorespiratory functioning are no longer sufficient by themselves in 
light of modern medical technology that frequently can maintain the 
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human organism almost indefinitely. Questions relating to the dis-
continuation of medical intervention and the harvesting of organs for 
transplantation have demanded new approaches to the legal definition 
of death.

In response to these questions, almost all states have adopted, by 
statute or court decision, a version of “brain death,”41 although some 
controversy endures about the scientific and ethical propriety of this 
concept.42 The “brain death” standard provides, as either an alternative 
to or a replacement for the traditional heart-lungs approach, that a per-
son is legally dead when there is irreversible cessation of all (including 
stem) brain function. Death declared according to this legal standard 
should be confirmed clinically according to the Harvard criteria, as 
those criteria have been periodically updated.43 Once a patient has 
been declared dead, there are no more treatment decisions to be made 
(although autopsy and organ donation issues may remain). There is 
neither a legal duty nor a right to continue medical intervention on a 
patient who has become a corpse.

LEGAL RESPONSIBILITY AND VICARIOUS LIABILITY
Critical care medicine is an interdisciplinary team enterprise, and the 
manner in which members of the team relate to each other and to the 
patient and family carries legal consequences. Under the old “captain 
of the ship” doctrine, a physician who directed a critical care unit 
automatically was held legally responsible for any negligently caused 
patient injury occurring in the unit, regardless of that physician’s per-
sonal ignorance of or lack of involvement concerning the particular 
error or omission. The captain of the ship doctrine has been gradually 
abandoned by the courts in recognition of the increasing complexity of 
health care delivery.

However, a physician still may be held responsible, under a vicarious 
liability rationale, for patient injuries proximately (directly) caused by 
negligent errors and omissions committed by nurses or other provid-
ers over whom the physician has supervisory power. The key inquiry 
in potential vicarious liability situations is not whether the physician 
actually was exercising supervisory power at the time of the supervisee’s 
negligence, but instead whether the physician had the authority and 
opportunity to supervise properly if he or she had chosen to exercise 
that power.

Thus, the vicarious liability doctrine has significant legal ramifica-
tions for the interdisciplinary team’s conduct in rendering critical care. 
The physician and other team members must understand their legal 
relationships to each other and the implications of those relationships 
with regard to assignment of tasks, oversight, reporting, communica-
tion, and problem resolution. The physician must take seriously the 
obligations that go with being the legal team leader, without acting 
autocratically and thereby negating the benefits of broad interdisciplin-
ary contributions to patient care.

Institutional protocols should delineate operational principles of the 
team and the individual physician’s supervisory responsibilities. When 
there are multiple consultants on a particular case (as is the norm), 
medical staff bylaws must spell out the continuing coordination and 
monitoring obligations of an identified attending or primary care phy-
sician; failure to do so unambiguously increases the liability exposure 
of all involved clinicians and the hospital in the event of a bad clinical 
outcome. Consultants who are not hospital employees must be creden-
tialed to practice within the hospital according to criteria contained in 
the bylaws. Hospital policies and procedures must designate their ICUs 
as either “closed” (in which case the patient is transferred to an intensiv-
ist who functions as the primary care physician) or “open” (in which 
case the original primary care physician retains ultimate authority and 
responsibility, but is permitted or even required to consult with a critical 
care physician on the hospital’s staff).

Similarly, methods of triaging patients into and out of the ICU should 
be delineated within the hospital’s written policies and procedures. 

Included should be a specification of ultimate responsibility for a 
patient’s admission or discharge.

As a general principle, when there is a question concerning allocation 
of responsibility for decisions or actions that is not answered by exam-
ining existing institutional policy, development of a new institutional 
policy may be advisable. Courts ordinarily grant hospitals broad leeway 
in the development and enforcement of the sort of institutional proto-
cols discussed in this chapter, as long as their policies and procedures 
appear to ensure that patient care is rendered within currently accept-
able medical standards. As noted earlier, Joint Commission accredita-
tion standards also set permissible parameters for internal institutional 
protocols.

For physicians who function as clinical teachers in training programs, 
residents and medical students may expose the attending physician to 
vicarious liability for negligent acts or omissions done in the course 
of the educational activity. The exercise of due care in the monitoring, 
supervision, task assignment, and evaluation of residents and students 
who are supposed to be under the physician’s supervision cannot be 
overlooked.

DOCUMENTATION
Creating and maintaining accurate records of patient care is an integral 
part of the duty that a health care provider owes to a patient. Good 
documentation is imperative to providing competent patient care and, 
because avoiding unexpected bad outcomes is the best legal prophy-
laxis, it is therefore wise risk management practice. Furthermore, in the 
event of accusations of substandard care, the physician’s best (and often 
only) defense will lie in the quality of documentation created to explain 
and justify decisions made and actions taken. In addition, institutional 
accreditation and third-party payment turn heavily on information 
drawn from medical records.

The quality of medical records is especially important in critical care, 
where patient conditions are subject to rapid change, many different 
professionals may be involved in treating the patient, cost considerations 
are always present,44 and decisions (such as limiting the application of 
life-prolonging technology) may be controversial. The watchwords of 
documentation are the same from the legal and medical perspectives: 
completeness, legibility, accuracy or truthfulness, timeliness, corrections 
made in a clear and unambiguous fashion, and objectivity.

The ongoing evolution toward adoption of electronic health record 
(EHR) systems in health care institutions has a strong potential for 
improving the quality and efficiency of patient care documentation. The 
advent of EHR will, however, implicate a number of legal issues that 
must be addressed.45,46

One significant issue that must be addressed whether recordkeeping 
takes place electronically or on paper is that of patient confidentiality. 
In light of common law privacy principles, applicable state statutes, and  
federal regulations implementing the Health Insurance Portability  
and Accountability Act (HIPAA),47 the physician must guard against the 
unauthorized disclosure of personal information about a patient. The 
person who has the authority to give or refuse consent for medical treat-
ment (ordinarily the patient or surrogate) usually controls the release 
of identifiable medical information to third parties, unless there is a 
court order or government regulation demanding something different. 
All questions about the release of medical information to third parties 
in specific cases should be directed to the institution’s medical records 
department or legal counsel.

The counterpart to the right of the patient or surrogate to control  
the release of information to others is the patient’s own right of access 
to the information contained in the medical record. This right of  
access is guaranteed, at least for in-hospital care, by the federal Privacy 
Act for federal facilities, and for most private and other public facili-
ties by the HIPAA regulations, state patients’ rights statutes, and Joint 
Commission standards.
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Patients or their surrogates request access to their medical records 
for a variety of reasons, ranging from curiosity to serious question-
ing of quality of care. A physician who is informed of a patient’s or 
surrogate’s request for access to records should offer to go through 
the record with the patient or surrogate, explain matters, and answer 
questions. In short, treating the circumstance as an opportunity to 
bolster or correct real but perhaps unnoticed problems in communi-
cation between the physician and the patient/surrogate, rather than as 
a personal affront calling for defensive posturing, often can pay risk 
management dividends by preventing at an early stage potential mis-
understandings that would otherwise eventually manifest themselves 
as legal actions.

RISK MANAGEMENT
The hospital’s risk management program—which is designed to identify, 
mitigate, and avoid potential injuries and other types of problems that 
could result in legal, and therefore financial, loss to the institution—
should incorporate specific activities designed to address patient safety48 
and associated legal risks prevalent in the delivery of critical care. 
Particular areas of attention in a critical care–sensitive risk manage-
ment program should include the organization and administration of 
ICUs, the roles and responsibilities of the different professionals hav-
ing contact with patients in those units, medical records, equipment 
maintenance, equipment modification, equipment records, analysis 
of equipment malfunctions, incident reporting, and trend analysis of 
unexpected incidents.

The physician should be knowledgeable about the institution’s risk 
management program and cooperate with it to ensure appropriate 
sensitivity to critical care practices and potential problems and their 
avoidance or mitigation. The physician should view the risk manager as 
a partner in pursuit of the common goal of providing and, if necessary 
proving after the fact, quality patient care.

The single most influential aspect of effective risk management is the 
fostering of a positive relationship between the critical care team, led by 
the physician, and the patient and family. There is a demonstrated cor-
relation between patient (or family) psychological satisfaction with the 
quality of the physician-patient (or family) relationship, on one hand, 
and the propensity to file a lawsuit if a bad outcome occurs, on the other. 
Communicating openly and compassionately, especially acknowledg-
ing both the vast uncertainty that pervades critical care medicine and 
the reality that serious medical errors sometimes are committed,49 is 
as important a tool in forestalling medical malpractice claims as being 
proficient, timely, and conscientious in knowing and practicing techno-
logical information and skills.
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Nutrition Therapy in the 
Critically Ill
Daren K. Heyland
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Stephen A. McClave

20
C H A P T E R on nutritional status of the patients, key nutrients such as glutamine, 

arginine, and omega-3 fatty acids may also have direct effects on organ 
function and clinical outcomes of critically ill patients. Thus, nutrition 
therapy may be considered a specific therapeutic intervention by which 
the critically ill patient’s disease course may be altered, leading to a more 
favorable outcome.

There is considerable evidence linking nutrition (and lack thereof) 
and GI function to the pathogenesis of infection and organ failure in 
critical illness.13 Failure to obtain enteral access and to provide nutrients 
via the enteral route results in a proinflammatory state mediated by 
macrophages and monocytes. Oxidative stress is increased, severity of 
illness is exacerbated, and the likelihood of infectious morbidity, multi-
organ failure, and prolonged length of stay is increased.14-16 In contrast, 
the provision of enteral nutrition results in higher levels of secretory IgA 
at mucosal surfaces throughout the body (lungs, lacrimal glands, tonsils, 
nares, and genitourinary system), greater preservation of gut-associated 
lymphoid tissue, and less intestinal permeability, all of which translates 
into improved clinical outcomes for critically ill patients.1

However, providing micro- and macronutrients is not without adverse 
effects or risks. Acquired infection, particularly ventilator-associated 
pneumonia (VAP), is a major problem for critically ill patients, resulting 
in increased morbidity, mortality, and health care costs.17,18 Pneumonia 
is likely due to aspiration of contaminated oropharyngeal/tracheal 
secretions and this is more likely to occur in a patient on EN, where 
EN promotes gastric colonization, gastroesophageal reflux, and pul-
monary microaspiration. Parenteral nutrition has been associated 
with gut mucosal atrophy, overfeeding, hyperglycemia, adverse effects 
on immune function, an increased risk of infectious complications, 
and increased mortality in critically ill patients.19 While providing 
supplemental glutamine to seriously stressed critically ill patients may 
increase their chances of survival,20 depending on the circumstances, 
providing arginine to the same patients may increase their mortality.21 
Therefore, nutrition therapy must be viewed as a double-edged sword, 
and strategies that maximize the benefits of nutrition support while 
minimizing the associated risks need to be considered in formulating 
clinical recommendations.

In developing such recommendations, the patient populations to 
which these recommendations will be applied must also be considered. 
Studies of nutrition in noncritically ill patient populations may not be 
generalizable to critically ill patients. For example, the treatment effect 
of PN in elective surgery patients is significantly different than the treat-
ment effect of PN in critically ill patients.19

Even within subpopulations of critically ill patients, differences in 
outcome between the two routes of providing nutrition support are 
more likely to be seen with greater severity of illness. For example, the 
correlation between the importance of maintaining gut integrity and 
greater disease severity was demonstrated by a study evaluating septic 
complications in trauma patients, randomized at the time of surgery, to 
PN or to enteral tube feeding.22 In patients with high Abdominal Trauma 
Index (ATI) scores (>24), the incidence of septic complications was 
greater in the PN group than the group on enteral tube feeding (47.6% vs 
11.1%, p <0.05). For those patients with moderate illness and lower ATI 
scores (<24), there was no significant difference in the incidence of sep-
tic complications between the parenteral and enteral groups (29.2% vs 
20.8%, p = NS).22 Furthermore, in studies of EN versus PN in acute pan-
creatitis, faster resolution of the inflammatory response and significant 
differences in clinical outcomes (reduced septic morbidity and overall 
complications in the EN group) were seen in studies in which there were 
more patients with severe pancreatitis compared to studies with a higher 
proportion of patients with mild to moderate pancreatitis.23-25

In this chapter, we will discuss the relationships among nutrition, 
GI structure and function, immune function, and outcomes in critical 
illness. Upon this theoretical foundation, we will propose recommen-
dations favoring the use of enteral nutrition over parenteral nutrition. 
Regardless of the route of artificial nutrition, we will suggest strategies 
that maximize the benefits and minimize the risks of both PN and EN.

KEY POINTS

•• 	Nutrients and gastrointestinal structure and function are linked to 
the pathophysiology of infection, organ dysfunction, and survival 
in critically ill patients.

•• 	Nutrition therapy may both positively and negatively influence the 
morbidity and mortality of critically ill patients.

•• 	When considering artificial nutrition in critically ill patients, 
enteral nutrition (EN) should be used in preference to parenteral 
nutrition (PN).

•• 	Strategies to optimize delivery of EN (eg, starting EN early, use of a 
feeding protocol with a high gastric residual volume threshold, use of 
prokinetic agents, and use of small bowel feeding) and minimize the 
risks of EN (eg, elevation of the head of the bed) should be considered.

•• 	For most patient populations in critical care in whom EN is not pos-
sible or feasible, the role of PN is controversial. Similarly, when to 
initiate supplemental PN when hypocaloric EN is not meeting the 
patient’s calorie or protein requirements is also controversial. Use of 
PN in these circumstances should be evaluated on a case-by-case basis 
taking into consideration the underlying nutrition risk of the patient.

•• 	Nutrition risk in the ICU can be identified by considering preexisting 
weight loss, decreased oral intake, prior stay in hospital before admis-
sion to ICU, preexisting comorbidities, and severity of current illness.

•• 	When PN is indicated, strategies that maximize the benefit (eg, 
supplementing with glutamine) and minimize the risks of PN (eg, 
hypocaloric dose, withholding soy-bean emulsion lipids, continued 
use of EN, and adequate glycemic control) should be considered.

Nutrition is considered an integral component of standard care in the 
critically ill patient. In humans, during stress associated with trauma, 
sepsis, or other critical illness, there is high consumption of various 
nutrients by the gastrointestinal tract, immune cells, kidneys, and other 
organs. Requirements for and losses of these nutrients may outstrip 
synthetic capacity, leading to an erosion of body stores and depletion 
of proteins and other key nutrients. Historically, in an attempt to miti-
gate such deficiencies and preserve lean body mass, traditional nutri-
tion (protein, calories, vitamins, etc) has been provided to critically ill 
patients. The relative merits of nutrition were evaluated in the context 
of protein-calorie economy (weight gain, nitrogen balance, muscle 
mass and function, etc). In this chapter, we take a broader view of the 
benefits and risks of nutrition and we consider it as therapy that has 
the ability to modulate the underlying disease process, favorably alter 
immune responses, and impact outcomes of critically ill patients. The 
benefits of nutrition therapy in general include improved wound heal-
ing, a decreased catabolic response to injury, enhanced immune system 
function, improved GI structure and function, and improved clinical 
outcomes, including a reduction in complication rates and length of 
stay with accompanying cost savings.1 There are several studies that 
document that inadequate provision of nutrition to critically ill patients 
is associated with increased complications, prolonged length of stay in 
ICU and hospital, increased mortality, and increased health care costs.2-7 
On the other hand, there are good data from large-scale observational 
studies8,9 and randomized trials10-12 that suggest better fed patients have 
better clinical and economic outcomes. Independent of their effects 
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RELATIONSHIP OF THE GASTROINTESTINAL  
TRACT, IMMUNE SYSTEM, AND 
ISCHEMIA/REPERFUSION INJURY
The GI tract is the largest immune organ in the body, containing 65% of 
immune tissue overall and up to 80% of the immunoglobulin-producing 
tissues of the body.15,16 In the fed state, the normal motility, villous 
microanatomy, rich blood supply, and epithelial intercellular tight junc-
tions contribute to the overall integrity and barrier function of the GI 
tract. In response to luminal nutrients, propulsive contractions assist in 
controlling the concentration of luminal bacteria, and the secretion of 
bile salts, mucus glycoproteins, and secretory IgA retard bacterial adhe-
sion to gut epithelial cells and subsequent translocation.26,27 The healthy 
gut acts as an important antigen-sensing organ, in which bacterial 
antigen is sampled and processed by the M cells, ultimately stimulating 
the release and maturation of a population of pluripotential stem cells 
or naïve CD4 helper T lymphocytes.28,29 These cells migrate out from 
the lamina propria of the gut, through the mesenteric lymph nodes and  
thoracic duct, and into the systemic circulation as a mature line of 
B- and T-cell lymphocytes. A proportion of these cells generated in 
the maturation of the pluripotential stem cells migrate out as mucosal-
associated lymphoid tissue (MALT) to distant sites such as the lungs, 
genitourinary tract, breast, and lacrimal glands.26-29 Those that return 
to the Peyer patches of the enteric mucosa are known as gut-associated 
lymphoid tissue (GALT).27-29 In some situations, instead of seeing an 
increase in aspiration pneumonia in response to enteral feeding of 
critically ill patients, clinicians may instead see a reduced incidence of 
pneumonia22 due to maintenance of MALT in the lung by the trophic 
effects of luminal nutrients on the intestinal immune components.27-29

The intestinal microbiota and the function and structure of the GI 
tract are altered by changes brought on by critical illness. In the setting 
of increasing oxidative stress, where the pH or PO2 levels within the 
lumen of the gut may drop, pathogenic bacteria like Pseudomonas and 
staphylococci undergo quorum sensing. If the number of organisms is 
high enough, these pathogenic bacteria express virulent genes, which 
allows adherence to the intestinal surface and a contact-dependent acti-
vation of the intestinal epithelial cell. A cytokine storm results with the 
release of inflammatory agents (interleukin-1, interleukin-8, and tumor 
necrosis factor) into lymphatic channels. A gut-lung conduit of inflam-
mation results, as these cytokines pass through lymphatic channels and 
mesenteric lymph nodes into the thoracic duct and ultimately into the 

systemic circulation via the left subclavian vein. These proinflammatory 
cytokines pass directly into the microcapillary system of the lungs where 
activation of platelet activating factor and neutrophils lead to acute 
respiratory distress syndrome.

In a situation of even brief disuse, gut integrity may deteriorate. The 
mass of GALT and MALT tissue may diminish rapidly over a brief 
period of 7 to 10 days. Increased permeability occurs, opening up 
paracellular channels, allowing bacteria or other gut-derived factors 
such as endotoxin to activate elements of the innate immune system 
(macrophages).26 Activated macrophages will prime neutrophils passing 
through the splanchnic circulation. Primed neutrophils passing out to 
distant sites such as the liver, lung, and kidney may become activated 
by a second insult (such as hypoxemia or hypotension). At such sites, 
they may mediate tissue injury, resulting in the generation of oxida-
tive species. Macrophage and subsequent neutrophil activation is a key 
step linking gut functional compromise with more systemic factors 
that adversely affect patient outcome.30 Activated macrophages and 
neutrophils also initiate the arachidonic acid cascade. Generation of 
prostaglandin E2 (PGE2) suppresses delayed hypersensitivity reaction, 
generates superoxide radicals, and leads to an increased susceptibility  
to sepsis. Generation of leukotriene B4 (LTB4) leads to chemotaxis and 
edema and the systemic inflammatory response syndrome (SIRS). 
Thromboxane A2, another product of this cascade, leads to vasoconstric-
tion and thrombosis. This event, in turn, promotes physiologic shunts 
and multiple organ failure.31

The overall tone of the systemic immune response may be modulated 
at the level of the gut. The dendritic macrophage cells act as an antigen-
presenting cell (APC), which releases cytokines and activates the naïve 
CD4 T cells (Th0). The specific cytokines that are generated ultimately 
affect the differentiation pathway of these lymphocytes32 (Fig. 20-1). 
With gut disuse and fasting in critical illness, contractility is decreased, 
the hostile environment (low pH or PO2 levels) suppresses growth of 
commensal organisms, and overgrowth of pathogenic bacteria occurs. 
These changes together with the absence of food antigen cause the 
dendritic cell (which has been sampling the luminal contents) to release 
interleukin-12 (Fig. 20-2). This cytokine causes naïve CD4 helper 
lymphocytes within the lamina propria to differentiate into a Th1 pro-
inflammatory subset. This Th1 response results in the further release of 
other inflammatory cytokines, such as interleukin-2 (IL-2), interferon-γ 
(IFN-γ), and tumor necrosis factor-α (TNF-α). Feeding supports the 
presence and role of commensal bacteria. In a fed state with food antigen  

FIGURE 20-1.  Antigen processing immune function by the gut.
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present and a normal number of commensal bacteria, the dendritic 
cell releases interleukin-4 (IL-4). The production of IL-4 stimulates 
a change in naïve T cells (Th0) into the Th2 subset.32 Differentiation 
into Th2 lymphocytes causes further release of IL-4, interleukin-6  
(IL-6), and interleukin-10 (IL-10). The Th2 response tends to oppose 
or attenuate the Th1 inflammatory response. Feeding is also associated 
with oral tolerance, which represents a Th3 subset of CD4 lympho-
cytes and is generated in the presence of IL-4, IL-10, and transforming 
growth factor-β (TGF-β), all of which tend to have immunosuppres-
sive effects.32

THE IMPORTANCE OF MAINTAINING 
GASTROINTESTINAL INTEGRITY
The increase in gut permeability, which in some patients occurs over a 
very short period of time, has clinically important consequences for sick, 
critically ill patients. With loss of functional integrity, the tight junctions 
between the intestinal epithelial cells open up, the gut becomes “leaky,” 
and the patient experiences systemic bacterial challenge (through release 
of endotoxin and other gut-derived factors) and an exaggerated stress 
response with increased severity of disease.26 In a prospective random-
ized trial, Windsor and colleagues showed that patients with pancreatitis 
maintained on enteral tube feeding had no change in IgM antibodies to 
endotoxin over a week of enteral feeding.24 In contrast, controls placed 
on PN and gut disuse demonstrated a significant increase in IgM anti-
bodies to endotoxin of 25% in response to a week of parenteral feeding 
(p < 0.05).24 In a second study, increased gut permeability (measured 
by enteric absorption and urinary excretion of polyethylene glycol) 
and systemic endotoxemia correlated significantly with greater disease 
severity in patients with acute pancreatitis.33 In a prospective random-
ized trial, normal healthy volunteers randomized to PN and gut disuse 
for 7 days demonstrated an exaggerated stress response to a standard 
IV challenge of E. coli endotoxin, as evidenced by higher glucagon, epi-
nephrine, tumor necrosis factor, and C-reactive protein (CRP) levels and 
greater muscle catabolism compared to a study group receiving a week 
of enteral feeding.34 In two studies in patients with acute pancreatitis, 
significantly faster resolution of the SIRS response and “resolution of the 
disease process” (resolution of pain, decreasing amylase, and successful 
advancement to oral diet) was seen in patients randomized to EN com-
pared to those placed on PN.24,35

Consistent with the theoretical evidence presented, there are 13 stud-
ies of critically ill patients with surgery, trauma, and medical illnesses 
that evaluated the benefits of EN compared to PN. Compared to PN, 
EN was associated with a significant reduction in infectious complica-
tions (RR 0.62; 95% confidence intervals [CIs] 0.62, 0.84; p = 0.002).36 
No significant differences were seen in mortality between groups. Thus, 
in general, by feeding via the enteral route, we can expect to reduce the 
infectious complications associated with nutrition therapy in critically ill 
patients without adversely affecting survival.

■■ READINESS FOR ENTERAL NUTRITION
At the bedside, clinicians fail to recognize the relationship between gut 
structure and function and adverse patient outcome, primarily because 
there is significant delay in the development of complications that arise 
from poor management decisions related to enteral therapy. If mistakes 
are made with oxygen delivery, hypoxemia ensues immediately and 
the patient may deteriorate within minutes. If mistakes are made with 
volume resuscitation, there is a degree of delay, and problems arising 
from decreased vascular volume, hypoperfusion, and increasing azote-
mia may not develop for 12 to 24 hours. If no effort is made to maintain 
gut integrity, the complications that arise as a result may not develop for 
3 to 5 days. At that point, when nosocomial infections occur or organs 
begin to fail, the clinician does not connect the development of these 
complications with management decisions made 5 days before with 
regard to enteral nutrition. In fact, only in prospective randomized tri-
als can it be determined that had gut integrity been maintained, there 

might have been a decrease in the number of nosocomial infections, the 
number of organs failing, and the overall length of stay in the ICU prior 
to discharge.

NUTRITIONAL SCREENING and ASSESSMENT
Nutrition screening at admission is essential to the identification of 
patients who are at risk of adverse events due to their nutritional status 
and is recommended by various organizations.37-39 Various screening tools 
currently exist for use in hospitalized patients and are based on criteria 
such as history of unplanned weight loss and decreased oral intake, body 
mass index, acute illness/severity of disease/gastrointestinal symptoms, 
mobility, and physical assessment.40-45 None of the screening tools have 
been developed or validated specifically for the critically ill population, in 
whom acute inflammatory responses have a rapid, catabolic effect on lean 
body mass resulting in poor nutritional status at ICU admission.

There is strong observational evidence to show that not all critically ill 
patients respond to artificial nutrition the same way. In a recently pub-
lished prospective study of 2772 mechanically ventilated adult patients 
from 167 ICUs around the world, the association of nutritional adequacy 
and clinical outcomes was examined.9 Data were collected for maximum 
of 12 days and regression models were developed to explore the rela-
tionship between nutrition received and 60-day mortality. The results 
suggested that an increase of 1000 calories per day was associated with 
an overall reduction in mortality (odds ratio for 60-day mortality 0.76; 
95% CIs 0.61-0.95; p = 0.014). Interestingly, in a subgroup analysis, the 
beneficial treatment effect of increased calories and protein on mortal-
ity was observed mostly in patients with a BMI <25 and >35 with less 
benefit for patients in the BMI 25 to 35 group. These data support the 
notion that artificial nutrition may exert a differential treatment effect 
with respect to mortality in different subgroups of ICU patients, thereby 
making it difficult to accurately assess nutritional needs even within the 
same setting. Practitioners need to discriminate which subgroups might 
benefit the most (or least) from nutrition.

A novel approach to quantifying risk in the critically ill patient is 
therefore warranted, especially one that accounts for inflammation as 
well as acute and chronic starvation. Consistent with groundbreaking 
definitions of malnutrition by Jensen and colleagues,46 the NUTrition 
Risk in the Critically ill score (NUTRIC score) was developed, in which 
risks of adverse events that may be modifiable by nutrition therapy were 
quantified.47 In a secondary analysis of a prospective observational study, 
data for key variables considered for inclusion in the score were collected 
in 598 critically ill patients. Variables included age, baseline APACHE II, 
baseline SOFA score, number of comorbidities, days from hospital admis-
sion to ICU admission, Body Mass Index (BMI) <20, estimated percent 
of baseline oral intake in the week prior, weight loss in the last 3 months 
and serum IL-6, procalcitonin (PCT), and CRP levels. After multivariable 
modeling, the final NUTRIC score consisted of six variables, that is, age, 
baseline APACHE II, baseline SOFA score, number of comorbidities, 
days from hospital admission to ICU admission, and serum IL-6 and was 
found to be highly predictive of outcomes such as mortality and dura-
tion of mechanical ventilation. Patients with higher NUTRIC scores had 
worse outcomes compared to those with lower scores. More importantly, 
patients with a higher NUTRIC score were found to benefit the most 
from meeting their estimated nutrition needs compared to patients with a 
lower NUTRIC score who did not have any benefit from more nutrition. 
This novel scoring tool will help practitioners identify which critically ill 
patients are more likely to benefit from aggressive nutrition.

Determination of caloric requirements is very important on the initial 
nutritional evaluation, helping set the goal (number of required calories) 
of nutritional therapy. Caloric requirements are best determined using 
simple equations (25-30 kcal/kg per day) or by specific measurement via 
indirect calorimetry. There is no strong evidence to suggest one method 
of determining protein-energy requirements is better than the other. 
What is more important is that once those targets are set, that efforts to 
achieve them as soon as possible are made.
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■■ ACHIEVING ACCESS
Unfortunately, obtaining enteral access early in the course of the critical 
illness may be very difficult. With greater severity of illness, patients 
become more prone to ileus with gastroparesis, high residual volumes, 
and intolerance of gastric feeds. Early on, the hypermetabolic response, 
SIRS, high doses of narcotic analgesics, and electrolyte abnormalities 
may potentiate gastroparesis. Compounding the problem is the fact that 
disuse of the gut reduces the secretion of prokinetic hormones such as 
gastrin, bombesin, and motilin.26,27

The ability to obtain enteral access may be vital to the success of 
nutritional therapy in the critically ill patient. Each institution needs 
specialists who have the skills to place tubes at the appropriate levels of 
the GI tract, with techniques that can usually be done at the bedside with 
minimal or no sedation. A number of newer tubes and techniques have 
been described for blind postpyloric placement at the bedside, which in 
the hands of a dedicated nurse, dietitian, or intensivist should be suc-
cessful in >85% of cases.48-51 Newer guidance systems using magnets on 
the tip of the feeding tube (guided by handheld magnets on the outside), 
tracking systems with a GPS device in the tip of the tube (visualized by 
a monitor on the outside), and optical guidance systems using fiberoptic 
strands or the CMOS camera chip from cell phones placed within the 
feeding tube, all should serve to enhance the safety and success rate of 
bedside placement. In cases where bedside placement is unsuccessful 
or deeper jejunal placement is required (such as in patients with severe 
acute pancreatitis), enteral access to the small bowel may require endo-
scopic or fluoroscopic placement. For these latter patients, transport out 
of the ICU should be avoided to prevent an increased risk of mishaps 
(eg, cardiopulmonary arrest, new dysrhythmias, or loss of central IV line 
access) and pulmonary aspiration.52-54

■■ ASSESSING TOLERANCE
Physical examination by the clinical nutritionist may be the most 
important element of monitoring the patient on enteral tube feed-
ing. Abnormalities on physical examination usually reflect segmental 
abnormalities in contractility of the GI tract. Bloating, abdominal dis-
tention, hyperresonance, and increased residual volumes may signify 
delayed gastric emptying. In patients placed on nasogastric drainage, 
output of >1200 mL/d may indicate relative gastroparesis. Contractility 
of the colon may be assessed by passage of stool and gas. The presence 
of bowel sounds is a poor indicator of contractility in the small bowel, 
as evidenced by the fact that nasogastric suction will reduce its detec-
tion. Studies performed on the postoperative return of bowel func-
tion or contractility have provided valuable findings for the clinician. 
Invariably, contractility in the stomach stops initially, followed next by 
colonic contractility. Small bowel function or contractility appears to be 
retained the longest.55 In most critically ill patients (particularly patients 
with trauma), who on baseline evaluation have grossly abnormal physi-
cal examinations, tolerance to enteral tube feeding may be defined by 
slight decreases in abdominal distention and abdominal discomfort in 
the absence of high gastric residual volumes, metabolic acidosis, third-
spacing of fluids, or a worsening clinical condition. These findings on 
serial physical examinations determine whether the position of the feed-
ing tube needs to be changed (ie, placing the tip of the tube lower down 
in the GI tract at or below the ligament of Treitz), whether a tube with 
simultaneous aspirating and feeding capabilities needs to be added, or 
whether the feeds need to be temporarily discontinued.

STRATEGIES TO MAXIMIZE THE BENEFITS  
AND MINIMIZE THE RISKS OF ENTERAL NUTRITION

■■ TIMING OF ENTERAL NUTRITION
While enteral feeding is the preferred route of nutrient administration, 
how soon it should be started after an acute injury or insult is not clear. 
In critically ill patients, there were 14 randomized controlled trials 
comparing early EN (ie, that started within 24-48 hours of admission 

to the ICU) to some form of delayed nutrient intake (ie, delayed EN 
or oral diet).56 When results from these studies were aggregated, 
early EN was associated with a trend toward a reduction in mortality  
(RR 0.60; 95% CIs 0.46, 1.01; p = 0.06) when compared to delayed nutri-
ent intake. Seven studies reported infectious complications.57-63 When 
these were aggregated, early EN was associated with a significant reduc-
tion in infectious complications (RR 0.76; 95% CIs 0.59, 0.98; p = 0.04) 
when compared to delayed nutrient intake. No differences in length of 
stay were observed between groups. All 13 studies reported nutritional 
end points and showed a significant improvement in the groups receiv-
ing early EN (eg, improvements in calorie intake, protein intake, per-
centage of goal achieved, and better nitrogen balance achieved). There 
were no differences in other complications between the groups.

Although the results lack statistical significance, they do suggest a 
large improvement in clinical outcome and a significant increase in 
nutrient delivery associated with early enteral feeding. However, before 
endorsing the concept of early enteral feeding, one must consider the 
potential risks of such a strategy. Two recent nonrandomized stud-
ies suggest that early enteral feeds delivered into the stomach may be 
associated with increased complications.64,65 In contrast, Taylor and 
colleagues combined an aggressive early feeding protocol with the use 
of small bowel feedings and documented that head-injured patients fed 
aggressively, compared to standard (slower) provision of EN, not only 
had better nutritional status, but also had fewer complications and a 
more rapid recovery from their illness.10 Moreover, in a large multicenter 
observational study, Artinian and colleagues demonstrated that early EN 
(within 48 hours) was associated with a small increase in pneumonia 
rates but not withstanding, these patients who were fed early had a lower 
mortality rate compared to patients who received delayed EN.66

Synthesizing these discordant results, it would seem that early EN may 
be associated with improved clinical outcomes when done in such a way 
that maximizes the benefits and minimizes the risks (see below). Careful 
early EN, particularly if delivered distal in the small bowel, will reduce 
the risk of EN and provide the benefits of maintaining gastrointestinal 
structure and function. Furthermore, it should be noted that the goal of 
early EN, while critically ill patients are still early in the acute phase of 
their illness, is to provide enough critical nutrients to the gut to modulate 
the disease process and enhance gut barrier structure and function, not 
to meet their caloric requirements as soon as possible. Thus for some 
patients with evidence of inadequate oxygen delivery, specific nutrients 
(eg, glutamine and antioxidants) may be more important to provide in 
the first few days of critical illness. If patients are still on high-dose ino-
tropes to maintain adequate blood pressure, the risk of providing EN may 
outweigh the benefits. However, recent data suggest that even patients on 
vasopressors may benefit from early EN. Khalid and colleagues used a 
multi-institutional database to identify mechanically ventilated patients 
on vasopressors and compared the outcomes of those who received early 
EN to those were received delayed EN, using sophisticated propensity 
matching analysis to adjust for confounding variables.67 They demon-
strated that the group of patients that received early EN had a much 
lower mortality rate than those that received delayed EN. Moreover, 
they described that the sickest patients, those on multiple vasopressors 
experienced the largest benefit. This is the strongest available evidence 
to support the safety and efficacy of feeding the hemodynamically chal-
lenged patient. By no means are we advocating that EN has any role in 
the unresuscitated, unstable patient. But once fully resuscitated, despite 
the presence of vasopressors, EN should be initiated. If there are concerns 
about tolerating high-volume intragastric nutrition in such patients, 
either direct jejunal feeding or initiating low-volume feeds (trophic feeds) 
at 10 to 20 mL/h for 24 hours then reassessing could be considered.

■■ REDUCING RISK OF ASPIRATION
It is important on initial evaluation to assess the patient’s risk for aspi-
ration on EN. Aspiration may occur from the antegrade passage of 
contaminated oropharyngeal secretions or the retrograde passage of con
taminated gastric contents into the larynx. Regurgitation occurs more 
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frequently than aspiration.68 A number of risk factors have been identi-
fied that increase risk of aspiration in the ICU.69 While it is difficult to 
quantify or stratify degree of risk among these factors, a simple categori-
zation differentiates major risk factors for which change in management 
strategy may be needed, versus additional minor risk factors that may 
not warrant specific change in therapeutic course. Major risk factors 
include documented previous episodes of aspiration, decreased level of 
consciousness (including sedation or increased intracranial pressure), 
neuromuscular disease, structural abnormalities of the aerodigestive 
tract, need for endotracheal intubation, overt vomiting or regurgitation, 
need for prolonged supine position, and persistently high gastric resid-
ual volumes.69 Additional risk factors include presence of a nasoenteric 
tube, noncontinuous or bolus intermittent feeding, abdominal/thoracic 
surgery or trauma, delayed gastric emptying, poor oral care, advanced 
age, inadequate nursing staff, large bore feeding tube, malpositioned 
enteral tube (back into the esophagus), or transport out of the ICU.1,69 
Strategies to prevent aspiration in patients receiving nutrition support 
who have significant risk factors, as outlined below, should be utilized 
to minimize the risks associated with EN in this setting.

■■ ROLE OF SMALL BOWEL FEEDING
A number of strategies may be employed to maximize the delivery of 
EN while minimizing the risks of gastric colonization, gastroesophageal 
regurgitation, and pulmonary aspiration (Table 20-1). By delivering 
enteral feeds into the small bowel, beyond the pylorus, the frequency 
of regurgitation and aspiration, and possibly the risk of pneumonia, is 
decreased while at the same time nutrient delivery is maximized.70 There 
are 11 randomized trials that evaluated the effect of route of feeding on 
rates of VAP.71 When these results were aggregated, there was a signifi-
cant reduction in VAP associated with small bowel feedings (RR 0.77; 
95% CIs 0.60, 1.00; p = 0.05) compared to gastric feeding. Therefore, 
the converse is also true. In some patients, intragastric feeding may be 
associated with inadequate delivery of nutrition, increased regurgita-
tion, pulmonary aspiration, and pneumonia, particularly if patients are 
cared for in the supine position.

The clinical implications of these findings are influenced by the inherent 
difficulties in obtaining small bowel access. Given that some patients will 
tolerate intragastric feeds, it seems more prudent to reserve small bowel 
feeds for patients at high risk for intolerance to EN (due to use of inotro-
pes, continuous infusion of sedatives, paralytic agents, high gastric residual 
volumes, or patients with high nasogastric drainage) or at high risk for 
regurgitation and aspiration (nursed in prolonged supine position).

■■ BODY POSITION
While several studies document that elevation of the head of the bed is 
associated with less regurgitation and pulmonary aspiration, only one ran-
domized controlled trial compared the frequency of pneumonia in critically 

ill patients assigned to semirecumbent or supine position.72 Drakulovic and 
colleagues demonstrated that providing EN into the stomach in patients kept 
in the supine position was associated with a much higher risk of pneumonia 
compared to feeding patients with the head of the bed elevated to 45° (23% 
vs 5%, p <0.05). In subsequent randomized trial, van Nieuwenhoven et al73 
tried to replicate these findings but were unable. They were unsuccessful in 
fully achieving 45° elevation in the intervention group and the supine group 
was nursed at approximately 20°. These facts may explain the negative find-
ings associated with this study. Thus, a simple maneuver (ie, elevating the 
head of the bed to 30°-45°) may reduce the risks associated with enteral feed-
ings and is recommended.

■■ MOTILITY AGENTS
Gastrointestinal prokinetic agents improve gastric emptying, improve 
tolerance to enteral nutrition, reduce gastroesophageal reflux and pul-
monary aspiration, and therefore may have the potential to improve 
outcomes in critically ill patients.74 While no study has demonstrated 
an impact from use of these agents on clinical outcomes, their low 
probability of harm and favorable feasibility and cost considerations 
warrant their use as a strategy to optimize nutritional intake and 
minimize regurgitation. Since cisapride is no longer available and due 
to the concerns of bacterial resistance with the use of erythromycin, 
metoclopramide is probably the drug of choice. It can be prescribed 
with the initiation of enteral feeds or reserved for patients who experi-
ence persistently high gastric residuals. It can be discontinued after 
four doses if there is no benefit observed, or after tolerance to EN is no 
longer a problem clinically. For refractory cases, metoclopramide can 
be used in combination with erythromycin with good effect.75 Reducing 
narcotic dosages and potentially reversing their effect at the level of the 
gut by infusing naloxone or methylnaltrexone through the feeding tube 
may also be effective in improving gastric function and tolerance to EN, 
while reducing risk of aspiration.69

Methods not recommended solely to reduce risk of aspiration include 
switching to PN, adding acid to the enteral formula, switching from a 
large bore to a small bore nasoenteric tube, or converting a nasogastric 
tube to a percutaneous endoscopic gastrostomy tube.69

■■ FEEDING PROTOCOLS
Several observational studies document that EN is frequently inter-
rupted for high gastric residual volumes, procedures, nausea and vomit-
ing, and other miscellaneous reasons.76 Over the duration of ICU stay, 
this may result in inadequate delivery of EN to a critically ill patient and 
the associated complications of inadequate nutrition. Nurse-directed 
feeding protocols or algorithms have been shown to increase the amount 
of EN delivered on a daily basis.77 Instituting a feeding protocol in ICUs 
that provides specific instructions on the patient’s management related 
to EN to the bedside nurse has the potential to improve nutrient delivery 
and decrease complications.78 At what volume of gastric residuals should 
EN be held, in the context of implementing these protocols, remains a 
controversial subject. Recent studies suggest that inappropriately low 
thresholds do not protect the patient from aspiration, but simply result 
in more frequent cessation of EN delivery. Higher thresholds (>400) 
may be just as safe as lower thresholds (<250).79,80

■■ ROLE OF IMMUNE ENHANCING NUTRIENTS AND ANTIOXIDANTS
An additional strategy to maximize the benefits of enteral nutrition is 
to consider using products supplemented with specific nutrients that 
modulate the immune system, facilitate wound healing, and reduce 
oxidative stress. Enteral formulas developed to such an extent contain 
selected substrates such as glutamine, arginine, and omega-3 fatty acids, 
as well as selenium, vitamins E, C, and A, and β-carotene in supra-
physiologic concentrations. Unfortunately, with the possible exception 
of glutamine, the nutrients by themselves have not been adequately 
studied in critically ill patients, so their individual efficacy remains 
unknown. Nevertheless, these nutrients have been combined together 

  TABLE 20-1   � Summary of Strategies to Optimize the Benefits and Minimize the 
Risks of Enteral Nutrition and Total Parenteral Nutrition

Enteral Nutrition Total Parenteral Nutrition

Initiate early, within 24-48 hours of admission Hypocaloric dose

Use small bowel feedings Do not use lipids for short-term use 
(<10 days)Elevate head of the bed

Use motility agents Tight control of blood sugars

Use feeding protocol that enables consistent  
evaluation of gastric residual volumes and  
specifies when feeds should be interrupted

Supplement with glutamine

Use concentrated feeding formulas in cases of  
intolerance

Continue to trickle concentrated 
amounts of enteral nutrition if able

Consider formulas with immune additives
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FIGURE 20-3.  Arginine metabolic pathways.
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and marketed as an immune-enhancing diet. We use the term immu-
nonutrition as a general term to describe all these enteral products, 
but attempt to make summary recommendations based on the specific 
nutrients by themselves.

■■ ARGININE
Supplementing arginine in the diet has a variety of biologic effects on the 
host81,82 (Fig. 20-3). L-arginine is an active secretagogue that stimulates 
the release of growth hormone, insulin-like growth factor, and insulin, 
all of which may stimulate protein synthesis and promote wound heal-
ing. Conversion of arginine to ornithine by arginase provides two fur-
ther functions. This pathway enables shuttling of nitrogen to urea, and 
ornithine is utilized in polyamine synthesis (which is involved in depo-
sition of hydroxyproline, collagen, and the laying down of connective 
tissue to heal wounds). Arginine has also been shown to have significant 
immunostimulatory effects. Arginine has a trophic effect on the thymus 
gland that promotes the production and maturation of T lymphocytes. 
In the nitric oxide synthase pathway, the precursor arginine may con-
tribute to improved bacterial killing.81

Of interest is the fact that the arginase pathway is driven by a Th2 
cytokine profile, mediated by further release of IL-4, IL-10, and TGF-β. 
The Th2 cytokine profile has the effect of reducing the overall inflam-
matory immune response. In contrast, the nitric oxide synthase pathway 
is mediated by a Th1 cytokine profile, and is perpetuated by further 
release of IL-1, TNF, and IFN-γ.82 This pathway has the capability of 
promoting the inflammatory response and inducing the formation of 
nitric oxide. Increased levels of nitric oxide may exert a negative inotro-
pic and chronotropic effect on the cardiovascular system, and promote 
vasodilation (which may contribute to the hypotension and shock asso-
ciated with sepsis syndrome). Nitric oxide in larger amounts may act as a 
mitochondrial toxin and inhibit several steps in the oxidative phosphor-
ylation chain. Nitric oxide may also damage gut epithelium, increasing 
bacterial translocation and reducing overall gut integrity.81 Nitric oxide 
can also have nonspecific cytotoxic effects of inhibiting growth or killing 
cells indiscriminately.81 On one hand, in a setting of sepsis, endotoxin 
exposure, and cytokine activation with elevated levels of inducible nitric 
oxide synthesis, supplemental arginine theoretically might lead to the 
production of excessive amounts of nitric oxide, shock, and early death. 
On the other hand, asymmetric dimethyl arginine (ADMA) levels, 
which are increased in acute critical illness, have been associated with 
vasoconstriction, decreased perfusion, increased MOF, and mortality in 
the ICU. Providing L-arginine restores the balance or ratio of arginine to 
ADMA, reversing the effects of the latter agent. In two nonrandomized 
trials in septic patients, L-arginine has been given intravenously safely 
with no adverse hemodynamic effects,83,84 and succeeded in reversing or 
normalizing the balance of L-arginine to ADMA.85

Clinical Review:  There are no randomized studies of pure arginine 
supplementation in critically ill patients which evaluate clinically 
important outcomes. All studies in critically ill patients have com-
bined arginine with other immune-modulating nutrients. When 
the results of these 22 trials were aggregated, there was no effect on 

mortality (RR 1.06; 95% CIs 0.93, 1.20; p = 0.40), no overall effect on 
infectious complications (RR 0.99; 95% CIs 0.85-1.15; p = 0.88), and 
a trend toward reduction in hospital length of stay (weighted mean 
difference 2.40; 95% CIs 5.90, 1.09 ; p = 0.18).86 The presence of sig-
nificant statistical heterogeneity across studies weakens the estimate 
of effect on length of stay.

Whether arginine-containing products worsen outcomes in critically 
ill septic patients remains controversial.87 There are three reports in the 
literature of excess mortality associated with critically ill septic patients 
who received arginine-supplemented enteral diets versus standard 
EN.88-90 In contrast, Galban and colleagues91 demonstrated an increase 
in survival associated with arginine-supplemented diets in critically ill 
patients with infection with low APACHE scores. The effect of arginine-
containing products on critically ill patients with a high severity of illness 
remains unanswered. Thus, at the present time, arginine-supplemented 
specialized diets cannot be recommended for critically ill patients.

■■ OMEGA-3 FATTY ACIDS
Omega-3 fatty acids may be provided in the form of fish oil or canola 
oil. These agents do not have direct stimulatory effects, but instead 
have an indirect effect by modifying phospholipids in cell membranes 
throughout the body.92 Omega-6 fatty acids are involved in the cyclo-
oxygenase pathway, generating PGE2 and LTB4 from arachidonic acid. 
These are proinflammatory cytokines that lead to immune suppression 
and nosocomial infection, SIRS, and organ dysfunction. Through diet 
supplementation, omega-3 fatty acids compete with the omega-6 fatty 
acids for incorporation into cell membranes. Upon activation of the 
cyclooxygenase pathway, omega-3 fatty acids instead lead to the forma-
tion of PGE3 and LTB5. These compounds have 1/10 the biologic activity 
of the PGE2 and LTB4 series, and as a result have a much less immu-
nosuppressive effect.92 Borage oil is unique as an omega-6 fatty acid, 
because it is metabolized to the PGE1 series. PGE1 possesses both anti-
inflammatory and antiproliferative (reduced thrombosis) properties, 
and will attenuate the biosynthesis of arachidonic acid metabolites.93

Clinical Review:  There are three RCTs comparing the effects of an 
enteral diet supplemented with fish oils, borage oils, and antioxidants 
compared to a high fat diet in critically ill patients. Gadek et al94  
were the first to study this experimental diet in 146 patients with 
ARDS. Results revealed that patients fed the supplemented diet had 
17% less pulmonary total cell counts and neutrophil recruitment 
was decreased ~2.5-fold in alveolar fluid. The oxygenation ratio was 
improved on study day 4 (p = 0.0011) and day 7 (p = 0.0408). Patients 
also had decreased length of ventilator support (p = 0.011) and there 
was a tendency to decreased length of stay in the ICU (p = 0.16) and a 
reduction in the number of new organ failures (p = 0.15). Even though 
no significant (p = 0.15) differences were observed for mortality, 25% 
in the control group versus 16% in the fish oil group, a possible treat-
ment effect is observed. A subsequent RCT in 165 patients with acute 
lung injury (ALI) secondary to sepsis compared this same supple-
mental diet to the same control solution. Supplemented patients 
exhibited significantly higher oxygenation status (PaO2/FiO2 ratio) 
at days 4 and 7 compared to controls.95 Furthermore, the supple-
mented group had lower mortality rates (33% versus 52%; p = 0.037)  
at 28 days. In addition, patients fed the supplemented diet had 
significantly more ventilator-free days (p <0.01), ICU-free days  
(p <0.001) and less new organ dysfunctions (p <0.001). In another 
RCT conducted by Singer96 involving 100 patients with ALI for  
14 days, a significant improvement was seen in both the oxygenation 
ratio (PaO2/FiO2 ratio) on days 4 and 7 (p <0.05) and static compliance 
at day 7 (p <0.05). Furthermore, the supplemented group had a sig-
nificantly shorter length of ventilation to controls on day 7 (p <0.03).

In contrast, a multicenter trial in 11 ICUs in Spain randomized  
160 patients with sepsis, severe sepsis, and septic shock to this experi-
mental diet supplemented with fish oils, borage oils, and antioxidants, or 
an isocaloric, isonitrogenous nutritional solution (not the same control 
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diet as in the previous three studies). This study failed to show a statis-
tically significant difference in oxygenation, infections, or mortality.97

More recently, Rice and colleagues reported the results from the 
OMEGA clinical trial involving patients with ALI, who were random-
ized to omega-3 (n-3) fatty acids, docosohexanoic acid (DHA), eicosa-
pentaenoic acid (EPA), γ-linolenic acid (GLA), and antioxidants, or 
placebo.98 What is unique about this study is that the active treatments 
were administered as a bolus twice a day separate and distinct from 
the enteral feeding strategy rather than administered continuously 
alongside the enteral feeding solution (as had been done in the previous 
studies). The trial was stopped prematurely because of futility. Analysis 
of 272 randomized patients showed that those receiving the pharmaco-
nutrients compared to the control group had fewer ventilator-free days 
(14.0 vs 17.2; p = 0.02), fewer ICU-free days (14.0 vs 16.7; p = 0.035), 
fewer nonpulmonary organ-failure free days (12.3 vs 15.5; p = 0.025) 
and a trend to higher 60-day hospital mortality (26.6% vs 16.3%; p = 
0.054). There are several methodological concerns noted in this study.99 
The most significant issue is the use of a control solution that resulted 
in the control group receiving 20 g of protein/day more than the experi-
mental group.

Another recent study of pure fish oils (no GLA nor antioxidants) 
administered as a bolus dose dissociated from nutrition did not have any 
effect on pulmonary or systemic markers of inflammation. Whether this 
is a failure of the fish oils to mediate a treatment effect or a failure of the 
bolus administration in patients generally undernourished is unclear.100 
When provided continuously as a part of a complete enteral solution 
(not bolus), these key nutrients may still have a positive treatment effect 
(see www.criticalcarenutrition.com for most current meta-analysis).

■■ GLUTAMINE
The amino acid glutamine plays a central role in nitrogen transport 
within the body, is a fuel for rapidly dividing cells (particularly lympho-
cytes and gut epithelial cells), is a precursor to glutathione, and has many 
other essential metabolic functions. As noted previously, plasma gluta-
mine levels drop during critical illness, and lower levels of glutamine have 
been associated with immune dysfunction101 and increased mortality.102  
Human studies suggest that glutamine supplementation maintains 
gastrointestinal structure103 and is associated with decreased intestinal 
permeability compared to standard PN.104,105 In humans, glutamine-
supplemented formulas have resulted in improved nitrogen balance,106 
and higher intramuscular glutamine levels.107 Glutamine plays a crucial 
role in enhancing immune cell function108 and inducing heat shock pro-
teins, with no elevation in proinflammatory cytokine production.109,110

There have been several randomized trials of perioperative or criti-
cally ill adults reporting on clinically important outcomes.111 When the 
results of the 27 trials in critically ill, nonelective surgery patients were 
aggregated, glutamine led to a trend toward a significant reduction in 
mortality (RR 0.86; 95% CIs 0.74-1.00; p = 0.05), a significant reduc-
tion in infectious complications (RR 0.85; 95% CIs 0.74-0.97; p = 0.02), 
and a significant reduction in overall length of stay (by 1.91 days; 95% 
CIs −3.27, −0.54; p = 0.006).112 Subgroup analysis suggested that with 
respect to mortality and infectious complications, the majority of the 
treatment effect observed was associated with parenteral glutamine in 
patients receiving PN compared to enteral glutamine supplementation. 
The majority of glutamine provided enterally will be metabolized in the 
gut and liver, and therefore may not have a systemic effect. The only 
study that demonstrated a mortality effect with enteral glutamine was 
a small study in burn patients.113 In a study of trauma patients, enteral 
feeds supplemented with glutamine were associated with a trend toward 
a reduced rate of infection compared to control feeds (20/35 [57%] vs 
26/37 [70%], p = 0.24).114 In a small PRCT, use of enteral glutamine 
alone in the first 24 hours following trauma aided in resuscitating the 
gut and enhancing tolerance to subsequent delivery of EN (compared to 
controls receiving no glutamine115).

Therefore, for critically ill patients requiring PN, we recommend 
parenteral glutamine supplementation as long as the patient remains on 

PN. For patients with major burns or trauma, enteral diets supplemented 
with glutamine could be considered. Recommendations about glutamine 
supplementation (enteral or parenteral) in other critically ill patient popu-
lations fed enterally are premature and warrant further study.

■■ ANTIOXIDANT VITAMINS AND TRACE MINERALS
While there is a putative beneficial role of reactive oxygen species (ROS) 
in modulating cell signaling (redox signaling), and thus regulating pro-
liferation, apoptosis, and cell protection, oxygen-derived radicals may 
cause cellular injury by numerous mechanisms, including destruction 
of cell membranes through the peroxidation of fatty acids, disruption of 
organelle membranes such as those covering lysosomes and mitochon-
dria, degradation of hyaluronic acid and collagen, and disruption of 
enzymes like Na+, K+-ATPase, or α1-proteinase inhibitor.

To protect tissues from oxygen free radical (OFR)–induced injury, the 
body maintains a complex endogenous defense system that consists of a 
variety of extra- and intracellular antioxidant defense mechanisms. The 
first line of intracellular defense comprises a group of antioxidant enzymes 
such as superoxide dismutase, catalase, glutathione peroxidase, and glu-
tathione reductase, including their metal cofactors selenium, copper,  
and zinc. When these enzymatic antioxidants are overwhelmed, OFRs 
are free to react with susceptible target molecules within the cell  
(eg, unsaturated fatty acids of the cell membrane). Thus there is a need 
for a second line of defense scavenging OFRs by means of nonenzy-
matic antioxidants that are either water soluble, such as glutathione and  
vitamin C, or lipid soluble, such as vitamin E and β-carotene.116

In critical illness, oxidative stress arises when the balance between pro-
tective antioxidant mechanisms and the generation of ROS is disturbed. 
This imbalance may be caused by excess generation of ROS by means of 
ischemia/reperfusion injury, inflammation, infection, and toxic agents 
(chemotherapy or drugs), or by low antioxidant capacity (secondary to 
comorbid illnesses, malnutrition, and excessive losses such as in the case 
of burns). Many studies have demonstrated low plasma and intracellular 
concentrations of the various antioxidants in critically ill patients, and 
the clinical consequence of these low endogenous stores of antioxidant 
levels is increased morbidity and mortality.117-119

Most of the immune formulas are fortified with vitamins and miner-
als that have increased antioxidant capabilities. Vitamins A, E, and C, 
and the trace mineral selenium have antioxidant capabilities and are 
added in different amounts to the various formulas. The exact doses of 
these components have not been standardized.

Clinical Review of Studies of Antioxidant Nutrients:  Many random-
ized controlled trials have chosen to administer a combination of 
antioxidants via various routes of administration, thereby making 
it impossible to attribute the outcomes to a specific nutrient. When  
18 trials of single and combined antioxidants were aggregated, overall 
antioxidants were associated with a significant reduction in mortal-
ity (RR = 0.81; 95% CIs 0.70, 0.94; p = 0.004) and a trend toward a 
reduction in infectious complications (RR = 0.91; 95% CIs 0.80, 1.04; 
p = 0.16).120 Thus, for critically ill patients, supplemental combined 
vitamins and trace elements (selenium, vitamin E/α-tocopherol,  
vitamin C, N-acetylcysteine, and zinc) may be beneficial.

■■ ROLE OF PARENTERAL NUTRITION
Several trials, meta-analyses, and observational studies have evaluated 
the treatment effect of parenteral nutrition in the last few years, and none 
has shown a positive result, while some have suggested increased harm 
associated with PN in the critically ill patient.121,122 We have already stated 
that EN is used preferentially to PN. However, to optimize the delivery 
of nutrients and minimize the calorie-protein debt that accumulates in 
many EN-fed ICU patients during the early phase of critical illness, some 
prescribe PN at the same time EN is initiated. Then, as EN becomes 
successfully established, PN is reduced and eliminated. There are five 
randomized trials that address the clinical benefits of such a strategy 
in critically ill patients.123 All five studies reported on mortality and the 
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aggregated results demonstrated a trend toward an increased mortal-
ity associated with the use of combination EN and PN (RR 1.27; 95% 
CIs 0.82-1.94; p = 0.3). In one study, there was a significant increase in 
mortality associated with supplemental PN.124 Supplemental PN was not 
associated with a difference in the incidence of infections (RR 1.14; 95% 
CIs 0.66-1.96; p = 0.6), had no effect on hospital stay (standardized mean 
difference 0.12; 95% CIs 0.45, 0.2; p = 0.5), and had no effect on ventila-
tor days. Thus there appears to be no clinical evidence to support the 
practice of supplementing EN with PN when EN is initiated. However, 
these data are old and studies were poorly designed. Given the concerns 
about the accumulation of the protein-calorie debt that occurs within the 
first week of critical illness, supplemental PN is recommended by some 
to minimize that debt.125 Indeed, supplemental PN can reduce this deficit, 
but whether this strategy benefits outcome is not clear. Observational 
studies have been conflicting, with some showing benefit126,127 while 
others have shown worse outcome with introduction of PN.128,129 In one 
small PRCT, hypocaloric EN supplemented with PN was associated 
with a trend toward reduced mortality compared to EN alone but was 
associated with increased infectious complications, greater duration of 
mechanical ventilation, and longer length of ICU stay.126

What about the patient who has been started on EN, and after several 
days is only tolerating inadequate amounts of EN? Does PN have a role 
in this patient population? There are really insufficient data to guide 
practitioners on this point. At some point, depending on the ICU nutri-
tional risk assessment, the risk from further deterioration of nutritional 
status outweighs the risk of providing PN, due to the cumulative effect 
on immune function, continued losses to the lean body mass, and devel-
opment of specific key nutrient deficiencies in the critically ill patient 
receiving inadequate nutritional support by EN. This time frame may 
be considerably shortened in patients at tremendously increased risk 
for deterioration of nutritional status due to the presence of large open 
wounds, enteric fistula, or short bowel syndrome. Unfortunately, there 
are no randomized trials to guide practitioners as to when PN should 
be initiated in patients tolerating inadequate amounts of EN. While 
the results of our previous reviews suggest that PN is associated with 
no clinical benefit or increased harm, prolonged starvation (more than  
14 days) is equally associated with poor outcomes.130

In summary, PN has a very limited role in the critical care setting. 
PN should not be started in critically ill patients until all strategies to 
maximize EN delivery (such as the use of small bowel feeding tubes and 
motility agents) have been attempted. Waiting 10 to 14 days in someone 
tolerating inadequate amounts of EN is probably too long, but practitio-
ners will have to weigh the safety and benefits of initiating PN in patients 
not tolerating EN on an individual case-by-case basis.

■■ MAXIMIZING THE BENEFITS AND MINIMIZING THE RISKS  
OF PARENTERAL NUTRITION

If PN is associated with harm in critically ill patients, it may be due to a 
variety of potentially avoidable pathophysiologic mechanisms, including 
overfeeding, the immunosuppressant effects of soybean emulsion lipids, 
hyperglycemia, absence of key nutrients like glutamine, and the asso-
ciation of gut disuse and systemic inflammation. Understanding these 
potential mechanisms can guide practitioners when they utilize PN in 
such a way that its benefits are maximized and its risks are minimized.

Role of Hypocaloric Parenteral Nutrition:  Because of the degree of 
insulin resistance so commonly observed in stressed critically ill 
patients, providing large amounts of dextrose intravenously results 
in hyperglycemia and predisposes critically ill patients to risk of 
infection. Other attendant complications associated with overfeed-
ing carbohydrates include hepatic steatosis, hypertriglyceridemia, 
and hypercapnia. This has given rise to the notion of hypocaloric or 
hypoenergetic PN as a strategy to minimize complications associ-
ated with PN. There are only two small studies that have evaluated 
the effect of hypocaloric feeding in critically ill patients. To achieve 
a hypocaloric dose of PN, Choban and associates131 reduced both 

carbohydrates and lipids in morbidly obese critically ill patients, while 
McCowen and colleagues132 withheld lipids in a heterogeneous group 
of patients, including critically ill patients. Only one study reported 
infectious complications, and in that study hypocaloric feeding was 
associated with a trend toward a reduction in infectious complications 
(p = 0.2). There were no significant differences in mortality or length 
of stay between groups in either study. Given the lack of positive 
treatment effect from standard PN, minimizing the dose of PN seems 
reasonable until further data emerge to prove the contrary.

Parenteral Lipids:  There are several reports that demonstrate that intrave-
nous soy bean emulsion lipids may adversely affect immune status and 
clinical outcomes.133,134 The results of previously described meta-analysis 
of PN19 suggest that the adverse effects of lipids may negate any beneficial 
effect of nonlipid parenteral nutritional supplementation. There are two 
studies reviewed that compared the use of soy bean emulsion lipids to no 
lipids in parenteral nutrition.131,135 A significant reduction in pneumonia 
(48% vs 73%; p = 0.05), catheter-related sepsis (19% vs 43%; p = 0.04), 
and a significantly shorter stay in both ICU (18 vs 29 days; p = 0.02) and 
hospital (27 vs 39 days; p = 0.03) was observed in trauma patients not 
receiving lipids compared to those receiving lipids.134 In the McCowen 
study mentioned previously, the group that received no lipids (hypocalo-
ric group) showed a trend toward a reduction in infections (29% vs 53%;  
p = 0.2). No difference in length of stay was seen in this study, and it did 
not report on ventilator days. Combining these two studies, the meta-
analysis done showed a significant reduction in infections in the group 
that received no lipids (RR 0.63; CIs 0.42-0.93; p = 0.02) and no difference 
in mortality (RR 1.29; CIs 0.16-10.7; p = 0.8).

It is unknown what the effects of long-term fat-free parenteral nutri-
tion would be, and there is a paucity of data in malnourished patients. 
Given these caveats, withholding soybean emulsion lipids is probably 
best indicated for those patients requiring PN for a short time (<10 days),  
where the risk of fatty acid deficiency would be minimal. This recom-
mendation cannot be extrapolated to those who have an absolute contra-
indication to EN and need PN for a longer duration. The development 
of new lipid formulations that have less adverse effect on immunity and 
inflammation may lead to revising this recommendation in the future.136

Tight Glycemic Control:  Hyperglycemia, which occurs more often 
with PN than EN, is associated with increased infectious complica-
tions. In a pivotal trial, Van den Berghe and associates137 compared 
intensive insulin therapy (target range 4.4-6.1 mmol/L) versus con-
ventional treatment (10.0-11.1 mmol/L) in critically ill patients 
receiving nutrition support. This was a large study (n = 1548) 
of surgical ICU patients (predominantly elective cardiovascular 
surgery) with a relatively low APACHE II score (median 9). Study 
patients were started on a glucose load (200-300 g/d) and then 
were advanced to PN, combined PN/EN, or EN after 24 hours of 
admission. Intensive insulin therapy was associated with a lower 
incidence of sepsis (p = 0.003), a trend toward a reduction in ven-
tilator days, and a reduced ICU (p <0.04) and hospital mortality  
(p = 0.01), compared to conventional insulin therapy. However, 
multicenter randomized trials that followed failed to confirm this 
clinical benefit to tight glycemic control. In fact, the largest trial, the 
NICE-SUGAR trial randomized over 6000 patients to receive insulin 
to achieve a target range of 81 to 108 mg/dL (4.5-6.0 mmol/L) com-
pared to keeping the blood sugar less than 180 mg/dL (10 mmol/L) 
and demonstrated an increase in mortality associated with the lower 
range group (OR for death 1.14, 95%, CI 1.02-1.28, p = 0.02).138 The 
most recent meta-analysis of intensive insulin therapy does not show 
any treatment benefit overall and tight glycemic control is not recom-
mended.139 However, hyperglycemia is still harmful and efforts to 
reduce glucose intake or use insulin to keep blood sugars less than 
180 mg/dL (10 mmol/L) are still warranted.

Supplementation With Glutamine:  Perhaps the lack of treatment effect 
of PN relates to the lack of key nutrients necessary for repair and 
recovery following critical illness. As noted previously, there are 

section02.indd   140 1/13/2015   2:04:58 PM

http://www.myuptodate.com


CHAPTER 21: Glycemic Control 141

data that suggest that PN supplemented with glutamine is associated 
with increased survival in seriously ill hospitalized patients.20 It is 
difficult to provide high-dose free glutamine intravenously to criti-
cally ill patients due to problems with limited solubility and stability, 
especially in critically ill patients with volume-restricted conditions. 
However, recent advances in parenteral glutamine delivery have over-
come some of these challenges, making the provision of bioavailable 
glutamine practical, even at higher doses.140 The treatment effect is  
likely greatest when high-dose (>0.28 g/kg per day) glutamine  
is given parenterally. A lack of treatment effect is observed when low 
dose for short durations of time are used in critically ill patients.141 
Whether parenteral glutamine has a beneficial effect on patients 
receiving enteral nutrition is unknown.

Use of Enteral Nutrition in Patients on Parenteral Nutrition:  The adverse 
effect of PN may be related to the absence of nutrients in the bowel. 
The gastrointestinal mucosa is metabolically very active and the lack 
of enteral nutrients (as in the case of PN) would result in mucosal 
atrophy, increased permeability, bacterial overgrowth, transloca-
tion of bacteria and/or gut-derived factors that activate the immune  
system, atrophy of the GALT, and increased production of proinflam-
matory cytokines.

An observational study suggested that low-volume EN is associated 
with less toxicity compared to PN alone.142 Clearly our recommenda-
tion is that EN is used preferentially to PN, but in the patient who is not  
tolerating adequate amounts of EN over a prolonged period of time, if 
PN is going to be used, we suggest that attempts to provide EN be con-
tinued until EN is successful and the PN can be discontinued.

SUMMARY AND CONCLUSIONS
An opportunity exists for aggressive enteral nutritional therapy to favor-
ably alter a patient’s course through critical illness. The window of time 
to start enteral feeding and/or key nutrients to resuscitate the metaboli-
cally active gastrointestinal tract is variable in duration depending on 
the specific disease process; the opportunity may involve a time frame 
as limited as several hours or as long as 2 to 3 days. During this period, 
provision of enteral nutrients in a way that maximizes the benefits and 
minimizes the risks (see Table 20-1) has the capability to maintain 
gut integrity, minimize permeability, reduce oxidative stress and mac-
rophage activation, and ultimately improve patient outcome through 
reduced infectious morbidity, organ failure, length of hospitalization, 
and even mortality. There is a limited role for PN, and when it is used 
it  should similarly be used in a way that maximizes the benefits and 
minimizes the risks (see Table 20-1).
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Glycemic Control
Jean-Charles Preiser
Carole Ichai21

C H A P T E R

KEY POINTS

•• �The physiological regulation of blood glucose involves hormonal 
and neural mechanisms, resulting in a control of glucose flux 
across cell membranes.

•• High glucose concentrations are associated with cellular toxicity.
•• Stress hyperglycemia is a marker of severity of illness.
•• �Intensive insulin therapy used to tightly control blood sugar was 

found beneficial in one single-center study, but not in seven inde-
pendent other prospective trials.

•• �Current recommendations advocate a moderate glucose control 
by insulin therapy.

INTRODUCTION
Critical illness is typically associated with a so-called stress-induced 
hyperglycemia, defined as a transient hyperglycemia during illness in 
patients without previous evidence of diabetes.1 The relationship between  

section02.indd   141 1/13/2015   2:04:58 PM

http://www.criticalcarenutrition.com/index.php?option=com_content&view=article&id=18&Itemid=10
http://www.criticalcarenutrition.com/index.php?option=com_content&view=article&id=18&Itemid=10
http://www.criticalcarenutrition.com/index.php?option=com_content&view=article&id=18&Itemid=10
http://www.mhprofessional.com/hall
http://www.myuptodate.com


PART 2: General Management of the Patient142

stress hyperglycemia and poor outcome is largely established. This asso-
ciation reflects the validity of blood glucose concentration as a marker 
of illness severity. However, the correction of a moderate stress hypergly-
cemia may improve the prognosis. Indeed, in 2001, a large randomized 
controlled trial in critically ill surgical patients demonstrated that tight 
glucose control (TGC) (defined as the restoration and maintenance of 
blood glucose between 80 and 110 mg/dL) by intensive insulin therapy 
(IIT) was associated with a decreased mortality and rate of complica-
tions.2 However, subsequent studies performed in other intensive care 
units (ICU)3-8 failed to reproduce the beneficial effects of IIT titrated to 
achieve TGC.

These conflicting results raise the clinically relevant question: How 
to control glycemia in ICUs? This chapter intends to summarize the 
current understanding of the physiological regulation of glycemia,  
the toxicity of hyperglycemia, the mechanisms and consequences of 
stress hyperglycemia, and the available clinical data from observational 
and interventional studies and to discuss the unsolved issues and the 
implications for the daily clinical practice. Updated formal recom-
mendations will be suggested for glucose control in critically ill and 
postoperative patients.

PHYSIOLOGICAL REGULATION OF BLOOD GLUCOSE
Blood glucose concentration (BG) is tightly regulated by two types of 
mechanisms1:
•• The hormonal system consists in a balance between insulin, which 

will induce the entrance and utilization of glucose into tissues, and 
the so-called “hyperglycemic” counterregulatory hormones (gluca-
gon, epinephrine, cortisol).

•• The neural mechanism consists in an activation of messages issued 
from glucose sensors of various organs.
These hormonal and neural signals modulate carbohydrate metabo-

lism by controlling glucose fluxes, including endogenous production 
and the entrance of glucose into the cells. The translocation of glucose 
transporters (GLUT) is the prominent mechanism for the modulation of 
glucose transport across the cell membranes.9 Among those transporters, 
GLUT-1 is the predominant transporter for noninsulin-mediated glucose 
uptake (NIMGU) (Fig. 21-1).32 GLUT-2 regulates the flow of glucose 
across liver cell membranes. GLUT-4 is the main insulin-responsive  
glucose transporter and therefore modulates the insulin-mediated glucose 
uptake (IMGU) in adipose tissue, cardiac and skeletal muscles.

FIGURE 21-1.  Insulin and glucose uptake by tissues in physiological conditions. Insulin promotes insulin-mediated glucose uptake (IMGU) in adipose tissues, skeletal and cardiac muscles 
by activating GLUT-4 transporters. Simultaneously, insulin activates GLUT-2 transporters in the liver, which decrease the endogenous glucose production. The global effect is a decrease in blood 
glucose level (insulin is a hypoglycemic hormone). As a consequence, noninsulin-mediated glucose uptake (NIMGU) by GLUT-1 transporters decreases. (Adapted with permission from Lena D, 
Kalfon P, Preiser JC, Ichai C. Glycemic control in the intensive care unit and during the postoperative period. Anesthesiology. February 2011;114(2):438-444.)

Study name Statistics for each study Odds ratio and 95% CI

Odds Lower Upper 
ratio limit limit z Value p Value

Van den Berghe, 2001 1.572 1.102 2.242 2.498 0.012

Van den Berghe, 2006 1.057 0.826 1.353 0.441 0.659

Glucotrol, 2006 0.788 0.573 1.085 –1.460 0.144

VISEP, 2008 1.064 0.720 1.572 0.310 0.757

De La Rosa, 2008 0.830 0.574 1.199 –0.994 0.320

Arabi, 2008 0.781 0.484 1.262 –1.009 0.313

NICE-SUGAR 2009 0.918 0.812 1.038 –1.361 0.173

0.954 0.871 1.046 –0.995 0.320

0.5 1 2

Favors Control Favors IIT

Meta-analysis

TOXICITY ASSOCIATED WITH HIGH 
GLUCOSE CONCENTRATIONS
Because glucose is the preferential substrate during critically ill condi-
tions, stress hyperglycemia was considered for a long time as a ben-
eficial response allowing an adequate provision of energy to tissues. 
However, in stress conditions, an overall massive glucose overload 
happens in NIMGU tissues under the influence of proinflammatory 
mediators, counterregulatory hormones, and hypoxia. A wide range of 
tissues, including hepatocytes, endothelial cells, neurons, nephrons, and 
immune cells may be susceptible to enhanced glucose toxicity as a result 
of acute illness. In these tissues, several deleterious effects have been 
associated with these high glucose concentrations in cells.1,9 Damages 
to mitochondrial proteins occur and the formation of reactive oxygen 
species (ROS) is increased as a consequence of the shift from glycolysis 
toward accessory metabolic pathways (pentose phosphate, hexosamines, 
polyols).10 Other effects of excess glucose concentrations include the 
exacerbation of inflammatory pathways, decreased complement activity, 
modifications in the innate immune system, impairment in endothelial 
and hepatic mitochondrial functions, abolishment of the ischemic pre-
conditioning, and protein glycosylation. Acute complications attributed 
to stress hyperglycemia include renal failure, increased susceptibility to 
infections, polyneuropathy, and impaired microcirculation.1

MECHANISMS OF STRESS HYPERGLYCEMIA
Although sharing some similarities, the pathogenetic mechanisms of 
type 2 diabetes and stress hyperglycemia are different. In diabetes, 
the cause of hyperglycemia is a combination of insulin resistance and 
defective secretion of insulin by pancreatic β-cells. During stress hyper-
glycemia, complex interactions between counterregulatory hormones 
(catecholamines, growth hormone, and cortisol) and cytokines lead to 
an excessive hepatic glucose production and peripheral insulin resistance 
(Fig. 21-2). This highly complex interplay is largely variable over time.1,11

The stress-related increase in hepatic output of glucose results from glu-
coneogenesis and to a lesser extent from glycogenolysis. Gluconeogenesis 
is triggered to a larger extent by glucagon than by epinephrine and cortisol. 
Glycogenolysis is primarily triggered by catecholamines and perpetuated 
under the influence of epinephrine and cortisol. Tumor necrosis factor-α  
(TNFα) might promote gluconeogenesis by stimulating glucagon  
production. The increase in peripheral resistance is characterized by the 
inability of skeletal muscles and adipocytes to take up glucose, related to 
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an alteration of insulin signaling and with a downregulation of GLUT-4 
transporters (Fig. 21-1).

An increased glucose reabsorption or a decreased renal glucose clear-
ance have also been reported and likely contribute to hyperglycemia in 
acute conditions.12 Surgical stress itself is an important trigger, via the 
induction of insulin resistance under the influence of cytokines and 
counterregulatory hormones. The degree of insulin resistance has been 
related to the magnitude and the duration of the surgical stress. The 
avoidance of hypothermia, excessive blood losses, prolonged preopera-
tive fasting period, and prolonged immobilization synergize to reduce 
perioperative insulin resistance.

GLYCEMIC CONTROL: OBSERVATIONAL 
CLINICAL STUDIES
Recent and older observational data in various populations of criti-
cally ill patients consistently reported admission hyperglycemia as an 
independent marker of mortality and morbidity.13 This relationship was 
the strongest in patients with acute myocardial infarction, stroke, and 
cerebral hemorrhage. The beneficial effect of lowering blood glucose 
below 150 mg/dL in large populations has been suggested by retrospec-
tive analyses of large cohorts of critically ill patients. Consistently, in 

FIGURE 21-2.  Glucose metabolism in stress hyperglycemia. Stress hyperglycemia is marked by increased whole-body glucose uptake in noninsulin-mediated glucose transport. Insulin-
mediated glucose transport is reduced (insulin resistance). Intracellular nonoxidative glucose metabolism is also impaired. (Adapted with permission from Dungan KM, Braithwaite SS, Preiser 
JC. Stress hyperglycaemia. Lancet. May 23, 2009;373(9677):1798-1807.)
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these series, patients with an average BG below this threshold had a  
better outcome than those with an average BG higher than 150 mg/dL.14,15

After cardiac surgery, the occurrence of hyperglycemia above 180 mg/dL 
was consistently and independently associated with a significant decrease 
in both deep sternal wound infections and mortality.16 A recent before-after 
study assessing 300 diabetic patients found an improvement in vital out-
come after implementation of intraoperative glycemic control followed by 
3 days of postoperative glycemic control.17 Conversely, poor glucose control 
after cardiac surgery was associated with a worsened outcome.18

GLYCEMIC CONTROL: INTERVENTIONAL CLINICAL 
STUDIES (TABLE 21-1 AND FIG. 21-3)

■■ GLYCEMIC CONTROL IN ICUS
The first large landmark randomized controlled trial (RCT) included 1548 
surgical ICU patients (mainly cardiac surgery) randomized to IIT (target 
BG 80-110 mg/dL) or to a conventional glycemic management (target 
BG 180-200 mg/dL).2 In this study, IIT was associated with a reduction 
in ICU mortality from 8% to 4.6% and in-hospital mortality from 10.9% 
to 7.2%. These beneficial effects were even larger in patients who spent 
more than 5 days in ICU. IIT also lowered ICU morbidity expressed 

  TABLE 21-1    Summary of the Prospective Large-Scale Randomized Controlled Trials of Tight Glucose Control by Intensive Insulin Therapy

Study, Year of Publication
Number of Subjects  
(Intervention/No Intervention) Study Design

Intervention (Blood Glucose  
Target)

Control (Blood Glucose 
Target)

Primary Outcome 
Variable

Single-center trials

Leuven I, 20012 765/783 Single-blind 80-110 mg/dL 180-200 mg/dL ICU mortality

Leuven II, 20063 595/605 Single-blind 80-110 mg/dL 180-200 mg/dL ICU mortality

Arabi et al, 20084 266/257 Single-blind 80-110 mg/dL 180-200 mg/dL ICU mortality

De la Rosa et al, 20085 254/250 Single-blind 80-110 mg/dL 180-200 mg/dL 28-day mortality

Multiple-center trials

VISEP, 20086 247/289 Single-blind 80-110 mg/dL 180-200 mg/dL 28-day mortality and SOFA

NICE-SUGAR, 20098 3054/3050 Single-blind 80-110 mg/dL 140-180 mg/dL 90-day mortality

Glucontrol, 20097 542/536 Single-blind 80-110 mg/dL 140-180 mg/dL ICU mortality
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by a lower incidence of systemic infection, acute renal failure, need for 
transfusions, polyneuropathy, duration of mechanical ventilation, and 
length of stay in ICU. In the medical ICU of the same hospital, a second 
study used comparable method and objectives.3 In this second study, no 
significant decrease of in-hospital mortality in the TGC group versus the 
control group was found, even though a benefit was found in long stayers. 
The external validity of the Leuven studies and the optimal blood glucose 
target were assessed in large single-center and multiple-center prospec-
tive trials of TGC by intensive insulin therapy comparing two ranges of 
blood glucose.4-8 The design of these trials was similar but not identical 
(Table 21-1).19 All trials aimed to compare the effects of insulin therapy 
dosed to restore and maintain blood glucose between 4.4 and 6.1 mmol/L. 
Where they differed was in the target range of blood glucose for the control 
(nonintensive insulin therapy) group. The Glucontrol7 and the NICE-Sugar 
(Normoglycemia in Intensive Care Evaluation-Survival Using Glucose 
Algorithm Regulation)8 trials used a target value of 7.8 to 10.0 mmol/L 
while both Leuven studies,2,3 the VISEP study (“Prospective randomized 
multicenter study on the influence of colloid versus crystalloid volume 
resuscitation and of intensive versus conventional insulin therapy on 
outcome in patients with severe sepsis and septic shock”),6 and two other 
single-center large-scale trials4,5 used a target value of 10 to 11.1 mmol/L.

In the NICE-SUGAR study, IIT was associated with an increased 
90-day mortality, while in the other confirmatory trials, no difference in 
the outcome of the two groups was found. As expected, IIT was associ-
ated with a four- to sixfold increase in the incidence of hypoglycemia 
(reported in 5%-25% of the patients randomized to IIT). This high 
incidence of hypoglycemia represents the major concern when starting 
intensive insulin therapy and is the major cause of an increased medical 
and nurse workload. In VISEP6 and Glucontrol,7 the rate of hypoglyce-
mia and the mortality in the patients who experienced at least one such 
episode (defined as a blood glucose below 40 mg/dL) were higher than 
in patients who did not experience hypoglycemia. In contrast, in both 
Leuven studies2,3 hypoglycemic patients had no detectable differences 
in outcome when compared to patients without any hypoglycemic 

episodes. This does not exclude the possibility that long-lasting hypogly-
cemia, with consequent decreases in glucose availability for tissues that 
are glucose dependent, may be deleterious or even life-threatening. An 
accurate understanding of the consequences of hypoglycemia in criti-
cally ill patients requires further investigations.20

GLYCEMIC CONTROL IN CRITICALLY  
ILL PATIENTS: THE UNSOLVED ISSUES
The discrepancies between the results of the prospective trials of IIT led 
to various discussions and speculations. Several variables including the 
quality of glucose control assessed by the actual BG value achieved para
meters may influence the effect of IIT on outcome. Sampling site and type 
of devices can interfere with the determination of glucose concentration, 
especially in cases of vasoconstriction, arterial hypotension, shock, isch-
emia, and edema.21 Arterial blood samples and laboratory measurements 
(or blood gas analyzer devices) provide the most accurate BG values. 
Depending on the patient’s condition, the impact of glycemic control in 
ICU could vary. The underlying condition, type of admission, and the 
preexistence of diabetes can also influence the effects of IIT.22-24 A meta-
analysis of the seven large-scale prospective trials on TGC by IIT revealed 
that among various possible factors (mean APACHE II score, mean daily 
glucose level, SD of the mean glucose level [as an index of glucose vari-
ability], mean daily insulin dose administered, mean daily caloric intake, 
percentage of calories given intravenously as well as the percentage of 
patients that were diabetic or septic), only the delivery of a high (>80%) 
proportion of calories by the parenteral route was associated with an 
improvement in hospital mortality of patients randomized to IIT.25

A high rate of hypoglycemia and high glucose variability were associ-
ated with increased mortality in retrospective studies and in subsets of 
patients in prospective trials. However, causal relationships between the 
occurrence of hypoglycemia and poor outcome in ICU are not estab-
lished. Besides insulin infusion, other markers of severity (mechani-
cal ventilation, renal replacement therapies, sepsis, catecholamines) 

HYPERGLYCEMIA 

Adipose tissue 

Skeletal muscle 

Heart 

Decrease in glucose uptake
= peripheral insulin resistance

 (GLUT-2) 

NIMGU tissues (GLUT-1 & 3)

Erythrocytes
(GLUT-1)

Brain
(GLUT-1 & 3)

Immune &
in�ammatory

cells,
macrophages,

wounds
(GLUT-1)

Kidney medulla
(GLUT-1)

Increase in glucose uptake 

Relative insulin
resistance

Increase in endogenous
glucose production 

Cytokines
(TNF, IL-1)  

+

IMGU tissues (GLUT-4) 

= Central insulin resistance LIVER 

Counterregulatory
hormones 

Hepatic NIMG
permeability

Glycogenolysis 

FIGURE 21-3.  Effect of intensive insulin therapy on 28-day mortality. Meta-analysis of seven prospective controlled randomized trials comparing the 28-day mortality of patients random-
ized to intensive insulin therapy (IIT, target blood glucose 80-110 mg/dL) or to standard care (control). There was no difference in the effect of the two therapeutic strategies.
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predispose to hypoglycemia in critically ill patients.26,27 Observational 
studies have reported a clear relationship between poor outcome in criti-
cally ill patients and BG variability.28,29

CONCLUSIONS AND CURRENT RECOMMENDATIONS
Several issues related to IIT are left unsolved, including the optimal BG 
target, the categories of patients who could benefit from IIT, and the 
logistical requirements for a safe and reliable glucose control. Technical 
advances that could improve the quality and safety of glucose control 
include continuous intravascular glucose monitoring and computerized 
automated algorithms for insulin infusion. Meanwhile, recommendations 
for the daily practice are needed. In the absence of unequivocal evidence 
from clinical trials, formal expert recommendations have been issued 
for hospital inpatients and for critically ill and postoperative patients.30,31 
These guidelines based on exhaustive reviews of the literature available 
in 2009 by panels of experts consistently recommend that glucose level 
should be maintained below 180 mg/dL in critically ill patients.
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C H A P T E R

KEY POINTS

•• �Sedatives and analgesics used commonly in the care of critically 
ill patients often exhibit pharmacokinetics and pharmacodynam-
ics that are significantly different when compared with studies of 
their use in other arenas, such as the operating room. Knowledge 
of these differences is crucial to designing a sedation protocol for 
the critically ill patient.

•• �While the administration of sedatives and analgesics to the criti-
cally ill patient is indicated for a variety of conditions ranging from 
relief of suffering to facilitation of lung protective strategies of 
mechanical ventilation, continued reassessment of the need for 
and means of providing sedation is necessary to prevent the pro-
longation of mechanical ventilation.

•• �Intravascular catheters, endotracheal intubation, suctioning, 
immobility, and underlying illnesses all may cause pain in the 
critically ill patient. While physical remedies always should be 
tried—eg, repositioning a patient to alleviate arthritic pain—most 
patients require intravenous narcotics at least initially. Thus ade-
quate sedation begins with adequate analgesia.

•• �Regional pain control techniques, such as with epidural catheter–
administered anesthetics or opiates, can be highly effective at achiev-
ing pain control in the postoperative patient. The placement and 
removal of such catheters require correction of any underlying coagu-
lation abnormalities in order to reduce the risk of epidural hematoma.

•• �The evaluation of sedation adequacy can only be performed at the 
bedside and is facilitated by the use of a validated sedation scale, 
such as the Richmond Agitation-Sedation Scale, along with a pro-
tocol for the systematic assessment and administration of sedatives 
and analgesics.

•• �Although both continuous and intermittent bolus strategies for 
sedative administration have been advocated, the two strategies 
have not been compared directly in a large, randomized, controlled 
trial. Regardless of the approach used, some patients require larger 
doses of sedatives—often in excess of drug manufacturer guide-
lines. Thus the level of sedation must be reassessed continuously 
and a protocol for downward titration of sedation applied.

•• �If continuous administration is used, daily sedative interruption 
is recommended to prevent drug accumulation, allow the per-
formance of a neurologic examination, and permit reassessment 
of the need for sedation. If resedation is required, restarting the 
infusion at half the previous dose, with subsequent titration as 
necessary, is a useful strategy for systematic downward titration.

•• �Prolonged (>48 hours) neuromuscular blockade should be used as 
a last resort owing to the high incidence of neuromuscular com-
plications associated with this practice in critically ill patients. In 
particular, the administration of these agents in combination with 
high-dose corticosteroids is discouraged.

Administration of analgesics and sedatives is commonplace in the ICU. 
Unfortunately, many early studies of analgesic and sedative medications 
were performed in the operating room, a setting very different from the 
ICU. The clinician must recognize the diverse and often unpredictable 
effects of critical illness on the pharmacokinetics and pharmacodynam-
ics of sedatives and analgesics. Failure to recognize these effects may lead 
to inadequate or excessive sedation. Sedatives and analgesics may cause 
prolonged alterations in mental status and may mask the development 
of coincident complications of critical illness. Data studying the effects 
of analgesia and sedation in the ICU have accumulated in the last two 
decades and have had important influences on this aspect of critical 
care. As outcomes data have become available, analgesia and sedation 
practices driven by protocol guidelines have emerged.

INDICATIONS FOR SEDATION AND ANALGESIA
Analgesia and sedation needs vary widely in ICU patients. Although 
nonpharmacologic means such as comfortable positioning in bed and 
verbal reassurance should be considered initially, treatment with anal-
gesic and sedative agents is frequently needed. An effective approach to 
the use of analgesics and sedatives in critically ill patients begins with 
an understanding of the various indications for their use in this setting. 
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Effective analgesia is extremely important and is discussed in detail 
in a later section of this chapter. Dyspnea is common in ICU patients 
and may be a source of distress. Excessive coughing may contribute 
to patient-ventilator dyssynchrony. Opiates may alleviate dyspnea and 
coughing, particularly in intubated patients. Excessive oxygen consump-
tion (V

.
O2) and related carbon dioxide production (VCO2) may be detri-

mental in patients with respiratory failure or shock, and restoration of 
the delicate balance of oxygen delivery and consumption is important 
in the management of these patients. Oxygen consumption in intubated 
patients who are agitated can be reduced by 15% after administration of 
sedatives and opiates.1 For those with shock or severe hypoxemic respi-
ratory failure, this reduction in oxygen consumption may be important 
for cardiopulmonary stability. The importance of amnesia during criti-
cal illness is not well understood. Although it may seem intuitive that 
amnesia for the period of critical illness is desirable, data supporting 
this notion are lacking. Certainly it seems logical that amnesia for short 
periods (eg, during unpleasant interventions such as bronchoscopy) 
may be desirable; however, there are some data suggesting that complete 
amnesia for prolonged periods (eg, for the entire period of mechani-
cal ventilation) may be detrimental, leading to worse outcomes.2-4 
As discussed later, it is certain that amnestic effects are desirable and 
considered mandatory during the administration of neuromuscular  
blocking agents. Delirium—an acutely changing or fluctuating mental  
status, inattention, disorganized thinking, and an altered level of con-
sciousness that may or may not be accompanied by agitation—is common 
in ICU patients and can present in up to 80% of mechanically ventilated  
ICU patients.5,6 The pathophysiology of delirium is multifactorial and 
may occur as a result of medications, sepsis, fevers, encephalopathy  
(eg, hepatic or renal), paranoia, or withdrawal syndromes (alcohol, 
tobacco, or illicit drugs). Some patients may manifest an aggressive type 
of delirious behavior that may respond well to neuroleptic medications 
such as haloperidol and/or quetiapine.7,8 The most common form of 
delirium is the hypoactive, quiet form. There is no currently established 
pharmacologic therapy for hypoactive delirium, although sedative 
medications are likely to exacerbate rather than alleviate the problem.

ANALGESIA
It is undeniable that pain is a common experience for most ICU 
patients.2,5,7-9 Approximately 80% of patients recall moderate to severe 
pain in the ICU.10 A recent study evaluated pain in the ICU for up to  
14 days. They found that mild to moderate pain was identified in only 
40% of the patient assessments.7,11,12 Failure to recognize that pain fre-
quently leads to agitation may lead to inappropriate administration of 
nonanalgesic sedatives. Accordingly, an aggressive approach to managing 
pain has been strongly recommended by published consensus opinions 
regarding sedation in the ICU.7,8,13 Addressing analgesic needs frequently 
poses a challenge to the critical care clinician. The ability to discern pain 
accurately may be difficult because many clinical parameters such as 
changes in vital signs are sensitive but not specific indicators. There are 
numerous reasons for pain in the ICU patient. While causes such as sur-
gical incisions or trauma may be obvious, other causes such as endotra-
cheal suctioning or invasive catheters may be less apparent. Other causes 
of pain include pain from preexisting diseases (eg, vertebral compression 
fractures from multiple myeloma), endotracheal tubes, and prolonged 
immobility during bed rest.9,14 Pain is a dynamic sensation and patient 
specific. Treatment should be viewed as a spectrum based on physical 
assessment, rather than applying a formulaic approach.

Pain may result in many adverse effects, including increased endoge
nous catecholamine activity, myocardial ischemia, hypercoagulability, 
hypermetabolic states, hyperglycemia, sleep deprivation, anxiety,  
and delirium.15 Adequate analgesia may diminish some of these detri-
mental effects.16

It is sobering to note that pain is treated inadequately in many differ-
ent medical care settings,17 including the critical care unit.18,19 Ineffective 
communication with patients is sometimes at the root of this problem 

because physical barriers and delirium in the ICU are common occur-
rences.5 Concern over addiction to opiates,20 adverse cardiopulmonary 
effects of analgesics, and arbitrary limits placed on drug doses may be 
other reasons for inadequate analgesia in the ICU.

Certainly, the assessment of pain in critically ill patients can be chal-
lenging. As mentioned earlier, even the recognition of pain in these 
patients may be impaired by communication problems because many 
are intubated and/or delirious. Tools to categorize pain, such as scales or 
scoring systems, may be beneficial. In general, simpler scales are more 
effective because communication for many ICU patients is limited. 
The Visual Analogue Scale (VAS) has been found to have very good 
reliability and validity,21,22 although it has not been evaluated specifi-
cally in critically ill patients. This scale is a self-report measure of pain 
intensity that typically consists of a 10-cm line on paper with verbal 
anchors (“no pain” and “severe pain”) on the ends. A similar scale is 
the Numeric Rating Scale. This scale also consists of a horizontal line 
with numeric markings 1 and 10 anchoring either extreme of the pain 
intensity scale.23,24 It may be preferred because it can be completed by 
writing, speaking, or hand gestures and may be better across various 
age groups.7,8 Pain in the ICU is difficult to assess since there are many 
limitations in the patient’s ability to self-report. The behavioral pain 
score (BPS) and the critical care pain observation tool (CPOT) are both 
validated in patients that are unable to communicate their pain due to 
mechanical ventilation. These tools utilize behavioral or physiological 
responses in order to assess pain such as facial expression, body move-
ments, muscle tension, compliance with the ventilator if intubated, and 
vocalization if extubated.11

Previous studies have shown that benzodiazepines may enhance the 
analgesic effects of opiates22,23 and that opiate requirements are decre
ased in patients sedated with benzodiazepines rather than propofol.1  
Notwithstanding this interesting observation, it is imperative that 
sedative agents are not used in the place of analgesics. The 2013 Clinical 
Practice Guidelines for the Management of Pain, Agitation, and Delirium 
in Adult Patients in the Intensive Care Unit published by the Society of 
Critical Care Medicine (SCCM) recommend a concept termed analgose-
dation, which promotes lighter sedation whenever possible. There are 
some specific instances where deeper sedation may be warranted, such 
as pharmacological paralysis, alcohol or substance abuse withdrawal,  
procedures and ventilator dyssynchrony.7 Analgosedation is preferred 
over a sedative-hypnotic approach because it may optimize analgesia and 
limit administration of sedatives once analgesics have been provided.  
The proposed benefit of analgosedation is that it may limit the admin-
istration of sedatives and reduce the risk of negative short-term and 
long-term neurocognitive and neuromuscular deficits.25

Although nonpharmacologic analgesic strategies are worth consider-
ing, they are frequently ineffective in dealing with pain in ICU patients. 
Nevertheless, malpositioning of invasive catheters (eg, endotracheal tube 
impinging on the main carina) is a problem that may be remedied easily. 
Likewise, optimal patient positioning in bed may relieve, at least in part, 
low back pain, pain from chest tubes, etc. Despite appropriate attention 
to nonpharmacologic approaches, most patients require administra-
tion of some pharmacologic agents, with opiates being the mainstay 
of therapy. Strategies for administration include continuous infusions 
and intermittent dosing strategies. Among the intermittent dosing 
strategies are scheduled intermittent opiate administration, administra-
tion on an “as-needed” or PNR basis, and patient-controlled analgesic 
(PCA) “as needed.” Intravenous rather than intramuscular injection is 
the preferred route of administration because intramuscular injections 
themselves may be painful, and absorption of a drug given intramuscu-
larly is frequently sporadic in critically ill patients. Patients alert enough 
to respond to their own pain needs may benefit from PCA strategies. 
Transdermal opiates may be continued in patients who are chronically 
receiving such medications; however, absorption is often unreliable  
during critical illness. Therefore, this route should not be used for treat-
ing acute pain in the ICU; conversion to transdermal medications toward 
the end of a bout of critical illness is sometimes a reasonable approach. 
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Clearly, intravenous injection remains the preferred route, whether it 
is continuous or intermittent boluses. It is important to note that when 
initiating a continuous infusion or increasing the infusion rate that a 
bolus intermittent dose should be administered prior to initiation. This 
will optimize the medication and the patient will achieve pain control in 
a faster time period.

Opiate withdrawal can be seen in patients receiving opiates for 
extended periods when the drugs are discontinued suddenly. Patients 
who abuse opiates are at risk for this when hospitalized during criti-
cal illness. One study of trauma/surgical ICU patients reported a 32% 
incidence of withdrawal in patients receiving opiates and/or sedatives 
who were in the ICU for more than 1 week.26 Those manifesting with-
drawal received higher opiate and benzodiazepine drug doses than their 
counterparts who did not experience withdrawal. The signs and symp-
toms seen in withdrawal are mostly nonspecific. They include pupillary 
dilation, sweating, lacrimation, rhinorrhea, piloerection, tachycardia, 
vomiting, diarrhea, hypertension, yawning, fever, tachypnea, restless-
ness, irritability, increased sensitivity to pain, nausea, cramps, muscle 
aches, dysphoria, insomnia, symptoms of opioid craving, and anxiety.26 
The lack of specificity for many of these signs and symptoms may make 
it difficult to establish a diagnosis of opiate withdrawal in critically ill 
patients. Patients without previous illicit drug use may also experience 
opiate withdrawal when pharmacologically administered opiates given 
for extended periods are stopped suddenly. Whether downward titra-
tion of opiate doses or regular interruption of opiate administration 
can prevent this is not known. Additionally, titration to a longer acting 
opiate in the form of transdermal fentanyl patch or methadone can be 
considered once the patient is out of the acute phase of their illness. 
Once initiated, the longer acting opiates can slowly be weaned off to 
prevent withdrawal.

■■ REGIONAL TECHNIQUES FOR ANALGESIA

Epidural Analgesia:  Regional analgesic techniques may be effective 
strategies, particularly for postoperative analgesia. Epidural adminis-
tration of pharmacologic agents is an alternative approach to systemic 
administration. Local anesthetics may be used to block sensory nerve 
transmission. Autonomic nerves are more sensitive to local anesthet-
ics than sensory nerves. Therefore, loss of sympathetic vascular tone 
is common with epidural local anesthetics. Motor nerves are most 
resistant to epidural local anesthetics.

Ideally, an epidural catheter is placed at the spinal level that is at the 
same level as the pain source. For example, thoracic epidural catheters 
frequently are used for patients undergoing thoracic surgical proce-
dures to optimize the ability to cough and deep breathe after surgery. 
Although any local anesthetic may be used, bupivacaine is the most 
commonly used drug because of its long duration of action and prefer-
ential blockade of sensory over motor neurons. A relatively dilute, high-
volume concentration of local anesthetic is preferred (eg, bupivacaine 
0.125%-0.25%) because of spread over a wider dermatomal distribution. 
However, some studies have reported that high-concentration, low-
volume dosing regimens may produce similar analgesia and patient 
satisfaction but less profound motor block and improved hemodynamic 
stability.27 Continuous infusions of local anesthetic are typically used, 
which may provide effective analgesia for days.
Side Effects  Although central neuraxial blockade is an extremely effec-
tive analgesic technique, side effects such as hypotension may limit 
its use in critically ill patients. Inevitably, there is some sympathetic 
blockade with administration of local anesthetics for central neuraxial 
block. The resulting venodilation and increase in venous capacitance 
produces a relative hypovolemia. Accordingly, patients are routinely 
given crystalloid prior to administration of epidural (or spinal) local 
anesthetics. Obviously, patients with hemodynamic instability (eg, septic 
or hemorrhagic shock) may not tolerate decreases in sympathetic tone. 
Sympathetic blockade at a high level may block outflow from the cardiac 
accelerator fibers at the T1-T4 levels. The resulting bradycardia may 

further compromise hemodynamic stability. Drugs for treating hemo-
dynamic instability after central neuraxial blockade include ephedrine 
(α and β agonist, 5-10 mg), epinephrine (10-100 μg), and atropine  
(0.4 mg). Genitourinary blockade (parasympathetic S2-S4) with result-
ing urinary retention is problematic, occasionally in patients without 
bladder catheters.
Complications  Epidural hematoma formation is a rare but potentially 
devastating complication of central neuraxial blockade. Although exact 
cutoff values precluding this approach in patients with coagulation 
disturbances are not known, platelet counts less than 50,000/μL or 
international normalized ratios above 2 generally are considered contra-
indications. There is controversy regarding lesser degrees of coagulation 
abnormalities because of the lack of outcomes data; however, a con-
servative approach—where a normal coagulation state is required—is 
typically adhered to by most clinicians. The use of prophylactic heparin 
has been linked to epidural or spinal hematoma formation.28 Such case 
reports have led to recommendations that when prophylactic or low-
molecular weight heparin (LMWH) is used perioperatively, neuraxial 
block should be delayed for 10 to 12 hours after the last dose.29 Indeed, 
most recommend leaving existing epidural catheters in place in patients 
with coagulation abnormalities until these problems are corrected. In 
1997, the Food and Drug Administration (FDA) issued a public health 
advisory regarding reports of epidural or spinal hematomas with the 
concurrent use of LMWH and spinal-epidural anesthesia or lumbar 
puncture.30 Fortunately, the incidence of complications from epidural 
anesthesia is extremely low. A study of over 4000 patients scheduled 
for abdominal or abdominothoracic surgery reported a predicted 
maximum risk for permanent neurologic complications from epidural 
placement of 0.07%.31 An epidural hematoma may be difficult to detect 
in a critically ill patient. New motor deficits and back pain are the most 
common early signs. Ideally, an awake, interactive patient is preferred so 
that serial neurologic examinations can be performed.

Epidural catheter infection is another rare complication. Avoiding 
placement of catheters through inflamed or infected skin is mandatory 
and certainly will reduce this complication risk. Careful, frequent assess-
ments of skin entry sites and catheter dressings are an important part of  
the care of these catheters. Some clinicians advise against placement  
of these catheters in patients with bacteremia or sepsis, although there is 
some controversy surrounding this recommendation owing to a paucity 
of outcomes data. Exact guidelines for the use of epidural analgesia in 
critical illness have not been established. Indeed, it is clear that there is 
wide practice variation regarding the use of this technique in critically 
ill patients.32

Neuraxial Opiate Analgesia:  Opiates are also used frequently for neur-
axial analgesia. The presence of opiate receptors in the spinal cord 
was noted many years ago,33,34 and spinal opiate-mediated analgesia 
is currently a mainstay of regional anesthesia. Opiate receptors found 
on the dorsal region of the spinal cord (substantia gelatinosa) medi-
ate analgesia. Analgesia is profound and prolonged with water-soluble 
opiates such as morphine. Lipid-soluble opiates such as fentanyl have 
a more rapid onset than morphine but a shorter duration. A single 
dose of epidural fentanyl may last 2 to 4 hours, whereas a single dose 
of epidural morphine typically lasts 16 to 24 hours. Accordingly, 
fentanyl usually is given by continuous infusion through epidural 
catheters. Neuraxial opiates can also be given by intrathecal routes. 
Much smaller doses are needed when opiates are given intrathe-
cally—typically 10% of the epidural dose is adequate. Opiates given 
by neuraxial routes produce effective analgesia with less alteration in 
mental status than systemic opiates. The analgesia tends to be distrib-
uted dermatomally in the region of the spinal cord where the drug is 
administered when lipid-soluble drugs such as fentanyl are used. On 
the other hand, water-soluble drugs such as morphine tend to move 
rostrally regardless of the spinal cord level of injection. Importantly, 
when lipid-soluble neuraxial opiates are used, the injection site must 
be at the same level as the pain source (eg, thoracic epidural after 
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thoracic surgery). There is controversy over the benefits of epidural 
versus intravenous fentanyl analgesia. Some studies have reported 
similar outcomes when these two strategies are compared,35 whereas 
others have reported more effective analgesia with thoracic epidural 
fentanyl.36,37 In thoracic surgery patients, epidural fentanyl has been 
associated with better preservation of respiratory function compared 
with intravenous fentanyl. These salutary effects may be related to the 
catheter being located near the source of pain.

SEDATION
Pain is a cause for anxiety in most ICU patients despite adequate analgesia.  
A state of critical illness and dependence on others for care alone can 
invoke anxiety. Accordingly, sedation strategies must be incorporated to 
recognize and respond to this problem.

■■ ASSESSING ADEQUACY OF SEDATION
Assessing adequacy of sedation can be difficult because of its subjective 
nature. Several sedation scales such as the Ramsay Sedation Score,38 the 
Sedation Agitation Scale (SAS),39 and the Richmond Agitation-Sedation 
Scale (RASS)40 (Table 22-1) have been developed. The Ramsay scoring 
system is frequently referenced in clinical investigations of sedation. 
While it has the benefit of simplicity, it does not effectively measure qual-
ity or degree of sedation with regard to the goals outlined earlier41 and 
has never been validated objectively.42 Sedation scales such as the SAS 
and the RAS have been tested extensively for validity and reliability.39,40,43  
The RASS is perhaps the most extensively evaluated scale. It has been 
validated for ability to detect changes in sedation status over consecutive 
days of ICU care, as well as against constructs of level of consciousness 
and delirium. Furthermore, this scale has been shown to correlate with 

doses of sedative and analgesic medications administered to critically ill 
patients. As such, the RASS and SAS are preferable over the traditional 
Ramsay Sedation Score.

The evaluation of sedation adequacy remains an individual bedside 
maneuver. The nurse’s input is critical because he or she often will notice 
changes from an optimal level of sedation. Armed with validated seda-
tion scales, clinicians may strive to administer sedatives and analgesics 
to more concrete, reportable levels. Ideally, one would prefer a patient 
whose indications for sedation as outlined earlier are met yet who 
remains fully communicative with bedside caregivers. Such a state of 
sedation correlates with a Ramsay score of 2 or 3, a Sedation Agitation 
Scale score of 3 or 4, or a RASS score of 0 or −1.38-43 This state of being 
awake and communicative while sedatives are still infusing is achievable 
in some patients. However, in many patients the stress of critical illness 
precludes such a condition, and patients may require sedation and anal-
gesia to a point where constant communication is not possible.

The Bispectral Index Monitor, a device that processes the raw elec-
troencephalogram (EEG) signal into a discreet scaled number from 0 
(absence of cortical activity) to 100 (fully awake), has been evaluated 
as a tool to monitor sedation in the ICU setting. Some have found this 
device to reliably detect a patient’s level of consciousness under general 
anesthesia,44 although others have questioned the overall utility of this 
device for preventing awareness.45 Preliminary data suggest a reason-
able correlation between the bispectral index and the sedation agitation 
scale,46 as well as the RASS43; however, this device has not been evaluated 
extensively in the ICU and awaits more extensive validation before its 
role in the critical care setting is established.7,47,48

Recently, the occurrence of delirium in mechanically ventilated ICU 
patients has been shown to be associated with higher 6-month mortal-
ity even after adjusting for severity of illness and the use of sedatives 
or analgesic medications.49 Higher benzodiazepine doses have been 
reported to be an independent risk factor for transition to delirium.6 
Additionally, higher benzodiazepines doses have been documented as an  
independent risk factor for worse cognitive impairment, specifically, 
executive function scores at 3 months after ICU discharge. Notably, 
neither of the other sedative or opioid agents utilized in this study nega-
tively affected executive outcomes.50 The Confusion Assessment Method 
for diagnosing delirium has been modified for the ICU (the CAM-ICU) 
and has been validated (see Chapter 82).5

■■ STRATEGIES FOR ADMINISTERING SEDATIVES IN THE ICU
When drug therapy is being decided, it is important to acknowledge 
that no single drug can achieve all the indications for sedation and 
analgesia in the ICU; therefore, a combination of drugs, each titrated 
to specific end points, is the most effective strategy. Not all patients 
manifest anxiety and agitation in the same way. Accordingly, therapy 
should be patient specific, when possible, using a structured approach. 
This may allow lower doses of individual drugs and reduce problems of 
drug accumulation. In the ICU, sedatives and analgesics almost always 
are administered by the intravenous route. Both continuous infusion 
and intermittent bolus techniques have been advocated. While continu-
ous infusions of sedatives may reduce rapid fluctuations in the level of 
sedation, accumulation of drugs resulting in prolongation of mechanical 
ventilation and ICU stay has been described.51 Intermittent administra-
tion of sedatives and analgesics may increase demands on nursing time, 
potentially distracting attention away from other patient care issues. 
Other perceived benefits of continuous sedative infusions include a 
more consistent level of sedation with greater levels of patient comfort. 
The convenience of this strategy for both patients and care givers is 
likely the greatest reason for its popularity.

Ideally, strategies for sedation and analgesia in critically ill patients 
should adhere to pharmacokinetic and pharmacodynamic principles. 
Unfortunately, ICU patients frequently exhibit unpredictable alterations 
in pharmacology,52 so precise recommendations or guidelines for drug 
administration are not possible. Patient and drug characteristics have 

  TABLE 22-1    Richmond Agitation-Sedation Scale (RASS)

Score Term Description

+4 Combative Overtly combative or violent, immediate danger to staff

+3 Very agitated Pulls on or removes tubes or catheters or is aggressive

+2 Agitated Frequent nonpurposeful movement or ventilator dys-
synchrony

+1 Restless Restless, anxious, or apprehensive but movements not  
aggressive or vigorous

0 Alert and calm

−1 Drowsy, but has sustained (>10 seconds) awakening, 
with eye opening in response to verbal command

−2 Light sedation Awakens briefly (<10 seconds) with eye contact to 
verbal command

−3 Moderate sedation Any movement, except eye contact, in response to  
command

−4 Deep sedation No response to voice, but any movement to physical  
stimulation

−5 Unarousable No response

Procedure
	 1.	 Observe patient. Is patient alert and calm (score 0)?

Does patient have behavior that is consistent with restlessness or agitation (score +1 to +4 using 
the criteria listed above, under Description)?

	 2.	 If patient is not alert, in a loud speaking voice state patient’s name, and direct patient to open eyes 
and look at speaker. Repeat once if necessary. Can prompt patient to continue looking at speaker.
Patient has eye opening and eye contact, which is sustained for more than 10 seconds (score −1).
Patient has eye opening and eye contact, but this is not sustained for 10 seconds (score −2).

	 3.	 If patient does not respond to voice, physically stimulate patient by shaking shoulder and then rub-
bing sternum if there is no response to shaking shoulder.
Patient has any movement to physical stimulation (score −4).
Patient has no response to voice or physical stimulation (score −5).
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to be accounted for when considering the efficacy and concentrations. 
These include volume of distribution, clearance, and organ function. 
The volume of distribution cannot be assumed in the critically ill as 
many patients have received large volumes of resuscitation fluids, or 
conversely, been diuresed aggressively. Another key point to consider is 
the pharmacodynamics of the drug itself and whether it is hydrophilic 
or lipophilic. For instance, benzodiazepines are “short acting” due to 
their lipophilic nature53,54; however, when administered for a long-time 
period, these drugs accumulate in tissue (especially adipose) stores with  
a resulting prolonged clinical effect.51,55-58 Other circumstances that 
confound prediction of the pharmacologic behavior of sedatives and 
analgesics include altered hepatic and/or renal function.59 This is a 
large concern especially since many sedatives have active metabolites  
(eg, midazolam). Of note, when patients initially present to the ICU, the 
ability to predict organ function is poor and may not be detectable dur-
ing the acute phase. This can lead to accumulation of medications. Other 
concerns include polypharmacy in the ICU with complex drug-drug 
interactions, altered protein binding, and circulatory instability. The 
multicompartmental pharmacokinetics typical in critically ill patients 
defy simple bedside pharmacokinetic profiling. As such, titration of 
sedatives and analgesics against discernible clinical end points, while 
imprecise, is the only reliable strategy. Further confounding administra-
tion of sedatives in the ICU is the dramatic difference between extremes 
of sedation. Frequently, oversedated patients are easier to manage than 
undersedated patients, and in an effort to avoid unmanageable agita-
tion, clinicians may be heavy-handed when sedating agitated patients. 
However, deep sedation, even early in critical illness, may lead to 
adverse outcomes.60 Recent guideline recommendations promote light  
sedation.7 Heavier sedation can contribute to increased ventilator days, 
increased risk of developing delirium and ultimately long-term neuro-
cognitive and neuromuscular deficits.61

It is not uncommon for some critically ill patients to require extraor-
dinarily high doses of sedatives to achieve tranquility; such doses may 
be much greater than quoted in the literature and recommended by drug 
manufacturers.62 This may be due to drug tolerance and the requirement 
for more medication to achieve the same state of comfort. It is impor-
tant to note that pain and need for sedation are dynamic. Patients will 
fluctuate throughout their time on these medications and the “correct 
dose” for 1 hour may not be enough or may be too little the next. Indeed, 
occasional patients may even require pharmacologic paralysis to achieve 
synchrony with mechanical ventilation.63

As evidence-based treatment strategies for many common condi-
tions seen in critical illness have emerged and sicker patients continue 
to demonstrate improved outcomes in the ICU, more aggressive lev-
els of sedation and analgesia may be necessary. This is particularly 
likely for patients managed with unconventional ventilator strategies  
(eg, permissive hypercapnia, low tidal volumes, prone positioning, and 
pressure-controlled ventilation) because these strategies may be inher-
ently distressing to many patients.

The use of deep sedation carries a heavy price because the neurologic 
examination is severely limited in these patients. Ideally, a head-to-toe 
daily assessment for the presence of organ failure should be routine for 
every critically ill patient. This is particularly so during resuscitative phases 
of ICU care, when assessing the adequacy of end-organ perfusion and 
function is of paramount importance. The mental status examination is 
an important gauge of brain perfusion. Since brain injury is a devastating 
complication of critical illness, acute cerebral dysfunction must be detected 
quickly and corrected, if possible, before permanent injury takes place. The 
veil of sedation severely handicaps a clinician’s ability to serially follow a 
patient's neurologic condition. Communication and thorough physical 
examination may detect problems early on and obviate urgent diagnostic 
studies and therapeutic interventions after a problem has advanced.

A protocol-driven approach to sedation has been shown to alleviate 
many of the problems mentioned earlier. A protocol directed by bedside 
nurses can shorten the duration of mechanical ventilation, ICU and 
hospital length of stay, and the need for tracheostomy (Fig. 22-1).64 

Such protocols ensure adequate analgesia and sedation using frequent 
assessments of patient needs with goal-directed titration of analgesics 
and sedatives. Alternatively, a routine protocol of daily interruption of 
continuous sedative infusions can reduce many of the complications of 
sedation in the ICU setting, including duration of mechanical ventila-
tion and ICU length of stay (Figs. 22-2 and 22-3).55,65,66 Such a strategy 
allows patients to spend a substantial portion of their ICU time awake 
and interactive, potentially reducing the amount of sedative and opiate 
given, as well as reducing the need for diagnostic studies (eg, head CT 
scan) to evaluate unexplained alterations in mental status.

Such protocol-driven sedation strategies allow a focused downward 
titration of sedative infusion rates over time, streamlining administration 
of these drugs and minimizing the tendency for accumulation. Protocols 
may allow the depth of sedation to be decreased without compromising 
the stated goals of sedation. This strategy may allow clinicians to minimize 
sedative accumulation. Initially, the thought of decreasing or stopping sed-
atives in a critically ill patient who has been agitated may be unsettling. As 
such, clinicians may sedate patients aggressively early in their ICU course 
and maintain the same level of deep sedation indefinitely. A daily holiday 
from sedatives can eliminate the tendency to “lock in” to a high sedative 
infusion rate. When sedative infusions are decreased or stopped, tissue 
stores can redistribute drug back into the circulation. The interruption of 
sedative infusions sometimes may lead to abrupt awakening and agitation. 
This must be anticipated by the ICU team to avoid complications such as 
patient self-extubation; if excessive agitation is noted, sedatives should 
be restarted. Although the attempt at waking and communicating with a 
patient may fail on a given day, this does not portend inevitable failure on 
all subsequent days. When awakening patients from sedation, one need 
only bring patients to the brink of consciousness—able to follow simple 
commands (ie, open eyes, squeeze hand, track with eyes, open mouth/
stick out tongue) without precipitating excessive agitation. Once objec-
tive signs of consciousness are demonstrated, it is reasonable to restart 
sedatives at the first sign of agitation. If after discontinuing the sedative 
infusion the patient requires resedation, we recommend restarting the 
infusion at 50% of the previous dose. Adjustments from this starting point 
can be individualized to patient needs.66

It is clear that sedatives may have an impact on the duration of 
mechanical ventilation.55,64 Protocolized sedation strategies may reduce 
the duration of mechanical ventilation by allowing earlier recognition 
of patient readiness to undergo a spontaneous breathing trial. The use 
of a daily spontaneous waking trial, followed by a daily spontaneous 
breathing trial, should be implemented widely in the care of critically ill 
patients requiring mechanical ventilation.66

When discussing heavy sedation, the primary agents utilized are 
either propofol or benzodiazepines, such as midazolam or lorazepam.  
A newer agent, dexmedetomidine, has been studied and is labeled a lighter 
sedative. It is an α2 agonist and provides a lighter sedative effect with the 
physiological benefit of no respiratory depression. A multicenter study 
compared the effects of dexmedetomidine and midazolam on sedation in 
mechanically ventilated patients and found that there was no difference 
between the sedatives in regard to time within target RASS, however, there 
was an increase in delirium in the midazolam group. Additionally, time to 
extubation was increased with the midazolam group (3.7 vs 5.6 days).61

One study assessed a protocol of no sedation (morphine only) com-
pared to daily interruption of sedation (control group) in mechanically 
ventilated critically ill patients. In the control group, patients received 
morphine, propofol, or midazolam if intubated for longer than 48 hours. 
They found that the patients randomized to the no sedation group had an 
increase in days without ventilation. Every patient received 1:1 nursing  
care, an arrangement that may not be feasible at all centers.67

■■ DRUGS FOR SEDATION OF MECHANICALLY VENTILATED PATIENTS

Opiates:  Opiate receptors are found in the central nervous system, 
as well as in peripheral tissues. There are several classes of receptors, 
but the two most clinically important are the µ and κ receptors. The 
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1. Sedation needed—target to
    Ramsay score 3.
2. Exclude reversible causes
    of agitation.
3. Is pain likely?

No

No

No

Yes

Yes

Yes
Yes

No

Is agitation causing acute
deterioration (eg, hypoxia, high
peak airway pressures)
necessitating immediate control?

Requiring
diazepam/midazolam
bolus >
every 2 hours

Diazepam or midazolam
2-5 mg every 5

min until desired
sedation level achieved

Morphine 1-5 μg
up to every 2 hours

Fentanyl 25-50 μg
every 5 min until

pain/agitation relieved

Requiring fentanyl bolus >
every 2 hours

Fentanyl infusion 25-100 μg/h

Lorazepam 1-4 mg
 up to every 2 hours

Lorazepam
infusion

0.5-1mg/h

Targeted sedation
achieved

Ye
s

No

Decrease fentanyl infusion by
25 μg/h or lorazepam infusion
by 0.25 mg/h every 4 hours
until infusion discontinued.

Reassess sedation
regimen and ramsay
score every 4 hours

Rebolus and increase fentanyl
infusion by 25 μg/h and/or

rebolus and increase
lorazepam infusion by 0.25mg/h

FIGURE 22-1.  Protocol for nursing management of sedation during mechanical ventilation. (Reproduced with permission from Brook AD, et al. Effect of a nursing-implemented sedation 
protocol on the duration of mechanical ventilation. Crit Care Med. December 1999;27(12):2609-2615.)
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FIGURE 22-2.  Kaplan-Meier analysis of the duration of mechanical ventilation, according 
to study group. After adjustment for baseline variables (age, sex, weight, APACHE II score, and 
type of respiratory failure), mechanical ventilation was discontinued earlier in the STOP group 
than in the control group (relative risk of extubation, 1.9; 95% confidence interval 1.3-2.7;  
P < 0.001).
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FIGURE 22-3.  Kaplan-Meier analysis of the length of stay in the intensive care unit 
(ICU), according to study group. After adjustment for baseline variables (age, sex, weight, 
APACHE II score, and type of respiratory failure), discharge from the intensive care unit (ICU) 
occurred earlier in the STOP group than in the control group (relative risk of discharge, 1.6; 95%  
confidence interval, 1.1-2.3; P = 0.02).

µ receptors have two subtypes, µ1 and µ2. µ1 receptors are responsible 
for analgesia, whereas µ2 receptors mediate respiratory depression, 
nausea, vomiting, constipation, and euphoria. The κ receptors are 
responsible for such effects as sedation, miosis, and spinal analgesia. 
Table 22-2 presents a summary of the pharmacologic properties of 
the opiates.

Pharmacokinetics  The following discussion applies to the intravenous opi-
ates used most commonly in the ICU.

Morphine: Intravenous morphine has a relatively slow onset of action 
(typically 5-10 minutes) owing to its relatively low lipid solubility, 
which delays movement of the drug across the blood-brain barrier. 
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  TABLE 22-2    Opiates

Fentanyl Morphine Hydromorphone Remifentanil

Onset 1-2 minutes 5-10 minutes 5-10 minutes 1-3 minutes

Elimination half-life 2-4 hours 3-4 hours 2-3 hours 3-10 minutes

Metabolic pathway N-dealkylation CYP3A4/5 substrate Hepatic, glucuronidation Hepatic, glucuronidation Hydrolysis by plasma esterases

Active metabolite None 6- and 3- glucuronide metabolite None None

Intermittent dosing 0.35-0.5 µg/kg IV q0.5-1h 2-4 mg IV q1-2 h 0.2-0.6 mg IV q1-2 h None

Continuous infusion 25-200 µg/h 2-30 mg/h 0.5-3 mg/h 1.5 µg/kg IV loading dose; then  
0.5-15 µg/kg/h

Side effects Less hypotension; accumulation with hepatic 
impairment

Accumulation with hepatic/renal  
impairment, histamine release

Accumulation with hepatic/renal  
impairment

No accumulation with organ  
dysfunction, use ideal body weight

The duration of action after a single dose is approximately 4 hours. 
As the drug is given repeatedly, accumulation in tissue stores may 
prolong its effect. Morphine undergoes glucuronide conjugation 
in the liver and has an active metabolite, morphine-6-glucuronide. 
Elimination occurs in the kidney, so effects may be prolonged in 
renal failure.

Fentanyl: Fentanyl is very lipid soluble, thereby rapidly crossing the 
blood-brain barrier and exhibiting very rapid onset of action. Its 
duration of action after a single dose is short (0.5-1 hour) because 
of redistribution into peripheral tissues; however, as with all opiates, 
accumulation and prolongation of effect can occur when this drug is 
given for extended periods. Inactive products of hepatic metabolism 
are excreted by the kidney.

Hydromorphone: The onset of action is similar to morphine. The dura-
tion of action is shorter than morphine when given as a single dose. 
The absence of active metabolites makes the duration typically shorter 
than that of morphine when administered for extended periods. 
However, it can still accumulate with hepatic or renal dysfunction.

Remifentanil: Remifentanil is a lipid-soluble drug with a rapid onset 
of action. This drug is unique in that it is metabolized rapidly via 
hydrolysis by nonspecific blood and tissue esterases. As such, its 
pharmacokinetic profile is not affected by hepatic or renal insuf-
ficiency. It must be given by continuous infusion because of its rapid 
recovery time. This rapid recovery, typically minutes after cessation 
of the drug infusion, may be useful in the management of critically ill 
patients. Because remifentanil is eliminated from the body so rapidly, 
in some cases it may lead to a circumstance in which patients are left 
with no analgesia after discontinuing the infusion. Remifentanil as a 
component of general anesthesia may have a role in reducing the need 
for ICU admissions by allowing extubation in the operating room and 
preventing the need for postoperative ICU care.68,69

Meperidine: Meperidine’s greater lipid solubility leads to more rapid 
movement across the blood-brain barrier and a more rapid onset of 
action, typically 3 to 5 minutes. Because of redistribution to periph-
eral tissues, its duration of action after a single dose is less than that 
of morphine (1-4 hours). Meperidine undergoes hepatic metabolism 
and renal elimination. A major problem with the use of meperidine 
is its metabolite normeperidine, a CNS stimulant that can precipitate 
seizures, especially with renal failure and/or prolonged use. Since 
meperidine offers no apparent advantage over other opiates, it has 
little role in the management of critically ill patients, outside of use as 
an antidote for post-anesthesia shivering.

Pharmacodynamics  All opiates have similar pharmacodynamic effects and 
will be discussed without reference to individual drugs except where 
important differences are present.

Central nervous system: The primary effect of opioids is analgesia, 
mediated mainly through the µ and κ receptors. Mild to moderate 

anxiolysis is also common, although less than with benzodiazepines. 
Opiates have no reliable amnestic properties.

Respiratory system: Opiates lead to a dose-dependent centrally medi-
ated respiratory depression, one of the most important complications 
associated with their use. Respiratory depression, mediated by the  
µ2 receptors in the medulla, typically presents with a decreased respi-
ratory rate but preserved tidal volume producing a characteristic slow 
and deep breath. The CO2 response curve is blunted, and the ventila-
tory response to hypoxia is obliterated. An important benefit of these 
drugs is the relief of the subjective sense of dyspnea frequently present 
in critically ill patients with respiratory failure.

Cardiovascular system: Opiates have little hemodynamic effect on 
euvolemic patients whose blood pressure is not sustained by a hyper-
active sympathetic nervous system. When opiates and benzodiaz-
epines are given concomitantly, they may exhibit a synergistic effect 
on hemodynamics. The reasons for this synergy are not entirely clear. 
Meperidine has a chemical structure similar to atropine and may elicit 
a tachycardia, another reason its use is discouraged in the ICU. All 
other opiates usually decrease heart rate by decreasing sympathetic 
activity. Morphine and meperidine may cause histamine release, 
although it is rarely important in doses typically used in the ICU. 
Fentanyl does not release histamine.70 Remifentanil may cause brady-
cardia and hypotension, particularly when administered concurrently 
with drugs known to cause vasodilation, such as propofol.

Other effects: Other side effects include nausea, vomiting, and decreased 
gastrointestinal motility. Methylnaltrexone, a specific antagonist of µ2 
receptors in the gut, has been reported recently to attenuate this side 
effect in humans.71 The utility of methylnaltrexone in the ICU has not 
been tested and is only recommended in patients with chronic opioid use. 
Other side effects include urinary retention and pruritus. Muscle rigidity 
occasionally occurs with fentanyl and remifentanil. This is seen typi-
cally when high doses of these drugs are injected rapidly and may affect 
the chest wall muscles, making ventilation impossible. Neuromuscular 
blockade, typically with succinylcholine, reverses this problem.

Benzodiazepines: Benzodiazepines act by potentiating γ-aminobutyric 
acid (GABA) receptor complex–mediated inhibition of the CNS. 
The GABA receptor complex regulates a chloride channel on the cell 
membrane, and by increasing the intracellular flow of chloride ions, 
neurons become hyperpolarized, with a higher threshold for excit-
ability. Flumazenil is a synthetic antagonist of the benzodiazepine 
receptor that may reverse many of the clinical effects of benzodiaz-
epines; however, care must be taken when administering flumazenil 
in patients on chronic benzodiazepines as it may precipitate seizures.

Table 22-3 presents a summary of the pharmacologic properties of the 
benzodiazepines.

Pharmacokinetics  The three available intravenous benzodiazepines, mid-
azolam, lorazepam, and diazepam, are discussed below.
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Midazolam: The onset of action of midazolam is rapid (0.5-5 minutes), 
and the duration of action following a single dose is short (~2 hours). 
All benzodiazepines are lipid soluble with a large volume of distribu-
tion and therefore are distributed widely throughout body tissues. 
For all benzodiazepines, the duration of action after a single bolus 
depends mainly on the rate of redistribution to peripheral tissues, 
especially adipose tissue. Midazolam undergoes hepatic metabolism 
and renal excretion. Alpha-hydroxy midazolam is an active metabo-
lite that is excreted by the kidneys. In the presence of kidney failure, it 
can accumulate and lead to prolonged effects.

	   The kinetics of midazolam change considerably when it is given by 
continuous infusion to critically ill patients. After continuous infusion 
for extended periods, this lipid-soluble drug accumulates in peripheral 
tissues rather than being metabolized. On discontinuing the drug, 
peripheral tissue stores release midazolam back into the plasma, and the 
duration of clinical effect can be prolonged.57 Obese patients with larger 
volumes of distribution and elderly patients with decreased hepatic and 
renal function may be even more prone to prolonged effects.

Lorazepam: Intravenous lorazepam has a slower onset of action than 
midazolam (~5 minutes) because of its lower lipid solubility, which 
increases the time required to cross the blood-brain barrier. The 
duration of action following a single dose is long (6-10 hours) and 
is proportional to the dose given; however, many pharmacokinetic 
studies are done on healthy volunteers and may not apply to critically 
ill patients. Lorazepam’s longer duration of action is due to lower 
lipid solubility with decreased peripheral tissue redistribution. One 
risk with continuous infusion of lorazepam is the risk of propylene 
glycol toxicity. It is due to the diluent and usually occurs in the setting 
of doses >6 mg/h for more than 48 hours. Patients may present with 
metabolic acidosis (increased lactate) and renal failure.

Diazepam: The onset of action of intravenous diazepam is short  
(~2-5 minutes). Duration of action following a single dose is also short 
(30-60 minutes) owing to high lipid solubility and peripheral redistri-
bution. Diazepam is rarely given by continuous infusion because it has 
a long termination half-life. Once the peripheral tissue compartment is 
saturated, recovery can take several days. Diazepam has several active 
metabolites that themselves have prolonged half-lives. The metabolism 
of diazepam depends on hepatic function and is prolonged in liver 
disease and in the elderly. With the availability of midazolam and 
lorazepam, diazepam has little, if any role in ICU sedation.

Pharmacodynamics  The benzodiazepines have similar effects and will be 
discussed without reference to individual drugs except where important 
differences are present.

Central nervous system: All benzodiazepines cause a dose-dependent 
suppression of awareness along a spectrum from mild depression of 
responsiveness to obtundation. They are potent amnestic agents72,73; 
lorazepam appears to produce the longest duration of antegrade 
amnesia. All are potent anxiolytic agents. A paradoxical state of agitation 
that worsens with escalating doses may occur occasionally, especially in 
elderly patients. All benzodiazepines have anticonvulsant properties.74

Respiratory system: Benzodiazepines cause a dose-dependent, centrally 
mediated respiratory depression. This ventilatory depression is less 
profound than that seen with opiates; however, it may be synergistic 
with opiate-induced respiratory depression. In contrast to opiates 
(described earlier), the respiratory pattern of a patient receiving 
benzodiazepines is a decrease in tidal volume and an increase in 
respiratory rate. Even low doses of benzodiazepines can obliterate the 
ventilatory response to hypoxia.

Cardiovascular system: Benzodiazepines have minimal effects on the 
cardiovascular system in patients who are euvolemic. They may cause a 
slight decrease in blood pressure without a significant change in heart 
rate. Clinically important hypotensive responses are usually seen only 
in patients who are hypovolemic and in those whose increased endog-
enous sympathetic activity is maintaining a normal blood pressure.

Propofol: Propofol is an alkylphenol intravenous anesthetic. The exact 
mechanism of action is unclear, although it is thought to act at the 
GABA receptor. It is an oil at room temperature and is prepared as a 
lipid emulsion.

Pharmacokinetics  Propofol is highly lipid soluble and rapidly crosses the 
blood-brain barrier. Onset of sedation is rapid (1-5 minutes) and depends 
on whether or not a loading dose is given. Duration of action depends on 
dose but is usually very short (2-8 minutes) owing to rapid redistribution 
to peripheral tissues.75,76 When continuous infusions are used, duration of 
action may be increased, but it is rare for the effect to last longer than 60 
minutes after the infusion is discontinued. The drug is metabolized mainly 
in the liver with an elimination half-life of 4 to 7 hours. Propofol has no 
active metabolites. Because of its high lipid solubility and large volume of 
distribution, propofol can be given for prolonged periods without signifi-
cant changes in its pharmacokinetic profile. The termination of its clinical 
effect depends solely on redistribution to peripheral fat tissue stores. When 
the infusion is discontinued, the fat tissue stores redistribute the drug back 
into the plasma, but usually not to clinically significant levels.

Pharmacodynamics 

Central nervous system: Propofol is a hypnotic agent that, like the ben-
zodiazepines, provides a dose-dependent suppression of awareness 

  TABLE 22-3    Sedatives

Dexmedetomidine Midazolam Lorazepam Diazepam Propofol

Onset 5-10 minutes 3-5 minutes 15-20 minutes 2-5 minutes 1-2 minutes

Half-life up to 3 hours, duration  
60-120 minutes

2-6 hours, duration  
<2 hours (dose dependent)

8-15 hours 20-120 hours 26-32 hours

Metabolism Hepatic, N-glucuronidation 
and N-methylation, CYP2A6

Hepatic CYP3A4 Hepatic, glucuronidation Hepatic CYP3A4 CYP2C19 Hepatic, CYP2B6

Active metabolite None Yes, 1-hydroxy -midazolam None Yes, desmethyldiazepam, 
3-hydroxydiazepam, 3-hydroxy- 
N-diazepam

None

Adverse effects Bradycardia, hypotension Respiratory depression Respiratory depression, propylene  
glycol-related acidosis, renal 
failure

Respiratory depression, phlebitis Hypotension, respiratory depres-
sion, hypertriglyceridemia, pain on  
injection, pancreatitis, PRIS

Dose 0.2-1.5 µg/kg/h 0.5-2 mg 0.5-2 mg Not used as a continuous infu-
sion recommended bolus dose: 
5 mg

5-50 µg/kg/min, doses greater 
than 80 µg/kg/min increase risk 
of HTG and PRIS

HTG, hypertriglyceridemia; PRIS, propofol infusion syndrome.

section02.indd   152 1/13/2015   2:05:05 PM

http://www.myuptodate.com


CHAPTER 22: Pain Control, Sedation, and Use of Muscle Relaxants 153

from mild depression of responsiveness to obtundation. It is a potent 
anxiolytic as well as a potent amnestic agent that is dose dependent.77 
Propofol has no analgesic properties.

Respiratory system: The CO2 response curve is blunted, and apnea 
may be seen, especially after a loading dose is given. The respira-
tory pattern is usually a decrease in tidal volume and an increase in 
respiratory rate.

Cardiovascular system: Propofol can cause significant decreases in 
blood pressure, especially in hypovolemic patients. This is mainly due 
to preload reduction from dilation of venous capacitance vessels. A 
lesser effect is mild myocardial depression.78,79 Care must be taken in 
giving this drug to patients with marginal cardiac function; however, 
since myocardial oxygen consumption is decreased by propofol and 
the myocardial oxygen supply-demand ratio is preserved, it may be 
useful in patients with ischemic heart disease.

Other effects: Because it is delivered in an intralipid carrier, hypertri-
glyceridemia is a possible side effect.80,81 Therefore, triglyceride levels 
should be checked at baseline and every 48 to 72 hours. If hyper-
triglyceridemia occurs (>500 mg/dL), the drug should be stopped. 
Intralipid parenteral feedings should be adjusted according to the 
propofol infusion rate because there is a significant caloric load from 
propofol (1 kcal/mL). Strict aseptic technique and frequent changing 
of infusion tubing are essential to prevent iatrogenic transmission 
of bacteria and fungi because propofol can support their growth.82 
Dysrhythmias, heart failure, metabolic acidosis, hyperkalemia, and 
rhabdomyolysis have been reported in both children and adults 
treated with propofol, especially at high doses (>80 μg/kg per minute 
in adults).83 Additionally, propofol can cause significant hypotension 
due to systemic vasodilation and it is not recommended to administer 
as a bolus.

Antipsychotics:  Antipsychotics such as haloperidol and “atypical” 
agents (eg, ziprasidone, olanzapine, quetiapine, and risperidone) are 
used occasionally in the ICU for sedation. These drugs induce a state 
of tranquility such that patients often demonstrate a detached affect. 
These drugs appear to antagonize the serotonin receptors 5-HT2a and 
5-HT2C, and block mesolimbic dopamine (DA) receptors over the 
nigrostriatal neurons.

Pharmacokinetics 

Haloperidol: After an intravenous dose, onset of sedation usually occurs 
after 2 to 5 minutes. The half-life is approximately 2 hours but is dose 
dependent. Dose requirements vary widely, starting at 1 to 10 mg and 
titrating to effect. Haloperidol undergoes hepatic metabolism.

Ziprasidone: It is an atypical antipsychotic and can be administered by 
an intramuscular (IM) or oral route. For acute agitation the initial dose 
is 10 mg IM and can be repeated in 2 hours. Maximum daily dosing is  
40 mg. The onset of sedation is approximately 1 hour. Ziprasidone  
is extensively metabolized through CYP3A4 and CYP1A2 hepatic isoen-
zymes and is dependent on liver function. There are four active metabo-
lites with an elimination half-life of 2 to 5 hours.

Olanzapine: It is an atypical antipsychotic and is a potent antagonist of 
serotonin, dopamine, and α-receptors with intermediate antagonism 
against muscarinic receptors. It is available as an oral disintegrating 
tablet, tablet, and an IM injection. With either formulation, the dose 
is typically 10 mg once daily. In acute agitation, the IM dose can be 
repeated 2 to 4 hours after the initial injection. The onset of action 
after injection is approximately 15 to 45 minutes and its half-life can 
range from 21 to 54 hours. Smokers have an increased clearance up to 
40% and females have a 30% decreased clearance. Olanzapine under-
goes glucuronidation with cytochrome P450. Up to 40% of this drug 
is removed by first-pass metabolism.

Quetiapine: It is only available in an oral formulation. Typical dosing 
for delirium has been studied starting at 50 mg bid; however, there is a 
high ceiling associated with quetiapine, which makes this medication 

easy to titrate for the desired effect up to 800 mg total daily dose. 
Quetiapine undergoes hepatic metabolism via the CYP450 system 
and produces an active metabolite N-desalkyl quetiapine that has a 
half-life of approximately 9 to 12 hours.

Risperidone: It is available as a tablet, oral solution, and a long-acting 
intramuscular injection. Dosing can range from 0.5 to 3 mg one to 
two times daily for the oral formulations. The onset of sedation is 
approximately 1 hour. Risperidone has extensive hepatic metabolism 
via CYP2D6 and has an active metabolite, 9-hydroxy-risperidone 
with an elimination half-life up to 30 hours.

Pharmacodynamics 

Central nervous system: These agents produce CNS depression, result-
ing in a calm, often detached appearance. They are used most com-
monly in critically ill patients who are acutely agitated and hyperactive. 
Patients may demonstrate a mental and psychiatric indifference to 
the environment.84 Patients may also experience a state of cataleptic 
immobility. There is no demonstrable amnesia with these drugs. They 
have no effect on seizure activity. Analgesic effects are minimal.

Respiratory system: These agents do not have any significant effect on 
the respiratory system when used alone. There are reports of attenu-
ation of respiratory depression in the presence of opiates, but this 
effect is mild.

Cardiovascular system: Haloperidol may result in mild hypotension 
secondary to peripheral α1-blocking effects. Haloperidol may also 
decrease the neurotransmitter function of dopamine and lead to mild 
hypotension by this mechanism. Haloperidol and the atypical anti-
psychotics may prolong the QT interval and have been reported to 
result in torsade de pointes,85 although this problem is rare.

Other effects: Extrapyramidal effects are seen occasionally with halo-
peridol but are much less common with intravenous than with oral 
butyrophenones. When these complications occur, treatment with 
diphenhydramine or benztropine may be necessary. Neuroleptic 
malignant syndrome (NMS) occurs rarely and is characterized by 
“lead pipe” muscle rigidity, high fever, and mental status changes. 
The mechanism of NMS is not fully understood, although some 
data suggest a central dopaminergic blockade that leads to extrapy-
ramidal side effects and muscle rigidity with excess heat generation. 
Bromocriptine, dantrolene, and pancuronium all have been used to 
treat NMS successfully.86

■■ OTHER DRUGS USED FOR SEDATION IN THE ICU
Dexmedetomidine87-89 is a selective α2 agonist approved for short-term 
use (<24 hours) in patients initially receiving mechanical ventilation. 
While patients remain sedated when undisturbed, they arouse easily  
with stimulation. This drug is attractive because patients seem to 
transition from sedated to awake states rather easily, thus facilitating 
neurologic examinations. The drug has both analgesic and anxiolytic 
effects. Side effects include bradycardia and hypotension, especially with 
hypovolemia or high sympathetic tone.

Ketamine has a molecular structure similar to phencyclidine. Patients 
given this drug experience a profound dissociative state. They may 
keep their eyes open and maintain a protective cough reflex but appear 
unaware of their surroundings. It is recommended to give this drug 
slowly over a period of approximately 1 minute. Ketamine causes 
minimal respiratory depression. There may be amnesia, but this is not 
a reliable property of the drug. Coordinated but seemingly purposeless 
movements are seen often. Profound analgesia is seen with ketamine. 
The common side effect of emergence delirium and severe hallucina-
tions has limited its usefulness for sedation of adult patients in the ICU. 
This phencyclidine derivative is popular as an illicit drug of abuse.

Barbiturates such as thiopental and pentobarbital are potent agents 
that cause amnesia and unconsciousness. They have little use as sedatives 
in critically ill patients because of a propensity to cause hemodynamic 
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instability. In addition to this, they are lipid soluble and thus accumulate 
in peripheral tissues after long-term infusions, leading to prolonged 
recovery from sedation. These drugs may be used to induce a pharma-
cologic coma in patients with severe brain injury.

Inhalational anesthetics such as isoflurane and sevoflurane have been 
studied in critically ill patients and shown to be safe and effective.90 
These drugs have analgesic, amnestic, and hypnotic properties and may 
be useful as single agents. Isoflurane undergoes only 0.2% metabolism, 
being eliminated almost exclusively through the lungs. Technical prob-
lems delivering the drug safely through the ventilator at accurate con-
centrations, as well as difficulty scavenging the exhaled gas, have limited 
the widespread use of inhalational anesthetics for sedation in the ICU, 
though research in this area is ongoing.

Table 22-4 summarizes pharmacologic properties of other commonly 
used sedative agents.

NEUROMUSCULAR BLOCKING AGENTS
Neuromuscular blocking agents (NMBs) are used occasionally in 
critically ill patients. The most common indication is for severe ARDS.  
A multicenter, double-blinded study evaluated the use of neuromuscular 
blockade in early severe ARDS. The investigators reported an increased 
90-day survival with no difference in ICU-acquired paresis.91 Other rare 
indications are to facilitate mechanical ventilation in patients with ven-
tilator dyssynchrony despite optimal sedation, to manage tetanus with 
chest wall rigidity, and to facilitate redistribution of blood flow away 
from respiratory muscles in patients with acute hypoxemic respiratory 
failure accompanied by shock. It is mandatory that patients given NMBs 
be given agents to ensure amnesia while they are pharmacologically 
paralyzed.

Normally, at the neuromuscular junction, acetylcholine is released 
from synaptic vesicles at the terminal end of the motor nerve. The 
acetylcholine binds to the postsynaptic end plate, propagating an elec-
trical signal through the muscle and leading to muscle contraction. 
Pharmacologic NMBs bind to the acetylcholine receptor at the terminal 
end of the motor nerve. These agents can activate the acetylcholine 
receptor (depolarizing agents) or competitively inhibit the receptor 
without activating it (nondepolarizing agents). Succinylcholine is the 
only available depolarizing NMB. In normal individuals, depolarization 
of skeletal muscle beds leads to release of intracellular potassium, typi-
cally resulting in an increase in the serum potassium level of approxi-
mately 0.5 mEq/L. Denervation of skeletal muscle from tissue injury as 
in burns or upper motor neuron lesions may result in more dramatic 
rises in serum potassium, which may precipitate cardiac dysrhythmias. 
Succinylcholine may be used to facilitate endotracheal intubation but 
is not indicated for ongoing neuromuscular blockade in critically ill 
patients and will not be discussed further in this chapter.

■■ NONDEPOLARIZING NMBs
A number of nondepolarizing NMBs are available currently. The pharma-
cology of the ones more commonly used in the ICU will be discussed below.

Vecuronium:  Vecuronium has also an aminosteroidal molecular struc-
ture but a shorter half-life than pancuronium. After a bolus of 0.1 mg/kg,  
this drug typically lasts 30 minutes. Fifty percent of the drug is 
excreted in bile, so prolongation of effect may be seen in patients with 
liver dysfunction. In addition to this, one-third of the drug is excreted 
in the kidneys, so accumulation in the setting of renal insufficiency 
may be seen. The active metabolite 3-desacetylvecuronium may lead 
to prolongation of effect with repeated dosing, particularly in those 
with renal failure.92 Currently, it is very rarely used in the ICU.

Rocuronium:  Rocuronium has also an aminosteroidal molecular 
structure. Unlike the other aminosteroidal nondepolarizing NMBs, 
rocuronium has a rapid onset of action. It may be used to facilitate 
endotracheal intubation as a substitute for succinylcholine when 
the latter is contraindicated (eg, burns, muscle tissue injury, upper 
motor neuron lesions). The usual bolus dose is 0.6 to 1.0 mg/kg, with 
a duration of effect of 30 to 45 minutes, similar to vecuronium. The 
metabolite, 17-desacetylrocuronium, has minimal neuromuscular 
blocking activity.

Atracurium:  Atracurium is a benzylisoquinolinium compound with a 
duration of action of between 20 and 45 minutes. The initial loading 
dose is 0.4 to 0.5 mg/kg. The drug is usually given by continuous infu-
sion in the ICU at a dose of 10 to 20 μg/kg per minute. Atracurium is 
inactivated in plasma by ester hydrolysis and Hofmann elimination, 
so renal or hepatic dysfunction does not have an impact on its dura-
tion of blockade. This feature has made it attractive for use in ICU 
patients because most patients sick enough to require NMBs suffer 
from renal or hepatic dysfunction. Atracurium may cause histamine 
release, and its breakdown product, laudanosine, has been associ-
ated with central nervous system excitation and seizures in animal  
models. With the availability of cisatracurium, this drug is almost 
never used in the ICU.

Cisatracurium:  An isomer of atracurium is cisatracurium, which has 
a similar pharmacologic profile to atracurium. The initial loading 
dose is 0.1 to 0.2 mg/kg, and the duration of action is approximately  
25 minutes. Like atracurium, this drug is inactivated in plasma by ester 
hydrolysis and Hofmann elimination. Cisatracurium does not cause 
histamine release. Because of its short half-life, it requires admin-
istration by continuous infusion. The usual dose is 2.5 to 3 μg/kg  
per minute. This drug is used for virtually all neuromuscular blockade 
in ICU patients.

■■ MONITORING THE LEVEL OF NEUROMUSCULAR BLOCKADE
The depth of neuromuscular blockade is monitored most accurately 
with use of a peripheral nerve stimulator. This device sends a current 
between electrodes placed on the skin along the course of a peripheral 
nerve, most commonly the ulnar nerve. With this setup, the twitches 
of the adductor pollicis muscle are evaluated to assess depth of neuro-
muscular blockade. The peripheral nerve stimulator is programmed to 
deliver four sequential stimuli at 2 Hz. Each stimulus causes release of 

  TABLE 22-4    Antipsychotic Agents

Haloperidol Quetiapine Olanzapine Risperidone Ziprasidone

Onset 2-5 minutes (IV) 1.5 hours 15-45 minutes 60 minutes <60 minutes

Elimination half-life 18 hours 6-12 hours 21-54 hours Up to 30 hours 2-7 hours

Metabolic pathway N-dealkylation CYP3A4 Hepatic CYP3A4 First-pass metabolism, hepatic, 
glucuronidation with CYP450

Hepatic, CYP2D6 Hepatic, glucuronidation via 
CYP3A4 & CYP1A2

Active metabolite None N-desalkyl quetiapine None 9-hydroxy-risperidone None

Intermittent dosing 2-10 mg q6h 50 mg bid 10 mg qd 0.5 mg-3 mg bid 10-20 mg q4h

Sedation Moderate Moderate Low (dose dependent) Low Low

QTc prolongation risk High Moderate Low Low Moderate
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acetylcholine from synaptic vesicles. In the absence of pharmacologic 
neuromuscular blockade, the fourth twitch of the adductor pollicis 
muscle is as strong as the first. However, when neuromuscular recep-
tors are occupied by nondepolarizing NMBs, the strength of the fourth 
twitch is less than the first, until eventually the muscle does not twitch 
with the fourth stimulus. This phenomenon is known as fade. When 
85% to 90% of the neuromuscular receptors are occupied by NMBs, 
only the first twitch in the train of four is visible. When 70% to 85% 
of the neuromuscular receptors are occupied by NMBs, between two 
and four twitches are visible. Typically, two or three of four twitches are 
sought, and dosing of NMBs is titrated to this goal. Peripheral nerve 
stimulator use in the ICU has been shown to reduce the amount of drug 
used and shorten recovery of neuromuscular function and spontaneous  
ventilation.93 Another study showed a reduction in the incidence  
of persistent neuromuscular weakness.94 However, in the largest study of 
neuromuscular blockade in severe ARDS, peripheral nerve stimulator 
monitoring was not used.91

■■ COMPLICATIONS OF NEUROMUSCULAR BLOCKADE
Prolonged weakness after the use of NMBs is the most concerning com-
plication of their use. Categorically, two separate conditions may arise 
that lead to this problem. As mentioned earlier, accumulation of NMB 
parent drug or its metabolites is seen with several drugs, particularly 
with renal and/or hepatic insufficiency. This condition of prolonged 
recovery from NMBs is defined by an increase in the time to recovery 
of 50% to 100% longer than predicted by pharmacologic parameters 
after the drugs are stopped.95 The second cause of weakness associated 
with NMBs is acute quadriplegic myopathy syndrome. Patients with this 
syndrome manifest acute paresis, myonecrosis with increased creatine 
phosphokinase (CPK) concentration, and abnormal electromyography 
(EMG). Findings on EMG are consistent with denervation of skeletal 
muscle (decreased compound motor action potential amplitudes). This 
may progress to muscle atrophy and even necrosis.

Concerns over complications of NMBs have led to a dramatic decrease 
in their use in the ICU.96 This is particularly noteworthy when cortico-
steroids are used in conjunction with NMBs. Several studies have sug-
gested that this combination is associated with a significant incidence of 
myopathy.97,98 However, there is a recent increased interest in NMB use 
in severe ARDS following the study by Papazian and colleagues.

Conclusions
Sedation is an important component of the treatment of critically ill 
patients who require mechanical ventilation. Directing treatment to 
specific and individualized goals will ensure that patient needs are met. 
All currently available sedatives for use in the ICU have limitations. 
Rather than seeking an ideal drug, strategies of drug administration 
that focus attention on principles of sedative pharmacology in critical 
illness should be used. Recognition of the goals of sedation in individual 
patients will allow rational administration strategies to be implemented 
in the care of these patients. The use of NMBs should be considered in 
patients with severe ARDS.
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C H A P T E R

KEY POINTS

•• �Sleep is necessary for life, and disrupted sleep and circadian rhyth-
micity have been linked to a variety of adverse health outcomes. 
It is likely that critically ill patients are harmed by poor sleep, 
although evidence to support this contention does not yet exist.

•• �Until further research is conducted, recommendations for improv-
ing sleep in critically ill patients are drawn upon limited evidence 
and extrapolations from other patient populations.

•• �Critically ill patients exhibit disordered circadian timing, which may 
contribute to poor sleep and adverse health outcomes. These abnor-
malities may reflect an inability of critically ill patients to synchronize 
their internal clocks to the ICU environment, although it is likely that 
acute illness and medications also contribute to these abnormalities.

•• �Exposure to bright light during the day (particularly the morning) 
and avoidance of nocturnal light exposure may strengthen circa-
dian rhythmicity and promote sleep.

•• �Patients receiving continuous intravenous sedation are likely at 
increased risk of disordered circadian rhythmicity due to low reti-
nal light exposure from sedative-induced eye closure.
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•• The typical ICU environment is hostile to sleep, consisting of exces-
sive light and noise at night, insufficient light during the day, and fre-
quent sleep disruption due to monitoring and patient care activities.

•• In general, the sleep of critically ill patients is highly fragmented and 
nonconsolidated, and rapid eye movement (REM) sleep is scarce.

•• Sleep and mechanical ventilation is a bidirectional interaction in 
which changes in the level or pattern of mechanical ventilatory 
support may affect sleep, while changes in sleep state affect respira-
tion and therefore patient-ventilator interaction.

•• Patients receiving mechanical ventilation are susceptible to sleep 
disruption if air hunger is not sated, if neural and mechanical 
inspiratory times differ, if periodic breathing is induced, and prob-
ably through other mechanisms as well.

•• Sleep fragmentation from periodic breathing is most likely to occur 
when pressure support ventilation is used, particularly if the patient 
has also heart failure. Proportional assist ventilation may also induce 
periodic breathing and sleep fragmentation, but appears less likely to 
do so. Volume-cycled assist control ventilation may be the mode of 
ventilation that is least likely to disrupt sleep in critically ill patients.

•• Traditional sleep scoring criteria are unreliable in assessing sleep 
in mechanically ventilated patients receiving intravenous sedation.

•• Patients receiving continuous mechanical ventilation and continu-
ous intravenous sedation exhibit pronounced temporal disorga-
nization of the sleep EEG. The extent to which sedation is itself 
restorative is not clear.

•• Sleep may play an important role in the short- and long-term 
physical, cognitive, and psychological recovery of recent survivors 
of critical illness.

•• Absent high-quality evidence to guide the clinician, efforts to 
enhance sleep, and circadian rhythmicity in the ICU should focus 
initially on relatively low-hanging fruit: for instance, administer-
ing baths during the daytime or early evening hours, and ensuring 
adequate light exposure during the day.

INTRODUCTION
It is still not clear exactly why we sleep, although there are many theories. 
What is clear is that sleep is a ubiquitous and highly conserved evolu-
tionary process in nature, with cyclic alternations of rapid eye movement 
(REM) sleep and nonrapid eye movement (NREM) sleep being found in 
every mammal studied to date, and with variations of the rest-activity 
cycle found throughout nature.1 We spend roughly one-third of our time 
asleep; in the words of the sleep research pioneer Allan Rechtschaffen, 
“If sleep does not serve an absolutely vital function, then it is the big-
gest mistake the evolutionary process has ever made.” In fact, a rapidly 
accumulating body of evidence indicates that sleep is not only necessary 
for maintaining alertness and performance but is highly involved in pro-
cesses as diverse as metabolism, heart disease, and cancer surveillance.2-6

It is therefore somewhat surprising that the sleep of critically ill 
patients has received so little attention to date. Every year in the United 
States more than 5 million persons are admitted to intensive care units, 
nearly 1 million of whom will receive mechanical ventilation. All of 
these patients have a biological need to sleep. If the sleep of critically 
ill patients matters even a little in overcoming critical illness, treatment 
strategies that improve sleep quality have the potential to save thousands 
of lives annually while simultaneously reducing costs to society. Even if 
sleep quality were wholly irrelevant to survival in this setting—and this 
would be surprising indeed—sleep disruption is in itself distressing to 
patients, and therefore worthy of our efforts to ameliorate this problem.

Unfortunately, progress in understanding the sleep and circadian 
rhythms of critically ill patients has been slowed by a variety of logistical, 
technical, and methodological challenges (Table 23-1). Fortunately, the 
engagement of increasing numbers of researchers from diverse disci-
plines has begun to bear fruit.

NORMAL SLEEP: A BRIEF REVIEW

■■ SLEEP-WAKE REGULATION
Sleep and wakefulness are regulated by two basic processes: the homeo-
static process (process S) and the circadian process (process C).7,8 The 
homeostatic drive to sleep increases with increasing duration of wake-
fulness and is dissipated by sleep. It appears that process S is mediated at 
least in part by the neurotransmitter adenosine, the product of adenos-
ine triphosphate (ATP) metabolism, which accumulates in the arousal 
centers of the brain with prolonged neural activity. Once a certain  
threshold is passed, drowsiness and/or sleep ensue, thereby homeo-
statically adjusting the amount of sleep experienced by the organism. In 
contrast, the circadian process, or process C, is an endogenously driven 
and roughly 24-hour cycle that is largely independent of process S, and 
which is characterized by alternating periods of high and low sleep 
propensity. The circadian timing system helps maintain wakefulness 
throughout the day as the homeostatic drive to sleep increases. Similarly, 
the nadir in circadian sleep propensity during the early morning hours 
helps consolidate sleep. Circadian processes are also involved in the 
regulation and expression of a multitude of biological processes related 
to metabolism, cardiovascular regulation, cognition, and immune func-
tion, as considered later.

Synchronization of the human endogenous circadian timing system 
to the external environment is chiefly accomplished through exposure to 
light,9 allowing individuals to adjust their rest and activity cycles to the 
light-dark cycle and to the activities of their community

■■ SLEEP ARCHITECTURE
While individual requirements for sleep vary, a typical night’s sleep for 
a healthy young adult consists of an essentially uninterrupted 8-hour 
period of sleep comprised of 90-minute periods of alternating REM sleep 
and NREM sleep. NREM sleep is divided into three stages of sleep of  
progressively increasing depth, from stage N1 (transitional sleep or 
drowsiness) to stage N2 to stage N3 (deep or slow wave sleep [SWS]).10 
The sleep electroencephalogram (EEG) of the latter consists of ≥20% 
delta waves and includes stages 3 and 4 in the prior classification 
scheme. REM sleep comprises approximately 20% to 25% of total sleep 
time and is associated with dreaming, skeletal muscle atonia, rapid 
eye movements, muscle twitches, and cardiovascular and respiratory 
instability. Healthy adult subjects who are not sleep deprived typically 
progress from wakefulness to NREM sleep, beginning in the lighter 
stages and progressing to deeper stages. The first episode of REM sleep 
typically occurs approximately 70 to 100 minutes after sleep onset and 
lasts fewer than 10 minutes. Subsequent episodes of REM sleep are 
progressively longer in duration and occur in alternation with bouts 
of NREM sleep at approximately 90-minute intervals, for a total of 4 to  
5 sleep cycles per night. Thus, SWS predominates in the first part of 
the night while REM sleep predominates in the latter part of the night, 
coincident with the circadian trough in body temperature.

In healthy young adults, SWS constitutes approximately 20% of total 
sleep time. Normal aging is associated with compromised sleep that 

  TABLE 23-1    Challenges to the Study of Sleep in Critical Illness

Heterogeneous patient population
Multiple potential sleep disrupters experienced by typical ICU patient
Absence of clinically useful biomarker for sleepiness
Limited ability to perform polysomnography (limited access to equipment, sleep technologists)
Time-intensive nature of polysomnography interpretation
Difficulty in assessing sleep in patients receiving sedation or with altered mental status

Behavioral correlates of sleep lack specificity
Actigraphy not reliable
EEG frequently abnormal; findings of uncertain significance

Complex subject that lies at the intersection of sleep, anesthesia, neurology, and critical 
illness, necessitating an interdisciplinary approach
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is manifest in a variety of ways, including marked decreases in SWS, 
greater sleep fragmentation, and earlier awakening (Fig. 23-1).11, 61 In 
contrast, REM sleep is generally well preserved throughout life, with 
significant declines in the elderly typically being associated with organic 
brain syndromes or medications.

Sleep deprivation is considered to be present when the quantity or 
quality of sleep is insufficient for maintaining alertness, performance, 
and emotional and physical health. While it is thought that most indi-
viduals require approximately 8 hours of sleep for normal functioning, 
individual sleep requirements vary. While acute sleep deprivation may 
occur, it is more common in modern society for patients to experi-
ence chronic partial sleep deprivation as a result of voluntary sleep 
curtailment. Other causes of sleep deprivation and of sleep disruption 
generally are numerous and include insomnia, poor sleep hygiene, 
sleep disordered breathing, parasomnias, medical and psychiatric ill-
nesses, pain, medication, and excessive light and noise. Disorders of 
circadian timing may disrupt sleep by causing a misalignment between 
the circadian alerting signal and the homeostatic sleep mechanism, a 
phenomenon that is familiar to anyone who has experienced jetlag or 
been employed as a shift worker. It is also possible for total sleep time 
to be normal but for the patient to be deprived of the more restorative 
stages of sleep, such as SWS and REM sleep.

Central to the problem of measuring sleep in critically ill patients is 
the existence of a variety of pathologic states that confound classifica-
tion into the normal categories of wakefulness, NREM sleep, and REM 
sleep. These pathologic states may be a result of illness, medications 
(particularly sedatives and narcotics), and disorders of circadian timing, 
as discussed below.

■■ PHYSIOLOGIC CHANGES DURING NORMAL SLEEP
Sleep elicits physiologic responses throughout the body that vary 
according to sleep stage and timing. Normal respiration provides an 
example of the dynamic nature of sleep. Overall, while both alveolar 
ventilation and the ventilatory responses to carbon dioxide and to 

hypoxia are reduced during sleep, the pattern of respiratory output  
varies according to sleep stage. Drowsiness or sleep onset is charac-
terized in many subjects by an unstable breathing pattern, an over-
all decrease in ventilation and, in some subjects, the occurrence of 
apneas.12 Subsequently, breathing in deeper stages of NREM sleep—
namely SWS—becomes more regular. In contrast, breathing during 
REM sleep is typically more irregular, and both tidal volume and 
respiratory rate can vary considerably. REM sleep is also associated 
with a reduction in upper airway dilator tone,13 contributing to the 
greater tendency for obstructive respiratory events to occur during this 
stage. The effects of sleep on respiration may contribute to ventilator 
dyssynchrony and to sleep disruption, as considered below.

The cardiovascular system also changes dynamically throughout 
sleep.14 As with respiration, the cardiovascular system is relatively stable 
during NREM sleep, a stage characterized by autonomic stability and an 
increase in parasympathetic tone. Blood pressure and pulse both tend 
to decrease, and the normal fluctuation in heart rate with breathing— 
normal respiratory sinus arrhythmia—is augmented. In contrast, REM 
sleep causes autonomic and cardiovascular instability as reflected by 
fluctuations in heart rate and blood pressure. Surges in parasympathetic 
tone may result in sinus pauses and episodes of bradycardia, while 
surges in sympathetic outflow increase heart rate and blood pressure. 
While firm data are lacking, such changes may provoke cardiac arrhyth-
mias and alterations in blood flow and myocardial oxygen demand that 
lead to coronary and cerebrovascular events.

Body temperature, and thermoregulation generally, is subject to both 
sleep and circadian influences. Normally, body temperature reaches 
its nadir in the early morning hours, begins to rise before waking, and 
peaks in the late afternoon. Body temperature is less tightly controlled 
during NREM sleep than during wakefulness, while in REM sleep the 
thermoregulatory responses are essentially absent. Ambient tempera-
ture, in turn, influences the quantity and quality of sleep, with maximal 
sleep propensity occurring at thermoneutrality. REM sleep is more  
sensitive than NREM sleep to disruption from heat or cold.
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REM
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10 2 3 4 5
Hours of sleep
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7 8
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FIGURE 23-1.  Comparison of sleep cycles in young adults and the elderly. (Reproduced with permission from Neubauer DN. Sleep problems in the elderly. Am Fam Physician. May 1, 
1999;59(9):2551-2558.)

section02.indd   157 1/13/2015   2:05:07 PM

http://www.myuptodate.com


PART 2: General Management of the Patient158

A variety of metabolic and endocrine processes are regulated by sleep 
and by circadian processes. For instance, prolactin secretion increases 
dramatically during sleep and declines acutely with awakenings. The 
secretion of growth hormone is similarly enhanced by sleep, while 
cortisol and thyrotropin secretion are inhibited. Several compelling 
lines of evidence link sleep deprivation, including chronic partial sleep 
deprivation experienced by a significant segment of modern society to 
insulin resistance and weight gain.15 The study of the effects of disrupted 
sleep and circadian rhythmicity on endocrine processes in critical illness 
constitutes an exciting avenue of future research.

Of course, the restorative processes conferred by sleep that have long 
been most obvious are those conferred on the brain. Sleep restores alert-
ness and vigilance and enhances memory consolidation; while sleep 
deprivation worsens mood, vigilance, reaction time, and cognitive and 
task performance.2

■■ POTENTIAL ADVERSE EFFECTS OF SLEEP DISRUPTION  
IN CRITICALLY ILL PATIENTS

In a series of experiments performed by Alan Rechtschaffen, rats sub-
jected to total sleep deprivation died within several weeks.16 While no 
similar such experiment has been performed in humans, disrupted sleep 
and circadian rhythmicity have been linked to a host of basic physiologic 
processes and to a variety of adverse health outcomes. While it is surely 
true that “Sleep is of the brain, by the brain, and for the brain,”17 it is 
increasingly clear that sleep is for the whole body as well.

Currently, there are no data demonstrating that the sleep or circadian 
rhythms of critically ill patients influences either their short-term or 
long-term outcomes. It is also worth noting, however, that the absence 
of an effect has not been shown. Based on extrapolation from other 
populations, sleep disruption could have a myriad of adverse effects 
on the critically ill patient (Table 23-2). Consider the following hypo-
thetical scenario for a patient admitted to the ICU. In the acute setting, 
severe sleep deprivation causes the patient to be lethargic and encepha-
lopathic with increased sensitivity to sedatives and narcotics and a 
depressed ventilatory response to CO2, frustrating physician attempts 
to liberate him or her from the ventilator. Subsequently, sleep depriva-
tion reduces insulin sensitivity and glycemic control and impairs the 
immune response, predisposing the patient to infection. After discharge, 
the profound sleep debt incurred by the patient during critical illness 
persists as a result of physical illness, anxiety, and medication effect. 
This sleep deprivation worsens her mood and motivation, reduces her 
energy expenditure and physical activity, impairs her executive func-
tion and memory consolidation, and leads to long-term psychological 
distress and neurocognitive dysfunction. This hypothetical example is 
biologically plausible based on extrapolations from basic investigations 
and from studies in other patient populations but awaits confirmation 
in the critically ill patient.

CIRCADIAN RHYTHMICITY  
IN THE CRITICALLY ILL PATIENT
Organisms have acquired during evolution a variety of adaptations 
to their external environment that promote survival. One of the most 
conspicuous characteristics of the external environment on Earth is the 
presence of a roughly 24-hour light-dark cycle. Organisms throughout 
nature therefore developed the ability to synchronize their activities 
to the light-dark cycle through an endogenously driven timekeeping 
mechanism that is periodically “reset” to solar time. In mammals, the 
hypothalamic suprachiasmatic nucleus (SCN) is the central pacemaker 
for these circadian (derived from the Latin terms circa, around, and 
diem, day) rhythms. Circadian rhythms can be found in a host of physi-
ological and behavioral processes ranging from somatotropic functions 
to temperature regulation to endothelial function and to countless other 
processes. The central pacemaker is synchronized (ie, “reset”) to the 
external environment daily chiefly through photic cues transmitted 
through the retinohypothalamic tract to neurons in the SCN.18,19 This 
process of modifying an organism’s intrinsic rhythm in order to align it 
with the external environment is called entrainment. Although there are 
other Zeitgebers (“timegivers”) including food, social interactions, and 
ambient temperature, these are less potent than light.

Neurons from the SCN project to the pineal gland, which secretes 
melatonin in a rhythmic pattern that is primarily determined by the SCN 
and its circadian rhythm. Melatonin thus serves as a practical “hand of 
the clock,” allowing investigators to determine the circadian rhythm  
of the central pacemaker by analyzing the 24-hour secretion pattern of 
melatonin. Normally, serum melatonin levels are high during the sub-
jective night and lower during the subjective day, and a similar pattern 
is seen in the urinary metabolite of melatonin, 6-sulfatoxymelatonin.20 
Bright light during the subjective night acutely suppresses melatonin 
production, an effect that is independent from light’s phase-shifting 
effects. Melatonin itself has a variety of pharmacologic properties and 
has receptors throughout the brain and in a variety of peripheral tissues. 
The physiological functions of melatonin itself are still being clarified.21

Circadian clocks are also present in a variety of peripheral tissues, and 
the study of the role of clock genes in human disease is exploding.22 An 
interesting study performed by Haimovich and colleagues found that the 
injection of intravenous endotoxin dramatically altered the expression 
of circadian clock genes in peripheral blood leukocytes, and that this 
activity may have been uncoupled from the activity of the central clock.23 
Further study is needed to clarify the role of the central and peripheral 
clocks in modulating the immune response, endothelial function, and a 
host of other processes relevant to critical illness. At a minimum, disor-
dered circadian timing in the critically ill patient may disrupt sleep in a 
manner similar to the effects of jet lag or shift work; the considerations 
mentioned above suggest that much more derangement of the circadian 
rhythm may yet be discovered.

There are certain challenges to studying circadian rhythms in criti-
cal illness. For instance, while core body temperature is a fairly reliable 
marker of circadian rhythm in health, its validity as a phase marker of 
circadian rhythmicity is less certain in patients with critical illness, many 
of whom exhibit altered thermoregulation due to infection, age, and the 
effects of medications. Clinically recorded temperatures may also not be 
measured sufficiently frequently or at sites that closely approximate core 
body temperature. Analysis of the temporal profiles of serum melatonin 
and of urinary 6-sulfatoxymelatonin is a useful method for analyzing 
circadian rhythmicity in this population but may still be confounded  
by the effects of various medications or by abnormalities in liver or  
renal function.24

Notwithstanding these challenges, the available evidence suggests that 
the circadian rhythms of critically ill patients are frequently disturbed. 
Mundigler et al demonstrated striking abnormalities in the 6-sulfat
oxymelatonin excretion patterns of sedated critically ill patients with 
sepsis.25 Paul et al similarly demonstrated a disturbed pattern of melato-
nin secretion in 24 critically ill sedated patients, along with abnormalities 

  TABLE 23-2   � Potential Harm From Sleep and Circadian Disruption During  
and After Critical Illness

Excessive sleepiness
Acute brain dysfunction/delirium
Reduced ventilatory and arousal response to CO

2
 and to hypoxia

Increased upper airway collapsibility
Exacerbation of preexisting or latent sleep disordered breathing
Postextubation obstructive sleep apnea

Increased sensitivity to medications, particularly sedatives and narcotics
Dysregulated immune response
Impaired glucose tolerance
Reduced motivation and drive
Long-term neuropsychiatric effects

Neurocognitive dysfunction
Psychiatric illness (depression, anxiety, posttraumatic stress disorder)
Reduced health-related quality of life
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in the 24-hour pattern of blood pressure, heart rate, body tempera-
ture, and spontaneous motor activity.26 A recent study that analyzed  
6-sulfatoxymelatonin excretion patterns from samples collected hourly 
showed that while the circadian rhythms of critically ill patients receiv-
ing mechanical ventilation and continuous intravenous sedation were 
usually preserved, abnormalities in timing were frequent, most com-
monly in the form of a phase delay.27

The relative contribution of disease, medications, and the ICU envi-
ronment to the development of these abnormalities is unknown. Even if 
the circadian rhythms of critically ill patients are abnormal at the time 
of admission to the ICU, the results of the preceding studies suggest that 
they do not synchronize effectively to the ICU environment. This may 
be partly due to weak light-dark and activity cycles in modern ICUs. It 
is also possible that entrainment is inhibited by sedative-induced eye  
closure, which limits retinal exposure to ambient light. In addition, it is 
not known whether the dispersion of sleep-like activity from sedation 
over a 24-hour period itself affects circadian rhythmicity. Conceivably, 
appropriately timed light exposure could help normalize circadian tim-
ing in such individuals similar to its use in ambulatory patients with cir-
cadian rhythm disorders; however, this remains to be studied. Overall, 
much work remains to be done to elucidate the causes and clinical 
significance of these abnormalities in circadian rhythmicity.

SLEEP IN THE CRITICALLY ILL PATIENT

■■ OVERVIEW OF SLEEP ARCHITECTURE  
AND POTENTIAL DISRUPTERS TO SLEEP

Considered together, studies of sleep in critical illness have shown a 
variety of abnormalities (Table 23-3). The sleep of patients receiving 
more than trivial amounts of sedation is difficult to assess and is dis-
cussed below. Similarly, critically ill patients are subject to a host of toxic 
and metabolic encephalopathies that confound normal sleep scoring.28 
When these patients are excluded, the polysomnographically assessed 
sleep of critically ill patients has been shown to be highly fragmented 
and nonconsolidated and dispersed over a 24-hour period.29 The more 
restorative stages of N3 sleep and REM sleep are severely reduced or 
even absent in many studies. Collectively, these studies suggest that ICU 
patients experience severe sleep disruption.

There are many potential causes of sleep disruption in the critically 
ill patient, ranging from those that originate from the patient’s underly-
ing condition to environmental light and noise to patient care activities. 
Early efforts focused on the role of the ICU environment. Indeed, the 
typical ICU is excessively noisy, exceeding Environmental Protection 
Agency guidelines and capable of inducing sleep disruption in healthy 
individuals exposed to recordings of ICU activity.30 However, several 
studies employing continuous polysomnography have shown that envi-
ronmental noise probably does not cause more than about 20% of all 
arousals and awakenings31,32: a significant problem, but far from the only, 
or even the most important, one. It is also true that many studies have 
demonstrated excessive light levels at night; however, ICU survivors 
have generally ranked light disruption lower than noise and patient care 
activities where sleep disruption is concerned. Interestingly, the biggest 
problem with light in the ICU may have to do with inadequate exposure 
to light during the day, as discussed previously.

Patient care activities are obvious and frequent causes of sleep disrup-
tion. Countless examples exist: nursing and physician assessments, blood 
draws, bathing, wound changes, endotracheal suctioning, radiography, 
transportation, automated blood pressure monitoring, etc. In a study of 
ICU survivors vital sign measurement and phlebotomy were considered 
more disruptive than noise.33 While in certain cases the timing of par-
ticular patient care activities cannot or should not be modified, there 
are numerous other activities—bathing and chest radiography being two 
obvious examples—that are typically performed at times that have less 
to do with the patient’s condition and more to do with the organization 
of work activities by the ICU or by the ancillary service involved. These 
activities represent obvious opportunities for improving patient sleep.

While the effects of sedatives and narcotics on sleep are considered 
separately below, it is important to remember that many other medica-
tions administered to ICU patients have the potential to affect sleep.34 
For instance, vasoactive drugs like norepinephrine, phenylephrine, 
and epinephrine reduce N3 and REM sleep. Beta-blockers can cause 
sleep disturbances including reduced REM sleep and vivid nightmares. 
Antihistamines and tricyclic antidepressants can cause sleepiness while 
also reducing sleep quality in some subjects. Corticosteroids can cause 
insomnia and nightmares and reduce REM sleep and sleep continuity.

Acute illness may itself affect sleep quality, whether though indirect 
means of inducing pain, breathlessness, or anxiety, or through direct 
means, as in the sleep-wake cycle reversal that may complicate the early 
stages of hepatic encephalopathy. Some illnesses are associated with 
altered states of consciousness and electroencephalographic abnormali-
ties that defy discrete classification into wakefulness or sleep. Indeed, in 
a study performed by Freedman et al, patients with sepsis exhibited EEG 
abnormalities prior to the clinical recognition of sepsis.31

In summary, most critically ill patients experience significant and fre-
quently profound sleep disruption that is the result of varying degrees of 
patient care activities, underlying illness, environmental disruption, and 
medications. Patients receiving mechanical ventilation are exposed to 
an additional form of sleep disruption, while the effects of intravenous 
sedation on sleep are complex and not well understood. The effects of 
these treatments are considered in more detail below.

■■ MECHANICAL VENTILATION AND SLEEP
Studies on mechanical ventilation and sleep are relatively few but are 
growing in number. Because it is challenging, if not impossible, to study 
the isolated effects of mechanical ventilation on sleep in patients who 
are receiving sedation, the discussion below is drawn upon those studies 
that have been performed in patients receiving little to no sedation at the 
time they were studied.

Broadly speaking, mechanical ventilatory support itself—as opposed 
to the sleep-disrupting activities that may attend it, like suctioning—
may be associated with poor sleep if the level of support is inadequate, 
causing dyspnea and arousal; if it is excessive, leading to hypocapnia  
and central apneas; or if there are significant differences between the  
timing and duration of neural and mechanical inspiratory time. Indeed, 
ventilator settings that may be perfectly appropriate for a patient during 
wakefulness may be ill-suited for sleep, given the reduction in respira-
tory drive that attends sleep. This concept is exemplified by a study 
performed by Meza and colleagues, who showed that periodic breathing 
and repetitive central apneas could be induced in normal volunteers 
with increases in pressure support, and was associated with a decrease in 
arterial PCO2 below the apnea threshold.35 Similarly, a study performed by 
Fanfulla et al in patients with stable chronic respiratory failure or noc-
turnal hypoventilation due to neuromuscular disease showed that pres-
sure support settings that were tailored to the patient’s respiratory effort 
resulted in improved sleep quality over the patient’s usual home settings, 
which were titrated on simple clinical parameters.36 Interestingly, the 
improvement was associated with a reduction in ineffective efforts, an 
effect that may have been achieved through a reduction in dynamically 
determined intrinsic PEEP, thereby aiding ventilator triggering.

  TABLE 23-3    Sleep Abnormalities in Critically Ill Patients Who Are Not Deeply Sedated

Total sleep quantity is highly variable 

Sleep is highly fragmented and nonconsolidated and distributed over 24 hours

Sleep is lighter: predominantly composed of Stages N1 N3 and REM sleep 
and N2 and with reduced or absent Stage

Increased arousals and awakenings

Circadian rhythms frequently disturbed
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Parthasarathy and Tobin were among the first to conclusively dem-
onstrate that ventilator mode impacts sleep quality in the ICU setting. 
In a detailed study of 11 patients receiving mechanical ventilation sleep 
fragmentation was found to be severe with frequent arousals.37 Pressure 
support adjusted to achieve a tidal volume equivalent to that achieved 
during assist-control ventilation (8 mL/kg) caused greater sleep frag-
mentation than did assist-control ventilation, and six subjects—five 
of whom had heart failure—exhibited central apneas. The addition of 
dead space to the ventilator circuit decreased sleep fragmentation in the 
pressure support mode. Subsequently, a randomized crossover study 
of patients nearing extubation after treatment for acute-on-chronic 
respiratory failure compared the effect on sleep quality of assist-control 
ventilation and pressure support ventilation with a low, fixed (6 cm H2O) 
level of inspiratory pressure.38 The investigators noted improvements in 
sleep quality, including increased SWS, with the assist-control setting. 
In contrast, Cabello et al found no differences in sleep quality between 
assist-control ventilation, clinically adjusted pressure support ven
tilation, and automatically adjusted pressure support ventilation in 15 
conscious, nonsedated, mechanically ventilated patients.39 Differences 
in results between these studies may reflect differences in the subjects’ 
severity of illness, residual effects of sedation, differing degrees of prior 
sleep deprivation and/or circadian-determined sleep propensity, or 
subtle differences in ventilator settings. Common to all three studies was 
the scarcity of REM sleep.

Proportional assist ventilation is designed to adjust the level of support  
to instantaneous flow and volume and has been shown in many stud-
ies to improve synchrony between the patient and the ventilator (see 
Chapter 50). Conceivably, such a strategy could improve sleep quality 
as well. In fact, one study conducted by Bosma et al showed propor-
tional assist ventilation to be superior to pressure support ventilation 
in this regard.40 This advantage was not reproduced in a study that 
compared pressure support ventilation with proportional assist ventila-
tion with load-adjustable gain factors (so-called PAV+).41 This study 
was performed in a somewhat different patient population than that of 
Bosma et al, however. Notably, both modes were able to induce periodic 
breathing during sleep in both sedated and nonsedated patients. This 
study confirms the importance of individualized titration of ventila-
tor support to patient effort. It also highlights the primitive nature of  
current forms of mechanical ventilatory support, in that even those 
systems that employ some form of feedback control—like propor-
tional assist ventilation—do not effectively navigate changes in sleep 
state. However, in a study comparing a more sophisticated method of 
mechanical ventilation—neurally adjusted ventilator assist (NAVA)—
against pressure support ventilation, Delisle et al demonstrated that 
pressure support resulted in frequent central apneas (a mean of 10 per 
hour) as opposed to none during NAVA. In the same controlled study of 
critically ill nonsedated patients, NAVA resulted in better sleep—more 
REM sleep, less sleep fragmentation, and fewer ineffective efforts—than 
that achieved during pressure support.42

It should be mentioned that understanding the influence of mechani-
cal ventilation on sleep is made more challenging in the ICU by the  
frequent occurrence of abnormalities of circadian timing. Absent mark-
ers of circadian timing—for instance, melatonin secretion patterns—it is 
impossible to know whether patients enrolled in these studies exhibited 
similar degrees of sleep propensity at the time they were studied, or 
whether some patients were studied during their biological day while 
others were studied during their biological night.

Sleep and mechanical ventilation is thus a bidirectional interaction in 
which mechanical ventilation may affect sleep, while sleep affects res-
piration and therefore patient-ventilator synchrony.43 In particular, the 
variable neural respiratory pattern seen in healthy subjects during REM 
sleep may be processed rather crudely by currently available ventilatory 
modes, promoting patient-ventilator dyssynchrony and abruptly termi-
nating efforts by the patient to enter this stage. Taken together, the avail-
able evidence suggests that sleep fragmentation, chiefly from periodic 
breathing, is likely to be most problematic in critically ill patients when 

pressure support ventilation is used, particularly if the patients also have 
congestive heart failure. Similar problems with sleep fragmentation may 
occur when assist-control ventilation and proportional assist ventilation 
are used, but these modes are probably more forgiving in this respect.

■■ NONINVASIVE VENTILATION
Noninvasive ventilation has been used for years in the management 
of patients with chest wall disease and/or neuromuscular weakness, 
and has been associated not only with improvements in dyspnea and 
health-related quality of life, but also with improved sleep quality (see 
Chapter 44). In contrast, little is known about the effects of noninvasive 
ventilation on sleep quality in the acutely ill patient. In one study of 
patients being treated in a medical ICU with noninvasive ventilation 
for >48 hours, patients who ultimately failed noninvasive ventilation 
exhibited worse sleep quality than those who did not, manifest as the 
more frequent occurrence of an abnormal electroencephalographic  
pattern, reduced REM sleep, and a reduced percentage of total sleep time 
occurring at night.44 A particular strength of this study was the inclusion 
of the behavioral state in the analysis of the EEG; however, the reproduc-
ibility of the method used by the investigators has not been examined. 
Of course, even if the results are valid, whether the “sleep” abnormalities 
witnessed by the investigators actually led to harm or were themselves an 
epiphenomenon that served only to mark worsening illness is unknown.

■■ SEDATION AND SLEEP
The relationship between sedation and sleep is extraordinarily complex.45  
Sedatives and narcotics commonly used in the ICU may, in fact, pro-
mote sleep in some situations by alleviating pain, dyspnea, and anxiety. 
On the other hand, even relatively small doses of these medications may 
impair sleep quality: benzodiazepines can cause in increase in stage 
N2 sleep while reducing slow wave sleep and REM sleep, while opiates 
powerfully suppress REM sleep. While the overall effect of such doses 
on the EEG is relatively minor, high doses of sedatives and narcotics 
are capable of inducing significant EEG suppression, leading even to an 
isoelectric state. It appears likely that, somewhere in the middle between 
these two extremes, exist most acutely ill patients receiving continuous 
intravenous sedation.

When considering the relationship between sleep and sedation it is 
worth remembering that, while sedation is similar to sleep in many ways, 
there are also many differences between the two (Table 23-4). Normal 
sleep is a naturally occurring state that is reversible with external stimuli. 
It is highly oscillatory and characterized by approximately 90-minute 
alternating episodes of REM sleep and NREM sleep, by the presence of 

  TABLE 23-4    Relationship Between Sleep and Sedation

Similarities
Overlapping neurophysiologic pathways
Muscle hypotonia
Temperature dysregulation
Disconjugate eye movements (REM)
Altered sensorium and mentation
Respiratory depression

Differences
Sleep is spontaneous; sedation is not
Sleep is circadian; sedation is not
Sleep is an essential biologic function; sedation is not
Sleep is completely reversible with external stimuli; sedation is not
Sleep is associated with decreased release of norepinephrine from locus coeruleus;  
norepinephrine release continues during sedation
Sleep is associated with cyclic progression of EEG stages; sedation variably alters  
normal sleep architecture

EEG, electroencephalogram; REM, rapid eye movement.

Reproduced with permission from Weinhouse GL, Schwab RJ. Sleep in the critically ill patient. SLEEP. 
May 2006;29(5):707-716.
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identifiable sleep stages with associated transitions, and by a variety of 
other characteristic behavioral and polysomnographic features.

Many of these features are not consistently identified in sedated 
patients. Cooper et al studied 20 critically ill patients receiving mechani-
cal ventilation and continuous intravenous sedation.46 None of their 
subjects exhibited normal sleep, and only eight demonstrated electro-
physiologically identifiable sleep. The sleep recordings of the remaining 
patients exhibited a variety of abnormalities, including the presence of 
pathological wakefulness and delta/theta coma. Severe reductions in 
REM sleep have been noted by other investigators as well.27,47 Indeed, the 
polysomnographic recordings that are obtained in this patient popula-
tion belie conventional sleep scoring. This was convincingly shown by 
Ambrogio et al in a study that showed the remarkably poor reproduc-
ibility of conventional visual sleep scoring in this patient population, 
except where the identification of REM sleep was concerned.48 It is clear 
from this study and from others that a new approach to visual scoring 
is needed for this setting. Quantitative EEG methodologies, including 
spectral analysis, possess the advantage of seemingly perfect reproduc-
ibility. However, these methods are also highly sensitive to artifact and 
are subject to potential bias in the removal of artifact. In addition, the 
biologic significance in this patient population of the derived parameters 
is at present uncertain.

Basic investigations suggest that sedation possesses at least some 
restorative properties similar to sleep.49,50 Given that sedation and sleep 
exhibit overlapping neurophysiologic processes, this is unsurprising. It is 
not known, however, whether patients receiving continuous intravenous 
sedation experience the whole complement of benefits conferred by normal 
sleep. Indeed, recent studies performed in more controlled settings high-
light certain differences between sleep and sedation and/or anesthesia.51,52  
and underscore the likelihood that not all homeostatic needs are met 
by sedation. It also appears likely that sedation has the capacity to dra-
matically affect circadian rhythmicity, either through the dispersion of 
sleep-like activity over a 24-hour period, or by insulating the patient 
from environmental cues via eye closure and decreased responsiveness 
to other external stimuli.

■■ SLEEP AFTER INTENSIVE CARE
The sleep of survivors of critical illness has not been systematically 
investigated. Patients transferred to step-down units continue to exhibit 
a wide range of sleep abnormalities that do not appear to be predomi-
nantly to mechanical ventilation.53 Although unproven, it seems likely 
that sleep abnormalities persist in many such patients long after hospital 
discharge, and that ongoing sleep disruption may impair recovery from 
critical illness by negatively impacting mood and motivation, metabo-
lism, the immune response, and overall vitality. It is also possible that 
disrupted sleep during and after intensive care may partly mediate the 
long-term neurocognitive outcomes of critical illness.54-56 Ultimately, the 
systematic study of sleep and circadian rhythmicity after intensive care 
may prove as important as its study in the ICU.

■■ PROMOTING SLEEP IN THE ICU
There are currently no studies showing that improving sleep quality 
improves critical care outcomes. Until such evidence is available, there 
are a variety of practices that seem reasonable to implement.

Increase light exposure during the day, particularly during the 
morning: Daytime light exposure can increase alertness57 while poten-
tially normalizing circadian timing. Daytime hours should be set and 
artificial lights and blinds adjusted accordingly. The use of supplemental 
bright lights similar to those used in ambulatory patients with disorders 
of circadian rhythmicity58 has not been investigated to date.

Minimize light and noise exposure during the night: The television 
and radio should be turned off. Blinds should be lowered and artificial 
lights lowered to the extent allowed for safe patient care in order to 
promote sleep and to avoid the potential adverse effects of evening light 
exposure on circadian rhythmicity and sleep quality.59 Some patients 

may benefit from eyeshades and earplugs, although care should be taken 
to avoid causing distress to patients who might be confused.

Perform discretionary patient care activities during the daytime 
hours: In most ICUs, certain activities are performed during the night 
only because it is more difficult to accomplish them during the day, 
when the care demands are greater. Baths are one example. In order to 
routinize the performance of baths outside of prime resting time, it may 
be necessary to make staffing changes. Other examples of potentially 
modifiable care activities include chest radiography and phlebotomy.

Consider designating a “quiet time” during the afternoon: Some 
patients may benefit from a brief nap during the early to midafternoon. 
ICUs that have adopted this policy have attempted to publicize this activ-
ity by posting notices on patient room doors and throughout the ICU.

For patients receiving continuous intravenous sedation, perform a 
daily sedative interruption: The benefits of this approach have already 
been demonstrated.60 Where sleep and circadian rhythmicity are con-
cerned, daily sedative interruption—ideally during the morning—may 
help strengthen circadian rhythmicity by promoting awakening and 
light exposure during the daytime.

For patients receiving mechanical ventilation, consider minimizing  
the use of pressure support ventilation during the nighttime if pos-
sible: While in certain situations the use of pressure support ventilation 
during the nighttime may be preferable, the greater sleep fragmentation 
engendered by this mode makes it a less attractive mode during the 
nighttime if there are no other reasons to prefer it over assist-control 
ventilation or proportional assist ventilation.
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C H A P T E R

KEY POINTS

•• �Survivorship from critical illness may include substantial neuro-
muscular weakness that can persist for many years following the 
index hospitalization.

•• �Immobility can commonly accompany supportive care. Under
standing the effects of bed rest and immobility on muscle, heart, 
and nervous system is necessary to balance the risks and benefits 
of early mobilization.

•• �Early physical therapy can be performed safely despite ongoing 
critical illness.

•• �Alternative strategies for mobilization include cycle ergometry and 
neuromuscular stimulation.

•• �Successful early mobility programs include criteria for safe 
mobilization, which focus on the neurologic, cardiovascular, and 
pulmonary criteria.

INTRODUCTION—SURVIVORSHIP
In the last quarter century, research developments have led to improve-
ments in diagnosis and resuscitation of critically ill patients, particularly 
those undergoing mechanical ventilation (MV).1-4 With these improve-
ments, survival for many populations of critically ill patients has 
increased.4-7 Accordingly, intensive care unit (ICU) outcomes research 
has expanded, documenting substantial morbidity in survivors. ICU-
acquired weakness is a common problem following critical illness and 
is associated with prolonged hospitalization, delayed weaning, and 

increased mortality.8-10 Up to 25% of patients requiring MV for greater 
than 7 days develop ICUAW,11 and a systematic review of 24 studies 
including patients with sepsis, multiorgan failure, or prolonged MV 
identified neuromuscular dysfunction in 46% of patients.9 Furthermore, 
long-term follow-up studies of survivors of critical illness have demon-
strated significantly impaired health-related quality of life and physical 
functioning up to 5 years after ICU discharge, with weakness being the 
most commonly reported physical limitation.12,13

Factors such as systemic inflammation, medications (particularly 
corticosteroids), electrolyte disturbances, and immobility have been 
implicated in the pathogenesis of ICU-AW.14,15 Although no one has sys-
tematically measured immobility during ICU care, clinicians acknowl-
edge its presence during the earliest days of critical illness, particularly 
during deep sedation or neuromuscular blockade, specific MV strategies 
(eg, prone ventilation), and other advanced support (eg, continuous 
hemodialysis).

BED REST AND IMMOBILITY
Rest is necessary for the natural repair of weakened or damaged tissue 
and remodeling of muscle. Bed rest is most often accompanied by sleep, 
a process necessary for normal neurologic, immune, and endocrine 
function. The average person rests for 6 to 9 hours per day during sleep 
and shorter periods of rest may occur at other times. When people are 
ill, they often sleep and rest for longer periods.16

Prolonging rest has the potential for several benefits during general 
illness. For the injured body part, rest may avoid pain. By avoiding 
unnecessary exertion, metabolic resources may be maximally utilized 
for healing. During critical illness, reducing oxygen consumption by 
muscles may help preferentially deliver oxygen to injured or hypoxic 
organ systems. Similarly, in patients with respiratory failure, oxygen 
requirements and minute ventilation needs may be reduced. For hyper-
tensive patients, rest may lower blood pressure, potentially preventing 
myocardial ischemia and dysrhythmias. Finally—and perhaps the most 
common reason for prescribed bed rest in the hospital—confinement 
to bed reduces the risk of harmful falls in delirious and weak patients.

Investigations have only found a few select studies demonstrating 
benefits from bed rest. For example, women with preeclampsia had 
reduced fetal complications when prescribed bed rest.17 Additionally, 
bleeding complications after cardiac catheterization and liver biopsy 
were reduced with short-term bed rest following the procedure.18-20 
However, the therapeutic value of sustained bed rest is questionable. 
Trials of rheumatoid arthritis, low back pain, uncomplicated myocar-
dial infarction, pulmonary tuberculosis, and deep venous thrombosis 
have demonstrated improved outcomes when bed rest was limited or 
avoided.21 Physical activity has beneficial effects on organ and system 
function; sustained rest prevents these benefits and risks serious 
complications.

INACTIVITY AND MUSCLE WEAKNESS
Experimental models of prolonged physical inactivity include space 
flight, immobilization of a limb, lower limb suspension, and bed rest.22 
Such experiments carefully controlling activity—modeled in both human 
and animal research—yield consistent results. Muscle mass, as assessed 
by computed tomography and magnetic resonance imaging, decreases 
by approximately 1.5% to 2.0% per day during the first 2 to 3 weeks of 
enforced rest. Although total numbers of muscle fibers seem to remain 
unchanged as a result of immobilization, reductions in the cross-sectional 
area of the individual muscle fibers, changes in the satellite cells, and 
alterations in the distribution and size of the capillaries and connective 
tissue occur. Antigravity muscles have been observed to lose contractile 
proteins, particularly the Type I fibers of myofilaments, with a corre-
sponding increase in noncontractile tissue content, including collagen.

Various measures of muscle strength demonstrate weakness that 
parallels the changes in muscle size. For example, maximal knee extensor 
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contraction was reduced by approximately 15% after 14 days of bed 
rest.23 Another measure, knee extensor strength, was reduced by 22% 
after 14 days and by 53% after 28 days of limb immobilization.24,25 Limb 
casting models of immobilization suggest that the decline may be more 
significant, reaching as high as 5% to 6% per day.28,29 For the recumbent 
critically ill patient, the antigravity muscle groups—located in the legs, 
trunk, and neck which function primarily to support the body—are 
particularly “rested.” Accordingly, muscle atrophy with protracted rest is 
more consistent and probably greatest in these muscles.

INACTIVITY AND OTHER ORGAN SYSTEM INJURY
Loss of joint range of motion (ROM) occurs when the joints are not 
subjected to normal mobility and stress. Immobility leads to synovial 
fluid stasis and resultant increased intra-articular fluid volume and 
pressure. Heightened tension, pain, and decreased ROM ensue. Most 
ICUs are vigilant for this complication, and various measures to prevent 
contractures—such as ROM exercises and splinting—can prevent or  
reduce contractures. However, one study of survivors of a 2-week  
or longer critical illness found that joint contractures were identified in 
61 of 155 patients.30 At the time of discharge from intensive care, 34% of  
patients had at least one functionally significant contracture, and 23%  
of patients had functionally significant contractures persisting at the 
time of discharge home. The most commonly affected joints at the time 
of discharge home were the elbow (34%) and ankle (33%).

Skin ulcers are a well-recognized phenomenon of bed immobiliza-
tion and can serve as a portal of entry for bacteria. Breakdown occurs 
at points of pressure between the skin and bed. Unrelieved pressure 
combines with impaired microcirculation, malnutrition, shear force, 
and humidity to result in skin ulcers. Furthermore, elevation of the 
head of the bed to reduce aspiration and ventilator-acquired pneumonia 
causes greater pressure at the skin-bed interface in the sacral region.31,32 
Frequent shifts of body position are preventive.

Lung compliance is reduced substantially during immobilization in 
the supine position. The diaphragm shifts cephalad and combines with 
the dorsal shift of the heart from the force of gravity, results in partial or 
complete atelectasis of the left lower lobe within 48 hours of recumbency 
in critically ill patients. Additional atelectasis in other dependent lung 
regions is frequently apparent on computed tomography. This atelectasis 
may predispose to pneumonia, raise pulmonary vascular resistance, and 
yield intrapulmonary shunt that may increase oxygen requirements.

Bed rest is an important risk factor for thromboembolic disease. 
Thrombosis culminates from impaired blood flow, vascular injury, and 
coagulopathy (Virchow triad). Blood flow through extremities varies 
with activity of muscles; therefore, inactivity may result in venous stasis. 
Furthermore, compression of veins from prolonged contact of limbs 
with the bed may also worsen stasis and potentially damage the vascular 
endothelium.

More indolent effects include endocrinopathy and vascular dysfunc-
tion. Studies of healthy volunteers undergoing 5 to 7 days of bed rest 
demonstrated that insulin resistance occurs within days of beginning 
bed rest.33 The mechanism is unknown, but the effect is postulated to 
be limited to skeletal muscle.34 Interestingly, insulin resistance occurs 
commonly in critically ill patients who have no prior history of diabetes 
and insulin therapy in critically ill patients has been correlated with 
improved neuromuscular outcomes.35-37 Other metabolic derangements 
of bed rest measured in healthy subjects include increases in total cho-
lesterol and triglycerides.33

The cardiovascular effects of deconditioning occur on both heart 
tissue as well as the peripheral cardiovascular system. Orthostatic 
intolerance is commonplace and believed to be the result of a barore-
ceptor dysfunction. Studies implicate that systemic vascular resistance 
increases after bed rest. For example, hyperemic responses in normal 
subjects were significantly blunted after 3 to 5 days of bed rest, brachial 
artery diameter decreased significantly and was associated with sig-
nificantly decreased brachial artery flow and increased systolic blood 

pressure. The significance of these findings to critically ill patients is 
unclear; however, critically ill patients frequently experience complica-
tions that may result from such vascular dysfunction.

MOBILIZATION OF THE CRITICALLY ILL PATIENT
Mobility has been recognized as a component of primary, secondary, 
and tertiary prevention of overall disease morbidity and mortality. 
Early ambulation was first introduced for inpatients during World 
War II in an effort to expedite the recovery of soldiers for return to the  
battlefield.38 Since then, early mobilization has yielded improved out-
comes in such varied conditions as community acquired pneumonia to 
orthopedic surgery. Given the known morbidity of ICU survivorship, 
clinical researchers have targeted the avoidance of bed rest as a potential 
opportunity to affect the quality of life for survivors. These trials high-
light that early exercise and mobilization is possible to conduct despite 
ongoing critical illness. Although most investigations have focused 
selectively on patients undergoing MV, the results are likely generaliz-
able to broader populations of critically ill patients.

PASSIVE RANGE OF MOTION
The proposed goal of passive ROM exercise is to preserve of the range 
of the joint. Motion studies of the knee using radiolabeled tracers dem-
onstrated that synovial fluid clearance rates can be increased under  
conditions of passive motion.39 Simple joint motion creates fluctuations 
in intra-articular pressure and avoids fluid stasis. In critical care prac-
tice, periodic passive ROM exercises is an expectation of the bedside 
nurse, yet may be a necessary intervention by the physical therapist for 
the patient unable to engage in activity.

Technically, passive ROM differs from what is described as a pro-
longed muscle stretch. A prolonged muscle stretch usually implies hold-
ing a muscle or group of muscles in a lengthened position for a period. 
The purpose of “splinting” a joint follows from this notion that passive 
muscle stretch leads to maintenance of both the joint and muscle’s base-
line range.

The evidence to support the use of passive movements as part of a  
program of early mobilization is weak. The limited evidence suggests that 
passive movements may prevent protein degradation, maintain muscle 
mass, and alter the inflammatory profile in humans. For example, in  
20 subjects with severe sepsis or septic shock randomized to 30 minutes 
of predominantly passive exercise or no intervention, the passive exer-
cise group preserved fat-free mass, decreased IL-6 and increased IL-10 
levels compared with control patients who lost 7% of fat-free mass in the 
first 7 days following admission to the ICU.40

One study examined whether muscle wasting in critically ill patients 
could be prevented with stretching alone. Continuous passive motion, 
administered by a machine, for 3-hour sessions was applied over  
7 days to one leg of five separate critically ill adults.41 Both lower extrem
ities received the usual passive ROM exercises from physiotherapists 
twice daily for up to 5 minutes. Percutaneous needle biopsies of both 
legs were obtained at baseline and after 7 days. In the muscles that 
received continuous passive stretch, there was less reduction in muscle 
fiber cross-sectional area and protein per gram of wet muscle weight 
over the 7 days compared with the muscles that did not receive continu-
ous passive stretch. Clinical observation, however, suggests that more 
than simple passive movement should be done in order to help preserve 
muscle strength.

ACTIVE RANGE OF MOTION

■■ BARRIERS TO ACTIVE RANGE OF MOTION
The primary purpose of physical therapy in the ICU is to engage the 
alert patient, commence active ROM, and progress activity from bed 
exercises to transfers and early ambulation. However, early physical 
therapy—or early mobility—in critically ill patients is a complex and 
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effort-intensive therapy, made more challenging by the presence of 
multiple barriers that impede broad uptake. These barriers include 
sedation and ventilation practices, concern regarding patient safety and 
physiological stability, inadequate staff to deliver physical therapy, and 
lack of equipment.

Physical therapy is feasible only if the patient is awake and cooperative. 
For the mechanically ventilated patient, the use of sedation and analge-
sia needs to be titrated to the least necessary dose to foster interaction 
while maintaining comfort. Studies of sedation and analgesia assessment 
tools, agents, and administration protocols have substantially changed 
clinical care. Patients are targeted for more awake levels and improved 
outcomes have been demonstrated with nurse-directed titration of drug, 
early transition to intermittent drug administration, and daily interrup-
tion of sedative infusions.42 As patients have become more interactive, 
the commonality of ICU delirium is exposed. Early physical therapy may 
help minimize such delirium, working through mechanisms of sedative 
minimization and fostering more sleep. The use of physical exertion to 
calm the agitated patient—in lieu of drug administration—may be an 
underlying mechanism; however, this inquiry remains incomplete.

Sedative minimization and early mobilization share a key perceived 
barrier: the concern for the accidental dislodgement of vascular lines, 
nasogastric tubes, urinary catheters, and, much more importantly, the 
artificial airway. This concern has been exaggerated by the general 
movement away from early tracheostomy and more advanced therapy 
interventions in the patient with an endotracheal tube. Higher rates of 
unplanned extubation have not been demonstrated in recent studies 
of physical therapy in ICU patients.4 However, these studies included 
appropriately trained staff, careful preintervention assessment for safety, 
and team delivery of therapy care. Commonly, a mobilization team  
consists of three ICU clinicians, including a physical therapist, a nurse, 
and an occupational therapist or an assistant.

Similarly, a femoral vascular access device may cause clinician 
hesitation. Providers fear catheter dislodgement, vessel injury, or 
thrombosis with extended hip flexion times. For patients with femoral 
dialysis catheters, flows may be diminished with positioning. Despite the  
concerns, no studies have yet demonstrated injury from mobilizing 
patients with such devices.

Restrictions in early therapy similarly occur based upon concerns 
that active patient participation in movement might compromise an 
already marginal oxygenation or hemodynamic parameter. This concern 
for irreversible hypoxemia or dysrhythmia had traditionally kept most 
therapists at a distance until convalescence from critical illness was 
achieved. The decision on timing to engage therapy remains a focus of 
investigation, but research, detailed below, has yielded evidence inform-
ing criteria for safe initiation.

Expertise, availability, and team coordination may be the most sub-
stantial of all barriers to mobility in ICU patients. Physical therapists 
should be an integral part of the multidisciplinary ICU team—not sim-
ply intermittent consultants—and serve as the primary proponents of 
early exercise. Each session should involve the bedside nurse as he/she 
can serve as gatekeeper for safety and recognize existing limits and chal-
lenges of individual patients. For the mechanically ventilated patient, a 
respiratory therapist is needed to disconnect the ventilator and assist 
with portable ventilation strategies. This interdisciplinary coordination 
is exceptionally complex and may be the optimal test of an ICU’s func-
tion. It is only recently that administrative support for these initiatives 
has been possible, driven by measured improvements in ICU and hospi-
tal lengths of stay by early physical therapy programs.43

EARLY MOBILIZATION
Early mobilization is the intensification and early application of the 
physical therapy that is administered to critically ill patients. This 
exercise is applied with the intention of maintaining or restoring 
musculoskeletal strength and function to improve functional, patient-
centered outcomes. The safety and feasibility for early physical therapy 

during MV was first captured by a descriptive cohort study published in 
2007.44 Conducted in a respiratory ICU (RICU), the activity levels of 103 
patients—averaging 10 days following inception of critical illness—were 
studied. Patients began exercise once they responded to verbal stimula-
tion and were stable from both a respiratory and cardiovascular stand-
point (defined as FiO2 ≤0.6, PEEP ≤10 cm H2O, absence of orthostatic 
hypotension and catecholamine drips). The exercise team, including 
physical therapist, respiratory therapist, nurse, and critical care technician, 
focused training on three activities: sitting on the edge of the bed, sitting 
in a chair after bed transfer, and ambulating. At RICU discharge, 77% of 
patients were able to ambulate, including 69% able to ambulate >100 ft, 
15% of patients were able to sit in a chair, and 5% of patients able to sit 
at the edge of the bed. Only 14 of the 1449 activity events, including 
593 conducted during intubation, resulted in predefined adverse events. 
Specifically, there were five falls to the knees without injury, four systolic 
blood pressures <90, one systolic blood pressure >200, three desatura-
tions to <80%, and one nasal feeding tube removal.

To further the proof of success, the same investigators studied the  
performance levels of mechanically ventilated patients within a 2-day 
window before and after transfer to their ICU.45 Within 24 hours 
of arrival, patients underwent more intense physical activities than 
conducted previously, for example, ambulation increased from 11% 
pretransfer to 41% within 48 hours. Multivariable logistic regression 
demonstrated that transfer to their therapy-dominant ICU was inde-
pendently associated with the likelihood of ambulation. This study was 
the first indication that a unit-based culture of early mobilization could 
significantly influence patient functional performance.

The first prospective comparison between early exercise and mobi-
lization compared to usual care was published in 2008.46 In the study, 
the “mobility team” (PT, nurse, and nurse assistant) followed a detailed 
protocol for a stepwise increase in therapy based on patient participation 
and tolerance, spanning passive ROM to active ROM exercise, sitting, 
transfers, and, finally, ambulation. Eighty percent of patients in the 
intervention group underwent at least one therapy session compared to 
only 47% of patients in the usual care group. Intervention patients were 
quicker to get out of bed (8.5 vs 13.7 days) and had a reduced hospital 
LOS (14.9 vs 17.2 days). Recently, the 1-year outcomes of hospital survi-
vors from the initial 330 patient cohort were reported.47 In multivariate 
analysis, the lack of early ICU mobility was independently associated 
with readmission(s) or death during the first year. Although the etiology 
for readmission and death were not specified, these findings suggest a 
more durable benefit enacted by early ICU mobility.

In 2009, a prospective, dual center, randomized clinical trial of very 
early mobilization was published.48 104 MICU patients were enrolled 
within 72 hours of the onset of respiratory failure requiring MV. Patients 
were randomized to an intervention group that received mandated, pro-
gressive physical and occupational therapy (PT and OT) versus a control 
group that received PT and OT as ordered by their primary team. The 
dual therapist team treated patients with exercises such as sitting at the 
edge of the bed, engaging in simulated activities of daily living, transfer 
training, and ambulation. Patients in the intervention group underwent 
therapy on 87% of days in the study, starting therapy at a median of  
1.5 days after intubation compared to 7.4 days in the control group. 
Within 4 days, 76% of intervention patients were sitting at the edge of 
the bed, 33% were standing and transferring to a chair, and 15% were 
ambulating. At hospital discharge, intervention patients had a higher rate 
of return to independent functional status (59% vs 35%), greater inde-
pendent walk distance, and were more likely to be discharged to home 
(43% vs 24%). Additionally, intervention patients experienced a reduced 
duration of delirium (2 vs 4 days) and more ventilator-free days (23.5 vs 
21.1 days), but no significant difference in ICU or hospital length of stay.

Implementing the combined interventions of sedation minimization 
and early mobilization may yield the most striking effects for an individ-
ual ICU’s outcomes. In 2010, a tertiary academic center reported their 
quality improvement project to improve outcomes in patients undergo-
ing MV for 4 or more days.49 In the preintervention phase, patients were 
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deeply sedated during 58% of all patient-days and were either deeply 
sedated or delirious on more than 85% of all patient-days. As a result, 
only 24% of patients had consultations for PT or OT while in the MICU. 
Their interventions included education on sedation and mobilization 
practices, augmentation of therapist staffing, promotion of physiatry 
and neurology consultation, and provision of regular feedback to clini-
cians on these practices. In the post-intervention period, patients were 
less sedated, less delirious, received more therapy services, and exhibited 
improved functional mobility. Additionally, administrative data on all 
MICU patients demonstrated reductions in lengths of stay in the ICU 
(2.1 days) and hospital (3.1 days).

ASSISTIVE TECHNOLOGIES
There is growing interest in the use of assistive technologies to enable 
more patients to commence physical therapy early in an ICU admis-
sion. Two techniques have shown the greatest promise to date: cycle 
ergometry and electrical stimulation of muscles. Each of these therapies 
has broad appeal given both the ability for muscular engagement in the 
noninteractive patient and for the potential for nontherapists to enact 
therapist-prescribed regimens. This latter feature may help leverage 
scarce experts more effectively.

A cycle ergometer is a stationary cycle with an automatic mechanism 
that can alter the amount of work performed by the patient. The cycle 
can be positioned above the foot of the bed and used passively; engaged 
patients actively pedal with varying resistance. Cycle ergometry has been 
tested in healthy subjects as part of the space research program and has 
been found to preserve thigh muscle thickness during prolonged immo-
bilization.50 The method has also been shown to be safe and feasible in 
studies during hemodialysis and in patients with chronic obstructive 
pulmonary disease.51,52

Cycle ergometer–based mobilization in addition to standard physical 
therapy care has now been tested as a multimodality form of early mobi-
lization in a single-center randomized trial. In this study of 90 patients 
with prolonged ICU stays (enrollment began after ICU day 5), patients 
were randomized to early exercise using a bedside cycle ergometer in 
addition to standard PT versus PT alone.53 Intervention patients under-
went cycling sessions conducted 5 days per week. At hospital discharge, 
intervention patients exhibited a longer 6-minute walk distance, higher 
survey scores on physical function, and greater quadriceps force. In 
addition, the mobilization method was reported to be safe and feasible, 
with a median of four cycle sessions completed per week and the time 
taken from ergometer setup to clean up reported at 30 to 40 minutes. 
Patients tolerated the 425 cycling sessions well without serious adverse 
events; only 4% of sessions had early termination due to oxygen desatu-
ration and blood pressure changes.

Neuromuscular electrical stimulation (NMES) creates nonvolitional 
(passive) contraction of skeletal muscles. Low-voltage electrical impulses 
are delivered from the skin surface electrodes to underlying muscle. 
Accordingly, the modality is also known as transcutaneous electrical 
muscle stimulation (TEMS). NMES is used commonly in both in- and 
outpatient rehabilitation settings to preserve or improve muscle mass, 
strength, and function and has been studied most extensively in patients 
with chronic heart failure and those with chronic obstructive pulmonary 
disease. In a recent systematic review, NMES was found to improve 
muscle strength, exercise capacity, and disease-specific health status.54

Despite the promise of TEMS, randomized controlled trials in critical 
illness have reported conflicting results. Six unique ICU trials in patients 
with acute respiratory failure and sepsis and a trial in patients receiving 
chronic MV demonstrated mixed, but promising results for the potential 
efficacy.55 The largest study to date investigated 140 critically ill patients 
randomly assigned to TEMS versus standard care. TEMS was conducted 
daily for 55 minutes to the lower limb (vastus lateralis, vastus medialis, 
and peroneus longus muscles). Patients in the intervention arm exhib-
ited higher Medical Research Council scores compared with controls 
(58 vs 52). However, concerns over endpoint selection, measurement 

bias, and the need for patient tolerance reporting will likely yield further 
investigation.

Differences in patient selection, application to heterogeneous popula-
tions, and variable study methodology have all probably contributed to 
discrepancies in reported outcomes. Notably, the application and titra-
tion of dosing must be reproducible. Electrolyte changes and edema may 
seriously affect conductivity and thus electrical current diffusion, which 
could lessen the intervention’s effect.

Finally, one novel approach combines the modalities: functional 
electrical stimulation (FES), which augments a motor activity—such 
as cycling—with NMES. Muscles are stimulated in functional patterns  
similar to normal contraction under volitional control in healthy 
individuals. For FES, the majority of the literature to date has been 
developed within the chronic stroke and spinal cord injury (SCI) 
populations.56 Cycling-based FES has been demonstrated to improve 
the duration of muscle contraction before reaching the point of fatigue. 
This may enable patients to train for a longer period of time, thereby 
enhancing the training effect.

PRACTICAL IMPLEMENTATION OF AN EXERCISE  
AND MOBILIZATION PROGRAM IN AN ACUTE CARE ICU
ICU rehabilitation has traditionally been better organized in RICUs, 
weaning centers, and long-term acute care hospitals. In general, patients 
in these environments often have attained convalescence from the acute 
phase of illness and require less sedation. Accordingly, physical therapy 
consultation on all patients is expected and therapy staff is robust. To 
translate early exercise and mobilization to the acute care ICU, programs 
must have (1) a clearly defined strategy for managing patient pain, agita-
tion, and delirium, (2) safety criteria for PT consultation, (3) standard-
ized PT management schemes, and (4) metrics for PT performance.

To achieve the benefits of early exercise and mobilization, the patient 
should be as engaged as possible and tethered to the fewest devices 
as is possible. As a result, protocols to guide sedation minimization 
and early recognition of readiness for extubation are essential. Most 
ICUs implementing early exercise and mobilization programs should 
consider establishing these at the onset. Hallmarks of successful seda-
tion programs include the utilization of a reproducible, validated scale 
(eg, Richmond Agitation and Sedation Scale),57 an established seda-
tion target prescribed daily, nurse-led titration of drug administration, 
and/or the incorporation of daily interruption of continuous sedative 
infusions.42 Similarly, a respiratory therapy–driven protocol to guide 
assessment of readiness testing, weaning, and extubation has proven 
benefit, and pairing this with sedation interruption has yielded demon-
strable improvements.3

Appropriate consultation practices are necessary in an environment 
of limited physical therapy resources. We advocate for criteria focus-
ing on the cardiovascular, pulmonary, and neurological systems to help 
nontherapy clinicians identify ICU patients who are appropriate for 
PT consultation. These criteria, in accordance with prior literature on 
mobilization of patients undergoing MV, may develop further as experi-
ence with acute care therapy services mature. Furthermore, evidence 
has shown that exercise and mobilization can be conducted in contexts 
of greater ventilator dependence. We advocate further liberalization of 
the oxygenation criterion based on institutional experience and comfort. 
Finally, the criteria are purposefully “lean” and may not be restrictive 
enough for general practice (eg, gastrointestinal bleeding). Future stud-
ies to validate these criteria are needed.

In contrast, patient engagement may not be necessary in programs 
developing more cycle ergometry and TEMS programs. Interestingly, 
passive ROM exercises in the comatose patient may be best performed 
by nontherapist clinicians (eg, nurse, nurse assistants) and potentially 
augmented by patient family members.

Once patients have been deemed ready to begin mobilization, it 
should proceed in a logical, stepwise fashion. Activity and exercise should 
be targeted at the appropriate intensity and with the appropriate 
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exercise modality. Investigators have proposed detailed approaches to 
the progression of activities based on levels of patient consciousness, 
cooperation, and functional status. Acutely ill, comatose patients receive 
passive ROM, muscle stretching, splinting as needed, and body posi-
tioning. Once interactive, patients can increase their level of activity 
progressing from active ROM to sitting at the edge of the bed, transfers 
to chair, marching in place, and then ambulating. Standing and walk-
ing frames enable the patient to mobilize safely with attachments for 
bags, lines, and leads that cannot be disconnected. For the patient with 
advanced weakness, standing aids and tilt tables enhance physiologi-
cal responses as a modality to promote early mobilization of critically  
ill patients.

All programs beginning an exercise program will want to track stan-
dard ICU metrics, such as duration of MV, ICU and hospital lengths of 
stay. To better understand the specific strength and function outcomes 
of ICU patients, we advocate adoption of the Functional Status Score 
for the ICU (FSS-ICU). The scoring system, based on the validated 
Functional Independence Measurement (FIM), rates activities between 
1 (total assist) and 7 (complete independence). Recognizing that a finite 
number of functional activities can be enacted by most ICU patients, 
five are selected for measurement: rolling, transfer from supine to sit, 
sitting at the edge of the bed, transfer from sit to stand, and ambulation. 
These four tasks, plus ambulation, are combined in the cumulative  
FSS-ICU, which is a simple sum of the five individual scores. Additionally, 
investigators advocate measuring the duration of unsupported sitting at 
the edge of the bed and the maximum distance ambulated. Tracking 
these outcomes may help translate the success of an expanding program.

CONCLUSIONS
An aging population combined with increasing numbers of patients 
needing and seeking ICU services creates an environment in which 
critical care delivery must be optimal. Research investigations have 
proven that specific supportive strategies (eg, low tidal volume ventila-
tion, goal-directed sepsis resuscitation) as well as ICU structure, such as 
daily rounds by a multidisciplinary team,47 are associated with improved 
mortality for ICU patients. The implementation of an early exercise and 
mobilization program spans both, requiring the intricacy of individual 
process delivery combined with the infrastructure for detailed commu-
nication across disciplines. Physicians, nurses, respiratory, physical, and 
occupational therapists must generate team plans to promote wakeful-
ness, assess readiness for ventilator liberation, and negotiate competing 
procedures and testing, while seeking to maximize daily physiotherapy.

Clinical trials have shown these programs to be safe and feasible at 
individual centers. Importantly, mobilization protocols have demonstra-
ble benefit for short-term patient outcomes, including improvements in 
functional performance, brain function, and earlier ICU and hospital 
discharge. Future research needs to address the dose and specific exer-
cise strategies for the general population. Furthermore, the impact of 
these interventions on long-term outcomes must be better understood 
to meet the needs of our expanding survivor population.
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C H A P T E R

KEY POINTS

•• �Most cardiac arrests in the community setting occur as a result of 
coronary artery disease and cardiac ischemia.

•• Given the high mortality of cardiac arrest, prevention is crucial.
•• �Cardiopulmonary resuscitation and rapid defibrillation are the 

keys to successful resuscitation from cardiac arrest.
•• �Advanced Cardiopulmonary Life Support (ACLS) guidelines pro-

vide treatment algorithms for the different cardiac rhythms of arrest.
•• �Automatic external defibrillators provide a means for rapid defi-

brillation by the public.
•• �High-quality CPR and prompt defibrillation when appropriate are 

the only proven therapies to increase survival from cardiac arrest.
•• �Rapid response teams have been developed to help decrease the  

incidence of in-hospital cardiac arrest.

Cardiac arrest, defined as the sudden complete loss of cardiac output 
and therefore blood pressure, is the leading cause of death in the United 
States and much of the developed world, claiming at least 300,000 lives 
each year in the United States alone.1 In the majority of cases, myocar-
dial ischemia in the setting of coronary artery disease represents the 
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underlying etiology of arrest. Conversely, cardiac arrest is the initial 
presentation of myocardial ischemia in approximately 20% of patients.2 
A wide variety of other processes can lead to cardiac arrest, including 
septic shock, electrolyte abnormalities, hypothermia, pulmonary embo-
lism, and massive trauma (Table 25-1).

Survival from cardiac arrest remains dismal, even after the intro-
duction of electrical defibrillation and cardiopulmonary resuscitation 
(CPR) over 50 years ago. In the best cases (witnessed ventricular fibril-
lation arrest with rapid defibrillation), survival to hospital discharge 
ranges from 30% to 46%,3,4 although overall out-of-hospital arrest 
survival is usually much lower, ranging from 2% to 26%.5 In large 
American cities, out-of-hospital arrest survival may be even worse—
survival rates of 1.4% and 1.8% have been reported for New York 
and Chicago, respectively.6-8 Even after successful resuscitation from 
cardiac arrest, most patients die within 24 to 48 hours despite aggres-
sive intensive care treatment. Reperfusion injury, a subject of much 
basic science investigation, is thought to be involved in this postarrest 
deterioration.9,10

  TABLE 25-1    Etiologies of Cardiac Arrest

Myocardial ischemia/infarction

Primary cardiac arrhythmia

Hypothermia

Septic shock

Trauma

Systemic inflammatory response syndrome

Tension pneumothorax

Myocardial pump failure

Pulmonary embolism

Cardiac tamponade

Ventricular wall rupture

Severe valvular disease

Infiltrative cardiomyopathy

Inflammatory cardiomyopathy

Massive hemorrhage

Postoperative

Trauma

Gastrointestinal bleeding

Hypoxemia/respiratory failure

Pneumonia

Pulmonary embolism

Status asthmaticus

Suffocation, eg, foreign-body aspiration

Electrolyte derangement

Hyperkalemia

Hypocalcemia

Drug toxicity/overdose

Digoxin

β-Blockers

Calcium channel blockers

Tricyclic antidepressants

Note: This list is by no means exhaustive; a number of etiologies are grouped by mechanism, although 
some likely involve multiple mechanisms (eg, pulmonary embolism causing hypoxemia and right 
ventricular pump failure). Myocardial ischemia and primary cardiac arrhythmia are the most common 
underlying pathophysiologic mechanisms in cardiac arrest, especially in out-of-hospital arrest.

Demographic data from multiple studies demonstrate that the mean 
age of patients who suffer out-of-hospital cardiac arrest is approximately 
68 to 70 years, with a slightly higher incidence in men than in women.1,2,11  
Over 70% of these patients experience arrest in the home or other 
residential location.12,13 In-hospital cardiac arrest patients exhibit similar 
demographics, with one survey showing a mean age of 71 years and 
also somewhat higher incidence in males.14 There do not appear to be 
significant survival differences between men and women.2

To standardize treatment during cardiac arrest, a number of treat-
ment algorithms have been developed based on laboratory and clinical  
evidence. These have been compiled into the Basic Life Support (BLS) and 
Advanced Cardiopulmonary Life Support (ACLS) guidelines published 
and updated regularly by the American Heart Association’s Emergency 
Cardiac Care Committee,15 as well as other international resuscitation 
organizations (International Liaison Committee on Resuscitation).15 For 
additional information about ACLS guidelines and their revisions, see 
the contact information listed in Table 25-2.

PEDIATRIC CARDIAC ARREST
The majority of discussion in this chapter pertains to adult cardiac arrest 
because cardiac arrest in children, fortunately, is much less common. When 
it occurs, pediatric cardiac arrest more often is secondary to trauma or 
pulmonary derangements, such as drowning, status asthmaticus, or for-
eign-body obstruction, rather than due to a primary cardiac arrhythmia.16 
However, ventricular fibrillation does occur in the pediatric population.17 
Guidelines for pediatric resuscitation have been established and are com-
piled in the Pediatric Advanced Life Support (PALS) manual. For neonates, 
in whom cardiac arrest is yet another specialized problem, the manual 
Neonatal Advanced Life Support (NALS) has been developed. While many 
of the general principles of this chapter also apply to children, readers 
should refer to these additional texts for more detailed information.15

PREVENTION OF CARDIAC ARREST
Given the poor prognosis of cardiac arrest, prevention remains the best 
hope to save lives. To this end, out-of-hospital and in-hospital cardiac 
arrests require different prevention strategies.

In the outpatient setting, careful attention to coronary artery disease 
risk factors such as smoking, hypertension, and hypercholesterolemia, 
and aggressive treatment for these conditions can lower the risk of myo-
cardial ischemia and therefore the risk of cardiac arrest. In consultation 
with their physicians, most patients with multiple cardiac risk factors 
should be treated with aspirin to lower the probability and severity 
of myocardial infarction. Patients otherwise at risk for sudden death, 
such as patients with bouts of ischemic ventricular tachycardia and/or 
a history of myocardial infarction with subsequently depressed ejection 
fraction, should be considered for implantable cardioverter defibrillator 
(ICD) placement (reviewed in refs. 18 and 19). The use of ICD devices 
remains an area of active investigation and likely will expand as smaller 
and less expensive devices are developed.

  TABLE 25-2    Contact Information for BLS and ACLS Training and Resources

American Heart Association (AHA)

Web site: www.heart.org

Telephone: (800) 242-8721

American Red Cross (ARC)

Web site: www.redcross.org

Telephone: (800) 733-2767

European Resuscitation Council (ERC)

Web site: www.erc.edu

Telephone: +32 3 826 9321
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In the in-hospital setting, where sudden ventricular fibrillation/ventricular  
tachycardia (VF/VT) from coronary events is not the most common 
mechanism of arrest, prevention requires a different approach. Several 
studies have demonstrated that hospitalized patients who suffer cardiac 
arrest frequently exhibit signs and symptoms of destabilization up to  
12 hours before they become pulseless.20,21 These symptoms include vital 
sign changes such as progressive hypotension, tachycardia, hypothermia, 
or hypoxia. They also include clinical changes such as mental status dete-
rioration or progressive shortness of breath. Therefore, nursing staff should 
be appropriately vigilant in monitoring for such changes, and physicians 
should be duly attentive to warning signs from patients and staff. Early 
stabilization by such measures as intubation, initiation of vasopressor 
therapy, and/or transfer to an intensive care unit are far more effective than 
treating cardiac arrest once it has occurred. In an effort to prevent cardiac 
arrest, rapid response teams have been implemented, which include health 
care providers who are trained to recognize and treat the early signs of 
destabilization that may lead to cardiac arrest. This concept was formalized 
in Europe and Australia and is now being used in the United States with 
increasing frequency in diverse hospital environments.22-24

RESUSCITATION TEAM ORGANIZATION
It is very important for hospitals, ICUs, and prehospital care systems to 
establish a clearly delineated team structure for cardiac arrest treatment. 
In-hospital studies have shown that a well-trained and organized arrest 
team is an important component in the resuscitation from sudden death.25 
Team members should be ACLS trained and have a specified team leader 
who will lead the resuscitation efforts. Training should emphasize the 
need for a hierarchical structure, with the team leader making most treat-
ment decisions, to prevent the confusion that often occurs during cardiac 
arrest events. It also should be emphasized that response time is critical, 
such that a resuscitation team should be able to arrive on the scene of a 
cardiac arrest within minutes to initiate treatment. Recent data demon-
strate that groups with best-practice survival from cardiac arrest have 
mean “call to shock” times (for VF/VT arrest) of 5 minutes or less,26 and 
certainly the earlier the response, the more likely a better outcome will be 
obtained. Resuscitation efforts during cardiac arrest require activities to 
be performed quickly, calmly, and in regimented fashion. Rescuer panic 
and disorganized efforts are counterproductive and can best be avoided by 
appropriate training before (and debriefing after) events take place. With 
the growth of medical simulation technology and sophisticated manikins 
for resuscitation training, it is possible for cardiac arrest teams to rehearse 
scenarios to supplement education and enhance preparedness.27,28

BASIC LIFE SUPPORT
The first steps of resuscitation from cardiac arrest involve what is known 
as basic life support (BLS). These fundamental skills are part of CPR train-
ing courses offered to the public by organizations such as the American 
Heart Association and the American Red Cross. Given the importance 
of early recognition and care for cardiac arrest, it is incumbent on all 
medical personnel from ward receptionists to radiology technicians to 
physicians to maintain BLS training. Health care workers also should 
encourage the public to obtain these skills, which are often summarized 
by the ABCs—airway, breathing, and circulation. With the release of 
the 2010 international consensus resuscitation guidelines (published in 
the United States through the American Heart Association), increased 
emphasis has now been placed on circulating oxygenated blood during 
out-of-hospital cardiac arrest resuscitation efforts and de-emphasizing 
airway evaluation and ventilation—now summarized by CAB instead of 
ABC—circulation, airway, and breathing.15

INITIAL ASSESSMENT
The assessment of “Look, Listen, and Feel” has been removed from 
guidelines recommendations pertaining to the initial assessment and 
emphasis has been placed on immediate chest compressions. If a patient 

is deemed unresponsive, the initial observer should immediately call for 
help while assessing the patient and providing initial care, following the 
new format of CAB (see above).

■■ CIRCULATION
The hemodynamic status of the patient should be assessed via palpation 
of arterial sites. As an approximate guide, the radial, femoral, and carotid 
pulses are lost at systolic pressures below 80, 70, and 60 mm Hg, respec-
tively.15 Therefore, the most sensitive site to assess is the carotid artery.  
If no pulse can be felt at the carotid, chest compressions should be 
initiated immediately. Compressions should be performed at a rate of at 
least 100 beats per minute and to a depth of at least 2 in.

Recent studies have demonstrated the importance of “good quality” 
chest compressions, partially defined by compressions performed at 
the appropriate rate and depth. This is important in light of the fact 
that studies have shown performance of chest compressions to be 
grossly suboptimal and highly variable in actual practice.29-30 Rescuers 
should pay particular attention to the performance of this skill. Newer 
generations of monitor/defibrillators, currently available but not widely 
implemented, may aid this process by monitoring the quality of chest 
compressions and generating alarms during suboptimal performance. 
Intriguing recent data have suggested that chest compressions may be 
more important than defibrillation in the initial treatment of cardiac 
arrest.31,32 These observations, which might have been considered 
heretical just several years ago, lend support to an important paradigm 
in cardiac arrest, that of the three-phase model of cardiac arrest (see 
discussion later in this chapter).33 Other methods to improve CPR  
performance have also been shown effective, including performing 
a series of uninterrupted chest compressions followed by one shock 
continued with another series of uninterrupted chest compressions.34 
This push for continuous chest compressions stresses the need to cir-
culate the oxygenated blood throughout the body during cardiac arrest 
resuscitation efforts.

Monitoring the adequacy of the circulation during performance 
of CPR traditionally has been based on palpation of pulses, which is  
now generally considered to be highly unreliable. Capnography is an  
attractive adjunct to bedside clinical monitoring because the amount 
of carbon dioxide returned from peripheral tissues and then exhaled 
from the lungs should be a measure of the adequacy of cardiac output. 
In one prospective, observational study,34a 150 consecutive out-of-
hospital cardiac arrests were monitored by end-tidal carbon dioxide 
levels after intubation. After 20 minutes of advanced cardiac life 
support, end-tidal carbon dioxide levels averaged 4.4 ± 2.9 mm Hg 
in nonsurvivors and 32.8 ± 7.4 mm Hg in survivors (p < 0.001).  
A 20-minute end-tidal carbon dioxide value of 10 mm Hg or less suc-
cessfully discriminated between 115 nonsurvivors and the 35 patients 
who survived to hospital admission. While not yet routine, capnog-
raphy may be useful for both judging the adequacy of resuscitative 
efforts and offering prognostic information. The American Heart 
Association 2010 Guidelines recommend using capnography during 
resuscitation.35

While not strictly part of BLS, fluid resuscitation is a crucial adjunct 
to circulatory support in the initial phases of resuscitation, especially 
during arrest with pulseless electrical activity as an initial rhythm. 
Intravenous access should be obtained rapidly if it is not already  
present, and adult patients should receive a rapid infusion of at least 
500 to 1000 mL of 0.9% saline or lactated Ringer’s solution. In children, 
the crystalloid infusion should be calculated at 20 mL/kg. The ideal  
IV access would include a peripheral large-bore (ie, 14-18 gauge) 
catheter, intraosseus line, and/or large-bore central catheter (ie, not a 
double- or triple-lumen catheter). If a central-line approach is chosen  
as opposed to a peripheral IV, the optimal site for central-line place-
ment in resuscitation is the femoral vein. Since the chest and neck  
are active sites for chest compressions and ventilatory support, respec-
tively, subclavian or internal jugular approaches are impractical unless 
already present.
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AIRWAY
To attempt optimal airway opening, the chin should be lifted, and the jaw 
should be thrust forward. A quick evaluation of the oropharynx should 
be performed to look for a foreign body, blood, or other occluding 
material. Any visualized foreign body should be removed by suction or 
by careful use of fingers or forceps. After this evaluation, several “rescue 
breaths” should be delivered via mouth-to-mouth or mask-to-mouth 
technique. If the chest wall does not rise with these breaths, it is possible 
that a complete airway obstruction exists, and abdominal thrusts should 
be performed to attempt airway clearance. If these fail, trained personnel 
may need to establish a surgical airway via cricothyrotomy.

BREATHING
While holding the chin and jaw in the correct position, breaths should 
be delivered during initial efforts until a more definitive airway can be 
obtained. In cardiac arrest, this is performed via endotracheal intu
bation, which is performed routinely by anesthesiologists, emergency 
physicians, respiratory therapists, and paramedics. If possible, venti
lation should be performed with maximal FiO2 via bag-valve mask until 
intubation is performed. Pulse oximetry can be used to monitor patient 
oxygen saturation during this process.

VENTRICULAR TACHYCARDIA WITH A PULSE
Ventricular tachycardia (VT) may or may not generate a pulse. Therefore, 
it is crucial to assess the hemodynamic status before ACLS resuscitative 
measures are begun. If the patient has a pulse, is conscious, and has 
only mild complaints of palpitations, mild chest discomfort, weakness, 
and/or anxiety, electrical cardioversion can be considered with initial 
synchronized shocks at 100 J or higher. If the patient exhibits signs of 
instability, including syncope, severe chest pain, or marked hypoten-
sion, then cardioversion should proceed immediately after appropriate 
sedation is delivered.

The treatment of VT with a pulse includes intravenous administration 
of amiodarone or lidocaine and supportive care (oxygen administration 
and preparation for electrical cardioversion). The use of procainamide, 
amiodarone, sotalol, and/or magnesium can also be considered appro-
priate for use. Recurrent VT often requires electrophysiologic evaluation 
and treatment, including the placement of an ICD (reviewed in ref. 35).

VENTRICULAR FIBRILLATION/VENTRICULAR 
TACHYCARDIA WITHOUT A PULSE
Ventricular fibrillation and ventricular tachycardia without a pulse (VF/
VT) are grouped together because both require the same treatment—
immediate defibrillation. In fact, defibrillation should precede any 
other assessment or treatment. Studies have shown consistently that the  
earlier a patient is defibrillated successfully, the better are the chances for 
survival.36 This observation has stimulated the use of automatic external 
defibrillators (AEDs) in airports and other public locations (see the  
section on AEDs later in this chapter).

When a patient is found in VF/VT, a biphasic defibrillator should be 
used to provide one rapid shock, with careful attention to minimize pre- 
and postshock pauses in chest compressions (<5 seconds) (see Fig. 25-1 
for a VF/VT algorithm). Chest compressions should be immediately 
continued for 2 minutes after the shock without interruption. For insti-
tutions using standard monophasic defibrillators, the first shock should 
be delivered at 200 J; the next two shocks can be delivered at 200 J or at 
300 and 360 J, respectively per the energy escalation proposed in the 
ACLS guidelines. Using biphasic defibrillators (see later in this chapter 
for a discussion of different defibrillator types), all shocks should be 
delivered at 150 to 200 J or at the energy suggested by the manufacturer.4

If a patient remains in pulseless VF/VT immediately after the shock, 
further treatments include assessment of the CAB’s and pharmacologic 
adjuncts. Chest compressions should be initiated immediately, with care 

taken to ensure compression quality, as discussed previously. Patients 
should be intubated immediately and ventilated with 100% O2, with care 
taken to ensure correct endotracheal tube placement by both ausculta-
tion and end-tidal CO2 detection, if available. Providers should take care 
not to hyperventilate patients during resuscitation and pay close atten-
tion to hyperoxygenation once the patient regains their pulse. A recent 
study found that patients who had arterial hyperoxia after their cardiac 
arrest had increased mortality compared with normoxia or hypoxia 
though this concept is still an area of active research.37

If not already performed, IV access should be established. Large-
bore (not multilumen) central venous access by the femoral approach 
is most convenient and practical in this setting if skilled personnel are 
available. It is often useful to obtain an arterial blood gas sample at this 
point as well because it will take some time for the results to return to 
the team in any case. While these steps are taking place, the arrest team 
leader should rapidly obtain a very brief history from available sources, 
including nursing staff, family, or physicians caring for the patient. The 
most important details to obtain are when the patient was last seen with 
a pulse, what pertinent medical problems the patient has, and what has 
taken place in the last few hours of patient observation.

In VF/VT arrest, either epinephrine 1 mg IV or vasopressin 40 U IV  
should be given early, preferably within the first 3 to 5 minutes of 
resuscitation efforts. Vasopressin has been shown to improve coronary 
perfusion pressure and possibly improve initial resuscitation compared 
with epinephrine.38-39 However, despite some optimism regarding the 
theoretical advantages of vasopressin over epinephrine, conclusive 
data showing improved survival to hospital discharge are still lacking.40 

FIGURE 25-1.  ACLS algorithm for VF/VT. Perhaps the most important aspect of this 
algorithm is the need for early defibrillation. ACLS algorithm for PEA. Note that this algorithm 
really serves more as a prompt for differential diagnosis; see Table 25-3 for elaboration of PEA 
etiologies. (Data from American Heart Association ACLS Manual.)

Check responsiveness
1)   Primary ABCD assessment

Activate emergency response system
Call for defibrillator

A Airway—open airway
B Breathing—positive pressure ventilations
C Circulation—chest compressions
D Defibrillation—assess for and shock VF/pulseless VT

A Airway—airway device
2)   Reassess patient

B Breathing—confirm airway device placement
B Breathing—secure airway device
B Breathing—confirm e�ective oxygenation and ventilation
C Circulation—establish IV access
C Circulation—identify rhythm
C Circulation—administer appropriate drugs based on rhythm and
       condition
C Circulation—assess for occult blood flow (“pseudo-EMD”)
D Di�erential Diagnosis—search for and treat reversible causes

-Hypovolemia -“Tablets” (drug overdose, accidents)
-Hypoxia -Tamponade
-Hydrogen ion-acidosis -Tension pneumothorax
-Hyper-/Hypokalemia -Thrombosis, coronary
-Hypothermia -Thrombosis, pulmonary

Review most frequent causes

Epinephrine at appropriate dose
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Additionally, high doses of epinephrine (eg, 3 or 5 mg IV) previously had 
been hoped to have additional benefit over the standard 1 mg IV dose, 
but human trials have demonstrated no significant survival benefit.41-43

After the administration of epinephrine or vasopressin, another 
shock should be delivered. If the patient remains in VF/VT after this, 
additional medications can be administered before additional defibrilla-
tion attempts. One such pharmacologic option is amiodarone, given as a 
300-mg IV bolus. Two studies have shown clearly higher initial survival 
with amiodarone compared with lidocaine, although lidocaine and ami-
odarone have yet to show an effect on survival to hospital discharge.44,45

PULSELESS ELECTRICAL ACTIVITY
Pulseless electrical activity (PEA) is a state defined by having no detect-
able pulse despite the appearance of an organized electrical rhythm 
on cardiac monitoring. This electrical activity may appear as so-called 
normal sinus rhythm or similar pattern but must be differentiated from 
pulseless VF/VT, which requires specific treatment (see above). PEA 
used to be described as electromechanical dissociation (EMD), based 
on the assumption that some pathophysiologic process had separated 
the normal electrical conduction of the heart from its ability to cause 
myocardial contraction. Echocardiographic studies of myocardium in 
PEA, however, demonstrate some degree of visible muscle activity.46 
Thus, the term EMD has fallen out of favor compared with the more 
appropriate PEA.

The initial approach to a patient in PEA is much the same as the 
approach to patients with other pulseless rhythms (see Fig. 25-1 for 
a PEA algorithm). CPR should be initiated immediately, a definitive 
airway should be established, and the patient should be ventilated with 
100% O2. Large-bore central venous access should be established. An 
arterial blood gas sample should be obtained early, with a request to 
check hemoglobin and potassium, if possible. A brief history should be 
taken from staff by the resuscitation team leader regarding the events 
leading up to the pulseless state. Neck veins should be examined to con-
sider cardiac tamponade, lungs should be auscultated to rule out tension 
pneumothorax, and if appropriate, the patient’s temperature should be 
taken to evaluate for hypothermia. All patients in PEA should receive 
epinephrine 1 mg IV early in the resuscitation efforts.

In contrast to VF/VT, there is no specific treatment for PEA per se.  
There are, however, a number of appropriate therapeutic options 
depending on the cause of PEA. Therefore, a differential diagnosis must 
be considered quickly (Table 25-3). Intravascular hypovolemia, through 
either hemorrhage or leakage of fluid from the vascular compartment, 
is a common cause of cardiac arrest in the hospital setting. A high sus-
picion for this etiology should be maintained for patients who recently 
underwent surgery or for patients known to have a serious infectious 
process and now may be presenting in septic shock. Hypoxemia is 
another common cause of PEA, although ventilation with 100% O2 
renders this largely a diagnosis of exclusion. A third common process 
underlying PEA is hypothermia, which again may be common in  
postoperative and/or septic patients. Aggressive treatment with warm 
IV fluids and warming blankets should be undertaken in these patients 
during resuscitation. Resuscitative efforts should not be terminated until 
all efforts have been made to warm the patient to normothermia.

Tension pneumothorax also can lead to PEA arrest and should be 
considered especially in any patient who was mechanically ventilated 
prior to arrest. Lung auscultation during ventilatory cycles should help 
identify this problem. If lung sounds are diminished unilaterally, the 
endotracheal tube should be pulled back several centimeters to deter-
mine if a main stem bronchus intubation was present. If decreased 
breath sounds persist after this maneuver, a needle thoracostomy should 
be performed with a 14-gauge IV catheter in the second intercostal 
space on the side exhibiting diminished lung sounds.

Another major cause of PEA arrest that deserves some discussion 
is massive pulmonary embolism, which can lead not only to hypox-
emia but also to cardiogenic shock from sudden right ventricular (RV) 

dysfunction. If the resources are available, rapid echocardiography can 
be performed during resuscitation efforts to evaluate the size and func-
tion of the right ventricle. A markedly enlarged and poorly contracting 
right ventricle supports the diagnosis of pulmonary embolism. This 
diagnosis should also be considered for patients with known deep 
venous thrombosis or possible thrombophilia from disease processes 
such as malignancy or systemic lupus and for patients who have  
been hospitalized and/or immobile for at least several days. If pulmonary 
embolism is strongly suspected, treatment with tissue plasminogen acti-
vator (t-PA) can be considered. The use of t-PA in cardiac arrest remains 
controversial, however (see discussion of t-PA later in this chapter).

The patient should be evaluated for other causes of PEA. These 
include cardiac tamponade, for which pericardiocentesis with a long 
spinal needle can be lifesaving; hyperkalemia, requiring treatment with 
intravenous calcium, insulin, and glucose; and drug toxicity, which 
requires specific therapies depending on the drug in question.

BRADYCARDIA
In some cases, a pulseless state can occur if the heart rate slows dramati-
cally, for example, to less than 30 to 40 beats per minute. This can occur 
in cases of complete heart block, hypoxemia, hypothermia, and toxic states 
from certain medications, especially β-blockers and calcium channel 
blockers. In a sense, pulseless bradycardia is a subset of PEA arrest in which 
additional specific treatments may be attempted beyond that for PEA itself.

After standard ACLS maneuvers including CPR, intubation, and ven-
tilation with 100% O2 and administration of epinephrine (see preceding 
sections), treatment should be directed toward increasing the rate of 
electrical activity, which may be sufficient to generate a blood pressure 
(and therefore a pulse). If this increased rate does not generate a pulse, 
the patient truly can be considered to be in PEA arrest.

Methods to increase the heart rate include administration of atropine  
1.0 mg IV, which may be repeated up to a total of 0.04 mg/kg, and a 
trial of electrical pacing (see Fig. 25-2 for a bradycardia algorithm). 
Transcutaneous electrical pacing, a standard capability of most hospital 
defibrillators, can be attempted as well, although no evidence-based recom-
mendations exist regarding rate and current to be applied. We recommend 
starting at a rate of 80 impulses per minute and 50 mA current, ramping up 
the current as necessary to obtain capture, if possible at all.47 Additionally, 
chronotropic drug infusions can be used as an alternative to pacing.48

ASYSTOLE
All patients in cardiac arrest eventually converge into the rhythm of 
asystole, which is defined as no discernible electrical activity on cardiac 
monitoring (see Fig. 25-3 for an asystole algorithm). An occasional wide 

  TABLE 25-3    PEA Differential Diagnosis and Possible Treatments

PEA Etiology Possible Treatment

Cardiac tamponade Needle pericardiocentesis

Drug overdose Specific antidotes as required

Hyperkalemia Administration of calcium, insulin, glucose, bicarbonate

Hypothermia Rewarming with warm IV fluids, warming blankets

Hypovolemia Administration of IV fluids, blood, and/or blood products

Hypoxia Ventilation with 100% O
2

Massive pulmonary embolism t-PA or other thrombolytic agent

Myocardial infarction Thrombolytic agent or interventional catheterization

Tension pneumothorax Needle thoracostomy on affected side of chest

Note: This list only covers the major common etiologies that might be considered in the treatment of 
PEA. Hypovolemia and hypoxia are probably the most likely in-hospital factors leading to PEA arrest; 
myocardial infarction and hypothermia are probably the most common out-of-hospital etiologies.
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or

1) Definition
Slow: absolute bradycardia = <60 bpm

Relatively slow: rate less than expected relative to condition or
cause

2) Primary ABCD assessment
Assess ABCs
Secure airway noninvasively
Ensure availability of monitor/defibrillator

Assess secondary ABCs (need invasive airway?)
3) Reassess patient

Oxygen—IV access—monitor—fluids
Vital signs, pulse oximeter, monitor blood pressure
Obtain and review 12-lead ECG
Obtain and review portable chest x-ray
Problem-focused history
Problem-focused physical examination
Consider causes (di�erential diagnosis)

4) Serious signs or symptoms due to the bradycardia?

6) Type II second-degree AV block
or

Third-degree AV block?

5) Intervention sequence
Epinephrine
Transcutaneous pacing
Dopamine
Isoproterenol

Observe Prepare for transvenous pacing
If symptoms develop, use transcutaneous
pacemaker until pacer placed

FIGURE 25-2.  ACLS algorithm for bradycardia. (Data from American Heart Association 
ACLS Manual.)

complex can be seen in asystole, which is known as an agonal rhythm—
this carries the same grave prognosis as asystole itself. Unwitnessed 
cardiac arrest with the presenting rhythm of asystole has a dismal rate of 
survival, usually considered to be less than 1%.49 There are very few treat-
ment options for rescuers confronted with asystolic patients, and there-
fore, a rapid search for reversible causes combined with standard ACLS 
measures in most cases should not lead to lengthy resuscitation efforts.

Besides standard resuscitation techniques (described earlier), including  
chest compressions, intubation, ventilation with 100% O2, and adminis
tration of epinephrine, transcutaneous electrical pacing may be attempted 
as well, following the same recommendations as those for bradycardia 
(see discussion on bradycardia above).

An important caveat in the assessment of asystole is that at least two 
cardiac monitoring leads should be examined for a rhythm—often what 
appears to be asystole in one lead actually represents a loose electrical 
connection, and one might find a treatable rhythm in another lead.

ENDING RESUSCITATION EFFORTS
The subject of resuscitation team function and performance remains 
poorly studied, and usually ACLS training gives short shrift to team 
cooperation and leadership skills. The decision to terminate efforts 
represents a difficult moment for the resuscitation team and the team 
leader.50, 51 One simple recommendation to ease the tension of this 
moment and ensure that all reasonable effort has been given to save 
the life of the patient is to involve the entire team in the termination 
process. We recommend that the team leader, sensing that effort has 
become futile, should verbally summarize to the team all the treatment 

1) Primary ABCD assessment 
Check responsiveness 
Activate emergency response system 
Call for defibrillator 

A Airway—open airway 
B Breathing—positive pressure ventilations 
C Circulation—chest compressions 
C Confirm true asystole
D Defibrillation—assess for and shock VF/pulseless VT 

4) Re-assess patient 
A Airway—airway device 
B Breathing—confirm airway device placement 
B Breathing—secure airway device 
B Breathing—confirm effective oxygenation and ventilation 
C Circulation—establish IV access 
C Circulation—identify rhythm 
C Circulation—administer appropriate drugs based on rhythm
       and condition  
D Differential diagnosis—search for and treat reversible causes  

7) Consideration of antiarrythmics
Amiodarone 
Lidocaine 
Magnesium 
Procainamide 

5) Epinephrine or vasopressin at appropriate dose  

6) Resume attempts to defibrillate

2) Check rhythm

3) Persistent or recurrent VF/VT

8) Resume attempts to defibrillate

FIGURE 25-3.  ACLS algorithm for asystole. (Data from American Heart Association ACLS 
Manual.)

rendered so far, for example, how long CPR has been performed, what 
drugs and shocks were given, and what underlying arrest etiologies 
were considered. The team leader then can ask if any team member 
has final recommendations or suggestions before efforts are halted. 
In this fashion, the decision to stop resuscitation procedures is made 
by the group, and staff will feel satisfied that resuscitation was not 
terminated prematurely. However, the team leader should remain 
mindful of recent data examining in-hospital cardiac arrest (IHCA) 
duration, which found that in aggregate, those who were treated  
with longer resuscitative efforts had increased chance of survival.52 
After termination, it is often useful to conduct a debriefing session 
among key team personnel before disbanding, especially to trouble-
shoot any technical or team function problems. Hospitals should 
establish CPR review committees to monitor the quality of resuscita-
tions on a periodic basis and implement system changes as necessary 
to improve outcomes.

ASPECTS OF DEFIBRILLATION
Modern electrical defibrillation, or the use of electric current applied 
directly to a patient’s chest to restore a viable heart rhythm, grew out 
of research into electrocution deaths among maintenance workers at 
Consolidated Edison of New York. The first human defibrillation was 
performed intraoperatively by Claude Beck in 1947; the first external 
defibrillation was undertaken by Paul Zoll in 1955.53 Since that time, 
defibrillation has become a cornerstone of cardiac resuscitation and has 
been used successfully by physicians, nurses, paramedics, police, and 
even the public at large.
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The exact mechanism of defibrillation remains uncertain. Whether 
a critical number of myocardial cells require membrane depolariza-
tion to overcome ventricular fibrillation or whether certain regions of 
the heart must achieve a critical current density remains a subject of 
active study. Several mechanistic aspects are clear, however. The energy 
discharged (measured in joules, or watt-seconds) appears to have both 
dose-response and therapeutic window characteristics. That is, the 
chance of successful defibrillation rises with increasing energies deli
vered; however, as energy is increased further, functional myocardial 
injury predominates over useful resuscitative properties. With standard 
biphasic defibrillators, 150 to 200 J is generally the recommended energy 
for all shocks, though it is suggested to follow manufacture guidelines; 
with monophasic devices, 200 J is recommended energy for the initial 
shock, 300 and 360 J are accepted levels for subsequent attempts to defi-
brillate. For children, the recommended initial dose is 2 to 4 J/kg, with 
additional shocks at 4 J/kg but not to exceed10 J/kg.54 Most defibrillators 
in use today generate biphasic waveform shocks. These defibrillators 
have been shown to be equally effective as monophasic devices at lower 
energies, which may optimize the benefits of the shock while minimiz-
ing myocardial injury.4

Technique of defibrillation is also important. Firm pressure must be 
applied with defibrillation paddles to ensure proper delivery of energy 
without electrical arc or skin burn. Similarly, defibrillation pads must be 
well applied to the chest. Positioning of paddles or pads must ensure that 
the imaginary line connecting the two electrodes runs through the heart. 
That is, in one standard approach, an electrode should be placed at the 
right upper sternal border and the other at the left midaxillary line near 
the apex of the heart.

Perhaps the most important observation regarding electrical defibril-
lation is that the longer the delay before a shock is delivered, the less 
chance there is for a successful resuscitation. Ventricular fibrillation or 
tachycardia should be defibrillated immediately; this is the fundamental 
principle underlying ICDs, a commonly placed device for patients with 
recurrent ventricular tachycardia or history of cardiac arrest.18 If VF/VT 
persists for even 5 minutes without CPR or defibrillation, the chance for 
a successful outcome falls dramatically. Additionally, data have shown 
that defibrillation is sensitive to chest compression depth and preshock 
pause times. In one study, chest compression depth greater than 2 in and 
shortened preshock pauses times (<10 seconds) were associated with a 
higher percentage of VF removal.55

Given the need for early defibrillation, AEDs have become an impor-
tant tool for paramedics and the lay public. These devices, commonly 
found in airports and other heavily trafficked public locales, perform 
rhythm analysis and provide defibrillatory shocks if needed. In theory, 
no prior experience should be required to operate such a device. AEDs 
are discussed in more detail below.

THE THREE-PHASE TIME-SENSITIVE MODEL 
OF CARDIAC ARREST THERAPY
There is hope that in the coming years resuscitation science will offer 
substantially improved survival for victims of cardiac arrest. With 
the success of early defibrillation programs in airports, casinos, and 
other public places, survival rates in these special locales have soared 
to greater than 50%.56 However, a new paradigm has emerged in our 
understanding of sudden death. The three-phase time-sensitive model 
of cardiac arrest, based on data from the past several years, offers 
the hope of better survival with therapy tailored to the time after  
initial arrest.33

This model proposes that time in cardiac arrest can be divided into 
different phases: the electrical phase (the first 4 minutes after arrest), 
the circulatory phase (minutes 4 through 10), and the metabolic phase 
(after 10 minutes), with each requiring different therapeutic approaches 
(see Fig. 25-4). The electrical phase calls for defibrillation as the first 
therapy for VF/VT and is currently our standard of care regardless of 
time spent in cardiac arrest. This fits well with national efforts to get 
more rapid defibrillation with AEDs—because the evidence suggests 
that defibrillation within the first few minutes is associated with a  
better than 50% chance of initial survival. However, a challenge during 
this electrical phase is the need to get defibrillators rapidly to victims 
at home, where over 70% of cardiac arrests take place. The circulatory 
phase appears to be best treated initially with chest compressions and 
ventilations and then followed by defibrillation after several minutes of 
CPR. Using this “CPR first” algorithm, paramedic services in Norway 
have improved survival rates from 4% to 20% over standard advanced 
cardiac life support during this circulatory phase.30 However, another 
challenge becomes apparent during this phase: our current quality of 
CPR remains unmeasured and poorly controlled. Recent studies would 
suggest that CPR quality in real resuscitation falls far short of the high 
quality required for survival—and new technology offers us the ability  
to markedly improve on this in the next few years.29 This circulatory 
phase may be difficult to identify because we usually do not have 
accurate information on time of collapse and thus may not know in 
which phase a patient resides. The circulatory phase depends on very 
good CPR, so prioritizing good compression rate, compression depth, 
minimal pauses in compression, and proper ventilatory management all 
become critical priorities.

The third so-called metabolic phase is the most lethal and challenges 
our basic scientific understanding of ischemia and reperfusion injury. 
Novel therapies, such as advanced cardioprotective pharmacologic 
agents, cardiopulmonary bypass, induced hypothermia (see Chap. 26), 
preconditioning pathways, inflammatory mediators, apoptosis signal-
ing, and hibernation may offer promise in the understanding and 
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Chest compressions New therapies:
      Hypothermia?
      Apoptosis inhibitors?
      Antioxidants?
      Cardiac bypass?Defibrillation

4 minutes
postarrest
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FIGURE 25-4.  This three-phase model serves as a paradigm shift in the categorization and treatment of cardiac arrest. While some data have been published recently to support the model, 
it is still considered theoretical but likely will serve as a tool to think about future therapies.
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treatment for this phase—but the need for new translational research in 
this area is vital. The tools of molecular biology, proteomics, and cellular 
physiology are likely to provide important insights and to create new 
biosensors that can guide clinical therapies. It is not unrealistic to believe 
that major improvements in survival rates will result as we change our 
current practices in the near future.57

AUTOMATIC EXTERNAL DEFIBRILLATORS
Given the assumption that early defibrillation remains the best treat-
ment for VF/VT cardiac arrest, a number of devices have been devel-
oped to allow inexperienced users to defibrillate victims before the 
arrival of medical personnel (reviewed in ref. 54). These devices, known 
as automatic external defibrillators (AEDs), have become ubiquitous in 
airports and other public locations. These simple-to-use defibrillators 
contain waveform analysis software that determines whether a shock 
is warranted when a layperson attaches sensing pads to the chest of 
a comatose individual. Appropriate shocks are then delivered. Audio 
prompts guide the user through the process.

The placement of AEDs in public places has been shown to affect 
survival from cardiac arrest, supporting the concept that earlier defibril-
lation correlates with improved outcomes.57 However, the majority of 
cardiac arrests occur in the home, not in public. Data from Seattle sug-
gest that as many as 70% of out-of-hospital cardiac arrests take place in 
residences, and only 21% occur in public locales.1 Whether AEDs should 
be available for home installation, much like fire extinguishers, remains 
an active question. As AEDs become smaller, smarter, and cheaper, this 
debate may tip toward home availability.58

Whether AEDs should be placed in hospital wards remains another 
topic under current discussion.59 Although hospital resuscitation teams 
include ACLS-trained personnel, most “first responders” in the hospi-
tal setting are nurses or other health care staff who may not be ACLS 
proficient and therefore unlikely to perform defibrillation. It has been 
argued that the availability of AEDs in the hospital would allow for rapid 
defibrillation attempts before the arrival of resuscitation teams, though 
current data are mixed. However, the presence of AEDs would not be 
sufficient—nurses and other health care workers would have to accept 
defibrillation as a possible primary responsibility. There are some data 
to suggest nurses would support such a role.60

INDUCED HYPOTHERMIA IN CARDIAC ARREST
In the search for novel cardiac arrest therapies, induced hypothermia has 
generated a great deal of recent interest, spurred by two well-conducted 
studies showing improved survival when patients were cooled to 32°C to 
34°C after resuscitation from cardiac arrest.61,62 An international recom-
mendation has been issued based on this evidence that patients should 
be cooled after out-of-hospital cardiac arrest; data on in-hospital cardiac 
arrest are still under discussion but international guidelines recommend 
consideration of induced hypothermia in these patients.63 Much work 
remains to further define this treatment, regarding both depth and dura-
tion of hypothermia. Novel techniques for cooling patients are under 
development as well, including multiphase coolant fluids and cooling 
catheters. Chapter 26 of this book is devoted to this exciting field of 
induced hypothermia.

PHARMACOLOGIC THERAPY OF CARDIAC ARREST
CPR and electrical defibrillation are the central treatment modalities 
for cardiac arrest in current practice. While medications such as epi-
nephrine, vasopressin, and amiodarone have been incorporated into 
treatment algorithms for cardiac arrest, to this day they do not have any 
proven survival benefit.64 A surge of interest in “high-dose” epinephrine 
in recent years was quelled when a number of studies demonstrated 
no benefit from this approach.43,65 Current interest in amiodarone 
as a treatment for VF/VT is based largely on one study that showed 

an improvement in initial resuscitation but did not demonstrate an 
improved survival to hospital discharge.44 There are no definitive data to 
demonstrate a survival benefit from atropine or lidocaine and as such, 
atropine was removed from the treatment algorithm for asystolic cardiac 
arrest and is only indicated in bradycardic pulseless electrical activity. 
Similarly, bicarbonate, while widely administered during cardiac arrest, 
has not been proven to aid resuscitation. In fact, ACLS guidelines only 
recommend bicarbonate infusion in a small subset of cardiac arrest 
patients, namely, those known to be hyperkalemic.15 Doses of standard 
ACLS medications are given in Table 25-4.

Thrombolytic therapy in cardiac arrest has received recent inter-
est because a number of uncontrolled studies and cohort series have 
suggested a benefit from the use of urokinase or t-PA.66-68 A small but 
well-executed controlled study recently demonstrated no improvement 
in return of spontaneous circulation or survival with t-PA in the treat-
ment of PEA arrest.69 A larger European study is currently ongoing and 
may help resolve this controversy, and certain subsets of cardiac arrest 
patients may be found to benefit from this treatment modality. At this 
point, it is fair to say that thrombolytic therapy may be attempted if 
there is strong evidence to suspect pulmonary embolism as the cause 
of arrest.65,70,71

LIMITATIONS ON CARDIAC ARREST EFFORTS
The idea of a chemical code, that is, performing resuscitation with 
pharmacologic agents only and not with chest compressions or defi-
brillation, is not controversial insofar as there is no disagreement 
among expert providers. Studies have demonstrated clearly that the 
concept lies much more in the realm of mythology or wishful thinking 
than in science. The only controversy is that the concept has persisted 
in hospitals and among health care workers across the world to this 
day.72 It is important to stress the following point because the chemical  
code is often presented to family members as an option for care of 
their loved one: Cardiac arrest is not a medical problem treatable by 
medications only.

In a similar vein, the slow code, in which efforts to resuscitate are 
intentionally delayed or limited by rescuers, is ethically unacceptable.73 
Patients who are full code should have every appropriate effort made to 
resuscitate them; decisions regarding appropriateness of resuscitation 
efforts should be made by patients and their primary physicians, not by 
a resuscitation team at the time of arrest.

ETHICAL ISSUES
The ethical dimensions of cardiac arrest treatment are complex and 
important for physicians to consider.74,75 Decisions regarding termina-
tion of efforts and even the decision not to initiate efforts in the first 
place should be calibrated carefully depending on the individual case 
in question. The growing establishment of do-not-resuscitate (DNR) 
protocols has allowed patients and their families to avoid the traumatic 
and often futile efforts of resuscitation.

It cannot be stressed enough that physicians should initiate frank and 
truthful end-of-life discussions with patients early in their care, before 
hospitalization or cardiac arrest appear on the horizon. In this fashion, 

  TABLE 25-4    Standard ACLS Medications and Doses

Medication ACLS Dosing

Amiodarone 300 mg IV bolus, second dose 150 mg IV bolus 

Epinephrine 1 mg IV bolus every 3-5 minutes (10 mL of a 1:10,000 solution)

Vasopressin 40 U IV bolus can replace first or second dose of epinephrine

Note: A more comprehensive list of ACLS medications and their dosing regimens can be found in the 
ACLS manual published by the American Heart Association. It is important to stress that very little data 
suggest that any of these medications actually improve survival to hospital discharge.
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the use of cardiac arrest treatment can be judiciously tailored to the 
appropriate patients.76 Physicians must emphasize the distinction to 
patients between DNR and comfort care. That is, a DNR order means 
that all curative measures could be employed except chest compressions 
and defibrillation. This distinction is also important for hospital person-
nel and physicians to understand, lest a DNR order influence other care 
decisions in the critically ill. In short, do not resuscitate should never 
mean do not treat.77
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C H A P T E R

KEY POINTS

•• �Induced hypothermia has been shown to reduce mortality when 
applied after resuscitation from cardiac arrest.

•• �Current guidelines recommend induced hypothermia for out-of-
hospital cardiac arrest (OHCA) shockable rhythms and suggest con-
sideration of induced hypothermia for OHCA nonshockable rhythms 
and in-hospital patients.

•• �In unconscious adults after out-of-hospital cardiac arrest, mild hypo-
thermia (36°C) appears to be as effective as more extreme hypother-
mia (33°C) with regard to survival and neurological function.

•• �Induced hypothermia may have benefit for other disease processes 
such as myocardial infarction and stroke.

•• �The mechanisms by which hypothermia acts are multifaceted and 
a focus of much current investigation.

The notion of cooling patients for medical benefit is quite old. In 
1814, Baron Larrey, a French surgeon in the service of Napoleon’s 
army, reflected on soldiers who suffered major injuries on the frozen 
battlefields in Russia by commenting that “cold acts on the living parts … 
the parts may remain … in a state of asphyxia without losing their life.”1  
A belated resurgence of interest in hypothermia has taken place in the 
past decade, expanding the possible medical indications for its use. 
Induced hypothermia, the intentional lowering of body temperature, 
has been explored in a number of acute critical care settings, including 
myocardial infarction, stroke, head trauma, and after cardiac arrest. 
While the optimal depth and timing of hypothermia are not yet estab-
lished for these uses, most experts advocate a temperature goal of 32°C 
to 34°C because it seems to provide significant benefit while avoiding 
most of the adverse effects associated with the intervention. Timing of 
hypothermia, with respect to both time of induction and duration of 
therapy, is even more uncertain, although general consensus holds that 
cooling should be initiated as soon as possible after the morbid event 
and should be maintained for at least 12 to 24 hours. Regarding specific 
uses, there is particularly good evidence that hypothermia is protective 
for the resuscitated cardiac arrest patient after return of spontaneous 
circulation (ROSC).2,3 The use of hypothermia in other clinical scenarios 
remains promising but less clear at present.

This chapter addresses elements of the history of hypothermia, the 
laboratory and clinical data that have developed our understanding of its 
use, some of the various techniques used to cool patients, and the clinical 
syndromes for which hypothermia appears to offer the greatest advantage.

HISTORY OF INDUCED HYPOTHERMIA
The protective effects of hypothermia induction have been suggested 
since the time of Hippocrates, who advocated packing bleeding patients 
in snow.4 Hypothermic protection was also noted by Napoleon’s  
battlefield surgeon, Baron Larrey, during the French invasion of Russia. 
He observed improved survival of injured soldiers left in the snow 
compared with those treated with warm blankets and heated drinks.1 
Induced hypothermia has been studied in a wide variety of illnesses, both  
ischemic and nonischemic in nature (reviewed in refs. 5 through 7).  
These include traumatic brain injury,8-10 status epilepticus,11 arrhyth-
mia, sepsis, and the ischemic illnesses of myocardial infarction, stroke, 
and cardiac arrest.7,12 Interestingly, the first reported use of induced 
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hypothermia was in the setting of malignancy. In 1939, Fay and col-
leagues treated patients with metastatic carcinoma, with the goal of both 
pain reduction and retardation of tumor growth.13 While hypothermia 
to 32°C for 24 hours did not prove effective for the stated goals, it was 
considered well tolerated.13

A decade later, Wilfred Bigelow studied the induction of hypothermia 
in the setting of cardiac surgery, with the goal of cerebral protection.14 
Two other studies using hypothermia as therapy for cardiac arrest were 
also published. Both these early cardiac arrest studies used moderate 
hypothermia of 30°C to 34°C in patients after resuscitation from cardiac 
arrest. One of these pioneering papers presented a series of four patients, 
all of whom were cooled and survived arrest.15 In the other study,  
12 patients were cooled with a survival rate of 50% compared with 14% 
survival in 7 normothermic control patients.16

During the 1960s and 1970s, the field of induced hypothermia lay 
relatively dormant for reasons that remain unclear. Some have suggested 
that more dramatic therapies were developed that overshadowed cool-
ing as a possible therapy, such as controlled ventilation, monitored ICU 
management, and cardiopulmonary resuscitation (CPR).5 Additionally, 
several adverse effects of hypothermia were described, which may have 
dampened enthusiasm.17,18

Interest in “resuscitative hypothermia” was rekindled by Peter Safar 
and others at the University of Pittsburgh, who demonstrated in a 
ventricular fibrillation dog model of cardiac arrest that mild to moder-
ate hypothermia could be induced to improve outcomes.19,20 Trauma 
research also provided a motivation for the development of induced 
hypothermia. It was understood from military combat experience that 
definitive therapy for penetrating trauma was often delayed for practical 
reasons (eg, transportation and access to surgical care) and that mea-
sures were needed to preserve exsanguinating soldiers until appropriate 
care could be delivered.21 Given the animal data on exsanguination and 
cooling, it appeared that hypothermia might be a suitable approach.22

Safar went on further to describe “suspended animation,” a process 
that allows “rapid preservation of viability of the organisms in tempo-
rarily unresuscitable cardiac arrest, which allows time for transport and 
repair during clinical death and is followed by delayed resuscitation, 
hopefully to survival without brain damage.”12 Hypothermia has been a 
primary component of this concept of stasis. In this paradigm, victims of 
cardiac arrest may be cooled to some target temperature and maintained 
at that temperature for a specific period of time. With advanced medical 
interventions, which may include cardiopulmonary bypass, metabolic 
correction, and controlled reperfusion, the patient is stabilized and 
rewarmed, and “reanimation” is initiated. While many methodologies 
have been studied under the rubric of suspended animation, including 
cardiopulmonary bypass and pharmacologic interventions,23 these are 
used most often as adjuncts to the use of hypothermia.

Since these initial observations in the 1980s and early 1990s, much of 
the work pertaining to hypothermia and ischemic disease has focused 
on focal ischemia and reperfusion, for example, animal stroke and 
myocardial infarction models. A number of ischemia-reperfusion (IR) 
model systems have been developed over the last two decades, including 
cellular,24 isolated organ,25 and whole-animal models in which arterial 
supply to the organ under study is temporarily occluded.26,27 In this latter 
category are included experiences with human IR, for example, during 
coronary vascular procedures.28 More recently, two seminal papers were 
published describing the use of hypothermia to successfully treat resus-
citated cardiac arrest patients.2,3 With these studies, hypothermia has 
moved from the laboratory to active clinical use.

MECHANISMS OF HYPOTHERMIC PROTECTION
The mechanisms by which induced hypothermia protects against cel-
lular and tissue injury are poorly understood. Given the importance of 
temperature in a wide range of physiologic processes, it is reasonable 
to conclude that multiple mechanisms may be involved in any given 
tissue (reviewed in refs. 5 and 6). Some mechanisms implicated in 

hypothermic protection include modulation of transcription and/or 
translation, suppression of reactive oxygen species (ROS) production, 
and inhibition of programmed cell death, or apoptosis. The mechanisms 
by which cooling protects tissues may overlap as well. For example, the 
effect of hypothermia on cellular metabolism may lead indirectly to 
modulation of programmed cell death, and cooling may have a direct 
effect on cell death machinery itself (see Fig. 26-1). Most of the data 
pertaining to mechanism of hypothermic protection comes from studies 
of IR injury in models of stroke and myocardial infarction.

A number of gross physiologic changes have been observed in the 
setting of hypothermia that may contribute to decreased injury. As early 
as 1954 it was noted that hypothermia induced by ice water immersion 
could lower cerebral oxygen consumption in dogs by approximately  
7% per 1°C drop in temperature.29 Other studies have demonstrated that 
mild hypothermia in rats improves postischemic cerebral blood flow 
disturbances.30 Another marker of general physiologic injury after reper-
fusion, brain edema, was also found to be reduced by hypothermia in a 
rat model of global ischemia.30,31 Finally, hypothermia has been shown to 
minimize damage to the blood-brain barrier, which in turn may protect 
against blood-borne toxic metabolites reaching brain tissues through the 
compromised barrier.30,32

Intracellular signaling can alter the array of gene transcription activity 
of a cell quickly and dramatically, and this, in turn, can trigger a variety 
of injury processes. In a cardiac arrest mouse model, a group of signaling 
pathway genes known as the immediate early genes was activated after 
resuscitation.33 A study of liver IR demonstrated a drop in c-jun terminal 
kinase activity at 25°C when compared with normothermic controls.34 
An extracellular signaling molecule thought to protect against injury, 
BDNF, was increased in a rat model of cardiac arrest when animals were 
cooled to 33°C.35

A number of biochemical changes during IR can be modified by the 
induction of hypothermia. In a gerbil stroke model, animals subjected 
to mild hypothermia were found to have decreased arachidonic acid 
metabolism compared with normothermic controls.36 In a rat brain 
ischemia model, hypothermia to 32°C reduced nitric oxide produc-
tion, as measured in jugular blood.37 Whether these attenuations are 
simply markers of hypothermic effects or actually relevant factors in 
reperfusion injury remains to be clearly established. Other biochemical 
phenomena seem more likely to be linked directly to damage processes, 
such as the observation that hypothermia slows ATP depletion during 
IR.38 ROS production also appears to be attenuated by hypothermic 
conditions in a rat cerebral ischemia model.39

Programmed cell death is a complex yet ubiquitous process by which 
cells actively chose or are chosen to die. This cellular program can 
be activated as part of normal physiology, such as during embryonic 
development, or as an abnormal response in a wide variety of disease 
states.40,41 Much evidence implicates the induction of apoptosis as a 
component of reperfusion injury.42,43 A recent report showed that the 
apoptotic pathway enzyme caspase 3 was upregulated in brain tissue  
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FIGURE 26-1.  Mechanism of hypothermia may lessen the effects of reperfusion injury, 
damage observed after restoration of blood flow to ischemic tissues.
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after resuscitation from cardiac arrest, as measured at autopsy in 
patients who died within days of undergoing resuscitative measures.44 
Widespread evidence from animals also supports the notion that apop-
tosis is activated after reperfusion.25,45 Hypothermia may inhibit this 
process. Proteolysis of the cytoskeletal protein fodrin, a characteristic 
step in the apoptotic pathway, is inhibited by hypothermia to 32°C in a 
rat brain IR model.46 The process of apoptosis is an active one, requiring 
protein synthesis and enzymatic activity, both of which may be inhibited 
by lower temperatures. While some data suggest that the degree of apop-
tosis can be reduced by hypothermia, the topic certainly deserves more 
investigation in animal models.

HYPOTHERMIA IN CARDIAC ARREST
Cardiac arrest is a highly mortal condition that leads to at least 300,000 
deaths each year in the United States alone.47 Survival from cardiac arrest 
remains dismal some 50 years after introduction of chest compressions 
and electrical defibrillation, with only 1% to 11% of patients surviving 
until hospital discharge after out-of-hospital cardiac arrest.48-50 While 
initial survival from in-hospital cardiac arrest ranges from 25% to over 
50%, subsequent survival until hospital discharge is much lower, from 
5% to 22%, suggesting that a high mortality rate is seen shortly after ini-
tial ROSC. Some of this mortality after return of normal circulation may 
be due to events related to reperfusion injury (see Fig. 26-2). For further 
discussion of cardiac arrest and resuscitation therapies, see Chap. 25.

Cardiac arrest remains a major medical challenge despite research 
efforts over the past few decades. There is little time after arrest to 
defibrillate the heart and thereby stop ongoing ischemic injury to key 
organs such as the heart and brain. Few therapies are proven to be useful 
during the postresuscitation phase of cardiac arrest—when up to 90% of 
patients go on to die despite successful defibrillation. New approaches 
are desperately needed to improve cardiac arrest survival, and induced 
hypothermia may be one of the most promising new approaches.51

Hypothermia may be helpful during three periods of time in a  
cardiac arrest (Fig. 26-3): (1) prearrest, (2) intraarrest, and (3) postar-
rest. Prearrest cooling can only be used practically as a preoperative 
intervention when the heart is stopped in a controlled fashion during 
cardiac surgery. Postarrest cooling to 32°C to 34°C was found to be pro-
tective in some human cardiac arrest trials, induced by applying cooling 
blankets or ice packing in the subset of cardiac arrest patients having 
ROSC who remained unresponsive.2,3 The goal of this level of hypo-
thermia was to prevent neurologic injury and decrease mortality while 
maintaining a temperature warm enough to prevent the other adverse 
effects of more profound cooling (eg, cardiac arrhythmia, coagulopathy, 
and infection—see discussion of adverse effects later in this chapter). 
This cooling was protective despite taking 4 to 8 hours to reach target 
temperature after ROSC (Fig. 26-4). Intraarrest cooling, when cooling is 
induced after failed initial CPR, has the potential to induce a protective 
state long enough for more definitive circulation (eg, cardiac bypass) to 
be established and life restored. Little is known about the optimal depth 
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After Cardia Arrest Study Group. Mild therapeutic hypothermia to improve the neurologic 
outcome after cardiac arrest. N Engl J Med. February 21, 2002;346(8):549-556.)

or clinical potential of such hypothermia owing in large part to the tech-
nical difficulties involved in inducing hypothermia during the low-flow 
states of sudden cardiac arrest.

The 2010 Advanced Cardiac Life Support (ACLS) guidelines strongly 
recommend cooling out-of-hospital (OOH) ventricular fibrillation or 
pulseless ventricular tachycardic postarrest patients who remain coma-
tose. The guidelines for in-hospital and OOH nonshockable rhythm 
arrests encourage providers to consider this therapy for these patients.52  
See Table 26-1 for sample exclusion criteria. It is recommended that 
ICU physicians and staff establish protocols for cooling after cardiac 
arrest. Development of such protocols will require consideration of a 
number of hospital-specific technical issues (eg, how to cool, who will 
do the cooling, how to monitor temperature).

Cooling in these patients should be achieved as rapidly as possible 
using internal catheter devices, external cooling blankets, or ice. When 
ice is used, cloth or other material should be placed between the skin and 
the ice to avoid frostbite. Temperature should be measured via bladder 
probe, esophageal probe, pulmonary artery catheter, or tympanic probe 
if invasive temperature monitoring is not available. Temperature should 
be taken every 15 to 30 minutes during the cooling protocol and until a 
stable cooled temperature state is achieved.

There is some debate regarding whether a temperature of 36°C or 
33°C is optimal. A large multicenter trial in 2013 showed no difference 
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in survival or neurological recovery in out-of-hospital cardiac arrest 
patients cooled to 33°C, compared to those kept at 36°C.53

Current literature suggests that patients should be cooled for approxi-
mately 24 hours at a temperature between 32°C and 34°C (with the 
24-hour interval starting at the achievement of goal temperature, not the 
initiation of the cooling process). Avoidance of temperatures below 32°C 
is important to minimize potential adverse effects from reduced body 
temperature. Cooling may induce shivering and could result in patient 
discomfort if sedation is not adequately established. In the published 
studies of hypothermia after cardiac arrest, patients uniformly received 
neuromuscular blockade and sedation, and it is likely most patients 
will require such pharmacologic treatment. The disadvantages of this 
management strategy is that neurologic examination is not interpretable, 
and paralytic agents carry the risk of long-term neuromyopathy, though 
post-cardiac arrest patients undergoing hypothermia will generally 
only be paralyzed for approximately 36 to 48 hours. Special attention 
should be placed on monitoring these patients for electrical evidence of 
seizures, as seizures are common in the post-cardiac arrest population 
(occurring in as many as 20%-25% of postarrest patients).

Patients should be rewarmed slowly at a rate of 0.25°C to 0.5°C per hour.  
Rewarming often requires active intervention, which can include 
warmed intravenous fluids and warming blankets. Rebound pyrexia is 
common in this population for up to 48 to 72 hours after rewarming54 
and therefore a period of controlled normothermia is recommended 
along with aggressive treatment of fevers if they should occur.

INDUCED HYPOTHERMIA IN MYOCARDIAL INFARCTION
Induced hypothermia to 32°C to 34°C has been shown in a variety of 
model systems to limit the size of a myocardial infarction in ischemia 
without reperfusion and to limit myocardial injury when reperfusion is 
established. Given that current clinical practice is directed toward early 
reperfusion of myocardial tissue via thrombolytic therapy or percutane-
ous coronary intervention (PCI), it is the IR model that has received 
the most current attention. A recent trial in pigs used an endovascular 
cooling catheter to induce hypothermia during ischemia and after reper-
fusion of 60-minute coronary occlusions. Hypothermia to 34°C had 
a substantial protective effect, with smaller infarct size, better cardiac 
output, and improved microvascular flow.55

Endovascular cooling has also been studied in induced hypothermia 
during PCI in humans. In a pilot study, patients were randomized to cooled 
(34°C-35°C) or normothermic PCI. Cooling was maintained for 3 hours 
after intervention. No patients suffered adverse effects from cooling, and 
there was a trend toward smaller infarct size in the cooled patients.56 More 
recently, a study examined two randomized trials of induced hypothermia 
in PCI patients and found that the hypothermia-treated population had a 
significant relative reduction in infarct size compared to their controls in 
both anterior and inferior infarcts.57 Larger studies will be required to con-
firm these findings. Additionally, studies have looked at induced hypother-
mia in conjunction with PCI and have found that it is safe and feasible.58 
Given that no major randomized studies have shown benefit from induced 
hypothermia in myocardial infarction, there is currently no clinical recom-
mendation for its use. However, it is possible that hypothermia will become 
a standard technique to reduce infarct damage in the next decade.

INDUCED HYPOTHERMIA IN STROKE
The rationale for the consideration of induced hypothermia in acute 
ischemic stroke is similar to that for cardiac arrest and myocardial 
infarction. Stroke is a difficult clinical problem with severe outcomes; 
not only is stroke the second most common cause of death in the world, 
but it is also the leading cause of disability in patients over 65 years of 
age.59 Moreover, few improvements in acute stroke care have enhanced 
the general outcome of the disease.60 Treatment with thrombolytic 
agents such as tissue plasminogen activator, while a powerful option 
when a patient presents within 3 hours of ischemic stroke onset, carries 
significant risks and has only demonstrated improvement in a subset 
of stroke patients.61,62 In part, this is so because irreversible damage 
to brain tissue may have occurred already before restoration of blood 
flow. However, reperfusion of ischemic neuronal tissues may also pro-
duce additional damage via free radical production and induction of 
programmed cell death and the other so-called IR injury mechanisms 
described earlier63 (reviewed in ref. 42).

The benefit of induced hypothermia in the setting of stroke remains 
unclear, as the limited data have shown conflicting results (reviewed 
in refs. 63, 64). In a variety of model systems, hypothermia reduces 
injury, as measured by biochemical and histologic markers. Cooling 
also appears to extend the time in which brain tissue can suffer 
ischemia without irreversible damage.66,67 In several animal models, 
cooling to 32°C to 34°C for greater than 24 hours provided signifi-
cant benefit, whereas shorter periods of hypothermia provided more 
inconsistent results.68,69 Several pilot studies have evaluated the feasi-
bility and safety of cooling after ischemic stroke in humans. In one 
study, cooling to 33°C to 34°C appeared to reduce intracranial pres-
sure in patients with severe middle cerebral artery strokes.70 In a trial 
of induced hypothermia after thrombolysis, cooling stroke patients to 
32°C for at least 12 hours demonstrated a nonsignificant trend toward 
improved functional outcomes compared with normothermic con-
trols.60 These pilot studies were limited by small sample size. Larger 
randomized trials of induced hypothermia in stroke are currently 
underway in Europe.

While the induction of hypothermia after ischemic stroke requires 
additional refinement before becoming the established standard of care, 
aggressive prevention of hyperthermia is clearly indicated. A number of 
epidemiologic and clinical studies have shown that even modest eleva-
tions in temperature increase stroke severity and patient mortality.71,72 
Antipyretic medications in combination with either forced-air cooling 
or cooling blankets are sufficient to maintain core temperatures below 
37°C. A clinical investigation using such modest measures demonstrated 
significant mortality risk reduction.73

ADDITIONAL CLINICAL APPLICATIONS
The induction of hypothermia has been used experimentally in a num-
ber of other clinical scenarios from surgical to critical care applications. 
One such indication is traumatic brain injury, in which an extensive 
body of laboratory work suggests that hypothermia may improve out-
comes for severe trauma.74 In one clinical study of 87 patients, hypo-
thermia to 33°C to 35°C for at least 72 hours provided a significant 
functional benefit at 1 year after injury.75 However, a larger randomized 
trial of 392 patients failed to find a significant benefit at 6 months after 
cooling to 33°C for 48 hours.10 While this has been widely interpreted 
as a “negative study,” the authors have pointed out that the likely reason 
for finding no benefit was that owing to technical challenges (including 
taking 4 hours to get informed consent), the average time to cooling was 
nearly 8 hours after injury. There are no animal studies that suggest any 
improvement in neurologic results at this late time—the longest delay in 
cooling that shows any positive effect is about 1 hour following injury. 
Another clue to these conflicting results was provided by a clinical trial 
in which hypothermia was found to have no benefit in patients who 
did not exhibit elevated intracranial pressure.76 Thus hypothermia may 
be useful in only a subset of brain injury patients. Taken together with 

  TABLE 26-1    Post-Cardiac Arrest Therapeutic Hypothermia Exclusion Criteria

•	 12 hours since return of spontaneous circulation (ROSC)
•	 Glasgow Motor score >5
•	 Minimal premorbid cognitive status (eg, bed bound and nonverbal before arrest)
•	 Other reason for coma
•	 Sepsis as etiology for arrest
•	 DNR
•	 Uncontrollable bleeding
•	 Significant trauma, especially intra-abdominal such as splenic or liver laceration

Note: These do not represent absolute exclusion criteria; careful consideration should be given on a case-
by-case basis.
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studies demonstrating worrisome electrolyte abnormalities and pneu-
monia in cooled head injury patients,77,78 no definitive recommendations 
exist currently for treatment of traumatic brain injury with induced 
hypothermia, although it is likely that future work will establish a role 
for cooling in this disease entity.

Induced hypothermia has also been studied in the setting of acute 
liver failure, such as from acetaminophen toxicity.79 As many as 50% 
of patients with acute liver failure succumb from complications of 
increased intracranial pressure,80 and induced hypothermia to 32°C to 
33°C has been shown to reduce intracranial pressure as much as 20 
to 30 mm Hg in patients awaiting orthotopic liver transplantation.81 
Cooling also lowers arterial ammonia concentration and ammonia 
delivery to the brain, which may be one of the mechanisms by which 
hypothermia acts, because ammonia delivery to the brain contributes 
to increased brain edema and intracranial pressure.82 It remains an 
open question whether hypothermia could be used to treat the hepatic 
encephalopathy of cirrhosis, also felt to be mediated by ammonia or at 
least compounds for which ammonia acts as a surrogate marker.

Neonatologists have studied induced hypothermia in the setting of 
hypoxic-ischemic encephalopathy after perinatal asphyxia, an important 
cause of acute neurologic injury at the time of birth.83 In a piglet model 
of brain ischemia, early cooling to 33°C to 35°C improved neurologic 
outcomes by both functional and histologic criteria, whereas a delay in 
cooling by even 30 minutes negated this benefit.84,85 Initial clinical trials 
have demonstrated the feasibility of selective head cooling in infants, 
with minimal differences in complications between cooled patients and 
normothermic controls.86 Larger randomized clinical trials are in prog-
ress at the time of this writing.

A number of surgical applications of induced hypothermia have been 
evaluated, including aortic arch repair87 and cardiac bypass surgery.88 In 
these settings, hypothermia induction and rewarming can be controlled 
precisely and used for presumed important portions of the procedure in 
question. Unlike the clinical scenarios described earlier, surgical hypother-
mia does not attempt to treat a pathophysiologic problem but rather to 
prevent one from occurring. On a cautionary note, however, an extensive 
meta-analysis showed only a modest trend toward morbidity benefit in the 
setting of cardiac bypass surgery, with a trend toward decreased stroke rate 
offset by increased perioperative complications and myocardial injury.88

RISKS OF HYPOTHERMIA
Hypothermia is not without risk of adverse effects. As the body cools, 
a series of physiologic changes take place, including shivering, altera-
tions in the clotting cascade, immunologic suppression, and cardiac 
membrane changes that increase the risk of arrhythmia (see Chap. 36).  
These effects are poorly characterized and depend on the extent and 
duration of cooling. Therefore, the optimal therapeutic window of hypo-
thermia needs to be established.

Shivering, a common occurrence during the induction of hypother-
mia, can serve to counteract the mechanisms thought to be beneficial 
from the cooling itself, raising metabolic rates and myocardial oxygen 
demands. Pharmacologic options to control shivering include opioid 
and neuroleptic medications. Simply covering the arms and legs during 
central cooling has demonstrated some reduction in shivering as well, 
supporting the notion that an increase in peripheral to central temp
erature gradient may be responsible for triggering a shivering response.89 
A recent study demonstrated that meperidine and buspirone acted syn
ergistically to reduce shivering,90 and this technique has been used  
successfully with endovascular cooling in myocardial infarction.55

Hypothermia induces a poorly characterized diuresis in which patients 
may develop significant hypokalemia, hypomagnesemia, and/or hypo-
phosphatemia.78 Careful attention to electrolytes during the period of 
cooling and rewarming is required, and aggressive supplementation 
should be given when indicated.

A study of stroke patients demonstrated a risk of pneumonia with 
hypothermia, consistent with the cardiac arrest study results.70 It is 

unclear whether the immune system is globally suppressed by hypother-
mia or whether some pulmonary-specific mechanism is the culprit for 
this increased pneumonia risk. Induced hypothermia does not seem to 
lead to a significantly increased risk of bacteremia, urinary tract infec-
tion, or other infectious complications. Whether patients undergoing 
induced hypothermia should be treated prophylactically with antibiotics 
remains to be determined.

While cardiac arrhythmias are a theoretical risk of induced hypo-
thermia, human studies in which target temperatures were above 32°C 
did not exhibit significant arrhythmia. It has been shown that the QTc 
interval can be severely prolonged during the induction of hypother-
mia, though no association with life-threatening arrhythmias have been 
reported.91,92 It is possible that deeper cooling may provoke electrical 
dysfunction, therefore, additional clinical precautions need be taken 
when hypothermia (32°C-34°C) is performed.

UNRESOLVED QUESTIONS
There are a number of unresolved questions regarding the use of 
induced hypothermia. First, the optimal degree of cooling has yet to be 
established. As described earlier, hypothermia can have adverse effects 
such as shivering, reduced immune system function, and other possible 
complications.93,94 Therefore, the therapeutic window of hypothermia 
must be defined to provide maximum benefit. Most clinical research has 
concentrated on the use of mild (34°C-36°C) or moderate (30°C-34°C) 
hypothermia. Evaluation of deep hypothermia has been confined largely 
to specific applications such as brain cooling during surgery and reduced 
cerebral perfusion.95 Some animal investigations have compared different 
depths of cooling directly.96 It is possible that different disease states may 
require different depths of cooling to provide optimal protection.

The timing of hypothermia is another crucial question. There are 
three general time periods in which hypothermia may be considered, 
although only two are realistic for clinicians. Preinsult hypothermia, or 
cooling some time before the onset of an ischemic process, is only possi-
ble in the setting of surgical intervention, in which ischemia is iatrogenic 
and controlled.97,98 Induced hypothermia initiated immediately during 
an ischemic process, such as during stroke or myocardial infarction but 
before reperfusion has been initiated, is feasible but poorly studied in the 
clinical setting. A more dramatic example of this, the induction of hypo-
thermia during CPR, is theoretically attractive and a promising area of 
current research but has not been attempted clinically. Postreperfusion 
hypothermia, or cooling after definitive treatment such as thrombolytic 
therapy or resuscitation, has been the most commonly attempted timing 
strategy and is certainly the most clinically convenient. Recent large-
scale clinical trials have demonstrated significant benefit from induced 
hypothermia after resuscitation from cardiac arrest.2,3 These studies raise 
a secondary timing question related to postreperfusion hypothermia:  
Is the delay in hypothermia initiation clinically important? Cooling to  
target core body temperatures may take several hours in clinical settings.99,100  
A variety of laboratory data suggests that earlier induction of hypother-
mia confers a greater benefit.27,101

The duration of the hypothermic state required for protection also 
remains to be clearly established. Clinical studies to date have all main-
tained mild hypothermic conditions for at least 12 hours, with most 
current postarrest protocols using 24 hours as a standard recommenda-
tion.2,3,91 However, animal studies have shown benefit from hypothermia 
lasting only 2 to 6 hours.26,27 Certainly, a shorter duration of cooling 
would have a number of clinical advantages, including minimizing the 
logistical difficulties of maintaining a constant cooled state and also 
minimizing the potential adverse effects from hypothermia. Conversely, 
a longer duration of cooling (48 or 72 hours) might reduce neurologic 
injury mechanisms that occur following cardiac arrest and reperfusion. 
The question of hypothermia duration has not been addressed directly 
in clinical studies at this time.

Finally, a number of other aspects of induced hypothermia remain to 
be examined. How quickly should patients be rewarmed at the end of a 
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period of hypothermia? Would certain drugs serve as useful adjuncts to 
hypothermia, either to provide additional benefit or to protect against 
certain adverse effects of a cooled state? A number of pharmacologic 
strategies have been employed to protect against IR injury, includ-
ing barbiturates, benzodiazepines, and gas anesthetic agents. These  
and other issues surrounding induced hypothermia await randomized 
clinical trials.

FUTURE OF INDUCED HYPOTHERMIA
Before induced hypothermia becomes a standard therapy for such criti-
cal illnesses as myocardial infarction, stroke, and cardiac arrest, many of 
the questions just posed will require resolution. It is also important to 
note that the optimal combination of these factors may be different for 
each disease state, and therefore, such principles may not be generalized 
easily. It is possible, for example, that adverse effects such as electrolyte 
abnormalities may limit the depth of cooling in the more critically ill 
state of resuscitated cardiac arrest compared with myocardial infarction 
or that cardiac arrest patients require a slower rewarming period.

One such parameter, the time between injury and the initiation of 
cooling, may be the most consistent between different disease states. 
That is, the sooner a patient is cooled after a given insult, the more likely 
it is to prevent tissue injury from that disease process. This has been 
shown in a large variety of IR models at the cellular, organ, and whole-
animal levels.20,52 Therefore, techniques to allow for early and rapid cool-
ing will need to be developed. Current external cooling methods such as 
ice packing and cooling blankets take several hours to lower core body 
temperatures adequately in humans. Endovascular cooling catheters 
appear promising, especially for localized cooling in stroke or myocar-
dial infarction. Additional techniques involving multiphase coolants 
are currently under development. One goal for induced hypothermia 
research in cardiac arrest would be to develop a cooling method that 
could be initiated in the prehospital setting by paramedics.

Hypothermia induction in cardiac arrest fits squarely within the  
metabolic phase of cardiac arrest, as part of the three-phase time-sensitive  
model of CPR (see further discussion of the three-phase model in  
Chap. 25).102 With the failure of defibrillation and medications to restore 
viable hemodynamics, patients could be cooled rapidly to protect  
organs from ongoing ischemia and as a bridge to additional therapies 
such as establishment of cardiopulmonary bypass with controlled  
reperfusion.103-108 Under such intensive control, further attention could 
be given to reversal of metabolic injury caused by ROS, mediators 
of apoptosis, compromise of cell membrane integrity, and so forth. 
The limits for reversal of ischemic injury when treated under such a  
“suspended animation” paradigm remain to be determined.
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KEY POINTS

•• �The subclavian approach is preferred for placement of central 
venous catheters (CVCs).

•• �Real-time ultrasound may reduce the mechanical complications 
associated with CVC insertion.

•• �Chlorhexidine-based skin antiseptic solutions reduce the inci-
dence of catheter-related bloodstream infections as compared to 
povidone-iodine.

•• �Almost 50% of hospital-acquired bloodstream infections are 
caused by staphylococcal species.

•• �CVCs should not be replaced nor exchanged over a guide wire on 
a routine basis.

Central venous catheters (CVCs) have become an integral part of 
delivering care in the modern intensive care unit (ICU). In fact, the 
CDC estimates that in US ICUs there are 15 million CVC days per year  
(total number of days patients are exposed to CVCs).1 Indications 
for placement of CVCs include invasive hemodynamic monitoring, 
administration of vasoactive drugs, administration of caustic agents  
(eg, chemotherapy), administration of parental nutrition, renal replace-
ment therapy, large bore venous access for rapid administration of  
fluids, and long-term venous access. This chapter will focus on the use 
of CVCs in the ICU setting. Thus, long-term tunneled catheters used 
for hemodialysis and peripherally inserted central catheters (PICC) will 
not be discussed.
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PLACEMENT OF CENTRAL VENOUS CATHETERS
The clinical presentation often dictates the type of catheter to be inserted. 
For example, a patient with a hemodynamically significant gastrointes-
tinal hemorrhage may only require a single lumen, large bore CVC for 
volume resuscitation in addition to a peripheral IV, whereas a neutropenic 
patient with septic shock may require a triple lumen CVC in order to 
simultaneously administer vasoactive drugs and antibiotics. Importantly, 
most evidence suggests that the number of catheter lumens does not affect 
the rate of CVC infectious complications.2,3 Once the type of catheter has 
been selected, an anatomic site for insertion needs to be determined. The 
optimal anatomical location for insertion of CVCs has been a matter of 
debate for many years. In 2001, Merrer and colleagues published a study of 
289 patients who were randomized to have their CVCs inserted in either 
the femoral or subclavian vein.4 Patients with femoral vein catheters had 
a dramatically higher incidence of infectious complications (19.8% vs  
4.5%; p < 0.001) as well as thrombotic complications (21.5% vs 1.9%;  
p < 0.001) as compared to patients with subclavian catheters. The overall 
sum of mechanical complications (arterial puncture, pneumothorax, 
hematoma or bleeding, air embolism) was similar between the two groups. 
To date, there are no randomized trials comparing subclavian versus 
internal jugular catheters with regard to infectious complications, though 
observational studies suggest a lower rate of infectious complications with 
subclavian catheters and a similar rate of mechanical complications.5,6  
A recent Cochrane review on comparison of central venous access sites in 
2007 did suggest that subclavian catheters had lower rates of colonization 
(defined as culture tip with >103 colony-forming units) and major infec-
tious complications (ie, clinical sepsis with or without bacteremia) when 
compared to the femoral site.7 As a result of these and other8 studies, the 
CDC recommends that, if not contraindicated, the subclavian vein should 
be used for the insertion of nontunneled CVCs in adult patients in an effort 
to minimize infection risk.

INFRACLAVICULAR SUBCLAVIAN APPROACH
Prior to the insertion of an infraclavicular subclavian CVC, a small 
rolled up towel should be placed between the shoulder blades to move 
the vascular structures more anterior. After the subclavian area has been  
sterilely prepped and draped (see below) and local anesthesia  
has been administered, the patient should be placed in Trendelenburg 
position. The arm should be positioned at the patient’s side so that the 
shoulder, clavicle, and sternal notch are aligned and perpendicular to  
the sternum. The subclavian vein arises from the axillary vein and  
travels beneath to the clavicle and inferior to the subclavian artery prior 
to joining the internal jugular vein and forming the brachiocephalic 
vein. Thus, the clavicle provides a good anatomic landmark for the 
insertion of a subclavian CVC. The skin should be entered with an 
18-gauge introducer needle 1 to 2.5 cm below the inferior edge of the  
clavicle and 2 to 4 cm lateral to the midpoint of the clavicle. Once  
the needle is directly underneath the clavicle, it should be advanced 
toward the sternal notch making sure that the needle remains in the 
plane immediately below the clavicle. If no blood return is obtained, 
then the needle should be pulled back and directed more cephalad. Slight 
backpressure should be placed on the plunger of the syringe any time the 
needle is advanced or withdrawn so that blood return can be visualized 
when the vessel is cannulated. After the vessel has been accessed, the  
modified-Seldinger technique is utilized to complete insertion of the CVC. 
Inexperienced operators often have difficulty knowing when the needle 
is directly underneath the clavicle and are appropriately fearful of punc-
turing the visceral pleura. Thus, we often utilize a slightly different 
approach when supervising an inexperienced operator. Once the skin is 
entered, the operator is instructed to find the clavicle with the tip of the 
introducer needle. After the edge of the clavicle is reached, and more 
local anesthesia is given in the area, the introducer needle is retracted 
slightly (1 cm) and redirected in a more posterior direction by pushing 
down on the syringe and needle as a unit with the nondominant hand. 
This prevents the inexperienced operator from advancing the needle at 

a steep angle toward the underlying visceral pleura of the lung while 
attempting to locate the posterior border of the clavicle. Once the needle 
is “walked down” the bone and is positioned underneath the clavicle, it 
is then redirected toward the sternal notch and advanced slowly while 
applying backpressure to the syringe (Fig. 27-1).

CENTRAL INTERNAL JUGULAR APPROACH
If the patient’s anatomy (scar from previous vascular access) or coagula-
tion disorder prevents the use of the subclavian vein, then the internal 
jugular vein should be utilized for placement of a CVC. The central 
approach to placing an internal jugular catheter uses the triangle formed 
by the two heads of the sternocleidomastoid muscle and the medial por-
tion of the clavicle as the anatomic landmark. Most commonly (though 
not always), the internal jugular vein is lateral to the carotid artery and 
both vessels run through the triangle beneath the sternocleidomastoid 
muscle. After the patient has been sterilely prepped/draped and local 
anesthesia has been administered, the patient is placed in Trendelenburg 
position and the head is rotated slightly toward the contralateral side 
such that the carotid artery can be palpated in the apex of the triangle. 
The nondominant hand is used to lightly palpate the carotid artery with 
careful attention not to place too much pressure on the skin as this can  
alter the position of the internal jugular vein. A smaller (eg, 21-gauge) 
“finder needle” is often used to locate the vessel prior to using the  
introducer needle (18-gauge). This “finder needle” should enter the skin 
at the apex of the triangle and be advanced at an angle of 60° above the 
plane of the skin. If the nondominant hand is able to delineate the course 
of the common carotid artery, then the needle should be advanced along 
a similar line just lateral to the carotid artery as both vessels are contained 
within the carotid sheath. If the carotid artery cannot be palpated with the 
nondominant hand, then the needle should enter the skin at the apex of  
the triangle at a 60° angle to the skin and be advanced in the direction  
of the ipsilateral nipple. If the needle is inserted to a depth of 3 cm  
without achieving good blood return, then the needle should be pulled 
back slowly while applying constant backpressure to the plunger of 
the syringe and redirected more medially before slowly advancing the 
needle again. After the vessel has been cannulated the modified-Seldinger  
technique is utilized to complete insertion of the CVC (Fig. 27-2).

POSTERIOR INTERNAL JUGULAR APPROACH
The posterior internal jugular approach is an alternative to the central inter-
nal jugular approach that may be used if there is concern that the patient 
would not be able to tolerate a procedure-related pneumothorax (high posi-
tive end-expiratory pressure and/or high FiO2 requirements). The puncture 
site is posterolateral to the sternocleidomastoid muscle, immediately cepha-
lad to where the sternocleidomastoid is crossed by the external jugular vein. 
The needle should be directed beneath the muscle and advanced in an 
anterior and inferior direction toward the sternal notch. If blood return is 
not obtained, the needle should be pulled back and redirected slightly more 
posterior until venous blood is obtained. Because unintentional carotid 
artery puncture is more likely with this approach, a “finder” needle should 
be used prior to cannulation with a large bore needle.

ULTRASOUND-GUIDED PLACEMENT
Ultrasound guidance to assist in the placement of CVCs is a strategy with 
growing interest. Early studies did not suggest that ultrasound guidance 
for placement of CVCs improved outcomes. For example, Mansfield and 
colleagues reported that ultrasound guidance did not impact the rate of 
complications or failures in 821 patients randomized to standard inser-
tion procedures with anatomic landmark guidance versus ultrasound 
guidance for subclavian vein catheterization.42 It is noteworthy that this 
study used ultrasonography to locate the subclavian vein, but did not use 
real-time ultrasound guidance for the actual venipuncture. In contrast, 
several more recent studies have compared the use of real-time ultra-
sound with the use anatomic landmarks during the insertion of both 
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FIGURE 27-1.  Insertion of a subclavian central venous catheter. 
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FIGURE 27-2.  Insertion of an internal jugular central venous catheter. 
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subclavian and internal jugular venous catheters. These studies showed 
decreased failure rates, decreased complications, and an increased rate 
of successful catheter placement on the first attempt with use of real-
time ultrasound.43,44 A recent review of CVC complications reported a 
6% to 10% incidence of mechanical complications with the insertion 
of subclavian and internal jugular CVCs.6 Given the frequent use of 
CVCs in the ICU and the risk of mechanical complications, it seems 
prudent to utilize real-time ultrasound during the insertion of CVCs if 
it is available, especially for patients with coagulation disturbances or 
unclear anatomical landmarks. As a result, the British National Institute 
for Clinical Excellence (NICE) and American College of Surgeons have 
recently recommended the uniform use of ultrasound guided catheter 
placement for elective if not all central access catheters in their respec-
tive guidelines.45,46

INFECTIOUS COMPLICATIONS OF CENTRAL  
VENOUS CATHETERS
Catheter-related infections (bloodstream infection, catheter coloniza-
tion, or an exit-site infection) are thought to arise via several different 
mechanisms: Skin flora from the insertion site can migrate down the 
external surface of the catheter; the catheter hub can become infected 
with repeated manipulation; or hematogenous seeding of the catheter tip 
can result from a distant source of bacteremia.33 CVC-related infections 
are the most common cause of nosocomial bacteremia in critically ill 
patients.15 The incidence of hospital acquired, CVC-associated blood-
stream infections (BSI) is collected by the CDC’s National Nosocomial 
Infection Surveillance System (NNIS) and is expressed as the number of 
BSI per 1000 CVC days. From 1992 to 2004 the rate of CVC-related BSI 
in adult ICUs ranged from 2.7 to 5.0 per 1000 catheter days.16 Diagnosis 
of a CVC-related BSI requires clinical symptoms of bacteremia (fever 
>38°C, chills, or hypotension) without another apparent source, and 
isolation of an organism from a peripheral blood culture with either 
a semiquantitative or quantitative culture of a catheter segment that 
yields the same organism and antibiotic sensitivities as the organism 
cultured from blood. In the semiquantitative culture method the cath-
eter segment is rolled on a culture plate and considered positive if there 
are greater than 15 colony-forming units (CFU) of an organism. In the 
quantitative method the catheter is processed in broth and sonicated, 
followed by plating the broth on a culture plate. A positive culture 
requires growth of greater than 103 CFU.18 CVC-related BSI should be 
distinguished from catheter colonization, which only requires a positive 
semiquantitative or quantitative culture from a catheter segment. In 
addition to BSI and catheter colonization, a CVC can develop an exit-
site infection defined as erythema, tenderness, induration, or purulence 
within 2 cm of the catheter exit site.18

The majority of pathogens causing CVC-related BSI are skin flora, 
which suggests migration of bacteria down the catheter as the mecha-
nism of infection. This notion is supported by a study of pulmonary 
artery catheter (PAC) infections. This study of 297 PACs found that 
80% of infected catheters showed concordance with organisms cultu
red from the skin at the insertion site.5 According to NNIS data from 
1992 to 2004, slightly more than 50% of hospital-acquired BSIs were 
caused by staphylococcal species. The most common organisms isolated 
were coagulase-negative staphylococci (31%), Staphylococcus aureus 
(20%), Enterococcus (9%), gram-negative rods (14%), and Candida 
species (8%).16 There is also increasing resistance of the isolates— 
specifically, methicillin-resistant Staphylococcus aureus (59.5%), 
vancomycin-resistant Enterococcus (28.5%), and third-generation ceph-
alosporin-resistant Klebsiella pneumoniae (20.6%).16 Although these 
resistance patterns were isolated from the ICU population, they were 
not risk adjusted or controlled by individual hospital resistance rates. 
Therefore, specific institutional resistance patterns must be considered 
when evaluating resistant bacterial infections. Given the frequency and 
cost associated with the treatment of catheter-related infections, there 
has been a great deal of research into reducing the rate of these infections.

Several interventions, implemented at the time of catheter insertion,  
have been shown to reduce the rate of catheter-associated infec-
tions. Implementation of an evidence-based practice for prevention of  
catheter-associated infections has been shown to be effective when 
implemented across multiple institutions. The Keystone ICU project 
enlisted over a hundred ICUs in Michigan to monitor and report the 
number of catheter-associated infections. Clinicians were educated 
about the evidence-based practice (ie, hand washing, using full- 
barrier precautions, cutaneous antisepsis using chlorhexidine, avoiding 
the femoral site when possible, and removing unnecessary catheters), 
provided with central-line carts, and completed checklists to ensure 
adherence to infection control practices.21 At 18 months of follow-up  
the mean rate of infection per 1000 catheter days decreased from 7.7 to  
1.4. A subsequent study evaluated the sustainability of this quality 
improvement project and demonstrated that the mean rate of catheter-
related infections remained low at 1.1 per 1000 catheter days with the 
ongoing implementation of this evidence-based algorithm.22 In addition 
to institutional quality improvement projects, simulation training not 
only improves competence in placement of CVC insertion, but also 
has implications for reducing the rate of catheter-associated infections. 
A recent study demonstrated that simulation training is superior to 
traditional apprenticeship model or video training alone when assess-
ing sterile technique.23 Interestingly, simulation-based training was also 
associated with fewer catheter-related infections when compared to the 
traditional apprenticeship model (1.0 vs 3.4 per 1000 catheter days) and 
others.23,24 Thus, implementing evidence-based guidelines through qual-
ity improvement projects and simulation-based training are effective 
and sustainable methods in the prevention of catheter-related infections.

■■ SKIN PREPARATION
The use of antiseptic skin preparations prior to sterile draping and 
percutaneous placement of CVCs is a routine part of the procedure. 
Although povidone-iodine is a commonly used skin antiseptic agent in 
the United States, a meta-analysis reported a 50% reduction in catheter-
related BSI with the use of chlorhexidine-based solutions rather than 
povidone-iodine (risk ratio 0.49 [95% CI 0.28-0.88]).25 This meta-
analysis included several different types of chlorhexidine gluconate solu-
tions for the insertion of central venous, peripheral venous, peripheral 
arterial, and pulmonary artery catheters. Subset analyses indicated that 
the majority of the benefit appeared to come from the chlorhexidine 
gluconate alcoholic solutions rather than chlorhexidine gluconate aque-
ous solutions. Furthermore it appears that the efficacy of chlorhexidine 
cutaneous antisepsis may be related to the concentration of chlorhexi-
dine. The 2% aqueous formulation of chlorhexidine has been shown to 
be more effective than 10% povidone-iodine and 70% alcohol in the pre-
vention of catheter-related BSI,27 but 0.5% tincture of chlorhexidine was 
not more effective than 10% povidone-iodine in preventing bacteremia, 
catheter colonization, or exit-site infections.26 Current CDC guidelines 
recommend 2% chlorhexidine skin preparation for cutaneous antisep-
sis prior to CVC insertion.1 Additionally, a subsequent meta-analysis 
determined that the use of chlorhexidine for central catheter site care 
resulted in a 0.23% decrease in the incidence of death, and savings of  
$113 per catheter used.28

In addition to cutaneous antisepsis at the time of catheter insertion, 
a meta-analysis of eight randomized control trials suggested that place-
ment of chlorhexidine impregnated sponges at the site of vascular and 
epidural catheters was associated with a trend toward decreased cathe-
ter-related bloodstream or CNS infections.29 A subsequent randomized 
controlled trial demonstrated that use of chlorhexidine sponges reduced 
the rate of major catheter-related infections by 60% even when the 
baseline infection rate was low.30 To prevent one catheter-related infec-
tion 117 chlorhexidine impregnated sponges need to be used at a cost 
of $2106. Because the management of a single catheter-related infection 
might cost between $8000 and 28,000,31 use of chlorhexidine impreg-
nated sponges may be cost saving. This trial also demonstrated that 
weekly scheduled dressing changes of clean adherent dressings were not 
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inferior to more frequent 3-day changes. It should be noted, however, 
that there are little data about whether antibiotic resistance emerges with 
the use of antiseptic solutions or sponges.

■■ MAXIMAL STERILE BARRIERS
Meticulous attention to sterile technique is of paramount importance 
during the placement of CVCs. The use of maximal sterile barriers likely 
decreases the incidence of inadvertent contamination of gloves, guide 
wires, and other equipment in the CVC kit. The technique of employing 
maximal sterile barriers, including a full body sterile drape, sterile gloves 
and long-sleeved gown, and nonsterile cap and mask has been shown to 
reduce the incidence of CVC-related infections. Mermel and colleagues 
found that PACs placed in the ICU with the use of maximal sterile barrier 
precautions developed fewer infections (15.1% vs 24.6%; p < 0.01) when 
compared with PACs placed in the operating room without maximal 
sterile barrier precautions.5 Raad and colleagues found that the time to 
occurrence of catheter-related BSI was reduced in cancer patients who 
had CVCs and peripherally inserted CVCs inserted with maximal sterile 
barriers as compared with patients who had catheters inserted with ster-
ile gloves and a small sterile field (p < 0.05).32 Another study investigated 
the impact of a 1-day course taken by PGY-1 physicians on infection con-
trol practices and hands-on instruction for several common procedures 
(arterial puncture, placement of arterial lines, and CVCs). Subsequently, 
the documented use of full-size sterile drapes increased from 44% to 65% 
and the rate of catheter-related infections decreased from 4.51 infections 
per 1000 patient-days before the first course to 2.92 infections per 1000 
patient-days 18 months after the course. This decrease in catheter-related 
infections was associated with an estimated cost savings of $63,000.33

■■ ANTIMICROBIAL IMPREGATED CATHETERS
Another approach to reducing the incidence of catheter-related infec-
tions is the use of catheters treated with antimicrobial agents. Catheters 
coated with chlorhexidine/silver sulfadiazine as well as minocycline/
rifampin are currently available for clinical use. Compared with con-
ventional catheters, these antimicrobial treated catheters are associated 
with significant reductions in catheter-related bacteremia.34,35 A study by 
Maki and colleagues comparing conventional triple lumen polyurethane 
catheters with catheters coated with chlorhexidine and silver sulfa-
diazine reported a reduction in both catheter colonization and nearly 
fivefold reduction in BSI.36 A randomized trial of minocycline/rifampin 
versus chlorhexidine/silver sulfadiazine catheters, however, found a 
significant decrease in the incidence of catheter-related BSI in the group 
of patients using minocycline/rifampin (0.3 vs 3.4%; p < 0.002).37 There 
are several possible reasons for the differences between the two cath-
eters. The minocycline/rifampin catheters had antibacterial substances 
both outside and inside the catheters, as opposed to the chlorhexidine 
catheters, which were only externally coated. Importantly, neither study 
reported hypersensitivity reactions to the catheters nor reported the 
occurrence of infections by organisms with resistance to the antimicro-
bial agents. A newer chlorhexidine/silver sulfadiazine catheter with anti-
septic located on both the internal and external surfaces is now available 
and was shown to significantly reduce colonization rates with no signifi-
cant trend toward decreased catheter-related blood stream infections.38  
A recent meta-analysis of 34 studies comparing antimicrobial impreg-
nated catheters suggested that chlorhexidine/silver sulfadiazine and 
minocycline/rifampin catheters reduce infectious complications when 
compared to standard catheters. Additionally the minocycline/rifampin 
catheters outperformed the first-generation chlorhexidine/silver 
sulfadiazine catheters, and head-to-head studies for comparison of the  
second-generation catheters are underway.39 However, it should be 
noted that the poor methodological quality of the studies limits inter-
pretation of these results. While the exact role of the catheters remains 
the subject of some debate, some cost-benefit analysis suggests that 
antiseptic catheters are cost beneficial if an institution’s rate of catheter-
related bacteremia is three infections per 1000 catheter-days.36

■■ CATHETER EXCHANGE OVER A GUIDE WIRE
In order to avoid mechanical complications of placing a new CVC, a strat-
egy of inserting a sterile guide wire through an existing catheter, removing 
the catheter, and inserting a new sterile CVC over the guide wire is some-
times employed. Since the existing catheter is not sterile, contamination of 
the new catheter is a concern with this technique. There have been several 
studies comparing scheduled catheter exchange over a guide wire and 
scheduled replacement of CVC at a new site every 2 days, 3 days, 7 days, or 
as needed. In a meta-analysis, Cook and colleagues found trends toward 
higher catheter colonization (relative risk 1.26; 95% CI 0.87-1.84), and 
catheter-related bacteremia (relative risk 1.72; 95% CI 0.89-3.33) associ-
ated with exchange over a guide wire.40 Additionally, prophylactic catheter 
replacement was not found to reduce catheter colonization or catheter-
related bacteremia as compared with replacement of the catheter on an  
as-needed basis. In fact, the CDC strongly recommends that CVC should  
not be replaced nor exchanged over a guide wire on a routine basis17 
(Category 1B recommendation: Strongly recommended for implemen-
tation and supported by some experimental, clinical, or epidemiologic 
studies, and a strong theoretical rationale). However, most authorities 
recommend wire exchange for suspicion of infection or mechanical cath-
eter dysfunction. If infection is suspected, the catheter should be cultured 
upon removal and the new catheter removed if the culture of the old 
catheter is positive (>15 CFU by the roll plate method). Catheters with 
inflamed or purulent entry sites should be removed and a new catheter 
inserted into a different site (Fig. 27-3).6,41

MECHANICAL COMPLICATIONS OF CENTRAL  
VENOUS CATHETERS
Lefrant and colleagues reported their experience with subclavian vein 
catheterization over a 5-year period.47 A total of 707 patients in a surgi-
cal critical care unit had subclavian vein catheterization attempted, with  
562 successful procedures (79.5%). For the remaining 145 catheterizations, 
there were 67 failed procedures (overall failure rate 9.5%). By multivariate 
analysis, more than one attempted venipuncture was the only independent 
risk factor for failed catheterization and immediate complications (arte-
rial puncture, pneumothorax, misplacement of catheter). Elderly patients 
(age greater than 77) were more likely to have immediate complications, 
but not failed catheterization. It is noteworthy that the operator’s level of 
training and experience (junior, but not senior residents were supervised 
by a critical care anesthesiologist) did not impact outcomes in the study, 
suggesting that central venous catheterization can be performed safely by 
physicians in training with adequate supervision. Based on their observa-
tions, the authors recommended no more than two attempts at subclavian 
vein catheterization before aborting the procedure, with consideration 
toward attempting at a different anatomical site. Contralateral attempts to 
cannulate the internal jugular or subclavian vein should be preceded by a 
chest radiograph to rule out pneumothorax, however, prior to proceeding.

■■ ARTERIAL PUNCTURE/BLEEDING
Accidental arterial puncture is a well-recognized complication of CVC 
placement. The incidence of this complication in published reports 
ranges from 0% to 15%.9-11 Complications arising from accidental arterial 
puncture include mediastinal hematoma formation, hemothorax, tracheal 
compression and possible asphyxiation, and retroperitoneal hemorrhage. 
A meta-analysis comparing internal jugular versus subclavian catheter 
placement noted a higher incidence of arterial puncture with internal jugu-
lar catheter attempts.11 Although arterial puncture occurs more frequently 
with internal jugular attempts, the carotid artery is more readily com-
pressible compared to the subclavian artery, which makes this approach 
more attractive in patients with coagulation disturbances. Most complica-
tions of accidental arterial puncture occur with dilation and subsequent 
placement of large bore catheters into an artery. Several case reports 
and small series have acknowledged this important complication.12-14  
Traditional means of confirming arterial versus venous puncture of a 
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A central venous catheter in place for ≥3 days and at least one of the
following: suspected infection without another confirmed source,
signs of sepsis, sepsis, septic shock, or exit-site infection

Catheter needed?

Order two blood cultures

Catheter site infected?

Sepsis or septic shock?

Change catheter over guide wire
Culture catheter tip

No

Yes

Yes

Yes

Yes

Start empirical antibiotics

Septic shock?

Source of infection other
than catheter probable?

Remove catheter
Culture catheter tip
Insert new catheter at new site

Yes

No

No No

No

Remove catheter
Order two blood cultures
Continue evaluation for infection

Tip culture positive?
No

Blood cultures positive?

No Yes

Catheter-Related Bloodstream Infection
Remove catheter and insert new catheter
    at new site (if not already done)
Antibiotics are indicated
Tailor antibiotics to the sensitivity
    of organisms
Treat for 10-14 days

Exit-Site Infection
Remove catheter 
Insert new catheter at new site
Start empirical antibiotics if sepsis
    or septic shock is present

Catheter Colonization
Remove catheter and insert new catheter
    at new site (if not already done)
Antibiotics are not indicated

Catheter Infection Unlikely
Continue evaluation for other
    sources of infection

Yes

FIGURE 27-3.  Management of suspected central venous catheter infection. (Reproduced with permission from McGee DC, Gould MK. Preventing complications of central venous catheter-
ization. N Engl J Med. March 20, 2003;348(12):1123-1133. Copyright © 2003 Massachusetts Medical Society. All rights reserved.)

blood vessel (eg, bright red color, pulsatile blood return) may be unreli-
able in hypotensive, hypoxemic patients frequently encountered in the 
ICU. Transduction of the pressure waveform with intravenous exten-
sion tubing before dilation and placement of a large bore catheter may 
reduce the occurrence of this complication. The tubing with a three-way 
stopcock is filled with sterile saline. After a vessel is entered, this tubing 

is connected to the needle while it is in the vessel, the tubing is elevated 
and the movement of the column of saline is analyzed to reflect either a 
venous or arterial waveform. Alternatively, the guide wire can be placed 
through the needle into the vessel using the modified Seldinger technique. 
Subsequently, a small, short catheter (eg, 18- or 20-gauge 2-in intrave-
nous catheter) can be placed over the wire into the vessel and the wire 
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removed. The saline-filled, intravenous extension tubing can be attached 
to the catheter in the vessel to confirm a venous or arterial waveform. 
After confirmation of a venous waveform, the guide wire is replaced 
through this small intravenous catheter, the catheter is removed, and  
the procedure is finished. If unintentional arterial cannulation occurs, the 
small catheter is removed from the artery and pressure is held at the site. 
Such a small catheter is much less likely to cause serious complications, 
compared to a dilator and large bore catheter. In our teaching hospital, we 
stress the importance placing sterile intravenous extension tubing on the 
sterile field before the procedure is started so that a venous waveform can 
be confirmed prior to dilation and insertion of the CVC.

Bleeding complications from both arterial and venous puncture are dra-
matically exacerbated in patients who are thrombocytopenic or those with 
coagulation disturbances. Unfortunately, such problems are common in 
critically ill patients. Those with platelet counts below 50,000 per microliter 
or those with an international normalized ratio (INR) above 2 should prob-
ably have catheters placed at a site with compressible vessels (eg, internal 
jugular or femoral vein), unless the clotting problem can be corrected. The 
external jugular vein is an alternative that should be considered in those 
with clotting disturbances, since this superficial vein is easily compressible.

■■ PNEUMOTHORAX
Pneumothorax is another important mechanical complication of CVC 
placement. The reported incidence of this complication ranges from 0% to 
4.5%. Though some studies have reported a higher incidence of pneumo-
thorax with subclavian catheter placement, a recent meta-analysis did not 
describe differences in the incidence of this complication when internal 
jugular and subclavian approaches were compared.11 Although many pneu-
mothoraces occurring after CVC placement may not require treatment,48 
patients undergoing positive pressure ventilation should have the pneu-
mothorax evacuated. The use of small caliber pleural catheters is effective 
as an alternative to conventional tube thoracostomy in evacuating simple 
iatrogenic pneumothoraces49; however, since this therapy has not been 
extensively tested in patients undergoing positive pressure ventilation, tube 
thoracostomy remains the conventional therapy in this situation.

■■ THROMBOTIC COMPLICATIONS
Catheter-related venous thrombosis is a relatively common complication, 
occurring in between 2% and 66% of catheters.5,54 Catheter-related venous 
thromboses may manifest as either a fibrin sleeve around the catheter or 
a thrombus that adheres to the wall of the vein and are typically asymp-
tomatic. Because CVCs injure the endothelium and expose the venous 
intima, the coagulation system can become activated, resulting in throm-
bus formation. Difficulty with insertion of the line appears to increase the  
incidence of thrombosis, presumably due to a greater degree of local 
venous trauma.56 There is some evidence that in an ICU setting a subcla-
vian vein CVC is less likely to develop a catheter-related thrombosis than 
an internal jugular vein CVC.57 Timsit et al used color Doppler-ultrasound 
just before or within 24 hours of catheter removal to determine the fre-
quency of catheter-related thrombosis associated with 208 CVCs placed in 
the ICU (catheters in place for 9.35 ± 5.4 days). A catheter-related internal 
jugular or subclavian vein thrombosis occurred in 42% (CI 34%-49%) and 
10% (CI 3%-18%), respectively. The overall rate of thrombus formation 
was 33% and an internal jugular CVC increased the risk of thrombus for-
mation by a factor of four (RR, 4.13 [95% CI 1.72-9.95]). Importantly, this 
study also determined that the risk of catheter-related sepsis was 2.62-fold 
higher when thrombosis occurred (p = 0.011). These findings contradict 
two studies that examined the incidence of complications in more perma-
nent tunneled catheters and found a decreased incidence of venous stenosis 
and thrombus formation in the internal jugular group as compared with 
the subclavian group.58,59 Finally, the femoral vein is the least desirable 
anatomical location with regard to the risk of venous thrombosis. Merrer 
and colleagues reported 25 of 116 (21.5%) patients randomized to femoral 
vein catheterization had ultrasound detected venous thrombosis. This  
differed dramatically from those randomized to subclavian vein catheter-
ization, in whom 2 of 107 (1.9%) had venous thrombosis (p < 0.001).

■■ CATHETER OCCLUSION
Occlusion of the CVC is another mechanical complication that occurs 
particularly when catheters have been in place for extended periods of 
time. Thrombosis at the tip of the catheter may lead to this problem. Tissue 
plasminogen activator may be useful to prevent such occlusions.48 Other  
reasons for CVC occlusion include precipitation of incompatible medica-
tions, a problem that can be avoided by careful attention to medication 
compatibility. Patients with subclavian catheters may occasionally suffer 
from the “pinch off syndrome,” where the catheter is compressed between 
the clavicle and the first rib.19 This complication usually occurs in long-term 
indwelling catheters; however, a narrow space between the clavicle and the 
first rib can sometimes interfere with successful placement of subclavian 
catheters, particularly those of large bore caliber. CVCs placed for extended 
time periods have been reported to break and embolize to the right heart or 
pulmonary artery, requiring radiological or surgical removal.19,49

■■ CATHETER MISPLACEMENT
Most CVC placements in critically ill patients are performed without 
direct real time visualization of the catheter. Typically, a chest radio-
graph is obtained after the procedure to ensure proper catheter position 
and to assess for evidence of a pneumothorax. Malpositioned catheters 
can then be correctly repositioned. Ideally, thoracic CVCs should ter-
minate in the superior vena cava. Catheters may occasionally terminate 
in subclavian or jugular veins, as well as azygous, internal mammary, or 
pericardiophrenic veins, which may result in vascular injury and even 
perforation. When the tip of a catheter is positioned in the right atrium 
or right ventricle, perforation and subsequent cardiac tamponade may 
result.51,52 In order to avoid complications when CVCs are positioned 
in cardiac chambers, it is recommended that the tip of the catheter 
lie proximal to the angle between the trachea and the right mainstem  
bronchus.53 Ultrasonic examination after CVC placement may provide 
an alternative means of assessing adequacy of catheter placement.60

■■ AIR EMBOLISM
When there is a communication between the great veins and the atmo-
sphere, air may enter into the venous system. This potential complica-
tion is particularly relevant when considering the large bore venous 
catheters frequently used in critically ill patients. Dysfunctional one-way 
valves or uncapped catheters may allow air to enter the venous system 
when intrathoracic pressure is subatmospheric during inspiration. 
Another concerning problem is the possibility of venous air embolism 
during catheter removal, when a communication from the skin to a great 
vein may occur temporarily. The use of Trendelenburg position and 
bioocclusive dressings may prevent this problem.54

In conclusion, intravascular catheters are routinely necessary for the 
management of critically ill patients. Mechanical, infectious, and throm-
botic complications contribute considerable morbidity and mortality to 
these vulnerable patients. Recent evidence suggests that the subclavian 
vein may be the most desirable anatomical location for CVC placement; 
however, thrombocytopenia or coagulation disturbances—common 
problems in critically ill patients—may preclude this approach in some 
patients. It is encouraging that evidence to guide the appropriate man-
agement of CVCs is accumulating. Such evidence should allow clinicians 
to effectively utilize these potentially life-saving devices while minimiz-
ing complications associated with their use.
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C H A P T E R

KEY POINTS

•• �Randomized trials have found that use of a pulmonary artery cath-
eter did not influence the mortality of critically ill patients with 
shock or acute respiratory distress syndrome.

•• �Although measurement of right atrial (central venous) pressure (Pra) 
is a central component of early goal-directed therapy for septic shock, 
use of the Pra to guide hemodynamic management is controversial.

•• �Partial wedging can lead to marked overestimation of the pulmo-
nary artery wedge pressure (Ppw) and should be suspected when 

the measured Ppw exceeds the pulmonary artery diastolic pressure 
(Ppad). With pulmonary hypertension, partial wedging may be pres-
ent despite a positive Ppad-Ppw gradient and should be suspected 
when the latter markedly narrows in comparison with previous values.

•• �Positive end-expiratory pressure (PEEP) and active expiration 
cause the measured Ppw and Pra to overestimate transmural pres-
sure, with active expiration resulting in greater errors. Simultaneous 
recording of bladder pressure and Pra (or Ppw) can be helpful for 
assessing the impact of active expiration on transmural pressure.

•• �Hemodynamic waveforms may be helpful in the diagnosis of certain 
cardiac disorders: Large v waves in the Ppw tracing are seen in acute 
mitral regurgitation, but can also occur with hypervolemia. Cardiac 
tamponade is characterized by equalization of the Ppw and right 
atrial pressure (Pra) with blunting of the y descent. Tricuspid regur-
gitation often produces a broad c-v wave and a prominent y descent. 
Inspection of the Pra during narrow complex tachycardias may be 
helpful if flutter waves or regular cannon a waves (supraventricular 
reentrant tachycardia) are seen.

•• �Neither the Pra nor the Ppw are reliable predictors of fluid responsive-
ness. However, failure of the Pra to fall with spontaneous inspiration 
indicates that the patient is unlikely to benefit from a fluid challenge.

For several decades, decisions regarding therapy with fluids and vasoac-
tive drugs in the ICU have relied on intravascular pressures obtained 
with either a central venous catheter (CVC) or pulmonary artery cath-
eter (PAC). Despite this widespread use, the value of invasive hemody-
namic monitoring is controversial.1-4 Randomized studies of the PAC in 
a variety of clinical settings have found neither a positive nor negative 
impact on mortality.5-11 To some, these results provide compelling evi-
dence against continued use of the PAC.1,2 Others have argued that they 
establish the safety of the PAC, and that an impact on mortality is an 
unreasonable benchmark for any bedside monitoring device.12,13 Use 
of the CVC for hemodynamic monitoring is also controversial. While 
guidelines for management of patients with septic shock recommend 
measurement of the central venous pressure (CVP) as a component of 
early goal-directed therapy,14 some have argued that use of the CVP to 
guide fluid therapy should be abandoned.3

The increased availability of less invasive tools for bedside hemody-
namic assessment, including point-of-care echocardiography and mini-
mally invasive measurement of cardiac output, has clearly reduced the 
need for invasive monitoring.15,16 Nonetheless, we believe that invasive 
hemodynamic monitoring can still be useful in managing selected critically 
ill patients, especially when noninvasive assessment or empirical therapeu-
tic trials have proven unsuccessful.17 Implicit in this view is that clinicians 
should have an in-depth understanding of those aspects of cardiorespira-
tory physiology that form the underpinnings of hemodynamic monitor-
ing, and must also be knowledgeable about technical aspects of invasive  
monitoring, including common pitfalls. Errors in data acquisition and inter-
pretation likely pose a greater risk to patients than catheterization per se.18,19

This chapter will focus on use of pressure waveforms obtained from 
the PAC and CVC in the management of critically ill patients. Areas of 
emphasis will include (1) fundamental principles of hemodynamic data 
acquisition, including common mistakes in interpretation of intravascular 
pressures, (2) analysis of hemodynamic waveforms in normal individuals 
and in various cardiovascular disorders, (3) impact of changes in intratho-
racic pressure on interpretation of cardiac filling pressures, and (4) assess-
ment of the adequacy of preload and prediction of fluid responsiveness.

PRESSURE MONITORING SYSTEM
Essential system components required for pressure monitoring include 
a fluid-filled catheter and connecting tubing, a transducer that converts 
mechanical energy from the fluid-filled tubing into an electrical signal, 
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and a signal-processing unit that conditions and amplifies this electri-
cal signal for display. Two primary features of the pressure monitoring 
system determine its dynamic response properties: natural resonant 
frequency and damping coefficient.20-22 Once perturbed, each catheter-
transducer system tends to oscillate at a unique (natural resonant) fre-
quency determined by the elasticity and capacitance of its deformable 
elements. An undamped system responds well to the low-frequency 
components of a complex waveform, but it exaggerates the amplitude 
of components near the resonant value. Modest damping is desirable 
for optimal fidelity and for suppression of unwanted high-frequency 
vibration (noise); however, excessive damping smoothens the tracing 
unnaturally and eliminates important frequency components of the 
pressure waveform.

Overdamping due to air bubbles, clots, fibrin, or kinks diminish trans-
mission of the pulsatile pressure waveform to the transducer, resulting 
in a decrease in systolic pressure and an increase in diastolic pressure. A 
simple bedside test for overdamping is the “rapid flush” test.20 Because 
of the length and small gauge of the catheter, very high pressures are 
generated near the transducer when the flush device is opened. With 
sudden closure of the flush device, an appropriately damped system will 
show a rapid fall in pressure with an overshoot followed by a prompt 
return to a crisp pressure tracing, giving a “square wave” appearance. 
In contrast, an overdamped system has a gradual return to the baseline 
pressure without an overshoot (Fig. 28-1). Although less common, an 
underdamped system can lead to significant systolic overshoot with 
overestimation of systolic pressure. To give optimal performance, the 
system should (1) be free of bubbles, kinks, and clots, (2) avoid exces-
sive tubing length (<48 in), and (3) have the minimal possible number 
of stopcocks. Simple visual inspection of the response to the rapid 
flush test is most often used to determine if the pressure monitoring 
system is acceptable. However, a paper strip recording of the rapid flush  

FIGURE 28-1.  Rapid-flush test. A. Appropriately damped system. B. Overdamped system.

A B test can be used to make a more precise assessment of the dynamic 
response characteristics.22

For the hydraulic monitoring system to display accurate pressures, it 
is essential that the system is first zeroed with the transducer exposed 
to atmospheric pressure. The air-fluid interface of the monitoring 
system (ie, the stopcock attached to the transducer) is then placed at 
the phlebostatic axis (the midpoint between the most anterior and 
posterior aspects of the chest in the fourth intercostal space) with the 
patient supine. Alternatively, the transducer can be placed 5 cm below 
the sternal notch with the aid of a carpenter’s level.23 Movement of 
the transducer relative to the heart will cause the recorded pressure to 
underestimate or overestimate the true value (Fig. 28-2).

PRESSURE WAVEFORMS
The CVC permits measurement of a single intravascular pressure 
(CVP) that is recorded after catheter insertion. In contrast, the properly 
placed PAC provides pressure data from three sites and insertion is 
guided by transitions in the pressure waveform as the inflated catheter 
is advanced. Before discussing characteristics of normal and pathologic 
hemodynamic waveforms, waveform-guided insertion of the PAC will 
be briefly addressed.

The PAC has two lumens for pressure recording: a distal lumen and 
a proximal lumen that opens 30 cm from the catheter tip. A single pres-
sure transducer is connected to the distal port, and the proximal port is 
connected to a separate infusion of intravenous fluid (Fig. 28-3). Use of a 
“bridge” and stopcocks permits right atrial pressure (Pra) to be recorded 
from the proximal lumen after catheter insertion. Stopcocks should be 
checked before insertion to be sure that the monitor displays pressure from 
the distal lumen. Inadvertent recording from the proximal lumen should 
be suspected if during insertion the displayed pressure is initially near zero 
and then suddenly increases as the proximal lumen enters the introducer, 
or if there is ventricular ectopy while the monitor displays a Pra waveform, 
indicating that the catheter tip is in the right ventricle (RV) (Fig. 28-4).

Once the catheter tip has passed through the introducer (15-20 cm), the 
balloon is inflated and the PAC is advanced into the RV (Fig. 28-5). After 
entering the RV, insertion of an additional 10 to 15 cm of catheter is usually 
sufficient to reach the pulmonary artery. Feeding excessive catheter while 
the tip remains in the RV can lead to coiling and possible knotting. The 
pulmonary artery pressure tracing (Ppa) is evidenced by an abrupt rise in 
diastolic pressure (Fig. 28-5). With further advancement, a fall in mean  
pressure and transition to an atrial waveform (see below) signals transition to  
a pulmonary artery occlusion (wedge) pressure (Ppw) (Fig. 28-5).

Several factors can hinder analysis of pressure waveforms during 
PAC insertion. Large swings in intrathoracic pressure due to vigorous 
respiratory effort may create difficulty with waveform interpretation.24 
If the patient is mechanically ventilated, sedation (or even temporary 
paralysis) to reduce respiratory excursions may aid interpretation and 
will enhance reliability of the measurements obtained.25,26 Another 
problem is excessive catheter “whip” caused by “shock transients” being 
transmitted to the catheter during RV contraction in hyperdynamic 
states (Fig. 28-6). Finally, an overdamped system (see above) may make 
it more difficult to discern transitions in pressure waveforms.

■■ RIGHT ATRIAL PRESSURE
Right atrial pressure (Pra) is measured from either the distal lumen of the 
CVC or the proximal port of the PAC. (The CVP and Pra are equivalent 
and the latter designation will be used in the remainder of this chapter). The 
Pra is most often used to assess intravascular volume status, but character-
istics of the Pra waveform can also aid in the diagnosis of certain cardiac 
(and pericardial) disorders, including arrhythmias. For both purposes, it 
is important to appreciate the characteristics of the normal Pra waveform.

In sinus rhythm, the Pra waveform is characterized by two major 
positive deflections (a and v waves) and two negative deflections (x and 
y descents) (Fig. 28-7). A third positive wave, the c wave, is occasion-
ally seen. The a (atrial) wave is due to atrial systolic contraction. The  

Ppw 4 mm Hg

Ppw 12 mm Hg

Ppw 20 mm Hg

10 cm

12

10 cm

FIGURE 28-2.  With movement of the transducer relative to the left atrial plane, 
the pulmonary artery wedge pressure (Ppw) will not accurately reflect left atrial pressure  
(10 cm H

2
O ∼ 8 mm Hg).
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FIGURE 28-3.  Pulmonary artery catheter with distal lumen open to transducer. Right atrial pressure can be recorded from the proximal lumen by stopcock adjustment.
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FIGURE 28-4.  Proximal lumen inadvertently open to pressure transducer during insertion of pulmonary artery catheter (PAC). Top, pressure suddenly increases as the proximal port enters 
introducer. Bottom, ventricular ectopy (catheter tip in right ventricle) while the monitor displays a right atrial waveform. Scale in millimeters of mercury.
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FIGURE 28-5.  Waveform transition as catheter is advanced from the right atrium (RA) to the wedge position. Note the increase in diastolic pressure as the catheter passes from the right 
ventricle (RV) to the pulmonary artery (PA). Dashed horizontal lines represent mean pressure. Scale in millimeters of mercury.
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FIGURE 28-6.  Catheter “whip” in the pulmonary artery pressure (Ppa) tracing. Scale in millimeters of mercury.
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a wave is followed by the x descent as the atria undergo postsystolic relax-
ation and the atrioventricular junction moves downward during early  
ventricular systole. When visible, a c wave due to closure of the atrioven-
tricular valves interrupts the x descent. When a c wave is seen, standard 
nomenclature dictates that the initial descent is termed x and the second 
descent is termed x’ (Fig. 28-7). After the x descent, the v (ventricular) 
wave is generated by passive filling of the atria during ventricular systole. 
The y descent results from a fall in atrial pressure as the tricuspid valve 
opens with the onset of diastole (Fig. 28-7).

In order to evaluate pressure waveforms adequately, it is essential to 
use a dual channel recorder that allows simultaneous recording of cardiac 
electrical activity and pressure. An electrocardiographic (ECG) lead that 
clearly demonstrates atrial electrical activity should be chosen. Analysis 
of the atrial pressure tracing begins with identification of the P wave in 
the ECG. The first positive-pressure wave to follow the P wave is the  
a wave. The right atrial a wave usually is seen at the beginning of the QRS 
complex, provided that atrioventricular conduction is normal (Fig. 28-7). 
When visible, the c wave follows the a wave by an interval equal to the 
electrocardiographic PR interval (Fig. 28-7). The peak of the right atrial 
v wave normally occurs simultaneously with the T wave of the electrocar-
diogram, provided that the QT interval is normal (Fig. 28-7).

The Pra is often used as an estimate of RVEDP. Prominent a or v waves  
will cause the mean Pra to overestimate RVEDP.27 A more frequent 
problem is underestimation of RVEDP when there is a large x or y 
descent. A large y descent often accompanies tricuspid regurgitation, and 
a prominent y descent (and often x descent) is also common with peri-
cardial constriction, right heart failure, and restrictive physiology caused  
by diastolic dysfunction or marked hypervolemia (Figs. 28-8 and 28-9). 

To avoid errors, it is best to measure Pra at the base of a wave just before 
the onset of ventricular systole rather than as a mean value (Fig. 28-8).27,28

Normal Pra is approximately 2 to 8 mm Hg.29 In the absence of left 
ventricular (LV) dysfunction, the Pra is typically 2 to 5 mm Hg lower 
than the Ppw.30 The Ppw may be markedly higher than the Pra in patients 
who have either systolic or diastolic LV dysfunction.31 Conversely, the 
Pra may exceed the Ppw in patients with RV failure due to increased 
pulmonary vascular resistance (PVR) or RV infarction (Fig. 28-9).

■■ PULMONARY ARTERY PRESSURE
The pulmonary artery waveform has a systolic pressure wave and a dia-
stolic trough (Fig. 28-7). A dicrotic notch due to closure of the pulmonic 
valve is occasionally seen on the terminal portion of the systolic pressure 
wave. Like the right atrial v wave, the pulmonary artery systolic wave 
typically coincides with the T wave of the ECG (see Fig. 28-7). The pul-
monary artery diastolic pressure (Ppad) is recorded as the pressure just 
before the beginning of the systolic pressure wave. Catheter whip arti-
facts can lead to significant underestimation of the Ppad (Fig. 28-10).

The tip of the PAC is optimally positioned proximally in the main 
or lobar pulmonary arteries since distal placement may increase risk of 
pulmonary artery rupture with balloon inflation.32 However, if the tip 
of the PAC is too proximal and lies just beyond the pulmonic valve, the 
catheter tip can fall back into the RV with small changes in patient posi-
tion, or even with tidal ventilation (Fig. 28-11). This must be recognized 
and the catheter repositioned since a catheter tip in the RV may predis-
pose to ventricular arrhythmias. Recognition that the tip has migrated 
back into the RV is facilitated by awareness of two principal differences 
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20
a

c v

yx
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FIGURE 28-8.  Right atrial pressure (Pra) tracing from a hypervolemic patient showing prominent x and y descents that increase with inspiration. Arrow points to the best estimate of right 
ventricular end-diastolic pressure (RVEDP). Scale in millimeters of mercury.
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FIGURE 28-9.  Acute pulmonary hypertension with right ventricular failure. Right atrial pressure (Pra) is much higher than pulmonary artery wedge pressure (Ppw). Note the prominent y 
descent in the Pra tracing. Even though pulmonary vascular resistance is markedly elevated, there is only a moderate increase in pulmonary artery pressure (Ppa) because of decreased cardiac 
output (CO). Scale in millimeters of mercury.
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FIGURE 28-10.  Catheter whip artifact can lead to underestimation of pulmonary artery diastolic pressure (Ppad), especially with digital recording. Scale in millimeters of mercury.

FIGURE 28-11.  Catheter tip positioned too proximally in the pulmonary artery (PA). With each inspiration, the catheter tip moves back into the right ventricle (RV). During diastole pressure 
falls in the PA (solid arrow) and increases in the RV (broken arrow). Scale in millimeters of mercury.
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between a Ppa and RV waveform: (1) the RV has a lower diastolic pres-
sure than the Ppa, and (2) while Ppa progressively falls during diastole, 
diastolic filling will produce a gradual rise in RV pressure (Fig. 28-11).

Ppa is determined by the volume of blood ejected into the pulmonary 
artery during systole, PVR, and downstream left atrial pressure (Pla). 
Normal values for Ppa are as follows: systolic, 15 to 30 mm Hg; diastolic, 
4 to 12 mm Hg; and mean, 9 to 18 mm Hg.29 The normal pulmonary 
vascular network is a low-resistance circuit with enormous reserve, so 
large increases in cardiac output do not cause pressure to rise signifi-
cantly. This large capillary reserve normally offers such slight resistance 
to run off during diastole that the difference between the Ppad and the 
Ppw (the Ppad-Ppw gradient) is 5 mm Hg or less. When the Ppad-Ppw 

gradient is minimal, the Ppad can be used as a surrogate for the Ppw, 
obviating need for repeated balloon inflation.

The Ppad-Ppw gradient may be used to differentiate pulmonary 
hypertension due to increased PVR from pulmonary venous hyperten-
sion. Increased PVR causes the Ppad-Ppw gradient to widen, while an 
increase in left atrial pressure produces a proportional rise in the Ppad 
and Ppw.33,34 Pulmonary hypertension due to an increase in PVR occurs 
in many conditions encountered in the ICU, including pulmonary 
embolism, ARDS, and COPD among others. When PVR is increased, 
the degree of pulmonary hypertension will also be influenced by the car-
diac output. For example, patients with high cardiac output due to sepsis 
or liver disease may have significant pulmonary hypertension despite 
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only a mild-moderate increase in PVR. Conversely, Ppa may be only 
modestly increased when increased PVR is accompanied by a low cardiac 
output, as can occur with acute massive pulmonary embolism (Fig. 28-9).

■■ PULMONARY ARTERY WEDGE PRESSURE
The pulmonary artery wedge pressure (Ppw) is obtained when the 
inflated catheter obstructs forward flow within a branch of the pulmo-
nary artery, creating a static column of blood between the tip of the 
catheter and the point (junction, or j point) in the pulmonary venous 
bed where it intersects with flowing blood20 (Fig. 28-12). Since the fully 
inflated catheter obstructs a segmental or lobar pulmonary artery, the  
j point is usually located in medium to large pulmonary veins. Owing to 
resistance in the small pulmonary veins, the Ppw will underestimate the 
pressure in the pulmonary capillaries (see below), but the absence of any 
appreciable resistive pressure drop across the larger pulmonary veins 
dictates that the Ppw will reliably reflect Pla (Fig. 28-12).

The Ppw tracing contains the same sequence of waves and descents as  
the Pra tracing. However, when referenced to the ECG, the waves and 
descents of the Ppw will be seen later than those of the Pra, because 
the pressure waves from the left atrium must travel back through the 

pulmonary vasculature and a longer length of catheter. Therefore, in the  
Ppw tracing, the a wave usually appears after the QRS complex, and  
the v wave is seen after the T wave (see Fig. 28-7). When referenced  
to the ECG, the v wave of the Ppw tracing occurs later than the Ppa 
systolic pressure wave. An appreciation of the latter concept is critical 
when tracings are being analyzed to ensure that balloon inflation has 
resulted in an acceptable transition from Ppa to Ppw and to detect the 
presence of a “giant” v wave in the Ppw tracing (see below).

For the Ppw to accurately represent Pla, it is essential that the tip of 
the inflated catheter lie free within the vessel lumen. Obstruction to flow 
at the catheter tip can lead to overwedging. Overwedging is recognized 
by a progressive rise in pressure during balloon inflation and usually 
results from the balloon trapping the tip against the vessel wall. In such 
cases, the continuous flow from the flush system results in a steady 
buildup of pressure at the catheter tip, or at least as high as required 
to cause compensatory leakage from the trapped pocket (Fig. 28-13). 
If overwedging occurs, the catheter should be deflated and retracted 
before reinflating the balloon.

A different problem arises when the inflated balloon of the PAC does 
not completely interrupt forward flow, resulting in a recorded pressure 
that is intermediate between mean Ppa and Ppw. This results in an 
incomplete, or “partial”, Ppw. A partial Ppw will overestimate Pla, poten-
tially leading to errors in patient management. In the absence of promi-
nent a or v waves that increase its mean value, the Ppw should be equal 
to or less than the Ppad. Partial wedging should always be suspected if 
the Ppw exceeds the Ppad.35

In patients with pulmonary arterial hypertension the inflated bal-
loon may not readily seal the pulmonary artery, increasing the likeli-
hood of partial wedging. Moreover, recognition of partial wedging in 
these patients may be more challenging. This is because their increased 
Ppad-Pw gradient at baseline allows the partial Ppw to remain less 
than the Ppad, giving the impression that an acceptable Ppw has been 
obtained (Fig. 28-14).36 When this occurs, the measured Ppad-Ppw 
gradient will decrease in comparison with previous values.36 In patients 
with pulmonary arterial hypertension, partial wedging should be sus-
pected whenever the Ppad-Ppw gradient unexpectedly narrows, or 
at the time of insertion a normal Ppad-Ppw gradient is found when 
a widened gradient would be expected (eg, severe ARDS).36 Another 
clue to partial wedging is a pressure waveform whose relationship 
to a simultaneous ECG is more consistent with Ppa than Ppw (see 
Fig.  28-14). Partial wedging can result from a catheter that is too 
proximal, in which case advancement of the inflated catheter may be 
corrective. Alternatively, a catheter that is too distal, perhaps with its tip 
at a vascular branch point, can also lead to incomplete wedging. This is 
suggested by a tracing that reveals a lower (more accurate) Ppw when 
the balloon is only partially inflated (Fig. 28-15).36 In this situation, 
retraction of the deflated catheter before full balloon inflation may yield 
a more accurate Ppw and potentially reduce the risk of vessel injury due 
to distal catheter placement.

j point

B

A

FIGURE 28-12.  Principle of the wedge pressure (Ppw) measurement. When the inflated bal-
loon obstructs arterial inflow, the catheter will record the pressure at the junction of the static and 
flowing venous channels, the j point. An obstruction distal (B) to the j point will cause the Ppw to 
overestimate left atrial pressure (Pla). With obstruction proximal (A) to the j point (eg, venoocclusive 
disease), the Ppw accurately reflects Pla but greatly underestimates pulmonary capillary pressure. 
(Reproduced with permission from O’Quinn R, Marini JJ. Pulmonary artery occlusion pressure: clini-
cal physiology, measurement and interpretation. Am Rev Respir Dis. August 1983;128(2):319-326.)
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FIGURE 28-13.  Overwedging. Arrow indicates time of balloon inflation. Scale in millimeters of mercury. (Reproduced with permission from Sharkey SW. A Guide to the Interpretation of 
Hemodynamic Data in the Coronary Care Unit. Philadelphia, PA: Lippincott-Raven; 1997.)
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is located in a vessel whose capillary bed supplies an area of markedly 
reduced alveolar ventilation.20,38 Second, an initial 15 to 20 mL of “dead 
space” blood should be withdrawn and discarded before the sample 
for analysis is obtained, to reduce the likelihood of obtaining a false-
negative result when the inflated catheter has truly wedged.38 Finally, a 
false-positive result (ie, high O2 saturation in aspirated blood when the 
catheter is not wedged) can occur if the sample is aspirated too quickly. 
It is recommended that the sample be aspirated at a rate no faster than 
3 mL/min.38

RESPIRATORY INFLUENCES: TRANSMURAL PRESSURE
The Pra and Ppw are used as surrogates for RV and LV filling pressure, 
respectively. However, it is transmural (intravascular minus pleural) 
pressure that represents the distending pressure for cardiac filling. 
During normal breathing, pleural pressure (Ppl) is slightly negative at 
end-expiration and intrathoracic vascular pressures measured at this 
point in respiratory cycle provide the best estimate of transmural pres-
sure (Fig. 28-16). Either a strip recording or the cursor method should 
be used to define the end-expiratory pressure.

One error is the assumption that during mechanical ventilation the 
lowest point in the pressure tracing reflects end expiration. While this 
is true during controlled ventilation, inspiratory efforts that trigger 
mechanical breaths produce a nadir in the pressure tracing (Fig. 28-16). 
Identification of end expiration in the Ppw tracing is aided by the knowl-
edge that expiration is usually longer than inspiration, two exceptions 
being marked tachypnea and inverse-ratio ventilation. Identification of 
end expiration from the pressure tracing should not be difficult when 
interpreted in relationship to the patient’s ventilatory pattern. When 
confusion occurs, a simultaneous airway pressure tracing may be used.

The Pra and Ppw will overestimate transmural pressure if intrathoracic 
pressure is positive at end expiration. This can occur from an increase in 
end-expiratory lung volume due to applied positive end-expiratory pres-
sure (PEEP) or auto-PEEP, or from increased intra-abdominal pressure 
due to active expiration or intra-abdominal hypertension.

■■ APPLIED PEEP AND AUTO-PEEP
Applied PEEP and auto-PEEP lead to an increase in lung volume and 
Ppl at end expiration, causing the measured intravascular pressures to 
overestimate transmural pressure (Fig. 28-17). The effect of a given 
change in alveolar pressure on Ppl is determined by two factors: compli-
ance of the chest wall and the degree to which lung volume increases, 
with the latter being inversely related to lung compliance.20 In normal 
individuals, approximately one-half of applied PEEP will be transmitted 
to the pleural space.20 The percentage of PEEP transmitted to the pleural 
space (as estimated with an esophageal balloon) in ARDS is usually less, 
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FIGURE 28-14.  Partial wedge pressure (Ppw) in a patient with pulmonary hyperten-
sion. (Above) Although the Ppw was less than the pulmonary artery diastolic pressure (Ppad), 
partial wedging was suspected since the prior Ppad-Ppw gradient was markedly increased. 
Note the single positive wave coinciding with the electrocardiographic T wave after balloon 
inflation, a pattern inconsistent with a left atrial waveform. (Below) Waveform after catheter 
is repositioned. Note the large Ppad-Ppw gradient and a Ppw tracing more consistent with a 
left atrial waveform. Scale is in millimeters of mercury.
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FIGURE 28-15.  Partial wedging due to distal catheter placement, as evidenced by a lower pulmonary artery occlusion (wedge) pressure (Ppao) with smaller balloon volume. This could 
result from a catheter whose tip is positioned at a vascular branch point. Ppa, pulmonary artery pressure. (Reproduced with permission from Leatherman JW, Shapiro RS. Overestimation of 
pulmonary artery occlusion pressure in pulmonary hypertension due to partial occlusion. Crit Care Med. January 2003;31(1):93-97.)

One method that has been used to confirm accuracy of the Ppw is 
aspiration of highly oxygenated blood from the distal lumen of the 
inflated catheter.37 However, there are several pitfalls to use of aspi-
rated blood to confirm a wedge position. First, failure to obtain highly 
oxygenated blood in the Ppw position could occur if the catheter tip 
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FIGURE 28-16.  Effect of changes in pleural pressure (Ppl) on the right atrial (Pra) or 
wedge pressure (Ppw) during assisted mechanical ventilation. Negative deflections in Ppl and 
Pra/Ppw result from inspiratory muscle activity, and subsequent positive deflections represent 
lung inflation by the ventilator. Pressure at end expiration (arrow) gives the best estimate of 
transmural pressure. Scale in millimeters of mercury.
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FIGURE 28-17.  The effect of positive end-expiratory pressure (PEEP) on transmural pressure. 
In this example, 50% of PEEP is transmitted to the juxtacardiac space (15 cm H

2
O ~ 12 mm Hg).

ranging from 24% to 37% in one study.39 Conversely, decreased chest 
wall compliance due to intra-abdominal hypertension or morbid obesity 
will increase the percentage of PEEP transmission, as may be suggested 
by large swings in intrathoracic vascular pressure during tidal ventila-
tion (Fig. 28-18). Auto-PEEP may have a greater impact on transmural 
pressures than an equivalent degree of applied PEEP, because auto-PEEP 
usually occurs in the setting of normal or increased lung compliance, 
allowing a larger component of the alveolar pressure to be transmitted 
to the juxtacardiac space.

The effect of PEEP on transmural pressures can be reliably estimated 
in patients with a PAC who are undergoing controlled mechanical ven-
tilation. First, the fraction of alveolar pressure that is transmitted to the 
pleural space (the transmission ratio) is calculated by dividing the change 
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FIGURE 28-18.  The large change in right atrial pressure (Pra) during mechanical ventilation reflects a marked increase in pleural pressure due to very low chest wall compliance. mm Hg, millimeters  
of mercury.

in systolic Ppa by the change in alveolar pressure (plateau pressure—
PEEP) during a controlled tidal breath, with the change in Ppa reflecting 
the change in Ppl.40 Next, PEEP is multiplied by the transmission ratio to 
estimate end-expiratory Ppl. Finally, transmural pressure is calculated by 
subtracting Ppl from the Pra or Ppw.40 Even though this method appears 
to yield a valid estimate of transmural pressure,40 it is unclear whether 
it contributes significantly to patient management. In clinical decision 
making, use of the Ppw or Pra should not focus excessively on its abso-
lute value. It is often more important to assess how a change in the Ppw 
or Pra correlates with clinically relevant clinical end points (eg, blood 
pressure, cardiac output, oxygenation, urine output) after manipulation 
of intravascular volume, and this can be assessed without correcting for 
the effect of PEEP.

The effect of PEEP on transmural pressure described above is relevant 
to both the Pra and Ppw. There is a second way in which PEEP may influ-
ence the Ppw—but not the Pra. This mechanism involves compression 
of the pulmonary microvasculature at high levels of PEEP that inter-
rupts the continuous column of blood between the catheter tip and left 
atrium, resulting in a Ppw that reflects alveolar rather than pulmonary 
venous pressure. Fortunately, this phenomenon appears to be rare. High 
levels of applied PEEP are generally restricted to patients with severe 
ARDS and damaged lungs do not transmit alveolar pressure as fully to 
the capillary bed as do normal lungs.41 A study of patients with ARDS 
demonstrated that the Ppw faithfully reflected simultaneously measured 
LVEDP even at a PEEP of 16 to 20 cm H2O.42 Concern that the Ppw may 
represent alveolar pressure should be restricted to those rare instances 
in which the Ppw tracing has an unnaturally smooth appearance that is 
uncharacteristic of an atrial waveform, the Ppw approximates 75% of 
the applied PEEP (1 cm H2O ~ 0.74 mm Hg), and the change in Ppw is 
significantly greater than the change in systolic Ppa (reflecting change in 
Ppl) during a controlled ventilator breath.43

■■ ACTIVE (FORCED) EXPIRATION
Contraction of abdominal expiratory muscles increases intrathoracic pres-
sure at end expiration. In contrast to PEEP, the increased intra-abdominal 
pressure generated by expiratory muscles is almost fully transmitted to the 
pleural space.44,45 Forceful expiration typically leads to a far greater overesti-
mation of transmural pressure than does the application of PEEP. Previous 
studies have shown that forced expiration often causes the end-expiratory 
Ppw to overestimate transmural pressure by more than 10 mm Hg.24-26,45,46 
Given this magnitude of error, failure to appreciate forced exhalation as 
the cause of an elevated Ppw or Pra may lead to inappropriate treatment of 
hypovolemic patients with diuretics or vasopressors.

In mechanically ventilated patients, sedation (or even paralysis) may 
be used to reduce or eliminate expiratory muscle activity (Fig. 28-19).25,26 
In the nonintubated patient, recording the pressure tracing while the 
patient sips water through a straw sometimes helps eliminate large respi-
ratory fluctuations (Fig. 28-19).45 An esophageal balloon has been used 
to better estimate transmural pressure,24 but placement of esophageal 
catheters may not be well received by the dyspneic patient. A simpler 
method is to subtract the expiratory rise in bladder pressure from the 
end-expiratory Pra to obtain a “corrected” value to estimate transmural 
pressure (Fig. 28-20).45 In two studies that used this approach, there was 

section02.indd   194 1/13/2015   2:05:36 PM

http://www.myuptodate.com


CHAPTER 28: Interpretation of Hemodynamic Waveforms 195

A
Baseline

B
Baseline

Sipping

20 Pra 18

Pra 10

0

20

0

Postparalysis

– 37.5 –
– 25 –

– 12.5 –
– 0 –

– 25 –

– 12.5 –

– 0 –

Ppw ~ 28

Ppw ~ 28

FIGURE 28-19.  Overestimation of transmural pulmonary artery wedge pressure (Ppw) and right atrial pressure (Pra) due to active expiration. A. During mechanical ventilation, temporary 
paralysis is used to eliminate forced expiration. B. With spontaneous breathing, sipping water through a straw temporarily suspends respiratory muscle activity. Scale in millimeters of mercury.

30

A B

15

0

30

15

0

CVP

IAP

Δ IAP

n = 36

Best CVP (mm Hg)

Y = 0.6719x + 3.3313
R = 0.77

Inspiration Expiration

Uncorrected
CVP

C
or

re
ct

ed
 C

VP
 (m

m
 H

g)

Uncorrected CVP = 18 mm Hg
Δ IAP = 9 mm Hg
Corrected CVP = 9 mm Hg

m
m

 H
g

25

0

5

10

15

20

250 5 10 15 20

FIGURE 28-20.  A. Simultaneous central venous pressure (CVP) and intra-abdominal (bladder) pressure (IAP) tracings in a patient with active expiration. Corrected CVP is obtained by 
subtracting the expiratory rise in IAP (Δ IAP) is from the end-expiratory CVP. B. Relationship between corrected CVP and CVP obtained during relaxed breathing. mm Hg, millimeters of mercury. 
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good agreement between the corrected Pra and the Pra measured during 
relaxed breathing (Fig. 28-20).45,46

Prominent respiratory excursions (>8-10 mm Hg) in the Pra or 
Ppw increase the likelihood of active expiration.25,26,46 However, large 
respiratory excursions are sometimes due solely to inspiratory muscle 
activity with passive expiration, in which case pressures recorded at 
end expiration will retain their validity (Fig. 28-21).46 At the bedside, 
abdominal palpation may be useful for detecting expiratory muscle 
activity, but is not quantitative and may be less reliable in obese patients. 
Inspection of the pressure tracing may provide a clue to the presence of 
active expiration. A Pra or Ppw tracing that shows a progressive rise in 
pressure during exhalation provides unequivocal evidence of expiratory  
muscle activity (Fig. 28-20),27,46 but the latter cannot be excluded by an 
end-expiratory plateau in pressure (Figs. 28-19 and 21).46,47 When there 
is uncertainty about the contribution of forced exhalation to an elevated 
Pra (or Ppw), assessment of bladder pressure should be considered.45,46

CLINICAL USE OF PRESSURE MEASUREMENTS
There are three principal uses of intravascular pressures in the ICU:  
(1) diagnosis of cardiovascular disorders by waveform analysis, (2) diagnosis  
and management of pulmonary edema, and (3) assessment of intravas-
cular volume status and prediction of fluid responsiveness.

■■ ABNORMAL WAVEFORMS IN CARDIAC DISORDERS
Analysis of pressure waveforms may prove valuable in the diagnosis 
of certain cardiovascular disorders, including mitral regurgitation, 
tricuspid regurgitation, RV infarction, pericardial tamponade, and 
limitation of cardiac filling due to constrictive pericarditis or restrictive 
cardiomyopathy.

Acute mitral regurgitation is most often due to papillary muscle isch-
emia or rupture, or to endocarditis. When the mitral valve suddenly 
becomes incompetent, regurgitation of blood into the left atrium during 
systole produces a prominent v wave (Fig. 28-22). A large v wave gives 
the Ppa tracing a bifid appearance due to the presence of both a Ppa 
systolic wave and the v wave (Fig. 28-22). When the balloon is inflated, 
the tracing becomes monophasic as the Ppa systolic wave disappears 
(Fig. 28-22). A large v wave is confirmed most reliably with the aid of a 
simultaneous recording of the ECG during balloon inflation. While the 
Ppa systolic wave and the left atrial v wave are generated simultaneously, 
the latter must travel back through the pulmonary vasculature to the cath-
eter tip, causing the v wave to be seen later when referenced to the ECG  
(Fig. 28-22). In the presence of a large v wave, the Ppad is lower than the 
mean Ppw and the mean pressure may change only minimally on transi-
tion from Ppa to Ppw, giving the impression that the catheter has failed  
to wedge during catheter insertion. This may lead to insertion of exces-
sive catheter, encouraging distal placement and inadvertent wedging of 
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FIGURE 28-21.  Simultaneous central venous pressure (CVP) and intra-abdominal (bladder) pressure (IAP) tracings in two patients with large respiratory excursions in CVP. Top, expiratory 
increase in IAP due to active expiration will cause the end-expiratory CVP to overestimate transmural pressure. Bottom, when expiration is passive (no expiratory rise in IAP) the end-expiratory 
CVP will accurately reflect transmural pressure. Note the small inspiratory increase in IAP to diaphragm contraction. mm Hg, millimeters of mercury. (Reproduced with permission from 
Leatherman JW, Bastin-DeJong C, Shapiro RS, Saavedra-Romero R. Use of expiratory change in bladder pressure to assess expiratory muscle activity in patients with larger respiratory excursions 
in central venous pressure. Intensive Care Med. March 2012;38(3):453-457.)
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FIGURE 28-22.  Acute mitral regurgitation with a giant v wave in the pulmonary wedge (Ppw) tracing. The pulmonary artery pressure (Ppa) tracing has a characteristic bifid appearance 
due to both a PA systolic wave and the v wave. Note that the v wave occurs later than the PA systolic wave when referenced to the electrocardiogram. Scale in millimeters of mercury.

the uninflated catheter (Fig. 28-23). If unrecognized, this could lead to 
pulmonary infarction or rupture of the artery upon balloon inflation.

A large v wave leads to an increase in pulmonary capillary pressure, 
often resulting in pulmonary edema. When due to intermittent isch-
emia of the papillary muscle, large v waves may be transient. Failure 

to appreciate these intermittent large v waves may lead to a mistaken 
diagnosis of noncardiogenic pulmonary edema, because the Ppw will 
be normal between periods of ischemia. Review of the monitor’s stored 
pressure data may provide a clue to intermittent ischemia if there are 
otherwise unexplained sudden increases in Ppa.
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Large v waves are not always indicative of mitral insufficiency. The size 
of the v wave depends on both the volume of blood entering the atrium 
during ventricular systole and left atrial compliance.48,49 Decreased left 
atrial compliance may result in a prominent v wave in the absence of 
mitral regurgitation (Fig. 28-24). Conversely, when the left atrium is 

dilated, severe valvular regurgitation may give rise to a trivial v wave 
(Fig. 28-25).49 The important effect of left atrial compliance on the size 
of the v wave was demonstrated by a study that simultaneously evaluated 
the height of the v wave and the degree of regurgitation, as determined 
by ventriculography.49 Of patients who had large (>10 mm Hg) v waves, 
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FIGURE 28-25.  Top, pulmonary artery wedge pressure (Ppw) tracing with small v waves despite severe mitral regurgitation. Bottom, left ventriculogram shows severe regurgitation into 
a markedly dilated (highly compliant) left atrium (LA), accounting for the minimal pressure change (small v wave). LV, left ventricle; AO, aorta. Scale in millimeters of mercury.
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36% had no or trace valvular regurgitation and 32% of patients with 
severe valvular regurgitation had trivial v waves.49

Hypervolemia is a common cause of a prominent v wave. When the 
left atrium is overdistended, it operates on the steep portion of its com-
pliance curve; that is. small changes in volume produce large changes 
in pressure (Fig. 28-24). As a result, passive filling from the pulmonary 
veins can lead to a prominent v wave, especially with increased cardiac 
output. Following diuresis or ultrafiltration, v waves become less pro-
nounced (Fig. 28-24). In the absence of atrial fibrillation, the a wave 
may also be prominent with hypervolemia (Fig. 28-24). Another cause 
of a large v wave is an acute ventricular septal defect (VSD), because the 
increased pulmonary blood flow accentuates left atrial filling.29,50 Since 
papillary muscle rupture and acute VSD are both associated with promi-
nent v waves, these two complications of myocardial infarction must be 
differentiated by echocardiography or venous oximetry.

Tricuspid regurgitation most often is due to chronic pulmonary hyper-
tension with dilation of the RV. A large v wave may be seen in the Pra 
tracing with tricuspid regurgitation, but more often there is often a char-
acteristically broad v (or c-v) wave (Fig. 28-26).29 One of the most con-
sistent findings in the Pra tracing of patients with tricuspid regurgitation 
is a steep y descent. The latter often becomes more pronounced with 
inspiration (Fig. 28-26). With severe tricuspid regurgitation, Kussmaul 
sign (increase in Pra with inspiration) may be seen.

Pericardial tamponade is characterized by an increase in pericardial 
pressure that limits cardiac filling in diastole. With advanced tam-
ponade, pericardial pressure becomes the key determinant of cardiac  
diastolic pressures, resulting in the characteristic equalization of the Pra 
and Ppw. Pericardial pressure is a function of the volume of pericardial 
fluid, pericardial compliance, and total cardiac volume. The x descent 
is often preserved in tamponade because it occurs in early systole when 
blood is being ejected from the heart (decrease in total cardiac volume), 
thereby permitting a fall in pericardial fluid pressure. In contrast, the  
y descent occurs during diastole when blood is being transferred from the 
atria to the ventricles without a change in total cardiac volume; pericardial 

pressure is therefore unaffected. As a result, there is little (if any) change in 
Pra during diastole, accounting for the characteristically blunted y descent 
of pericardial tamponade (Fig. 28-27).29,50 Attention to the y descent may 
be useful in the differential diagnosis of hypotension with near equalization  
of intracardiac pressures. An absent y descent dictates that echocardiogra-
phy be performed to evaluate for possible pericardial tamponade, whereas 
a well-preserved y descent argues against this diagnosis.

Constrictive pericarditis and restrictive cardiomyopathy have similar 
hemodynamic findings. Both disorders may be associated with striking 
increases in Pra and Ppw due to limitation of cardiac filling. In restric-
tive cardiomyopathy, the Ppw is usually greater than the Pra, whereas in 
constrictive pericarditis the right and left atria exhibit similar pressures. 
In contrast to pericardial tamponade, the y descent is prominent and 
is often deeper than the x descent. The prominent y descent is due to 
rapid ventricular filling during early diastole, with sharp curtailment 
of further filling during the later portion of diastole. When the x and  
y descents are prominent and roughly equal, the Pra tracing may 
resemble the letter W (or M).29,50 Kussmaul sign may be present. Similar 
physiology may occur when the normal pericardium constrains a right 
heart that is overdistended due to acute RV failure or hypervolemia. As 
with constrictive pericarditis and restrictive cardiomyopathy, acute RV 
failure and hypervolemia may be associated with Kussmaul sign and 
prominence of the x and y descents. Therefore, the Pra tracing alone 
does not differentiate these conditions.

RV infarction may complicate inferoposterior myocardial infarction. 
Clinical findings include hypotension with clear lung fields, Kussmaul 
sign, and a positive hepatojugular reflux. Hemodynamic features 
include an elevation of Pra that may equal (or exceed) Ppw, low cardiac 
output, and near equalization of RVEDP and Ppad.29,50 The Pra tracing 
in RV infarction often reveals prominent x and y descents that deepen 
with inspiration or volume loading.29,50 In the setting of a patent fora-
men ovale, patients with RV infarction may develop hypoxemia due 
to a right-to-left atrial shunt.51 Severe hypoxemia with a clear chest 
radiograph, refractory hypotension, and increased Pra would also be 
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FIGURE 28-26.  Right atrial pressure (Pra) tracings in patients with tricuspid regurgitation. A and B. prominent v waves. C. broad c-v wave with large y descent. Scale in millimeters of mercury.
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consistent with pulmonary embolism. One hemodynamic difference 
between these two conditions is that massive pulmonary embolism 
is characterized by a significant increase in the Ppad-Ppw gradient,33 
whereas the latter should be unaffected by RV infarction.50

Arrhythmia evaluation is sometimes aided by analysis of the Pra 
waveform. Narrow-complex, regular tachyarrhythmias at a rate of 140 to  
180 beats per minute are common in the ICU. It is sometimes difficult to 

differentiate atrial flutter from sinus tachycardia and paroxysmal supra-
ventricular tachycardia, even with the aid of a 12-lead ECG. Although 
the response to adenosine is often the best way to define the underly-
ing atrial rhythm, in some cases atrial flutter may also be diagnosed by 
detection of “flutter” waves in the Pra tracing (Fig. 28-28).29 Similarly, 
the presence of regular cannon a waves during the tachyarrhythmia 
suggests atrioventricular dissociation due to a reentrant supraventricular 
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tachycardia (Fig. 28-29). The Pra tracing may also be of value in defining 
wide-complex premature beats as ventricular in origin if clear-cut can-
non a waves are seen (Fig. 28-28).29

■■ DIAGNOSIS AND MANAGEMENT OF PULMONARY EDEMA
The Ppw is sometimes used to aid in the differentiation of cardiogenic 
and noncardiogenic pulmonary edema. In normal lungs, the expected 
Ppw threshold for hydrostatic pulmonary edema is approximately 22 to 
25 mm Hg. (A higher threshold is common if the Ppw has been chroni-
cally elevated.) When capillary permeability is increased, pulmonary 
edema occurs at a much lower Ppw. An isolated Ppw reading does 
not reliably predict whether pulmonary edema occurred on the basis 
of increased capillary pressure (Pcap) alone or on the basis of altered 
permeability, especially when recorded after a therapeutic intervention. 
Acute hydrostatic pulmonary edema may result from transient myocar-
dial ischemia or increased afterload due to accelerated hypertension, 
in which case the Ppw may have returned to normal by the time it is 
measured. Similarly, patients whose pulmonary edema is due primarily 

to increased permeability may have an increased Ppw due to excessive 
volume expansion.51 In brief, the pathogenesis of pulmonary edema 
formation should not be based solely on the Ppw.

Ppw, the pressure in medium-large pulmonary veins, will always be 
somewhat lower than Pcap (Fig. 28-12). Normally, about 40% of the 
resistance across the pulmonary vascular bed resides in the small veins.52 
When pulmonary arterial and venous resistances are normally distrib-
uted, the Gaar equation predicts Pcap by the formula Pcap = Ppw +  
0.4(Ppa − Ppw).53 Since the driving pressure (Ppa-Ppw) across the vas-
cular bed is normally very low, Pcap will be only a few millimeters of 
mercury above Ppw. However, a significant pressure drop from Pcap to 
Ppw will be present if there is increased resistance in the small pulmo-
nary veins. For example, the markedly increased venous resistance of 
pulmonary venoocclusive disease results in clinical evidence of increased 
Pcap (eg, pulmonary edema, Kerley B lines) despite a normal Ppw.54

Downward manipulation of Ppw by diuresis or ultrafiltration will 
reduce Pcap and may benefit gas exchange in patients with ARDS.11 
There is no minimum value for Ppw below which removal of intravascu-
lar volume is contraindicated, provided that cardiac output is adequate. 
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FIGURE 28-28.  A. Surface electrocardiogram indicates a narrow-complex tachycardia (top). Simultaneous right atrial (RA) pressure tracing (bottom) shows mechanical flutter waves (F) at 
a rate exactly twice that of the ventricular response, indicating atrial flutter with a 2:1 block. B. Premature wide complex (PVC) beat (top) is defined as ventricular in origin by the presence of a 
cannon a wave in the RA pressure tracing. (Reproduced with permission from Sharkey SW. Beyond the wedge: clinical physiology and the Swan-Ganz catheter. Am J Med. July 1987;83(1):111-22.)

FIGURE 28-29.  Left, narrow complex tachyarrhythmia demonstrating regular cannon a waves as a consequence of atrioventricular dissociation, suggesting supraventricular reentrant 
tachycardia. Right, adenosine restores sinus rhythm, with disappearance of cannon a waves. Part, arterial pressure; Pra, right atrial pressure.
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FIGURE 28-30.  Response of right atrial pressure (Pra) to a spontaneous breath. When the Pra remains unchanged (or increases) during inspiration, a positive response to fluid is unlikely. 
(Reproduced with permission from Magder S. Fluid status and fluid responsiveness. Curr Opin Crit Care. August 2010;16(4):289-296.).
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If the clinical problem is severely impaired oxygenation, then a trial 
of diuresis is reasonable as long as cardiac output and blood pressure 
remain within acceptable limits. As with all therapeutic manipulations, 
clinically relevant end points (eg, PaO2, blood pressure, cardiac output) 
should be assessed before and after Ppw reduction.

■■ ASSESSMENT OF PRELOAD AND FLUID RESPONSIVENESS
When afterload and intrinsic contractility are constant, the forcefulness 
of ventricular contraction is determined by end-diastolic fiber length 
(preload).55 Both the Ppw and Pra have been widely used as bedside 
indicators of the adequacy of preload.56 However, factors that alter myo-
cardial compliance (eg, hypertrophy, ischemia) or juxtacardiac pressure 
(eg, PEEP, active exhalation) may profoundly influence their reliability 
for assessing preload. Furthermore, due to variation in the cardiac func-
tion curve among patients, the same preload may be associated with  
different responses to fluid administration.57,58 When faced with a 
patient who has hypotension, oliguria, or tachycardia, the important 
clinical question is whether or not the patient is likely to have a positive 
response to a fluid challenge.59,60

A review of studies that examined the utility of the Ppw in predicting 
fluid responsiveness found that in seven of nine investigations the Ppw 
was no different in fluid responders and nonresponders.61 In agreement, 
a subsequent retrospective analysis of a hemodynamic database reported 
extensive overlap between the Ppw of responders and nonresponders.4 
One study did find a significant inverse relationship between Ppw and 
fluid-induced change in stroke volume, but the degree of correlation was 
only moderate.62 These data indicate that the Ppw does not reliably pre-
dict fluid responsiveness, at least over the range of values encountered 
most often in the ICU.

Overall, the data for Pra as a predictor of fluid responsiveness are 
similar to that described for the Ppw.3,4,61 One study found a modest 
inverse correlation between Pra and the fluid-induced change in stroke 
volume.62 However, a review of the literature reported that three of five 
studies found no difference between the Pra values of responders and 
nonresponders.61 A more recent analysis of additional studies concluded 
that the evidence against Pra as a valid predictor of fluid responsiveness 
was so compelling that it should no longer be used for this purpose.3

Despite the apparent limitation of the Pra for predicting response to 
fluid, it would seem that there might be a threshold value above which 
the likelihood of fluid response would be negligible. Unfortunately, 
while a number of studies have examined Pra as a predictor of fluid 
responsiveness,3,61 relatively few reported data for individual patients 
and those that did included very few individuals with high Pra values 
(eg, ≥14 mm Hg).4,23,62-65 It has been suggested that an increase in cardiac 

output in response to fluid is very unlikely when Pra exceeds 13 mm Hg  
(referenced to midaxillary line).60 However, one retrospective study inclu
ded several individuals who responded to fluid despite a Pra of 14 to 
16 mm Hg.4 In brief, there are insufficient data to determine how reliably 
a high Pra will exclude a positive response to fluid.

In contrast to static parameters such as Pra and Ppw, techniques 
that rely on the hemodynamic response to changes in intrathoracic 
pressure have performed somewhat better at predicting fluid response 
(see  Chap. 34). One of these dynamic methods assesses the response 
of Pra to the decrease in intrathoracic pressure during a spontaneous 
breath. Normally, the decrease in intrathoracic pressure produces a fall 
in Pra, increasing the gradient for venous return from extrathoracic 
veins. However, when the right atrium is at its limits of distensibility, Pra 
may not fall with inspiration. In one study, a positive response to fluid 
was seen in most (but not all) patients whose Pra fell with inspiration.63 
In contrast, when there was no decrease in Pra during the inspiratory 
effort, a fluid challenge seldom produced an increase in cardiac output 
(Fig. 28-30).63 A subsequent study confirmed that patients with an inspi-
ratory decrease in Pra had a much greater probability of responding to 
fluid than did those whose Pra was unaffected by inspiration.23
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ICU Ultrasonography
Paul Mayo
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C H A P T E R

KEY POINTS

•• �Ultrasonography has multiple applications in critical care medi-
cine. The development of high-quality portable bedside machines 
now allows the  frontline intensivist to perform the ultrasono-
graphic examination at the bedside of the critically ill patient. The 
results are applied for diagnostic purposes, to aid in the ongoing 
management of the patient, and for procedural guidance.

•• �The frontline intensivist who is in charge of the management of 
the patient in the intensive care unit (ICU) personally performs 
and interprets the ultrasound scan at the patient bedside. This 
requires mastery of image acquisition and interpretation as well as 
the cognitive elements of the field.

•• �Conceptually, ultrasonography is an extension of the standard 
physical examination, as it allows the clinician to directly assess the 
anatomy and function of the body in a manner that complements 
the traditional bedside physical examination. The examination 
may be limited or goal-directed in scope and repeated whenever 
there is clinical indication. The information derived from the scan 
is then integrated into the overall management plan.

•• �Ultrasonographic examination of the heart (goal-directed echo-
cardiography), thorax (lung and pleura), abdomen (limited scope),  
and venous anatomy (deep vein thrombosis) are key elements of 
critical care ultrasonography. In addition, ultrasonography has 
major utility for guidance of vascular access, thoracentesis, para-
centesis, and pericardiocentesis.

INTRODUCTION
Ultrasonography has multiple applications in critical care medicine. The  
development of high-quality portable bedside machines now allows  
the frontline intensivist to perform the ultrasonographic examination  
at the bedside of the critically ill patient. The results are applied for diag-
nostic purposes, to aid in the ongoing management of the patient, and 
for procedural guidance. The emphasis is on limited or goal-directed 
examination, with serial examinations performed as indicated. This 
chapter will review some important aspects critical care ultrasonography.

GENERAL PRINCIPLES
The intensivist uses observation, palpation, percussion, and auscultation 
as key tools in their assessment of the critically ill patient. Conceptually, 
ultrasonography is an extension of the standard physical examination, 
as it allows the clinician to directly assess the anatomy and function of 
the body in a manner that complements the traditional bedside physi-
cal examination. In accepting this simple principle, the intensivist uses 
ultrasonography at point of care whenever it is indicated, just as they 
would evaluate the patient with standard physical examination methods.

Critical care ultrasonography is performed at the bedside. The front-
line intensivist who is in charge of the management of the patient in 
the intensive care unit (ICU) personally performs and interprets the 
scan. The results are then promptly integrated into the management 
plan. This is very different from the standard radiology or cardiology- 
guided approach to ultrasonography in the ICU. In this latter circum-
stance, the intensivist orders the test. Following some period of time, 
often many hours, the test is performed. Sometime later, a radiologist 
or cardiologist interprets the scan in a reading room without a clear 
understanding of the clinical situation. The combination of time delay 
and clinical disassociation degrades the utility of the results compared 
to the scan performed by the intensivist at the bedside. To compound 
the problem, resource allocation and economic pressures combine 
to limit the ability of radiologists and cardiologists to perform serial 
examinations. Critical illness implies instability and evolution of illness, 
such that serial examinations are an implicit requirement for effective 
management in the ICU. The concept of a limited or goal-directed 
ultrasonographic examination is different than the standard radiology 
and cardiology approach.

Intensivists use ultrasonography within a different paradigm. They 
do not order the test and wait for a delayed result. They do not rely on 
a technician or specialist to perform the examination. They do not try 
to integrate a delayed reading into the immediate clinical management 
of the critically ill patient. Instead, they do everything personally: image 
acquisition, image interpretation, and the application of the results to 
the clinical situation of the moment.

The radiology and cardiology community have been responsible for 
the development of the field of diagnostic ultrasonography. Through their 
work, the technology and validation of the field is fully established. The  
responsibility of the intensivist is to adapt a fully developed tool to 
the  peculiar demands of the ICU. The issue for the intensivist does not 
so much relate to the utility of ultrasonography, but rather to the ques-
tion of how to achieve competence in its use. The intensivist must have 
definitive skill in all components of bedside ultrasonography: image 
acquisition, image interpretation, and the cognitive elements required 
for effective clinical applications. There is no expert radiologist or car-
diologist involved; the intensivist is solely responsible for all aspects of 
the examination.

SCOPE OF PRACTICE AND TRAINING  
IN CRITICAL CARE ULTRASONOGRAPHY
The scope of practice of critical care ultrasonography includes all 
aspects of modalities that have utility for diagnosis and management 
of the critically ill patient. A recent Consensus Statement summarizes 
the important elements that are required for competence in the field1 
and describes a reasonable scope of practice for the field. These include 
thoracic, abdominal, vascular, and cardiac ultrasonography, with the 
latter being subcategorized into basic and advanced echocardiography. 
Advanced echocardiography is not a necessary part of competence in 
critical care ultrasonography for the intensivist, whereas mastery of 
basic echocardiography is a key component of competence.

A recent Consensus Statement summarizes the important elements 
of training that are required to achieve competence.2 This document 
represents the opinion of a working group comprised of 17 national crit-
ical care societies including the three societies from the United States.  
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When combined with the Competence Statement, it serves to guide 
intensivists in planning their training for which there are three inter-
related parts.

	 1.	 Mastery of image acquisition: This includes knowledge of ultrasound 
physics, machine controls, transducer manipulation, ultrasound ana
tomy, and scanning tactics that are specific to each organ system. Skill 
in image acquisition is a mandatory component of competence, as the 
intensivist personally performs the scan. Skill in image acquisition can 
only be achieved with hands-on training. It best starts with deliberate 
practice on normal human subjects followed by supervised scanning 
of patients. The training process may be supervised by a local expert 
who is responsible for ensuring the quality of training. It is recom-
mended that the trainee keeps a logbook of scanning activity and 
develops an image portfolio for review.

	 2.	 Mastery of image interpretation: This includes the ability to iden-
tify the wide variety of normal variants of ultrasound anatomy, as 
well as to recognize a wide range of pathology. This may be achieved 
by scanning of actual patients, but primarily through review of a 
comprehensive image collection.

	 3.	 Mastery of the cognitive elements: These are required to integrate 
ultrasonography with clinical management. This may be achieved 
in blended fashion using textbook, articles, lecture material, and 
Internet-based learning programs. Cognitive training includes 
review of the limitations of intensivist performed ultrasonography, in 
particular when to ask for review of the results by an advanced-level 
ultrasonographer, and when to use alternative imaging modalities.

Training in advanced critical care echocardiography requires a major 
time commitment, a large number of scans both performed and inter-
preted, and comprehensive knowledge of the cognitive elements of the 
field. Most intensivists neither need nor are interested in this level of 
training for typical ICU function. For those who seek this type of train-
ing, the American Heart Association/American College of Cardiology 
has applicable recommendations that can be combined with the optional 
requirement of taking the echocardiography boards.3 La Société de 
Réanimation de Langue Française in France has very specific guide-
lines for training for advanced-level critical care echocardiography that 
include a board-type examination. Training in critical care echocardiog-
raphy includes mastery of transesophageal echocardiography.

EQUIPMENT REQUIREMENTS
The ICU must be equipped with a fully capable ultrasound machine 
on site 24/7 that is under the complete control of the intensivist staff. 
The machine should be equipped with both a standard cardiac trans-
ducer and an additional probe that is designed specifically for vascular 
ultrasonography. A separate abdominal transducer, while desirable, 
adds significant cost to the machine. It is not required as the cardiac 
probe has multipurpose utility and is capable of good-quality thoracic, 
abdominal, and cardiac imaging. There are many types of machines on 
the market. The size and portability of the machine has major implica-
tion for ICU use. A large high-end machine used for cardiology-type 
echocardiography is impractical in a busy ICU. The industry has 
designed portable machines they may be easily positioned, by virtue of 
their small footprint, around the crowded ICU bed. The machine may 
be rapidly detached from the cart to become a handheld unit that is ideal 
to carry to cardiac arrest or rapid response events outside of the ICU. 
These modern units have excellent image quality as well as the manda-
tory memory capability that is required to capture image clips in digital 
format. For those interested in advanced echocardiography, they may be 
configured with full Doppler and TEE capability. While a recent gen-
eration portable machine is desirable, many older generation machines 
have excellent imaging capability. In fact, many of the key elements of 
critical care ultrasonography were fully defined using a machine built 
in 1990.4 Use of a capable older machine results in substantial cost sav-
ings. Because modern portable machines have excellent image quality, 

other qualities are important to consider in making a purchase decision. 
Durability, reliability, ease of operation, and the manufacturer’s repu-
tation for service-related matters are important considerations when  
making a purchase decision.

APPLICATIONS OF CRITICAL CARE 
ULTRASONOGRAPHY

■■ GUIDANCE OF VASCULAR ACCESS
Vascular access is a common procedure for the intensivist. Central 
venous access, arterial line insertion, and challenging peripheral venous 
access are routine in the ICU. Considerations such as unusual body habi-
tus, obesity, or bleeding risk may present special challenges. Peripheral 
venous access may be difficult in patients due to intravenous drug use, 
obesity, or repeated hospitalization. Ultrasound is very useful for guid-
ance of all forms of vascular access.

Ultrasonography allows the clinician to identify contraindications to 
access that are not apparent on physical examination. A thrombus in 
the internal jugular vein will not be detected on physical examination. It 
contraindicates venous access at that site, and it is readily detected with 
ultrasonography. The volume depleted patient with respiratory distress 
may have marked intrathoracic pressure swings that completely obliter-
ate the lumen of the internal jugular or subclavian vein during inspira-
tion. This precludes safe venous access, and yet can only be detected 
with ultrasonography. The intensivist who uses landmark technique 
assumes that the carotid artery lies medial to the internal jugular vein, 
and that the vein is of normal caliber. In fact, there is risk of variant 
position of the vein relative to the artery, as well as of a narrowed venous 
caliber.5,6 Ultrasonography is able to identify variant anatomy, which is 
not detectable with physical examination. In addition to identification of 
dangerous anatomy, ultrasonographic guidance of central venous access 
improves success rate and decreases complication rate at the internal 
jugular,7 subclavian,8 and femoral site.9 Ultrasonographic guidance of 
arterial access has benefit,10 and in difficult peripheral venous access 
cases, ultrasound improves success rate as well.11

The evidence so favors ultrasound guidance for vascular access that 
major quality organizations recommend its use,12,13 and is now a require-
ment for critical care fellowship training in the United States (USA) as 
of July 1, 2012.14

From the point of view of a pragmatic frontline intensivist, it is hard 
to argue against the evident advantage of being able to see the target 
vessel, as opposed to guessing where it is. An argument against ultra-
sonography is that it might degrade the practitioner’s ability to perform 
access using landmark technique when ultrasonography is not available. 
The counter argument is that it may actually improve the landmark 
approach, as the clinician learns the anatomy from ultrasonographic 
examination. Another argument is that it complicates setup for line 
insertion. Compared to the complexity of setup required for prevention 
of central-line infection, the addition of a transducer with sterile probe 
cover is inconsequential. A benefit of ultrasonography is that it greatly 
decreases the number of attempts required for successful insertion in 
difficult cases; while this decreases the risk of mechanical complication, 
it may also reduce the risk of disrupting the sterile field.

■■ GENERAL PRINCIPLES
	 1.	 Ultrasonographic guidance of vascular access is performed with a 

transducer of higher frequency (typically 7.5 MHz) than that used 
for general body ultrasonography. Most transducers are of linear 
design. Microconvex types are available as well, and are useful for 
small area scanning. Compared to a cardiac transducer of lower fre-
quency, the vascular transducer has superior resolution but reduced 
penetration. Most major vessels of interest are close to the surface of 
the body, so are within the depth range of a vascular transducer.

	 2.	 The ultrasound machine should be positioned for maximal ergo-
metric efficiency. This may require repositioning ICU equipment  
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and the patient bed, but it is well worth the effort. Optimal machine 
position is such that the operator can look at the insertion site  
and then the screen with minimal head movement. Gain, depth, and 
screen orientation must be optimized. Real-time guidance of needle 
insertion improves success rate, so that the sterile field must include 
the transducer covered with a purpose built full-length sterile cover. 
It is inappropriate to improvise using a sterile glove as a substitute 
for a full-length sterile probe cover.

	 3.	 The operator may choose a two-person method, where one person 
holds the transducer, while the other inserts the needle. Alternatively, 
a single operator holds the transducer in one hand and performs the 
needle insertion under real-time guidance with the other. This is the 
preferred technique of most operators.

	 4.	 Thoracic, abdominal, and vascular ultrasonography is performed 
with the orientation marker placed on the left of the screen and the 
transducer indicator pointed toward the right side of the patient when 
scanning in transverse plane. In this manner, structures on the left 
side of the screen will correspond to the right side of the body. This is 
identical to the projection used with computerized tomography (CT). 
When performing internal jugular venous access from the head of the 
bed, the operator will need to decide on how to orientate the transducer 
indicator. When scanning from the head of the bed, most operators 
hold the transducer such the indicator that it points toward the patients 
left side, when scanning in transverse plain. In any case, the operator 
should standardize their approach, so as to be able direct the needle in 
predictable fashion during real-time guidance of needle insertion.

	 5.	 For central venous access, it is important to scan both sides of the 
body in order to select the best target. In the internal jugular posi-
tion, there can be significant variation of vessel size. The presence 
of a thrombus prohibits cannulation on the ipsilateral side, and 
relatively contraindicates insertion contralaterally due to the risk of 
bilateral thrombus formation.

	 6.	 In using ultrasonography for real-time needle guidance, the operator 
must choose between transverse and longitudinal scanning planes. 
This is by personal preference, as there is no literature that favors 
one or the other approach. The transverse method requires that the 
operator be able to track the needle tip as it advances toward the target 
vessel. This requires moving the needle tip forward in tandem with 
the movement of the transducer scanning plane. The longitudinal 
method requires that the operator keep the entire needle in clear 
view throughout the insertion. This is difficult, as the thickness of the 
scanning plane may be only 1 to 2 mm. Even minimal deviation of 
the needle from this plane causes loss of tip visualization. With either 
method, repeated practice on an ultrasound mannequin model is an 
essential part of skill acquisition. It is not intuitively obvious how to 
track a needle during insertion, and multiple passes on a well-designed 
task trainer greatly increase success rate at the bedside. Veins are sur-
prisingly compressible, so that a frequent problem is that the needle 
compresses the vein to the extent that the lumen is completely effaced 
without blood return. This is especially common in the internal jugu-
lar position. The operator may pass through the back wall of the ves-
sel, and obtain blood return only upon slow withdrawal of needle as 
it passes through the now open lumen. This should be avoided in the 
subclavian position, due to the close proximity of the pleural surface.

	 7.	 A key element for safe venous access is to distinguish the vein from 
its paired artery. The vein is easily compressible and thin walled 
compared to the adjacent artery. Veins may have mobile thin valves 
and exhibit respirophasic size variation. Attention to image orienta-
tion and scanning technique is helpful in identifying the vessels, 
but is not sufficient to be certain. Unusual positional relationship of 
the artery and vein are particularly common in the internal jugular 
position. Sometimes it may be difficult to differentiate between the 
artery and the vein. For example, severe hypotension may cause 
the artery to be easily compressible. Massive obesity and edema, 
wounds, and dressings may impair definitive ultrasonographic 

visualization. In obese or very muscular individuals, the subclavian 
vessels may be difficult to image. Color Doppler imaging is always 
an option, but is usually not required.

	 8.	 Following needle access and insertion of the wire, a standard safety 
precaution is to reimage the vein before dilation. The requirement is 
to identify the wire lying in longitudinal axis within the vein. This 
is straightforward in the internal jugular and femoral position, but 
more difficult for the subclavian vein. To check wire placement in the 
subclavian vein, the transducer may need to be placed in the supra-
clavicular fossa and angled downward in coronal scanning plane to 
identify the wire as it passes into the great veins of the thorax.

■■ SITE-SPECIFIC ISSUES
Internal Jugular Vein:  As part of the initial ultrasound scan to determine 
which side is best for line insertion, the operator should examine the 
anterior chest in order to rule out preprocedure pneumothorax. This 
precaution holds for the subclavian position as well. This may be done 
with the vascular transducer by identifying sliding lung (see discussion 
below). In thick-chested patients, the vascular transducer may have 
insufficient penetration, so that the cardiac transducer is required to 
identify sliding lung. Following insertion of the line, the anterior chest 
is again examined. Loss of lung sliding when it was present beforehand 
is strong evidence for procedure-related pneumothorax.

In our experience, the internal jugular vein is best accessed using a 
transverse scanning plane. Optimally, the needle is introduced through 
the skin at a point above the point of vessel penetration and advanced 
forward with simultaneous forward movement of the transducer such 
that the needle tip is guided into the vessel. This is often difficult to do, 
and many operators rely on watching for movement of the vessel wall as 
evidence of appropriate needle trajectory. This entails the risk of needle 
insertion outside of the scanning plane. Practice on a task trainer is 
required to refine needle tip control. The proper catheter tip position 
may be documented by ultrasonography.15,16

Subclavian Vein:  When using ultrasonography for guidance, the subcla-
vian vein is best accessed from lateral chest wall location. The insertion 
site may be as far lateral as the proximal portion of the axillary vein. The 
landmark expert is used to a more medial approach with the clavicle as a 
definitive anatomic feature used to guide needle trajectory. With ultraso-
nographic guidance, the operator does not use the clavicle as a primary 
guide, but relies on the ultrasound image. Imaging the needle in its lon-
gitudinal axis allows the operator to insert the needle in real time with 
safety,8 but care must be taken to visualize the entire needle throughout 
the insertion. An oblique scanning plane may cause the operator to lose 
control of the needle tip, as the barrel of the needle may be misinterpreted 
as the needle tip. Loss of needle tip control may result in a pneumothorax.

Femoral Vein:  Femoral venous access under ultrasound guidance is 
straightforward. One benefit for the operator is that ultrasound examina-
tion allows the operator to insert the needle into the common femoral 
vein where it lies medial to the artery. Immediately caudad to the inguinal 
ligament, the vein (now the superficial femoral vein) rotates to become 
deep to the artery. Blind insertion at this point risks arterial injury. 
Ultrasonographic guidance avoids this pitfall of blind insertion technique.

■■ ARTERIAL AND PERIPHERAL VENOUS ACCESS
The principles of ultrasonographic guidance of arterial and peripheral 
venous access are the same as for central venous access. Skill at difficult 
peripheral venous line placement reduces the need for central venous 
access and the risks associated with it.

■■ PITFALLS OF ULTRASONOGRAPHY FOR GUIDANCE  
OF VASCULAR ACCESS

The main pitfall to ultrasonographic guidance of vascular access relates 
to operator skill level. The seasoned intensivist with expert-level land-
mark technique will have no trouble in quickly adopting the method. 
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The inexperienced operator, who is not familiar with the basic elements 
of needle and wire insertion, may have great difficulty with understand-
ing the ultrasound image. Experiential training on an actual patient is 
inappropriate. The best approach is to use a task trainer for both pur-
poses: for the trainee to master the physical aspects of line insertion, fol-
lowed then by training in how to use ultrasonography for guidance. The 
transition from the perfect anatomy of a well-designed task trainer to the 
difficult patient access challenge may still be difficult, and warrants close 
supervision of the trainee.

THORACIC ULTRASONOGRAPHY: LUNG AND PLEURA
Respiratory failure is a common problem in the ICU. Chest radiography 
and chest CT are common imaging modalities, but each has its limita-
tion. The supine chest radiograph may be difficult to interpret related 
to penetration, rotation, and tissue summation artifact, while frequent 
chest CT is impractical, due to the logistical challenges of patient trans-
port. Radiation exposure is also a major consideration with chest CT.17 
Thoracic ultrasonography allows the intensivist to rapidly and repeat-
edly examine the patient in order to identify typical features of lung  
disease. For important findings, it outperforms both the chest radiogra-
phy and physical examination and yields results that are similar to chest 
CT,18 and it has major utility for procedural guidance.

■■ GENERAL PRINCIPLES
	 1.	 Thoracic ultrasonography is performed using a cardiac transducer. 

The small footprint of the transducer allows easy examination 
through the rib interspaces. A vascular transducer may be used for 
better resolution of the pleural interface.

	 2.	 The critically ill patient is generally examined in the supine posi-
tion, making it difficult to examine the posterior chest; however, the 
transducer may be pressed into the mattress and angled anteriorly 
for partial view of this area. If indicated, the patient may be rolled 
to a lateral decubitus position. The transducer is held perpendicular 
to the chest wall and directed through the rib interspace. This yields 
a standard image with the rib shadows on either side to the image, 
the pleural line in central location, and the lung deep to the pleural 
line. By convention, the transducer indicator is oriented cephalad, 
yielding a longitudinal scanning plane. The transducer is moved to 
adjacent interspaces in longitudinal manner such that the examiner 
lays down a scan line encompassing multiple intercostal spaces. In 
organized fashion, a series of scan lines is performed starting on 
the anterior chest wall and then proceeding to the lateral, followed 
by the posterolateral chest wall. In this way, the examiner performs 
multiple two-dimensional tomographic sections, and so is able to 
develop a three-dimensional model of the thorax. A focal area of 
abnormality may be examined in more detail. For example, pleural 
fluid is generally dependent in position in the supine patient, so 
the identification of a safe site for pleural device insertion requires 
focused examination of the posterolateral chest.

■■ FINDINGS OF THORACIC ULTRASONOGRAPHY
Pneumothorax:  Ultrasonography is useful for the detection of pneumo-
thorax. For this application, it is superior to supine chest radiography19 
and similar in performance to chest CT. An anteriorly located pneu-
mothorax may be invisible on the typical ICU chest radiograph, but is 
readily diagnosed with ultrasonography.20 Ultrasonography allows the 
intensivist to rapidly rule out the condition in the patient with acute 
respiratory deterioration while on ventilatory support, postprocedure, 
or as a routine measure during evaluation for acute dyspnea.

The standard ultrasonographic view through an intercostal space 
places the rib shadows on either side of the screen, with the pleural line 
visible about 5-mm deep to the rib periosteum. Examination of the pleu-
ral line normally reveals a respirophasic movement that is called lung 
sliding. This derives from movement of the visceral and parietal pleural 

surfaces across each other with respiration, and is absolute evidence that 
there is not a pneumothorax at that site of examination.21 Cardiophasic 
movement of the pleural line is termed lung pulse; this also rules out 
pneumothorax at the site of the examination.22 In the supine patient, 
the anterior chest may be rapidly examined at multiple points, allowing 
the intensivist to quickly and definitively rule out pneumothorax. In the 
unlikely event of a loculated pneumothorax, other imaging modalities 
may need to be used. Visualization of underlying consolidated lung or 
the presence of alveolar-interstitial changes that start at the pleural line 
also rule out pneumothorax, even in the absence of pleural movement.

While the presence of lung sliding and/or lung pulse rules out pneu-
mothorax with a high level of certainty, the opposite is not true. Absence 
of these findings is suggestive of pneumothorax, but pleurodesis, 
severe underlying lung disease that reduces movement of lung (such as 
pneumonia), or absence of lung inflation may also cause their absence. 
Absence of pleural movement must be interpreted within the clinical 
context. For example, loss of lung sliding following central-line inser-
tion, when it was present beforehand, is strong evidence for a procedure-
related pneumothorax.

When a pneumothorax results in partial collapse of the lung, some 
part of the visceral pleura will still be apposed to the inside of the chest 
wall. By moving the transducer laterally along an interspace, the exam-
iner may be able to identify the point at which there is intermittent lung 
sliding, that is, where the partially collapsed lung moves into the scan-
ning plane coincident with the respiratory cycling. This finding is called 
the lung point, and is diagnostic of a pneumothorax.23

Normal Aeration Pattern:  A frequent cause for ICU admission is respira-
tory failure. The finding of a generalized normal aeration pattern with 
lung ultrasonography or with standard chest radiography in the acutely 
dyspneic patient or the patient on ventilatory support has utility for 
the intensivist. It may suggest such diagnoses as pulmonary embolism, 
airway disease,24 metabolic acidosis, or neurological dysfunction with 
augmentation of respiratory drive. Ultrasonography allows rapid iden-
tification of this pattern, as well as identifying the patient who presents 
with lung disease with focal areas of abnormality.

Normally aerated lung has a distinctive pattern on ultrasonographic 
examination that is characterized by presence of A lines combined with 
lung sliding. A lines are one or more horizontal lines below the pleural 
line. They represent a reverberation artifact, and so are regularly spaced 
at distance that is identical to the skin to pleural line distance. Their 
presence indicates normal aeration pattern at the site of the exami-
nation. By moving the transducer over the chest wall, the examiner 
determines the extent and location of the normal aeration pattern. For 
example, a patient with a lobar pneumonia will have ultrasonographic 
abnormality over the affected lobe, but have A lines elsewhere.

Alveolar Interstitial Abnormality:  A wide variety of disease processes of 
interest to the intensivist result in alveolar or interstitial abnormalities 
identifiable with lung ultrasonography, standard chest radiography, or 
chest CT. Lung ultrasonography is useful in identifying this pattern of 
abnormality. Congestive heart failure, acute lung injury, ARDS, and 
interstitial lung diseases all may cause alveolar or interstitial patterns, 
and are important disease classes in the ICU.

Alveolar and interstitial lung diseases result in the ultrasonographic 
finding of B lines,25 which are comet tail artifacts. These are horizontally 
orientated white lines that originate at the pleural surface and end at the 
lower edge of the image. They efface A lines at any point of intersec-
tion, and, originating at the visceral pleural line, they move with pleural 
movement. If the pleural line is immobile, B lines may also be immobile. 
A few B lines are found in normal individuals in the lower lateral thorax. 
The density of B lines is important. Two or fewer is a single ultrasound 
scanning field is inconsequential, while three or more suggest significant 
pathology. The finding of multiple B lines is highly significant, while a 
confluence of B lines leading to a white image suggests severe disease 
such as acute cardiogenic pulmonary edema. B lines may be focal in dis-
tribution or generalized depending on their cause. Patchy collections of 
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B lines with pleural irregularity are characteristic of primary lung injury 
such as pneumonia, interstitial lung diseases, and ARDS, whereas gener-
alized confluent B lines with smooth pleural surface are typical of hydro-
static pulmonary edema secondary to heart failure.26 The intensity of  
B lines is temporally associated with a variety of disease processes such 
as high-altitude pulmonary edema,27 acute dialysis,28 PEEP-induced lung 
recruitment,29 and resolution of pneumonia.30

Lung ultrasonography may be used to distinguish cardiogenic pul-
monary edema from primary lung injury. As a first step, the finding 
of A lines over the anterior chest indicates that the pulmonary occlu-
sion pressure is less than 18 mm Hg in all cases, and is usually less than 
12 mm Hg.31 A lines therefore rule out hydrostatic or cardiogenic pul-
monary edema. The finding of confluent diffuse B lines with a smooth 
pleural surface is strong evidence of cardiogenic pulmonary edema.26

Alveolar Consolidation:  Alveolar consolidation can be diagnosed with 
ultrasonography.32 Consolidated lung has tissue density. It has similar 
echo density as liver, and so the term sonographic hepatization is apro-
pos. The border between the aerated lung and tissue density of alveolar 
consolidation may be irregular and may exhibit comet tail artifacts. 
Punctate echogenic foci may be visible within an alveolar consolidation. 
These are sonographic air bronchograms. If the air within the bronchus 
moves with the respiratory cycle, the bronchus leading to the area is 
patent.33 Areas of alveolar consolidation may be multifocal, lobar, or 
segmental in distribution depending on the underlying disease process.

The finding of alveolar consolidation on ultrasonography does not 
imply a specific diagnosis. Pneumonia will result in the finding, but so 
will atelectasis due to endobronchial obstruction, ARDS with dependent 
consolidation pattern, or pleural effusion. In the latter case, pleural effu-
sion predictably results in compressive atelectasis of the underlying lung 
with a resultant alveolar consolidation pattern.

Pleural Effusion:  Ultrasonography is well suited to identify fluid, which 
is characteristically hypoechoic relative to surrounding tissue. Pleural 
effusions are common in the critically ill. Ultrasonography is superior 
to supine chest radiography for their identification.18 It also permits 
safe thoracentesis in the patient on ventilatory support.34 Pleural and  
lung ultrasonography are closely connected, and performance of tho-
racic ultrasonography includes routine assessment for pleural effusion. 
In the supine patient, pleural fluid collects posteriorly; therefore, the 
search for fluid focuses on the dependent thorax, excepting the unusual 
situation of a locculated collection.

There are three ultrasonographic features of pleural effusion: (1) a relati
vely hypoechoic space, (2) subtended by typical anatomic boundaries 
(diaphragm, lung, and the inside of chest wall, (3) with typical dynamic 
findings (such as diaphragmatic movement, lung movement, and move-
ment of echo dense material within the fluid collection). The size of the 
effusion may be assessed qualitatively as mild, moderate, or large. Accurate 
estimates of volume require detailed measurements35 that may not be 
required for typical clinical management. An anechoic fluid collection is 
most likely a transudate, whereas fluid that has visible echo dense complex-
ity such as fronding or septations is probably an exudate. Very complex 
pleural effusions, as found with blood or pus within the pleural space, may 
be difficult to image. The dense complexity may make it difficult to differ-
entiate pleural fluid from underlying consolidated lung, and the chest wall 
interface may be unclear. Chest CT is needed in this situation.

A major application of pleural ultrasonography is to guide thoracen-
tesis. This has utility for the intensivist who needs to insert a pleural 
drainage device into the patient receiving mechanical ventilation. In this 
population, inadvertent laceration of the visceral pleural surface may 
result in tension pneumothorax. The goal is simple: to identify a safe site, 
angle, and depth for needle penetration into the pleural fluid. Needle 
insertion may be followed by simple aspiration of fluid in a quantity 
sufficient for diagnostic testing. Alternatively, the needle may be used to 
insert a larger catheter for definitive drainage, or used to pass a wire for 
insertion of a chest tube of whatever size that is indicated using modified 
Seldinger technique.

The procedure is generally performed with the patient in the supine 
position. Small effusions may require further position of the patient to 
obtain a good window for access. The scan should be followed promptly 
by needle insertion without any interval movement of the patient, as 
patient movement may alter the distribution of fluid within the thorax. 
When performing ultrasound-guided thoracentesis, the intensivist seeks 
unequivocal identification of the diaphragm and the underlying liver or 
spleen. The inexperienced ultrasonographer may mistake the curvilinear 
hepato- or splenorenal recess as the diaphragm and the liver and spleen as 
an echo dense effusion, with the catastrophic result of subdiaphragmatic 
device insertion. Definitive identification of the underlying lung that is 
well away from the needle trajectory is required to avoid pleural lacera-
tion. Identification of the inside of the chest wall permits measurement 
of the required depth of needle penetration, as well as determination that 
there is sufficient space between the chest wall and the underlying lung for 
safe needle insertion. The best site is marked and the insertion area pre-
pared in standard fashion. The needle/syringe assembly is inserted at the 
indicated site and depth while duplicating the angle defined by the trans-
ducer in determining the safe trajectory for needle insertion. Wire and 
device placement may be checked during the procedure. Real-time needle 
guidance is not required for thoracentesis. Following the pleural proce-
dure, the examiner should check for procedure-related pneumothorax.

Ultrasonography may be used to guide transthoracic needle inser-
tion into lung and mediastinal lesions. Consolidated lung and pleural 
effusion provide an ultrasound window that allows visualization of 
structures that are ordinarily not visible through aerated lung, as air 
blocks transmission of ultrasound, so that a lung abscess or lung mass 
may be visualized within consolidated lung. This allows percutaneous 
ultrasound guidance of catheter insertion for drainage of lung abscess. 
Pleural symphysis at the site of device insertion must be observed in 
order to avoid pneumothorax during the procedure.

CARDIAC ULTRASONOGRAPHY
Hemodynamic failure and shock are common problems in the ICU. 
Proficiency in echocardiography allows the intensivist to quickly cat-
egorize the cause of shock, to develop a management strategy that is 
based upon direct visual assessment of cardiac function, and to follow 
response to treatment and evolution of disease. The efficiency, safety, 
and usefulness of the technique supports the concept that echocardiog-
raphy is an essential skill for the frontline intensivist. When combined 
with thoracic ultrasonography, there is no other imaging modality that 
gives such immediately useful information.

■■ GENERAL PRINCIPLES
The intensivist deploys cardiac ultrasonography in a manner that is 
different than the cardiology approach. The intensivist responds to the 
patient in shock with immediate beside echocardiography; the study 
is limited and goal directed, the results are immediately used to guide 
management, and the examination is repeated as often as required.

Critical care echocardiography may be divided into basic and 
advanced levels. Skill at basic critical care echocardiography is a requisite 
skill for the frontline intensivist. It is easy to learn and has immediate 
bedside utility. Advanced-level echocardiography requires extensive 
training that is similar in scope to that required in cardiology training 
with the addition of training in aspects of cardiac ultrasonography that 
are not in the standard cardiology curriculum. This level of training 
may not have much utility for the intensivist, nor is it needed for rapid 
assessment of hemodynamic failure. The concept of basic-level training 
has been supported in recent statements from the critical care and emer-
gency medicine specialties.1,36

■■ BASIC CRITICAL CARE ECHOCARDIOGRAPHY
Basic critical care echocardiography allows the intensivist to rapidly assess 
cardiac anatomy and function in the patient who is hemodynamically 
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unstable. The examination typically includes five standard views: para-
sternal long axis (PSLA), parasternal short axis midventricular level 
(PSSA), apical four chamber (AP4), subcostal long axis (SC), and infe-
rior vena cava long axis (IVC). Color Doppler may be used to check for 
severe valvular regurgitation, but the examination does not include use 
of spectral Doppler. The goal is to categorize shock state and to develop 
an immediate management plan based upon the visual qualitative assess-
ment of cardiac anatomy and function.

The PSLA and PSSA are useful for the assessment of left ventricular 
(LV) and right ventricular (RV) size and function, major valve abnor-
mality, septal dynamics, and pericardial effusion. The AP4 view is used 
specifically to identify RV dilation. The SC view is often the only inter-
pretable view in the patient on ventilatory support, so that it is either a 
confirmatory view or the only means visualizing cardiac function. The 
IVC view is used to identify the volume responsive patient.

The information derived from the limited cardiac ultrasonographic 
examination is used to categorize the shock state. A consequential pericar
dial effusion with RV compression pattern may require urgent intervention 
with ultrasound-guided pericardiocentesis. A hypocontractile RV that is 
larger in size than the LV in AP4 view suggests acute cor pulmonale, and 
requires consideration of pulmonary embolism or other cause for acute 
or chronic RV failure. Severe LV dysfunction suggests cardiogenic origin 
for the hemodynamic failure, while major valve abnormality may explain 
the shock state. Severe hypovolemic shock is identified by the presence of 
end systolic effacement of the LV cavity and a very small or virtual IVC. 
A frequent question in management of shock pertains to whether the 
patient will benefit from further volume resuscitation. If the patient is on 
ventilator support and fully adapted to the ventilator, variation in IVC size 
between inspiration and expiration is an indicator of preload sensitivity.37,38  
The finding of normal cardiac function is also useful, as it suggests dis-
tributive shock. Beyond the possibility of categorizing shock state, the 
findings allow the intensivist to direct therapeutic response guided by the 
echocardiographic findings. The study may be repeated as often as needed 
to follow response to therapy as well as evolution of disease.

Basic critical care echocardiography can be mastered in a relatively 
short period of time.39 However, the intensivist needs to cognizant 
of the pitfalls of the technique. Problems with image acquisition and 
interpretation require careful attention to scanning axis and transducer 
position. In the PSLA view, minimal off axis scanning will yield a false 
finding of end systolic effacement. Overrotation in the PSSA view will 
result in a false finding of septal flattening from RV volume overload. In 
the AP4 view, counterclockwise rotation of the transducer will cause an 
enlarged RV to appear to be normal sized. The patient who is tachypneic 
or on ventilator support will have major cardiac displacement with each 
breath. This may alter the tomographic scanning plane during echocar-
diography. Hyperinflation of the lungs, body habitus, or chest dressings 
may degrade image quality. Training and experience are the only solu-
tion to these problems of image acquisition and interpretation.

It is common for the patient in shock to have multiple abnormal 
findings on screening echocardiography. Some may derive from chronic 
disease, some from the acute illness; there may several causes for the 
shock state. For example, severe sepsis may be associated with hypovo-
lemia, LV dysfunction, and vasomotor failure. The intensivist must have 
the cognitive background to apply the ultrasound results to a complex 
clinical situation.

Another key element of basic critical care echocardiography is that 
intensivists must have a clear understanding of the limitations of their 
skill level. Segmental wall analysis, detailed analysis of valve anatomy 
and function, evaluation for endocarditis, or measurement of cardiac 
pressures and flows are beyond the capability of the basic-level echocar-
diographer. The intensivist needs to know when to call for the advanced-
level echocardiographer.

Pericardiocentesis for pericardial tamponade is best performed with 
ultrasonographic guidance.40 The skill set required for ultrasound-
guided pericardiocentesis is identical to that required for thoracentesis. 
The best site, angle, and depth for needle penetration are determined 

with ultrasonography. Following standard site preparation, the needle/
syringe assembly is inserted at the indicated site at an angle defined by 
the transducer. A wire is passed into the pericardial space followed by an 
appropriate catheter. Catheter position may be documented by injection 
of agitated saline.

Cardiac ultrasonography can be used during resuscitation from car-
diac arrest. While chest compressions are underway, the transducer is 
prepositioned for an SC view. During pulse checks, the examiner has  
several seconds to assess cardiac function. Under no circumstances should 
the examination be prolonged beyond that required for pulse check, as 
uninterrupted chest compressions are the mainstay of cardiopulmonary 
resuscitation (CPR). This requires the examiner to be proficient in quick 
assessment of cardiac function. The goal is to identify reversible causes 
for the arrest such as pericardial tamponade, profound hypovolemia, 
or an acutely dilated RV. The heart may show contractile function even 
though there is no palpable pulse. Without cardiac ultrasonography, the 
patient would be labeled as having pulseless electrical activity. In this situ-
ation, further resuscitation effort may be worthwhile. On the other hand, 
complete absence of cardiac activity on echocardiographic examination 
during a CPR event portends a dismal prognosis for recovery, and war-
rants discontinuation of the resuscitation attempt.41,42

■■ ADVANCED CRITICAL CARE ECHOCARDIOGRAPHY
Competence in advanced critical care echocardiography allows the 
intensivist to perform a comprehensive hemodynamic assessment of 
cardiac function. In addition to being skilled in all aspects of standard 
cardiology-type echocardiography, the intensivist is able to measure 
stroke volume, cardiac output (and all derived values), and intracardiac 
pressures including qualitative estimates of LV filling pressure. This 
training level typically includes full training in transesophageal echo-
cardiography, which has particular utility in management of the patient 
with inadequate transthoracic windows.

Compared to basic level, training to advanced level is challenging and 
time consuming. In the United States, a typical approach would be to 
fulfill the requirements for competence in echocardiography as defined 
by the national cardiology societies.3 The intensivist should consider 
taking the echocardiography boards in order to provide definitive evi-
dence of skill in the field.

Vascular Diagnostic:  Intensivists and emergency medicine physicians 
can use ultrasonography for diagnosis of deep vein thrombosis with an 
accuracy that is similar to radiological study.43 Definitive skill at DVT 
study requires only a few hours of training, and the examination takes 
only a few minutes to perform. The ability to rapidly assess for DVT at 
the bedside of the patient with unexplained dyspnea or shock without 
having to wait for a radiology supported study has major advantage, 
given that thromboembolic disease is a common concern in the ICU.

The examination for DVT is performed using a vascular transducer 
with two-dimensional imaging; no Doppler is required. The target 
vessel is examined in transverse axis for the presence of visible clot. If 
none is observed, the vessel is compressed with the transducer. A visible 
clot or lack of compressibility of the vein is diagnostic of a DVT. The 
common femoral, proximal superficial femoral, and popliteal veins are 
examined bilaterally at multiple sites. The axillary and internal jugular 
vein may be examined in similar fashion. The subclavian vein is diffi-
cult to compress, and so the examination may not yield reliable results. 
Obesity, edema, femoral venous access, and wounds may preclude 
adequate examination.

Abdominal Ultrasonography:  The frontline intensivist does not need 
to have advanced-level competence in abdominal ultrasonography. 
Instead, the focus should be on a limited approach. Specific skills of 
interest to the intensivists include the following:

	 1.	 Identification of ascites: Ascites appears as a relatively hypoechoic 
space subtended by typical anatomic boundaries (the abdomi-
nal wall and intra-abdominal organs) in association with typical 
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dynamic changes (gut movement, diaphragmatic movement, shape 
change with force application to the abdominal wall). Initially, asci-
tes collects in the hepato/renal space and in the pelvic area, so the 
examination focuses at these points. Larger amounts accumulate 
in the lateral abdominal area and around both the spleen and liver. 
Identification of ascites may lead to paracentesis. The principles 
of thoracentesis apply as well to paracentesis. The best site, angle, 
and depth and of needle penetration is determined with ultraso-
nography, followed by site preparation and device insertion at the 
indicated site and at the angle defined by the transducer. There 
should be no change in patient position between the scan and the 
needle insertion.

	 2.	 Assessment of renal failure: Obstructive uropathy is an unusual 
but remedial cause of renal failure in the ICU. Renal ultrasonogra-
phy gives information regarding the etiology of renal failure, even 
as it is used to rule out obstruction. The examination is easy to 
perform. Both kidneys are imaged in longitudinal axis. Obstructive 
uropathy causes dilation of the pelvocalceal area with hypoechoic 
urine. The bladder should also be imaged to rule out bladder outlet 
obstruction or a blocked urinary bladder catheter. Small kidneys 
with hypertonic cortex suggest chronic renal failure.

	 3.	 Examination for abdominal aortic aneurysm: An abdominal 
aortic aneurysm is readily identified using a left paramedian sagit-
tal scanning plane in transverse and longitudinal axis between the 
umbilicus and the xiphoid process. The skill may be used when 
indicated for rapid bedside assessment of hemodynamic failure.

Barriers to Implementation of Critical Care Ultrasonography:  Ultrasono
graphy is a well-established imaging modality and is fully validated 
by the radiology and cardiology specialties. The critical care commu-
nity has chosen to adopt this well-established modality to the special 
demands of the ICU. Issues related to cross specialty competition  
and economic control have blocked the rapid dissemination of ultra-
sonography to frontline intensivists. This conflict will diminish as 
ultrasonography becomes a routine part of critical care function, and 
when nonintensivists come to understand that deployment of ultra-
sonography in the ICU will not threaten their traditional domination  
of the field.

The majority of frontline intensivists in the United States do not yet 
have training in critical care ultrasonography. This constitutes a barrier 
to implementation. The National Societies that represent the interests 
of intensivists have taken effective steps in developing training options 
for attending level intensivists. These popular training programs are 
designed for the bedside clinician as well as the clinical faculty who 
are responsible for training a new generation pulmonary/critical care  
fellows. As of July 1, 2012, certain aspects of critical care ultrasonogra-
phy have become a mandatory component of fellowship training, and it 
is likely that others will follow shortly. In this way, within a few years, 
graduating fellows will be competent and ultrasonography will become 
a routine part of critical care practice. The field of critical care ultraso-
nography is developing along similar lines in countries in Europe and 
the Asia-Pacific area.

Critical care ultrasonography requires a paradigm shift in imaging 
strategy. Intensivists have previously been passive participants in the 
imaging process. They ordered the test, but someone else performed 
and interpreted it. The shift occurs when intensivists understand that 
they have both the ability and responsibility to perform the imaging 
themselves. The result is immediate and synergistic with the clinician’s 
comprehensive understanding of the entire case.

CONCLUSION
Ultrasonography is a useful imaging modality in the ICU. When 
used for procedural guidance, it improves the safety and efficiency of 
ICU-related procedures. When used for the bedside evaluation of the 

critically ill, it allows the intensivist to rapidly assess the patient with 
hemodynamic and respiratory failure.44 The combination of focused 
cardiac and thoracic ultrasonography supplemented with vascular 
diagnostic and limited abdominal ultrasonography gives the frontline 
intensivist a powerful tool for diagnosis and management in the ICU. 
The use of ultrasonography represents the adoption of a well-validated 
imaging modality in a new clinical arena. It is very likely that critical care 
ultrasonography will become a routine part of critical care medicine in 
coming years, as intensivists incorporate it into their practice as a logical 
extension of the physical examination.
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Interventional radiology (IR) is a field of medicine devoted to using 
image-guided minimally invasive techniques to improve patient care. 
Rather than being unified by an organ system or disease, interventional 
radiologists are guided by the dictum of “smaller, faster, safer, better” 
therapy. As such, the interventional radiologist treats patients of all demo-
graphics. Commonly, IR procedures are performed instead of traditional 
open surgical procedures because minimally invasive procedures are often 
better tolerated with less morbidity and lower mortality. This is particu-
larly important in critical care patients who often have significant comor-
bidities. The overwhelming majority of procedures offered in the IR suite 
are performed using conscious sedation, which also tends to limit risks 
associated with these therapies. As such, it is critical that patients be able 
to minimally cooperate with interventional radiologists. If patients are 
combative or unable to lie still, anesthesiologists may be required to assist.

WHERE SHOULD THERAPY BE PERFORMED?
Provided appropriate personnel and monitoring devices are available, 
as a general rule, the safest and best place to perform an IR procedure 
is unquestionably in the IR suite. Some very straightforward procedures 
such as drainage of a large, superficial abscess can be done at bedside 
but there are significant disadvantages to initiating IR therapy in the 
ICU. First, the safety and effectiveness of nearly all IR procedures are 
predicated on high-quality imaging. In many procedures, more than one 
imaging modality is used in an IR suite to provide the largest margin of 
safety. For example, when cholecystostomy is performed in the IR suite, 
the gallbladder is punctured using ultrasound (US) guidance and the 
remainder of the procedure is completed using fluoroscopic guidance. 
While it is possible to perform the procedure using only US guidance at 
bedside, sonographic visualization of needles, wires, dilators, and tubes 
may be limited, particularly in large patients. Portable fluoroscopy units 
are typically inadequate because they are awkward, have a small field of 
view, and provide no meaningful radiation shielding. Second, and more 
importantly, an interventional radiologist has a limited ability to recog-
nize and treat any complication that occurs during a bedside procedure. 
Complications that may prove lethal at bedside may be easily handled in 
an IR suite given the superior imaging and immediate access to special-
ized catheters and other equipment. One common dilemma involves the 
patient who needs an IR therapy but is “too unstable” to travel to the IR 
suite. In our collective experience, as a rule of thumb, patients that are 
too unstable to travel are usually also too unstable to undergo IR therapy 
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and may poorly tolerate attempts to initiate therapy at bedside. Clearly, 
there are exceptions and the risks and benefits of any therapy are dic-
tated by local expertise and must be carefully considered and discussed 
among the ICU team and IR team.

PREPROCEDURAL PREPARATION
It is especially important for critically ill patients to be properly prepared 
for IR therapy. If patients are obtunded or combative and will be unable 
to lie still, a consultation with an anesthesiologist is strongly recom-
mended. When possible, coagulopathies should be corrected. When this 
is not possible, procedures should be delayed or modified. For example, 
an arterial sheath may be left in place after completion of angiography to 
be removed later. Heparin should be discontinued at least 2 hours prior 
to procedures and restarted 6 to 8 hours after completion of procedures 
as a drip (no bolus). If the patient is allergic to contrast, preprocedural 
medications should be given whenever possible.

Acceptable guidelines will vary slightly from institution to institution 
but general guidelines for patients to undergo IR therapy are

•• International normalized ratio <2.0
•• Platelets >75,000
•• Contrast allergy premedication: methylprednisolone 32 mg, 12 and 

2 hours prior to contrast administration, diphenhydramine 50 mg, 1 hour 
before contrast administration (ACR Manual on Contrast Media, 2010)

If the patient has renal insufficiency, this should be discussed with the 
interventional radiologist because iodinated contrast material is nephro-
toxic and should be avoided unless absolutely necessary. In many cases, 
alternative contrast agents such as carbon dioxide may be used to facilitate 
therapy. Carbon dioxide enhancement may be used to guide inferior vena 
cava (IVC) filter insertion, transjugular intrahepatic shunt creation, and to 
perform diagnostic angiography below the chest. In the past, gadolinium 
was used in patients with renal insufficiency. Currently, due to the associated 
risk of nephrogenic systemic sclerosis, this practice has been discontinued.

PATIENT MONITORING IN IR
While the level of monitoring equipment and specialized staff varies 
from institution to institution, in general, all state-of-the-art IR suites 
are outfitted with basic patient monitoring equipment including elec-
trocardiography, noninvasive pulse oximetry, and automated blood 
pressure monitoring. Wall suction and oxygen are also ubiquitous and 
newer rooms can monitor end-tidal carbon dioxide, which can detect 
respiratory depression sooner than pulse oximetry. Every IR suite is 
staffed with at least one technologist and one nurse in addition to the 
physician(s) providing therapy. In our hospital, the majority of our IR 
nurses have ICU experience; during procedures, they administer seda-
tion (typically midazolam and fentanyl) and monitor the patient.

Critically ill patients from the ICU should be accompanied to IR 
with equipment and staff that can handle any additional life supportive 
measures. In the authors’ opinion, patients are best served if a physician 
from the ICU also accompanies the patient to the IR suite. In a very 
practical sense, it is impossible for an interventional radiologist to both 
competently perform an image-guided procedure while simultaneously 
directing supportive therapy in a critically ill patient unfamiliar to him 
or her. Optimal patient care dictates constant communication and close 
cooperation between the ICU and IR services throughout this process.

PERCUTANEOUS ABSCESS DRAINAGE

KEY POINTS

•• Interventional radiology (IR) provides a gamut of minimally inva-
sive therapies well suited for the critical care patient population.

•• The dictum of “smaller, faster, safer, better” is the ideal of minimally 
invasive image-guided therapy. In the appropriate patient, this type of 
therapy is invariably better tolerated than more invasive techniques.

•• Three primary image modalities are used to guide IR procedures: 
fluoroscopy, computed tomography (CT), and ultrasound (US). 
Increasingly, hybrid suites are equipped with all three modalities

•• Appropriate ICU-monitoring devices and support personnel must 
be available in the IR suite to best serve the critical care population.

KEY POINTS

•• Percutaneous abscess drainage is the treatment of choice for 
infected, well-defined fluid collections.
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■■ INDICATIONS AND PATIENT SELECTION
Percutaneous drainage is the treatment of choice for abscesses and other 
fluid collections such as urinomas and bilomas. Compared with surgical 
exploration, percutaneous approaches are less invasive and associated 
with decreased mortality.1 In some instances, percutaneous approaches 
are less costly. Percutaneous drainage is particularly favored in critically 
ill patients as they are often not surgical candidates.

When an abscess is suspected in an ICU patient, cross-sectional imag-
ing is typically performed. CT scanning is preferred over sonography. If 
possible, oral and intravenous contrast should be administered. Enteric 
contrast aids in differentiation between an abscess and adjacent bowel 
loops. CT allows superior visualization of adjacent organs and better plan-
ning of the access route. US is operator dependent and limited by patient 
body habitus, dressings, and the inability to penetrate gaseous interfaces. 
However, sonography is superior at detection of septations and loculations 
within a collection and may be used in conjunction with radiography for 
pleural space collections. US may also be sufficient for detection of solid 
organ abscesses. Once a collection is identified, it is crucial to realize that an 
abscess (or biloma, urinoma, lymphocele, hematoma, etc) cannot be diag-
nosed based on the imaging appearance alone. However, a thick enhancing 
wall and gas within the collection suggest the diagnosis (Fig. 30-1).

The size of the collection is also important. It is usually difficult or 
impossible to insert a drainage catheter into a collection, which is only 
1 or 2 cm in diameter, and it should be remembered that a spherical 
collection 2 cm in diameter contains only a little more than 4 cc of fluid. 
With small collections we often perform a simple fluid aspiration with a 
needle. Once a collection is 3 cm or greater in diameter, a pigtail drain-
age catheter can usually be secured.

The main relative contraindication to consider is coagulopathy. We 
routinely obtain coagulation parameters including platelet count, pro-
thrombin time (PT), international normalized ratio (INR), and activated 
partial thromboplastin time (aPTT) and correct any underlying coagu-
lopathy prior to the procedure. Antiplatelet medications are ideally held 
for at least 3 days, though this is often not feasible in emergent situa-
tions. Heparin is typically discontinued for at least 2 hours.

■■ TECHNIQUE
Appropriate antibiotics should be initiated prior to the procedure because 
manipulation of the abscess can result in bacteremia and spread of 

contents into sterile cavities. Conscious sedation is preferred, though 
in select circumstances, general anesthesia may be necessary. In some 
patients, the procedure can be performed with local anesthetic only.  
A thorough review of imaging studies will determine the safest access 
route. The best route is usually the shortest and straightest pathway. 
Ideally, the catheter is placed in a convenient location for ongoing care. In 
solid organ collections, a small amount of normal parenchyma is traversed 
to aid fixation and mitigate against peritoneal or retroperitoneal spillage. 
Large, superficial collections can often be drained sonographically with 
fluoroscopic guidance. US is readily available, typically has a shorter pro-
cedure time than CT, and provides the best visualization of direct needle 
advancement and adjacent vascular structures. Other drainage procedures 
require CT guidance to confirm appropriate catheter positioning. While 
most collections are accessible percutaneously, deep pelvic abscesses 
pose unique problems. The pelvic bones, bladder, bowel loops, and rich 
pelvic vasculature pose many obstacles to a direct percutaneous path. 
Additionally, percutaneous transgluteal drainage is often painful (espe-
cially when above the level of the piriformis muscle) and risks injuring the 
sciatic nerve and sacral plexus. In these cases, US-guided transrectal or 
transvaginal drainage may be necessary. These are surprisingly well toler-
ated with the most frequent complication being catheter dislodgement.2

If the nature of the collection is uncertain, diagnostic fluid aspira-
tion with a 20- or 22-gauge needle can be performed first. If the sample 
obtained is pus, a drainage catheter can be placed.

Large collections can be drained by a one-stick, trocar technique. The 
drainage catheter is preloaded on a sharp stylet. Analogous to place-
ment of a peripheral intravenous line, once the collection is entered, 
the catheter is advanced over the needle into the collection. The stylet is 
then removed and the contents are aspirated. This technique is especially 
useful during endocavitary approaches. Most collections, however, are 
accessed using an over-the-wire Seldinger technique. This allows veri-
fication of successful access prior to the creation of a large bore tract. 
Unless the collection is large, we typically enter the collection with a 
22-gauge needle and coil an 0.018-in guide wire in the collection. Over 
this microwire, a coaxial 5- or 6-French sheath/dilator assembly is then 
advanced into the collection, allowing placement of a 0.035-in wire. 
Over the larger wire, a locking loop catheter with an inner metal or 
plastic stiffener can then be advanced. It is usually necessary to dilate the 
soft tissue tract with fascial dilators prior to final placement of the drain. 
Disadvantages of the Seldinger technique include the potential for loss 
of access and cross-contamination during exchanges.

A wide array of drainage catheters is available. Locking pigtail catheters 
are most commonly used. Most collections can be adequately drained 
with 6- to 12-French pigtail drains, though if the collection contains 
highly viscous fluid or extensive debris, a larger drain may be necessary. 
Contrast can be injected into the drain to better define the collection and 
visualize fistulas. Though the pigtail helps secure the tube, skin sutures 
and adhesive locking dressings add an extra measure of security against 
accidental tube dislodgement. At the time of placement, we strive to 
completely aspirate the collection. The catheter is then placed to gravity 
or bulb suction and output is documented. With thick complex collec-
tions, saline or fibrinolytic irrigation can be used to facilitate drainage.3

■■ IMMEDIATE POSTPROCEDURAL CARE
Close follow-up after catheter placement is essential to ensure adequate 
drainage and detect delayed complications. Normally, the catheter out-
put will gradually taper off. Most drainage catheters are kept in place 
for 3 to 7 days. If output has diminished but the patient has not clini-
cally improved, the catheter should be flushed with a small amount of 
saline to ensure that it is not clogged. If the catheter is not clogged but 
appropriately positioned, catheter exchange or upsize and/or fibrinolytic 
therapy may be necessary. If large volume output persists, an enteric 
fistula may be present. We usually use defervescence, resolution of  
leukocytosis, and catheter output of <10 cc/24 hours as indicators  
of success and will consider catheter removal without repeated imaging 
if these conditions are met. If not, repeat imaging should be performed.

FIGURE 30-1.  Contrast-enhanced abdominal CT demonstrating a thick-walled fluid collection 
with multiple foci of air (arrows) in the right abdomen. The patient was febrile and had an elevated 
WBC count status post right hemicolectomy. Percutaneous abscess drainage revealed frank pus.
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FIGURE 30-3.  Noninfused, axial CT image shows high density within the renal pelvis 
suspicious for pyonephrosis.

■■ RESULTS AND COMPLICATIONS
Technical success exceeds 90% and is immediately apparent. Clinical 
success rates depend on abscess location and complexity, underlying 
immune status, and subsequent fistula formation. Overall, however, 
clinical success ranges from 70% to 90%. Overall complication rates 
for percutaneous abscess drainage range from 10% to 15%, with seri-
ous complications accounting for less than 5% of cases.4 Infectious 
complications may be encountered during primary catheter placement, 
when spread of abscess contents or bacteremia can occur. As a result of 
prolonged catheterization, skin-site infections can occur. Hemorrhage 
can occur from venous or arterial transection or from the development 
of pseudoaneurysms or vascular fistulas. Minor bleeding is usually 
self-limited and managed conservatively. In these cases, temporary tube 
capping, upsizing, or repositioning may help tamponade the bleeding. 
When more substantial hemorrhage is suspected, angiography and sur-
gical consultation are usually necessary. Inadvertent catheterization or 
puncture of adjacent organs or bowel may also occur.

PERCUTANEOUS NEPHROSTOMY

■■ INDICATIONS AND PATIENT SELECTION
In the ICU setting, fever associated with urological obstruction carries a 
high risk of mortality caused by urosepsis, and percutaneous drainage of 
the collecting system is a well-established, first-line option for emergent 
decompression. Most commonly, percutaneous nephrostomy (PCN) and 
percutaneous nephroureterostomy (PCNU) are performed to treat acute 
ureteral obstruction caused by urolithiasis, but they are also indicated 
for symptomatic malignant obstruction as well as for urinary diversion 
from fistulas involving the urinary tract and ruptures complicating other 
modalities such as ureteroscopy. The diagnosis of urinary tract obstruc-
tion is most often made by US or CT. In the ICU setting, US has the 
advantage of portability and provides excellent evaluation of the proximal 
collecting system for stones and obstruction (Fig. 30-2). CT may further 
detect evidence of life-threatening pyonephrosis (Figs. 30-3 and 30-4) or 

emphysematous pyelonephritis, and provides more complete visualiza-
tion of the renal collecting system when required.

In most institutions, the septic patient with a urinary tract acutely 
obstructed by urolithiasis is treated preferentially with percutaneous 
drainage. Ureteroscopic procedures to bypass or remove stones are 
deferred pending interval resolution of hemodynamic instability, fever, 
and leukocytosis. However, published literature comparing percutane-
ous nephrostomy and retrograde ureteral stent placement for the treat-
ment of acute septic obstruction caused by urolithiasis has demonstrated 

KEY POINTS

•• Percutaneous nephrostomy should be performed for urinary diver-
sion when retrograde ureteral stenting fails or is contraindicated.

•• Hematuria is very common after nephrostomy and should slowly
regress over several days. Persistent hematuria suggests vascular injury.

FIGURE 30-2.  ICU patient with sepsis and a history of staghorn calculus. Transverse ultra-
sound image shows hydronephrosis and shadowing caused by a stone within the renal pelvis. FIGURE 30-4.  More craniad image shows calcified stone at the pelvoureteral junction.
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similar technical and clinical success rates,5,6 and both procedures 
remain viable, first-line options for this indication. The presence of 
thrombocytopenia associated with sepsis makes percutaneous access 
less optimal in many cases, and severe, uncorrectable coagulopathy is 
the main, relative contraindication to PCN.7

■■ TECHNIQUE
PCN and PCNU are best performed in the IR suite using a combina-
tion of US and fluoroscopic guidance with the patient in the prone or 
semiprone position under moderate sedation. Preprocedural antibiotics 
are administered unless broad-spectrum antibiotic coverage has been 
initiated prior to referral to radiology. Using Seldinger technique, a 21- 
or 22-gauge needle is advanced through a posterior calyx into the renal 
pelvis under US guidance, urine is aspirated to verify access, contrast 
is gingerly injected, a coaxial dilator is used to convert from microwire 
to standard wire access, and fluoroscopic guidance is used during tract 
dilatation and catheter placement. Performance of a diagnostic neph-
rostogram involves intraluminal distension by contrast material with the 
risk of symptom exacerbation, and is often deferred pending resolution 
of fever and leukocytosis. The retention mechanism of a self-retaining 
catheter (typically locking-loop type) is secured within the renal pelvis 
(Fig. 30-5), and the catheter is placed to gravity drainage. Urine is sent 
for culture and sensitivity testing. When PCNU is required, manipula-
tion of a 5-French catheter and guide wire into the urinary bladder pre-
cedes tract dilatation and internal-external PCNU placement.

■■ POSTPROCEDURE CARE
Patients are carefully observed overnight for evidence of bleeding or 
exacerbation of systemic infection following percutaneous drainage of 
the kidney. Fluid input and catheter output are recorded every shift, and 
broad-spectrum antibiotics are administered until coverage needs are 
dictated by culture and sensitivity results. Catheters typically remain in 
place until fever and leukocytosis have resolved, the cause of the obstruc-
tion has been treated, and adequate time has passed for healing and tract 
formation to minimize the risk of bleeding—typically 1 to 2 weeks.  
In cases involving urolithiasis, stones may pass spontaneously, require 

percutaneous nephrolithotomy by basket or snare in the IR suite, or 
require extracorporeal shock wave lithotripsy by urologists. If prolonged 
PCN or PCNU is required, fluoroscopically guided catheter exchange 
is recommended every 4 to 6 weeks. PCNU catheters can be capped 
for patient comfort if the patient remains asymptomatic. In many cases 
involving neoplastic, fibrotic, inflammatory, or iatrogenic obstruction, 
prolonged internal drainage is preferred to external drainage for patient 
comfort, and the PCN or PCNU can be converted to internal double J 
ureteral stents in the IR suite. Internal stents require routine cystoscopi-
cally guided changes every 3 months by urology.

■■ CATHETER MANAGEMENT
Management of the PCN catheter is typically a combined effort by the 
ICU team and rounding IR staff. Typically, the collected urine progresses 
from blood tinged to clear over 2 to 3 days. Severe bleeding at the time of 
placement may respond to capping the catheter for a few hours to create 
a tamponade effect. Delayed onset of bleeding or persistent low-grade 
bleeding is typically caused by venous injury and addressed by reposi-
tioning or upsizing the catheter under fluoroscopic guidance. Leakage of 
urine around the skin entry site, or lack of timely resolution of clinical 
symptoms, may indicate tube dislodgment or obstruction, and evalua-
tion under fluoroscopy or by cross-sectional imaging may be indicated. 
Inadvertent retraction of the tube can be treated with exchange, if any 
access into the kidney has been maintained, or complete replacement 
if access has been lost. Depending on severity, skin-site infections can 
be addressed with antibiotics and fluoroscopic catheter evaluation, or 
in more severe cases, placement of a new catheter at a different site or 
internalization to a double J stent if this option exists.

■■ RESULTS AND COMPLICATIONS
PCN is successful in cases of dilated, obstructed collecting systems in 
98% to 99% of cases in published literature spanning decades.7 Lower 
success rates are encountered in the absence of pelvocaliectasis and in 
the presence of complex staghorn calculi. Major and minor complica-
tions occur in approximately 10% of patients. The most common major 
complication is sepsis or exacerbation of systemic infection, most com-
monly associated with the presence of pyonephrosis.8 Overdistension of 
the renal collecting system should be strictly avoided in these patients. 
Pleural complications such as pneumothorax, hemothorax, or empyema 
reportedly occur in 9% to 12% of patients undergoing PCN via an inter-
costal window.9 Other reported major complications are less common 
and include hemorrhage and colon transgression.

PERCUTANEOUS CHOLECYSTOSTOMY

■■ INDICATIONS AND PATIENT SELECTION
Patients with acute cholecystitis in the ICU are often at high risk for 
morbidity and mortality associated with surgical treatments such as 
open or laparoscopic cholecystectomy. Percutaneous cholecystostomy 
(PC) has been established as a definitive treatment, a bridge to surgery, 
or a means toward adjunctive, minimally invasive therapies, depending 
on patient presentation.10,11

In the case of acute calculous cholecystitis, surgical cholecystec-
tomy remains the first-line therapy in surgical candidates. In low-risk 
patients, published periprocedural mortality rates of both open and lap-
aroscopic cholecystectomy are typically below 1%.12 In patients deemed 
too unstable to undergo surgery and/or general anesthesia, PC serves as 
bridge to more elective surgery or, in permanently high-risk, comorbid 

FIGURE 30-5.  A locking-loop pigtail nephrostomy catheter has been placed in the renal 
pelvis. Minimal contrast injection shows limited filling of the pelvicalyceal system secondary 
to a combination of intraluminal stones and pus.

KEY POINTS

•• Indications for percutaneous cholecystostomy appear to be increasing.
•• Cholecystostomy catheters must remain in place long enough (usu-

ally >2 weeks) for a track to mature prior to manipulation or removal.
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patients, a bridge to adjunctive therapies such as gallbladder ablation, 
stone dissolution, shock-wave lithotripsy, and/or basket extraction.13-16 
Adjunctive techniques for stone removal have been associated with a 
high rate of gallstone recurrence in retrospective studies—10% to 30% 
per year with a symptomatic recurrence rate of approximately 6% to 
18% per year.17 Therefore, most high-risk patients undergo eventual 
surgical cholecystectomy, and poor candidates may require permanent 
cholecystostomy.

In the case of acute acalculous cholecystitis, the drainage catheter can 
be removed after resolution in most cases, without the need for elec-
tive interval cholecystectomy, since the risk of recurrence is likely to be 
low (<10%) based on retrospective studies.15 Predisposing conditions 
include diabetes, malignancy, burn injury, recent surgery, recent trauma, 
cardiac disease, positive pressure ventilation, and total parenteral nutri-
tion. Establishing the diagnosis remains a clinical challenge since the 
accuracy of US (Fig. 30-6) is approximately 50% to 60%, and the false-
positive rate of nuclear medicine hepatobiliary scans is approximately 
25% to 30%, caused by factors such as liver dysfunction, sepsis, fasting, 
and prolonged total parenteral nutrition. In many cases, a high clinical 
suspicion by the critical care team leads to PC in the setting of soft radio-
logical support. Patients with true acute acalculous cholecystitis typically 
show a quick and marked clinical response to PC.

■■ TECHNIQUE
PC is best performed in the IR suite using US and fluoroscopic guidance 
under moderate sedation, but can be done in select cases at the bedside 
using only portable US guidance. Difficult or complicated cases may 
require CT guidance.

Patients are typically referred to interventional radiology after 
initiation of broad-spectrum antibiotic coverage; otherwise, preproce-
dural antibiotics are administered. Authors have described successful 
applications of both Seldinger and trocar techniques. The advantage of 
Seldinger technique is verification of creation of an access tract to the 
gallbladder using a low-gauge needle prior to dilation and placement of  
a drainage catheter. The advantage of trocar technique is placement of a 
drainage catheter in a single step, without the potential for bile leakage 
associated with serial tract dilatation. In Seldinger technique, a 21- or 
22-gauge needle is advanced into the gallbladder under US guidance, 
bile is aspirated, contrast is gingerly injected (Fig. 30-7), a coaxial 
dilator is used to convert from microwire to standard wire access, and 

fluoroscopic guidance is used for tract dilatation and catheter place-
ment. In trocar technique, a small-bore catheter fitted over a stiffening 
cannula and sharp stylet is advanced as a unit under US guidance, and 
the catheter is advanced off the cannula directly into the gallbladder. 
Most radiologists place self-retaining, locking loop catheters. While 
there is likely no difference in the incidence of peritonitis after trans-
peritoneal versus transhepatic placement, transhepatic placement may 
improve stability during and after placement and is favored by some 
radiologists. Gram stain and culture results of the bile are not sensi-
tive (30%-50%) but may aid in determining specific antibiotic therapy 
when positive.

■■ POSTPROCEDURE CARE
Cholecystostomy catheters are drained to gravity bag, and output is 
monitored every shift. If the cystic duct is indeed obstructed, low  
volumes of clear mucus (50-70 mL) are expected daily. Larger volumes 
of biliary drainage indicate cystic duct patency, and very large volumes 
(>1 L) indicate obstruction of the distal common bile duct and patency 
of the cystic duct, usually the result of stone migration. Management of 
the cholecystostomy catheter is typically a combined effort by the ICU 
team and IR staff. New onset bleeding, leakage of bile around the skin 
entry site, or lack of timely resolution of clinical symptoms may indicate 
tube dislodgment or obstruction, and evaluation under fluoroscopy or 
by cross-sectional imaging may be indicated.

The need for prolonged catheterization should be managed with fluo-
roscopically guided catheter changes every 4 to 6 weeks. After clinical 
resolution, patients with acalculous cholecystitis may undergo contrast 
injection under fluoroscopy. The criteria for catheter removal include 
the absence of gallstones, patency of the cystic and common bile ducts, 
free spillage of contrast into the duodenum (Fig. 30-8), and the verifi-
cation of a mature tract by over-the-wire contrast injection, typically 
present at 4 to 6 weeks (Fig. 30-9). Patients with calculous cholecys-
titis face the options of surgical cholecystectomy, adjunctive therapies 
described above, or permanent cholecystostomy.

■■ RESULTS AND COMPLICATIONS
Technical success exceeds 95%.19 Clinical success is complicated by 
the absence of true cholecystitis in many cases, but is approximately 
60% for patients with suggestive US findings.20 Major periprocedural 

FIGURE 30-6.  ICU patient with sepsis. Transverse ultrasound image of the gallbladder in a 
patient with classic findings of acute acalculous cholecystitis, including marked gallbladder wall 
thickening beyond 3 mm, a small amount of intraluminal sludge, and the absence of gallstones.

FIGURE 30-7.  Cholecystogram with successful wire access into the gallbladder shows  
irregularity of the gallbladder wall, luminal distension, and no filling of the cystic duct indicat-
ing obstruction.
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FIGURE 30-9.  Injection of the cholecystostomy tract with a wire maintaining access in 
the gallbladder demonstrates an intact tract without spillage of contrast into the peritoneum. 
This finding coupled with the findings in Figure 30-3 represent the criteria for safe catheter 
removal. The drain was removed without complications.

complications occur in less than 5% in most published series and 
include sepsis, hemorrhage, abscess, peritonitis, transgression of inter-
vening structures such as the colon, and death.11 Major postprocedural 
complications include inadvertent catheter dislodgment or removal, 
resulting in repeat PC, surgery, or death (<1%).

BRONCHIAL ARTERY EMBOLIZATION

Massive hemoptysis, defined as bleeding greater than 300 mL/24 hours, 
carries a mortality rate of up to 85% in patients treated by conservative 
means.21 Recurrent bouts of moderate hemorrhage are also life threaten-
ing. Death is usually due to asphyxiation rather than exsanguination or 
hemorrhagic shock. Surgical resection can be curative for focal disease, but 
it carries a high mortality rate in the setting of acute hemorrhage. Bronchial 
artery embolization has proven to be an effective and safe treatment.22,23

■■ INDICATIONS AND PATIENT SELECTION
Massive hemoptysis typically occurs in the setting of chronic inflam-
matory lung disease. In 90% of patients, bleeding predominantly arises 
from the bronchial artery. Tuberculosis, sarcoidosis, and cystic fibro-
sis are the most common etiologies. Nonbronchial systemic arteries 
recruited to diseased lung account for 5% of cases. Only approximately 
5% of patients with severe hemoptysis have significant bleeding from the 
pulmonary arterial circulation, however, iatrogenic injury of the pulmo-
nary artery after pulmonary artery catheter insertion should always be 
considered in the critical care setting.

It is imperative that the source of bleeding be localized to the lower 
airways or upper airway. Upper gastrointestinal hemorrhage can occa-
sionally be confused with bronchopulmonary sources. Anticoagulation 
and antiplatelet medications should immediately be discontinued and 
any abnormal coagulation parameters should be corrected. A chest radio-
graph may help localize the site of bleeding (Fig. 30-10A). CT of the chest 
is useful for showing areas of bronchiectasis delineating the bronchial 
artery anatomy, greatly aiding future angiography. Nonbronchial systemic 
arterial supply can also be evaluated. Bronchoscopy is generally useful 
when performed early in the patient’s management, though can be lim-
ited with severe bleeding. Endotracheal intubation, often with a double 
lumen tube to protect the contralateral lung, may be necessary. Bronchial 
balloon occlusion catheters, iced saline lavage, topical medications, laser 
therapy, and electrocautery can also be helpful in selected cases.

■■ TECHNIQUE
Bronchial artery angiography and embolization is typically performed 
via a common femoral artery approach. Bronchial arterial anatomy is 
variable, though typically the origins arise near T5 or T6. Most com-
monly, one or two bronchial arteries are present on each side. A thoracic 
aortogram can be performed to better define the anatomy. On the right, 
an intercostobronchial trunk is common. Special consideration is given 
to potential embolization of the anterior spinal artery, the dominant 
arterial supply to the spinal cord. Given that embolization of the cord 
may cause permanent injury, the procedure may need to be aborted. 
Alternatively, if a microcatheter can be advanced distally beyond any 
spinal arteries, embolization may be pursued.

Once the bronchial artery is catheterized, selective angiography is per-
formed. Often, a 3-French microcatheter is used to obtain more secure 
access into the bronchial artery. Frank extravasation is usually not seen. 
However, hypertrophy, hypervascularity, and aneurysms are commonly 
visualized (Fig. 30-10B). When the artery is abnormal, embolization is  
performed. The goal of treatment is to provide effective embolization with-
out affecting the capillary bed of the bronchus. A wide variety of agents have  

FIGURE 30-8.  Six weeks after cholecystostomy, contrast injection through the drainage 
catheter shows free passage through patent cystic and common bile ducts, and free spillage 
into the small bowel. No gallstones are visible.

KEY POINTS

•• Most clinically significant episodes of hemoptysis are caused by
bleeding from the bronchial arteries.

•• Chronic pulmonary diseases (eg, cystic fibrosis, tuberculosis)
are the most common underlying disorders predisposing to life-
threatening hemoptysis.

•• Bronchial artery embolization is an effective and safe treatment of
massive hemoptysis.
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been used successfully though medium-sized particles are most commonly 
used. The angiogram should be carefully evaluated for potential bronchial 
artery to pulmonary vein shunts. Smaller particles could traverse shunts and 
then enter the systemic arterial circulation. If these shunts are present, larger 
particles or coils may be necessary to close the shunt prior to proceeding 
with the embolization. If the bronchial arteries appear normal or do not 

entirely account for the hemoptysis, a search of nonbronchial systemic col-
lateral supply is performed (Fig. 30-10C).

■■ IMMEDIATE POSTPROCEDURAL CARE
The patient must lie flat for 2 to 6 hours depending on whether or not an 
arterial closure device was deployed. Special attention should be paid to 

FIGURE 30-10.  A. Chest radiograph demonstrates multifocal consolidation and bronchiectasis, worst in the right upper lobe. The patient had multidrug resistant TB and recurrent massive 
hemoptysis. B. Angiography demonstrates an intercostobronchial trunk. The bronchial artery is tortuous and hypertrophied with dense parenchymal blush. C. Angiography of the right internal 
mammary artery (arrowhead) shows pulmonary parenchymal blush (arrow) contributing to the hemorrhage.
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lower extremities to monitor for complications of angiography, particu-
larly groin hematoma, femoral arterial patency, or distal embolization. 
Given the risk of nontarget spinal cord embolization, neuromuscular 
checks should be obtained at frequent intervals.

■■ RESULTS AND COMPLICATIONS
The largest review of bronchial artery embolization documented imme-
diate control of hemoptysis in 91% of 306 patients.24 In the vast majority 
of patients, embolization is treating a symptom of the underlying disease 
rather than the disease itself. As such, rebleeding is not uncommon, espe-
cially in patients with chronic disorders such as cystic fibrosis. Recurrent 
hemoptysis may be due to bronchial artery recanalization, hypertrophy 
of a bronchial artery not previously embolized or visualized, or devel-
opment of nonbronchial systemic collateral arteries. In these cases, the 
procedure can be repeated. Bronchial artery embolization does not inter-
fere with subsequent lung transplantation.

Spinal cord ischemia is exceedingly rare, especially with good-quality 
angiography. It occurs in less than 1% of cases but should be discussed 
routinely with patients in the informed consent process prior to embo-
lization. Transverse myelitis has also been reported but is attributed 
to older ionic contrast media, which is no longer commonly in use. 
Bronchial infarction and bronchoesophageal fistula have been reported 
with the use of liquid embolic agents, which are also not commonly 
utilized currently. Transient chest pain and dysphagia may be encoun-
tered due to embolization of posterior mediastinal and midesophageal 
branches and is usually self-limiting.

CATHETER-DIRECTED ARTERIAL  
AND VENOUS THROMBOLYSIS

■■ INDICATIONS AND PATIENT SELECTION
Endovascular catheter directed thrombolysis is the therapy of choice in 
many patients with acute arterial and venous thrombosis. Removal of clot 
may be performed with a variety of mechanical devices, by administering 
a thrombolytic agent such as tissue plasminogen activator (t-PA), or a 
combination of both. (A review of all types of mechanical thrombectomy 
devices is beyond the scope of this chapter, so this discussion will be lim-
ited to pharmacologic thrombolysis.) Compared to systemic thrombolysis, 
catheter-directed therapy enables a high concentration of thrombolytic 
agent to be deposited in close proximity to or directly within clot. This 
limits systemic complications and facilitates clot dissolution. While any 
vessel in the body may be treated in this manner, in practical terms, this 
type of therapy is most commonly utilized in the extremities. Compared to 
surgical thrombectomy or embolectomy, catheter directed therapy is less 
invasive, does not require general anesthesia, and may successfully treat 
clot in very small vessels not accessible to a surgical embolectomy catheter. 
Compared to surgical therapy, cardiopulmonary complications are less 
frequent with thrombolysis but bleeding complications are more common.

■■ TECHNIQUE
Preprocedure:  Patient selection is critical. Absolute contraindications 
include a nonviable limb (ie, absent motor and sensory function), 
ongoing severe bleeding, and intracranial lesion at risk for hemorrhage. 
Relative contraindications include but are not limited to recent major 

trauma, recent surgery, pregnancy, and ongoing infection. Because 
thrombolytic therapy typically requires at least 6 to 8 hours of con-
tinuous infusion prior to improvement in ischemia, patients with rapidly 
progressing or profound ischemia are better served by more immediate 
clot removal that can be achieved using surgical means. Patients must be 
able to lie flat and cooperate during infusion therapy. The most impor-
tant fact to recognize is that successful thrombolysis merely reestab-
lishes the baseline condition. Therefore, after successful thrombolysis, 
additional therapy such as angioplasty, surgical revision, or anticoagu-
lation must be pursued to ensure a durable result. If no further therapy 
is undertaken, repeat thrombosis is a foregone conclusion.

Checklist:  Pretherapy labs include complete blood count, prothrombin, 
partial thromboplastin, fibrinogen, fibrin degradation products, and 
INR. Blood products should be typed and screened prior to therapy.

Procedure:  For arterial thrombolysis of the leg (Fig. 30-11), the com-
mon femoral artery contralateral to the affected side is the typical access 
site. For venous thrombolysis, the popliteal vein or an infrapopliteal 
vein on the affected side is punctured. After securing access, a vascular 
sheath is inserted. The sheath is used for several functions. It stabilizes 
the infusion catheter, is used to administer a low dose of heparin during 
infusion (typically ∼300 IU heparin per hour), and enables blood to 
be drawn without needle punctures (which are contraindicated during 
thrombolysis). After sheath insertion, either diagnostic angiography 
or venography is performed to assess clot burden and extent. If the 
thrombosed vessel or graft is able to be catheterized, a soft tipped guide 
wire is advanced distally through the clot. This guide wire traversal test 
gives prognostic information regarding potential success of thromboly-
sis. Hard thrombus (ie, chronic and organized) tends to be resistant to 
thrombolysis and portends a poor prognosis for endovascular therapy. 
Commonly, a small dose of thrombolytic agent (eg, 2-4 mg of tissue plas-
minogen activator) is laced directly along the entire course of the clot. 
Subsequently, a multisidehole infusion catheter is positioned directly 
into the clot and thrombolysis is initiated. A variety of thrombolytic 
agents are available for thrombolysis. At the authors’ institution, t-PA 
is used preferentially although there are no data to demonstrate clear 
superiority of one agent versus another. A variety of dosing protocols 
also exist. Commonly during the day, the infusion is performed at a 
rate of 0.5 mg t-PA per hour (eg, 5 mg of t-PA is mixed in a 500-mL 
bag of normal saline and infused at a rate of 50 mL/h) and repeat 
angiogram is performed through the infusion catheter every 4 to  
6 hours. At night, the same concentration of t-PA is infused but is 
continued until the morning. Heparin, which prevents clot from 
forming on the sheath and catheter, is administered through the 
sheath at a rate of approximately 300 IU/h.

■■ IMMEDIATE POSTPROCEDURE CARE
Labs:  We monitor routine labs plus complete blood count, prothrombin time, 
partial thromboplastin time, fibrinogen, and fibrin degradation products.

Common Problems That Occur During ICU Infusion:  Many patients under-
going catheter directed thrombolysis will not be critically ill but need to 
be monitored in the ICU due to the presence of a vascular infusion cath-
eter and heightened risk of hemorrhage associated with thrombolysis.  
Patients are kept at strict bed rest with frequent handheld Doppler 
examinations of the ischemic extremity.

Site Bleeding:  Localized bleeding at the puncture site can usually be 
handled by simply compressing the site for 10 minutes—for refractory 
cases, the t-PA infusion is decreased by 50% with increased compres-
sion. For continued bleeding, infusion is again decreased by 50% and 
heparin discontinued with continued compression. Finally, cryopre-
cipitate is given with continued pressure and infusion is discontinued at 
discretion of physician.

Decreased Fibrinogen:  There is no clear protocol for decreased fibrino-
gen levels. In some institutions, levels are not even monitored. In 

KEY POINTS

•• Catheter-directed thrombolysis is best suited for patients with acute  
(<1 week) arterial or venous thrombosis.

•• Arterial thrombolysis is equivalent or better than surgical throm-
bectomy in many patients.

•• The rationale for performing venous thrombolysis in the lower extrem-
ity is to prevent valvular damage and postthrombotic syndrome.
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FIGURE 30-11.  Catheter-directed thrombolysis. A. Digital subtraction pelvic angiogram showing occlusion of the external iliac artery. B. Fluoroscopic image showing catheter advanced 
through occluded artery. C. Angiogram after thrombolysis demonstrates reestablished blood flow and no evidence of residual clot.
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our hospital, patients are evaluated on a case-by-case basis and 
occasionally, infusion dosage is decreased if levels fall dramatically  
(ie, <100 mg/dL).

Increasing Leg Pain:  Increasing pain is common during arterial throm-
bolysis. The term “storm before the calm” has been coined to explain 
this phenomenon. This often indicates progressive thrombolysis with 
proximal clot regressing and migrating distally. Nonetheless, the limb 
should be examined for motor and sensory loss and the possibility 
of reperfusion injury (eg, compartment syndrome) should always be 
considered. For pain control, morphine 5-mg intravenous is adminis-
tered every 1 to 2 hours as needed.

End Points:  There are four possible end points to thrombolytic infusion.

	 1.	 Reestablishing flow in the graft or vessel with complete clot dissolu-
tion or reestablishing baseline condition.

	 2.	 Thrombolytic stagnation: no change in angiogram with continued 
thrombus over 2 or 3 incremental angiograms.

	 3.	 Complication: remote bleeding, compartment syndrome, irrevers-
ible ischemia.

	 4.	 Maximal dose: generally considered to be 40 mg with catheter 
directed infusion therapy although this is not a firm limit. If throm-
bolysis is progressing and the patient is improving, the infusion may 
be continued at the physician’s discretion.

■■ RESULTS AND COMPLICATIONS
Recently CTA and MRA have been used more liberally to evaluate 
patients with lower extremity pain and suspected acute limb threaten-
ing ischemia. Cross-sectional imaging is helpful to help triage patients 
who may benefit from catheter-directed thrombolysis and helps the 
interventional radiologist to plan the intervention. These noninvasive 
imaging techniques can also help differentiate in-situ thrombosis from 
peripheral embolization in some patients.

Many interventionalists combine mechanical and pharmacologic 
thrombolysis. The general strategy is to “debulk” clot with mechanical 
devices then “clean up” the residual clot using pharmacologic thrombolysis.  
We employ this strategy most commonly for deep venous thrombo
lysis where infusions are commonly protracted and clot burdens are 
larger. The cost effectiveness of this strategy is unclear and is currently 
undergoing further investigation.

There have been three large randomized trials comparing thromboly-
sis with surgical therapy.25-27 Overall, the mortality and limb salvage out-
comes are similar although there are higher rates of bleeding and distal 
embolization when thrombolysis is pursued. The risk of complications 
increases with duration of infusion. In general, thrombolysis is deemed 
appropriate for acute (<14 days) thrombotic or embolic occlusions and 
less effective for chronic occlusions.

The rationale for deep venous thrombolysis is that early removal 
of clot can prevent short- and long-term adverse sequelae in appro-
priate patients. The postthrombotic syndrome may occur in 50% of 
patients treated with anticoagulation and compression stockings and 
is caused by damage to venous valves in the leg. Patients that develop 
this syndrome have edema and skin changes in the affected leg(s). In 
severe cases, venous ulcers occur. Available evidence suggests that early 
removal of clot may preclude postthrombotic syndrome. The National 
Institutes of Health has sponsored the first ongoing multicenter phase III  
randomized controlled trial called the ATTRACT (acute venous 
thrombosis: thrombus removal with adjunctive catheter-directed 
thrombolysis) trial to compare thrombolysis and anti-coagulation to anti-
coagulation alone in patients with symptomatic proximal lower extrem-
ity deep venous thrombosis. The American College of Chest Physicians  
recommends use of thrombolysis in patients with extensive acute  
(<14 days) iliofemoral deep venous thrombosis, good functional status, 
and a life expectancy of greater than 1 year who have a low bleeding risk. 
Correction of underlying venous lesions using angioplasty and stents is 
also recommended.28

GASTROINTESTINAL BLEEDING

Gastrointestinal bleeding (GIB) can be categorized as arising from either 
the upper or lower GI tract. Upper GIB is further subdivided into arterial 
(nonvariceal) and venous (variceal) etiologies. These are important points 
of differentiation as they affect the preangiographic workup and determine 
what endovascular procedures may be required. Active arterial bleeding 
diagnosed with arteriography is treated with embolization, whereas venous 
bleeding may require either a transjugular intrahepatic portosystemic shunt 
placement or possibly balloon-occluded transvenous obliteration (BRTO) 
of gastric varices. The following discussion will focus on arterial GIB.

■■ INDICATIONS AND PATIENT SELECTION
Upper GI Bleeding:  After medical stabilization, upper gastrointesti-
nal bleeding should first be evaluated and managed by endoscopy  
because bleeding can be both diagnosed and treated concurrently. 
Interventional radiologic techniques are used in patients with refractory 
bleeding. If bleeding cannot be localized on endoscopy, either nuclear 
scintigraphy or CTA (discussed below) may be beneficial.

Currently, most IRs perform mesenteric angiography in a bleeding 
patient with intention to treat. In upper GI bleeding, the site of bleed-
ing identified on endoscopy will direct embolization. Bleeding in the 
proximal stomach and fundus is treated by embolizing the left gastric 
artery; bleeding in the antrum or duodenum is treated by embolizing 
the gastroduodenal artery (GDA) (Fig. 30-12). If the site of bleeding is 
able to be localized by endoscopy, embolization will often be performed, 
irrespective of whether or not active extravasation is documented angio-
graphically. This is termed empiric embolization and is widely accepted 
and the standard of care in many institutions.

Lower GI Bleeding:  Lower GI bleeding is typically more difficult to 
diagnose and treat endoscopically compared to upper GI hemorrhage. 
Many endoscopists are reluctant to perform endoscopy in the actively 
bleeding patient without bowel purge, especially if bleeding is brisk. If 
the bleeding site cannot be identified endoscopically or if the source of 
bleeding cannot be controlled, interventional radiology consultation 
is warranted. Surgery is generally considered the last option, although 
endovascular intervention can be considered following failed surgery.

Localization of bleeding is strongly preferred before attempting 
endovascular therapy of lower gastrointestinal bleeding for several rea-
sons. First and foremost, embolotherapy is predicated on the ability to 
visualize the offending lesion. If the site of bleeding cannot be identified 
by nuclear scintigraphy or CTA (see discussion below), it is unlikely to 
be found at conventional angiography and consequently embolization 
cannot be performed. Secondly, endovascular interventions have been 
shown to be more successful when GIB is confirmed and localized.29 
Third, when bleeding is localized, it decreases procedure time by allow-
ing for a more targeted approach. This consequently reduces radiation 
exposure to both patient and physicians and the amount of contrast 
material used during angiography. Minimizing contrast dose is critical 
in patients with borderline azotemia. Finally, conventional angiography, 

KEY POINTS

•• All mesenteric angiograms done for intestinal bleeding are done 
with the intention to treat.

•• Upper gastrointestinal bleeding should be first triaged and treated 
with upper endoscopic methods. Refractory cases of arterial bleed-
ing should be embolized in interventional radiology; refractory 
cases of variceal bleeding should be treated with transjugular por-
tosystemic shunting or balloon-occluded transvenous obliteration.

•• Lower gastrointestinal bleeding should be triaged with either 
nuclear scintigraphy (tagged red blood cell study) or CTA prior to  
angiography.
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while minimally invasive, is not without its own risks including bleeding 
and dissection.

■■ NUCLEAR SCINTIGRAPHY
Historically, radionuclide scintigraphy has been the default diagnostic 
tool used in localizing bleeding prior to endovascular intervention 
(Fig. 30-13). A technetium-99m-labeled red blood cell scan can detect 
bleeding rates as low as 0.2 mL/min, compared with 0.5 mL/min for 
angiography, and can be particularly useful in the setting of intermittent 
GI bleeding. Whereas angiography provides a 10-second glimpse of the 
mesenteric circulation, a bleeding scan allows for interrogation over a 
multiple-hour window, thereby increasing sensitivity for detection of 
GIB, which is commonly intermittent. If bleeding is not visualized on 

nuclear scintigraphy, it will not be seen by conventional angiography 
either. A positive bleeding scan when followed by immediate angiogra-
phy increases the likelihood of a positive angiogram from 22% to 53%30 
compared to performing angiography without nuclear scintigraphy.

■■ CTA
Preparation time for radionuclide scintigraphy can make it impractical 
in the setting of massive emergent gastrointestinal bleeding. Computed 
tomography angiography (CTA) can be performed more expeditiously 
than radionuclide scintigraphy and modern multidetector scanners allow 
for the rapid acquisition of images. CTA protocols typically include an 
unenhanced acquisition to be followed by intravenous contrast-enhanced 
series in arterial and delayed phases. This provides up to a 90-second 

FIGURE 30-12.  A. 63-year-old man with acute upper GI bleeding from a duodenal ulcer. Celiac angiogram shows active extravasation of contrast into the second portion of the duodenum from a pan-
creaticoduodenal branch arising from the gastroduodenal artery. B. Successful microcoil embolization of gastroduodenal artery. Angiogram after embolization shows that hemorrhage has been arrested.

FIGURE 30-13.  A. 77-year-old man with hematochezia and anemia requiring multiple transfusions. Tagged-RBC scan confirmed hemorrhage originating near the hepatic flexure. 
Superior mesenteric artery (SMA) arteriogram shows active extravasation of contrast arising from a branch of the right colic artery in the region of the ascending colon. B. Successful microcoil 
embolization of vasa recta branch. Angiogram after embolization shows no further bleeding. Previously extravasated contrast is seen opacifying the bowel lumen.
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window of time to evaluate for bleeding. A positive CTA study will show 
hyperdense contrast material within the bowel lumen on the arterial 
phase that increases on the delayed phase. Oral contrast should not be 
given because it will obscure contrast extravasation into the bowel lumen. 
CTA, by virtue of the cross-sectional imaging it provides, can also detect 
lesions that are not bleeding at the time of the study. CTA is emerging as 
the preferred first step in evaluation of patients with hemodynamically 
significant acute lower GIB. The primary drawback of CTA is the neces-
sity of intravenous iodinated contrast, which may elicit a hypersensitivity 
reaction or cause renal injury. This can be particularly concerning when 
considering the additional contrast required in a subsequent endovascular 
procedure (although typically, a positive CTA will guide subsequent ther-
apy and minimize the amount of contrast needed during angiography and 
embolization). CTA has a sensitivity of 90.9%, a specificity of 99%, and an 
accuracy of 97.6% in localizing GI bleeding.31 In an animal model, CTA 
has been shown to detect bleeding rates as low as 0.3 mL/min—better than 
conventional angiography, but poorer than nuclear medicine studies.32

If the source of bleeding cannot be identified, angiography is typically 
deferred. However, in cases of hemodynamic instability, preprocedural 
diagnostic imaging may be obviated in favor of direct angiographic 
evaluation. In these circumstances, angiography is the most pragmatic 
option because it allows for concomitant diagnosis and therapy in 
patients who are critically ill. Angiography is even favored over surgery— 
particularly in high-risk surgical patients. It is minimally invasive and 
is associated with lower mortality.29 Additionally, outcomes between 
patients managed with arterial embolization and surgery are similar.33,34

Prior to angiography, the patient’s renal and coagulation status should 
be assessed. Elevated PTT and PT/INR, as well as thrombocytopenia, 
should be corrected. In many patients, correcting an underlying coagu-
lopathy may arrest bleeding. Embolization is unlikely to succeed in the 
setting of coagulopathy. Embolic agents cause vessel obstruction by pro-
viding a scaffold for thrombus formation rather than by pure mechanical 
occlusion. If necessary, blood products may be given intraprocedurally. 
Target INR is <1.5 and target platelet count is >50,000/μL.

Once active hemorrhage is documented and localized with a diag-
nostic radiology study, and the preprocedural labs have been optimized, 
the patient should be transferred immediately to the angiography suite. 
At our institution, we strive to perform angiography within 1 hour of 
radiologic diagnosis of gastrointestinal bleeding.

■■ TECHNIQUE
There are two basic endovascular treatment options: embolization and 
vasopressor infusion. Both aim to decrease perfusion to the site of 
vascular injury and thereby allow for clot formation and subsequent 
endogenous repair of the injured vessel. Embolization is the preferred 
endovascular therapy for acute GIB.

Embolization:  The right common femoral artery is accessed with a 
5-French vascular sheath. Then, using an angiographic catheter the mes-
enteric vasculature in question is selected and angiography is performed. 
Celiac artery and SMA angiograms are performed for upper GI bleed-
ing; superior mesenteric artery (SMA), inferior mesenteric artery (IMA) 
and internal iliac angiograms are performed for lower GI bleeding. The 
primary angiographic findings of bleeding are visualization of active 
contrast extravasation in the arterial phase and contrast pooling in the 
venous phase. Once the site of bleeding is identified, the targeted vessel 
is subselected, often with the use of a smaller microcatheter. The vessel 
is then embolized using any number of embolic agents. Coils are most 
commonly used. Modern endovascular coils are MRI compatible and do 
not preclude subsequent MRI examinations. The fibers of the coil elicit 
thrombosis while the coil itself functions as a scaffold for thrombus.

Many cases of gastrointestinal bleeding are intermittent in nature  
and thus produce negative angiography. As noted above, empiric or blind 
embolization of the vessels supplying the area of concern can be performed 
if no arterial abnormality is seen in upper GI bleeding. This technique is 
feasible in the upper GI tract due to its rich collateral circulation. The left 
gastric artery is embolized if the site of bleeding has been localized to the 

distal esophagus, cardia, or stomach fundus. The GDA is embolized for 
bleeding originating from the remainder of the stomach and duodenum. 
There is no statistical difference in outcomes between patients treated with 
empiric embolization versus embolization after angiographically demon-
strated contrast extravasation.35 Empiric embolization should be avoided 
in patients with prior radiation therapy or bowel surgery (eg, Whipple 
procedure) due to altered vascular anatomy and diminished or absent 
collateral circulation heightening risk of bowel ischemia. Compared with 
the upper GI tract, the lower GI tract is theorized to be at increased risk 
of ischemia due to the absence of significant collateral pathways. While 
there is believed to be a rich intramural vascular network that offers 
some protection against bowel ischemia, it is insufficient to allow for  
routine empiric embolization. Thus, with regard to lower GIB, only active 
bleeding that is visible on angiography is treated.

The overall technical and clinical success of embolization in upper 
GIB is 93% and 67%, respectively.36 Technical success rates of lower GIB 
embolization now approach 100% and 90%, respectively. The rate of 
recurrent hemorrhage after embolization has been reported between 0% 
and 40%.37,38 The higher rate of rebleeding in the upper GI tract com-
pared with the lower GI tract may be attributed to refilling of injured 
vessels through the robust collateral circulation.34 Other factors associ-
ated with clinical failure of arterial embolization include the use of anti-
coagulants, underlying coagulopathy, longer time interval between onset 
of bleed and embolization, increased number of RBC transfusions, hypo-
volemic shock and/or vasopressor use, and corticosteroids.34,36,39,40 It is 
important to remember that embolization does not treat the underlying 
pathology such as with peptic ulcer disease. In these patients, gastric acid 
suppression and treatment of helicobacter pylori are important adjuncts 
to prevent recurrence of bleeding. Fortunately, even if bleeding recurs 
after embolization, it is usually much less severe and the patient is less 
critical, thus allowing for surgical or endoscopic therapy. The incidence 
of surgical intervention for patients with clinically unsuccessful arterial 
embolization is 15% to 20%.36 In some instances, repeat embolization 
can be performed in cases of recurrence. Although reembolization for 
recurrent bleeding poses a theoretical increased risk of ischemic compli-
cations, it does not appear to have a negative effect on clinical outcome.

The overall postembolization complication rate is 6% to 9%.39 
Complications of embolotherapy include access site hematoma, nontar-
get embolization resulting in bowel necrosis, ischemic stricture, arterial 
dissection, and contrast-induced renal failure. Even in technically suc-
cessful superselective embolization, there is a small risk of ischemia. 
Findings of ischemia may include self-limited abdominal pain, elevated 
serum lactate, or asymptomatic discoloration or ulceration on endos-
copy. Incidence of bowel infarction with current endovascular emboliza-
tion techniques is reported to be 0% to 20%.41

Vasopressin:  Once the treatment of choice for lower GI bleeding, vasopres-
sin infusion is now only rarely used as a second-line therapy. Vasopressin 
causes vasoconstriction of the smooth muscle of the splanchnic blood ves-
sels and the bowel wall. In this manner, it decreases perfusion to the site of 
vascular injury to allow for clot formation. So, just as with embolotherapy, 
procedural success is dependent on a normal coagulation cascade.

In terms of angiographic technique, vasopressin infusion is much less 
challenging than embolotherapy. After the right common femoral artery 
is accessed with a 5-French vascular sheath, the SMA or IMA is selected 
with an angiographic catheter. With the catheter tip seated just beyond the 
ostium of the target vessel, vasopressin is infused at a rate of 0.2 U/min  
for 20 minutes. Angiography is repeated to assess for persistent con-
trast extravasation. If this rate is inadequate to stop bleeding, infusion is 
increased to 0.3 or 0.4 U/min and another trial infusion is performed. Once 
an efficacious rate is found, it is continued for 12 hours. Subsequently, the 
rate is reduced by half every 12 hours and concluded with a 12-hour saline 
infusion. If clinical signs of active hemorrhage persist, follow-up angiogra-
phy may be performed. Otherwise, the catheter may be removed.

The waning use of vasopressin is attributable to improved microcath-
eter technology and the preference for immediate angiographic result, 
both of which favor embolization. Nevertheless, this technique may 
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be used in place of embolization when superselective catheterization is 
not technically achievable, such as in patients with tortuous vessels or 
vasospasm. While it can be effective in treating lower GI bleeding, vaso-
pressin has not been shown to be effective for upper GI bleeding. The 
relatively larger vessels from which upper GI hemorrhage usually arise 
may not constrict to the same degree as smaller branches associated with 
lower GI bleeding.

Vasoconstrictor infusion is contraindicated in patients with coronary 
artery or cerebrovascular disease as these conditions may be exacerbated 
by vasopressors. Cardiovascular complications are reported to occur 
in 5% to 8% of patients, including arrhythmias, myocardial infarction, 
and hypertension.42 These effects can be lessened to some degree by the 
concomitant administration of nitroglycerin. Additional complications 
include catheter dislodgement with infusion into a nontarget artery, 
and thrombosis secondary to prolonged catheterization. Overaggressive 
treatment with vasopressin can also lead to mesenteric artery throm-
bosis and bowel infarction. Because of these potential complications, 
intensive care unit admission is usually required when using vasopressor 
therapy. Abdominal cramping and evacuation of accumulated blood 
within the bowel can be a normal occurrence during the initial infusion 
due to the effects of vasopressin on intestinal smooth muscle. If cramp-
ing does not subside within an hour, or if it recurs during the infusion 
period, there should be concern for bowel ischemia. In these events the 
vasopressin dose should be titrated down until the pain is relieved.

Success rates range from 60% to 100%, with the best results obtained 
when treating colonic diverticular bleeding. Rebleeding is a commonly 
cited drawback to vasopressin use with rates ranging from 36% to 
43%.42 It is suspected to occur when the vasospasm-induced thrombus 
is resorbed before the underlying vascular lesion heals. The recurrence 
rate is higher with vasopressin infusion compared with embolotherapy. 
It is also worth noting that vasopressin may be ineffective in the setting 
of extensive atherosclerosis, which prevents adequate vasoconstriction.

■■ VARICEAL BLEEDING
Variceal sources of GI bleeding are distinct from arterial bleeding 
both in etiology and endovascular treatment. For these reasons, it is 
important to distinguish between nonvariceal and variceal sources of 
hemorrhage at the outset. Sources of variceal bleeding include gastro-
esophageal varices from portal venous hypertension (eg, secondary to 
cirrhosis or Budd-Chiari syndrome), and gastric varices from splenic 
vein thrombosis. It is important to recognize that 30% of patients with 
portal hypertension who present with upper GI bleeding actually have 
an arterial source of bleeding.43 Reduction of the portal-venous gradi-
ent usually necessitates a transjugular intrahepatic portosystemic shunt 
(TIPS) creation with or without concomitant variceal embolization.

Gastric varices represent a slightly different pathology and hemody-
namic issue than esophageal varices. The majority of gastric varices are due 
to portal hypertension, while others are secondary to splenic vein throm-
bosis. BRTO is a highly effective and minimally invasive treatment for 
gastric varices particularly in patients who are not suitable candidates for 
TIPS due to poor hepatic reserve. This procedure utilizes an occlusion bal-
loon in order to control the blood flow through prominent draining veins 
of portosystemic shunts (most commonly a gastrorenal shunt) contribut-
ing to the gastric varices. With the shunt outflow occluded, the goal is to 
sufficiently fill the variceal complex with a sclerosing agent and obliterate 
the gastric varices without refluxing into the systemic or portal circulation.

INFERIOR VENA CAVA FILTER PLACEMENT

■■ INDICATIONS AND PATIENT SELECTION
Venous thromboembolic (VTE) disease refers to deep vein thrombosis 
(DVT) and its most severe complication, pulmonary embolism (PE). PE 
is a significant cause of morbidity and mortality in hospitalized patients44 
and in ICU patients in particular.45 Medical therapy remains the first-line 
treatment for DVT and PE with heparin, low-molecular weight heparin, 
or warfarin. The rationale behind medical management is to reduce risk 
of clot extension with rapid initial anticoagulation followed by long-term 
anticoagulation to reduce risk of VTE recurrence. When the risk of 
treatment exceeds risk of recurrent VTE, anticoagulation is terminated.46 
Anticoagulation is associated with a small risk of hemorrhage in many 
patients but in some, bleeding risks can be significant. Patients at risk of 
bleeding include those with thrombocytopenia, gastrointestinal hemor-
rhage, intracranial metastases, and coagulopathies.47 In this group, IVC 
filter placement should be considered instead of anticoagulation.

Indications for IVC filter placement can be divided into therapeutic 
and prophylactic.48 Therapeutic indication refers to documented VTE, 
specifically PE or DVT in the IVC, iliac, and femoral-popliteal system, 
with (1) contraindication to anticoagulation, (2) complication from anti-
coagulation, and/or (3) failure of anticoagulation, that is, recurrent PE 
or DVT progression despite adequate anticoagulation. Therapeutic filter 
placement may also be indicated in some patients with massive PE and 
residual DVT, in patients at risk for further PE, free-floating iliofemo-
ral or IVC thrombus, and severe cardiopulmonary disease with DVT. 
Prophylactic indications remain controversial and refer to cases of filter 
placement without the existence of VTE. These include severe trauma 
(closed head injury, spinal cord injury, multiple long bone, or pelvic frac-
tures) and other high-risk patients. With the advent of retrievable filters, 
prophylactic placement has increased. Currently prophylactic filter use 
accounts for more than half of all filter placement, a significant increase 
from 19% in 1999.49 This correlates with a shift in use from permanent 
filters to retrievable filters and to a large increase in overall filter usage, 
from 49,000 in 1999 to an estimated 259,000 in 2012.50

In general, filter deployment systems are low in profile and range 
from 6F and 12F, making percutaneous placement relatively safe and 
reliable. In addition, the percutaneous approach can be used to perform 
additional procedures such as pulmonary arteriography, central venous 
pressure measurements, and central venous catheter insertion, if needed.

A number of filters are available commercially and can be divided 
into permanent and nonpermanent types. Nonpermanent types include 
retrievable, temporary, and convertible filters. Some practitioners refer 
to the retrievable types as optional as they are approved to be both per-
manent and retrievable. The term temporary is currently used to describe 
a filter that is tethered to a catheter or wire, which protrudes outside the 
patient and must be removed in period of days, not unlike a nontunneled 
central venous catheter, to prevent infection. These types of filter are no 
longer commercially available in the United States. Another type of filter 
is the convertible filter, referring to a type of filter that can be structur-
ally altered to no longer function as a filter but remains in the IVC. No 
convertible filters are currently approved for use in the United States.

The Society of Interventional Radiology Guidelines for use of IVC 
filters states that there are no unique indications for optional vena caval 
filters that are distinct from the permanent types and that the discon-
tinuation of filtration should occur only when the risk of clinically 
significant PE is reduced to acceptable level and is less than the risk of 
having an indwelling filter (Fig. 30-14).51

Over the last decade, retrievable or optional filters have come to dom-
inate the filter device market.52,53 Some retrievable filters are designed 
with a hook at one end that can be engaged using a snare device,  

KEY POINTS

•• Retrievable IVC filters are increasingly inserted in patients requir-
ing caval filtration.

•• Retrievable filters have similar indications as permanent filters  
(eg, failure, complication, or contraindication to anticoagulation). 

These newer devices may be removed within a prescribed time 
period if caval filtration becomes unnecessary.

•• Some retrievable filters appear to have more complications (migra-
tion, strut perforation) compared to permanent filters.
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allowing removal through a long sheath. Another was designed with-
out the hook to be retrieved with a proprietary cone system. Initially, 
retrieval within 10 to 14 days of insertion was recommended owing 
to “endothelialization” of the filter legs and the potential for vein dam-
age with later removal. However, this period has been extended with 
more experience and development of new techniques for retrieval.53 
Venography is required at the time of retrieval to ensure the absence of 
significant thrombus within or around the filter because removal of the 
filter would result in dislodgment of this clot and PE.54,55 In addition, 
prior to retrieval of filters placed for prophylactic indications, a lower 
extremity Doppler US is recommended to exclude DVT. If the Doppler 
US demonstrates DVT, patients should be managed accordingly with 
anticoagulation and the filter may be left in place.

Currently, a number of permanent caval filters are available for patient 
use in the United States. These include the permanent filters: Titanium 
Greenfield™, Bird’s Nest™, VenaTech™, Simon Nitinol™, and TrapEase™. 
Currently available retrievable filters include Optease™, Gunther tulip™, 
Celect™, Meridian™, Option™, and ALN vena cava filters™.

■■ TECHNIQUE
Inferior vena caval filter placement generally requires transport to the 
IR suite. Rarely, in highly unstable patients, filter placement may be 
done at the bedside with portable fluoroscopy equipment. However, the 
lack of high-quality fluoroscopy equipment makes performance of an 

adequate inferior vena cavagram difficult and significant complications 
have been reported when attempting this technique.55 Intravascular US 
may be used to place filters in the ICU as well but this practice is not 
in widespread use in part due to lack of availability and experience and 
additional high cost associated with intravascular US probes.

Either the femoral vein or internal jugular vein may be used for 
access. The internal jugular approach may have advantages in patients 
with extensive pelvic and caval thrombosis, tortuous iliac veins, or mul-
tiple femoral lines. Additionally, this route of access does not require 
patients to lie flat without flexing the hip for 2 to 4 hours as in the 
femoral approach. However, the internal jugular approach requires US 
guidance to avoid carotid puncture and other complications.

An inferior vena cavagram is performed before filter deployment to 
demonstrate the level of the renal veins, the presence of thrombus in the 
IVC, the diameter of the IVC, and the presence of congenital venous 
anomalies or normal variants. After the inferior vena cavagram is  
performed, the puncture site is dilated to a suitable size, and a sheath  
is placed. The filter is introduced through the sheath and deployed with 
the filter tip at the inflow of the renal veins. Infrarenal placement is pre-
ferred to maintain renal vein patency in the event of caval thrombosis 
and to maximize the exposure of trapped clots to blood flow. If throm-
bus extends to the level of the renal veins, if there is inadequate room in 
the infrarenal IVC, or if there is compression of the infrarenal IVC from 
abdominal mass or pregnancy, suprarenal filter placement may be used. 

FIGURE 30-14.  62-year-old woman with gastrointestinal hemorrhage with successful control by coil embolization of the gastroduodenal artery presents with acute DVT. An IVC filter was 
placed due to patient’s contraindication to anticoagulation from recent bleeding. A. Pre-IVC filter placement venogram showed patent IVC. B. Spot image after IVC filter placement showed the 
filter (arrow) in position in the infrarenal IVC. Note the coils (dashed arrow) in the GDA previously deployed for control of duodenal hemorrhage.

section02.indd   222 1/13/2015   2:05:59 PM

http://www.myuptodate.com


CHAPTER 30: Interventional Radiology 223

If there is megacava (IVC diameter >3 cm), bilateral iliac filters may be 
placed.56 The Bird’s nest is another option for vena cava from 3 cm to  
4 cm in diameter but this device is not retrievable.57

■■ IMMEDIATE POSTPROCEDURAL CARE
The patient should be kept at bed rest with close observation of the 
puncture site for 4 hours if coagulation status is normal. For patient with 
a femoral vein puncture, the ipsilateral leg should be kept straight for  
4 hours, as bending at the hip can precipitate bleeding. If the puncture is 
made in an anticoagulated patient, a temporary catheter may be placed 
at the puncture site to prevent bleeding. If there is oozing from the 
puncture site, a purse-string suture should be considered. If indicated, 
heparin can be restarted immediately after local hemostasis is obtained. 
Continued heparin therapy can be helpful to prevent extension of 
thrombus in the legs or pelvis.

■■ RESULTS AND COMPLICATIONS
The rate of breakthrough PE with indwelling filters varies with each par-
ticular filter design but ranges from 0.5% to 3% for permanent filters.48,58  
For the newer retrievable filters, the rate ranges from 0.7% to 4%.53 
However, these numbers should be interpreted with caution as it is 
difficult to compare one type of filter to another and most published 
reports are retrospective with variable study designs. Complications of 
IVC filter placement include caval thrombosis, filter migration, DVT, 
and penetration of IVC to adjacent structures.59 Caval thrombosis var-
ies with filter design and ranges from 2% to 9%. In some patients, caval 
thrombosis should not be considered a “complication” of the filter but 
rather, the filter functioning properly and preventing massive thrombus 
from the legs from migrating to the lungs. For the retrievable filters, the 
most common complications are filter migration and strut perforation 
of the IVC wall.53 In our experience, migration appears to be higher 
with some retrievable filter designs compared to others and compared 
to permanent filters but there are no prospective comparative studies 
confirming this observation. As stated above, retrievable filters should 
be removed when caval filtration is no longer needed. It is impor-
tant to recognize that as a rule of thumb, the longer a filter remains 
in vivo, the more difficult it will be to remove. The reported overall 
retrieval rates range from 12% to 45% with a mean indwelling time of  
72 days. Technical success rates for retrieval are 99% at 1 month, 94% 
at 3 months, and 37% at 12 months with the most common cause of 
retrieval failure being filter tilt and filter incorporation into IVC wall. As 
stated above, filter retrievable should be considered when the risk of PE 
is less than risk of having an indwelling IVC filter.51

TRANSJUGULAR INTRAHEPATIC 
PORTOSYSTEMIC SHUNT

■■ INDICATIONS AND PATIENT SELECTION
The transjugular intrahepatic portosystemic shunt (TIPS) is used to 
treat complications of portal hypertension,60,61 typically variceal hemor-
rhage or ascites refractory to medical or endoscopic management. Portal 
hypertension is reduced by creating a shunt between the portal vein and 
hepatic veins that enables portal venous blood to bypass the liver. Most 
TIPS procedures done for refractory ascites are done electively with 
patients subsequently managed in the ICU after shunt insertion. Many 

TIPS procedures done for variceal bleeding are done semiurgently in 
patients already admitted to the ICU.

Development of varices is common in patients with portal hyperten-
sion and present in 30% to 70% of cirrhotics. Esophageal varices form 
at a yearly rate of 5% to 8% in patients with cirrhosis but only 1% to 2% 
are large enough to be at risk for bleeding.62,63 Variceal bleeding from 
portal hypertension is usually manifest as upper GI bleeding, although 
occasionally, bleeding may occur distal to the ligament of Treitz. Variceal 
bleeding is primarily managed pharmacologically and endoscopically 
with sclerotherapy and/or banding. However, endoscopic treatment is 
not always successful, and recurrent bleeding occurs in about 30% to 
50% of patients. Often, patients with refractory bleeding are then treated 
with TIPS creation. Similarly, portal hypertension–induced ascites or 
hydrothorax is managed medically and (if needed) with paracentesis/
thoracentesis. If ascites or hydrothorax is resistant to medical therapy, 
or when conservative therapy results in the development of renal failure 
or electrolyte imbalances, other types of therapy such as TIPS should be 
considered.

Surgical creation of a shunt from the high-pressure portal system to 
the central venous circulation allowing for decompression of the portal 
system, was performed more frequently in the past but associated with 
significant morbidity and mortality, especially when performed emer-
gently. TIPS is performed percutaneously and it functions like a surgi-
cally created portosystemic shunt, but the TIPS procedure is associated 
with reduced morbidity and mortality.

Indications for TIPS that have been validated in controlled trials 
are (1) secondary prevention of variceal bleeding and (2) refractory 
cirrhotic ascites. Other indications include acute variceal hemorrhage 
refractory to endoscopic treatment, portal hypertensive gastropathy, 
bleeding gastric varices, gastric antral vascular ectasia, refractory hepatic 
hydrothorax, hepatorenal syndrome, Budd-Chiari syndrome, hepato-
pulmonary syndrome, and venoocclusive disease.64

Preprocedure evaluation of an ICU patient who might need TIPS 
procedure should include a gastroenterologist or hepatologist in con-
junction with an interventional radiologist and intensivist from the ICU. 
Although TIPS can be used in an urgent situation to control variceal 
hemorrhage successfully, it must be recognized that urgency is an inde-
pendent predictor of early mortality and stabilizing a patient prior to 
the procedure is preferable when possible. Pre-TIPS evaluation includes 
laboratory evaluation of hepatic and renal function, hepatic imag-
ing with Doppler US, and contrast-enhanced CT or MRI. Portal vein 
patency should be verified. If the portal vein is occluded, TIPS insertion 
at best, is technically very difficult and at worst, impossible.

It is critical to objectively assess patient candidacy. In many patients, 
TIPS will improve symptomatology and may be lifesaving. However, 
in some, TIPS may result in fulminant liver failure, new or worsening 
encephalopathy, or premature death. In patients with variceal hemor-
rhage, pre-TIPS condition (MELD score, APACHE II score, urgent 
indication) is a good indicator of the 30-day survival. Classifications have 
been developed in an attempt to stratify patient risk and predict survival 
after TIPS. The Child-Pugh classification considers the presence and 
degree of ascites and encephalopathy, as well as the serum bilirubin 
and albumin concentrations and the INR. The MELD score is based on 
serum creatinine, bilirubin level, INR, and etiology of the underlying 
liver disease. Prior to development of the MELD score the Child-Pugh 
score was used but it has been shown that the MELD score is a better 
predictor of 3-month outcome than the Child-Pugh score64 and that 
a low MELD risk score is associated with improved survival.65 MELD 
calculators are available online.

Once a TIPS is indicated, fluid resuscitation to treat ongoing bleed-
ing and correction of existing coagulopathies are important to achieve 
and maintain throughout the periprocedural period. In patients with 
ascites, paracentesis prior to the procedure can facilitate safe creation of  
a TIPS. In many instances, general anesthesia or at least involvement  
of an anesthesiologist may be necessary to monitor and manage criti-
cally ill patients with hemodynamic instability.

KEY POINTS

•• TIPS is a second-line therapy used to treat ascites or variceal bleed-
ing refractory to medical and endoscopic management.

•• Covered stents used currently have improved patency compared 
to uncovered stents used in the past, improving the durability of 
the procedure.
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■■ TECHNIQUE
The right internal jugular vein is accessed with US guidance, and a 
venous sheath is inserted from the venotomy site into the IVC. The right 
hepatic vein is catheterized (Fig. 30-15). Wedged hepatic venous pres-
sures and right atrial pressures are measured to confirm portal hyperten-
sion. Using a TIPS needle set, punctures are made from the hepatic vein 
into a portal vein branch. Some interventional radiologists use wedged 
(or balloon occluded) hepatic venography with carbon dioxide to help 
delineate the position of the portal vein although wedged venography is 
not performed at our institution routinely. The carbon dioxide gas dif-
fuses rapidly through the liver parenchyma in a retrograde fashion into 
the portal venous system, providing an image of the portal vein and its 
branches. Using this portal vein image for guidance, a needle is directed 
through the hepatic parenchyma into the portal vein. Pressure measure-
ments between the portal vein and central veins are obtained, and the 
portosystemic gradient is calculated. Direct portal venography is then 
performed to document the anatomy and the presence of varices. The 
tract through the liver parenchyma is dilated and the shunt is created 
with the placement of an endovascular stent-graft (or covered stent). 
Currently, the Viatorr™ stent (Gore, Flagstaff, AZ) is widely preferred for 
TIPS creation and it has been shown to have superior patency compared 
to bare metal stents. After shunt creation, pressure measurements are 

again obtained to confirm the reduction of the portosystemic gradient, 
and venography is performed to document shunt patency and assess 
the degree of variceal filling. A gradient between portal vein and central 
veins of less than 12 mm Hg is desired because pressure gradients above 
this level are associated with recurrent symptoms. If after shunt creation, 
variceal filling is noted with portal venogram, coil embolization of the 
varices can be performed, especially if the portosystemic pressures 
remain higher than desired and the procedure was performed for bleed-
ing indications.

■■ IMMEDIATE POSTPROCEDURE CARE
Following portal decompression with TIPS creation, patients should be 
monitored carefully for at least 24 hours and should continue to receive 
any required blood products. In the past, a routine color duplex US 
of the shunt, as well as the hepatic and portal veins, was obtained 24 
hours after insertion to assess adequacy of flow through the shunt and 
to provide a baseline for subsequent follow-up. However, due to the 
porosity and gas entrapment of the endoprosthesis, blood within the 
shunt cannot be visualized until a few days after the procedure when 
gas has dissipated. Therefore, a routine 24-hour US of the shunt is no 
longer obtained. If there is any question of shunt malfunction, CTA can 
be performed to assess patency.

FIGURE 30-15.  A. Hepatic venogram showed patent hepatic vein. B. After portal vein puncture from the hepatic vein, a catheter was advanced into the main portal vein, and portal 
venogram was performed showing patent portal vein. C. Shunt creation using a covered stent.
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■■ RESULTS AND COMPLICATIONS
Technical success of TIPS is greater than 90% when the portal vein is 
patent. TIPS creation in the presence of a thrombosed portal vein has 
been reported, but technical success rates are lower.67,68 Primary shunt 
patency at 6 months approximates 75% for bare metal stents,69,70 but with 
the Viatorr™ endoprosthesis, the primary patency rate at 12 months is 
79.9% to 84%.71,72 Recurrent bleeding after TIPS occurs in 4% to 17% of 
patients. The main predictors of mortality after TIPS are poor liver func-
tion, urgency, and comorbidities. A 30-day mortality rate of approxi-
mately 15% and a 6-month mortality rate of 30% have been reported. 
The reported 1-year survival rate is 48% to 90% for variceal hemorrhage 
and 48% to 76% for ascites in the bare stent literature. For Viatorr™ stent 
shunts, the survival rate is 65% to 88%.64 The overall mortality rate varies 
by the Child-Pugh classification and patient stability at the time of the 
shunt procedure. A series showed the cumulative 30-day survival rates 
for Child-Pugh classes A and B (91%) and class C (71%).73 These figures 
compare very favorably with surgically placed portosystemic shunts in 
terms of overall morbidity and mortality and the length of postproce-
dure survival.

TIPS creation acutely relieves portal hypertension and its complica-
tions in the vast majority of patients. Shunt stenosis may occur in up 
to 70% of patients with the bare metal stents but covered stents have 
improved long-term patency. Routine surveillance with Doppler US 
is necessary to identify shunt problems requiring further venographic 
examination and intervention. TIPS venography and revision can be 
performed on an outpatient basis in most cases.

Complications of TIPS include shunt dysfunction, neck hema-
toma, liver capsule puncture with or without abdominal hemorrhage, 
hemobilia, or worsening liver failure, sepsis, and stent migration. 
Occasionally, patients develop multisystem organ failure with no 
evident source of sepsis.64 New or worsening encephalopathy appears 
to be more common in the era of covered stents, especially in patients 
with refractory ascites who often have more advanced liver failure 
compared to patients with variceal bleeding. Most patients who 
develop encephalopathy after TIPS can be managed medically with 
antibiotics, protein restriction, and lactulose. In patients who are 
refractory to medical management, shunts can be reduced in size by 

a variety of percutaneous methods and in some patients, shunt occlu-
sion may be necessary.

INTRAVASCULAR FOREIGN BODY RETRIEVAL

Central venous catheters and IVC filters are among the most common 
medical devices inserted in ICU patients. On occasion, fragmentation 
and migration of catheters or filters within the vascular system may 
occur, necessitating removal. Endovascular retrieval is the treatment of 
choice; the alternative, surgery, poses greater risks and requires general 
anesthesia. Other implantable devices at risk for migration include 
stents, embolization coils, pacemaker leads, and guide wires.

■■ INDICATIONS AND PATIENT SELECTION
Catheter fracture and migration can occur at the time of placement or 
removal, or may even occur during day-to-day usage. Catheter tips should 
routinely be inspected at the time of removal to ensure that the catheter has 
been removed in its entirety. Because the integrity of the catheter material 
deteriorates with time and usage, the risk of catheter fracture increases with 
dwell time of the catheter. Catheter fracture can also occur secondary to 
“pinch-off syndrome” when the catheter is repeatedly compressed between 
the costoclavicular ligaments and first rib leading to fatigue and finally 
breakage (Fig. 30-16). It is important to recognize that this phenomenon 
is unique to catheters placed in the subclavian vein.74 Fragmentation of 
IVC filter struts is an increasingly common complication that may be 
related to the increasing use of retrievable filters in lieu of permanent fil-
ters and their long dwell times. Intact filters can be complicated by struts 
perforating structures outside the IVC wall.75

FIGURE 30-16.  A. “Pinch-off” phenomenon. Chest radiograph shows subclavian port catheter has fractured and the distal tip has migrated to the right atrium. Incidentally, a second 
catheter fragment is present in the coronary vein. B. Fluoroscopic image shows ensnared catheter fragment being removed.

KEY POINTS

•• Percutaneous image-guided intravascular foreign body retrieval 
should be pursued prior to surgical therapy.

•• If foreign bodies are not removed acutely, they may become impos-
sible to retrieve later due to endothelialization and incorporation 
into the adjacent vasculature.
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Objects that have embolized in the vascular system cause septic com-
plications, perforating injuries of the vessel wall, and/or can serve as a 
nidus for thrombus formation and subsequent emboli. Cardiopulmonary 
migration of foreign bodies poses risk of cardiac arrhythmias or perfora-
tion.74 If a right-to-left shunt is present, such as with a patent foramen 
ovale, there is also a risk of paradoxic emboli and stroke.

Foreign body embolization is commonly asymptomatic and may be 
unrecognized until incidentally noted on a diagnostic imaging study. On 
the other hand, symptomatic migration may also manifest with palpita-
tions, chest pain, cough, or dyspnea. Catheter dysfunction, including 
inability to aspirate or localized pain or swelling with flushing, can hint 
at catheter fracture and/or embolization.74 A plain radiograph is the best 
initial diagnostic study to evaluate positioning and integrity of medical 
devices. Venous catheter and filter fragments tend to embolize centrally 
to the right heart and pulmonary outflow tract. Hence, a chest radio-
graph is most appropriate. In contrast, objects lost in the arterial system 
will embolize peripherally. CT may be helpful in some instances to plan 
endovascular retrieval or to assess vessel perforation of foreign body 
identified on radiograph.

When considering endovascular retrieval one should first compare 
the risk of complications that may arise during attempted removal 
against the risk of leaving the object in place. Complications associated 
with endovascular retrieval include access site hemorrhage, vascular 
wall trauma, including dissection and perforation, and injury to cardiac 
valves. Foreign bodies that have been present for prolonged periods of 
weeks to months may become incorporated into the wall of a vessel or 
in the endocardium, and may serve as a nidus for thrombus formation. 
Attempts at grasping such objects can disrupt and embolize thrombus 
or cause vessel wall injury.

■■ TECHNIQUE
Preprocedural considerations, including the use of moderate sedation 
and correction of coagulation parameters, are similar to other cases 
in interventional radiology. Particular attention is given to cardiac 
monitoring due to the risk of inducing arrhythmias when manipulating 
retrieval instruments and foreign bodies within the heart. Intravenous 
contrast is rarely necessary. The common femoral vein or internal jugu-
lar vein are the most common access sites for endovascular retrieval. 
Sheath size is chosen so that it can accommodate the foreign body once 
it is trapped. Commonly employed sheath sizes range from 6 to 16 
French. In some cases, a second access is needed to allow for a second 
instrument to help positioning the foreign body for successful retrieval. 
A snare device is most commonly used. Other options include retrieval 
baskets and grasping forceps. Once captured, the foreign body is pulled 
out through the vascular sheath. Rarely, a vascular cut down is necessary 
to deliver the object if it is too large or not sufficiently pliable to pass 
through the vascular sheath.
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Endovascular foreign body retrieval success rates are estimated at bet-
ter than 90%. Failure can be due to endothelialization of the object into 
the vessel wall or endocardium. In many of these instances, the retained 
foreign body presents a low risk to the patient and may be followed  
with imaging.
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31
C H A P T E R

This chapter reviews several essential concepts of normal cardiovascular 
function as a basis for approaching and correcting disturbed circulation 
in critical illness. It begins with a discussion of left ventricular (LV) 
pumping function and an approach to ventricular dysfunction. Then 
follows a review of the mechanisms by which the venous return (VR) 
to the heart is controlled by the systemic vessels as a basis for diagnosis 
and treatment of hypoperfusion states. The pulmonary circulation and 
factors governing lung liquid flux are described through measurements 
obtained by right heart catheterization to provide an approach to treat-
ing pulmonary edema without compromising adequate peripheral 
perfusion. Along this discussion pathway, common mechanical interac-
tions between respiration and circulation are highlighted as a basis for 
understanding the cardiovascular diseases discussed in the following 
chapters in this section and in the next section on pulmonary disorders 
in critical illness.

A primary role of the cardiovascular system is to deliver energy 
sources from the gut and liver and oxygen from the lungs to all sys-
temic organ systems for their aerobic metabolism; effluent from these 
tissues removes the waste products of metabolism and delivers them 
to the lungs, kidney, and liver for excretion. This process is facilitated 
by return of the entire circulation through the lungs, where CO2 is 
eliminated and O2 is taken up to arterialize the blood. As depicted 
in Figure 31-1, this central circulation is located within the thoracic 
cavity; movement of gas between the atmosphere and the alveolar 
space is caused by the respiratory muscles, especially the diaphragm, 
depicted as a piston at the floor of the thoracic cavity. Beyond effect-
ing ventilation to permit pulmonary gas exchange, active movement of  
the piston decreases the pleural pressure (Ppl), which approximates the  
pressure on the outside of extra-alveolar vessels including the right 
and left hearts (depicted as chambers labeled Pra [right atrial pressure] 
and Pla [left atrial pressure]); changes in alveolar pressure (Pa) affect 
pressures within alveolar vessels. Once the blood leaves the lung and 
enters the left heart, the ventricular pumping function ejects blood into 
the stiff, high-resistance arterial circulation to perfuse the systemic 
capillary beds, where O2 is consumed and CO2 is taken up before the 
venous blood returns to the right heart through the large-volume, very  
compliant, low-resistance venous circuit.1,2

KEY POINTS

•• Left ventricular (LV) stroke volume (SV) creates arterial pulse pres-
sure (PP) by distending conducting vessels during systole, and sys-
temic vascular resistance (SVR) preserves diastolic pressure (DP) 
by impeding SV from flowing through arterioles during diastole.

•• This coupling of ventricular and vascular elements allows rapid 
clinical separation of hypotensive patients into those with increased 
SV and cardiac output (Q̇t) demonstrating bounding pulses with 
large PP, low DP, and warm digits (low SVR, high Q̇ t hypotension, 
or septic shock) from those who demonstrate thready pulses with 
small PP and cool digits signaling low SV and Q̇t with increased 
SVR, as in cardiogenic or hypovolemic shock.

•• LV pumping function is described by relating LV end-DP as esti-
mated by pulmonary wedge pressure (Ppw) to SV; LV dysfunction 
is signaled by increased Ppw and decreased SV and may be due to 
systolic or diastolic dysfunction.

•• Systolic dysfunction, or decreased contractility, connotes 
increased LV end-systolic volume for a given LV end-systolic 
pressure that is approximately the mean blood pressure (BP); 
common causes of acute systolic dysfunction in critical illness 
are myocardial ischemia, hypoxia, acidosis, sepsis, intercurrent 
negative inotropic drugs (β or calcium blockers), and acute-on-
chronic systolic dysfunction in cardiomyopathies.

•• Diastolic dysfunction connotes decreased LV end-diastolic 
volume despite increased Ppw because the heart cannot fill 
normally; common causes of diastolic dysfunction in critical 
illness are pericardial tamponade or constriction, positive end-
expiratory pressure (PEEP), or other causes of increased pleural 
pressure as in pneumothorax, pleural effusion, or abdominal 
distention, ventricular interdependence in acute right heart syn-
dromes, and chronic LV stiffness as in LV hypertrophy.

•• Early differentiation between diastolic and systolic dysfunctions 
in critical illness is aided by a questioning approach and dynamic 
imaging such as echocardiography; this avoids inappropriate and 
ineffective therapy for the wrong etiology of LV dysfunction.

•• Venous return (VR) to the right atrium is controlled by mechanical 
characteristics of the systemic vessels (unstressed volume, vascular 
capacitance, vascular volume); together these determine the mean 
systemic pressure (Pms) responsible for driving VR back to the 
right atrium (Pra) through the resistance to VR.

•• For a given Pms, VR increases as Pra decreases to define the VR 
curve of the circulation, whereas SV and Q̇t from the heart increase 
as Pra and preload increase to define the cardiac function curve that 
intersects the VR curve at a unique value of Pra where VR = Q̇t.

•• When Q̇t is insufficient, volume infusion, baroreceptors, or 
metabolic receptors can increase Pms to increase VR and 
Pra; this effect is mimicked by venoconstricting drugs such 
as norepinephrine or phenylephrine; alternatively, VR can 
be increased by positive inotropic (dobutamine) or after-
load-reducing (sodium nitroprusside, fenoldopam) drugs that 
decrease Pra by enhancing cardiac function.

•• In hypovolemic shock, hemostasis and volume resuscitation are essen-
tial, whereas arteriolar constricting agents such as norepinephrine 
may be used briefly to provide a window of higher BP; in septic shock,  

considerable volume resuscitation is needed due to nitric oxide–
mediated venodilation and decreased Pms, positive inotropic 
agents such as dobutamine treat the myocardial depression, and 
arterial vasoconstrictors such as norepinephrine may be needed to 
maintain BP despite high Q̇t due to very low SVR.

•• In cardiogenic shock, preload reduction (morphine, nitroglycerin, 
furosemide) is effected by venodilation and decreased Pms, but 
VR often increases because cardiac function improves to decrease 
Pra; arterial dilating drugs often increase Q̇t from the injured LV, 
so BP may even increase despite impaired contractility and Q̇t 
without increasing myocardial O2 consumption when heart rate 
does not increase.

•• Early airway control and continuous mechanical ventilation 
decrease oxygen consumption and prevent respiratory acidosis but 
may decrease VR further in hypovolemic patients by raising pleu-
ral pressure and Pra; in cardiogenic shock, continuous mechanical 
ventilation and PEEP have less effect on VR and may increase Q̇t 
by decreasing LV afterload.

•• Cardiogenic and low-pressure pulmonary edema are decreased by 
decreasing Ppw, and Q̇t and oxygen delivery can be maintained at 
low Ppw with vasoactive drugs and blood transfusion; arterial oxy-
genation can be supported with PEEP without decreasing Q̇t and 
oxygen delivery by effecting PEEP and tidal volumes that achieve 
90% O2 saturation of an adequate hematocrit on a nontoxic frac-
tion of inspired O2 without profound acidosis.
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VENTRICULAR DYSFUNCTION IN CRITICAL ILLNESS

■■ VENTRICULAR-VASCULAR COUPLING
Figure 31-2 illustrates the typical events in the two phases of ventricular 
activity: active contraction (systole) and relaxation (diastole). In diastole, 
the left ventricle fills through the open mitral valve from the left atrium 
while the aortic valve is closed. After electrical stimulation and contrac-
tion of the left ventricle in systole, a stroke volume (SV) is ejected into 
the proximal arterial chamber. Because more blood is being ejected than 
runs off through the peripheral resistance located in the distal arterioles, 
the arterial walls are distended outward, thus raising the pressure (P)  
in inverse proportion to the capacitance (C = ΔV/ΔP) of the walls of 
the larger arteries proximal to the resistance vessels. As the ventricle’s 
volume (V) decreases, its ability to generate pressure decreases, as 
dictated by the length-dependent activation of actin and myosin cross-
bridges in the cardiac myocytes,3 until ventricular systolic pressure (SP) 
falls below the simultaneous arterial pressure. Then the aortic valve 
closes, as indicated by the dicrotic notch on the arterial pressure pulse 
(Fig. 31-3). As the ventricle relaxes, the mitral valve opens, and the ven-
tricle fills along its diastolic volume-pressure (V-P) curve; this diastolic 
filling is aided by atrial contraction and by suction by the ventricle relax-
ing from its low end-contraction volume. During diastole, the part of the 
SV stored in the distended arterial bed continues to run off through the 
peripheral resistance, associated with a progressive decrease in arterial 
pressure until the next contraction.

This ventricular-vascular coupling acts as a hydraulic filter to convert 
the intermittent ejection of an SV into a continuous organ flow, the 
cardiac output (Q̇t). It also decreases the work of the heart by allowing 
some of the energy imparted by the systolic ventricle to the blood to be 
stored in distention of the arterial chamber and returned to the circu-
lation by continued flow while the ventricle is resting in diastole. The  
systemic vascular resistance (SVR) representing the integrated periph-
eral resistances into which (Q̇t) flows is also essential to the control of 

blood pressure (BP = Q̇t × SVR) and to the distribution of blood flow 
among, or within, organs according to tissue needs. For example, in con-
ditions of hypovolemic or cardiogenic shock, reflex sympathetic output 
constricts arterioles, especially in the mesenteric, renal, and skin vascu-
lar beds, to preserve flow to vital organs such as the heart and brain by 
maintaining aortic BP; alternatively, during pyrexia and tachypnea, the 

FIGURE 31-1.  Schematic showing circulation proceeding from the left atrium (Pla, left atrial 
pressure) through a high-pressure arterial system (low volume, low compliance, high resistance) to 
peripheral tissues (where oxygen leaves the vessels to produce energy and CO2

, shown entering the 
vessels) and through the low-pressure venous system (high volume, high compliance, low resis-
tance), which returns blood to the right atrium (Pra, right atrial pressure). The circuit is completed 
by perfusing the lung back to the left atrium; the pulmonary vessels are shown in close apposition 
with the alveoli (Pa, alveolar pressure), facilitating gas exchange. This central circulation is enclosed 
in the thorax, the floor of which is the diaphragm (indicated by the piston). Between the lungs and 
the thorax is the pleural space (Ppl, pleural pressure). Ppl approximates the pressure on the outside 
of all extra-alveolar vessels within the central circulation, including the heart, whereas Pa is the 
pressure outside the alveolar vessels. The anatomic arrangement accounts for the many mechanical 
interactions between respiration and circulation in critical illness described throughout this chapter.
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FIGURE 31-2.  During ventricular systole, the stroke volume ejected by the ventricle 
results in some forward capillary flow, but most of the ejected volume is stored in the elastic 
arteries. During ventricular diastole, the elastic recoil of the arterial walls maintains capillary 
flow through the remainder of the cardiac cycle. Accordingly, pulse pressure is proportional to 
stroke volume, and diastolic pressure increases with peripheral resistance, heart rate, and vas-
cular capacitance, all of which reduce the diastolic runoff of the ejected volume. (Reproduced 
with permission from Berne RM, Levy MN, eds. Physiology. St. Louis, Mosby; 1988.)
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FIGURE 31-3.  Schematic illustrations of the normal arterial pressure waveform (inter-
rupted pulse pressure); the continuous pressure waves in low cardiac output (Q̇t) hypotension 
(left) and in high (Q̇t) hypotension (right) illustrate key differences from the normal pulse. 
Ordinate, arterial pressure (mm Hg); abscissa, time (seconds). The lower-left panel illustrates 
the difference between cardiogenic shock (increased central venous pressure = 20 mm Hg) 
and hypovolemic shock (central venous pressure = 0 mm Hg). For discussion, see text.
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increased metabolic need demands a high Q̇t associated with dilation of  
the coronary and respiratory muscle vessels induced by accumulation 
of anaerobic metabolites (eg, adenosine, H+, and K+) and by local tissue 
hypoxia, to maintain adequate O2 flow to these vital pumps.

Clinical evaluation of the cardiovascular system in patients with criti-
cal illness is much aided by interpretation of the diastolic pressure (DP),  
the pulse pressure (PP), and indices of SVR such as the rate of color 
return to the nail bed after releasing pressure on the fingernail and digital 
temperature. For example, a hypotensive patient with a heart rate (HR)  
of 110 beats/min, a SP/DP of 100/40 mm Hg, and warm extremities 
with good color return to the nail bed has a high Q̇t and a low SVR (see  
Fig. 31-3). This is because the large PP (60 mm Hg) signals a large SV, 
which, when multiplied by the increased HR, produces increased Q̇t, and 
the low DP indicates rapid peripheral runoff through low SVR confirmed 
by digital examination and low mean BP (60 mm Hg) in the face of the 
high Q̇t. In contrast, a second hypotensive patient with the same HR 
and mean BP but an SP/DP of 80/65 mm Hg and cold extremities with 
very slow return of color to the nail bed has a low Q̇t with increased 
SVR indicated by the small PP (hence, low SV and Q̇t), preserved DP, 
and constricted digital vessels. As indicated in the lower-left panel of  
Figure 31-3, this low Q̇t hypotension is cardiogenic when the central venous 
pressure (CVP) is high and hypovolemic when the CVP is low. Of course, 
the relation between PP and SV is not quantitative, because it is propor-
tioned by an unknown constant—the vascular capacitance. Nevertheless, 
in a given critically ill patient whose vascular capacitance changes  
minimally in a course of acute interventions, a change in PP is the earliest 
indicator of a change in SV. This correlation of PP with SV is evident in  
one method of assessing the likelihood of arterial BP augmentation  
in response to volume infusion in a mechanically ventilated patient.4 
As described below, increases in intrathoracic pressure during positive 
pressure mechanical ventilation in a hypovolemic patient can result in 
a reduction of VR to the heart from the peripheral circulation. This, 
in turn, results in a reduction in the stroke volume of the heart (SV),  
which can be observed as a narrowing of the PP on the arterial tracing 
(not shown; see Chap. 34.).

■■ THE STARLING CURVE OF THE HEART
Figure 31-4 presents Starling relations of the heart.2,3 On the abscissa is 
plotted Pla, which approximates the filling pressure of the left ventricle 
(ie, left ventricular end-diastolic pressure [LVEDP]). On the ordinate is 
plotted SV (in milliliters); this volume ejected per heartbeat is one mea-
sure of ventricular output. Another measure of output can be expressed 
by multiplying stroke volume by the pressure developed during each beat 
to obtain stroke work (SV × [BP − Pla]). As filling pressure of the heart 
increases, the ejected volume and the work done by the heart increase in  
a curvilinear manner; at higher filling pressures, there is less increase  
in SV per increase in Pla than at lower values of Pla. On the continuous 
Starling curve shown in Figure 31-4A, the normal Pla (10 mm Hg) is asso-
ciated with a normal SV (75 mL) calculated from Q̇t (6.0 L/min) divided 
by HR (80 beats/min). When hypovolemia decreases the Pla to 5 mm Hg,  
SV decreases to 40 mL, thus decreasing Q̇t; if therapeutic expansion 
of the circulating volume increases Pla to 20 mm Hg, SV increases to 
100 mL, thus increasing Q̇t above normal. These relations comprise a 
common framework for understanding ventricular function in critical 
illness. A shift up and to the left of the Starling curve generally indicates 
enhanced ventricular function, with greater SV for a given filling pressure 
(see interrupted curve in Fig 31-4A). Conversely, a shift down and to 
the right with reduced SV at a given filling pressure (see dotted Starling 
curve through points A and B) indicates depressed ventricular function. 
The lower SV for a Pla of 10 mm Hg at point A could be due to reduced 
contractility, or secondary to increased LV afterload from an elevated BP, 
allowing the same stroke work to eject a smaller SV at point A, or to a 
stiffer ventricle allowing a smaller LV end-diastolic volume (LVEDV) at 
a Pla of 10 mm Hg. This variety of mechanisms to explain the same data 
is a limitation of the analysis of hemodynamics by the Starling curve, so 
a more complete description of ventricular function is helpful.

The ventricular function shown by the Starling relation is based 
on the mechanical properties of the relaxed (diastolic) or contracting 
(systolic) V-P relations of the ventricle. This section reviews the fac-
tors that influence the diastolic and systolic mechanics in health and in 
critical illness and relates these mechanics to the corresponding Starling 
function curves of the heart. In Figure 31-4B, LV end-diastolic pressure 
(LVEDP) and LV end-systolic pressure (LVESP) are plotted against the 
corresponding volumes (LVEDV and LV end-systolic volume [LVESV]). 
The continuous end-diastolic V-P curve is marked with a dot at an 
LVEDP of 10 mm Hg, where the normal LVEDV is 120 mL. When the 
ventricle contracts, pressure increases at the same volume until the aortic 
valve is opened, and blood is ejected until the valve closes at an LVESV of 
45 mL. The SV (LVEDV − LVESV) is 75 mL, as plotted on the continu-
ous Starling curve shown in Figure 31-4A. When hypovolemia decreases 
the LVEDV (1 in Fig. 31-4B), LVEDP and SV decrease along the Starling 
curve above; if volume expansion increases the LVEDV to position 2, 
SV and LVEDP increase along the Starling curve. Intracardiac pressures 

FIGURE 31-4.  A. Starling function curves. Stroke volume (SV, in milliliters; ordinate) 
is plotted against left atrial pressure (Pla, in mm Hg; abscissa). The middle continuous line 
depicts a normal Starling function curve for comparison with a depressed curve (dotted line 
AB) and with a curve depicting enhanced ventricular function (interrupted curve); all three 
curves may have the same systolic function (contractility) if diastolic volume-pressure (V-P) 
relations or afterload differs from each other. B. Corresponding left ventricular volume (mil-
liliters; abscissa) versus pressure (mm Hg; ordinate) relations; the break in the ordinate scale 
emphasizes the normal diastolic V-P relation (continuous line 1,2) and the end-systolic V-P 
relation (continuous line up and to the left). For discussion of the three V-P loops originating 
from the diastolic curve, see text. The interrupted diastolic V-P curve depicts a more compliant 
chamber such as the right ventricle, where there is less diastolic pressure for each volume.
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such as Pla are measured with respect to atmospheric pressure, so they 
do not represent true transmural, or filling, pressures of the heart cham-
ber when the pressure on the outside of the heart is not atmospheric.5,6 
Pericardial pressure is most often equal to Ppl, which is subatmospheric 
during spontaneous breathing (−3 to −10 mm Hg) and can become 
very negative in airflow obstruction or very positive with mechanical 
ventilation and positive end-expiratory pressure (PEEP). For conve-
nience, the following discussion refers to the intravascular pressures as 
transmural, or filling, pressures, and any cause for altered pericardial or 
pleural pressure is noted.

■■ THE DIASTOLIC V-P CURVE AND VENTRICULAR 
FILLING DISORDERS (SEE TABLE 31-1)

Figure 31-4B plots LVEDV against LVEDP. As ventricular volume 
increases from zero, the transmural pressure of the ventricle does not 
exceed zero until about 50 mL (the unstressed volume) is added. Then 
LVEDP increases in a curvilinear manner with ventricular volume (the 
stressed volume) first as a large change in volume for a small change 
in pressure and then as a small change in volume for a large change in 
pressure. If the pericardium is removed, these V-P characteristics are 
more linear such that the large change in LVEDP at higher values of 
LVEDV is no longer evident. Thus the pericardium acts like a mem-
brane with a large unstressed volume loosely surrounding the heart up 
to a given ventricular volume, but at greater LVEDV the pericardium 
becomes very stiff. At higher heart volumes, most of the pressure 
across the heart is across the pericardium, accounting for the very 
steep rise in the diastolic V-P relation. In the presence of pericardial  
effusion, the volume at which the pericardium becomes a limiting 
membrane is reduced by the volume of the effusion. When the effu-
sion is large enough, reduced end-diastolic volumes are associated 
with quite large end-DPs (see Chap. 40). In turn, pericardial pressure 

decreased VR by increasing Pra, thus keeping end-diastolic volume and 
Q̇t abnormally low. Tension pneumothorax, massive pleural effusions, 
high levels of PEEP, and greatly increased abdominal pressures can 
increase pressure outside the heart (Ppl) and thus reduce LVEDV and 
SV despite high values of LVEDP (Table 31-1). Intercurrent LV hyper-
trophy or infiltrative diseases (amyloidosis) occasionally stiffen the 
relaxed ventricle such that high filling pressures are needed to maintain 
an adequate SV, and inadequate filling time or poorly coordinated atrial 
contraction also impairs ventricular filling.7

A right-to-left shift of the interventricular septum can also restrict 
diastolic filling. Presumably, the distention of the right ventricle causes 
the interventricular septum to bulge from right to left, thereby reduc-
ing the unstressed volume and compliance of the left ventricle.2,8 This 
effect of ventricular interdependence is much less marked when the 
pericardium is removed, perhaps because the limiting membrane of 
the pericardium restricts freedom of motion of the left ventricle, mak-
ing it more vulnerable to displacements of the septum. Accordingly, 
conditions in which the right ventricle is abnormally loaded (eg, acute 
pulmonary embolism or acute-on-chronic respiratory failure due to 
obstructive or restrictive lung disease) may impede the emptying of the 
right ventricle, causing it to work at a higher end-diastolic volume. Then 
LV filling pressures will be higher than expected for the end-diastolic 
volume. This provides one possible explanation for why PEEP is often 
associated with increased filling pressure to maintain a normal SV even 
when LVEDP is corrected to the true filling pressure by subtracting 
the increase in Ppl (ΔPpl) measured when PEEP is applied.5,6,9,10 Acute 
myocardial ischemia also displaces the diastolic V-P curve of the left 
ventricle up and to the left (Fig. 31-5). Conceivably, myocardial injury 
and ischemia alter the elastic properties of the relaxed ventricle as diastolic 
relaxation is an active process requiring ATP to allow cycling of actin-
myosin cross-bridges.6,11 Therefore, a higher ventricular filling pressure is 
required at each end-diastolic volume. This accounts in part for the often 
noted observation that patients with acute myocardial injury need values 
of LVEDP as high as 30 mm Hg to maintain adequate Q̇t, whereas normal 
patients need filling pressures below 10 mm Hg.

  TABLE 31-1   � Common Causes of Diastolic Dysfunction in Critically Ill Patients 
Signaled by High Left Atrial Pressure and Low Ventricular  
End-Diastolic Volume

External compression

  Pericardial effusion or constriction

  Positive pressure ventilation with PEEP, auto-PEEP

  Tension pneumothorax, massive pleural effusions

  Greatly increased abdominal pressure

Myocardial stiffness

  LV hypertrophy—aortic stenosis, systemic hypertension

  Infiltrative diseases—amyloidosis

  Ischemic heart disease

Ventricular interdependence and right-to-left septal shift

  Pulmonary hypertension

  RV infarction

  High levels of PEEP

  Severe acute hypoxic respiratory failure

Intraventricular filling defects

  Tumor

  Clot

Rhythm or valvular impediments to filling

  Tachycardia

  Heart block

  Atrial fibrillation, flutter

  Mitral stenosis

LV, left ventricular; PEEP, positive end-expiratory pressure; RV, right ventricular.

FIGURE 31-5.  Schematic representation of left ventricular end-diastolic volume (LDEDV) 
and pressure (LVEDP) and end-systolic (ES) volume and pressure relations before (continuous 
curves) and after (interrupted curves) acute myocardial infarction. The myocardial injury depresses 
the contractility to increase ES volume despite the decrease in pressure afterload; accordingly, 
LVEDV increases to accommodate venous return, whereas LVEDP increases even more due to the 
diastolic dysfunction of the myocardial injury. Accordingly, LV dysfunction is signaled by reduced 
stroke volume and cardiac output despite a large elevation in LVEDP; therapy aims to reduce 
preload, enhance contractility, and reduce afterload. For further discussion, see text.
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■■ THE END-SYSTOLIC V-P CURVE AND CONTRACTILITY
The normal diastolic V-P relation is demonstrated by the continuous 
line in the lower right-hand portion of Figure 31-5. Consider the effects 
when the ventricle contracts during systole without ejecting any blood, 
as if the aortic valve could not open. A very large pressure is generated 
during this isovolumic contraction from a normal LVEDV, but when 
the LVEDV is reduced, the pressure generated during a similar iso-
volumic contraction is much less, as a manifestation of the force-length 
characteristics of the myocardium.2,3,12,13 That is, the less the muscle is 
stretched, the less force it can generate, a manifestation of the length-
dependent activation of actin-myosin cross-bridges. The units of force 
in the hollow sphere of myocardium are the units of pressure, or force 
per unit area. A line connecting the end-systolic V-P points is linear and 
extrapolates toward the origin (see the continuous end-systolic V-P line 
in Fig. 31-5, upper left).

Of course, the aortic valve does open in early systole when the iso-
volumic pressure exceeds the aortic DP; then LV volume decreases as the 
SV is ejected (see Fig. 31-5). The contracting ventricle shortens against 
the aortic afterload pressure until its volume reaches the end-systolic vol-
ume; at that lower volume, the maximum pressure that can be generated 
is equal to the afterload pressure, so the aortic valve closes and ejection 
is over. If the afterload pressure were decreased, the ventricle could eject 
further to a lower end-systolic volume, where the maximum generated 
pressure equals the reduced afterload; hence, SV would increase.

The line connecting all end-systolic V-P points is an indicator of the 
pumping function or contractility of the heart because this line defines  
the volume to which the ventricle can shorten against each afterload for 
a given contractile state.12-15 Agents that enhance contractility (eg, epi-
nephrine, calcium, dobutamine, and dopamine) shift the end-systolic V-P 
relation up and to the left; then the ventricle can shorten to a smaller end-
systolic volume for each afterload, thereby increasing SV at a given LVEDV/ 
LVEDP.12,13 Conversely, negative inotropic agents such as metoprolol, myo
cardial ischemia, hypoxia, and acidemia depress the end-systolic V-P 
relation down and to the right, as indicated by the interrupted end-systolic 
V-P line shown in Figure 31-5.14,15 Then end-systolic volume is increased  
for a given pressure afterload, thereby reducing the SV at a given filling  
pressure. Such a reduction in contractility is a common cause for the 
depressed Starling curve AB shown in in Figure 31-4.

■■ AN APPROACH TO ACUTE VENTRICULAR DYSFUNCTION
These concepts provide a framework for understanding the patho-
physiology and therapy of acute myocardial infarction (see Chap. 37). 
Figure 31-5 depicts normal diastolic and systolic V-P relations and indi-
cates a normal systolic ejection (continuous lines). From an LVEDV of 
120 mL and an LVEDP of 10 mm Hg, the ventricle contracts isovolumi-
cally until the aortic valve opens at a DP of 80 mm Hg. Blood is then ejected 
as SP increases to 110 mm Hg and decreased toward an LVESP of 90 mm 
Hg and an LVESV of 50 mL, when the aortic valve closes to generate the 
dicrotic notch on the arterial pressure trace. Accordingly, SV is 70 mL 
at a Pla of 10 mm Hg and Q̇t is 5.6 L/min when HR is 80 beats/min.  
Acute myocardial infarction depresses the end-systolic V-P relation so 
that the end-systolic volume is increased to 90 mL at a reduced LVESP 
of 75 mm Hg (interrupted lines). At the same time, the end-diastolic 
volume is increased to 130 mL to accommodate the VR, and end-DP 
is increased even more than expected (LVEDP = 30 mm Hg) due to 
the shift up and to the left of the end-diastolic V-P relation (inter-
rupted line). Thus SV (40 mL) and Q̇t (4.4 L/min) are reduced despite 
reflex tachycardia (HR = 110 beats/min) at an increased LV filling 
pressure, and BP is decreased (SP/DP = 90/70 mm Hg) despite the reflex  
increase in SVR.

Conventional therapy consists of preload reduction, inotropic agents, 
and afterload reduction, in addition to measures to reestablish and 
maintain coronary blood flow (see Chap. 37). Interventions such as 
morphine, furosemide, and nitrates decrease VR by dilating venous 
capacitance beds to increase the unstressed volume and decrease mean 

systemic pressure (Pms; see below). These actions in turn decrease 
LVEDV and LVEDP. The reduction in end-diastolic volume tends to 
decrease LVEDP along the steep diastolic V-P curve so that there is a large 
reduction in LVEDP for a small reduction in LVEDV and SV. Further, 
the potential adverse effect of reduced SV is often offset by increased 
contractility and reduced afterload when myocardial wall stress is decre
ased by the reduction in LVEDV and LVEDP (see Chaps. 35 and 37).  
Reduced afterload and reduced myocardial O2 consumption improve 
ventricular pumping function by shifting the end-systolic V-P relation 
up and to the left, so LVESV decreases and SV increases. Further, the 
decreased end-DP reduces the complication of cardiogenic pulmo-
nary edema.

Positive inotropic agents such as dopamine and dobutamine act 
directly on the myocardium to reduce end-systolic volume at a given 
end-SP, thereby increasing SV (see Chaps. 35 and 37). Dopamine also 
causes venoconstriction by increasing Pms and VR, so the increase in SV 
is often associated with increased LVEDV, whereas dobutamine tends to 
increase SV and decrease LVEDV.16 Afterload-reducing agents such as 
nitroprusside dilate peripheral arteries to decrease end-SP and afterload; 
in turn, end-systolic volume decreases along the depressed end-systolic 
V-P relation to increase SV.16 Nitroprusside and other arteriolar vaso-
dilating agents also decrease end-DP without changing end-diastolic 
volume; this effect appears to enhance ventricular function viewed on the 
Starling relation, as discussed above.17 The decrease in LVEDP decreases 
pulmonary edema and may decrease myocardial oxygen demands by 
decreasing ventricular wall stress. To the extent that it decreases ven-
tricular wall stress, end-systolic V-P relations may shift to the left due to 
enhanced contractility. In some patients with cardiogenic shock, vasodi-
lator therapy appears to increase SV and Q̇t without decreasing or even 
increasing arterial BP, that is, arterial dilation appears to reduce end-
systolic volume at a given end-SP as if contractility were enhanced.16,17

Noninvasive bilevel mechanical ventilation (or continuous positive 
airway pressure, CPAP) lowers both preload and afterload, in addition 
to beneficial effects on gas exchange and work of breathing.18 Q̇t is not 
reduced despite decreased transmural pressures, indicating improved 
pump function.

Other concomitant effects of critical illness cause ventricular dys-
function characterized by reduced SV at increased Pla (see Table 31-1). 
Arterial hypoxemia14 and acidemia15 depress the end-systolic V-P curve 
and increase diastolic stiffness, as shown by the interrupted curve in 
Figure 31-5. Acute arterial hypertension raises the pressure afterload, 
so SV decreases as end-systolic volume increases along the continu-
ous end-systolic V-P curve in Figure 31-5. Then LVEDV increases to 
accommodate VR, so LVEDP increases, often more than expected, due 
to diastolic stiffness, in turn due to LV hypertrophy in the hypertensive 
patient. Accordingly, pulmonary edema is a common complication, and 
it responds to vasodilator therapy when BP is decreased. In some or all 
of these conditions, diastolic dysfunction merits special management.7 
When acute or acute-on-chronic congestive heart failure is present, 
decreasing LVEDP and LVEDV, maintaining atrial contraction, increas-
ing the duration of diastole, and minimizing myocardial ischemia are 
helpful. Each of these therapeutic measures is also helpful in managing 
hypoperfusion states associated with diastolic dysfunction.7

Valvular dysfunction mimics systolic and diastolic dysfunctions such 
that LVEDV is much increased and the forward SV is reduced (see 
Chap. 41). With aortic regurgitation, after a vigorous systolic ejection, 
aortic blood runs off forward and backward in diastole such that LVEDP 
increases and arterial DP decreases toward equal values at 40 mm Hg. 
The large LVEDV then ejects a large SV to increase SP to 120 mm Hg,  
causing a bounding PP of 80 mm Hg, but the aortic regurgitation reduces 
forward SV and Q̇t to a low value. Consider also mitral valve incom-
petence. During systole, a large fraction of the blood ejected from the 
ventricle regurgitates to the left atrium, thereby reducing forward SV 
and Q̇t but increasing LVEDV and LVEDP when the left atrium fills the 
ventricle in diastole. In this circumstance, PP and BP are decreased. In 
both cases, the ventricular mechanics resemble the interrupted curves  
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shown in Figure 31-5 and improve toward the normal continuous curves 
when forward flow is increased by vasodilator therapy that lowers SVR 
to allow more peripheral runoff and less regurgitant flow (see Chap. 41).

CONTROL OF CARDIAC OUTPUT  
BY THE SYSTEMIC VESSELS
The heart is a mechanical pump that generates flow in the circulation. 
Because Q̇t is the product of HR and SV, it is often erroneously assumed 
that the heart controls Q̇t. In fact VR to the right heart is controlled 
by the systemic vessels,1,2 so the heart is more accurately described as 
a mechanical pump having diastolic and systolic properties that deter-
mine how it accommodates the VR. This section reviews the mechani-
cal characteristics of the systemic vessels as a basis for understanding 
control of Q̇t in health and in critical illness.

We use the classical Guyton view that mean systemic pressure (Pms), 
right atrial pressure (Pra), and resistance to venous return (RVR) gov-
ern VR.1,2 This conceptual model draws attention to how the resistance 
(R) and capacitance (C) of systemic vessels and their distribution exert 
control on the VR, especially through baroreceptor reflexes.19,20 This 
model also provides a graphical solution for the unique values of Pra 
and VR at the intersection of cardiac function and VR curves (see 
below) in health and in diverse critical illnesses.

We choose to downplay several potential shortfalls of this interpre-
tation, which some regard as fatal flaws.21,22 Their analyses and inter
pretation of Guyton’s experiments suggest that Pra is not the “back 
pressure” impeding VR, that Pms is an imaginative concept that ought 
not be interpreted as the pressure driving VR, and that Pms − Pra is the 
result of VR, not its cause.21 Our comparison of these two viewpoints 
reveals that the first provides more useful concepts for explaining the 
pathophysiology and treatment of the circulation in critical illness, so 
we build our discussion on Guyton’s view.

■■ MEAN SYSTEMIC PRESSURE
When the heart stops beating (see Fig. 31-1), pressure equalizes through-
out the vascular system, and its new value is the Pms (10-15 mm Hg). 
This pressure is much lower than the arterial pressure and is closer to 
the Pra. When flow stops, blood drains from the high-pressure, low-vol-
ume arterial system into the high-volume, low-pressure venous system, 
which accommodates the displaced volume with little change in pressure.  
When the heart begins to beat again, the left heart pumps blood from 
the central circulation into the systemic circuit, thus increasing pres-
sure there. At the same time, the right heart pumps blood into the lungs, 
thereby decreasing its pressure (Pra) with respect to Pms, so blood 
flows from the venous reservoir into the right atrium. Pressure on the 
venous side decreases slightly below Pms, whereas pressure on the arte-
rial side increases considerably above Pms with succeeding heartbeats. 
This continues until a steady state is reached, when arterial pressure has 
increased enough to drive the whole SV of each succeeding heartbeat 
through the high arterial resistance into the venous reservoir. The Pms 
does not change between the state of no flow and the new state of steady 
flow because neither the vascular volume nor the compliance of the ves-
sels has changed. What has changed is the distribution of the vascular 
volume from the compliant veins to the stiff arteries; this volume shift 
creates the pressure difference driving flow through the circuit.1,2,19,20

Pms is the driving pressure for VR to the right atrium when circula-
tion resumes. It can be increased to increase VR by increasing the vas-
cular volume or by decreasing the unstressed volume and compliance 
of the vessels.2,19 The latter two mechanisms are mediated by barorecep-
tor reflexes responding to hypotension by increasing venous tone and 
usually occur together. The unstressed volume may also be reduced by 
raising the legs of a supine patient or applying military antishock trou-
sers; both methods return a portion of the unstressed vascular volume 
from the large veins in the legs to the stressed volume, thereby increasing 
Pms and VR. When the heart has an improvement in inotropic state  

or a reduction in afterload, blood is shifted from the central compart-
ment to the stressed volume of the systemic circuit, thereby increasing 
Pms and VR20; moreover, improved ventricular pumping function 
decreases Pra to increase VR further (see below).

■■ VENOUS RETURN AND CARDIAC FUNCTION CURVES
Before the heart was started in the discussion above, Pra was equal to the 
pressure throughout the vascular system, Pms. With each succeeding 
heartbeat, Pra decreases below Pms and VR increases. This sequence is 
repeated in a more controlled, steady state by replacing the heart with a 
pump set to keep Pra at a given value while VR is measured.2 Typical data 
are plotted in Figure 31-6. As Pra is decreased from 12 to 0 mm Hg (indi-
cated by the thin continuous line), VR is progressively increased with the 
driving pressure (Pms − Pra). The slope of the relation between VR 
and Pms − Pra is the resistance to VR (RVR = Δ[Pms − Pra]/ΔVR).  
When Pra falls below zero, VR does not increase further because flow 
becomes limited while entering the thorax. This occurs when the pres-
sure in these collapsible great veins decreases below the atmospheric 
pressure outside the veins. Further decreases in Pra and CVP are 
associated with progressive collapse of the veins rather than with an 
increase in VR.

For a given stressed vascular volume and compliance, Pms is set and 
RVR is relatively constant. In the absence of pulmonary hypertension 
or right heart dysfunction, LV function will determine Pra and, hence, 
VR to the right heart, along the VR curve. The corresponding cardiac  
function curve is drawn as the thick line. Q̇t is described by the  
cardiac function curve, drawn as a thick continuous line relating Pra 
(abscissa) to Q̇t (ordinate), in Figure 31-6. The heart is able to eject a 
larger SV and Q̇t when the end-DP is greater because more distended ven-
tricles eject to about the same end-systolic volume as less distended ven-
tricles do. Accordingly, as Pra decreases, Q̇t decreases along the cardiac 
function curve. However, VR increases as Pra decreases until VR equals 
Q̇t at a unique value of Pra, indicated by the intersection of the cardiac 
function and VR curves in Figure 31-6 (see point A in both panels).

FIGURE 31-6.  Control of cardiac output by systemic vessels. Venous return (VR) or cardiac 
output (Q̇t) is plotted on the ordinate against right atrial pressure (Pra) on the abscissa. A, B. 
The thin continuous VR curve shows that VR increases as Pra decreases below Pra equal to mean 
systemic pressure (Pms, where VR = 0), so the inverse of the slope of this VR curve ([Pms − 
Pra]/VR) is the resistance to VR (RVR). The thick continuous cardiac function curve shows that Q̇t 
increases as Pra increases because ventricular end-diastolic volume increases. The intersection 
(shown in A) marks the unique value of Pra where VR equals Q̇t in A and B. When this value of 
Q̇t is insufficient, VR can be increased by increasing Pms without changing RVR, indicated by the 
interrupted VR curve intersecting the unchanged cardiac function curve at a higher Q̇t and Pra 
(shown in B, left panel). In the right panel, VR is increased from point A to point B by increased 
cardiac function (see interrupted cardiac function curve intersecting the original VR curve at point B). 
Accordingly, inotropic agents that increase contractility (dobutamine) can produce modest increases in 
VR by lowering Pra, but further increases in VR are limited by compression of the great veins at lower 
values of Pra (right panel); such an enhanced cardiac function displaces central blood volume into the 
peripheral circulation, tending to increase Pms and thus promote further increases in VR (left panel). 
Often, other inotropic agents (dopamine, epinephrine) also raise Pms and VR by venoconstriction.
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When Q̇t is insufficient, VR can be increased in several ways. A new 
steady state of increased VR is achieved by increasing Pms with no 
change in RVR, indicated by the interrupted VR curve in the left panel 
of Figure 31-6. This new VR curve intersects the same cardiac function 
curve at a higher value of Q̇t at point B. This method of increasing 
VR is associated with an increase in Pra. Due to the steep slope of the 
cardiac function curve in normal hearts, large increases in VR occur 
with only small increases in Pra. Alternatively, VR can be increased 
by enhanced cardiac function by increasing contractility or decreasing 
afterload of the heart. This is depicted as an upward shift of the cardiac 
function curve, as in the right panel of Figure 31-6, such that greater 
Q̇t occurs at each Pra. The increase on each VR curve by this mecha-
nism is associated with a reduction in Pra. Further, in the normal heart, 
only a small change in VR is possible (from point A to point B in the 
right panel), and greater reductions in Pra do not increase Q̇t further 
because VR becomes flow limited as Pra decreases to below zero. This 
explains why inotropic agents that enhance contractility are ineffective 
in hypovolemic shock.

When cardiac pumping function is depressed, as depicted by the inter-
rupted line in Figure 31-7, VR is decreased from point A to point B for the 
same value of Pms as Pra increases. The patient must then retain fluid or 
initiate cardiac reflexes to increase Pms toward the new value required to 
maintain adequate Q̇t, as in chronic congestive heart failure. This is asso-
ciated with a large increase in Pra from point B to point C, which in turn 
causes jugular venous distention, hepatomegaly, and peripheral edema. 
Diuretic reduction of vascular volumes will correct these abnormalities at 
the expense of decreasing Pms and VR. In contrast, inotropic and vaso-
dilator drugs, which improve depressed cardiac function by shifting the 
interrupted cardiac function curve upward, increase Q̇t and decrease Pra 
more effectively than in patients with normal cardiac function.

■■ RESISTANCE TO VENOUS RETURN
At a given Pms and Pra, VR is increased by reduced RVR. The RVR is 
an average of all of the regional resistances. Each regional resistance (R) 
is weighted by its contribution to the entire systemic vascular compli-
ance (C/CT) and to the fraction of the cardiac output draining from that 
region (F/FT):

RVR = R1(C1/CT)(F1/FT) + R2(C2/CT)(F2/FT) + … + Rn(Cn/CT)(Fn/FT)

In most conditions, RVR remains relatively constant, increasing only 
slightly with large adrenergic stimulation; even then the increase in 

regional resistances is offset by redistribution of blood flow to peripheral 
beds having low resistance and/or compliance.

One illustration of this effect is the opening of an abdominal arte-
riovenous fistula23 between the aorta and the inferior vena cava, which 
doubles VR at the same values of Pms and Pra (Fig. 31-8). Consider 
aliquots of blood leaving the left heart simultaneously; the aliquot tra-
versing the fistula returns to the right heart before the aliquot perfusing 
the lower body returns. When a greater fraction of the Q̇t traverses the 
open fistula having a very low compliance and resistance, more blood 
returns to the heart because RVR decreases. This manifestation of 
reduced RVR may account for poorly explained hemodynamic changes 
in septic shock, when high Q̇t is associated with increased blood flow 
to skeletal muscle, as if some metabolic stimulus increases the fraction 
of Q̇t perfusing the low resistance and low compliance skeletal muscle 
bed, thereby reducing RVR and increasing VR. For another example, 
systemic hypoxemia triples VR. It does so by increasing Pms through 
venoconstriction to cause 70% of this increase, while redistribution of  
Q̇t toward vascular beds having reduced capacitance and resistance 
account for 30% of the change.24 These vascular mechanisms are less 
predictable than observable, so future work may help understand effects 
of acidemia, hypercapnia, and vasoactive drugs in critical illness.

Note in Figure 31-8 that increased VR from A to B is associated 
with increased Pra when RVR is reduced without changing the cardiac 
function curve. In fact, Pra does not increase, and VR actually increases 
from A to C, as if arteriovenous shunting improved cardiac function 
from the continuous to the interrupted cardiac function curve shown 
in the figure. One explanation is that reduced SVR associated with arte-
riovenous shunting lowers the afterload on the left ventricle to improve 
cardiac function.17

FIGURE 31-7.  Reduced cardiac function (interrupted curve BC) decreases steady-state 
venous return from A to B because right atrial pressure (Pra) increases along the normal 
venous return curve (continuous line AB). In response, baroreceptor reflexes and/or vascular 
volume retention increase mean systemic pressure such that the new interrupted venous 
return curve intersects the depressed cardiac function curve at C, whereby cardiac output 
has returned to normal at increased Pra. The new steady state can be produced by systolic or 
diastolic dysfunction of the left or right ventricle. For further discussion, see text.
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FIGURE 31-8.  A reduction in RVR (interrupted VR curve BC) increases cardiac output from 
A to B at the same value of Pms, compared to that observed with a normal RVR (continuous 
curve AD), even when cardiac function is not changed (continuous cardiac function curve AB). 
The data schematically depict the effects of opening a large arteriovenous fistula (Am J Physiol. 
1961;200:1157-1163), with the exception that Q̇t increases even more (from A to C), because 
opening the fistula reduces the afterload on the left ventricle improving cardiac function (see 
interrupted cardiac function curve DC). Conceivably, minor variations of RVR due to effects of 
critical illness (sepsis, hypoxemia, acidemia), or the use of vasoactive drugs in critical illness, 
account for substantial increases in VR. For further discussion, see text.
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■■ EFFECTS OF PRESSURE OUTSIDE THE HEART ON CARDIAC OUTPUT
In the figures cited and the preceding discussions, values of Pms and Pra 
were expressed relative to atmospheric pressure. However, the transmu-
ral pressure of the right atrium exceeds the Pra by the subatmospheric 
value (about −4 mm Hg) of the Ppl surrounding the heart. Consider 
the effect of opening the thorax, which raises Ppl from −4 to 0 mm Hg:  
VR decreases from point A to point B in Figure 31-9 because Pra increases.25 
This is indicated by the interrupted cardiac function curve shifted to  
the right by the increase in pressure outside the heart but parallel  
to the normal cardiac function curve (continuous line through point A). 
Normal VR can be restored (point B to point C) by increasing Pms by 
an amount equal to the increase in Ppl and Pra induced by thoracotomy. 
Then transmural Pra will be the same as at point A, and Pra will have 
increased from point A to point C at the same Q̇t.

This mechanism for the decrease in Q̇t with thoracotomy also partly 
explains the decrease in Q̇t with PEEP. The Ppl within an intact thorax 
increases with passive positive-pressure ventilation, thereby increasing 
Pra and decreasing VR.5,6,9,10,26 When 8 mm Hg of PEEP (10 cm H2O) 
is added to the ventilator, the end-expiratory value of Ppl increases by 
about half that amount, for example, from −4 to 0 mm Hg. Accordingly, 
VR decreases with PEEP from point A to point B in Figure 31-9, with no 
change in cardiac function or Pms. Q̇t is returned to normal by volume 
infusion or vascular reflexes that increase Pms by an amount equal to 
the increases in Ppl and Pra. Greater PEEP (20 cm H2O, as in the dotted 
line shown in Fig. 31-8) decreases VR further (from point A to point D)  
and requires greater increases in Pms to return it to normal (from 
point D to point E). In one canine study, Pms increases as much as Pra 
when PEEP is added, so the observed decrease in VR must be due to an 
increase in RVR with PEEP.20 In either event, VR can be restored on 
PEEP by increasing Pms.

Q̇t is much less susceptible to the deleterious effects of PEEP and 
increased mean intrathoracic pressure when Pms is high.4 In patients 
with reduced circulatory volume, vascular reflexes are already operat-
ing to maintain VR and Pms by reducing unstressed volume or vascular 
compliance. Such patients have little vascular reflex reserve and poorly 
tolerate intubation and positive-pressure ventilation without considerable  

intravenous infusion to increase vascular stressed volume. In contrast, 
well-hydrated or overhydrated patients may tolerate even large amounts 
of PEEP or increased mean intrathoracic pressure from elevated 
mechanical tidal volumes (VT) with no reduction in Q̇t because their 
previously inactive vascular reflexes can increase Pms in well-filled 
systemic vessels by the amount that Ppl increases with PEEP. These con-
siderations allow the physician to anticipate and treat the hypotension 
induced by ventilator therapy; the concept should not be interpreted as 
an indication for maintaining high circulatory volume in critically ill 
patients on ventilators because this often increases lung edema and pro-
vides even more Q̇t than was already deemed sufficient. Further, pres-
sure outside the heart can be increased by a variety of other concomitant 
conditions and complications of critical illness; all these actions increase 
pressures measured in the heart chambers and decrease heart volume 
and, as a consequence, are often interpreted as diastolic dysfunction 
(see Table 31-1).

How much is the pressure outside the heart increased by PEEP, and is 
there a practical approach to relating transmural atrial pressures to SV 
and Q̇t? When PEEP increases end-expired lung volume, the inflated 
lungs push the thorax to an increased volume through greater pleural 
pressure, and this change in Ppl (ΔPpl) with PEEP is approximately equal 
to the change in pressure outside the right and left ventricles.9 During 
mechanical ventilation, the ratio of ΔPpl to the change in static elastic 
pressure across the lung and chest wall (ΔPel) for each breath is given 
by the ratio of respiratory system compliance (Crs) to the compliance of 
the chest wall (Cw); that is, ΔPpl/ΔPel = Crs/Cw (assuming no alveo-
lar recruitment). When lung compliance (Cl) is normal, Cl = Cw, so  
ΔPpl/ΔPel = 0.5. When the lungs lose compliance in acute hypoxemic 
respiratory failure (AHRF), ΔPel increases because Crs decreases, but 
ΔPpl changes little (at constant tidal volume) because Cw is unaffected 
by the lung disease, and ΔPpl becomes much less than half of ΔPel. 
To the extent that the increase in lung volume (ΔVl) with PEEP is 
determined by Crs, ΔPpl/PEEP = Crs/Cw, and a decrease in Crs with 
AHRF would decrease Ppl for a given amount of PEEP well below the 
normal value of 0.5. Accordingly many physicians believe that ΔPpl  
is much less in AHRF than for normal lung. However, ΔVl with PEEP 
is much greater than that predicted by Crs in AHRF because PEEP 
recruits many previously flooded airspaces,27,28 so ΔPpl/PEEP is as great 
after acute lung injury as before.4 Accordingly, the ΔPpl with PEEP is 
difficult to measure and hard to predict, so many approaches have been 
tested to estimate the transmural pressure of heart chambers on PEEP.29 
Because PEEP is used most often to decrease shunt in pulmonary edema 
and because accurate knowledge of transmural Pla shows that the value  
associated with an adequate Q̇t can differ between patients by 20 mm Hg 
according to the extent of LV dysfunction, a better approach is to seek the 
lowest atrial filling pressures (Ppw) that provide adequate output on each 
level of PEEP. In this way, therapy to decrease atrial pressures and edema 
and maintain Q̇t is not confounded by erroneous estimates of transmural 
atrial pressures on PEEP.30,31

■■ AN APPROACH TO HYPOPERFUSION STATES
A hypoperfusion state, or shock, is almost always signaled by systemic 
hypotension; commonly associated clinical features of multiple organ 
system hypoperfusion are tachycardia, tachypnea, prerenal oliguria 
(urine flow <20 mL/h, urine Na+ <20 mEq/L, fractional excretion of 
Na+ <1%, urine K+ >20 mEq/L, urine-specific gravity >1.020), abnor-
malities of mentation and consciousness, and metabolic acidosis. The 
mean BP is determined by the product of Q̇t and SVR. A conceptual 
framework for the initial diagnosis and management of the hypotensive 
patient is outlined in Table 31-2. Utilization of this approach aims to 
categorize the patient’s symptoms into one of the three common causes 
of shock (septic, cardiogenic, or hypovolemic) and to initiate early 
appropriate therapy of the presumed diagnosis (see Chap. 33). Response 
to the therapeutic intervention tests the accuracy of the initial diagnosis, 
so the hemodynamic response is reevaluated within 30 minutes. The 
diagnostic decision is aided by collating clinical data from the medical 

FIGURE 31-9.  Schematic showing effects of increased pleural pressure (Ppl) on venous 
return (VR) and cardiac output (Q̇t). Compared with the normal steady state (continuous VR 
and cardiac function curves), increasing Ppl and right atrial pressure (Pra) by 4 mm Hg shifts 
the normal cardiac function curves to the right (interrupted cardiac function curve BC) so that 
venous return decreases from A to B. This accounts for the decrease in Q̇t when thoracotomy 
exposes the right atrium to atmospheric pressure (Am J Physiol. 1964;207:1112); similarly, the 
increase in Ppl and Pra when positive end-expiratory pressure (PEEP) is applied to a patient 
with an intact thorax decreases Q̇t (J Appl Physiol. 1981;51:798). In both cases, baroreceptor 
reflexes or iatrogenic expansion of vascular volume increase Pms to allow the new interrupted 
VR curve to intersect the displaced cardiac function curve at C, thereby returning Q̇t to normal. 
A much larger increase in PEEP increases Ppl and Pra even more so that the displaced normal 
cardiac function curve (dotted curve DE) intersects the normal VR curves at a very low value (E) 
required by a larger increase in mean systemic pressure to allow the new interrupted VR curve 
to intersect the dotted function curve at E. For further discussion, see text.
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history, physical examination, and routine laboratory tests to answer 
three questions in sequence.

Septic Shock:  Is BP decreased because Q̇t is decreased? If not, SVR 
must be reduced, a condition almost always related to sepsis or ster-
ile endotoxemia associated with severe liver disease. As indicated in 
Table 31-2 (right column), a low BP is often characterized by a large 
PP because the SV is large and by a very low DP because each SV has 
a rapid peripheral runoff through dilated peripheral arterioles (see 
Fig. 31-3). This produces warm, pink skin with rapid return of color 
to the nail bed and crisp heart sounds. As in other types of shock, 
tachycardia is evident due in part to baroreceptor reflex response 
to hypotension, but the arterial vasoconstriction response to reflex 
sympathetic tone is blocked by relaxation of arteriolar smooth muscle 
induced by endothelium-derived relaxing factor (or nitric oxide). 
The combination of tachycardia and large PP indicates a large Q̇t 
that is almost always present early unless concurrent hypovolemia or 
myocardial dysfunction precludes the hyperdynamic circulatory state 
of sepsis.

Initial therapy starts with appropriate broad-spectrum antibiotics (see 
Chap. 64) and includes expansion of the circulating volume by intrave-
nous infusion of fluids to treat associated hypovolemia, which is due to 
venodilation decreasing Pms and VR lower than needed to maintain 
adequate perfusion pressure of vital organs. The end point of volume 
infusion is obscure because Q̇t and oxygen delivery (DO2

) are already 

increased, and although Q̇t usually increases further with intravenous 
infusions, BP increases little with increased Q̇t. Further, the need for 
an even greater Q̇t to increase DO2

 is questionable because the lactic 
acidosis of septic shock may not be due to anaerobic metabolism.32-34 
Accordingly, septic patients in whom Q̇t is maximized do not have 
improved survival.35,36 Conversely, pulmonary vascular pressures always 
increase with volume infusion, thus increasing pulmonary edema when 
the septic process increases the permeability of lung vessels.31,37-39 This 
coincidence of the acute respiratory distress syndrome (ARDS) and 
septic shock has created an apparent dilemma concerning fluid therapy 
and cardiovascular management of these conditions.40 One approach is 
to ensure resuscitation from septic shock as the first priority by ensur-
ing a large Q̇t with a Ppw that does not exceed 15 mm Hg or a CVP of 
8 to 12 mm Hg in the absence of pulmonary catheter measurements 
and add dobutamine to increase Q̇t and BP as necessary.31 As noted 
above, however, optimal Q̇t does not equal maximal Q̇t41,42 and the 
benefit from an increased Q̇t in response to inotropic agents needs to 
be weighed against the risk of tachydysrhythmias.43 When early ARDS is 
not associated with septic shock, we seek the lowest circulating volume  
to provide adequate Q̇t.31

The septic myocardium does not function normally,44,45 but this dys-
function is often associated with SV values larger than 100 mL at normal 
values of LVEDP. Accordingly, it seems unlikely that systolic dysfunc-
tion contributes substantially to the shock, but infusion of dobutamine 
does increase Q̇t for a given high-normal LVEDP without increasing 
O2 uptake or correcting lactic acidosis in septic shock.41 Even when Q̇t 
and DO2

 are made adequate with fluid and dobutamine infusions, the 
perfusion pressure for vital organs such as the brain and heart may still 
be too low in some septic patients. In this case, norepinephrine infu-
sion increases BP and splanchnic blood flow46,47 without compromising 
renal function48; in contrast, dopamine and epinephrine infusions cause 
splanchnic hypoperfusion in septic shock and due to their β1 effects are 
also associated with tachydysrhythmias.46-50 Tachypnea and respiratory 
distress may be severe, so initial supportive therapy includes consider-
ation of early intubation and mechanical ventilation and correction of 
hyperthermia with antipyretics, paralysis, and cooling. This prevents 
catastrophic respiratory muscle fatigue, respiratory acidosis, and the 
complications of emergent intubation and may improve tissue oxygen-
ation by reducing O2 requirements in patients with limited DO2

.51,52

Cardiogenic Shock:  In contrast to septic shock, low Q̇t is signaled by low 
PP indicating low SV (see Fig. 31-3), signs of increased SVR (eg, cold,  
blue, damp extremities and poor return of color to the nail bed), and  
a history or presentation including features suggesting a cardiogenic 
or hypovolemic cause of hypotension. If Q̇t is reduced in the hypoten-
sive patient, then the heart may be too full.

A heart that is too full (see Table 31-2) is often signaled by symptoms 
of ischemic heart disease or arrhythmia, signs of cardiomegaly, the third 
and fourth sounds or gallop rhythm of heart failure, new murmurs of 
valvular dysfunction, increased jugular or CVP, and laboratory tests 
suggesting ischemia (eg, electrocardiogram [ECG], creatine phosphoki-
nase, or troponin determination) or ventricular dysfunction (eg, chest 
x-ray suggesting cardiomegaly, a widened vascular pedicle, or cardio-
genic edema or echocardiogram showing regional or global systolic 
dyskinesia). The most common cause of hypotension associated with a 
circulation that is too full on initial evaluation is cardiogenic shock due 
to myocardial ischemia (see Chaps. 35 and 37). Initial therapy treats 
this presumptive diagnosis with inotropic drug therapy (dobutamine 
3-10 µg/kg per minute) to assist the ejecting function of the ischemic 
heart. Such therapy does not directly address the coronary insufficiency 
and may increase the myocardial O2 demand, especially if it causes 
tachycardia. Concurrent sublingual, dermal, or intravenous nitroglyc-
erin ameliorates elements of coronary vasospasm to increase blood flow 
and reduces preload to decrease myocardial O2 consumption. Morphine 
also decreases pain, anxiety, and preload.53

In this situation, even a cautious volume challenge may be risky 
because ventricular function and Q̇t are decreased as often as they are  

  TABLE 31-2   � Initial Approach to the Diagnosis and Management  
of the Hypotensive Patient

Blood Pressure (BP) = Cardiac Output (Q̇t) × Systematic Vascular Resistance (SVR)

Is Q̇t Reduced?

Yes No

BP 90/70 mm Hg 90/40 mm Hg

Skin Cool, blue Warm, pink

Nail bed return Slow Rapid

Heart sounds Muffled Crisp

History/lab Hypervolemic or ↓ or ↑ WBC and/or  
temperature

Cardiogenic etiology Source of infection

Immune compromise

Severe liver disease

Working diagnosis See next question Septic shock/endotoxemia

Is the Heart Too Full?

Yes No

Presentation Angina, dyspnea Hemorrhage, dehydration

Signs Cardiomegaly Dry mucous membranes

Extra heart sounds ↓ tissue turgor

↑ JVP Stool, gastric blood

Lab ECG, x-ray ↓ hematocrit

Echocardiogram ↑ BUN/creatinine

Working diagnosis Cardiogenic shock Hypovolemic shock

What Does Not Fit?

Cardiac tamponade Anaphylaxis

Acute pulmonary hypertension Spinal shock

Right ventricular infarction Adrenal insufficiency

Overlapping multiple etiologies

BUN, serum urea nitrogen; ECG, electrocardiogram; JVP, jugular venous pressure; WBC, white blood cell count.

section03.indd   236 1/23/2015   2:06:43 PM

http://www.myuptodate.com


CHAPTER 31: The Pathophysiology of the Circulation in Critical Illness 237

increased by this intervention, and the risk of pulmonary edema is 
increased. When signs of pulmonary edema are present on clinical and 
radiologic examinations of the thorax, diuretics, morphine, and nitro-
glycerin often reduce preload by relaxing the capacitance veins, associ-
ated with an increase in LV systolic performance. However, about 10% of 
patients with myocardial ischemia present with significant hypovolemia. 
Accordingly, the clinical assessment of hemodynamics should be supple-
mented as soon as possible with other means to exclude hypovolemia 
(eg, echocardiography, dynamic tests of the adequacy of circulating 
volume, right heart catheterization, or empiric volume challenge) so that 
appropriate volume infusion or reduction can be titrated. When these 
measures are addressed adequately but the hypoperfusion state persists, 
early movement toward arteriolar vasodilator therapy or a balloon-assist 
device is indicated to reduce LV afterload and preserve coronary perfu-
sion pressure (see Chap. 37). These latter interventions are not relegated 
to the last resort but are considered early in this initial stabilization of 
cardiogenic shock. Similarly, early elective intubation and mechanical 
ventilation allow effective sedation and reduce O2 consumption,51 and 
PEEP improves arterial oxygenation, often without reducing VR and 
with improvement of pumping function in the damaged left ventricle by 
reducing preload and afterload.54

Hypovolemic Shock:  Beyond the absence of clinical features suggesting 
that the heart is too full in the hypotensive patient who is presenting 
with reduced Q̇t (see Table 31-2), hypovolemic shock is distinguished 
from cardiogenic shock by several positive clinical features. Often there 
is an obvious source of external bleeding (eg, multiple trauma, hemop-
tysis, hematemesis, hematochezia, or melena); internal bleeding is often 
signaled by blood aspirated from the nasogastric tube or on rectal exam-
ination, by increasing abdominal girth, or by clinical and radiologic 
examinations of the thoracic cavity for pleural, alveolar, retroperitoneal, 
or periaortic blood. Each of these signals is often associated with a new 
reduction in the hematocrit. Nonhemorrhagic hypovolemia often pres-
ents with recognizable excess gastrointestinal fluid losses (eg, vomiting, 
diarrhea, suctioning, and stomas), excess renal losses (eg, osmotic or 
drug diuresis and diabetes insipidus), or third-space losses as in exten-
sive burns. Physical examination may show dry mucous membranes 
with decreased tissue turgor, and routine laboratory tests often show 
increased serum urea nitrogen out of proportion to a relatively normal 
creatinine level and increased hematocrit due to hemoconcentration.

The initial management of patients with presumed hypovolemic 
shock necessitates early vascular access with two large-bore (14-gauge) 
peripheral intravenous catheters for rapid infusion of large volumes of 
warmed blood and fluids for hemorrhagic shock and the appropriate 
crystalloid solution for dehydration. Central venous access ensures 
adequate volume resuscitation and allows early measurement of CVP. 
An immediate response of increased BP and pulse volume supports the 
presumed diagnosis, whereas no improvement in these hemodynamic 
measurements necessitates emergent repair of the site of blood loss 
or a reevaluation of the working diagnosis. Achieving hemostasis in 
hemorrhagic shock is a prerequisite for adequate volume resuscitation: 
urgent and simultaneous pursuit of hemostasis and fluid resuscitation 
is encouraged.55 Vasoconstricting drugs such as norepinephrine should 
be used only as short-term antihypotensives to mobilize endogenous 
unstressed volume or enhance arteriolar vasoconstriction until the 
circulating volume is restored by transfusion; prolonged use of these 
drugs confounds the physician’s assessment of the end point of volume 
resuscitation. Early endotracheal intubation and mechanical ventila-
tion reduce the patient’s work of breathing and allow respiratory 
compensation for lactic acidosis during volume resuscitation; warming 
the fluids and covering the patient with warm dry blankets prevent 
the complication of hypothermia, including cold coagulopathy and 
further bleeding.

Other Common Causes of Shock: A Short Differential Diagnosis:  The pur-
pose of this initial schema is to formulate a working diagnosis for the 
most common presentations of shock so that early and rapid therapy 

can be initiated. The response to the initial therapy confirms or chal-
lenges the working diagnosis. When features of the initial clinical  
presentation or the response of the patient to appropriate management 
challenges the working diagnosis, early acquisition of more objective 
hemodynamic data is appropriate. In the interim, other features of the 
clinical presentation often suggest a cause of shock that falls outside 
this simplistic schema, or the possibility of overlapping or concurrent 
causes expands. This section briefly reviews several important differ-
ential diagnostic conditions for cardiogenic shock (eg, tamponade or 
acute right heart syndromes) and hypovolemic shock (eg, anaphylactic,  
neurogenic, or adrenal shock); see Table 31-2.

Cardiac Tamponade:  Pericardial effusion is often suggested early by the  
clinical setting (eg, renal failure, malignancy, or chest pain), physical exa
mination (eg, elevated neck veins, systolic BP that decreases >10 mm Hg  
on inspiration, or distant heart sounds), or routine investigations  
(eg, chest radiograph with “water bottle” heart, low voltage on the 
ECG, or electrical alternans). Such a constellation of clinical data 
requires early echocardiographic confirmation of pericardial effusion, 
and tamponade is signaled by right ventricular and right atrial collapse  
that worsens with inspiration, with a relatively small left ventricle 
(see Chap. 40).56 Tamponade requires urgent pericardiocentesis or 
operative drainage by pericardiostomy. While deciding on definitive 
treatment, one should remember that intravenous expansion of the 
circulating volume may produce small increases in BP, whereas reduc-
tions in circulating volume (eg, diuretics, nitroglycerin, morphine, 
or intercurrent hemodialysis) are often associated with catastrophic 
reduction in Q̇t by reducing the venous tone and volume necessary to 
maintain the Pms required to drive VR back to high Pra.

Right heart catheterization typically shows a Pra increased to about  
16 to 20 mm Hg and equal to pulmonary arterial DP and the Pwp; Q̇t and 
SV are much reduced (see Chap. 40). This hemodynamic subset resembles 
that of cardiogenic shock (high Ppw and low SV). However, in the case 
of pericardial tamponade, Ppw is increased because pericardial pressure 
is increased, so the transmural pressure of the left ventricle approaches 
zero, a value consistent with the very low LVEDV accounting for the low 
SV. Other etiologies of hypotension associated with high cardiac pressures 
and small ventricular volumes include constrictive pericarditis, tension 
pneumothorax, massive pleural effusion, positive-pressure ventilation 
with high PEEP, and very high intra-abdominal pressure. Up to 33% of 
patients presenting with cardiac tamponade have increased BP despite low  
Q̇t; this subset of patients has a high incidence of hypertension preceding 
the onset of tamponade.57

Treatment of cardiac tamponade involves needle pericardiocentesis 
or the opening of a pericardial window (see Chap. 40). Careful observa-
tion postprocedure to watch for pulmonary edema is indicated.58

Right Ventricular Overload and Infarction:  Another clinical presentation 
that may fall outside the simplest scheme presented in Table  31-2 is 
the hypotension associated with acute or acute-on-chronic pulmonary 
hypertension. Shock after acute pulmonary embolism is often signaled by 
the clinical setting including risk factors (eg, perioperative, immobilized, 
thrombophilia, or prior pulmonary embolisms); symptoms of acute dys-
pnea, chest pain, or hemoptysis; physical examination showing a loud P2 
with a widened and fixed split of the second heart sound; new hypoxemia 
without obvious radiologic explanation; and acute right heart strain  
on the ECG (see Chap. 38). Noninvasive Doppler studies of the veins in 
the lower extremities and helical computed tomographic angiography 
confirm the diagnosis. Anticoagulation or placement of a filter in the 
inferior vena cava reduces the incidence of subsequent emboli, and there 
may be some success with thrombolytic therapy (or, in some centers, sur-
gical removal of the embolus) in patients with shock due to pulmonary 
embolism. Acute-on-chronic pulmonary hypertension causes shock in 
the setting of prior primary pulmonary hypertension, recurrent pul-
monary emboli, progression of collagen vascular disease, acute hypoxic 
respiratory failure, or chronic respiratory failure (eg, chronic obstructive 
pulmonary disease or pulmonary fibrosis) aggravated in part by hypoxic  
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pulmonary vasoconstriction. In these circumstances, O2 therapy and 
pulmonary vasodilator therapy combine to decrease pulmonary hyper-
tension and increase Q̇t in a small but significant proportion of patients 
(see Chap. 38).

Right heart catheterization shows a unique hemodynamic profile: 
a very high mean pulmonary artery pressure, pulmonary arterial DP 
considerably greater than the Ppw and reduced Q̇t and SV. Not uncom-
monly, arterial Ppw is normal or increased despite a small LVEDV on 
echocardiographic examination, which also shows a right-to-left shift 
of the interventricular septum; presumably, this causes stiffening of the 
diastolic V-P curve of the left ventricle. A complication of pulmonary 
vasodilator therapy is hypotension due to systemic arterial dilation 
unaccompanied by increased right heart output. Such effects aggravate 
the hypoperfusion state, perhaps by reducing coronary blood flow 
to the hypertrophied, dilated right ventricle. Some evidence suggests 
that shock associated with pulmonary hypertension is ameliorated by 
α-agonist therapy (eg, norepinephrine or phenylephrine), which acts as 
a predominant systemic arteriolar constrictor to increase BP sufficiently 
to maintain right ventricular perfusion.59,60

Right ventricular infarction causes low pulmonary artery pressures 
and normal LV filling pressures because the dilated, injured right ven-
tricle is unable to maintain adequate flow to the left heart.61 Elevated 
neck veins and Pra tend to decrease with dobutamine infusion, perhaps 
because the enhanced contractility of the left ventricle improves systolic 
function of the mechanically interdependent right ventricle.57 Volume 
expansion often aggravates right ventricular dysfunction, and systemic 
vasoconstriction may preserve right ventricular perfusion.62

In the setting of severe AHRF, marked elevations of pulmonary 
vascular resistance can be induced by hypoxic vasoconstriction.63-65 
This hypoxic pulmonary vasoconstriction appears to be stimulated by 
mixed venous hypoxemia.66 In most patients with ARDS, this explains 
the increase in Q̇s/Q̇t when CO and PvO2 increase. In a subset of these 
patients, RV dysfunction with dilatation of the RV and bowing of the 
interventricular septum can be seen (Fig. 31-10).63 Treatment is similar 
as described above but additional therapies take advantage of the hetero-
geneity of Q̇s/Q̇t to deliver vasodilators directly to still ventilated alveoli 
and their accompanying vasculature. An example of this form of therapy 
includes inhaled nitric oxide.67 Large multicenter trials, while demon-
strating improvements in oxygenation early in the course of treatment, 
did not demonstrate any mortality benefit.68-70

Anaphylactic, Neurogenic, and Adrenal Shock:  Other etiologies of shock 
having unique clinical presentations that usually lead to early diagno-
sis are anaphylactic shock and neurogenic shock. Beyond identifying 
the etiology early through their association with triggering agents and 
trauma, respectively, the physician should note that the pathophysiol-
ogy of each is a dilated venous bed with greatly increased unstressed 
volume of the circulation leading to hypovolemic shock. Accordingly, 
the mainstay of therapy for both conditions is adequate volume 
infusion; adjunctive therapy for anaphylaxis includes antihistamines, 
steroids, and epinephrine to antagonize the mediators released in the 
anaphylactic reaction (see Chap. 128), whereas a careful search for 
sources of blood loss and hemorrhagic shock is part of the early resus-
citation of spinal shock in the traumatized patient (see Chap. 119).

Not uncommonly, the presentation of patients with nonhemorrhagic 
hypovolemic shock raises the concern of acute adrenal cortical insuffi-
ciency. When this possibility is not obviously excluded, it is appropriate 
to draw a serum cortisol level, provide adequate circulating steroids with 
dexamethasone, and conduct a corticotropin stimulation test to confirm 
or refute the diagnosis. Characteristically, hypotension and hypoperfu-
sion in such patients will not respond to adequate vascular volume 
expansion until dexamethasone is administered (see Chap. 102).

Multiple Etiologies of Shock:  With this differential diagnosis and man-
agement evaluation in mind, the initial approach to patients with 
hypoperfusion states should be completed in less time than it takes to 
read about it. The target is to distinguish among patients with septic 
shock, cardiogenic shock, and hypovolemic shock and to initiate an 
appropriate therapeutic challenge—antibiotics, inotropic agents, or a 
volume challenge—within 30 minutes of presentation. By the response, 
the diagnosis is confirmed or challenged, with special regard to equivo-
cal responses to therapy or to several other diagnostic categories of 
shock. Sorting out the primary etiology of the hypoperfusion state 
often requires considerable additional data. This process is rendered 
more complex by concurrent etiologies contributing to the shock, for 
example, the patient with septic shock unable to increase Q̇t due to 
intercurrent myocardial dysfunction, the patient with acute myocardial 
infarction who is hypovolemic, or the patient with hemorrhagic shock 
who becomes septic. Other combinations of these major categories 
overlap with confounding effects of tamponade, positive-pressure ven-
tilation, pneumothorax, and pulmonary hypertension—all to challenge 
ongoing diagnostic and management approaches.

THE PULMONARY CIRCULATION

■■ PRESSURES, FLOW, AND RESISTANCE IN PULMONARY VESSELS
Q̇t from the left heart is equal to VR to the right heart, so the entire Q̇t 
traverses the pulmonary circulation in pulsatile fashion (Fig. 31-11). The 
right ventricle ejects blood into the pulmonary artery, thereby increasing 
its pressure (Ppa) to drive flow through a branching arteriolar system 
into the lung parenchyma, where a network of very small alveolar septal 
vessels or capillaries passes between the airspaces of the lung to effect 
pulmonary gas exchange. These septal vessels converge into pulmonary 
veins that empty into the left atrium, where the pressure (Pla) is often 
regarded as the outflow pressure of the pulmonary circulation. When 
this pressure gradient across the pulmonary circulation (Ppa − Pla) is 
divided by the pulmonary blood flow (Q̇), the pulmonary vascular resis-
tance is calculated (mm Hg/L per minute) and sometimes converted to 
metric units (dyn-s/cm5) by multiplying by 80. By this analysis, increas-
ing blood flow from one level to another is associated with decreasing 
pressure across the pulmonary circulation (Ppa − Pla) along a unique 
pressure-flow relation given by the continuous line in Figure 31-11B. 
Resistance to Q̇ may be increased by smooth muscle constriction within 
the pulmonary arterioles and alveolar vessels by hypoxia, by compres-
sion of the alveolar septal vessels by elevated Pa, by obstruction of larger 
pulmonary vessels by thromboembolism, or by obliteration of many of 
the parallel vascular channels as they traverse the lung so that the same  

FIGURE 31-10.  Systolic and diastolic volume-pressure (V-P) curves of the LV before 
(continuous curves) and during pulmonary hypertension (interrupted curve AB) in AHRF. This 
LV diastolic dysfunction is due to RV distention and bowing of the interventricular septum (see 
inset cross-sectional diagram) so that the LV preload and SV are reduced. Pulmonary vasodila-
tors such as NO have some therapeutic effect, but extracorporeal membrane oxygenation 
(ECMO) to increase PvO2

 may provide better results.
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blood must flow through fewer channels. Such an increase in pulmonary 
vascular resistance would be calculated as at point A on the interrupted line 
in Figure 31-11, where the pressure difference across the lung (Ppa − Pla)  
has increased for the same amount of Q̇ . Pulmonary hypertension is a 
frequent abnormality in critical illness; its causes are listed in Table 22-4 
and its treatment is discussed in Chaps. 35 and 38.

Figure 31-11 also depicts a common way to make these measure-
ments with a pulmonary artery catheter (PAC) that is passed through 
systemic veins into the central circulation. When a small balloon near 
its tip is inflated, the balloon passes with the VR into the right atrium, 
right ventricle, and pulmonary artery until it wedges in a pulmonary 
artery branch, obstructing the flow there. Because there is no flow, the 
hole in the catheter tip is open to a stagnant column of blood extending 
through the pulmonary vessels to the left atrium. Accordingly, this Ppw 
approximates Pla, providing an estimate of LVEDP to evaluate ventricular 
function and an estimate of pulmonary microvascular pressure to help 
manage pulmonary edema (see below). When the balloon is deflated and 
flow resumes through that vessel, the pressure there is equal to pulmonary 
arterial pressure. Mixed venous blood drawn from the pulmonary artery 
provides a measure of O2 content (CvO2); when related to the simultaneous 
measurement of arterial O2 content (CaO2) and Q̇t, the patient’s O2 con-
sumption V̇O2 = Q̇t ([CvO2] − [CvO2]) can be calculated and interpreted 
in the context of the patient’s O2 transport (DO2 = Q̇t × CaO2). A sensitive 
thermistor at the tip of the catheter may be used to detect temperature 
changes after the injection of a cold saline bolus into the right atrium to 
allow estimation of Q̇t from the resulting thermodilution curve.

The pulmonary artery and the left atrium are surrounded by Ppl, so 
absolute values of Ppa and Pla change with respiration. When spontane-
ous active inspiration decreases Ppl, pulmonary arterial and left atrial 
pressures decrease, but the driving pressure of blood flow across the lung 
stays the same (Ppa − Pla); when positive-pressure inflation increases 
Ppl, Ppa and Pla increase. Accordingly, it is helpful to record pulmonary 
vascular measurements at end expiration when the mode of ventilation 
has minimally different effects; even this approach can be confounded 
when the patient exerts vigorous respiratory activity. When alveolar 
pressure (Pa) exceeds Pla, the true driving pressure for pulmonary blood 
flow is Ppa − Pa. One often overlooked adverse effect of positive-pressure  
ventilation with high PEEP or high tidal volume is the large increase in 
dead space (Vd/Vt) when pulmonary blood flow is interrupted by the 
high Pa; not infrequently, alveolar ventilation can actually increase when 
tidal volume is reduced in these conditions, causing a paradoxical fall in 
PaCO2. A second consequence of Pa being greater than Pla is an overesti-
mation of Ppw; this can be detected when the respiratory fluctuation in 
Ppa is much less than that in Ppw.71 Given these effects of respiration on 
measurements of Ppa and Ppw, it is not surprising that many physicians 
err in their interpretation of PAC data.72,73 Further, PAC use is accom-
panied by complications, and it can be argued that the hemodynamic 
data obtained can be deduced by clinical examination, are not helpful 
in clinical decision making, or do not improve outcome.74-76 However, 
physicians also err in their clinical evaluations,77,78 so it seems reasonable 
to encourage multiple tools to assess the circulation, including echocar-
diographic imaging, dynamic assessments (eg, PP variation, right atrial 
pressure variation), and occasionally pulmonary artery catheterization, 
when there is clinical uncertainty and when those data will be used to 
titrate aspects of the patient’s management.56,79

As mentioned above, hypoxic vasoconstriction can have profound 
effects in the setting of either acute hypoxic or acute on chronic respira-
tory failure.64,65 The constriction of pulmonary arteries and arterioles 
to alveolar hypoxemia has been long appreciated,80 though the precise 
location of the oxygen sensor responsible for these changes remains 
elusive.81-83 The fact that these sensors are normally in equilibrium with 
alveolar oxygen tensions is supported by the observation that increases 
in SvO2 will result in an increase in Q̇s/Q̇t in the setting of acute hypoxic 
respiratory failure but not in the setting of hypoxemia due to hypoven-
tilation. This implies that the additional oxygen delivered by the circula-
tion by an increase in SvO2 equilibrates with low oxygen tensions present 
in open alveoli in the setting of hypoventilation, resulting in no increase 
in flow to that lung region. However, in the setting of flooded alveoli, 
the shunted circulation is unaffected by alveolar gas in either direction, 
allowing the increase in SvO2 to cause vasodilation and thus increase 
flow to the flooded regions.66

■■ PULMONARY EDEMA
Figure 31-12 shows a schematic diagram depicting the circulatory 
factors governing the movement of edema (Q̇e) between the pulmonary 
vessels and the lung interstitial tissues; the Starling equation describing 
lung liquid flux is written beneath the figure. The hydrostatic pressure 
in the microvessels of the lung (Pmv = 12 mm Hg) lies about half-
way between Ppa (normally about 15 mm Hg) and LVEDP (normally 
about 10 mm Hg). Hydrostatic pressure in the septal interstitial space  
(Pis = −4 mm Hg) is subatmospheric, in part because it drains into the 
peribronchovascular interstitium, which has a more negative pressure, 
and in part because lymph vessels, valved-like veins for unidirectional 
flow, actively remove liquid from the interstitial spaces that have intrinsic 
structural stability to resist collapse.84 Accordingly, there is a positive 
hydrostatic pressure (Pmv − Pis = 16 mm Hg) driving edema across the 
microvascular endothelium to the lung septal interstitium. The vascular 
wall presents a barrier to this bulk flow of liquid characterized by its per-
meability to water (Kf; mL edema/min per mm Hg); Kf includes surface 
area (S) and thus is heavily weighted by the characteristics of the alveolar 
vessels, where so much S resides.84 The microvascular membrane is also 
characterized by its permeability to circulating proteins, dominated by 

FIGURE 31-11.  A. Schematic of the pulmonary circulation illustrates a simple view of 
pulmonary vascular resistance (PVR). Pulmonary blood flows from the pulmonary arteries (Ppa) 
through branching vessels to the left atrium (Pla). This central circulation is enclosed by the tho-
rax, which contains airspaces (Pa) that abut alveolar vessels. Between the airspaces and thorax is 
the pleural (pl) space, so pleural pressure (Ppl) approximates the pressure outside extra-alveolar 
vessels, including the heart. A balloon-tipped catheter occludes the upper branch of the pulmo-
nary artery so that the catheter tip sits in a stagnant column of blood, continuous with Pla, to pro-
vide an estimate of pulmonary wedge pressure (Ppw), unless alveolar pressure (Pa) exceeds Pla, 
when occlusion pressure exceeds Pla because Pa closes the alveolar vessels; in either case, when 
the balloon is deflated, the catheter tip measures Ppa, and a thermistor near the tip can measure 
pulmonary blood flow (Q̇) by thermodilution. B. Plots of Q̇ (ordinate) against Ppa − Pla (abscissa); 
the inverse of the slope of the continuous line drawn through the two PQ̇ points is PVR; for a given 
Q̇ at the lower point, Ppa − Pla increases to A on the interrupted PQ̇ line, indicating increased PVR.
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albumin and globulin. If these plasma proteins were completely reflected 
(σ = 1), no protein would pass from lung blood to the interstitium; in 
contrast, if the microvascular membrane were freely permeable (σ = 0), 
interstitial protein concentration (Cl), as measured in lung lymph, would 
equal that of plasma proteins (Cp). Cl/Cp is about 0.6 in the normal 
steady-state edema flow in most mammals; when Q̇e, as estimated from 
lung lymph flow (Q̇l), is progressively increased by elevating Pmv, Cl/Cp  
decreases to a plateau value of about 0.3. This plateau value indicates 
the microvascular protein reflection coefficient (σ = 1 − Cl/Cp = 0.7)  
measured in conditions of high edema flow; at lower Q̇e levels, water dif-
fuses from the interstitium to the blood along the concentration gradient 
for water established by Cp > CL.

84

In cardiogenic pulmonary edema, Q̇e is increased by increasing 
Pmv. Several factors act to keep the lungs from accumulating excess 
liquid: lymphatic flow increases, Cl/Cp decreases, and Pis increases. The 
increased septal Pis drives edema through tissue planes toward the intra-
parenchymal peribronchovascular interstitium, where Pis is rendered 
even more subatmospheric (−10 mm Hg) by the outward pull of alveo-
lar walls on the adventitia surrounding the relatively stiff bronchi and  
vessels.84 This adventitial pull renders Pis even more negative with each 
inspiration, creating a cyclic suction to move edema from the alveolar 
septa toward the hilum of the lung, where peribronchovascular intersti-
tial pressures are most negative, where the tissues have the largest capac-
ity to accommodate the edema, and where the most dense accumulation 
of lymphatics is arranged to clear the edema to the systemic veins. This 
accounts for the Kerley lines, the bronchial cuffing, and the perihilar 
“butterfly” distribution of interstitial cardiogenic pulmonary edema on 
the chest radiograph. When edemagenesis continues to fill these inter-
stitial reservoirs, Pis rises at the alveolar septa, disrupting tight junctions 
between alveolar type I epithelium to flood the airspaces. Histologic 
morphometry of edematous lungs shows that flooded alveoli have about 
one-eighth the volume of unflooded alveoli, indicating that a relatively 
small volume of alveolar edema floods eight times that volume of air-
space, for example, in a patient with an end-expired lung gas volume 
of 4 L, 250 mL of alveolar edema fills half the airspaces (8 × 250 = 2 L), 
accounting for a large intrapulmonary shunt and for a large reduction in 
lung compliance because only half the lung is ventilated.28

In the exudative phase of ARDS, a greater proportion of noncardio-
genic edema accumulates in airspaces, so there is a much greater shunt 
per edema volume than in cardiogenic edema. Presumably, this different 
distribution of edema occurs because the lung injury that increases Kf 
and decreases σ also damages the alveolar epithelial barrier, so increased  
Q̇e has access to a low-resistance pathway to a very large reservoir for 
edema—the airspaces of the lung.85 Often, the hydrostatic pressure driv-
ing edema from vessels to airspace is normal or reduced; as Q̇e increases 
at normal Pmv after an acute lung injury, Cl/Cp does not decrease as in 
cardiogenic edema but increases slightly to a value of about 0.8, so the 
reflection coefficient decreases (σ = 1 - Cl/Cp = 0.2). Accordingly, 
alveolar fluid protein concentration approaches Cp in ARDS but is much 

lower than Cp in cardiogenic edema.77 When the vascular membrane is 
repaired, alveolar edema is cleared very slowly from noninjured lungs by 
active transport of sodium; water follows the osmotic gradient through an 
intact alveolar membrane, and this clearance raises alveolar protein con-
centration above Cp as a clinical marker of recovery from ARDS.86

PEEP increases end-expired lung volume to decrease Pis and increase 
capacity in the peribronchovascular interstitium; this in turn redistrib-
utes much of the alveolar edema into this interstitial reservoir, associated 
with the aeration of flooded airspaces at a much larger alveolar volume 
to reduce shunt and to increase lung compliance without altering the 
amount of edema.13,14,87 Because lung volume increases greatly when 
PEEP is effective in redistributing edema, Ppl must increase to push the 
chest wall to an equivalently higher volume. This raises Pra to reduce VR 
and BP5,6,26 unless the patient’s baroreceptor reflexes, iatrogenic infusions 
of fluid, or vasoactive drugs maintain Pms and Q̇t.31,88 This recruitment  
of previously flooded airspaces occurs within the large P-V hysteresis of 
the edematous lung, so less PEEP is required than that indicated by the 
inflection point of the inflation P-V curve.89

■■ AN APPROACH TO MANAGING ACUTE HYPOXEMIC  
RESPIRATORY FAILURE

As with many therapeutic interventions in critical illness, too much 
can cause harm, so it is helpful to define the goal of each intervention 
and then use the mildest intervention to achieve that goal. Ventilator 
management of pulmonary edema causing AHRF is summarized in 
Table 31-3. Because the aim of PEEP therapy is to maintain arterial sat-
uration of an adequate circulating hemoglobin on a nontoxic fraction of 
inspired O2 (FiO2; <0.6)—all to effect adequate DO2

 without aggravating 
the lung injury with oxygen toxicity—it is important to avoid PEEP lev-
els that impede VR, thereby compromising Q̇t.90 Because PEEP already 
increases end-expired lung volume, superimposed large tidal volumes 
delivered to lungs having greater than half their airspaces flooded causes 
marked overdistention and pulmonary volutrauma, further reduces VR, 
and contributes to mortality; using the least tidal volume (eg, 6 mL/kg 
ideal body weight) effecting adequate CO2 elimination at an increased 
rate minimizes these complications.91 It is remarkable how rapidly PEEP 
redistributes edema to reduce hypoxemia (in minutes) and how rapidly 
the shunt returns when PEEP is removed. Accordingly, the informed 
physician can implement an effective, tolerable estimate of PEEP in less 
than 15 minutes in ventilated patients in whom BP and pulse oximetry 
are being monitored continuously. Beginning with a small tidal volume 
(6 mL/kg), high respiratory rate (30 breaths/min), and FiO2 of 1 in a 
well-sedated patient, PEEP is increased by 5 cm H2O every minute from 
0 to 20 minutes. If BP does not decrease and arterial O2 saturation (SaO2

) 
remains between 88% and 95%, FiO2 is reduced to 0.8 for 5 minutes and 
then to 0.7 and 0.6 at 5-minute intervals. A decrease in BP as PEEP is 
initially increased suggests relative circulatory hypovolemia, so PEEP 
must be reduced again until Q̇t and BP are restored with volume infu-
sion including packed red blood cells to achieve an adequate hematocrit 
or with an infusion of dobutamine titrated from 1 to 10 µg/kg per min-
ute to maintain Q̇t at a lower circulatory volume and Ppw. Similarly, if 
the initial FiO2

 reductions decrease SaO2
 to less than 88%, PEEP should be 

increased in 2.5-cm H2O increments until SaO2
 is high enough to allow 

FiO2
 reduction; at this stage, it is prudent to reduce the tidal volume fur-

ther. When PEEP is effective, plans to prevent its inadvertent removal, 
as during routine bedside suctioning, can prevent sudden hypoxemic 
cardiovascular catastrophe.

  TABLE 31-3    Therapeutic Goals in Acute Hypoxemic Respiratory Failure

	 1.	 Seek the least PEEP providing 90% saturation of an adequate hematocrit on  
nontoxic FiO2 (<.6)

	 2.	 Seek the least tidal volume providing adequate CO
2
 elimination (pH > 7.2)

	 3.	 Seek the least circulatory volume or Ppw providing adequate Q̇ t and DO2

DO2, O2, delivery; FiO2 fraction inspired O
2
; PEEP, positive end-expiratory pressure.

Edema flow = [ (Pmv - Pis) - (πmv - πis)σ ]Kf

Alveolus

Pis πis

Pmv πmv

Alveolus

LVEDP

FIGURE 31-12.  Schematic representation of Starling forces governing the flux of lung liquid 
from the intravascular to the extravascular space (for discussion, see text). is, interstitial space; 
LVEDP, left ventricular end-diastolic pressure; mv, microvessels of the lung; π, colloid osmotic 
pressure; σ, reflection coefficient. (Reproduced with permission from Hall and Wood LDH30)
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Cardiovascular management of cardiogenic and noncardiogenic 
edema aims to reduce edema formation and accumulation without 
inducing inadequate Q̇t or DO2

 (see Table 31-3), thereby decreasing the 
duration and complications of intensive care.88 Cardiogenic edema is 
caused by high Pmv, often related to acute or acute-on-chronic LV dys-
function that increases LVEDP. Reducing the central blood volume by 
venodilating agents (eg, morphine, furosemide, or nitroglycerin) reduces 
LVEDP and edemagenesis, but excess preload reduction will adversely 
reduce Q̇t from a poorly functioning ventricle that often requires a 
higher LVEDP (16-30 mm Hg) than normal (8-12 mm Hg). Where  
indicated, vasoactive drugs to enhance systolic function (eg, dobutamine, 
milrinone, nitroglycerin) or reduce afterload (eg, fenoldopam, nicar-
dipine, or nitroprusside) and measures to correct diastolic dysfunction  
(eg, prolong filling time, maintain coordinated atrial contraction, or 
correct myocardial hypoxia and ischemia) act to reduce the LVEDP 
required for adequate Q̇t and thus reduce cardiogenic edema formation 
by the Starling equation. Increasing πmv by colloid infusion also reduces 
edema formation, provided Pmv is not increased; an albumin infusion 
that raises πmv from 15 to 20 mm Hg and Pmv from 25 to 30 mm Hg causes 
more Q̇e because σ = 0.7. Colloid infusion is even less helpful in reduc-
ing noncardiogenic edema, where σ is much reduced. In one study of oleic 
acid–induced noncardiogenic edema in dogs, raising πmv by 5 mm Hg had 
no effect on edema when Pmv was not allowed to change.78

The management of acute lung injury in canine models parallels the 
treatment of cardiogenic pulmonary edema (Fig. 31-13). Reducing Ppw 
by 5 mm Hg 1 hour after lung injury stopped edema accumulation and 
Q̇t was maintained by infusion of dopamine or nitroprussside.87,92,93 
Many intensivists used this approach in treating ARDS, while others 
maintained or increased Ppw to avoid hyperperfusion.35,36 A compari-
son of conservative versus liberal fluid management based on the out-
comes of 1000 patients with ARDS demonstrated that 255/500 subjects  
resumed spontaneous breathing after 5 days of conservative fluid man-
agement while 200/500 were breathing spontaneously after liberal  

management of fluid therapy.40 There were no differences in com-
plications between the two groups and no further beneficial effects 
were observed after 5 days. These results favoring conservative fluid 
management likely underestimated the observed outcome, as random 
assignment to treatment groups did not start until 43 hours after admis-
sion to the ICU. Support for underestimation comes from several case 
reports demonstrating improvement with Ppw reduction within the  
first 24 hours after ICU admission.30,31,37-39,88 These considerations 
encourage early and aggressive reduction of circulating volume and 
Ppw with care to avoid hypoperfusion (ie, patients in shock are not 
eligible for this strategy). This approach constantly seeks the least Ppw 
associated with an adequate Q̇t and DO2

 during the early stage of edema 
formation in ARDS. Of course, this is only symptomatic treatment; as 
yet there are no specific therapies for the acute lung injury that correct 
an increased Kf and a reduced σ. The aim is to minimize the edema con-
sequences of vascular injury and thereby shorten duration of ventilation 
and care in the intensive care unit.37-39

FIGURE 31-13.  Schematic diagram illustrating the effects of reducing pulmonary wedge 
pressure (Ppw) 1 hour after hydrochloric acid or kerosene aspiration at time 0 hour (abscissa) 
on extravascular lung liquid (EVLL by thermal dilution; A), and cardiac output Q̇t; B. Data 
are compiled from six studies by the same group with similar experimental protocols.85,89,90 
A. Edema increases linearly with time after injury in the control group (Ppw = 11 mm Hg, 
continuous line), but reduction of Ppw to 6 mm Hg at 1 hour by plasmapheresis (Pl) or sodium 
nitroprusside (NP) stops edema accumulation (interrupted line) such that EVLL is less than half 
that in the control group by 5 hours; all EVLL values were confirmed by gravimetric edema 
measures in the lungs excised at 5 hours. B. Q̇t did not change with time when Ppw was 
maintained in the control group; when Ppw was reduced by plasmapheresis, Q̇t decreased to 
half its control value but Q̇t could be maintained at reduced Ppw by infusion of dopamine or 
NP (continuous line). Plasmapheresis alone reduced Q̇t by decreasing Ppw (interrupted line).
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Assessing the Circulation: 
Oximetry, Indicator Dilution, 
and Pulse Contour Analysis
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32
C H A P T E R

KEY POINTS

•• �No hemodynamic monitoring device will improve patient outcome 
unless coupled to a treatment, which itself improves outcome.

•• �Low venous oxygen saturations need not mean circulatory shock 
but do imply circulatory stress, as they may occur in the setting of 
hypoxemia, anemia, exercise, as well as circulatory shock.

•• �There is no “normal” cardiac output, only one that is adequate 
or inadequate to meet the metabolic demands of the body. Thus, 
targeting a specific cardiac output value without reference to meta-
bolic need, or oxygen-carrying capacity of the blood, is dangerous.

•• �Cardiac output is estimated, not measured, by all devices routinely 
used in bedside monitoring (though we shall call it measured in 
this text).

•• �Cardiac output estimates using arterial pulse pressure contour 
analysis cannot be interchanged among devices and all suffer to a 
greater or lesser extent by changes of peripheral vasomotor tone 
commonly seen in the critically ill.

•• �Since metabolic demands can vary rapidly, continuous or frequent 
measures of cardiac output are preferred to single or widely spaced 
individual measures.

•• �Integrating several physiologic variables in the assessment of the 
adequacy of the circulation usually gives a clearer picture than just 
looking at one variable.

•• �Integrating cardiac output with other measures, like venous oxygen 
saturation, can be very helpful in defining the adequacy of blood flow.

INTRODUCTION
The goal of the cardiorespiratory system is to sustain adequate delivery 
of oxygen to the tissues and removal of carbon dioxide to meet their 
metabolic demands. Under normal conditions, this system has signifi-
cant flow and O2-carrying capacity reserve to handle all but the most 
demanding metabolic stresses or primary organ dysfunction. Indeed, 
once overt cardiorespiratory failure is present, the degree of cardiorespi-
ratory impairment is often advanced with existing end-organ ischemic 
dysfunction. Hemodynamic monitoring plays an important role in the 
management of these critically ill patients with cardiovascular dysfunc-
tion. It is profoundly useful in the titration of therapies in patients 
with known cardiovascular disease processes, like hemorrhagic shock, 
acute mitral regurgitation, cor pulmonale, left-sided heart failure, and 
vasoplegic shock wherein knowing the underlying pathophysiologic 
process, physiologic state, and titrating-specific therapies represents 
the centerpiece of cardiovascular support. However, monitoring is also 
useful in identifying problems before they deteriorate to shock and/or 
in the management of high-risk patients with proven therapies. In this 
chapter, we will discuss monitoring the elements of oxygen delivery 
(DO2), namely cardiac output and blood oxygen saturation. Hemoglobin 
is the other variable defining DO2, but usually does not change rapidly 
and can be estimated from venous oximetry. Although circulatory shock 
is due to inadequate DO2 to meet metabolic demands, targeting-specific 
cardiac output or DO2 values across all patients in an attempt to prevent 
occult or obvious tissue hypoperfusion and ischemia is not only unwar-
ranted but potentially harmful, as the needs of different patients and the 
same patient over time can vary widely.

Recent reviews on the usefulness of hemodynamic monitoring to 
identify and monitor therapy have been written.1,2 Importantly, a recent 
consensus statement by 16 experts underscores many of the principles 
described below.3 The essential aspects of circulatory sufficiency, namely 
the adequacy of DO2 to sustain metabolic needs, can be assessed by a 
combination of routinely available variables. For convenience these will 
be separated into those that measure oxygenation (oximetry) and those 
that measure flow (cardiac output).

TISSUE OXYGENATION

Since metabolic demand of tissues varies by external (exercise) and inter-
nal (basal metabolism, digestion, fever) stresses, there is no “normal”  
cardiac output that the bedside caregiver can target and be assured of 
perfusion adequacy. Cardiac output is either adequate or inadequate 
to meet the metabolic demands of the body. Thus, although measures 
of cardiac output are important, their absolute values are relevant only 
in the extremes and when targeting specific clinical conditions, such 
as preoptimization therapy, which will be described below. How then 
does one know that circulatory sufficiency is present or that circulatory 
shock exists? Clearly, since arterial pressure is the primary determinant 
of organ blood flow, systemic hypotension (ie, mean arterial pressure  
<60 mm Hg) must result in tissue hypotension.4 Organ perfusion pres-
sure can be approximated as mean arterial pressure (MAP) relative to 
tissue or outflow pressure. If intracranial pressure or intra-abdominal 
pressure increases, then estimating cerebral or splanchnic per
fusion pressure using MAP alone will grossly overestimate organ  
perfusion pressure. However, baroreceptors in the carotid body and  
aortic arch increase vasomotor tone to keep cerebral perfusion constant 
if flow decreases, and the associated increased systemic sympathetic 
tone alters local vasomotor tone to redistribute blood flow away from 
more efficient O2 extracting tissues to sustain MAP and global O2 con-
sumption (V̇O2) in the setting of inappropriately decreasing DO2. Thus, 
although systemic hypotension is a medical emergency and reflects 
severe circulatory shock, the absence of systemic hypotension does not 
ensure that all tissues are being adequately perfused.

Within this context measures of tissue and blood oxygenation become 
relevant because they define the amount of O2 within the tissues or 
blood and their measures can often be made noninvasively and using 
indwelling venous or central venous catheters. This oximetric monitor-
ing offers the potential to assess continuous measures of the adequacy 
of blood flow. Furthermore, measures of anaerobic metabolism, such as 
serum lactate levels or arterial blood gas base deficit, often confirm the 
existence of tissue ischemia.5,6 Noninvasive pulse oximetry allows for the 
continuous measure of arterial oxygen saturation and is universally used 
in acute care settings, despite no evidence that it improves outcomes.7 
Pulmonary artery catheterization allows for the continuous measure of 
mixed venous oxygen saturation (SvO2) through reflectance oximetry. 
Central venous catheterization, commonly used to secure a stable intra-
vascular infusion site, allows for the sampling of superior vena caval 
central venous oxygen saturation (ScvO2) and by reflectance oximetry 
continuous ScvO2)measures as well. The principles behind these mea-
sures, their usefulness, and limitations are described below.

Hemoglobin varies in its light absorption spectrum as it binds to 
oxygen, carbon monoxide, nothing (deoxygenation), or is in the ferric 
state (methemoglobin) (Fig. 32-1). All oximeters estimate blood or tissue 
O2 saturation by measuring the differential absorbance bands of various 
paired or triple spectral signals across the 600 to 1000 nm bandwidth.

■■ ARTERIAL PULSE OXIMETRY
Arterial blood O2 saturation (SaO2) can be estimated quite accurately at 
the bedside using pulse oximetry.8 The routine use of pulse oximetry 

Although mean arterial pressure is a primary determinant of organ perfusion, normo-
tension can coexist with circulatory shock.
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has markedly reduced the number of arterial blood gases needed to 
manage patients with hypoxemic respiratory failure. Importantly, pulse 
oximeters estimate SaO2 saturation by measuring the change in tissue 
light absorption at two specific wavelengths, 660 nm (red) and 940 nm 
(infrared). In the steady state, the absorption ratios, based on calibra-
tion against known SaO2 values, allows for the continuous measure of 
total tissue absorption, which is a function of both arterial blood and all 
the other tissues and blood that are within the sensing oximeter’s path. 
However, the dynamic change in absorption induced by the arterial sys-
tolic pulse primarily increases the arterial and arteriolar blood volume. 
The pulse oximeter examines the change in absorption ratios of the 
pulse-induced change from the associated plethysmographic waveform. 
Since the SaO2 is sensed as pulsed O2 saturation, it is referred to as pulse 
O2 saturation (SpO2). Routinely, pulse oximeters are placed on a finger 
for convenience sake. However, if no pulse is sensed, then the readings 
are meaningless. Such finger pulselessness can be seen with peripheral 
vasoconstriction associated with hypothermia, circulatory shock, or 
vasospasm. Central pulse oximetry using transmission technology can  
be applied to the ear or bridge of the nose and reflectance oximetry  
can be applied to the forehead, all of which tend to retain pulsatility if  
central pulsatile flow is present. Similarly, during cardiopulmonary 
bypass when arterial flow is constant, pulse oximetry is inaccurate.

Clinical Uses of SpO2:  The primary uses of SpO2 are for identification of 
arterial hypoxemia, titration of supplemental O2, and indirectly, to 
assess the causes of hypoxemia. An additional use of the plethysmo-
graphic waveform independent of measuring SpO2 is as a surrogate for 
arterial pulse pressure.

•• Hypoxemia: A primary cause of inadequate DO2 is arterial hypox-
emia. SpO2 is routinely used to identify hypoxemia.9 Owing to the 
shape of the oxyhemoglobin dissociation curve, a PaO2 of 60 mm Hg  
represents an SpO2 of 90% (Fig. 32-2). Hypoxemia is usually defined 
as an SpO2 <90%. Increasing supplemental inspired oxygen (increased 
FiO2), positive end-expiratory pressure, and other ventilatory maneu-
vers can be titrated to keep SpO2 >90% using various respiratory 
treatment algorithms.

•• Identifying the causes of hypoxemia: The most common causes 
of hypoxemia are ventilation-perfusion (V/Q) mismatch and shunt. 
With V/Q mismatch alveolar hypoxia occurs in lung regions with 
increased flow relative to ventilation, such that the high blood flow 
rapidly depletes alveolar O2 before the next breath can refresh it. 
Accordingly, this process readily lends itself to improved oxygenation 

FIGURE 32-1.  Absorption coefficients for fully saturated hemoglobin (OxyHb), desaturated 
hemoglobin (DeOxyHb), carboxyhemoglobin (COHb), and methemoglobin (MetHb). Note that at  
660 and 940 nm OxyHb and DeoxyHb absorptions are reversed.
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FIGURE 32-2.  Normal hemoglobin-oxygen dissociation curve with normal values for 
arterial, mixed venous, and capillary oxygenation states listed. The dashed line at 90% satura-
tion reflects a PO2 of 60 mm Hg.

by increasing FiO2 and minimizing regional alveolar hypoxia. 
Collapsed or flooded lung units will not alter their alveolar O2 levels 
by this maneuver and are said to be refractory to increases in FiO2. 
Accordingly, by measuring the SpO2 response to slight increases in  
FiO2 one can separate V/Q mismatch from shunt. One merely mea-
sures SpO2 while switching from room air FiO2 of 0.21) to 2 to 4 L/min  
nasal cannula (FiO2 ~0.3). Shunt can be due to anatomical intracardiac 
shunts, alveolar flooding (eg, pneumonia and pulmonary edema), 
and atelectasis. Importantly, atelectatic lung units should be recruit-
able by lung expansion whereas flooded lung units and anatomical 
shunts should not. Thus, by performing sustained deep inspirations 
and having the patient sit up and take deep breaths one should be 
able to separate easily recruitable atelectasis from true shunt. Sitting 
up and taking deep breaths is a form of exercise that may increase O2 
extraction by the tissues, thus decreasing SvO2. The patient with atel-
ectasis will increase alveolar ventilation increasing SpO2 despite the 
decrease in SvO2, whereas the patient with shunt or poorly recruitable 
atelectasis will realize a fall in SpO2 as the shunted blood will carry the 
lower SvO2 to the arterial side.

•• Detection of volume responsiveness: Recent interest in the clinical  
applications of heart-lung interactions has centered on the effect 
of positive-pressure ventilation on venous return and subsequently 
cardiac output. In those subjects who are volume responsive, arterial 
pulse pressure, as a measure of left ventricular (LV) stroke volume, 
phasically decreases in phase with expiration, the magnitude of which 
is proportional to their volume responsiveness.10,11 Since the pulse 
oximeter’s plethysmographic waveform is a manifestation of the arte-
rial pulse pressure, if pulse pressure varies from beat-to-beat so will the 
plethysmographic deflection, which can be quantified. Several groups 
have documented that the maximal variations in pulse oximeter’s ple-
thysmographic waveform during positive-pressure ventilation covaries 
with arterial pulse pressure variation and can be used in a similar  
fashion to identify those subjects who are volume responsive.12,13

■■ VENOUS OXIMETRY
Venous oximetry measures O2 saturation in venous blood, defining that 
residual O2 in that bed after traversing the tissue. The higher the venous 
O2 content, the more O2 remained following its transit through the tissues  
and presumably the greater the O2 extraction reserve. To the extent 
that SpO2 and hemoglobin concentration result in an adequate arterial 
O2 content (CaO2), then ScvO2 and SvO2 levels can be taken to reflect 
the adequacy of the circulation to meet the metabolic demands of the  
tissues. However, these assumptions are not always correct so that blind 
use of SvO2 or ScvO2 to assess circulatory sufficiency may lead to mis-
diagnosis. Thus, one needs to examine the determinants of DO2, global  
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oxygen consumption (VO2), and effective O2 extraction by the tissues before 
using ScvO2 or SvO2 as markers of circulatory sufficiency. DO2 is the product 
of cardiac output and CaO2. CaO2 is the sum of oxygen bound to hemoglo-
bin (product of hemoglobin concentration [Hb] and SaO2) and dissolved 
oxygen (PaO2). Although the formula defining CaO2 is Hb·1.36·SaO2 + 
PaO2·0.0031, the amount of O2 dissolved in the plasma is minimal except 
under extreme hyperbaric conditions, and is usually ignored.

Clinical Uses of SvO2:  Since VO2 must equal cardiac output times the dif-
ference in CaO2 and mixed venous O2 content (CvO2), if CaO2 remains 
relatively constant then CvO2 will vary in proportion to cardiac output. 
Recall from above that SpO2 can be easily measured and Hb rarely 
changes rapidly, thus in the sedated patient without changing stress, this 
assumption is true. Since the amount of O2 dissolved in the plasma is 
very small, the primary factor determining changes in CvO2 will be SvO2. 
Thus, SvO2 correlates well with the O2 supply-to-demand ratio.14

However, several relevant conditions may limit this simple appli-
cation of SvO2 in assessing circulatory sufficiency and cardiac output  
(Table 32-1). If VO2 were to increase (as occurs with exercise), hemoglobin-
carrying capacity to decrease (as occurs with anemia, hemoglobin-
opathies, and severe hemorrhage), or SpO2 to decrease (as occurs with 
hypoxic respiratory failure), then for the same cardiac output, SvO2 
would also decrease. Similarly, if more blood flows through nonmeta-
bolically extracting tissues as occurs with intravascular shunts, or mito-
chondrial dysfunction limits O2 uptake by tissues (as may occur with 
carbon monoxide poisoning and potentially in prolonged sepsis), then  
SvO2 will increase for a constant cardiac output and VO2 even though 
circulatory stress exists and may cause organ dysfunction. Intravascular 
shunts and mitochondrial dysfunction are the purported causes of high  
SvO2 in patients with fluid-resuscitated septic shock. Whether there is 
mitochondrial dysfunction in sepsis is unclear but there is good evi-
dence of microvascular shunting.15

SvO2 and ScvO2:  Recent interest in estimating SvO2 using ScvO2 has 
increased with the lack of enthusiasm for insertion of pulmonary 
arterial catheters. Since central venous catheterization is commonly 
performed as a stable access site for fluid and drug infusion, direct 
access to central venous blood is also commonly available in most 
critically ill patients. However, ScvO2 does not sample true mixed 
venous blood and most vena caval blood flow is laminar, thus if the 
tip is in one of these laminar flow sites it will preferentially report 
a highly localized venous drainage site O2 saturation. Clearly, the 
potential exists for spurious estimates of SvO2 (Table 32-2). Most  
central venous catheters are inserted from internal jugular or sub-
clavian venous sites with their distal tip residing in the superior 
vena cava, usually about 5 cm above the right atrium. Thus, even if 

  TABLE 32-1    Limitations to the Use of SvO2 to Trend Circulatory Sufficiency

Independent events that decrease SvO2 independent of cardiac output

Event Process

Exercise Increase VO2

Anemia Decreased O
2
-carrying capacity 

Hypoxemia Decreased arterial O
2
 content

Independent events that increase SvO2 independent of cardiac output

Event Process

Sepsis Microvascular shunting

End-stage hepatic failure Macrovascular shunting

Carbon monoxide poisoning Mitochondrial respiratory chain inhibition

  TABLE 32-2   � Reasons For SvO2 and ScvO2 To Be Dissimilar

    ScvO2 > SvO2

Normal (usually ~2%-3%)

Intra-abdominal compartment syndrome

    SvO2 > ScvO2

Circulatory shock

measuring a mixed venous sample of blood at that site, ScvO2 reflects 
upper body venous blood while ignoring venous drainage from the 
lower body (eg, intra-abdominal organs). Accordingly, ScvO2 is usu-
ally higher than SvO2 by 2% to 3% in a sedated resting patient because 
cerebral O2 consumption is minimal and always sustained above other 
organs. Still, with agitation ScvO2 can become less than SvO2 because the 
lower body extracts less O2 than the upper body, making inferior vena 
caval O2 saturation higher.16 Different vascular beds have different 
venous O2 saturations owing to their different functions. The kidneys 
have an extremely high venous O2 saturation because they function 
more to ultrafilter plasma than to extract O2. In circulatory shock, 
renal blood flow markedly decreases, such that inferior vena caval O2 
saturation decreases markedly. During cardiogenic or hypovolemic 
shock, mesenteric and renal blood flow decreases, thus increasing 
local O2 extraction.17 In septic shock, splanchnic O2 consumption 
increases, thus increasing local O2 extraction despite increased cardiac  
output.18 Finally, since muscle is highly efficient at extracting O2, 
muscular activity results in a marked decrease in its venous O2 satu-
ration. Depending on whether the activity is in the upper extremities 
(superior vena cava), lower extremities (inferior vena cava), or trunk 
(azygous), SvO2 and ScvO2 can change differently. Thus, ScvO2 cannot 
be used as surrogate for SvO2 under conditions of circulatory shock. If  
ScvO2 is <65%, however, then inadequate DO2 probably exists,19 but  
if ScvO2 is >70% it has no prognostic utility.20,21 Still, when the whole 
body O2 supply/O2 demand ratio is altered, both SvO2 and ScvO2 change 
in similar directions.22

■■ TISSUE OXIMETRY
The most currently used technique to measure peripheral tissue O2 
saturation (StO2) is near-infrared spectroscopy (NIRS) (InSpectre, 
Hutchinson Industries, Hutchinson, MN). NIRS is a noninvasive tech-
nique based in the differential absorption properties of oxygenated and 
deoxygenated hemoglobin to assess the muscle oxygenation. Using non-
infrared light (680-800 nm) that is mostly absorbed in the tissue by the 
hemoglobin, the signal receptor is able to quantify the amount of oxy-
genated hemoglobin present in the tissue crossed by the near-infrared 
light. Only the small vessels like arterioles or capillaries are monitored 
with this technique, as the big vessels like veins or arteries have too 
much concentration with blood and absorb the light preventing photon 
emergence. Different commercially available devices have different tissue 
penetration levels and sensitivities to changes in hemoglobin concentra-
tions. A major focus of NIRS device evaluation is in the assessment of 
cerebral ischemia, which is beyond the scope of this chapter. Still, all 
NIRS devices tend to display similar performance in assessing local StO2.

Noninvasive NIRS StO2 measures have been studied to assess tissue 
hypoperfusion in different populations.23,24 Although there is a good 
correlation between the absolute StO2 value and some other cardiovas-
cular indexes,25,26 the capacity of the baseline StO2 values to identify 
impending cardiovascular insufficiency is limited (sensitivity, 78%; 
specificity, 39%) and no more accurate than a single systolic blood 

SvO2 is the gold standard for assessing circulatory stress. A low SvO2 defines increased 
circulatory stress, which may or may not be pathological.

SvO2 and ScvO2 covary in the extremes but may change in opposite directions as condi-
tions change.

ScvO2 threshold values to define circulatory stress are only relevant if low (a high Scv
O2 is 

nondiagnostic).
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pressure measurement when discriminating patients with and without 
cardiovascular insufficiency. StO2 values >85% suggest resuscitation 
adequacy whereas in trauma patients persistent StO2 values <60% reflect 
a poor outcome.24 Although this poor discrimination is disappointing,  
these data are reasonable and expected because a primary goal of 
autoregulation is to maintain StO2 as constant as possible by combined 
increased local flow to match increased metabolic demand and decrease 
local metabolic rate if flow decreases such that baseline StO2 remains 
within the normal range until shock is quite advanced. Importantly, StO2 
covaries best with local venous O2 saturation. Thus, measuring local  
StO2 noninvasively is a potentially valuable tool in the assessment of 
compartment syndromes.19,23,27

However, the addition of a dynamic vascular occlusion test (VOT) 
that induces a controlled local ischemic challenge with subsequent 
release has been shown to markedly improve and expand the predictive 
ability of StO2 to identify tissue hypoperfusion.28 The VOT measures the 
effect of total vascular occlusion-induced tissue ischemia and release on 
downstream StO2. StO2 is measured on the thenar eminence because the 
subcutaneous tissue thickness is small and similar across subjects and 
the thenar muscles are easily subjected to isolated ischemic challenge by 
simple forearm sphygmomanometer inflation similar to that done when 
measuring systemic blood pressure.

■■ StO2
 VASCULAR OCCLUSION TEST

•• The arm vessels are transiently, rapidly occluded by sphygmoma-
nometer inflation to 30 mm Hg above systolic pressure. This prevents 
significant blood volume shifts between baseline and vascular occlu-
sion states.

•• The vascular occlusion is sustained for either a defined time interval 
(eg, 3 minutes) or until StO2 declines to some threshold minimal value 
(usually <40%).

•• Then, the occlusion is released and the rate of StO2 increase recorded.
•• From this maneuver one can obtain the rate of deoxygenation (DeO2),  

which reflects the local metabolic rate and blood flow distribution. 
The slope of StO2 as it rises following release of vascular occlusion 
characterizes the rate of reoxygenation (ReO2 ), a function of the time 
required to wash out stagnant blood. ReO2 reflects on the adequacy 
of local cardiovascular reserve and microcirculatory flow (Fig. 32-3)

The VOT StO2 response derives from the functional hemodynamic 
monitoring concept,29 in which the response of a system to a predeter-
mined stress is the monitored variable.30 The rate of DeO2 is a function 
of local metabolic rate and blood flow distribution. If metabolic rate is 
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FIGURE 32-3.  Tissue O
2
 saturation (StO2) and its response to a Vascular Occlusion Test, which 

starts with complete vascular occlusion to a minimal StO2 of <40% then rapid release allowing 
washout of deoxygenated blood from the local capillary bed. The slope of the deoxygenation and 
reoxygenation rates are the new parameters created by the Vascular Occlusion Test.

increased by muscle contraction, the DeO2 slope increases, whereas in the 
setting of altered blood flow distribution the rate of global O2 delivery 
is decreased. Sepsis decreases the DeO2. The ReO2 slope is dependent on 
how low StO2 is at the time of release, being less steep if StO2 is above 40% 
than if the recovery starts at 30%, suggesting that the magnitude of the 
ischemic signal determines maximal local vasodilation. This dynamic 
technique has been used to assess circulatory sufficiency in patients with 
trauma, sepsis and during weaning from mechanical ventilation.26-28

CARDIAC OUTPUT
Shock reflects an inadequate DO2 to meet the body’s metabolic demand 
and cardiac output is a primary determinant of DO2. Indeed, except for 
extreme hypoxemia and anemia, most of the increase in DO2 that occurs 
with resuscitation and normal biological adaptation is due to increasing 
cardiac output. Since cardiac output should vary to match metabolic 
demands (ie, DO2 varies with demand), there is no “normal” cardiac out-
put. Cardiac output is merely adequate or inadequate to meet the meta-
bolic demands of the body. Measures other than cardiac output need to 
be made to ascertain if the measured cardiac output values are adequate 
to meet metabolic demands. Presently, the acute care provider has a vast 
array of devices, both invasive and noninvasive, that assess cardiac output 
accurately enough to drive clinical decision making. The discussion that 
follows will be limited to invasive hemodynamic monitoring using central 
venous, pulmonary arterial, and arterial catheterization but many other 
devices using ultrasound, plethysmographic signals, CO2 rebreathing, 
and thoracic electrical impedance and bioreactance are commercially 
available to accomplish the same tasks. These devices are briefly reviewed 
elsewhere.3 Importantly, none of these devices actually measures cardiac 
output, they merely estimate it using assumptions of presumed physics 
and physiology as applied to humans. The two most common catheter-
related methods of estimating cardiac output are indicator dilution and 
arterial pulse contour analysis.

■■ INDICATOR DILUTION METHODS TO ASSESS CARDIAC OUTPUT
The principle of indicator dilution cardiac output measures is that if a small 
amount of a measurable substance (indicator) is ejected upstream of a 
sampling site and then thoroughly mixed with the passing blood then mea-
sured continuously downstream, the area under the time-concentration 
curve will be inversely proportional to flow based on the Stewart-Hamilton 
equation (Fig. 32-4). The greater the indicator level, the slower the flow, 
and the lower the indicator level, the higher the flow. The most commonly 
used indicator is temperature (hot or cold) because it is readily available 
and indwelling thermistors can be made to be highly accurate. With the 
intermittent thermodilution technique, one usually ejects a cold thermal  
bolus into the central venous system and measures the subsequent  
thermal time profile in the pulmonary artery, if using a pulmonary artery 
catheter (PAC), or in a large artery if measuring it transthoracically.

Pulmonary Arterial Catheter:  The PAC-derived thermodilution method is 
still considered the standard method of reference for cardiac output deter-
minations by the Food and Drug Administration, in that all other cardiac 
output estimating devices must be compared to it to define their accuracy 
and precision; most clinical trials compare a newer device’s accuracy to that 
of the PAC.31 This is unfortunate, because PAC-derived estimates of cardiac 
output have ±15% variability owing to flow-related artifacts. Although 

Tissue O
2
 saturation (StO2) varies little until severe tissue hypoperfusion occurs.

StO2 coupled to a VOT allows one to diagnose circulatory stress before hypotension develops.

There is no “normal” cardiac output (Q̇t).

Q̇t is either adequate or inadequate.

Other measures besides Q̇t define adequacy.
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PAC-derived cardiac output measures remain the most common 
method used clinically, this trend is rapidly changing.32 Under normal 
conditions once the PAC is placed the proximal port resides at or above 
the right atrium such that bolus injections of cold (thermal) are mixed 
in the contracting right ventricle fulfilling the mixing requirement for 
accurate use of the indicator dilution technique. Assuming that any 
tricuspid regurgitation is small and constant from beat-to-beat, then the 
subsequent thermal profile sensed downstream in the pulmonary artery 
by the thermistor will allow for the accurate estimation of instantaneous 
cardiac output.

The bolus technique has the advantage that it reports a specific cardiac 
output value within seconds and the accuracy of the thermal decay curve 
can be immediately inspected on the device screen to rule out injection or 
sampling artifacts that would negate their accuracy. The bolus technique 
also has disadvantages. First, it measures the instantaneous pulmonary 
blood flow over a few seconds. Since pulmonary blood flow is highly 

variable with the phase of the ventilatory cycle,33 a minimum of three 
bolus measures need to be taken at random to the ventilatory cycle and 
averaged to derive the mean cardiac output. This limitation is minimized 
but not eliminated by having the measure of indicator across the entire 
thoracic compartment, as described below. Second, the reported car-
diac output values are, by definition, for a single time interval and thus 
do not report continuous cardiac output measures. If cardiovascular 
conditions are changing rapidly, many bolus thermodilution measures 
need to be done over the course of care or the information will not be 
useful. Importantly, measures of stroke volume and cardiac output,  
when coupled with other measured hemodynamic variables, allow for 
the calculation of various important hemodynamic parameters, like LV 
stroke work and both systemic DO2 and VO2.

In an attempt to both reduce the work load from cardiac output 
measures and provide continuous measures of cardiac output by ther-
modilution (CCO), the PAC was modified were made to incorporate a 
thermal filament (Vigilance, Edwards Life Sciences, Irvine, CA) or ther-
mal coil (OptiQ™, ICU Medical, San Clemente, CA) that warms blood in 
the superior vena cava as opposed to cooling it. To avoid other thermal 
artifacts the Vigilance uses a random thermal (heat) signal using an 
induction coil.34 The PAC distal tip thermistor still measures changes in 
blood temperature. This modification allows for CCO trending, with the 
reported cardiac output values reflecting a 10-minute moving average 
of this measure. The 10-minute moving average is a requirement of the 
system because it needs to filter out the larger thermal signal induced 
by respiratory changes in hepatic venous flow (which is warmer than 
the rest of the body) and inspiratory gas entering the lung (which tends 
to cool intrathoracic blood). The averaged values have the advantage of 
eliminating variability in the presence of arrhythmias and breathing, but 
the major disadvantage of not being real-time values. Furthermore, the 
algorithms used tend to discard oscillatory thermal signal changes even 
in a decreasing trend, thus making the detection of decreasing cardiac 
output less sensitive than may be needed if changes are occurring rap-
idly. An example of both bolus and continuous thermodilution cardiac 
output measures compared to a direct measure of cardiac output using 
an aortic root electromagnetic flow meter is displayed in Figure 32-5 
for an experimental animal during the induction of endotoxic shock and 
subsequent resuscitation. Accordingly, the CCO PAC reporting may be 
useful under many more stable conditions but is limited for assessing 
rapid hemodynamic changes in unstable patients. Still, the PAC mea-
sures more than cardiac output. It continuously measures central venous 
and pulmonary artery pressures, SvO2, and pulmonary artery occlusion 
pressure.35-38 No other single monitoring device is so pluripotential.  

Bolus thermodilution curves sampled in the pulmonary and femoral
arteries after injection of  cold saline into the superior vena cava
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FIGURE 32-4.  Comparison of thermodilution curves after injection of cold saline into the 
superior vena cava. Although the peak temperature change arrives earlier when measured in 
the pulmonary artery than if measured in the femoral artery, the thermal decay curves of both 
sampling sites yield similar estimates of cardiac output. Dotted lines represent extrapolation 
of the thermal decay curves along a logarithmic regression.
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FIGURE 32-5.  A time series display on continuously measured cardiac output using an aortic root electromagnetic flow probe, as compared to continuous cardiac output (CCO) and intermit-
tent bolus estimates of cardiac output (ICO) estimated by thermodilution using a pulmonary artery catheter in a pig model before and during the development of endotoxic shock.
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Regrettably, the documentation that PAC use improves outcomes is 
generally lacking,34,39 even though such evidence is also lacking for 
the use of SpO2

7 and arterial pressure monitoring. However, given the 
present climate in critical care medicine, it is highly doubtful that such a 
study will now be undertaken.32

Transpulmonary Indicator Dilution:  In an attempt to avoid PAC inser-
tion, several devices use the transthoracic approach to calibrate their 
cardiac output monitoring devices and also provide an independent 
reference cardiac output value. Since these devices measure indicator 
dilution over a larger capacitor than the PAC, they tend to see less 
respiratory variations in their measures, but do not eliminate them.40 
The PiCCO™ (Pulsion Medical Systems, Munich, Germany) and the 
VolumeView (Edwards Life Sciences) systems use cold bolus injec-
tions into a central vein with thermal sampling in a large peripheral 
artery. At least for the PiCCO device, this serves to calibrate the 
arterial pulse contour method used for continuous cardiac output 
estimations. Both the PiCCO and VolumeView systems require a 
femoral artery catheter because the thermal signal needs to be mea-
sured during flow-by and smaller arteries may not have a sufficient 
flow-by rate to allow the thermodilution assumptions to be valid. 
Both these systems, however, operate by the same basic principles of 
dilution to estimate the cardiac output as with PAC thermodilution. 
The LiDCO™ (LiDCO Ltd, London, UK) system uses lithium chloride 
as the indicator and measures lithium levels using a lithium-selective 
electrode. It avoids the need for femoral artery catheter by using a 
constant withdrawal pump to sample arterial blood across the lithium 
sensor.41 Thus, this device can be inserted into a radial artery. Again, 
this device operates by the same basic principles as the thermodilu-
tion devices listed above.

Just like the PAC, some of these devices also give additional hemody-
namic information. For example, both the PiCCO and the VolumeView 
systems report global end-diastolic volume and measurements of 
extravascular lung water. However, neither measure though interesting 
has been shown to be uniquely discriminative in managing critically ill 
patients. For example, measures of global end-diastolic volume have 
not been shown to predict volume responsiveness better than other esti-
mates of preload, and intrathoracic fluid content, though an interesting 

estimate of lung water, has not been shown to aid in reducing time on 
the ventilator in patients with acute lung injury. Given that it is difficult 
to document the benefit from all the physiological data coming from a 
PAC in critically ill patients, this lack of proven benefit of these newer 
measures is not surprising.

■■ ARTERIAL PULSE CONTOUR ANALYSIS AND CARDIAC OUTPUT
The primary determinants of the arterial pulse pressure are LV stroke 
volume and central arterial compliance. Compliance is a function of 
size, age, sex, and physiological inputs, like sympathetic tone, hypogly-
cemia, temperature, and autonomic responsiveness of the vasculature. 
Many of these determinants of vascular compliance can be assumed 
based on autopsy studies.42 Hamilton and Remington43 explored this 
interaction over 50 years ago developing the overall approach used by 
most of the companies who attempt to report cardiac output from the 
arterial pulse. The general formulas common to all these approaches that 
attempt to estimate cardiac output from the arterial pulse signal, which 
through microprocessor speed can be instantaneously and continuously 
calculated and recalculated, are shown in Figure 32-6. Since vascular 
compliance and its offspring, vascular reactance, are potentially variable 
over time and among subjects, externally calibrated devices can define 
these two parameters more accurately until such time as compliance and 
reactance change again.

Pulse pressure waveform analysis is also referred to as minimally 
invasive monitoring because it requires only the insertion of an arte-
rial catheter. Several commercially available devices exist that use 
proprietary algorithms that analyze the arterial pressure waveform (or 
the pulse contour) based on the approach described in Figure 32-6.29,31 
Each estimates central arterial compliance differently, but those tech-
niques that require a standard external measure of cardiac output for 
their calibration are the most accurate.44 Since arterial compliance var-
ies depending on the blood pressure, patient age, sex, and height, these 
devices usually need to be recalibrated on a regular basis. The PiCCO 
and LiDCO systems can estimate cardiac output on a continuous basis 
from the arterial pressure waveform with (PiCCO2™ and LiDCOplus) 
using an independent cardiac output calibration. PiCCO uses trans-
thoracic thermodilution,45 and the LiDCO uses transthoracic lithium 
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FIGURE 32-6.  One can derive flow (Q) from pressure (P) or pressure from flow if compliance (C), impedance (Z), and resistance (R) are known. Transformation of the aortic flow signal into an aortic 
pressure signal using a two-element Windkessel model commonly used by minimally invasive monitoring techniques. Compliance (C) is the arterial compliance, resistance (R) is outflow resistance, 
where inflow is modeled as current Q(t), generated by the current source J(t), pressure is modeled by the pressure drop P(t) across the resistor R. The impedance Z of this model is the total impedance of 
the circuit and given by equation 1, where, ω = 2πf is the angular frequency, f is the frequency (60/heart rate in this case), and j is the complex number operator. Z(jω) is computed using the Fourier 
transform of both the flow Q(jω) and the pressure P(jω), as shown in equation 2. R is computed at the value of Z(jω) at the 0th harmonic (when f = 0, the model simplifies to a single element model 
consisting only of R) as shown in equation 3. The reactive component is computed from Z and R as shown in equation 4 and compliance computed from the reactive component as shown in equation 5.
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dilution,46 as described above. These two systems analyze the arterial 
pulse differently. The PiCCO system uses a pulse contour analysis simi-
lar to that originally described by Hamilton and Remington in 1947,43 
and the LiDCO system uses a pulse power analysis. The LiDCOrapid™, 
Vigileo™ (Edwards Life Sciences), and MostCare™ (Vytech, Padova, Italy, 
using the Pressure Recording Analytical Method [PRAM]) systems are 
noncalibrated and estimate cardiac output from the arterial pressure 
pulse using assumptions about arterial compliance using proprietary 
algorithms.47 The LiDCOrapid uses the pulse power approach of its pre-
decessor LiDCOplus, whereas the Vigileo estimates arterial compliance 
from the wave form pressure distribution and the MostCare relies only 
on the raw arterial pressure waveform. Recent head-to-head compari-
sons of most of the invasive and minimally invasive devices in critically 
ill patients demonstrated significant intradevice variability,48 suggesting 
that if one were to use these devices, it is best to use one or two devices 
only and become familiar with their strengths and limitations, rather 
than use several over time in the same patient. The level of accuracy and 
precision of each device needs to be understood as the data cannot be 
superimposed from one system to another. The main advantage of these 
arterial pressure–based cardiac output monitoring systems over PAC-
derived measurements is their less invasive nature.

Since all these devices presume a fixed relation between pressure 
propagation along the vascular tree and LV stroke volume, if vascular 
elastance (reciprocal of compliance) changes, then these assumptions 
may become invalid. Thus, a major weakness of any pulse contour device 
is the potential for artificial drift in reported values if major changes 
in arterial compliance occur. These points were illustrated well for the 
PiCCO device49 in an animal model (Fig. 32-2) but probably apply to 
a greater or lesser extent to all devices. In an attempt to understand the 
potential magnitude of this pathophysiologic effect, Hatib et al measured 
both aortic and radial arterial resistance, compliance and impedance in 
a pig model before and after the induction of hyperdynamic hypoten-
sive endotoxic shock (Fig. 32-5).50 Normally, the arterial pulse pressure 
increases as blood flow moved peripherally owing to the normal elastic 
properties of the arterial tree. However, in the hyperdynamic hypotensive 
state of fully developed sepsis the pressure trend is reversed with higher 
central than peripheral pulse pressures owing to a marked increase in 
peripheral vascular compliance presumably due to endotoxic vasople-
gia, whereas aortic compliance is increased, presumably due to intimal 
edema. Clearly, algorithms that were developed assuming one specific 
physiological state will degrade in the other.

FUNCTIONAL HEMODYNAMIC MONITORING
A primary question asked of all hemodynamically unstable patients is 
their response to volume resuscitation (ie, will they increase their car-
diac output in response to fluid loading?).51 Knowing fluid responsive-
ness would be a very valuable piece of information in planning acute 
resuscitation strategies. Since efforts to rapidly increase blood flow are 
important to minimize tissue ischemia and organ dysfunction, defining 
those treatments that will quickly increase cardiac output are essential. 
Traditionally, bedside caregivers gave all hemodynamically unstable 
and/or hypotensive patients a rapid fluid bolus to assess their volume 
responsiveness. If heart rate decreased, blood pressure increased, or 
other measure of tissue perfusion suggested improvement (eg, increased 
urine output, increase sensorium, decreased serum lactate), the patients 
were deemed volume responsive and given massive fluid resuscitation 
until no longer responsive. Hemodynamic monitoring serves to help 
define those patients likely to be volume responsive and to monitor their 
course during fluid resuscitation because volume overload itself is also 
dangerous. Static measures of cardiac filling pressure or even volumes 
do not predict who is going to be volume responsive and who will not. 
Using the traditional threshold of at least a 15% increase in cardiac out-
put in response to a 300-mL colloid bolus to define volume responsive-
ness, Michard and Teboul52 in their systematic review were unable to 
identify any consistent clinical data to support the use of these traditional 

measures to define volume responsiveness. However, over the past 15 
years numerous studies have validated the utility of positive-pressure 
ventilation-induced dynamic changes in either arterial pulse pressure 
or stroke volume, referred to as pulse pressure variation (PPV)10,11 and 
stroke volume variation (SVV),53,54 respectively, to predict which criti-
cally ill patients will be volume responsive (see chap. 34).55 A threshold 
value of either PPV or SVV >10% to 15% defines volume responsive-
ness when patients are passive while ventilated with a tidal volume of  
8 mL/kg or more. These parameters are not accurate during arrhyth-
mias and spontaneous breathing because of varying R-R intervals and  
ventricular interdependence-induced changes in LV diastolic compli-
ance, respectively. In those cases, one can perform a passive leg raising 
maneuver and note the transient increase in cardiac output. Postural 
changes such as passive leg raising have been used for many years as 
a means to transiently increase venous return. The legs are raised to 
30° above the chest and held for 1 minute and the maximal increase in 
cardiac output recorded. This maneuver approximates a 300-mL blood 
bolus in a 70-kg patient that persists for approximately 2 to 3 minutes.56

The excitement about the arterial pulse contour analysis devices 
comes from their ability to rapidly measure PPV, SVV, and also the 
dynamic changes in cardiac output in response to PLR. These param-
eters are profoundly robust across multiple clinical trials and allow the 
bedside caregiver immediate insight into the volume responsiveness 
of their patient.51,57 Furthermore, when coupled with preoptimization 
therapy in high-risk surgical patients a PPV minimization strategy 
markedly improved outcome.58 Even when used as an adjuvant to 
document volume responsiveness using traditional fluid boluses, with 
the goal of achieving supranormal DO2 levels, these monitoring devices 
facilitate the easy implementation of treatment protocols that reduce 
acute postoperative complications59-63 and improve long-term patient-
centered outcomes.64 And at the end of the day, is not that why we care 
for our patients?
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Shock
Keith R. Walley33

C H A P T E R

This chapter discusses shock with respect to the bedside approach: first 
with an early working diagnosis, then an approach to urgent resuscita-
tion that confirms or changes the working diagnosis, followed by a pause 
to ponder the broader differential diagnosis of the types of shock and the 
pathophysiology of shock leading to potential adverse sequelae. Effective 
initial diagnosis and treatment at a rapid pace depend in large part on 
understanding cardiovascular pathophysiology.

ESTABLISHING A WORKING DIAGNOSIS 
OF THE CAUSE OF SHOCK

■■ DEFINITION OF SHOCK
Shock is present if evidence of multisystem organ hypoperfusion is appar-
ent. Evidence of hypoperfusion includes tachycardia, tachypnea, low 
mean blood pressure, diaphoresis, poorly perfused skin and extremities, 
altered mental status, and decreased urine output. Hypotension has spe-
cial importance because it commonly occurs during shock, because blood 
pressure is easily measured, and because extreme hypotension always 
results in shock. Important caveats are (1) relatively low blood pressure is 
normal in some healthy individuals and (2) systolic blood pressure may 
be preserved in some patients in shock by excessive sympathetic tone. In 
the latter case, it is important to anticipate that sedation will unmask 
hypotension. Further, cuff blood pressure measurements may mark-
edly underestimate central blood pressure in low flow states.1 The focus  
of initial resuscitation is reversing the hemodynamic component of 
shock, which leads to tissue hypoxia and lactic acidosis. However, all 
types of shock are also associated with a systemic inflammatory compo-
nent that is a key contributor to subsequent multisystem organ failure 
and death. The development of the systemic inflammatory component 

KEY POINTS

•• �Shock is present when there is evidence of multisystem organ 
hypoperfusion; it often presents as decreased mean blood pressure.

•• �Initial resuscitation aims to establish adequate airway, breathing, 
and circulation. Rapid initial resuscitation (usefully driven by pro-
tocol) is fundamental for improved outcome, since “time is tissue.”

•• �A working diagnosis or clinical hypothesis of the cause of shock 
should always be made immediately, while treatment is initiated, 
based on clinical presentation, physical examination, and by 
observing the response to therapy.

•• �Drug and/or definitive therapy for specific causes of shock must be 
considered and implemented early (eg, hemostasis for hemorrhage, 
revascularization for myocardial infarction, appropriate antibiotics, etc).

•• �The most common causes of shock are high cardiac output hypoten-
sion, or septic shock; reduced venous return despite normal pump 
function, or hypovolemic shock; reduced pump function of the heart, 
or cardiogenic shock; and obstruction of the circulation, or obstruc-
tive shock. Overlapping etiologies can confuse the diagnosis, as can a 
short list of other less common etiologies, which are often separated 
by echocardiography and pulmonary artery catheterization.

•• �Shock has a hemodynamic component, which is the focus of the 
initial resuscitation, but shock has also a systemic inflammatory 
component (ameliorated by rapid initial resuscitation) that leads to 
adverse sequelae including subsequent organ system dysfunction.
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is minimized by rapid and adequate (usefully driven by protocol) initial 
resuscitation.2,3

■■ A QUESTIONING APPROACH TO THE INITIAL CLINICAL EXAMINATION
Mean blood pressure is the product of cardiac output and systemic 
vascular resistance (SVR). Accordingly, hypotension may be caused by 
reduced cardiac output or reduced SVR. Therefore, initial examination 
of the hypotensive patient seeks to answer the question: Is cardiac output 
increased or decreased? (Fig. 33-1) High cardiac output hypotension is 
most often signaled by a high pulse pressure, a low diastolic pressure, 
warm extremities with good nail bed return, fever (or hypothermia), 
leukocytosis (or leukopenia), and other evidence of infection; these 
clinical findings strongly suggest a working diagnosis of septic shock 
(Table  33-1), the initial treatment for which is thoughtful antibiosis 
combined with rapid expansion of the vascular volume and subsequent 
vasopressors, inotropes, and blood transfusion as necessary to achieve an 
adequate central venous pressure (CVP), mean arterial pressure (MAP), 
and central venous oxygen saturation (ScvO2; see below).

In contrast, low cardiac output is signaled by a low pulse pressure, 
mottled cyanotic skin, and cool extremities with poor nail bed return. 
In this case, clinical examination turns to a second question: Are central 
veins empty or full? (Fig. 33-1) When low cardiac output results from 
hypovolemia (see Table 33-1) clinical examination shows manifestations 
of blood loss (hematemesis, tarry stools, abdominal distention, reduced 
hematocrit, or trauma) or manifestations of dehydration (reduced tis-
sue turgor, vomiting or diarrhea, or negative fluid balance). In contrast, 
elevated jugular veins in a hypotensive patient suggest either obstruc-
tion (eg, pulmonary embolism, cardiac tamponade) or cardiogenic 
shock (Fig. 33-1) raising the third question: Are breath sounds normal? 
Cardiogenic shock is distinguished from obstructive shock by dependent 
crackles on lung auscultation, a laterally displaced precordial apical 
impulse with extra heart sounds (S3, S4), peripheral edema, chest pain, 
ischemic changes on the electrocardiogram, and a chest radiograph show-
ing a large heart with dilated upper lobe vessels and pulmonary edema.4

Whenever the clinical formulation is not obvious after answering the first 
three questions, ask a fourth: What does not fit? Most often, the answer is that 
the hypotension is due to overlap of two or more of these common etiologies 
of shock: septic shock complicated by hypovolemia or myocardial dysfunc-
tion, cardiogenic shock complicated by hypovolemia or sepsis, etc. At this 
time, more data are frequently needed, especially aided by echocardiography.  

Septic

Hypovolemic

Obstructive

Cardiogenic

Rare Kinds,
combinations

Cardiac output?

Increased

Decreased
Veins?

Empty

Full Breath sounds?

Clear

Dependent
crackles

What does not fit?

FIGURE 33-1.  The different types of shock can be remembered using the SHOCK mnemonic and defined by asking four questions. First, is cardiac output increased (Septic shock) or 
decreased (other forms)? Second, are central veins empty (Hypovolemic shock) or full (other forms)? Third, are breath sounds clear (Obstructive shock) or are crackles heard (Cardiogenic shock)? 
Finally, what does not fit? This identifies combinations (eg, septic shock with hypovolemia) or rare kinds of shock. Additional physical findings, laboratory tests, and echocardiographic and other 
examinations illuminate these simplified questions further.

Interpretations of the data and response to initial therapy frequently con-
firm the multiple etiologies or lead to a broader differential diagnosis of the 
etiologies of shock (see below). A short list of common etiologies other than 
septic, hypovolemic, obstructive, or cardiogenic shock can be grouped as 
they present (see Table 33-1): high cardiac output hypotension that does 
not appear to be caused by sepsis and poorly responsive hypovolemic shock.

URGENT INITIAL RESUSCITATION

■■ PRIMARY SURVEY
Early institution of aggressive resuscitation improves a patient’s chances 
of survival.2,3 To improve efficiency at the necessarily rapid tempo, a 
systematic approach to initial evaluation and resuscitation is useful as 
it is during cardiac emergencies (advanced cardiac life support [ACLS]) 
and trauma (advanced trauma life support [ATLS]). In analogy to these 
systematic “ABC” approaches, a primary survey includes establishing an 
airway (airway), choosing a ventilator mode and small tidal volumes that 
minimize ventilator-induced lung injury (breathing), rapid (usefully pro-
tocol driven) resuscitation of the inadequate circulation (circulation), and 
drugs/definitive therapy consisting of early consideration and implemen-
tation of definitive therapy for specific causes of shock (eg, hemostasis 
for hemorrhage, revascularization for myocardial infarction, appropriate 
antibiotics, surgical drainage of abscess, etc).

Airway:  Almost all patients in shock have one or more indications for air-
way intubation and mechanical ventilation (Table 33-2), which should be 
instituted early. Significant hypoxemia (based on blood-gas analysis, pulse 
oximetry, or high clinical suspicion) is one indication for airway intubation 
because external masks and other devices do not reliably deliver an ade-
quate fraction of inspired O2 (FiO2). Initially, a high FiO2 (100%) is used until 
blood-gas analysis or reliable pulse oximetry allows titration of the FiO2  
down toward less toxic concentrations.

Ventilatory failure is another indication for airway intubation and mecha
nical ventilation. Elevated and rising partial pressure of CO2 in arterial 
blood reliably establishes the diagnosis of ventilatory failure but is often 
a late finding. In particular, young, previously healthy patients are able 
to defend partial pressure of CO2 (PCO2) and pH up until a precipitous 
respiratory arrest. Therefore, clinical signs of respiratory muscle fatigue 
or subtle evidence of inadequate ventilation are more important early 
indicators.5 Evidence of respiratory muscle fatigue, including labored 
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  TABLE 33-1   � Rapid Formulation of an Early Working Diagnosis of the Etiology 
of Shock

Defining features of shock

  Blood pressure ↓

  Heart rate ↑

  Respiratory rate ↑

  Mentation ↓

  Urine output ↓

  Arterial pH ↓

High-Output Hypotension:  
Septic Shock

Low Cardiac Output 
Shock: Cardiogenic and 
Hypovolemic Shock

Is cardiac output reduced? No Yes

  Pulse pressure ↑ ↓

  Diastolic pressure ↓ ↓

  Extremities/digits Warm Cool

  Nail bed return Rapid Slow

  Heart sounds Crisp Muffled

  Temperature ↑ or ↓ ↔

  White cell count ↑ or ↓ ↔

  Site of infection ++ —

Reduced pump function, 
cardiogenic shock

Reduced venous return, 
hypovolemic shock

Is the heart too full? Yes No

  Symptoms, clinical 
context

Angina, abnormal  
electrocardiogram

Hemorrhage, dehydration

  Jugular venous pressure ↑ ↓

  S
3
, S

4
, gallop rhythm +++ —

  Respiratory crepitations +++ —

  Chest radiograph Large heart Normal

↑ Upper lobe flow Pulmonary 
edema

What does not fit?

Overlapping etiologies (septic cardiogenic, septic hypovolemic, cardiogenic hypovolemic)

Short list of other etiologies

  High-output hypotension

  Liver failure

  Severe pancreatitis

 � Trauma with significant  
systemic inflammatory 
response

  Thyroid storm

  Arteriovenous fistula

  Paget disease

Get more information

Echocardiography, right 
heart catheterization

High right atrial pressure 
hypotension

Pulmonary hypertension

(Most often pulmonary 
embolus)

Right ventricular infarction

Cardiac tamponade

Nonresponsive 
hypovolemia

Adrenal insufficiency

Anaphylaxis

Spinal shock

breathing precluding more than rudimentary verbal responses, tachy-
pnea greater than 40/min or an inappropriately low and decreasing 
respiratory rate, abdominal paradoxical respiratory motion, accessory 
muscle use, and other manifestations of ventilatory failure such as inad-
equately compensated acidemia should lead to early elective intubation 
and ventilation of the patient in shock (see Chap. 43).

  TABLE 33-2    Indications for Intubation in Shock Patients

Indication Why

Hypoxemia High FiO2 is not guaranteed by oxygen 
masks; PEEP can be added

Ventilatory failure (inappropriately high 
PCO2, signs of ventilatory muscle fatigue)

Ensure adequate CO
2
 removal

Correct hypoxia due to hypoventilation

Prevent sudden respiratory arrest

Vital organ hypoperfusion Rest ventilatory muscles (and divert cardiac 
output to hypoperfused vital organs)

Obtundation Protect and ensure an adequate airway

FiO2, fraction of inspired O
2
; PCO2, partial pressure of CO2; PEEP, positive end-expiratory pressure.

Obtundation, due to shock or other causes, resulting in inadequate 
airway protection is an important indication for intubation. In shock, air-
way intubation and mechanical ventilation should precede other compli-
cated procedures, such as central venous catheterization, or complicated 
tests that require transportation of the patient when these procedures and 
tests restrict the medical staff ’s ability to continuously assess the airway 
and ensure adequacy of ventilation.

Breathing:  Initially, mechanical ventilation with sedation and, if necessary,  
paralysis are instituted to remove work of breathing as a confounding 
factor from the initial resuscitation and diagnostic pathway and to redis-
tribute limited blood flow to vital organs.6 The change from spontaneous 
breathing (negative intrathoracic pressure ventilation) to mechanical 
ventilation (positive intrathoracic pressure ventilation) leads to reduced 
venous return so that additional volume resuscitation must be antici-
pated when hypovolemia contributes to shock. Application of positive 
end-expiratory pressure (increases intrathoracic pressure) and admin-
istration of sedative or narcotic drugs (increases venous capacitance) 
similarly should be expected to reduce venous return and highlight the 
importance of aggressive volume resuscitation at the time of intuba-
tion and institution of mechanical ventilation in hypovolemic patients. 
Conversely, when hypovolemia is not a problem (eg, cardiogenic shock), 
application of positive intrathoracic pressure may improve cardiac output 
and blood pressure.

A relatively small tidal volume (6-8 mL/kg) should be selected to 
minimize hypotension due to high intrathoracic pressures and, more 
importantly, to reduce ventilator-induced lung injury.7 When arterial 
hypoxemia due to acute respiratory distress syndrome (ARDS) compli-
cates shock, adherence to tidal volumes of 6 mL/kg ideal body weight 
significantly decreases mortality rate and number of days on a ventilator 
in the intensive care unit.8

Circulation 

Goals and Monitoring  Just as low tidal volumes limit ongoing lung inflammation 
and injury, rapid resuscitation of the circulation limits ongoing generation 
of a systemic inflammatory response and multiple organ injury. Hence, 
rapid protocol-driven approaches with defined end points improve shock 
outcome.2,3 For all types of shock, “time is tissue.” Thus, for hypovolemic 
shock due to hemorrhage, the early goal is immediate hemostasis and rapid 
volume resuscitation. For cardiogenic shock secondary to acute myocar-
dial infarction, the early goal is immediate thrombolysis, angioplasty, or 
surgical revascularization.9 For obstructive shock, relief of tamponade, 
lysis or removal of the massive pulmonary embolus, or surgical relief of 
abdominal compartment syndrome is required. The early goals of volume 
resuscitation in hypovolemic or septic shock are incorporated in the Early 
Goal-Directed Therapy algorithm (Fig. 33-2), which was initially designed 
to aid resuscitation of septic shock.3 This requires immediate monitoring 
(even before formal admission to the intensive care unit) of central venous 
pressure (CVP; goal 8-2 mm Hg), MAP (goal >65 mm Hg), and ScvO2

 (goal 
>70%). When ScvO2

 is not readily measured then lactate clearance of >10% 
over ~2 hours is a reasonable alternative goal.10
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Early echocardiography is a useful adjunct to the above measure-
ments to distinguish poor ventricular pumping function from hypo-
volemia; a good study can exclude or confirm tamponade, right heart 
failure, pulmonary hypertension possibly due to pulmonary embolism, 
or significant valve dysfunction, all of which influence therapy, and can 
replace more invasive pulmonary artery catheterization.
Volume  Aggressive volume resuscitation up to the point of a heart that 
is too full is the first step in resuscitation of the circulation. The rate 
and composition of volume expanders must be adjusted in accord with 
the working diagnosis. The Early Goal-Directed Therapy algorithm for 
resuscitation of septic shock calls for 500 mL saline every 30 minutes, 
but this is much too slow in hypovolemic patients in whom 1 L every 
10 minutes, or faster, is initially required. During volume resuscita-
tion, infusions must be sufficient to test the clinical hypothesis that the 
patient is hypovolemic by effecting a short-term end point indicating 
benefit (increased blood pressure and pulse pressure and decreased 
heart rate) or complication (increased jugular venous pressure and 
pulmonary edema). Absence of either response indicates an inadequate 
challenge, so the volume administered in the next interval must be 
greater than the previous one. In obvious hemorrhagic shock, immedi-
ate hemostasis is essential11; blood must be obtained early, warmed and 
filtered; blood substitutes are administered in large amounts (crystalloid 
or colloid solutions) until blood pressure increases or the heart becomes 
too full. At the other extreme, a working diagnosis of cardiogenic shock 
without obvious fluid overload requires a smaller volume challenge 
(250 mL 0.9% NaCl in 20 minutes). In each case, and in all other types 
of shock, the next volume challenge depends on the response to the first; 
it should proceed soon after the first so that the physician does not miss  
the diagnostic clues evident only to the examining critical care team at the  
bedside during this urgent resuscitation (Table 33-3).
Role of Red Blood Cell Transfusion During Initial Resuscitation  Transfusion of red blood  
cells is a component of the initial volume resuscitation of shock when severe 
or ongoing blood loss contributes to shock. In addition, when anemia con-
tributes to inadequate oxygen delivery so that mixed venous oxygen satura-
tion, or its surrogate ScvO2

 <70% despite an adequate CVP (8-12 mm Hg)  
and an adequate MAP (>65 mm Hg), then transfusion of red blood cells 
to hematocrit greater than 30% is a reasonable component of Early Goal-
Directed Therapy and improves outcome.3 After initial resuscitation and 
stabilization, transfusion of red blood cells to maintain a hemoglobin  

above 90 g/L is no more beneficial than maintaining a hemoglobin  
level above 70 g/L and only incurs additional transfusion risk.12

Is There a Role for Delayed Resuscitation of Hypovolemia?  During brisk ongoing hemor-
rhage, massive crystalloid or colloid resuscitation increases blood pressure  
and the rate of hemorrhage, so patient outcome may be worse.13 This 
does not mean that resuscitation is detrimental; rather, control of active 
bleeding is more important than volume replacement. Preventing blood 
loss conserves warm, oxygen-carrying, protein-containing, biocompat-
ible intravascular volume and is therefore far superior to replacing ongo-
ing losses with fluids deficient in one or more of these areas. Delayed or 
inadequate volume resuscitation, after blood loss is controlled, is likely a 
significant error that will have a detrimental effect on patient outcome.11

Vasopressors  Whereas adequate cardiac output is more important than 
blood pressure (because adequate tissue oxygen delivery is the underly-
ing issue), effective distribution of flow by the vascular system depends 
on an adequate pressure head. At pressures below an autoregulatory limit, 
normal flow distribution mechanisms are lost, so significant vital organ 
system hypoperfusion may persist in the face of elevated cardiac output 
due to maldistribution of blood flow. In this case, where inadequate 
pressure is the dominant problem, an assessment of organ system perfu-
sion is made (urine output, mentation, and lactic acid concentration),  
and then a vasopressor agent such as norepinephrine is initiated to raise 
MAP.14 The increased afterload will decrease cardiac output, so this 
intervention as single therapy is appropriate only when cardiac output is 
high. If cardiac output and oxygen delivery are inadequate, then combi
nation of vasopressor therapy with inotropic agents should be considered  
(see below).

Vasopressor therapy increases MAP and can increase cardiac output 
(venoconstriction increases venous return) and, therefore, often masks 
inadequate volume resuscitation and confounds the diagnosis of the 
etiology of shock. Thus, vasopressor use as part of Early Goal-Directed 
Therapy must be reassessed during ongoing volume resuscitation. Even 
when the numerical CVP and MAP goals have been attained, additional 
rapid volume challenge generally should be used to test for further clini-
cal improvement (increased MAP, decreased heart rate, increased urine 
output, and increased ScvO2

) and to determine whether this will allow 
titration of vasopressor use down or off.

Assessment of organ system perfusion (adequacy of organ function) 
is the most important component of vasopressor therapy; increase in 

Vital signs, laboratory data, cardiac monitoring,
pulse oximetry, urinary catheterization,

arterial and central venous catheterization

Intervention Dose Goal

CVP 8–12 mm Hg

MAP ≥ 65 mm Hg

ScvO2
 ≥ 70%

Crystalloid resuscitation
(warmed)

Norepinephrine

Red blood cell transfusion

Dobutamine

1

2

3

4

Minimum: 500 mL q30m
Moderate: 1000 mL q10m

0.5–50 µg/min

2–20 µg/kg/min

Hct ≥ 30%

FIGURE 33-2.  An approach to initial resuscitation of the circulation based on Early Goal-Directed Therapy. Cardiac monitoring, pulse oximetry, urinary catheterization, and arterial and 
central venous catheterizations must be instituted. Volume resuscitation is the initial step. If this is insufficient to raise mean arterial pressure (MAP) to 65 mm Hg, then vasopressors are the 
second or simultaneous step. Adequate tissue oxygenation (reflected by central venous O

2
 saturation [Scv

o2
] >70%) is a goal of all resuscitation interventions. If this Scv

o2
 goal is not met by 

volume resuscitation and vasopressors, then red blood cell transfusion and inotrope infusion are the third and fourth interventions, respectively. When the goals of resuscitation are met, then 
reduction of vasopressor infusion, with further volume infusion if necessary, becomes a priority. CVP, central venous pressure; Hct, hematocrit.
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  TABLE 33-3   � Urgent Resuscitation of the Patient With Shock—Managing 
Factors Aggravating the Hypoperfusion State

Respiratory therapy

  Protect the airway—consider early elective intubation

  Prevent excess respiratory work—ventilate with small volumes

  Avoid respiratory acidosis—keep Pa
CO2

 low

  Maintain oxygen delivery—Fi
O2

, PEEP, hemoglobin

Infection in presumed septic shock (see Chap. 64)

  Empirical rational antibiosis for all probable etiologies

  Exclude allergies to antibiotics

  Search, incise, and drain abscesses (consider laparotomy)

Arrhythmias aggravating shock (see Chap. 36)

  Bradycardia

    Correct hypoxemia—Fi
O2

 of 1.0

    Atropine 0.6 mg, repeat × 2 for effect

    Increase dopamine to 10 mg/kg per minute

    Add isoproterenol (1-10 mg/min)

    Consider transvenous pacer

  Ventricular ectopy, tachycardia

    Detect and correct K+, Ca2+, Mg2+

    Detect and treat myocardial ischemia

    Amiodarone for sustained ventricular tachycardia

  Supraventricular tachycardia

    Consider defibrillation early

    β-blocker, digoxin for rate control of atrial fibrillation

  Sinus tachycardia 140/min

    Detect and treat pain and anxiety

      Midazolam fentanyl drip

      Morphine

    Detect and treat hypovolemia

Metabolic (lactic) acidosis

  Characterize to confirm anion gap without osmolal gap

  Rule out or treat ketoacidosis, aspirin intoxication

  Hyperventilate to keep Pa
CO2

 of 25 mm Hg

  Calculate bicarbonate deficit and replace half if pH <7.0

  Correct ionized hypocalcemia

  Consider early dialysis

Hypothermia

  Maintain skin dry and covered with warmed blankets

  Warm vascular volume expanders

  Aggressive rewarming if temperature <35°C (95°F)

Fi
O2

, fraction of inspired O
2
; P

CO2
, partial pressure of CO

2
; PEEP, positive end-expiratory pressure.

blood pressure by itself is insufficient and can distract from careful 
reassessment of adequacy of oxygen delivery. If urine output increases, 
mentation improves, and lactate levels decrease, then vasopressor ther-
apy has achieved its goals, and there is no need to increase MAP further 
even if the MAP that reverses these signs of hypoperfusion is 55 mm Hg.  
If the measures of organ system perfusion are not improved by vaso-
pressor therapy, then arbitrarily driving MAP much above 70 mm Hg 
is rarely useful and usually detrimental because cardiac output will 
decrease further and excessive vasoconstrictor tone will impair blood 
flow distribution. If evidence of hypoperfusion persists, then inadequate 

volume resuscitation, cardiac output, hemoglobin, and oxygen satura-
tion are more likely problems.

Which vasopressor is best? Recent randomized controlled trials 
(RCTs) show no significant survival benefit of any particular vasopressor 
in treating hypotension due to shock.15-18 However, these RCTs all show 
that increased β-adrenergic stimulation results in increased heart rate 
and increased incidence of arrhythmias (epinephrine>norepinephrine, 
dopamine>norepinephrine, norepinephrine>vasopressin). This adverse 
action of β-adrenergic stimulation may be important in some patients. 
Addition of low-dose vasopressin infusion to conventional norepineph-
rine infusion may improve survival in patients with less severe septic 
shock,18 particularly in patients with a mild degree of sepsis-induced 
renal dysfunction.19

Inotropes  If evidence of inadequate perfusion persists (assessed by clinical 
indicators, by ScvO2, by direct measurement of cardiac output, etc) despite 
adequate circulating volume (Early Goal-Directed Therapy goal: CVP 
8-12 mm Hg), vasopressors (Early Goal-Directed Therapy goal: >65 mm Hg),  
and hemotocrit, then inotropic agents are indicated2,3 (eg, dobutamine 
2-20 μg/kg per minute). Inotropes are not effective when volume resus-
citation is incomplete. In this case, the arterial vasodilating properties of 
inotropes such as dobutamine and milrinone result in a drop in arterial 
pressure that is not countered by an increase in cardiac output because 
venous return is still limited by the inadequate volume resuscitation. The 
corollary is, if initiation of inotropes results in a significant drop in blood 
pressure, then it follows that adequate volume resuscitation is not complete.

The objective of inotrope use is to increase cardiac output to achieve 
adequate oxygen delivery to all tissues. Organ function (mentation, urine 
output, etc) is the best measure. Of the many alternative clinical and labo-
ratory indicators that should be measured, mixed venous O2 saturation 
(when a pulmonary artery catheter is placed) or ScvO2

 is useful surrogate 
measures of adequacy of O2 delivery.20 Rapidly achieving a goal ScvO2

 
greater than 70% results in a substantial improvement in survival and limits  
the systemic inflammatory response so that the subsequent need for fur-
ther volume, red blood cell transfusion, vasopressor use, and mechanical 
ventilation is reduced.3

Steroids  Always controversial, steroids are currently not indicated for the 
treatment of shock and uniformly increase the incidence of superinfec-
tion.21 When septic shock is so severe that it is resistant to high-dose 
catecholamine infusion then low-dose hydrocortisone (50 mg IV q6h, or 
equivalent, with or without fludrocortisone) may enhance the effective-
ness of catecholamines and may improve the dismal outcome of patients 
in this state.22 For chronically steroid dependent patients or for those 
with frank adrenal insufficiency, corticosteroid treatment is essential.

Drugs/Definitive Therapy:  During the rapid initial assessment of the patient 
in shock and initial resuscitation aimed at supporting respiration and 
circulation, it is important to consider early institution of other defini-
tive therapy for specific causes of shock and early input from consul-
tant experts. When myocardial infarction is the cause of cardiogenic 
shock, immediate thrombolysis or angioplasty is considered, using 
intra-aortic balloon pump support and coronary artery bypass surgery 
when necessary9 (see Chap. 37). During resuscitation of hypovolemic 
shock, continuous and early application of techniques to anticipate, 
prevent, or correct hypothermia prevents secondary coagulopathy, 
coma, and nonresponsiveness to volume and pharmacologic resusci-
tation. Hemostasis is the immediate goal for hemorrhage10 because 
it removes the cause of hypovolemic shock and lessens the need for 
further volume expanders, none of which are as effective as keeping 
the patient’s own blood intravascular. Tranexamic acid may reduce 
hemorrhage in trauma patients.23 Emergent radiologic and surgical 
consultation and intervention may be required. Similarly, when septic 
shock is secondary to a perforated viscus, an undrained abscess, or 
rapid spread of infection in devitalized tissue or in tissue planes (gas 
gangrene, necrotizing fasciitis, etc), then immediate surgical interven-
tion is fundamental to survival. Early institution of appropriate anti-
biotics has a profound effect on patient survival from septic shock.24,25
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■■ CATHETERS AND MONITORING DURING INITIAL RESUSCITATION
After an airway is established and breathing ensured, correction of the 
circulatory abnormality always requires good intravenous access. For 
large-volume administration, two peripheral intravenous catheters of 
gauge 16 or larger or large-bore central venous access is required. Early 
Goal-Directed Therapy mandates immediate placement of a central 
venous catheter. Electrocardiographic monitoring is easily accomplished 
and usefully measures heart rate and rhythm for early detection and, 
hence, rational treatment of tachyarrhythmias or bradyarrhythmias 
aggravating the low-flow state.

The urinary bladder should be catheterized to measure urine output  
and to facilitate urine sampling. A nasogastric or orogastric tube to 
decompress the stomach and later to deliver medication and nutrition is 
generally required in the intubated patient. Measuring arterial pressure 
with a peripheral arterial or femoral arterial catheter is useful because, in 
the patient in shock with low cardiac output or low blood pressure, cuff 
pressures may be inaccurate.1 Appreciation of MAP, pulse pressure (related 
to stroke volume), and pulse pressure variation with respiration (values 
greater than ~15% suggest volume-responsive hypovolemia26) are enabled. 
Arterial blood-gas and other blood samples are also readily obtained.

Effective use and interpretation of ScvO2
 and echocardiography often 

obviate pulmonary artery catheterization when the clinical hypothesis 
of hypovolemic, cardiogenic, or septic shock is confirmed and corrected 
by initial therapeutic intervention. There is no role for pulmonary artery 
catheterization for routine monitoring or management of uncompli-
cated shock states.27,28 Use of pulmonary artery catheterization should be 
restricted to circumstances in which the derived measurements will alter 
management or direct therapeutic interventions.

■■ TEMPO
One of the most important contributions the intensivist can make to the 
care of a shock patient is to establish an appropriately rapid management 
tempo. Rapid initial resuscitation improves survival (“time is tissue”). In 
many instances, resuscitation driven by protocol can achieve adequate 
resuscitation faster. Effective protocol-driven resuscitation requires 
significant preliminary discussion, buy in, and training of emergency 
room physicians, house staff, nurses, respiratory therapists, and others.

The mirror image of urgent implementation is rapid liberation of the  
resuscitated patient from excessive therapy. It is not uncommon for  
the patient with hypovolemic or septic shock to stabilize hemodynami-
cally on positive-pressure ventilation with high circulating volume and 
several vasoactive drugs infusing at a high rate. Too often, hours or days 
of “weaning” pass, when a trial of spontaneous breathing,29 diuresis, and 
sequential reduction of the drug dose by half each 10 minutes can return 
the patient to a much less treated, stable state within the hour. Avoidance 
of long half-life sedatives and daily interruption of sedation shortens ICU 
stay and minimizes adverse sequelae.30 Of course, this rapid discontinu-
ation may be limited by intercurrent hemodynamic or other instability, 
but defining each limit and justifying ongoing or new therapy is the 
essence of titrated care in this post-resuscitation period.

TYPES OF SHOCK
A simplified “plumbing” view of the circulation indicates that failure of  
cardiac output, and associated transport of oxygen, must be due to inad-
equate fluid in the system (hypovolemic shock), pump failure (cardiogenic 
shock), obstruction of flow (obstructive shock), or poor distribution of flow 
(septic/distributive shock). But shock is not just a plumbing problem so that 
the associated inflammatory response is considered in the next section. We 
use cardiac function curves and venous return relations in the following 
discussion to compare and contrast cardiovascular mechanisms responsible 
for hypovolemic shock (Fig. 33-3), cardiogenic shock (Fig. 33-4), and septic 
shock (Fig. 33-5). Obstructive shock (eg, tamponade, pulmonary embo-
lism, abdominal compartment syndrome) is considered with cardiogenic 
shock because its presentation is often similar to right heart failure.

■■ DECREASED VENOUS RETURN—HYPOVOLEMIC SHOCK
Venous return to the heart when right atrial pressure is not elevated may 
be inadequate owing to decreased intravascular volume (hypovolemic 
shock), to decreased tone of the venous capacitance bed so that mean 
systemic pressure is low (eg, drugs, neurogenic shock), and occasionally 
to increased resistance to venous return (eg, obstruction of the inferior 
vena cava by tumor). In the presence of shock, decreased venous return 
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FIGURE 33-3.  Cardiovascular mechanics in hypovolemic shock. Abnormalities of systolic 
and diastolic left ventricular (LV) pressure and volume (ordinate and abscissa, respectively) 
relations during hypovolemic shock (continuous lines) with normal pressure-volume relations 
(dashed lines). Lower panel. During hypovolemic shock, the primary abnormality is a decrease in 
the intravascular volume so that mean systemic pressure decreases as illustrated by a shift of the 
venous return curves from the normal relation (straight dashed line) leftward (straight continuous 
line). This hypovolemic venous return curve now intersects the normal cardiac function curve 
(dashed curvilinear relation) at a much lower end-diastolic pressure so that cardiac output is greatly 
reduced. Upper panel. The increased sympathetic tone accompanying shock results in a slight 
increase in contractility, as illustrated by the slight left shift of the left ventricular end-systolic 
pressure-volume relation (from the dashed straight line to the solid straight line). However, because 
the slope of the end-systolic pressure-volume relation is normally quite steep, the increase in 
contractility cannot increase stroke volume or cardiac output much and is therefore an ineffective 
compensatory mechanism in patients with normal hearts. If volume resuscitation to correct the 
primary abnormality is delayed for several hours, the diastolic pressure-volume relation shifts from 
its normal position (dashed curve, upper panel), resulting in increased diastolic stiffness (continuous 
curve, upper panel). Increased diastolic stiffness results in a decreased stroke volume and therefore 
a depressed cardiac function curve (continuous curve, lower panel) compared with normal (dashed 
curve, lower panel). This decrease in cardiac function due to increased diastolic stiffness probably 
accounts for irreversibility of severe prolonged hypovolemic shock. LV, left ventricular.
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FIGURE 33-4.  Cardiovascular mechanics in cardiogenic shock (axes as labeled as in 
Fig.  33-3). Upper panel. The primary abnormality is that the end-systolic pressure-volume 
relation (sloped straight lines) is shifted to the right mainly by a marked reduction in slope 
(decreased contractility). As a result, at similar or even lower systolic pressures, the ventricle 
is not able to eject as far, so end-systolic volume is greatly increased and stroke volume is 
therefore decreased. To compensate for the decrease in stroke volume, the curvilinear diastolic 
pressure-volume relation shifts to the right, which indicates decreased diastolic stiffness 
(increased compliance). To maximize stroke volume, diastolic filling increases even further, 
associated with an increase in end-diastolic pressure. Lower panel. Why end-diastolic pressure 
increases is determined from the pump function and venous return curves as a plot of cardiac 
output (ordinate) versus right atrial end-diastolic pressure (abscissa). The decrease in contrac-
tility (upper panel) results in a shift of the curvilinear cardiac function curve from its normal 
position (dashed curve, lower panel) down and to the right (continuous curve, lower panel). 
Because end-diastolic pressure and cardiac output are determined by the intersection of the 
cardiac function curve (curvilinear relations, lower panel) with the venous return curve (straight 
lines, lower panel), the shift of the cardiac function curve immediately results in a decrease in 
cardiac output and an increase in end-diastolic pressure. Compensatory mechanisms (fluid 
retention by the kidneys, increased sympathetic tone) act to maintain venous return by 
increasing mean systemic pressure (venous pressure when cardiac output = 0) from 16 to 
25 mm Hg as indicated by the rightward shift from the dashed straight line to the continuous 
straight line in the lower panel. The effect is that end-diastolic pressure increases so that stroke 
volume (upper panel) and cardiac output (lower panel) are increased toward normal.

is determined to be a contributor to shock by finding low left and right 
ventricular diastolic pressures, often in an appropriate clinical setting 
such as trauma or massive gastrointestinal hemorrhage.

Hypovolemic Shock:  Hypovolemia is the most common cause of shock 
caused by decreased venous return and is illustrated in Figure 33-3. 
Intravascular volume is decreased, so the venous capacitance bed is not 
filled, leading to a decreased pressure driving venous return back to the 
heart. This is seen as a left shift of the venous return curve in Figure 33-3,  
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FIGURE 33-5.  Cardiovascular mechanics in septic shock (axes as labeled as in Fig. 33-3). 
Septic shock has important independent effects on left ventricular (LV) pressure-volume relations, 
on the venous return curve, and on arterial vascular resistance. Upper panel. Depressed systolic 
contractility indicated by a decreased slope of the LV end-systolic pressure-volume relation from 
normal (dashed sloped line) to sepsis (continuous sloped line) is caused in part by a circulating myo-
cardial depressant factor, but the end-systolic volume remains near normal owing to the reduced 
afterload. Survivors of septic shock have a large end-diastolic volume even at reduced diastolic 
pressure associated with dilation of their diastolic ventricles, indicated by a shift of the normal 
diastolic pressure-volume relation (dashed curve) to the right (right-hand continuous curve). As a 
result, stroke volume is increased. However, in nonsurvivors, stroke volume decreases because of 
a leftward shift of the diastolic pressure-volume relation (left-hand continuous curve), indicating 
increased diastolic stiffness and impaired diastolic filling. Lower panel. The cardiac function curve for 
survivors is normal (dashed curvilinear relation) or slightly increased (continuous curvilinear relation) 
owing to reduced afterload. The peripheral circulation during septic shock is often characterized by 
high flows and low vascular pressures. It follows that the resistance to venous return is decreased as 
indicated by a steeper venous return curve (continuous straight line) compared with normal (straight 
dashed lines). This accounts for the high venous return and large end-diastolic volumes and stroke 
volumes. As with other interventions, resistance to venous return may be decreased in part by redis-
tribution of blood flow to vascular beds with short time constants. However, the nonsurvivors may 
have significantly depressed cardiac function (downward shifted continuous curve) because of the 
additive effects of decreased systolic contractility and impaired diastolic filling. Depending on the 
relative contribution of the abnormalities of ventricular mechanics and peripheral vascular changes, 
cardiac output is usually normal or high even at relatively normal end-diastolic pressures until dia-
stolic dysfunction limits cardiac output by reducing diastolic volume even at high diastolic pressures.

lower panel, so that cardiac output decreases at a low end-diastolic 
pressure (intersection of the venous return curve and cardiac function 
curve). Endogenous catecholamines attempt to compensate by constrict-
ing the venous capacitance bed, thereby raising the pressure driving 
venous return back to the heart, so that 25% reductions in intravascular 
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volume are nearly completely compensated for. Orthostatic decrease in 
blood pressure by 10 mm Hg or an increase in heart rate of more than 
30 beats/min31 may detect this level of intravascular volume reduction. 
When approximately 40% of the intravascular volume is lost, sympa-
thetic stimulation can no longer maintain mean systemic pressure, 
resulting in decreased venous return and clinical shock.

After sufficient time (>2 hours) and severity (>40% loss of intravas-
cular volume), patients often cannot be resuscitated from hypovolemic 
shock.32 This observation highlights the urgency with which patients 
should be resuscitated. Gut and other organ ischemia with systemic release 
of inflammatory mediators,33 a “no-reflow” phenomenon in microvascu-
lar beds, and increased diastolic stiffness (see Fig. 33-3) contribute to the 
pathophysiology.34

Shock after trauma is a form of hypovolemic shock in which a sig-
nificant systemic inflammatory response, in addition to intravascular 
volume depletion, is present. Intravascular volume may be decreased 
because of loss of blood and significant redistribution of intravascular  
volume to other compartments, that is, “third spacing.” Release of inflam-
matory mediators results in pathophysiologic abnormalities resembling 
septic shock. Cardiac dysfunction may be depressed from direct damage 
from myocardial contusion, from increased diastolic stiffness, from right 
heart failure, or even from circulating myocardial depressant substances. 
Shock related to burns similarly is multifactorial with a significant 
component of intravascular hypovolemia and a systemic inflammatory 
response (see Chap. 123).

Other causes of shock caused by decreased venous return include 
severe neurologic damage or drug ingestion resulting in hypotension 
caused by loss of venous tone. As a result of decreased venous tone, 
mean systemic pressure decreases, thereby reducing the pressure gradi-
ent driving blood flow back to the heart so that cardiac output and blood 
pressure decrease. Obstruction of veins owing to compression, throm-
bus formation, or tumor invasion increases the resistance to venous 
return and occasionally may result in shock.

The principal therapy of hypovolemic shock and other forms of shock 
caused by decreased venous return is rapid initial fluid resuscitation. 
Warmed crystalloid solutions are readily available. Colloid-containing solu
tions result in a more sustained increase in intravascular volume but there 
is currently no convincing evidence of benefit.35 The role of hypertonic 
saline and other resuscitation solutions is similarly uncertain. Alternatively, 
transfusion of packed red blood cells increases oxygen-carrying capacity 
and expands the intravascular volume and is therefore a doubly useful 
therapy. In an emergency, initial transfusion often begins with type-specific 
blood before a complete cross-match is available. During initial resuscita-
tion, the Early Goal-Directed Therapy protocol suggests that achieving a 
hematocrit greater than 30% may be beneficial when ScvO2

 is less than 70%. 
However, after initial resuscitation, maintaining hemoglobin above 90 g/L 
(9 g/dL) does not appear to be better than maintaining hemoglobin above 
70 g/L (7 g/dL).12 After a large stored red blood cell transfusion, clotting 
factors, platelets, and serum ionized calcium decrease and therefore should 
be measured and replaced if necessary (see Chap. 89).

Recognizing inadequate venous return as the primary abnormality of 
hypovolemic shock alerts the physician to several commonly encoun-
tered and potentially lethal complications of therapy. Airway intubation 
and mechanical ventilation increase negative intrathoracic pressures to 
positive values and thus raise right atrial pressure. The already low pres-
sure gradient driving venous return to the heart worsens, resulting in 
marked reduction in cardiac output and blood pressure. However, venti
lation treats shock by reducing the work of respiratory muscle, so ventila
tion should be implemented early with adequate volume expansion. 
Sedatives and analgesics are often administered at the time of airway 
intubation, resulting in reduced venous tone because of a direct relaxing 
effect on the venous capacitance bed or because of a decrease in circulat-
ing catecholamines. Thus, the pressure gradient driving venous return 
decreases. Therefore, in the hypovolemic patient, these medications may 
markedly reduce cardiac output and blood pressure and should be used 
with caution and with ongoing volume expansion.

■■ DECREASED PUMP FUNCTION—CARDIOGENIC SHOCK
The diagnosis of decreased pump function as the cause of shock is made 
by finding evidence of inappropriately low output (cardiac output) despite 
normal or high input (right atrial pressure). Cardiac output is the most 
important “output” of the heart and is clinically assessed in the same way 
that perfusion was assessed during the urgent initial examination. Better 
estimates are later obtained using ScvO2

, by thermodilution measure-
ment of cardiac output, and by echocardiographic examination. Right 
atrial pressure or CVP is the most easily measured “input” of the whole 
heart and is initially assessed by examination of jugular veins and, after 
catheter insertion, by direct measurement. Left and right ventricular 
dysfunction can be caused by decreased systolic contractility, increased 
diastolic stiffness, greatly increased afterload (including obstruction), 
valvular dysfunction, or abnormal heart rate and rhythm.

Left Ventricular Failure:  Acute or acute-on-chronic left ventricular failure 
resulting in shock is the classic example of cardiogenic shock. Clinical 
findings of low cardiac output and increased left ventricular filling 
pressures include, in addition to assessment of perfusion, pulmonary 
crackles in dependent lung regions, a laterally displaced and diffuse 
precordial apical impulse, elevated jugular veins, and presence of a third 
heart sound.36 These findings are not always present or unambiguous. 
Therefore, echocardiography is helpful and often essential in establish-
ing the diagnosis. In some cases pulmonary artery catheterization may 
assist in titrating therapy. Cardiogenic shock then is usually associated 
with a cardiac index lower than 2.2 L/m2 per minute when the pulmo-
nary artery occlusion pressure has been raised above 18 mm Hg.37

Systolic Dysfunction  As a result of a decrease in contractility, the patient pres-
ents with elevated left and right ventricular filling pressures and a low 
cardiac output. Mixed venous oxygen saturation may be well below 50% 
because cardiac output is low. The primary abnormality is that the relation 
of end-systolic pressure to volume is shifted down and to the right (see 
Fig. 33-4, upper panel) so that, at the same afterload, the ventricle cannot 
eject as far (decreased contractility). It follows that pump function is also 
impaired, indicated by a shift down and to the right (see Fig. 33-4, lower 
panel) so that at similar preloads cardiac output is reduced.

Acute myocardial infarction or ischemia is the most common cause of 
left ventricular failure leading to shock. The use of fibrinolytic therapy 
and early angioplasty or surgical revascularization has reduced the inci-
dence of cardiogenic shock to less than 5%.9 Infarction greater than 40% 
of the myocardium is often associated with cardiogenic shock38; anterior 
infarction is 20 times more likely to lead to shock than is inferior or pos-
terior infarction.39 Details of the diagnosis and management of ischemic 
heart disease are discussed in Chap. 37; other causes of decreased left 
ventricular contractility in critical illness are discussed in more detail in 
Chap. 35, and each may contribute to shock.
Diastolic Dysfunction  Increased left ventricular diastolic chamber stiffness 
contributing to cardiogenic shock occurs acutely during myocardial 
ischemia, chronically with ventricular hypertrophy, and in a range of 
less common disorders (see Table 33-4); all causes of tamponade listed 
in Table 33-4 need to be considered in a systematic review of causes 
of diastolic dysfunction.40,41 Stroke volume is decreased by decreased 
end-diastolic volume caused by increased diastolic chamber stiffness. 
Conditions resulting in increased diastolic stiffness are particularly 
detrimental when systolic contractility is decreased because decreased 
diastolic stiffness (increased compliance; see Fig. 33-4, upper panel) is 
normally a compensatory mechanism. Increased diastolic chamber stiff-
ness contributing to hypotension in patients with low cardiac output and 
high ventricular diastolic pressures is best identified echocardiographi-
cally by small diastolic volumes.

Treatment of increased diastolic stiffness is approached by first con-
sidering the potentially contributing reversible causes. Acute reversible 
causes include ischemia and the many causes of tamponade physiol-
ogy listed in Table 33-4. Fluid infusion results in large increases in 
diastolic pressure without much increase in diastolic volume. Positive  
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Decreased pump function of the heart—cardiogenic shock

  Left ventricular failure

    Systolic dysfunction—decreased contractility

      Myocardial infarction

      Ischemia and global hypoxemia

      Cardiomyopathy

      Depressant drugs: β-blockers, calcium channel blockers, antiarrhythmics

      Myocardial contusion

      Respiratory acidosis

      Metabolic derangements: acidosis, hypophosphatemia, hypocalcemia

    Diastolic dysfunction—increased myocardial diastolic stiffness

      Ischemia

      Ventricular hypertrophy

      Restrictive cardiomyopathy

      Consequence of prolonged hypovolemic or septic shock

      Ventricular interdependence

      External compression (see cardiac tamponade below)

    Greatly increased afterload

      Aortic stenosis

      Hypertrophic cardiomyopathy

      Dynamic outflow tract obstruction

      Coarctation of the aorta

      Malignant hypertension

    Valve and structural abnormality

      Mitral stenosis, endocarditis, mitral aortic regurgitation

      Obstruction owing to atrial myxoma or thrombus

      Papillary muscle dysfunction or rupture

      Ruptured septum or free wall

    Arrhythmias

  Right ventricular failure

    Decreased contractility

      Right ventricular infarction, ischemia, hypoxia, acidosis

    Greatly increased afterload

      Pulmonary embolism

      Pulmonary vascular disease

      Hypoxic pulmonary vasoconstriction, PEEP, high alveolar pressure

      Acidosis

    �    ARDS, pulmonary fibrosis, sleep disordered breathing, chronic obstructive  
pulmonary disease

      Valve and structural abnormality

      Obstruction due to atrial myxoma, thrombus, endocarditis

    Arrhythmias

Decreased venous return with normal pumping function—hypovolemic shock

  Cardiac tamponade (increased right atrial pressure—central hypovolemia)

    Pericardial fluid collection

      Blood

      Renal failure

      Pericarditis with effusion

  Constrictive pericarditis

  High intrathoracic pressure

    Tension pneumothorax

    Massive pleural effusion

    Positive-pressure ventilation

  High intra-abdominal pressure

    Ascites

  Massive obesity

  After extensive intra-abdominal surgery

Intravascular hypovolemia (reduced mean systemic pressure)

  Hemorrhage

    Gastrointestinal

    Trauma

    Aortic dissection and other internal sources

  Renal losses

    Diuretics

    Osmotic diuresis

    Diabetes (insipidus, mellitus)

  Gastrointestinal losses

    Vomiting

    Diarrhea

    Gastric suctioning

    Loss via surgical stomas

  Redistribution to extravascular space

    Burns

    Trauma

    Postsurgical

    Sepsis

Decreased venous tone (reduced mean systemic pressure)

  Drugs

    Sedatives

    Narcotics

    Diuretics

  Anaphylactic shock

  Neurogenic shock

Increased resistance to venous return

  Tumor compression or invasion

  Venous thrombosis with obstruction

  PEEP

  Pregnancy

High cardiac output hypotension

Septic shock

Sterile endotoxemia with hepatic failure

Arteriovenous shunts

  Dialysis

  Paget disease

Other causes of shock with unique etiologies

Thyroid storm

Myxedema coma

Adrenal insufficiency

Hemoglobin and mitochondrial poisons

  Cyanide

  Carbon monoxide

  Iron intoxication

ARDS, acute respiratory distress syndrome; PEEP, positive end-expiratory pressure.

  TABLE 33-4    Causes of and Contributors to Shock   TABLE 33-4    Causes of and Contributors to Shock (Continued)
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inotropic agents and afterload reduction are generally not helpful and 
may decrease blood pressure further. If conventional therapy of car-
diogenic shock aimed at improving systolic function is ineffective, then 
increased diastolic stiffness should be strongly considered as the cause of 
decreased pump function. Cardiac output responsiveness to heart rate is 
another subtle clue suggesting impaired diastolic filling. Heart rate does  
not normally alter cardiac output (which is normally set by, and equal to, 
venous return) except at very low heart rates (maximally filled ventricle 
before end diastole) or at very high heart rates (incomplete ventricular 
relaxation and filling). However, if diastolic filling is limited by tampon-
ade or a stiff ventricle, then very little further filling occurs late in dias-
tole. In this case, increasing heart rate from 80 to 100 or 110 beats/min  
may result in a significant increase in cardiac output, which may be 
therapeutically beneficial and also a diagnostic clue.

Valvular Dysfunction  Acute mitral regurgitation, due to chordal or papillary  
muscle rupture or papillary muscle dysfunction, most commonly is 
caused by ischemic injury. The characteristic murmur and the pres-
ence of large V waves on the pulmonary artery occlusion pressure trace 
suggest significant mitral regurgitation, which is quantified by echocar-
diographic examination. Rupture of the ventricular septum with left-to-
right shunt is detected by Doppler echocardiographic examination or by 
observing a step-up in oxygen saturation of blood from the right atrium 
to the pulmonary artery. Rarely, acute obstruction of the mitral valve by 
left atrial thrombus or myxoma may also result in cardiogenic shock. 
These conditions are generally surgical emergencies.

More commonly, valve dysfunction aggravates other primary etiolo-
gies of shock. Aortic and mitral regurgitation reduces forward flow and 
raises LVEDP, and this regurgitation is ameliorated by effective arteriolar 
dilation and by nitroprusside infusion. Vasodilator therapy can effect 
large increases in cardiac output without much change in mean blood 
pressure, pulse pressure, or diastolic pressure, so repeat ScvO2

 or cardiac 
output measurement, or echocardiographic assessment is essential to 
titrating effective vasodilator doses. In contrast, occasional patients 
develop decreased blood pressure and cardiac output on inotropic drugs 
such as dobutamine; in this case, excluding dynamic ventricular outflow 
tract obstruction by echocardiography or treating it by increasing pre-
load, afterload, and end-systolic volume is essential.

Cardiac Arrhythmias  Not infrequently, arrhythmias aggravate hypoperfusion 
in other shock states. Ventricular tachyarrhythmias are often associated 
with cardiogenic shock; sinus tachycardia and atrial tachyarrhythmias 
are often observed with hypovolemic and septic shock. Specific therapy 
of tachyarrhythmias depends on the specific diagnosis, as discussed in 
Chap. 36. Inadequately treated pain and unsuspected drug withdrawal 
should be included in the intensive care unit differential diagnosis of 
tachyarrhythmias; whatever their etiology, the reduced ventricular filling 
time can reduce cardiac output and aggravate shock. Bradyarrhythmias 
contributing to shock may respond acutely to atropine or isoproterenol 
infusion and then pacing; hypoxia or myocardial infarction as the cause 
should be sought and treated. Symptomatic hypoperfusion resulting 
from bradyarrhythmias, even in the absence of myocardial infarction or 
high-degree atrioventricular block, is an important indication for tem-
porary pacemaker placement that is sometimes overlooked.

Treatment of Left Ventricular Failure  After initial resuscitation, which includes 
consideration of early institution of thrombolytic therapy in acute coro-
nary thrombosis and revascularization or surgical correction of other 
anatomic abnormalities where appropriate,3 management of patients 
with cardiogenic shock requires repeated testing of the hypothesis 
of “too little versus too much.” Clinical examination is not accurate 
enough; when the response to initial treatment of cardiogenic shock is 
inadequate, repeated ScvO2

 or cardiac output measurement or repeated 
echocardiographic exam may be required to titrate therapy. Therapy 
for cardiogenic shock follows from consideration of the pathophysiol-
ogy illustrated in Figure 33-4 and includes optimizing filling pressures, 
increasing contractility, and optimizing afterload. Temporary mechanical 
support using an intra-aortic balloon pump or a ventricular assist device 

is often extremely useful in cardiogenic shock and should be consid-
ered early as a support in patients who may benefit from later surgical 
therapy.9 Cardiac transplantation and mechanical heart implantation are 
considered when other therapy fails.

Filling pressures are optimized to improve cardiac output but avoid 
pulmonary edema. Depending on the initial presentation, cardiogenic 
shock frequently spans the spectrum of hypovolemia (so fluid infusion 
helps) to hypervolemia with pulmonary edema (where reduction in 
intravascular volume results in substantial improvement). If gross fluid 
overload is not present, then a rapid fluid bolus should be given. In 
contrast to patients with hypovolemic or septic shock, a smaller bolus 
(250 mL) of crystalloid solution should be infused as quickly as possible. 
Immediately after infusion, the patient's circulatory status should be 
reassessed. If there is improvement but hypoperfusion persists, then  
further infusion with repeat examination is indicated to attain an ade-
quate cardiac output and oxygen delivery while seeking the lowest filling 
pressure needed to accomplish this goal. If there is no improvement in 
oxygen delivery and evidence of worsened pulmonary edema or gas 
exchange, then the limit of initial fluid resuscitation has been defined. 
Crystalloid solutions are used particularly if the initial evaluation is 
uncertain because crystalloid solutions rapidly distribute to the entire 
extracellular fluid compartment. Therefore, after a brief period only 
one-fourth to one-third remains in the intravascular compartment, and 
evidence of intravascular fluid overload rapidly subsides.

Contractility increases if ischemia can be relieved by decreasing 
myocardial oxygen demand, by improving myocardial oxygen supply 
by increasing coronary blood flow (coronary vasodilators, thrombo-
lytic therapy, surgical revascularization, or intra-aortic balloon pump 
counterpulsation), or by increasing the oxygen content of arterial blood. 
Inotropic drug infusion attempts to correct the physiologic abnormality 
by increasing contractility (see Fig. 33-2). However, this occurs at the 
expense of increased myocardial oxygen demand. Afterload is opti-
mized to maintain arterial pressures high enough to perfuse vital organs 
(including the heart) but low enough to maximize systolic ejection. 
When systolic function is reduced, vasodilator therapy may improve 
systolic ejection and increase perfusion, even to the extent that blood 
pressure rises.42 In patients with very high blood pressure, end-systolic 
volume increases considerably so that stroke volume and cardiac output 
decrease unless LVEDV and LVEDP are greatly increased; this sequence 
is reversed by judicious afterload reduction.

Right Ventricular Failure—Overlap With Obstructive Shock:  Shock present-
ing as low cardiac output, high venous pressures, and clear or ambiguous 
(concurrent pulmonary process) breath sounds is an important diagnostic 
challenge generally requiring urgent echocardiographic examina-
tion. This classic presentation of right heart failure must first be distin-
guished from cardiac tamponade (obstructive shock). Then the cause  
of right heart failure must be determined. Most commonly the cause is left 
heart failure contributing to right heart failure, right heart failure due to 
right ventricular infarction, or right heart failure due to increased right 
ventricular afterload—pulmonary artery hypertension. Increased 
right ventricular afterload then needs to be understood as acute, often 
due to pulmonary embolism (obstructive shock), or acute on chronic 
where inflammatory mediators, hypoxic pulmonary vasoconstriction, 
or high ventilator pressures may be the “acute” precipitants or contribu-
tors. Echocardiography is fundamental in distinguishing between all of 
the above scenarios.

Diagnosis and Management of Right Ventricular Failure  With the above clinical pre-
sentation, due to any of these underlying causes, volume resuscitation 
is particularly problematic. Volume infusion increases right atrial and, 
hence, right ventricular diastolic pressure. Excessive change in diastolic 
pressure gradient between right and left ventricles then shifts the inter-
ventricular septum from right to left. Importantly, right-to-left shift of 
the interventricular septum limits left ventricular filling and induces 
inefficient and paradoxical septal movement during left ventricular 
contraction. As a result, stroke volume and cardiac output are reduced. 
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Therefore, volume resuscitation must be judicious and is enabled by 
repeat echocardiographic examination, specifically examining septal 
position and motion.

Early recognition of right versus left ventricular infarction as the 
cause of shock is important so potentially dangerous therapy, including 
systemic vasodilators, morphine, and β-blockers, are avoided. Right 
ventricular infarction is found in approximately half of inferior myo-
cardial infarctions and is complicated by shock only 10% to 20% of the 
time.43 Isolated right ventricular infarction with shock is uncommon 
and has a mortality rate ~50% comparable to left ventricular infarction 
shock.39 Pulmonary crackles are classically absent. Therapy includes 
infusion of dobutamine and volume expansion, although excessive 
volume can aggravate shock by shifting the intraventricular septum 
from right to left.44 Because bradyarrhythmias are common and atrio-
ventricular conduction is frequently abnormal, atrioventricular sequen-
tial pacing may preserve right ventricular synchrony and often improves 
cardiac output and blood pressure in shock caused by right ventricular 
infarction.44 Afterload reduction using balloon counterpulsation may 
also be useful,39 as are early fibrinolytic therapy and angioplasty when 
indicated (see Chap. 37).

Pulmonary artery hypertension may contribute to right ventricu-
lar ischemia, with or without coronary artery disease. In shock states 
systemic arterial pressure is often low, and right ventricular afterload 
(pulmonary artery pressure) may be high owing to emboli, hypoxemic pul-
monary vasoconstriction, acidemic pulmonary vasoconstriction, sepsis, 
or ARDS. Therefore, right ventricular perfusion pressure is low leading 
to right ventricular ischemia and decreased contractility, which, in the 
face of normal or high right ventricular afterload, results in right ven-
tricular dilation with right-to-left septal shift.

Approaches to right heart failure include verifying that pulmonary 
emboli are present and initiating therapy with anticoagulation, fibrino-
lytic agents for submassive pulmonary embolism or shock, or surgical 
embolectomy as necessary.45 Pulmonary vasodilator therapy may be 
useful in some patients if pulmonary artery pressures can be lowered 
without significantly lowering systemic arterial pressures. Inhaled nitric 
oxide, inhaled prostacyclins, sildenafil, and many other agents have 
been variably successful. Measurements of pulmonary artery pressure, 
systemic pressure, cardiac output, and oxygen delivery before and after 
a trial of a specific potential pulmonary vasodilator are essential (see 
Chap. 38). Hypoxic pulmonary vasoconstriction may be reduced by 
improving alveolar and mixed venous oxygenation. More aggressive cor-
rection of acidemia should be considered in this setting. Adequate right 
ventricular perfusion pressure is maintained by ensuring that aortic 
pressure exceeds pulmonary artery pressure.

Compression of the Heart by Surrounding Structures  Compression of the heart 
(cardiac tamponade) limits diastolic filling and can result in shock 
with inadequate cardiac output despite very high right atrial pressures. 
Diagnosis of cardiac tamponade can be made physiologically by using 
pulmonary artery catheterization to demonstrate a low cardiac output  
in addition to elevated and approximately equal right atrial, right ven-
tricular diastolic, pulmonary artery diastolic, and pulmonary artery 
occlusion pressures (particularly their waveforms). The diagnosis is 
often best confirmed anatomically by using echocardiographic exami-
nation to demonstrate pericardial fluid, diastolic collapse of the atria 
and right ventricle, and right-to-left septal shift during inspiration. 
Septal shift during inspiration and increased afterload that accompany 
decreased intrathoracic pressure during inspiration account for the 
clinically observed pulsus paradoxus. Although pericardial tampon-
ade by accumulation of pericardial fluid is the most common cause of 
cardiac tamponade, other structures surrounding the heart may also 
produce tamponade. Tension pneumothorax, massive pleural effusion, 
pneumopericardium (rarely), and greatly elevated abdominal pressures 
may also impair diastolic filling.

Decreasing the pressure of the tamponading chamber by needle drain-
age or surgical decompression of the pericardium, pleural space, and 
peritoneum can rapidly and dramatically improve venous return, blood 

pressure, and organ system perfusion. Therefore, the goal of therapy is 
to accomplish this decompression as rapidly and safely as possible under 
ultrasound guidance. In patients who are hemodynamically stable, fluid 
infusion is a temporizing therapy that increases mean systemic pressure 
so that venous return increases even though right atrial pressure is high. 
Excessive volume resuscitation worsens shock, as discussed above.

■■ HIGH CARDIAC OUTPUT HYPOTENSION—SEPTIC SHOCK
Septic shock is the most common example of shock that may be 
caused primarily by reduced arterial vascular tone and reactivity, often 
associated with abnormal distribution of blood flow. Septic shock 
accompanies severe infection from a wide variety of gram-positive, 
gram-negative, fungal, and viral pathogens and is a consequence of 
the endogenous inflammatory response induced by these pathogens. 
Induction of a similar endogenous inflammatory response by noninfec-
tious tissue injury (eg, pancreatitis, trauma) results in the same shock 
state, now called distributive shock. Noninfectious distributive shock is, 
by virtually all measures, the same as septic shock. Classical septic shock 
is characterized by increased cardiac output with low SVR hypotension, 
manifested by a high pulse pressure, warm extremities, good nail bed 
capillary filling, and low diastolic and mean blood pressures. However, 
septic shock is often initially associated with loss of intravascular volume 
and therefore presents with combined hypovolemic and septic shock. 
Additional accompanying clues to a systemic inflammatory response 
are an abnormal temperature and white blood cell count and differential 
and an evident site of sepsis.

Several pathophysiologic mechanisms contribute to inadequate organ 
system perfusion in septic shock. There may be abnormal distribution 
of blood flow at the organ system level, within individual organs, and 
even at the capillary bed level. The result is inadequate oxygen delivery 
in some tissue beds.

The cardiovascular abnormalities of septic shock (see Fig. 33-4) are 
extensive and include systolic and diastolic abnormalities of the heart, 
abnormal arterial tone, decreased venous tone, and abnormal distribution  
of capillary flow leading to regions of tissue hypoxia. In addition, there 
may be a cellular defect in metabolism so that even cells exposed to 
adequate oxygen delivery may not maintain normal aerobic metabo-
lism. Depressed systolic contractility illustrated as a rightward shift of 
the end-systolic pressure-volume relation in Figure 33-5, upper panel, 
occurs in septic shock46 due to the systemic inflammatory response and 
an induced intramyocardial inflammatory response.47 Decreased sys-
tolic contractility associated with septic shock is reversible over 5 to 10 
days as the patient recovers. Systolic and diastolic dysfunctions during 
sepsis that progress to the point that high cardiac output (hyperdynamic 
circulation) is no longer maintained (normal or low cardiac output is 
observed) are associated with poor outcome.46

Decreased arterial resistance is almost always observed in septic 
shock. Early in septic shock, a high cardiac output state exists with 
normal or low blood pressure. The low arterial resistance is associated 
with impaired arterial and precapillary autoregulation and may be due 
to increased endothelial nitric oxide production and opening of potas-
sium adenosine triphosphate channels on vascular smooth muscle cells. 
Redistribution of blood flow to low-resistance, short time–constant 
vascular beds (such as skeletal muscle) results in decreased resistance to 
venous return, as illustrated in Figure 33-5 (lower panel) by a steeper 
venous return curve. As a result, cardiac output may be increased even 
when cardiac function is decreased (see Fig. 33-5, lower panel) because 
of decreased contractility (see Fig. 33-5, upper panel). Hypovolemia, 
caused by redistribution of fluid out of the intravascular compartment 
and to decreased venous tone, can limit venous return during inad-
equately resuscitated septic shock.

Early institution of appropriate antibiotic therapy and surgical drain-
age of abscesses or excision of devitalized and infected tissue is central to 
successful therapy. Many anticytokine and anti-inflammatory therapies 
and inhibition of nitric oxide production have not been successful in 
improving outcome.
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■■ OTHER TYPES OF SHOCK
As detailed in Table 33-4, there are many less common etiologies of 
shock, and the diagnosis and management of several causes of high 
right atrial pressure hypotension are discussed elsewhere in this book 
(see Chaps. 35, 38, and 40). A few other types of hypovolemic shock 
merit early identification by their characteristic features and lack of 
response to volume resuscitation including neurogenic shock and 
adrenal insufficiency. Anaphylactic shock results from the effects of 
histamine and other mediators of anaphylaxis on the heart, circulation, 
and the peripheral tissues (see Chap. 128). Despite increased circulating 
catecholamines and the positive inotropic effect of cardiac H2 receptors,  
histamine may depress systolic contractility via H1 stimulation and 
other mediators of anaphylaxis. Marked arterial vasodilation results in 
hypotension even at normal or increased cardiac output. Like septic 
shock, blood flow is redistributed to short time–constant vascular beds. 
The endothelium becomes more permeable, so fluid may shift out of the 
vascular compartment into the extravascular compartment, resulting in 
intravascular hypovolemia. Venous tone and therefore venous return are 
reduced, so the mainstay of therapy of anaphylactic shock is fluid resus-
citation of the intravascular compartment and includes epinephrine and 
antihistamines as adjunctive therapy.48

Neurogenic shock is uncommon. In general, in a patient with neuro-
logic damage that may be extensive, the cause of shock is usually associ-
ated with blood loss. Patients with neurogenic shock develop decreased 
vascular tone, particularly of the venous capacitance bed, which results 
in pooling of blood in the periphery. Therapy with fluid will increase 
mean systemic pressure. Catecholamine infusion will also increase mean 
systemic pressure, and stimulation of α-receptors will increase arterial 
resistance, but these are rarely needed once circulation volume is repleted.

Several endocrinologic conditions may result in shock. Adrenal 
insufficiency (Addison disease, adrenal hemorrhage and infarction, 
Waterhouse-Friderichsen syndrome, adrenal insufficiency of sepsis, and 
systemic inflammation) or other disorders with inadequate catecholamine 
response may result in shock or may be important contributors to 
other forms of shock.22 Whenever inadequate catecholamine response 
is suspected, diagnosis should be established by measuring serum 
cortisol and conducting an ACTH stimulation test (see Chap. 102).  
Hypothyroidism and hyperthyroidism may in extreme cases result in 
shock; thyroid storm is an emergency requiring urgent therapy with  
propylthiouracil or other antithyroid drug, steroids, propranolol, fluid 
resuscitation, and identification of the precipitating cause49 (see Chap. 103).  
Pheochromocytoma may lead to shock by markedly increasing afterload 
and by redistributing intravascular volume into extravascular com-
partments.50 In general, the therapeutic approach involves treating the 
underlying metabolic abnormality, resuscitating with fluid to produce an 
adequate cardiac output at the lowest adequate filling pressure, and infus-
ing inotropic drugs, if necessary, to improve ventricular contractility if it 
is decreased. Details of diagnosis and therapy of shock associated with 
poisons (carbon monoxide, cyanide) are discussed in Chap. 124.

ORGAN SYSTEM PATHOPHYSIOLOGY OF SHOCK

■■ INFLAMMATORY COMPONENT OF SHOCK
Shock has a hemodynamic component that has been the focus of much 
of the preceding discussion. In addition, shock is invariably associated 
with some degree of inflammatory response, although this component of 
shock varies greatly. A severe systemic inflammatory response (eg, sepsis) 
can result primarily in shock. Conversely, shock results in an inflamma-
tory response because ischemia-reperfusion injury51 will be triggered to 
some extent after resuscitation of shock of any kind. Ischemia-reperfusion 
causes release of proinflammatory mediators, chemotactic cytokines, and 
activation of endothelial cells and leukocytes. Because of the multiorgan 
system involvement of shock, the inflammatory response of ischemia-
reperfusion involves many organ systems. Rapid hemodynamic correction 

of hypovolemic or cardiogenic shock may result in a minimal systemic 
inflammatory response. However, trauma with significant tissue injury or 
prolonged hypoperfusion states usually elicit marked systemic inflamma-
tory responses. Because the resolution and repair phases of the inflam-
matory response are complex and take time, this component of shock is 
important to recognize and characterize clinically because it has prognostic 
value with profound effects on the subsequent clinical course.

A systemic inflammatory response results in elevated levels of cir-
culating proinflammatory mediators (tumor necrosis factor alpha, 
interleukins, prostaglandins, etc) that activate endothelial cells and 
leukocytes. Subsequent production of nitric oxide by activated vascular 
endothelial cells via inducible nitric oxide synthase results in substantial 
vasodilation. Products of the arachidonic acid pathway generated during 
the systemic inflammatory response contribute to systemic vasodilation 
(prostaglandin I2) and pulmonary hypertension (thromboxane A2). 
Activated endothelial cells and leukocytes upregulate expression of cel-
lular adhesion molecules and their corresponding ligands, resulting in 
accumulation of activated leukocytes in pulmonary and systemic capil-
laries and postcapillary venules. Expression of chemotactic cytokines by 
endothelial and parenchymal cells contributes to flow of activated leu-
kocytes into the lungs and systemic tissues. Activated leukocytes release 
destructive oxygen free radicals, resulting in further microvascular and 
tissue damage. Damaged and edematous endothelial cells, retained leu-
kocytes, and fibrin and platelet plugs associated with activation of the 
complement and coagulation cascades block capillary beds in a patchy 
manner, leading to increased heterogeneity of microvascular blood flow. 
As a result of the significant damage to the microvasculature, oxygen 
uptake by metabolizing tissues is further impaired.52 Parenchymal cells 
also become activated and this cellular response may lead to apoptosis 
or the associated mitochondrial damage and dysfunction. A severe 
systemic inflammatory response leads to very high levels of circulating 
proinflammatory mediators, leukopenia, and thrombocytopenia owing 
to uptake in excess of production, disseminated intravascular coagula-
tion owing to excessive activation of the coagulation cascades, diffuse 
capillary leak, marked vasodilation that may be quite unresponsive to 
high doses of vasopressors, and generalized organ system dysfunction.

Whereas the hemodynamic component of shock is often rapidly 
reversible, the resolution and repair phases of an inflammatory response 
follow a frustratingly slow time course: recruitment of adequate and 
appropriate leukocyte populations, walling off or control of the initial 
inciting stimuli, modulation of the subsequent inflammatory response 
toward clearance with apoptosis of inflammatory and damaged cells 
(T-helper 1 type of response), or, when the inflammatory stimulus is 
not as easily cleared, toward a more chronic response with recruitment 
of new populations of mononuclear leukocytes and fibrin and collagen 
deposition (T-helper 2 type of response). During this repair and resolu-
tion phase, current therapy involves vigilant supportive care of the patient 
to prevent and avoid the common multiple complications associated with 
multiple organ system dysfunction and mechanical ventilation.

■■ INDIVIDUAL ORGAN SYSTEMS
Altered mental status, ranging from mild confusion to coma, is a frequently 
observed effect of shock on neurologic function, when brain blood flow 
decreases by approximately 50%. Autoregulation of cerebral blood flow is 
maximal, and decreased neurologic function ensues, when MAP decreases 
to below 50 to 60 mm Hg in normal individuals. Elevated PCO2

 transiently 
dilates and decreased PCO2

 transiently constricts cerebral vessels. Profound 
hypoxia also results in markedly decreased cerebral vascular resistance. 
Patients recovering from shock infrequently suffer frank neurologic deficit 
unless they have concomitant cerebrovascular disease. However, subse-
quent subtle neurocognitive dysfunction is now increasingly recognized.

Systolic and diastolic myocardial dysfunctions during shock have been 
discussed above. Myocardial oxygen extraction is impaired during sepsis 
and myocardial perfusion is redistributed away from the endocardium. 
This maldistribution is further aggravated by circulating catecholamines. 
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Segmental and global myocardial dysfunction occur with ST and T-wave 
changes apparent on the electrocardiogram, and elevations in creatine 
kinase and troponin concentrations may be observed53 in the absence of 
true myocardial infarction. In addition, the metabolic substrate for myo-
cardial metabolism changes so that free fatty acids are no longer the prime 
substrate and more lactic acid and endogenous fuels are metabolized.

More than any other organ system, the lungs are involved in the 
inflammatory component of shock. ARDS is the acronym given to lung 
injury caused by the effect of the systemic inflammatory response on the 
lung and has aptly been called “shock lung.” Inflammatory mediators and 
activated leukocytes in the venous effluent of any organ promptly affect 
the pulmonary capillary bed, leading to activation of pulmonary vascular 
endothelium and plugging of pulmonary capillaries with leukocytes. 
Ventilation perfusion matching is impaired and shunt increases. High 
tidal volume ventilation induces a further intrapulmonary inflammatory 
response and lung damage. Increased ventilation associated with shock 
results in increased work of breathing to the extent that a disproportion-
ate amount of blood flow is diverted to fatiguing ventilatory muscles.

The glomerular filtration rate decreases as renal cortical blood flow 
is reduced by decreased arterial perfusion pressures and by afferent  
arteriolar vasoconstriction owing to increased sympathetic tone, cat-
echolamines, and angiotensin. The ratio of renal cortical to medullary 
blood flow decreases. Renal hypoperfusion may lead to ischemic dam-
age with acute tubular necrosis, and debris and surrounding tissue 
edema obstruct tubules. Loss of tubular function is compounded by 
loss of concentrating ability because medullary hypertonicity decreases. 
Impaired renal function or renal failure leads to worsened metabolic  
acidosis, hyperkalemia, impaired clearance of drugs and other substances; 
all contribute to the poor outcome of patients in shock with renal failure.

Early in shock, increased catecholamines, glucagon, and glucocorticoids 
increase hepatic gluconeogenesis leading to hyperglycemia. Later, when 
synthetic function fails, hypoglycemia occurs. Clearance of metabolites and 
immunologic function of the liver are also impaired during hypoperfusion. 
Typically, centrilobular hepatic necrosis leads to release of transaminases 
as the predominant biochemical evidence of hepatic damage, and bilirubin 
levels may be high. Shock may lead to gut ischemia before other organ sys-
tems become ischemic, even in the absence of mesenteric vascular disease. 
Mucosal edema, submucosal hemorrhage, and hemorrhagic necrosis of the 
gut may occur. Hypoperfusion of the gut has been proposed as a key link in 
the development of multisystem organ failure after shock, particularly when 
ARDS precedes sepsis; that is, loss of gut barrier function results in entrance 
of enteric organisms and toxins into lymphatics and the portal circulation. 
Because the immunologic function of the liver is impaired, bacteria and 
their toxic products, particularly from portal venous blood, are not ade-
quately cleared. These substances and inflammatory mediators produced 
by hepatic reticuloendothelial cells are released into the systemic  
circulation and may be an important initiating event of a diffuse  
systemic inflammatory process that leads to multisystem organ failure or 
to the high cardiac output hypotension of endotoxemia. Decreased hepatic 
function during shock impairs normal clearance of drugs such as narcotics 
and benzodiazepines, lactic acid, and other metabolites that may adversely 
affect cardiovascular function. In addition, pancreatic ischemic damage 
may result in the systemic release of a number of toxic substances including 
a myocardial depressant factor.

Shock impairs reticuloendothelial system function, leading to impaired 
immunologic function. Coagulation abnormalities and thrombocytope-
nia are common hematologic effects of shock. Disseminated intravascular 
coagulation occurs in approximately 10% of patients with hypovolemic 
and septic shock. Shock combined with impaired hematopoietic and 
immunologic function seen with hematologic malignancies or after che-
motherapy is nearly uniformly lethal. Endocrine disorders, from insuf-
ficient or ineffective insulin secretion to adrenal insufficiency, adversely 
affect cardiac and other organ system function. Conceivably, impaired 
parathyroid function is unable to maintain calcium homeostasis. As a 
result, ionized hypocalcemia is observed during lactic acidosis or its treat-
ment with sodium bicarbonate infusion.54

■■ SHOCK AND THERAPEUTIC INTERVENTIONS
Hypoperfusion alters the efficacy of drug therapy by slowing delivery 
of drugs, altering pharmacokinetics once delivered, and decreasing the 
clearance of drugs. For example, subcutaneous injection of medications 
may fail to deliver useful quantities of a drug in the setting of decreased 
perfusion. When adequate perfusion is reestablished, the drug may be 
delivered in an unpredictable way at an inappropriate time. Thus, paren-
teral medications should be given intravenously to patients with evidence 
of hypoperfusion. In marked hypoperfusion states, peripheral intravenous 
infusion may also be ineffective, and central venous administration may 
be necessary to effectively deliver medications. Once the drug is delivered 
to its site of action, it may not have the same effect in the setting of shock. 
For example, catecholamines may be less effective in an acidotic or septic 
state. Because there may be significant renal and hepatic hypoperfusion, 
drug clearance is frequently greatly impaired. With these observations  
in mind, it is appropriate to consider, for each drug, necessary changes in 
route, dose, and interval of administration in shock patients.

Bicarbonate therapy of metabolic acidosis associated with shock may 
have adverse consequences.54 Bicarbonate decreases ionized calcium 
levels further, with a potentially detrimental effect on myocardial con-
tractility. Because bicarbonate and acid reversibly form carbon dioxide 
and water, a high PCO2

 is observed. Particularly during bolus infusion, 
acidotic blood containing bicarbonate may have a very high PCO2

, which 
readily diffuses into cells, resulting in marked intracellular acidosis; recall 
that hypoperfusion increases tissue PCO2

 by carrying off the tissue CO2 
production at a higher mixed venous PCO2

 owing to reduced blood flow. 
Intracellular acidosis results in decreased myocardial contractility. These 
adverse consequences of bicarbonate therapy may account in part for the 
lack of benefit observed with bicarbonate therapy of metabolic acidosis.54

OUTCOME
Untreated shock leads to death. Even with rapid, appropriate resuscita-
tion, shock is associated with a high initial mortality rate, and tissue 
damage sustained during shock may lead to delayed sequelae. Several 
studies have identified important predictors. For cardiogenic shock, 85% 
of the predictive information is contained in age, systolic blood pressure, 
heart rate, and presenting Killip class.4 A blood lactic acid level in excess 
of 5 mmol/L is associated with a 90% mortality rate in cardiogenic shock 
and a high mortality rate in other shock states. These mortality rates 
have decreased during the past decade of interventional cardiology and 
aggressive antibiosis (see Chaps. 37 and 64). In septic shock, decreasing 
cardiac output predicts death, and high concentrations of bacteria in 
blood and a failure to mount a febrile response predict a poor outcome. 
Age and preexisting illness are important determinants of outcome. 
Multisystem organ failure is an important adverse outcome, leading to a 
mortality rate in excess of 60%.
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Critical illness often cripples the circulation. For example, septic shock 
combines ventricular dysfunction; arteriolar dilation; vascular obstruc-
tion; and volume depletion due to transudation of fluid from the vascular 
space into tissues, venodilation, reduced oral intake, and heightened 
insensible loss. Trauma produces similar effects through hemorrhage, 
spinal injury, cardiac tamponade, tension pneumothorax, acidemia, and 
cardiac dysfunction. These join to compromise perfusion globally, threat-
ening the function of vital organs. Urgent resuscitation improves out-
come in shock, showing that time is of the essence, a concept captured in 
the phrase “the golden hour.”1,2 Treating hypovolemia has been a central 
tenet of shock management. Nevertheless, many controversies remain 

regarding the details of shock resuscitation, including the role and type of 
fluid therapy, metrics for assessing the response, and clinical end points.

Initial resuscitation transforms a hypovolemic, hypodynamic circula-
tion into one where oxygen transport is normal or high, at least at the 
whole body level, in most septic adults2,3 and even following trauma 
and cardiac arrest.4 In contrast to the average patient entering the early 
goal-directed trial (EGDT),2 once fluids, antimicrobials, vasoactive 
drugs, and perhaps blood have been given, resuscitated patients typi-
cally display elevated central venous pressure (CVP), cardiac output, and 
mixed and central venous oxyhemoglobin saturations (SvO2

 and ScvO2
, 

respectively). There is no longer global hypoperfusion as judged by any 
measure of oxygen transport, even when hypotension, lactic acidosis, 
and organ dysfunction persist. Nevertheless, the circulation remains 
grossly impaired and mean arterial pressure is rarely restored to normal.

Indeed, persistent hypotension and progressive organ failures often 
prompt further fluid administration. When given additional fluid, some 
patients will respond: Blood pressure, cardiac output, oxygen delivery, 
ScvO2

, or urine output increases. Other patients will not: Hemodynamics 
fail to improve and the fluid bolus is ineffective, at best.5 Moreover, ineff
ective fluid challenges often lead to additional boluses, culminating in 
a grossly edematous patient (still hypotensive and oliguric). Critically 
ill patients also receive nutrition, sedatives, analgesics, antimicrobials, 
vasoactive drugs, insulin infusions, and agents to reduce the risk of gas-
tric hemorrhage, all of which contribute to a surprising degree of fluid 
overload. For example, in the liberal fluid arm of the fluid and cath-
eter treatment trial (FACTT6) subjects received more than 4 L per day.  
The consequence was a 7-day net positive fluid balance of 7 L. Fluid 
balance in the earlier ARDS Network trials (where fluid therapy was at 
the discretion of the intensivist, not guided by a protocol) was found to 
be essentially superimposable on the liberal arm of the FACTT.6 Thus 
routine critical care appears to be associated with large fluid loads and a 
very substantial net positive fluid balance.

Just as too little fluid resuscitation risks harm, too much fluid may 
also be deadly. Identifying patients who are likely to respond to fluids  
(so that sufficient fluid can be given timely) and those who are not 
(focusing attention on effective treatment and sparing them useless 
fluids) is a daily challenge in the intensive care unit (ICU). Yet predicting 
fluid responsiveness is not a trivial task. This chapter reviews the asso-
ciation between fluid resuscitation and outcomes in critical illness; the 
limitations of static predictors of fluid response (such as CVP); the phys-
iological underpinning of dynamic predictors (such as stroke volume 
variation [SVV]) and their role in guiding fluid therapy; and a clinical 
approach to the patient. Few patients in the first hours of sepsis, trauma, 
or other forms of shock have been studied with regard to endpoints of 
fluid therapy. For example, in the trial of early goal-directed resuscita-
tion, the target was the central venous oxyhemoglobin saturation—CVP 
goals were identical between groups.2 Although the EGDT subjects 
were given more fluid in the first 6 hours (4981 ± 2984 vs 3499 ± 2438;  
p < 0.001), they also received more dobutamine and packed cell trans-
fusion, making it difficult to attribute any particular benefit to the  
fluid, per se. Further, there is no evidence that goal-directed resuscita-
tion after the first 6 hours confers any benefit.7-9 Moreover, concerns 
have been raised about the generalizability of the EGDT study in light of 
the atypical patient population and other problems.10 Thus we empha-
size here the patient who is hypoperfused following initial resuscitation 
and for whom additional fluid therapy is considered.

EXCESS FLUID CAUSES HARM
Fluid infused into the vascular space ultimately equilibrates with other 
fluid compartments. Unnecessary fluid (ie, fluid that does not enhance 
perfusion) will cause or exacerbate edema in lungs, heart, gut, skin, brain, 
and other tissues. At times, this creates clinically obvious organ failure, 
such as respiratory failure, abdominal compartment syndrome,11,12 or 
cerebral edema and herniation. Multiple studies have correlated positive 
fluid balance with reduced survival in acute respiratory distress syndrome 
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KEY POINTS

•• �Of critically ill patients with conventional indications for a fluid 
bolus, only about half will respond with a meaningful increase in 
perfusion.

•• �Fluid therapy that does not boost perfusion may cause harm by 
impairing lung function or producing edema in other organs.

•• �Static hemodynamic parameters, such as central venous pressure, 
have little value in guiding fluid therapy.

•• �Fluid responsiveness can be predicted using cardiopulmonary inter-
actions to probe circulatory function or through passive leg raising.

•• �Dynamic fluid-responsiveness predictors are accurate, but require 
careful attention to preconditions for validity.
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(ARDS) or sepsis.13-15 For example, in a large European observational 
cohort, positive fluid balance was among the strongest predictors of death, 
even after correcting for severity of illness.16 The Vasopressin in Septic 
Shock Trial (VASST) showed that positive fluid balance correlated with a 
higher risk of dying.17

Similar results have been shown in patients with acute renal failure.18 
In a study of monitoring techniques in critically ill patients a secondary 
logistic regression analysis identified positive fluid balance as a signifi-
cant predictor of mortality (OR 1.0002 for each mL/day; p = 0.0073).19 
Similar results were seen in a prospective trial of goal-directed fluid 
therapy in patients undergoing major colorectal surgery.20 Those ran-
domized to goal-directed treatment got significantly more fluid but did 
not have better outcomes. In fact, in aerobically fit subjects, outcomes 
were inferior. Positive fluid balance may also impede liberation from 
mechanical ventilation in general critically ill patients. In a study of 
87 ventilated subjects, both cumulative and short-term positive fluid 
balance were associated with failure of a spontaneous breathing trial.21 
Negative fluid balance was as predictive of weaning outcomes as the 
rapid shallow breathing index. This association has also been noted in 
critically ill surgical patients.22 Lastly, restrictive fluid strategies may 
reduce length of stay following major surgery.23

These retrospective or uncontrolled analyses leave open the question 
as to whether positive fluid balance contributed to deaths or was merely 
a marker of severity of illness, so further controlled study is warranted. 
Two prospective trials in subjects with ARDS have shown that diuresis 
improves outcome, including time on the ventilator and ICU length of 
stay.6,24 The second of these randomized 1001 subjects with acute lung 
injury or ARDS to conservative (CVP <4 or pulmonary artery occlu-
sion pressure [PAOP] <8 mm Hg) versus liberal (CVP 10-14 or PAOP 
14-18 mm Hg) fluid management. Although there was no difference in 
60-day mortality (the primary outcome), the conservative fluid strategy 
improved lung function, increased ventilator-free days, and reduced ICU 
length of stay.6 Of course, all of these subjects had pulmonary edema, a 
condition expected to respond to diuresis, and active fluid management 
was only carried out when subjects were hemodynamically stable so it is 
not clear that these findings can be extrapolated to patients with shock.

The role of fluids in shock was further called into question in a study 
of hypoperfused children with severe infection.25 Designed largely as a 
comparison of crystalloid versus colloids, this study is remarkable for 
having included a third treatment arm that got no fluid bolus. While the 
saline and albumin groups had similar survival, the “no fluid bolus” arm 
had the best outcome. Although this study involved children cared for in 
hospitals unable to provide intensive care, it nevertheless raises questions 
about our presumptions regarding the benefits of volume resuscitation.

ASSESSING INTRAVASCULAR VOLUME  
AND PREDICTING FLUID RESPONSIVENESS
The most direct means to assess whether additional fluid will raise per-
fusion is to perform a “fluid challenge”: infuse a fluid bolus and measure 
cardiac output, ScvO2

, or some other clinically relevant parameter reflect-
ing perfusion (blood pressure reflects poorly whether perfusion truly 
rises26). It is not clear, however, how much fluid constitutes an adequate 
fluid challenge. Also, if the fluid bolus has no impact, renal dysfunction 
may impede reversing its contribution to fluid overload. If only rare 
patients failed to respond to a fluid bolus, this would not be a major 
problem. Across many studies, however, more than half of fluid boluses 
judged to be clinically indicated are actually ineffective and potentially 
harmful.5,27 For example, 150 fluid boluses were studied in 96 subjects 
mechanically ventilated for severe sepsis over a 3-year period.28 In  
only 65 instances (43%) did cardiac index rise at least 15%. These results 
are typical of prospective studies of fluid challenge.29-38

Since fluid challenge fails to help many hypotensive patients and may 
cause harm, predicting the likelihood of response should be of great 
clinical value. Historically, clinicians have generally used static hemo-
dynamic values (eg, CVP or PAOP) to judge whether fluids are likely to 

boost the circulation. As discussed below, however, these measures have 
almost no ability to distinguish fluid responders from nonresponders. 
In contrast, dynamic indices such as SVV are quite accurate, having 
much higher positive and negative predictive values.

■■ STATIC MEASURES TO PREDICT FLUID RESPONSIVENESS

CVP or Right Atrial Pressure:  CVP is probably the most used parameter 
for judging whether fluids should be given. Nevertheless, a large number 
of studies show that CVP fails to discriminate responders from nonre-
sponders.29,39-41 Following the EGDT trial and publication of the original 
Surviving Sepsis Campaign guidelines (which proposed a CVP target 
of greater than 8 mm Hg for nonventilated patients and greater than or 
equal to 12 mm Hg for ventilated patients42) a group of French investiga-
tors examined the role of cardiac filling pressures as predictors of fluid 
responsiveness in 96 ventilated, septic subjects.28 Overall, the predictive 
power of the CVP was poor: When CVP was less than 12, the positive 
predictive value was only 47%. Even when CVP was much lower in these 
ventilated patients (less than 5 mm Hg), the positive predictive value was 
still only 47%. These results should not be surprising. Raising CVP can 
only augment perfusion when cardiac function is not limited, as can be 
seen by examining the relationship of CVP to cardiac output (Fig. 34-1). 
While “low” CVP tends to indicate a point on the steep portion of the 
cardiac function curve in a population, huge variation makes specific 
values of little use in any individual patient.

Wedge or Pulmonary Artery Occlusion Pressure:  Pulmonary artery cath-
eters (PAC) have been used widely for monitoring critically ill, heart 
failure, and perioperative patients. Although many clinicians consider 
the PAOP to be the gold standard for determining left ventricular (LV) 
preload (and judging volume status), the correlation of PAOP and LV 
end-diastolic volume is feeble.43 Surprisingly, even in normal volun-
teers, PAOP fails to reflect preload,39 thought due to wide variation in 
diastolic compliance even in health. More importantly, values of PAOP 
are no better than those of CVP in predicting the response to fluid 
challenge.29,40,44 In septic subjects, a PAOP less than 12 mm Hg predicts a 
rise in cardiac output with a positive predictive value of only 54%.28 Like 
the CVP, PAOP should not be used to judge the volume state in severe 
sepsis or to predict the role for further fluid administration.

Static Echocardiographic and Ultrasound Predictors:  Static ultrasono-
graphic measures are similarly deficient. For example, in a series of 
passively ventilated septic shock patients, left ventricular end-diastolic 
area (LVEDA) was identical in fluid responders and nonresponders.31 

Venous return function
Cardiac function

A

B

SV

Pra

FIGURE 34-1.  Right atrial pressure (Pra) is on the x-axis, while stroke volume (SV) is on 
the y-axis. For a patient with the venous return and cardiac function curves represented (solid 
straight and curved lines, respectively), their intersection at Point A shows the steady-state 
Pra and SV. Fluid therapy (which shifts the venous return function curve rightward producing 
a new intersection Point B) increases Pra but, because the cardiac function curve is so flat, will 
not raise stroke volume.
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Most other studies have also reported that LVEDA, as well as the ratio 
of pulsed Doppler transmitral flow in early diastole to the early dia-
stolic mitral annular velocity, is unable to distinguish responders and 
nonresponders.45,46

The LV ejection time fails similarly in separating responders from 
nonresponders.47 Right ventricular (RV) end-diastolic volume has not 
been shown effective in identifying fluid responsiveness.48

The inferior vena cava (IVC) is easily imaged in a subxiphoid, long-
axis view either off of the frozen image with caliper function or with 
M-mode imaging. The diameter is measured 2 to 3 cm below the right 
atrium or just caudad to the inlet of the hepatic veins at end expira-
tion. There is only a weak correlation between fluid responsiveness 
and the minimum or maximum IVC diameter (r = 0.58 and 0.44, 
respectively).34

Global End-Diastolic Volume and Intrathoracic Blood Volume:  A single-
indicator, transpulmonary thermodilution technique uses injected cold 
saline and a thermistor-tipped arterial catheter to estimate the maxi-
mal cardiac (four-chamber) volume. In a series of septic subjects, this 
global end-diastolic volume was a modestly accurate predictor of 
fluid responsiveness (positive predictive value .77 when in the lowest 
tercile; negative predictive value .77 when in the highest tercile).49 The 
mathematically related intrathoracic blood volume would be expected 
to be of similar accuracy.

■■ DYNAMIC MEASURES TO PREDICT FLUID RESPONSIVENESS
As reliance on static preload measures has faded, interest in dynamic 
predictors has heightened. Rather than relying on fixed hemodynamic 
values, these metrics perturb the circulation by centralizing the blood 
volume or altering the pleural pressure, then assess some output such as 
stroke volume or pulse pressure (Table 34-1).

Passive Leg Raising:  Passive leg raising (PLR) has been used in several 
studies as a surrogate for volume challenge due to ease of perfor-
mance and lack of adverse effects related to volume overload. PLR 
shifts blood volume centrally, acting as a substantial but reversible 
volume challenge. Patients are studied first in the semirecumbent 
position, then the head is lowered and the legs are raised, generally 
using a specialized bed. A measure of cardiac output, such as echo-
cardiographic left ventricular outflow tract velocity-time integral 
(LVOT-VTI) (from the transthoracic five-chamber view) or one of 

  TABLE 34-1    Dynamic Predictors of Fluid Responsiveness

Perturbation Measurement Threshold Reference

Passive leg raising LVOT-VTI 10% 55

Pulse contour SV 16% 50

Aortic blood flow 10% 48

Ventilation LVOT-VTI 9% 60

Pulse contour SV 10% 60

Aortic blood flow 12% 31

Brachial artery blood flow 10 31

Pulse pressure variation 13% 29

IVC variation 18% 37

SVC variation 36% 68

Active inspiration Right atrial pressure 1 mm Hg 69

IVC variation 50% None

IVC, inferior vena cava; LVOT-VTI, left ventricular outflow tract velocity-time integral; SV, stroke volume; 
SVC, superior vena cava.

Effect of passive leg raising judged at 1 minute. Ventilation requires a regular cardiac rhythm, passively 
ventilated patient, and tidal volume at least 8 mL/kg predicted body weight.

the forms of pulse contour analysis of the arterial blood pressure 
tracing, is used to assess the impact 1 minute following PLR.50 The 
arterial pulse pressure variation (PPV) can also serve to judge the 
effect, but this may not be as accurate as stroke volume measures.51 
One study that included 71 ventilated subjects, some actively breath-
ing and some passive, showed that a PLR increase of aortic blood 
flow ≥10% signaled a response to fluids (sensitivity 97%; specific-
ity 94%).48 Multiple other studies have confirmed that PLR predicts  
well the response to subsequent volume challenge.45,51-56 A major advan-
tage of PLR over other dynamic predictors described below is that  
it appears accurate even in spontaneously breathing patients and  
those with irregular cardiac rhythms. A downside is related to uncer-
tainties regarding the technique of raising the legs. In some studies, this  
has been accomplished using a specialized bed that simultaneously 
raises the legs and lowers the head, keeping the angle between the 
legs and the trunk constant. In other studies, the legs have been 
lifted manually while lowering the head, but this raises concern for 
standardization, differing angles between the legs and the trunk, 
sympathetic effects related to patient discomfort, and difficulties in 
the morbidly obese. PLR may not be valid when intra-abdominal 
pressure is significantly elevated, although it has proven accurate in 
late-term pregnancy.54,57

Dynamic Predictors Relying on Perturbing the Pleural Pressure:  Cyclic 
changes in pleural pressure during ventilation induce fluctuations 
in right heart filling, pulmonary venous volume, and both right and 
LV afterload. The rise in pleural pressure during positive pressure 
inspiration augments LV filling (due, in part, to compression of 
pulmonary veins and rising LV compliance as the right heart fills 
less) and simultaneously lowers LV afterload. These factors combine 
to transiently raise the LV stroke volume and the systolic arterial 
pressure. Also during inspiration the rise in pleural pressure impedes 
right heart filling transiently, the effects of which become evident in 
the arterial pressure wave several beats later (during expiration) as 
a fall in systolic pressure (and stroke volume). In most patients, the 
respiratory impact on RV preload dominates to account for variations 
in stroke volume, while the consequences for RV and LV afterload 
and LV filling are minor. Occasionally, however, the effects on after-
load or LV filling are not trivial. For example, in patients with acute 
cor pulmonale the modest ventilation-induced rise in RV afterload 
may contribute greatly to respiratory variation, falsely predicting 
fluid responsiveness.58 If not recognized as being due to RV failure, 
this variation might prompt harmful additional fluids, compounding  
the shock. A variation on the use of ventilator-induced changes is the 
end-expiratory occlusion test in which the ventilator is paused for  
15 seconds at end expiration.59 Mean pleural pressure falls and venous 
return to the heart is no longer impeded, serving as an endogenous 
volume challenge. This requires that the patient not only be passive, 
but remain so for 15 seconds of apnea.

Ventilation-induced changes in stroke volume (SV) can be detected 
by examining the arterial pulse pressure, brachial artery or aortic flow 
velocity, pulse contour-based stroke volume,60 or the echocardiographic 
LVOT-VTI. Large respirophasic variations indicate that the heart is 
functioning on the steep part of the Starling cardiac function curve and 
that fluids are likely to boost perfusion; small variations indicate that 
the circulation is operating on the flat part of the cardiac function curve 
and fluids will be ineffective. Clinical studies confirm that mechanical 
ventilation-induced variations in systolic blood pressure, pulse pressure, 
aortic flow velocity, stroke volume, and the velocity-time integral at the 
LV outflow tract all predict accurately the result of a fluid bolus.

When using dynamic predictors based on ventilation, it is important 
to consider the following preconditions for validity. First, in order to 
produce a sufficient rise in pleural pressure, the tidal volume must be at 
least 8 cc/kg predicted body weight. Because this volume is larger than 
typically given to the critically ill, the ventilator must be changed before 
and after the circulation is assessed. In addition, cardiac rhythm should 
be regular so that varying R-R intervals (and variable filling times) do 

section03.indd   264 1/23/2015   2:06:59 PM

http://www.myuptodate.com


CHAPTER 34: Judging the Adequacy of Fluid Resuscitation 265

not produce variations in stroke volume unrelated to fluid status. Also, 
patients must be passively ventilated, without inspiratory or expiratory 
respiratory muscle activation. Unless the patient is therapeutically para-
lyzed, this requires carefully assessing the ventilator pressure and flow 
waveforms, as well as examining the patient. Finally, acute RV dysfunc-
tion should be excluded by echocardiography in patients at risk of this.

The first dynamic predictor to be used widely was PPV. In one of 
the most influential studies, 40 subjects with sepsis were mechanically 
ventilated (tidal volumes of 8-12 mL/kg), therapeutically paralyzed, and 
instrumented with PACs.29 Four parameters (right atrial pressure [Pra], 
PAOP, systolic pressure variation [SPV], and PPV) were judged for their 
ability to predict the response to a fluid challenge. The areas under the 
receiver operating characteristic curves for PPV and SPV (0.98 and 
0.91, respectively) were outstanding and far superior to those for Pra 
and PAOP (0.51 and 0.40, respectively). Furthermore, a threshold value 
for PPV of 13% (calculated as maximum pulse pressure minus mini-
mum pulse pressure divided by the average and converted to percent) 
discriminated responders and nonresponders with excellent sensitivity 
and specificity. PPV has proved to be reliable in sepsis, hemorrhage,  
following cardiac surgery, and in other settings.44,46,61-64

The same cardiopulmonary interactions that produce PPV also cause 
variations in arterial blood flow velocity. Transesophageal echocardiog-
raphy has been used to judge aortic flow variability prior to fluid chal-
lenge, showing excellent performance in discriminating responders and 
nonresponders.31,47,65 Similar utility has been shown by measuring blood 
flow velocity in the brachial artery, a less invasive approach.66,67

During passive mechanical ventilation, inferior vena caval diameter  
tends to increase during lung inflation (as Pra rises) and tends to 
decrease during expiration (to the extent that the heart is on the steep 
portion of the Starling curve). In two separate studies of ventilated, 
septic subjects, IVC diameter variation was highly accurate in predict-
ing fluid responsiveness (eg, positive and negative predictive values 
93% and 92%, respectively).34,37 Because the superior vena cava (SVC) 
is surrounded by pleural, rather than abdominal, pressure, it may be 
preferable for predicting fluid responsiveness. In one study of patients 
with sepsis and acute lung injury, an SVC collapsibility index above 
36% predicted a significant, fluid-induced rise in cardiac output with a 
sensitivity of 90% and specificity of 100%.68

Finally, the inspiratory decrement in right atrial pressure has been 
proposed to identify fluid responders among spontaneously breathing 
patients, and could serve as an alternative to PLR. Right atrial pressure 
tends to fall in those with a fluid-responsive circulation, but not in 
nonresponders: In 33 mixed medical and surgical ICU patients, some 
of whom were mechanically ventilated but actively inspiring (assured by 
noting at least a 2-mm Hg inspiratory fall in PAOP), an inspiratory drop 
in Pra (measured at the base of the a wave) less than 1 mm Hg served 
to predict responsiveness to an adequate fluid bolus.69 Cardiac output 
increased by at least 250 mL/min in 16 of 19 patients with a positive 
inspiratory response and only 1 of 14 patients with a negative response. 
The importance of an adequate inspiratory fall in pleural pressure, nec-
essary to shift the cardiac function curve sufficiently, was emphasized 
by a study of 21 mechanically ventilated subjects, also actively inspiring. 
The inspiratory change in Pra did not distinguish fluid responders from 
nonresponders, perhaps because the ventilatory assistance prevented 
much fall in pleural pressure.70 This study calls into question the valid-
ity of the inspiratory fall in CVP. Further, this predictor relies on the 
absence of expiratory muscle activation and a regular cardiac rhythm.

A Practical Approach
When persistent or recrudescent hypotension, tachycardia, or oliguria 
raises the question as to whether fluids would be helpful, the intensivist 
should estimate the probability of harm from a fluid bolus. For many 
patients, the risks of fluid expansion are trivial and, in such a case, an 
adequate fluid bolus should be infused rapidly, while measuring clini-
cally relevant outcomes. For others, however, the risks of fluid infusion 

may be real. Pulmonary or cerebral edema, abdominal compartment 
syndrome, acute right heart strain, and oliguria are all conditions that 
raise the potential risk. Especially when these conditions are present, 
the clinician should attempt to identify patients unlikely to benefit from 
fluids, in order to spare them potential harm. Which dynamic predictor 
to use depends on available monitors; local expertise; and whether the 
patient is passively ventilated or actively breathing.

If careful assessment of patient and ventilator waveforms shows that 
the patient is passive, in sinus rhythm, without acute cor pulmonale, 
then the tidal volume should be adjusted temporarily to approximately 
10 mL/kg predicted body weight. Then the variation in pulse pressure,  
IVC diameter, LVOT-VTI, stroke volume, or brachial artery flow 
velocity should be measured. If the degree of variation predicts fluid 
responsiveness, a discrete fluid bolus should be given and the circula-
tion reassessed. This process of prediction and fluid bolus should be 
repeated until the indication for fluids has resolved; the circulation is 
demonstrated not to be fluid responsive; or the predictor is judged to 
be a false positive. Not surprisingly, this approach will lead to treatment 
that differs from a CVP-based approach, usually by restricting fluids in 
fluid-unresponsive patients with low CVP and more often prescribing 
inotropes.71 There is little reason to prefer any one of the measures of 
variation, although measuring the LVOT-VTI demands more expertise 
than the arterial catheter-based measures or the other ultrasonographic 
techniques. If the patient is passive but the preconditions for validity of 
ventilation-induced predictors are not met, PLR is recommended with 
measurement of the effect at 1 minute.

If the patient is breathing actively, PLR is the best validated predictor. 
Alternatives include the degree of inspiratory collapse of the IVC, where 
greater than 50% appears to predict a fluid response based on anecdotal 
experience. The inspiratory fall in the right atrial pressure can also be 
used but, like the inspiratory collapse of the IVC, validity is uncertain.

CONCLUSION
After the initial fluid resuscitation, many patients who have traditional 
indications for a fluid challenge will not actually respond. Such fluid 
challenges may not be only ineffective, but harmful. While further stud-
ies should attempt to confirm and quantify this harm, we think that 
current knowledge is sufficient to guide practice safely. We advocate 
that fluid boluses be considered critically rather than simply being 
given reflexively. When a patient develops indications for a fluid bolus, 
the potential for harm should be considered and, if there is reasonable 
potential for harm, a dynamic predictor should be used to limit fluid 
infusion only to patients who are likely to benefit. We believe there is 
room for much further study to identify whether this approach confers 
improved outcomes in critically ill patients.
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Ventricular Dysfunction  
in Critical Illness
Keith R. Walley

35
C H A P T E R

KEY POINTS

•• �Cardiac pump dysfunction may be due to ventricular dys-
function, compression by surrounding structures (eg, cardiac 
tamponade), increased afterload, valvular dysfunction, and/or 
abnormal heart rate and rhythm.

•• �Ventricular dysfunction may be due to decreased systolic contrac-
tility and/or increased diastolic stiffness and may involve right 
and/or left ventricles.

•• �Systemic vascular factors controlling venous return, and their 
interaction with cardiac pump function, must be considered in 
order to identify and treat causes of inadequate cardiac output.

•• �Myocardial ischemia, relative to demand, is the most common acute 
reversible contributor to depressed contractility but exogenous tox-
ins and drugs (β-blockers, Ca2+ channel blockers, etc), a myocardial 
inflammatory response (due to ischemia-reperfusion, sepsis, etc), 
hypoxemia, acidosis, ionized hypocalcemia and other electrolyte 
abnormalities, and hypo- and hyperthermia also contribute.

•• �Management of acute-on-chronic heart failure progressively 
includes oxygen; optimizing preload with diuretics, morphine, 
and nitrates or fluid infusion for hypovolemia; afterload reduc-
tion (including positive pressure ventilation); increasing con-
tractility using catecholamines or phosphodiesterase inhibitors; 
antiarrhythmic drugs and resynchronization using biventricu-
lar pacing; intra-aortic balloon counterpulsation, ventricular 
assist and ECMO devices; and cardiac transplantation.

This chapter emphasizes how critical illness disturbs ventricular func-
tion and the systemic factors governing venous return. This does not 
diminish the possibility that occult ischemic heart disease (see Chap. 37) 
might be unmasked by the stress imposed by multisystem organ failure 
or its diverse treatments. To avoid redundancy, I refer liberally to other 
chapters in this book that discuss ischemic heart disease (Chap. 37) and 
mechanisms for ventricular dysfunction in the context of other diseases 
(see Chaps. 25, 26, 33, 36, 38, and 64).

ASSESSMENT OF CARDIAC DYSFUNCTION
Depressed cardiac pump function may be due to (1) right and/or left ven-
tricular dysfunction, (2) external compression (eg, cardiac tamponade),  
(3) excessively elevated right or left ventricular afterload, (4) valvular dys-
function, and (5) abnormal heart rate or rhythm. This chapter focus on right 
and left ventricular dysfunction because cardiac tamponade is discussed  
in Chap. 40, pulmonary embolism in Chap. 38, valvular dysfunction in 
Chap. 41, and arrhythmias in Chap. 36. Yet in every case one should 
consider the role of the pericardium, lungs and other surrounding 
structures, right- and left-ventricular afterloads, valvular function, and 
heart rate and rhythm. For right and left ventricular dysfunction both 
decreased systolic contractility (a shift down and to the right of the end-
systolic pressure-volume relation [ESPVR]) and increased diastolic stiff-
ness (a shift up and to the left of the diastolic pressure-volume relation) 
must be considered (Fig. 35-1). How can one determine the presence of 
ventricular dysfunction, distinguish between right and left ventricular 
dysfunction, and then identify the specific cause?

■■ THE CLINICAL EXAMINATION
Left ventricular dysfunction is characterized by high left ventricular fill-
ing pressures in relation to cardiac output.1 Likewise, right ventricular 
dysfunction is characterized by high right ventricular filling pressures 
in relation to cardiac output. Importantly, there is a close interaction 
between the left and right ventricles so that, commonly, left and right 
ventricular dysfunction coexist. Initially, evaluation of heart rate, mean 
blood pressure, pulse pressure, urine output, mentation, and peripheral 
perfusion provide a clinical estimate of whether or not cardiac output 
is decreased (see Table 35-1). Right ventricular filling pressure may be 
judged by distention of jugular veins while dependent pitting edema may 
reflect chronically elevated right ventricular filling pressure. Evidence of 
dependent pulmonary crackles on physical examination due to heart 
failure suggests that left ventricular filling pressure is elevated, usually 
above 20 to 25 mm Hg. However, in chronic congestive heart failure,  
where pulmonary lymphatic drainage increases, crackles may not be 
present even at filling pressures as high as 30 mm Hg. Interstitial edema 
clearance lags decreases in left atrial pressure (Pla) by hours, so rapid 
decreases in Pla are not accurately reflected by pulmonary auscultation. 
An audible third heart sound suggests an elevated Pla in the presence of 
a dilated left ventricle.2

■■ ECHOCARDIOGRAPHIC EXAMINATION
Following a clinical examination that suggests ventricular dysfunction, a 
screening echocardiographic examination (FOCUS3) generally provides 
the most useful information in the shortest period of time. This focused 
screening examination in the emergent or ICU setting evaluates relative 
chamber size and global ventricular function, determines whether a 
pericardial effusion is present, and assesses volume status3,4; knowledge 
that can immediately direct the next diagnostic and therapeutic steps. 
To separately evaluate systolic and diastolic function or when regional 
wall motion abnormalities, valvular dysfunction, pulmonary hyperten-
sion, and other pathology is suggested by the initial clinical or screening 
echocardiographic examinations, a comprehensive echocardiographic 
examination performed by an expert is the next most readily avail-
able and useful step (see Chap. 29). Correct interpretation is crucial. 
Ejection fraction and related fractional shortening measurements are 
sensitive to changes in preload and afterload.5,6 Ejection fraction should 
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  TABLE 35-1   � Chronic Causes of Decreased Contractility  
(Dilated Cardiomyopathies)

Coronary artery disease

Idiopathic

Inflammatory (viral, toxoplasmosis, Chagas disease)

Alcoholic

Infection with the human immunodeficiency virus

Postpartum

Uremic

Diabetic

Nutritional deficiency (selenium deficiency)

Metabolic disorder (Fabry disease, Gaucher disease)

Toxic (Adriamycin, cobalt)
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FIGURE 35-1.  Left ventricular pressure-volume relations, A.  The continuous thick lines represent a single cardiac cycle as a pressure-volume loop. During diastole, the ventricle fills along a 
diastolic pressure-volume relation (1). At the onset of systole, left ventricular pressure rises with no change in volume (2). When left ventricular pressure exceeds aortic pressure, the aortic valve 
opens, and the left ventricle ejects blood (3) to an end-systolic pressure-volume point. The ventricle then relaxes isovolumically (4). At a higher-pressure afterload, the left ventricle is not able to 
eject as far (short interrupted lines). Conversely, at a lower afterload, the left ventricle is able to eject farther, so that all end-systolic points lie along and define the end-systolic pressure-volume 
relation (ESPVR or E

max
, sloped solid line). Increased diastolic filling (long interrupted lines) results in increased stroke volume from the larger end-diastolic volume to an end-systolic volume that 

lies on the same ESPVR; accordingly, increased afterload reduces stroke volume unless preload increases to compensate, B. When systolic contractility is decreased the slope of the ESPVR is 
decreased. This results in decreased systolic ejection so that stroke volume is decreased (horizontal dashed line is normal stroke volume and horizontal solid line is stroke volume with decreased 
systolic contractility), C. When diastolic compliance is decreased resulting in a stiff diastolic ventricle, stroke volume is decreased due to impaired diastolic filling.

increase with decreased afterload (hypotension) and increase further 
during catecholamine infusions7 so a “normal” ejection fraction in the 
setting of catecholamine-treated hypotension is distinctly low. A large 
end-systolic volume (ESV) when afterload is normal or low indicates 
that depressed contractility contributes to decreased ventricular pump 
function. A small end-diastolic volume (EDV) when filling pressures 
are normal or high indicates that increased diastolic stiffness (includ-
ing external compression) contributes to decreased ventricular pump 
function.8 Therefore, end-diastolic and end-systolic diameters should be 
determined separately and interpreted in the light of measured pressures 
and flows.

Doppler echocardiographic examination allows measurement of the 
pressure gradients across valves, which is proportional to four times 
velocity squared. For example, it is usually possible to estimate Ppa from 
the tricuspid regurgitation velocity, added to CVP. Valvular insufficiency 
is also identified using Doppler and color Doppler echocardiographic 
imaging of blood velocities. The major limitation of conventional  
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transthoracic echocardiographic examinations is that critically ill patients 
frequently are difficult to optimally position, are often on positive-
pressure mechanical ventilation, and have lung disease so lung shadows 
obscure echocardiographic views, thus making accurate examination 
difficult. Transesophageal echocardiographic examination circumvents 
this problem and is therefore an important tool for evaluating ventricular 
pump function in critically ill patients.9,10

■■ CENTRAL VENOUS AND RIGHT HEART CATHETERS
During severe ventricular dysfunction or during critical illness where 
even mild ventricular dysfunction contributes significantly to severity 
of illness, more accurate measures of ventricular function than can be 
determined by clinical examination alone are required. Important tools 
in the intensive care unit (ICU) that allow for frequent serial measure-
ment to test and titrate therapy are central venous catheterization, 
pulmonary artery catheterization, or the use of related devices using 
indicator dilution, pulse pressure assessment, and Doppler ultrasound  
principles.11 Serial echocardiographic assessment is sometimes also  
feasible. Central venous catheterization with the catheter tip near the 
right atrium allows measurement of right ventricular filling pressure 
(CVP) and central venous oxygen saturation, which can be used to assess  
the adequacy of whole body oxygen delivery and estimate cardiac output 
by using the Fick equation.12 Pulmonary artery catheterization can  
assess cardiac output by using the thermodilution technique and  
can measure CVP, pulmonary artery pressure (Ppa), and pulmonary artery 
wedge pressure (Ppw) (with important limitations discussed in Chap. 28), 
providing a more comprehensive physiologic evaluation. Uncritical use 
of a pulmonary artery catheter may be associated with no benefit or even 
increased mortality.13,14 Nonetheless, thoughtful use of a pulmonary artery 
catheter in the most severely ill may decrease mortality rate.15

IS DECREASED CARDIAC OUTPUT DUE TO CARDIAC 
DYSFUNCTION OR DECREASED VENOUS RETURN?
Cardiac output is primarily controlled by regulation of venous return—
the rate at which blood flows back to the heart. Normally, the heart 
simply pumps out all of the blood that returns to it, responding to 
changes in venous return by using the Frank-Starling principle—that is, 
more filling yields more ejection. Only when cardiac pump function is 
greatly impaired does the heart become the limiting component in the 
generation of cardiac output. These principles are illuminated by consid-
ering the coupling of cardiac pump function to venous return.

■■ DEFINITION OF CARDIAC PUMP FUNCTION  
AND ITS RELATION TO VENOUS RETURN

The pump function curve of the entire heart is illustrated as the relation 
between cardiac output and input (Pra) over a range of values (Fig. 35-2A). 
Sometimes this relation is called a Starling function curve, although this 
term has been applied historically to a pump function curve where stroke 
work is the output.16 The curvilinear relation between cardiac output and 
Pra importantly illustrates that increasing Pra is more effective in increas-
ing cardiac output at low values than at high values of Pra.

Most physicians are aware that increased contractility improves car-
diac pump function by shifting the pump function curve upward and to 
the left so that, at the same filling pressure, an increased cardiac output 
is generated. It is equally important to realize that abnormalities in 
diastolic filling (influenced by external factors compressing the heart), 
afterload, valve function, and heart rate and rhythm can shift this rela-
tion, and these factors in specific patients can be more important than 
changes in systolic contractility in modulating cardiac pump dysfunc-
tion encountered in the noncoronary care ICU.

■■ VENTRICULAR SYSTOLIC AND DIASTOLIC FUNCTION
Consider the pressure-volume relation of the left ventricle shown in 
Figure 35-1A. All end-systolic pressure-volume points lie along a line, 
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FIGURE 35-2.  A. Cardiac pump function can be defined by the relation of the heart’s output 
to its input.1 Cardiac output is the most important output of the entire heart, and right atrial 
pressure (Pra) is an easily measured input of the entire heart. The cardiac function curve relates 
right atrial pressure (Pra) or end-diastolic pressure (EDP; abscissa) to cardiac output (ordinate). 
As EDP increases, cardiac output increases; however, at high EDPs, further increases cause 
less increase in cardiac output. B. The relation between EDP (Pra, abscissa) and venous return 
(ordinate) is illustrated. When EDP equals mean systemic pressure (Pms), there is no pressure 
gradient (Pms-Pra) driving the blood flow back to the heart, so venous return is zero. As EDP 
(Pra) decreases, the gradient from the veins to the heart to drive blood flow back to the heart 
increases, so venous return increases. At very low EDPs (Pra 0 mm Hg), central veins collapse and 
act as Starling resistors, so further decreases in EDP do not increase venous return. C. The cardiac 
function curve and the venous return curve are drawn on the same axes (continuous lines). The 
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point of the circulation, here at an EDP (Pra) of approximately 5 mm Hg and a cardiac output 
of approximately 5 L/min. The interrupted cardiac function curve illustrates decreased cardiac 
function, causing decreased cardiac output (∼3 L/min) at a higher EDP (Pra = 10 mm Hg).
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the ESPVR. All ejections from different diastolic volumes end on the 
ESPVR.17 The ESPVR shifts down and to the right when contractility 
decreases (Fig. 35-1B), resulting in decreased stroke volume at any given 
afterload. Because of these characteristics, the ESPVR is a good index of 
ventricular contractility independent of changes in preload and afterload; 
because this slope is maximal at end systole and has the units of elastance 
(E = ΔP/V), it has been denoted Emax or Ees.

17 Stroke volume can also 
be decreased by impaired diastolic filling simply due to hypovolemia 
(Fig.  35-1A) or due to decreased diastolic compliance (Fig. 35-1C). 
The cause of decreased diastolic compliance may be an intrinsically stiff 
diastolic ventricle (eg, due to ischemia or restrictive cardiomyopathy) or 
compression by external structures (eg, pericardial tamponade, constric-
tive pericarditis, or elevated intrathoracic pressure from lungs, chest wall, 
or from abdominal distention). The sloped characteristic of the ESPVR 
means that increased afterload also decreases stroke volume (Fig. 35-1A).

This pressure-volume representation of ventricular function is related 
to the ventricular pump function curve in a straightforward manner 
(Fig. 35-3). Stroke volume (arrow in Fig. 35-3, top panel) multiplied 

160

120

80

40

0

12

10

8

6

4

2

0
–5 0

Ca
rd

ia
c 

ou
tp

ut

5 10
End-diastolic pressure

15 20

0 40

LV
 P

re
ss

ur
e

80
LV Volume

120

FIGURE 35-3.  The cardiac function curve (bottom) is related to the left ventricular pressure-
volume relations (top). Top. Stroke volume (double-headed arrow) is the difference between 
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10 mm Hg) is illustrated on the diastolic pressure-volume relation; ESV is determined by the end-
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). Therefore, 

for any EDP, cardiac output can be calculated if heart rate is known. Bottom. An increase in EDP 
increases EDV and cardiac output. At an EDP of 510 mm Hg, an increase in contractility would 
result in an increased stroke volume because the ESPVR shifts to the left; therefore, cardiac output 
increases at the same EDP and the cardiac function curve shifts up.

by heart rate yields cardiac output (arrow in Fig. 35-3, bottom panel). 
Accordingly, an increase in ventricular contractility results in a leftward 
and upward shift of the ventricular pump function curve. An increase 
in contractility from a normally steep ESPVR does not decrease ESV 
much and therefore does not improve ventricular pump function much 
(Fig. 35-4). This explains why increased contractility is only a minor 
contributor to regulation of cardiac pump function in normal human 
beings. In contrast, when ventricular contractility starts off depressed, as 
indicated by a decrease in slope of the ESPVR, an increase in contractil-
ity significantly decreases ESV to improve ventricular pump function 
(see Fig. 35-4), thereby explaining why positive inotropic agents are 
useful in acute treatment of dilated cardiomyopathies.

A decrease in pressure afterload will result in a decrease in ESV, so 
stroke volume and cardiac output increase, all else being constant.17 
Thus, decreased afterload also improves ventricular pump function 
by shifting the ventricular pump function curve up and to the left. 
Analogous to the effects of changing contractility, normal hearts with 
steep ESPVRs do not eject substantially further with a decrease in after-
load because ESV does not decrease much (Fig. 35-5). This explains 
the observation that decreasing afterload in normal patients does not 
substantially increase cardiac output even when it leads to frank hypo-
tension. However, in patients with depressed contractility, as signaled 
by a decreased slope of the ESPVR, a small decrease in afterload causes 
greater ejection to a smaller ESV so that stroke volume and cardiac out-
put are substantially increased at the same ventricular filling pressure 
(see Fig. 35-5). Therefore, in patients with depressed systolic contractil-
ity, afterload reduction is an effective means for improving ventricular 
pump function.18

Increased stiffness of the diastolic pressure-volume relation reduces 
stroke volume because EDV is decreased at the same ventricular filling 
pressure (Fig. 35-6). Therefore, an increase in stiffness of the diastolic 
left ventricle leads to a rightward and downward shift of the ventricular 
pump function curve.19 This may be erroneously interpreted as decreased 
systolic contractility when, in this case, depressed ventricular function 
is completely accounted for by a stiff diastolic ventricle. A change  
in heart rate may also shift the ventricular pump function curve. 
However, this effect is generally small because when heart rate increases, 
stroke volume decreases because there is less time for the ventricle to fill 
during diastole. Thus over a wide range, heart rate does not substantially 
change cardiac output.20 At very fast heart rates exceeding 150 beats/min  
diastolic filling becomes markedly impaired and cardiac output 
decreases as heart rate quickens further. Very low heart rates (<40-50) 
also decrease cardiac output because the diastolic ventricle is maximally 
full before end-diastole so prolonging diastole further does not increase 
stroke volume. Then cardiac output becomes directly proportional to 
heart rate.

■■ CONTROL OF VENOUS RETURN BY THE SYSTEMIC VESSELS
Cardiac function is tightly coupled to venous return, and many patients 
with low cardiac output due to presumed cardiac dysfunction instead 
have abnormalities of the factors driving venous return.21 Pra and cardiac 
output define the cardiac function curve and define the venous return  
relation.22 Figure 35-2B shows that as Pra is decreased, venous  
return increases, because the pressure driving venous blood back to the 
heart, mean systemic pressure (Pms) minus Pra, increases. The factors 
that determine venous return are Pms, Pra, and resistance to venous 
return (RVR).

Venous return (VR) = Pms − Pra
	 PVR

In steady state, the cardiac function curve and the venous return 
curve are necessarily coupled because the flow of blood out of the heart 
must equal the flow in. Thus the operating point of the heart is not 
defined by the cardiac function curve or by the venous return curve but 
by the intersection of these two curves (see Fig. 35-2C). Accordingly, 
patients with cardiovascular dysfunction having abnormal values of 
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FIGURE 35-4.  The bottom two panels show cardiac function curves derived (see Fig. 35-3 for derivation) from the pressure-volume relations illustrated in the top panels. The left-hand panels 
show that when contractility is initially normal, then greatly increasing it does not improve cardiac function very much (dashed and solid cardiac function curves in the lower left-hand panel are 
similar). Flogging a normal heart with inotropic agents is ineffective, although vasoactive agents with effects on the venous circulation can increase venous return without correcting underlying 
pathophysiology. Conversely, the right-hand panels show that when contractility is initially low, then inotropic agents substantially improve cardiac function (from the dashed cardiac function 
curve to the solid cardiac function curve in the lower right-hand panel). For the same venous return curve (dashed biphasic line in the lower right-hand panel), cardiac output increases at a lower left 
ventricular end-diastolic pressure (blue dot versus red dot in lower right-hand panel).

heart rate, Pra, aortic pressure, and cardiac output may have cardiac 
dysfunction that accounts for these abnormalities or may have abnor-
malities of venous return. It follows that, in every patient with suspected 
abnormal cardiovascular function, one should consider cardiac function 
and venous return in attempting to understand the abnormality.21,23

In health, cardiac output is controlled by mechanical properties of the 
systemic vessels adjusted by neurohumoral reflexes; when output and 
blood pressure decrease, baroreceptor reflexes act to increase flow by 
raising Pms by sympathetic nervous and humoral output. The importance 
of factors driving venous return is evident during exercise or even during 
the act of standing up. Without increased venous tone (as can occur with 
some spinal cord injuries) or increased muscle activity aided by venous 
valves, cardiac output and therefore blood pressure decrease precipitously 
in changing from a recumbent to an upright position. As an extension  
of normal physiology, in critically ill patients without a previous history of  
cardiac dysfunction, the major factor limiting cardiac output is often 
limited venous return. Only in patients with marked ventricular dysfunc-
tion is cardiac output limited by decreased pump function. Knowing this 
avoids incorrect diagnosis and treatment. For example, positive inotro-
pic drugs (dopamine and epinephrine) increase cardiac output even in 
patients with no ventricular dysfunction by increasing venous return due 
to increased Pms and decreased RVR (by redistributing blood flow to vas-
cular beds with short transit times). This improvement in cardiovascular 
function is often attributed to improved cardiac function. Yet this inter-
pretation is often incorrect and may delay therapy aimed at correcting  
factors governing venous return, such as plasma volume expansion, 
whereas the vasoactive drugs ineffectively flog the empty heart.

In summary, a complete evaluation of the contribution of ventricular 
dysfunction to cardiovascular performance in critical illness acknowl-
edges that cardiac output and ventricular filling pressures depend as 
much on factors driving venous return as on cardiac function. Most criti-
cally ill patients without a history of cardiac disease have abnormalities of 
venous return in excess of abnormalities of cardiac function. Accordingly, 
cardiac output is limited by the heart only in patients with marked 
ventricular dysfunction, and the ventricular pump function curve is 
dependent not only on contractility but also on the diastolic ventricular 
pressure-volume relation, afterload, valvular function, and heart rate.

MECHANISMS AND MANAGEMENT OF LEFT  
VENTRICULAR DYSFUNCTION
This section addresses the diverse acute and chronic etiologies of left 
ventricular dysfunction and concludes with principles of management 
for each.

■■ DECREASED LEFT VENTRICULAR SYSTOLIC CONTRACTILITY
Chronic Causes:  Dilated cardiomyopathies are the best-known chronic 
causes of decreased left ventricular contractility.24 Dilated cardiomy-
opathy is often idiopathic with evidence that viral, immune, and genetic 
factors contribute.24 Dilated cardiomyopathy may also be associated 
with coronary artery disease, presumably due to previous ischemic 
events and subsequent adverse remodeling and apoptosis of cardiomy-
ocytes leading to a dilated, poorly functional left ventricle.25 Alcoholic 
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cardiomyopathy is an important cause of chronic dilated ventricular 
dysfunction to be considered in critically ill patients.24 Particularly in 
younger patients, inflammatory cardiomyopathy (myocarditis), usually 
viral, is an important cause of acute dilated cardiomyopathy that may 
lead to a chronic dilated cardiomyopathy in 10% of cases. Evidence of 
familial occurrence of similar disease is common, suggesting a genetic 

contribution in up to 25% of cases.24,26 Rare causes such as the glycogen 
storage diseases may also be found in young patients. Multiple, less 
common causes may be encountered (Table 35-1).

These multiple, different etiologies of dilated cardiomyopathy lead to 
decreased ventricular contractility in a number of ways. Loss of myo-
cardium with degradation of the normal collagen architecture by matrix 
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S100A8/A9, HMGB1) bind innate immune Toll-like receptors. Once 
triggered, Toll-like receptors signal through NF-κB and other pathways 
to increase expression of inflammatory cytokines, cell surface adhesion 
molecules, calcium channel binding proteins like S100A8/A8, reactive  
oxygen radicals, and nitric oxide; all of which can contribute to decreased 
ventricular contractility.31 Coronary capillary endothelial activation, 
damage, and dysfunction also contribute, in part due to impaired regu-
lation of coronary microvascular blood flow, which impairs myocardial 
oxygen extraction, and in part due to edemagenesis.32 Thus, multiple 
pathways of the intramyocardial inflammatory response may contribute 
to myocardial dysfunction following myocardial ischemia-reperfusion 
or during noncardiac systemic inflammation and sepsis.

Septic myocardial dysfunction includes systolic and diastolic abnor-
malities, is associated with increased CK and troponin levels, and con-
tributes to adverse outcome of sepsis.33 Cardiac dysfunction can occur 
during noninfectious systemic inflammation and anaphylactic shock.7 
Hyperthermia and hypothermia may decrease myocardial contractility 
and contribute to depressed left ventricular function observed during 
sepsis and other critical illnesses associated with marked abnormalities 
of body temperature (see Chaps. 64 and 131).

Myocardial Hypoxia  In the absence of coronary artery disease, critically ill 
patients with sepsis may also manifest global heterogeneous left ventricu-
lar hypoxia with increased creatine kinase MB and troponin levels. The 
heart consumes less lactic acid and may produce lactic acid.34 If inadequate  
oxygen delivery in relation to demand is not corrected quickly, then 
the heart may enter a detrimental positive-feedback loop of decreasing 
contractility, decreasing cardiac output and coronary perfusion, and, 
hence, decreasing contractility leading to precipitous cardiac arrest.35  
In the canine model, this vicious cycle occurred when arterial O2 saturation 
decreased below 75% (arterial partial pressure of O2 = 40 mm Hg) when 
hemoglobin concentration was 14 g/dL. Accordingly, aggressive measures  
to prevent this level of hypoxemia by keeping arterial O2 saturation 
above 85% to 90% are indicated; maintaining a reasonable hematocrit in 
hypoxic critically ill patients with risks for myocardial ischemia is part 
of this therapy.

Myocardial Acidosis  Respiratory acidosis results in myocardial intracellular 
acidosis, and intracellular acidosis decreases the effect of intracellular 
calcium on the contractile proteins so that contractility is decreased.36 In 
critically ill patients, respiratory acidosis may significantly contribute to 
depressed contractility and reduced cardiac output at partial pressure of 
CO2 (PCO2

) levels of 60 mm Hg and certainly by PCO2
 levels of 90 mm Hg.37 

These considerations may be particularly important in patients in whom 
the clinician actually seeks a high PCO2

 during mechanical ventilation 
(permissive hypercapnia) to minimize ventilator-associated lung injury 
(see Chaps. 51, 52, and 55).

Metabolic acidosis may also decrease left ventricular contractility, but 
its effects are less marked. Arterial blood gas measurement identifies 
metabolic acidosis in the extracellular compartment. The intracellular 
compartment is affected to the extent that the metabolic acid anion  
permeates the cell. Common organic acids such as lactic acid and 
ketoacids have anions that do not easily cross into the intracellular com-
partment, so a severe metabolic acidosis may not be associated with sig-
nificant intracellular acidosis and therefore may not depress ventricular 
contractility much. For example, lactic acidosis at a normal PCO2

 begins to 
depress contractility at pH 7.1 to 7.2, but even at a pH of 7.0 the depres-
sion in contractility remains quite small.38

Ionized Hypocalcemia  During septic shock and in patients critically ill from 
diverse causes, serum ionized calcium levels are often low.39 Further acute 
reductions may result in a substantial decrease in left ventricular con-
tractility. Decreased extracellular ionized calcium concentration results 
in decreased calcium flux during systole and decreased contractility.40  
After transfusion of red blood cells stored in standard citrated media, 
serum ionized calcium levels can decrease dramatically because calcium 
is bound by citrate. During shock and other conditions, lactic acid, like 
citric acid, also appears to bind ionized calcium.41 Bicarbonate infusion 

  TABLE 35-2    Acute Reversible Contributors to Decreased Contractility

Ischemia

Hypoxia

Respiratory acidosis

Metabolic acidosis

Hypocalcemia

Hypophosphatemia

Possibly other electrolyte abnormalities (Mg2+, K+)

Exogenous substances (alcohol, β-blockers, calcium channel blockers, antiarrhythmics)

Endogenous substances (endotoxin, histamine, tumor necrosis factor, interleukin 1, 
platelet-activating factor)

Hypo- and hyperthermia

metalloproteinases and replacement with fibrous connective tissue leads 
to remodeling and decreased contractility.24,27 Increased levels of circu-
lating renin, angiotensin II, endothelin, and norepinephrine promote 
cardiomyocyte hypertrophy, apoptosis, myocardial fibrosis, and vascular 
cell hypertrophy. Myocardial norepinephrine stores are depleted and 
β-receptor density is reduced in chronic dilated cardiomyopathy.25,27,28 
Biochemical changes that may contribute to decreased contractility 
include decreased efficiency of the sarcoplasmic reticulum calcium 
pump, decreased actin-myosin adenosine triphosphatase activity, and 
change in myosin isoenzyme composition.

Acute Causes:  In the ICU, acute causes of decreased left ventricular 
contractility are important because the acute causes are potentially 
reversible (Table 35-2). Acute causes of depressed left ventricular 
contractility include ischemia, exogenous toxins such as alcohol 
and drugs, and an intramyocardial inflammatory response follow-
ing ischemia-reperfusion or due to inflammatory mediators of sep-
sis or systemic inflammation. In addition hypoxemia, respiratory 
acidosis, metabolic acidosis, ionized hypocalcemia, and hypo- and 
hyperthermia may contribute.
Myocardial Ischemia  Transient ischemic episodes occur frequently in criti-
cally ill patients. The onset of ischemia is due to myocardial oxygen 
demand exceeding the ability of the myocardium to extract oxygen from 
the oxygen supply (coronary blood flow multiplied by arterial oxygen 
content). Myocardial oxygen demand is increased by increasing heart 
rate, contractility, afterload, preload, and the basal metabolic rate of 
the myocardium (which increases with increased sympathetic tone and 
catecholamines).29 Many of the underlying illnesses encountered in the 
critically ill and many of the therapies, including fluid and inotropic or 
vasoactive drug infusion, contribute to markedly increased myocardial 
oxygen demand. Because of the prevalence of coronary artery disease 
in older patient populations, ischemia in the ICU is frequently regional 
with associated wall motion abnormalities. Accordingly, a high index 
of suspicion and an early aggressive diagnostic approach are indicated 
and facilitate the early treatment of ischemic coronary artery disease, as 
discussed in more detail in Chap. 37.
Side Effects of Common Drugs  Exogenous toxins may result in acutely depressed 
myocardial contractility. Ethanol is a commonly encountered substance 
that acutely depresses contractility. Drugs commonly used in the ICU that 
significantly depress contractility include β-blockers, calcium channel 
blockers, and antiarrhythmics such as disopyramide and procainamide. 
Therapeutic approaches to treating drug toxicity is specific for each drug 
(Chap. 124) while infusion of intralipid is a general adjunctive approach 
to alter the distribution and immediate toxicity of lipid-soluble toxins.30

Inflammatory Response  An intramyocardial inflammatory response can be 
triggered by a large number of exogenous and endogenous molecules. 
For example, bacterial endotoxins or endogenous damage-associated 
molecules released during ischemia-reperfusion (heat shock proteins, 
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can also rapidly decrease ionized calcium levels and, as a result, may 
depress ventricular contractility.42 In addition to ionized hypocalcemia, 
other electrolyte abnormalities, including hypophosphatemia, hypo-
magnesemia, and hypokalemia or hyperkalemia, may contribute to 
decreased contractility or, more importantly, to arrhythmias.

Management of Decreased Left Ventricular Contractility  
in Critical Illness 

Identify and Correct Acute Reversible Causes  It is important to identify the mul-
tiple, different potentially reversible causes for depressed contractility in 
critically ill patients because, although alone they may be insufficient to 
account for the left ventricular dysfunction, together they may signifi-
cantly depress function. For example, if ischemia or hypoxemia is pres-
ent, aggressive attempts to correct it should be instituted. In the presence 
of coronary artery disease, standard care including heparin, antiplatelet 
therapy, β-blockade, and coronary vasodilation using nitrates may be 
helpful. Emergency percutaneous coronary intervention (PCI) to rapidly  
reestablish perfusion or, if this is not possible, early thrombolytic therapy 
after acute coronary thrombosis decreases the incidence of congestive 
heart failure and improves outcome (see Chap. 37).

Limitation of the intramyocardial inflammatory response by early 
aggressive treatment of myocardial ischemia or by early aggressive treat-
ment of sepsis and its associated systemic inflammatory response are 
effective.43,44 Specific treatment using anti-inflammatory strategies has 
not yet been shown to definitively improve ventricular function.

Correction of hypoxemia and anemia may result in substantial 
improvement in ventricular function. Attention should be paid to 
decreasing factors that increase myocardial oxygen demand. Therefore, 
when β-blockade is not feasible, choosing the lowest level of inotropic 
and vasoactive drugs that produces the desired therapeutic effect will 
minimize their contribution to myocardial oxygen demand. Likewise, 
alleviating pain is important to diminish the associated tachycardia and 
increased sympathetic tone.

In ventilated patients with left ventricular dysfunction, the detrimental 
effects of acute respiratory acidosis should be considered; mixed venous 
and, hence, tissue PCO2

 is much higher than the arterial partial pressure of 
CO2 when the cardiac output is low. In general, metabolic acidosis should 
be treated by reversing its etiology. Alkali therapy for increased anion gap 
metabolic acidosis is of no benefit and may be dangerous even at pH values  
as low as 7.0 for a number of reasons.42 Bicarbonate infusion results in 
an increase in PCO2

 due to chemical equilibrium of HCO3
− with H2O and 

CO2 unless compensatory hyperventilation is also instituted. Particularly 
during rapid bolus injection, local PCO2

 may climb to extremely high 
values so that myocardial intracellular acidosis transiently may be severe, 
leading to decreased ventricular contractility.37 Bicarbonate therapy is 

associated with an increase in lactic acid production because bicarbonate 
increases the rate-limiting step of glycolysis. Bicarbonate therapy also 
decreases blood levels of ionized calcium.41,42

Decreased contractility due to ionized hypocalcemia can be corrected 
using an intravenous infusion of calcium. After approximately 6 U of 
transfusion, ionized hypocalcemia should be measured and corrected, if 
necessary. Hypophosphatemia, hypomagnesemia, hypokalemia, hyperka-
lemia, and other metabolic disturbances should also be corrected because 
they may lead directly or indirectly to altered cardiovascular function.
Managing the Depressed Heart  Having reversed the acute contributors to 
depressed left ventricular contractility, standard therapy of decreased left 
ventricular contractility includes optimizing ventricular filling pressure, 
decreasing afterload when arterial pressure is adequate, and increasing 
contractility using inotropic agents.45,46 These therapies are considered 
in detail below (see “Acute on Chronic Heart Failure”). Assisted positive 
pressure ventilation may help by improving oxygenation, decreasing 
dyspnea, and decreasing left ventricular afterload. This can be applied 
using noninvasive mask ventilation (eg, CPAP or BiPAP) or, following 
intubation, using conventional mechanical ventilation modes.47,48

When vasodilator and inotropic therapy is insufficient, temporary 
support using intra-aortic balloon counterpulsation, ventricular assist 
devices, or ECMO is appropriate when damaged myocardium is 
expected to recover or as supportive therapy leading to surgical correc-
tion of an anatomic abnormality (see Chap. 53).49,50 Resynchronization 
therapy using biventricular pacing may help.51 Finally, heart transplan-
tation may be necessary. Stem cell transplantation is a promising new 
approach under investigation to repair damaged myocardium.52,53

The ventricular pump function curve illustrates the Frank-Starling 
mechanism, which shows that increased ventricular filling results 
in increased ejection even when contractility is depressed. The limit to 
increased ventricular filling is generally set by the onset of pulmonary 
edema. Pulmonary edema fluid enters the lung interstitium according to 
the Starling equation. At normal protein osmotic pressures (largely due  
to albumin) and normal permeability of the pulmonary endothelium, pul-
monary edema starts to develop at Ppw values of at least 20 to 25 mm Hg.54 
In the presence of decreased oncotic pressure due to decreased albumin 
or in the presence of a leaky pulmonary endothelium, pulmonary edema 
may form at considerably lower Ppw values; in acute respiratory distress 
syndrome (ARDS) or pneumonia, pulmonary edema may form at very 
low Ppw values. With this in mind, it is appropriate to search for the Ppw 
that produces the highest cardiac output without resulting in substantial 
pulmonary edema. Most often, this search necessitates preload reduction 
using diuretics and vasodilating agents (Table 35-3). However, when pul-
monary edema does not limit oxygenation, it is appropriate to consider 
increasing cardiac output by intravascular fluid expansion.

  TABLE 35-3    Effect of Direct-Acting Vasodilators

Drug Route of Administration Dosage Onset of Effect Duration of Effect Large Arteries Arterioles Veins

Sodium nitroprusside (Nipride) Intravenous 25-400 μg/min Immediate — + +++ +++

Nitroglycerin (Tridil) Intravenous 10-200 μg/min Immediate — ++ + +++

Isosorbide dinitrate (Isordil; Sorbitrate,  
Isobid; Isotrate; Sorate, Sorbide; Dilatrate)

Oral 20-60 mg 30 min 4-6 h ++ + +++

Hydralazine (Apresoline) Oral 50-100 mg 30 min 6-12 h 0 +++ ±

Hydralazine (Apresoline) IV or IM 5-40 mg 15 min 4-8 h 0 +++ ±

Minoxidil (Loniten) Oral 10-30 mg 30 min 8-12 h 0 +++ 0

Diazoxide (Hyperstat) IV bolus 100-300 mg Immediate 4-12 h 0 +++ ±

Nifedipine (Procardia) Oral 10-20 mg 20-30 min 2-4 h ++ +++ ±

Sublingual 10-20 mg 15 min 2-4 h ++ +++ ±

IM, intramuscular; IV, intravenous.

Reproduced with permission from Cohn JN. Drugs used to control vascular resistance and capacitance. In: Hurst JW, et al, eds. The Heart, Arteries and Veins. 7th ed. New York: McGraw-Hill; 1990.
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■■ INCREASED DIASTOLIC STIFFNESS
In normal hearts and in hearts with depressed ventricular function, 
increasing preload is an important mechanism of increasing cardiac 
output. For hearts with normal systolic function, left ventricular end-
diastolic filling pressures are often in the range of 0 to 10 mm Hg and 
result in an adequate cardiac output. For hearts with depressed con-
tractility, higher filling pressures are usually required for an adequate 
cardiac output. Therefore, there is no uniformly optimal filling pressure. 
Left ventricular function may be substantially impaired by increased 
diastolic stiffness of the left ventricle—a shift up and to the left of the 
diastolic pressure-volume relation (Fig. 35-6).19,55 This is a problem 
whose importance is equal at least to depressed contractility in the 
critically ill patient.8 Depressed systolic function reduces stroke volume 
because ESV increases; in contrast, increased diastolic stiffness reduces 
stroke volume because EDV decreases. Increased diastolic stiffness 
is a relatively frequent problem encountered in critically ill patients. 
It differs from depressed ventricular contractility because it is much 
more difficult to treat and does not respond to conventional therapy  
of decreased left ventricular pump function.56,57 In fact, in the absence of 
an imaging study that demonstrates increased diastolic stiffness (small 
EDV in relation to the end-diastolic pressure [EDP]), the diagnosis of 
increased diastolic stiffness is suggested by finding depressed ventricu-
lar pump function unresponsive to fluid loading, afterload reduction, 
and inotropic agents. Occasionally, the diagnosis of increased diastolic 
stiffness is suggested by the observation that cardiac output is unusually 
sensitive to changes in heart rate.

Chronic Causes:  Chronic diseases that increase diastolic stiffness 
include concentric left ventricular hypertrophy due to hypertensive 
cardiovascular disease, hypertrophic cardiomyopathy, and restrictive 
myocardial diseases. In addition, diseases of the pericardium, including  
constriction and effusion, and other processes that increase intra-
thoracic pressure result in increased diastolic stiffness, as discussed 
in Chap. 35. Concentric hypertrophy due to chronic hypertension is 
very common and may be an important contributor in combination 
with acute diseases depressing systolic function.56,57 Hypertrophic 
cardiomyopathy results in increased diastolic stiffness and, in the 
setting of hypovolemia, may also result in greatly increased afterload 
due to dynamic aortic outflow obstruction.58 Over a period of days 
and months, β-blockers and calcium channel blockers may reduce 
evidence of increased diastolic stiffness. More rapidly, these agents 
alleviate dynamic outflow obstruction in patients with hypertrophic 
cardiomyopathy due to their negative inotropic effect.58 Restrictive 
cardiomyopathies include amyloidosis, hemochromatosis, sarcoid-
osis, endomyocardial fibrosis, some glycogen storage diseases, and 
restriction because of surgical correction of acquired and congenital 
abnormalities. Amyloidosis is uncommon at age 40 but by age 90 has 
a prevalence of 50%.

Clinical examination may show a Kussmaul sign, rapid x and y descents 
in the jugular venous pressure waveform so that a and v waves are promi-
nent, and a fourth heart sound. Hepatojugular reflux may be prominent 
because the increased venous return produced by this maneuver cannot  
be accommodated by the stiff heart. Diastolic ventricular pressure 
measurements may show a square root sign, which is a rapid early rise 
in diastolic pressure to a relatively constant plateau. Echocardiographic 
evaluation may demonstrate rapid early diastolic filling to a relatively 
fixed diastolic diameter, similar to the square root sign, and increased 
myocardial echogenicity may be observed in amyloidosis.59,60

Acute Causes:  As with diseases resulting in depressed left ventricular 
systolic function, it is important to consider the acute, potentially 
reversible causes of increased diastolic stiffness.8 Regional or global 
ischemia results in delayed systolic relaxation. This change in diastolic 
stiffness usually precedes depressed contractility because the sarco-
plasmic reticulum calcium pump has a lower affinity for adenosine 
triphosphate than do the contractile proteins. In addition, ischemia may 
result in increased diastolic stiffness by increasing pericardial pressure 

as a result of increased CVP.61 Therefore, in the setting of increased 
diastolic stiffness, any ischemia should be treated aggressively.62  
Nitrates increase coronary blood flow and decrease tone in the venous 
capacitance bed, thereby reducing pericardial pressure; nitroprusside 
also decreases diastolic stiffness.

Increased intrathoracic or intrapericardial pressure is a common revers-
ible cause of apparent increased diastolic stiffness in critical illness.  
Intrathoracic pressure is increased by positive-pressure mechanical 
ventilation and more so by the addition of positive end-expiratory 
pressure (PEEP). Positive airway pressures and PEEP are variably trans-
mitted to the heart, depending on the distensibility of the lungs and chest 
wall. Increased intrathoracic pressure due to pneumothorax or massive 
pleural effusion may tamponade the heart and thereby result in appar-
ent increased diastolic stiffness. Greatly increased intra-abdominal 
pressure may elevate the diaphragm and similarly increase diastolic 
stiffness. Pericardial pressure may be increased by pericardial effusion 
and rarely by massive pneumopericardium. Because all these causes 
of increased intrathoracic or intrapericardial pressure leading to appar-
ent increased diastolic stiffness are treatable, they must be identified or 
excluded early in critically ill patients.

Hypovolemic shock and septic shock may result in increased dia-
stolic stiffness.63 The increased diastolic stiffness associated with these 
kinds of shock is associated with irreversibility of the shock state and 
increased mortality rate.64,65 Infusion of catecholamines and calcium 
may further contribute to increased diastolic stiffness by contraction 
band formation. Hypothermia with body temperature falling below 
35.8°C (95.8°F) also results in increased left ventricular diastolic stiff-
ness. This is a reversible phenomenon as temperature is increased. This 
is an important consideration during massive fluid resuscitation and 
mandates resuscitation with warmed infusions.

Management of Diastolic Dysfunction:  Whereas acute diastolic stiffness 
due to ischemia, tamponade, and tension pneumothorax are readily 
treated, acute therapy to reverse diastolic stiffness in the critical care 
setting is limited. Therefore, searching for an optimal filling pressure 
that maximizes ventricular diastolic filling without resulting in sub-
stantial pulmonary edema is a critically important component of care 
in these patients. In addition, hypovolemia and sepsis should be treated 
aggressively and promptly, inotropic agents should be avoided or used 
at the smallest dose that results in the desired systolic or vascular  
effect, hypothermia should be prevented and treated, and tachycar-
dia or atrioventricular arrhythmias should be treated early (see below). 
Intrathoracic pressure is minimized by appropriate ventilator management 
and by decompressing surrounding compartments (pericardial, pleu-
ral, and abdominal) when these cause cardiac tamponade.

■■ SPECIAL EFFECTS OF ALTERED AFTERLOAD ON VENTRICULAR  
FUNCTION IN CRITICAL ILLNESS

An increase in afterload decreases left ventricular pump function because 
stroke volume is reduced as a result of increased ESV (see Fig. 35-2).  
In malignant hypertension, elevated aortic pressure results in decreased 
cardiac output and elevated left ventricular filling pressures leading 
to pulmonary edema even if contractility is normal. Antihypertensive 
therapy results in rapid improvement. When contractility is depressed, 
increased afterload may worsen cardiac function even more. This is 
particularly important in dilated cardiomyopathies, in which increased 
afterload may be observed due to increased sympathetic tone, activation 
of the renin-angiotensin-aldosterone axis, and abnormally increased 
vascular smooth muscle tone.

Aortic valvular stenosis or dynamic obstruction of the aortic outflow 
tract may also increase afterload and contribute to decreased left ventricu-
lar pump function18 (see Chap. 41). Dynamic outflow tract obstruction is 
most commonly due to hypertrophic cardiomyopathy. However, patients 
with preexisting concentric hypertrophy due to chronic hypertension who 
have a decrease in intravascular volume may develop dynamic aortic out-
flow tract obstruction with the classic findings of systolic anterior motion 
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of mitral valve leaflet, increased ejection velocities signifying increased 
gradients across the aortic outflow tract, and cavity obliteration at end 
systole. This appears to occur most commonly in elderly patients with 
previously treated hypertension. Volume infusion to reverse intravascular 
hypovolemia may prevent left ventricular cavity obliteration and outflow 
tract obstruction and thereby reduce ventricular afterload. It is important 
to identify outflow tract obstruction as the cause of increased afterload 
because this cause of increased afterload is worsened by conventional 
afterload reduction therapy.

When afterload is reduced dramatically, or when intravascular  
volumes re expanded, the resulting high cardiac output state is sometimes 
called high-output cardiac failure. Actually, cardiac function still lies on a 
normal cardiac function curve, but the greatly increased venous return 
associated with low afterload results in high right- and left-side filling 
pressures with the appearance of right- and left-side congestion. This is 
particularly apparent in the presence of atrioventricular valvular stenosis, 
which previously may have been occult. Causes of high-output failure 
include anemia, arteriovenous fistulas, hepatic failure, Paget disease, 
thyrotoxicosis, pregnancy, carcinoid syndrome, and renal cell carcinoma.

■■ VALVULAR DYSFUNCTION
The valves regulate preload and afterload and are therefore important 
determinants of left ventricular pump function (see Chap. 41). In criti-
cally ill patients, the effect of preexisting valvular disease may change with 
altered hemodynamics, or the extent of valvular disease may change 
primarily. For example, aortic and mitral insufficiencies contribute to low 
cardiac output at high ventricular filling pressures in critical illness, and 
both respond quickly to afterload reduction. Moreover, mitral regurgita-
tion may worsen acutely due to increased EDV and expansion of the 
mitral annulus. In contrast, mitral valve prolapse may worsen at low  
ventricular volumes due to hypovolemia. In high cardiac output states, 
previously insignificant mitral stenosis may result in a high Pla and pulmo-
nary edema. The gradient across the stenotic aortic valve may increase in 
high-flow states and conversely decrease in low-flow states, so that, without  
considering the flow across the valve, an incorrect judgment of the func-
tional significance of the valvular disease may be made. Dysfunction of 
prosthetic valves is important to identify and may be a surgical emergency.

■■ ABNORMAL HEART RATE AND RHYTHM
Excessively fast or excessively slow heart rates limit cardiac output. 
Bradycardia is an important abnormal rhythm in a critically ill patient. 
First, it is important to determine whether hypoxemia, drugs such as 
acetylcholinesterase inhibitors, or other reversible insults are the cause 
of bradycardia. In these cases, treatment consists of rapid reversal of the 
cause. In other cases in which bradycardia is due to primary cardiac  
disease, including myocardial infarction with involvement of the con-
ducting system, therapy is directed at increasing heart rate by other 
means. Acutely, bradycardia may be treated with atropine and, if neces-
sary, by β-adrenergic agonist infusion titrated to heart rate response. 
These temporizing measures allow placement of temporary or permanent  
pacemakers. In addition to the well-known indications for temporary  
pacing after myocardial infarction, it should be recognized that 
symptomatic bradycardia from any cause is an indication for pacing.

Tachycardia at sufficiently high rates results in an inadequate diastolic 
filling time, so stroke volume is reduced because adequate diastolic fill-
ing does not occur and the contribution to ventricular diastolic filling 
by the atria is less efficient, particularly during atrial fibrillation. An 
end-diastolic gradient across the mitral valve develops at fast heart rates. 
Hypoxemia and acidosis encountered in critically ill patients are frequently 
associated with ventricular and, even more commonly, supraventricular 
tachyarrhythmias. Hyperkalemia and hypokalemia, hypocalcemia, and 
hypomagnesemia are common electrolyte disturbances associated with 
increased incidence of ventricular arrhythmias. Accordingly, manage-
ment of atrial and ventricular tachyarrhythmias involves correcting 
these potential contributing abnormalities.

Cardiac resynchronization therapy using biventricular pacing 
improves cardiac function in patients having a decreased ejection frac-
tion, bundle branch block, and New York Heart Association class III or 
IV heart failure.51,66 The role for resynchronization therapy in the critical 
care setting has not been fully defined.

Arrhythmias including atrial fibrillation, atrial flutter, and ventricular 
tachycardia should be immediately cardioverted if they are contributing 
to a shock state. Otherwise, rapid heart rate due to atrial fibrillation is 
slowed using β-blockers or second-line agents including calcium chan-
nel blockers. Adenosine, verapamil, and maneuvers to increase vagal 
tone may be useful in the diagnosis of tachyarrhythmias and in treating 
paroxysmal supraventricular tachycardia.67 Multifocal atrial tachycardia 
responds to correction of underlying pulmonary disease and to vera-
pamil or a class III antiarrhythmic agent.68 Ventricular dysrhythmias 
contributing to altered hemodynamic function must be treated. Specific 
management of ventricular arrhythmias is detailed in Chap. 36.

MECHANISMS AND MANAGEMENT OF RIGHT  
VENTRICULAR DYSFUNCTION
Right ventricular pump function also depends on contractility, preload (the 
diastolic pressure-volume relation), afterload, valve function, and heart rate 
and rhythm. However, the right ventricle differs from the left ventricle, so 
the relative importance of each of these components is different. The left 
ventricle is well designed to generate high pressures. Its thick walls and 
small chamber volume result in manageable levels of wall stress despite 
high intracavitary pressures. The helical arrangement of muscle fibers 
changing from endocardium to epicardium in concentric layers results in 
a strong wall with an efficient distribution of wall stress.69 In contrast, the 
right ventricle is a thin-walled pump whose surface has a large radius of 
curvature so it is not suited as a high-pressure generator. Instead, the right 
ventricle functions as an excellent flow generator at low pressures. Right 
ventricular contraction moves sequentially from the apex to the pulmonary 
outflow tract, giving it features of a peristaltic volume pump. During dias-
tole, the right ventricle at normal diastolic pressure lies below its stressed 
volume, a feature that allows it to accommodate a large filling volume 
without an elevation in EDP. Because of these features, volume preload 
and, most importantly, pressure afterload become even more important 
determinants of right ventricular function than they are in the left ventricle.

■■ DECREASED RIGHT VENTRICULAR SYSTOLIC FUNCTION
Contractility of the right ventricle is decreased approximately to the same 
extent as in the left ventricle by the many causes listed for the left ventricle 
(see Tables 35-1 and 35-2). Occasionally, right ventricular contractility is 
disproportionately reduced as in right ventricular infarction, arrhythmo-
genic right ventricular dysplasia, Uhl anomaly, isolated right ventricular 
myopathy, and myopathy associated with uncorrected atrial septal defect. 
Right ventricle ischemia in the absence of coronary artery disease is very 
important during critical illness. When afterload is elevated, the right 
ventricle responds along a preload-dependent right ventricular ESPVR, so 
right ventricular ESV increases.70 Right ventricular chamber pressures are 
increased, the radius of curvature is increased, and, hence, the wall stress 
in the thin right ventricular wall increases dramatically. Right ventricular 
myocardial oxygen demand increases proportionately. At increased right 
ventricular pressures, the right ventricular intramural pressure increases, 
and hence, the gradient for right ventricular coronary blood flow 
decreases. Oxygen supplied to the right ventricular myocardium may not 
meet oxygen demand, so contractility decreases, further worsening right 
ventricular function and leading to acute right ventricular failure.71

■■ DISORDERS OF RIGHT VENTRICULAR PRELOAD, 
AFTERLOAD, VALVES AND RHYTHM

Increasing right ventricular EDV results in an increase in right ventricu-
lar stroke volume, even though right ventricular EDP may not increase 
much because, normally, EDV is below the right ventricular diastolic 
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stressed volume. Because of this, and because Pra is heavily influenced 
by intra-abdominal, intrathoracic, and intrapericardial pressures, Pra 
(CVP) is a poor indicator of right ventricular preload.

The afterload of the right ventricle is the Ppa (Table 35-4). This may be 
elevated chronically by emphysematous destruction of small pulmonary 
vessels, chronic hypoxic pulmonary vasoconstriction due to obstructive 
pulmonary disease and restrictive chest wall diseases, recurrent pulmonary 
embolism, chronically elevated Pla due to mitral stenosis or left ventricular 
congestive failure, primary pulmonary hypertension, and several connec-
tive tissue and inflammatory diseases that involve the pulmonary vascula-
ture. Acute causes of pulmonary hypertension are also important to identify 
because they are more often reversible. In addition, whereas the right 
ventricle may hypertrophy and accommodate severe chronically increased 
afterload, moderate acute pulmonary hypertension may rapidly lead to 
right ventricular decompensation. Important causes of acute pulmonary 
hypertension in critically ill patients include pulmonary embolism, hypoxic 
pulmonary vasoconstriction, acidemic pulmonary vasoconstriction, pul-
monary infection, ARDS, sepsis, and acutely elevated Pla (see Chap. 38).

As with the left ventricle, the right ventricle depends on normal rate and 
rhythm to attain optimal function. Right ventricular valvular disease is  
less common and less important than left ventricular valvular disease 
because right ventricular pressures are much less than left ventricular 
pressures, so gradients across the valves are considerably less. In critically 
ill patients, tricuspid valve disease with endocarditis is common as a  
preexisting condition such as endocarditis or as a result of instrumenta-
tion with a pulmonary artery catheter or other right heart catheters.

■■ VENTRICULAR INTERACTION
Diagnosis of Ventricular Interdependence:  Combined pump dysfunction 
of the right and left ventricles is more common than isolated right 
or left ventricular pump dysfunction. Part of the explanation is that 
the diseases resulting in decreased pump function more commonly 
involve both ventricles. However, the right and left ventricles interact 
in important ways that, when recognized, may lead to a more effec-
tive therapeutic approach. The right and left ventricles are contained 
inside the same pericardial cavity within the chest wall and the right 
and left ventricles share the interventricular septum. Accordingly, 
much of the interaction between the right and left ventricles is medi-
ated by the parallel coupling produced by the pericardium and septal 
shift. The right ventricle is also connected in series with the left ven-
tricle so that a substantial rise in Pla is transmitted back through the 
pulmonary vasculature and results in an increase in right ventricular 
afterload. In addition, the left ventricle is the pump that perfuses 
the right and left coronary circulations; hence, decreased systemic 

pressure combined with elevated right ventricular pressures may 
result in hypoperfusion of the right ventricle.

Detrimental ventricular interaction is generally only a problem when 
right heart and pulmonary circulation pressures are high. Table 35-4 
lists a number of important and common causes in critically ill patients. 
Pulmonary embolus is a common and often missed diagnosis requir-
ing computed tomography or pulmonary angiography. Right ventricular 
pressure and Pra rise. Elevated right ventricular pressure shifts the inter-
ventricular septum from right to left during diastole, resulting in increased 
left ventricular diastolic stiffness. During systole, left ventricular pressure 
usually is sufficiently greater than right ventricular pressure, so the septum 
shifts back. This change in systolic shape means that the myocardium of 
the left ventricular free wall must shorten even more for less of an ejected 
stroke volume. The rise in Pra is transmitted through the compliant right 
atrium to the pericardial space. The increase in pericardial pressure in 
essence tamponades all other cardiac chambers. When pericardial effu-
sion is present, these effects are magnified. When Pla is high due to mitral 
stenosis or decreased left ventricular pump function, Ppa values rise. In the 
long term, this may also result in increased pulmonary vascular resistance. 
The resulting right ventricular failure with right-to-left septal shift impairs 
left ventricular filling, which may be a critical insult in these diseases.

Treatment of Ventricular Interdependence:  Management aims to decrease 
Ppa values and to decrease parallel coupling of the left and right ven-
tricles. Reversible contributions to pulmonary hypertension are treated as 
outlined in the discussion of right ventricular afterload. Parallel coupling 
by elevated pericardial pressure is decreased by relieving pericardial 
tamponade-like effects, if present; by decreasing intrathoracic pressures 
by decompressing thoracic and abdominal fluid and air collections; by 
airway management to reduce Ppa; in select patients by surgically open-
ing or removing the pericardium; and in patients after sternotomy, by 
leaving a sternal incision open and closing only the overlying skin.

Unresuscitatable cardiac arrest is a common outcome when perfusion 
of the right ventricle is threatened because right ventricular pressures 
are high relative to left ventricular pressures. This happens in massive 
pulmonary embolism and in cases of severe pulmonary hypertension. 
Thrombolytic therapy and pulmonary vasodilator therapy attempt to 
reverse the cause. Animal models of massive pulmonary embolism sug-
gest that successful acute cardiovascular management attempts to raise 
systemic pressures more than right-side pressures.71 Therefore, norepi-
nephrine or epinephrine, both of which have a substantial α-agonist 
effect, improves right ventricular perfusion and is more successful in 
immediate resuscitation than is isoproterenol or fluid infusion.

ACUTE ON CHRONIC HEART FAILURE
Heart failure affects almost 5 million Americans, with more than half a 
million new cases each year. Seventy-five percent of heart failure hos-
pitalizations involve patients older than 65 years. Heart failure carries 
a poor prognosis, with a survival rate of less than 50% after 5 years.27 
Mortality rate is often related to episodes of acute decompensation that 
punctuate the course of heart failure. Important precipitating causes of 
acute decompensation are listed in Table 35-5. A review of these causes 
shows why chronic heart failure is often exacerbated in the course of 
critical illness, so early detection and management of acute-on-chronic 
heart failure are essential components of critical care.72

■■ PRECIPITATING FACTORS
Poor compliance with medications and new medications are common 
precipitating events. Dietary indiscretions with increased sodium load 
and alcohol ingestion leading to a further acute depression in systolic 
contractility are seen frequently. Intercurrent illness such as a urinary tract 
infection or viral syndrome, fever, or high ambient temperatures may make 
greater demands on cardiac output than can be met. Onset may be slow, 
and patients complain of decreased exercise tolerance, dyspnea, paroxysmal 
nocturnal dyspnea, and swelling of ankles and abdomen worsening over 
days and weeks. Rapid onset suggests that ischemia or arrhythmia may 

  TABLE 35-4    Causes of Elevated Right Ventricular Afterload

Chronic

  Chronic hypoventilation

  Recurrent pulmonary emboli

  Primary pulmonary hypertension

  Associated with connective tissue diseases

  Chronically elevated left atrial pressure (mitral stenosis, left ventricular failure)

Acute

  Pulmonary embolus

  Hypoxic pulmonary vasoconstriction

  Acidemic pulmonary vasoconstriction

  ARDS

  Sepsis

  Acute elevation in left atrial pressure

  Positive-pressure mechanical ventilation

ARDS, acute respiratory distress syndrome.
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be the precipitant. Cardiac output may be depressed, so the kidneys are 
hypoperfused. Activation of the renin-angiotensin axis accounts for avid 
renal absorption of sodium and water, which may further worsen volume 
overload. Vasopressin release increases water retention. Volume overload 
leads to elevated venous pressures with subsequent pulmonary edema 
due to elevated Pla and peripheral edema due to elevated systemic venous 
pressures. There is an excessive reflex release of catecholamines leading to 
tachycardia and increased arterial tone, so arterial resistance rises. Increased 
arterial resistance as afterload may be detrimental to left ventricular pump 
function. Coronary artery disease is common in this population, so decom-
pensation may have followed an acute ischemic coronary event or coronary 
ischemia may be precipitated by worsened congestive heart failure.

■■ CLINICAL FEATURES
Patients are often anxious, tachycardic, and tachypneic, with evidence 
of hypoperfused extremities and possibly cyanosis. Jugular veins are 
distended, and hepatojugular reflux may be demonstrable on physical 
examination. An apical impulse lateral to the midclavicular line or farther 
than 10 cm from the midsternal line is a sensitive but not specific indica-
tor of left ventricular enlargement, whereas an apical diameter larger than 
3 cm indicates left ventricular enlargement.73 A sustained apical impulse 
suggests left ventricular hypertrophy or aneurysm. A third heart sound 
or summation gallop is often present but may be obscured by increased 
respiratory sounds. Pulse pressure is often reduced, so peripheral pulses 
are “thready.” Crackles are heard in dependent lung fields but in severe 
cardiac failure are heard in all zones. Wheezes and a prolonged expira-
tory phase may be noted, suggesting edema surrounding the airways. 
Hepatomegaly, which may be pulsatile particularly with tricuspid valve 
insufficiency, may be present and there is evidence of dependent edema 
in the lower extremities and over the sacrum.

Chest radiographic findings suggesting elevated left ventricular filling 
pressures include upper zone redistribution of vascular markings, septal 
lines (Kerley B lines), loss of pulmonary vascular definition, perivascular 
and peribronchial cuffing, perihilar interstitial and then alveolar filling 
patterns, and pleural effusions. The cardiopericardial silhouette may be 
enlarged, suggesting enlarged cardiac chambers, and the azygos vein 
may be enlarged, suggesting elevated Pra.

■■ MANAGEMENT
Therapy of acute-on-chronic heart failure initially aims to treat intra-
vascular overload and improve gas exchange. Therefore, the patient  
is positioned with the torso elevated at least 45°, and oxygen is admin-
istered. Good intravenous access, optimally central venous, is estab-
lished. Furosemide (20-40 mg initially, followed by increasing doses as 
required) induces a rapid diuresis. Even before diuresis is established, 
furosemide reduces Pla by a venodilation effect and also reduces 

intrapulmonary shunt.74 Titrated morphine doses decrease venous tone 
and thereby decrease left ventricular filling pressures and improve 
pulmonary edema. In addition, morphine may make the patient less 
anxious, thereby decreasing whole-body oxygen demand. Nitrates are 
venodilators that serve to decrease left ventricular filling pressure and 
mild arterial vasodilators, resulting in decreased afterload. Nitrates 
have the additional benefit of being coronary vasodilators.

Afterload reduction is an important therapeutic intervention in patients 
with depressed left ventricular systolic contractility (= decreased slope of 
the ESPVR, Fig. 35-1B). Because there is a decrease in the slope of the 
ESPVR, small reductions in pressure afterload can result in improved ejec-
tion to smaller ESVs (Fig. 35-4). The reduction in ESV results in increased 
stroke volume and in substantially decreased end-systolic wall stress 
because, by the Laplace relation, wall stress is proportional to the product 
of cavity pressure and radius. The decrease in wall stress reduces myocar-
dial oxygen demand. Afterload reduction in some critically ill patients may 
result in unacceptable hypotension. For this reason, it is best to start with 
an easily titratable medication with a very short half-life such as nitroprus-
side or, in the setting of ischemia, intravenous nitroglycerin (see Chap. 33). 
Nitroprusside is infused at an increasing dose while the response of cardiac 
output and blood pressure is measured repeatedly, so that an optimal dose 
resulting in maximum cardiac output with adequate perfusing pressures is 
chosen. Nitroprusside and other nitrates are direct or indirect NO donors 
that cause vascular smooth muscle relaxation. Nitroprusside at larger 
doses can result in significant toxicity, with cyanide formation and methe-
moglobinemia. When circulatory stability is achieved, other, longer-acting 
agents are substituted; angiotensin-converting enzyme inhibitors are par-
ticularly useful,27,75 as are alternative drugs (see Table 35-3). Noninvasive 
ventilation with positive airway pressures may improve oxygenation, 
decrease dyspnea, and effectively reduce left ventricular afterload.47,48

Inotropic or vasoactive agents are extremely useful in reversing depressed 
systolic contractility, but routine use of inotropes is not indicated for heart 
failure because inotropic use may increase mortality rate.46,76 Dobutamine 
acts mainly on β1-receptors and results primarily in increased ventricu-
lar contractility and in mild peripheral vasodilation. Doses from 2 to  
15 μg/kg per minute are infused through a central venous line. Particularly 
in the presence of intravascular hypovolemia, the vasodilating effect of 
dobutamine may exceed its effect on increasing cardiac output, so blood 
pressure may decrease unacceptably. Dopamine has significant adverse 
effects that should limit its use. Low-dose dopamine has been clearly 
shown not to be beneficial. At doses exceeding 10 μg/kg per minute, 
dopamine is an α-agonist and therefore increases arterial resistance. The 
increased preload and afterload associated with dopamine are often unde-
sirable in treating decreased contractility. Milrinone and enoximone are 
phosphodiesterase inhibitors that increase contractility by increasing intra-
cellular calcium during systole. These agents may also result in afterload 
reduction and therefore may be particularly beneficial in short-term treat-
ment of depressed contractility. The use of digoxin to increase contractility 
is not generally helpful in the acute setting.77 In general, although positive 
inotropic agents improve contractility, they do so at the cost of increased 
myocardial oxygen demand and decreased efficiency of oxygen use and 
therefore may precipitate ischemia, arrhythmias, and other adverse out-
comes. If acute decompensation leads to cardiogenic shock and recovery is 
anticipated after medical or surgical intervention, then intra-aortic balloon 
counterpulsation or other ventricular assist devices should be instituted 
when afterload reduction and inotropic therapy are insufficient.

  TABLE 35-5    Common Precipitating Factors of Acute on Chronic Heart Failure

Poor compliance with medications

Dietary indiscretion (salt load, alcohol)

Infection

Fever

High environmental temperature

Effect of a new medication (β-blocker, calcium channel blocker, antiarrhythmic, 
nonsteroidal anti-inflammatory)

Arrhythmia (typically, new atrial fibrillation)

Ischemia or infarction

Valve dysfunction (endocarditis, papillary muscle dysfunction)

Pulmonary embolism

Surgical abdominal event (cholecystitis, pancreatitis, bowel infarct)

Worsening of another disease (diabetes, hepatitis, hyperthyroidism, hypothyroidism)
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C H A P T E R Cardiac Arrhythmias, 

Pacing, Cardioversion, and 
Defibrillation in the Critical 
Care Setting
Vikas P. Kuriachan
Anne M. Gillis

KEY POINTS

•• �Correct diagnoses and understanding of arrhythmia mechanisms 
are crucial to successful arrhythmia management.

•• �The hemodynamic effects of an arrhythmia are important in devel-
oping an appropriate treatment strategy.

•• �Predisposing conditions and reversible causes should be recog-
nized and corrected.

•• �Knowledge of antiarrhythmics for prophylaxis, acute management, 
and long-term management are necessary for successful arrhyth-
mia management.

•• �The proarrhythmic potential of antiarrhythmic drugs must be recog-
nized and preventative measures should be taken whenever possible.

•• �Knowledge of antiarrhythmic drug pharmacokinetics and phar-
macodynamics and the impact of multisystem organ disease on 
these parameters are important in preventing drug toxicity.

•• �The intensivist should be skilled in the implantation of temporary 
pacing systems, external cardioversion, and defibrillation.

•• �Role of cardiac pacing, electrical cardioversion, and defibrillation 
should be clear to physicians managing patients with arrhythmias.

•• �Recognition of malfunctioning temporary and permanent 
implantable pacemakers or cardioverter defibrillators is crucial in 
the management of patients with such devices.

Cardiac arrhythmias are common in the critical care setting. Many 
arrhythmias detected are benign, may occur in healthy individuals and 
require no investigation or treatment, for example, sinus tachycardia, 
sinus bradycardia, Mobitz type I second-degree AV block or premature 
atrial and ventricular beats. At times, the arrhythmia may be the clue to 
a sick patient, such as sinus tachycardia in a patient developing sepsis 
or atrial fibrillation due to a pulmonary embolus. Correct diagnosis 
and understanding arrhythmia mechanisms as well as knowledge of 
antiarrhythmic drug pharmacology and nonpharmacologic therapies 
of arrhythmias are crucial for successful arrhythmia management. This 
chapter focuses on the mechanisms, investigation, and management of 
the most common, clinically significant arrhythmias encountered.

TACHYARRHYTHMIAS

■■ MECHANISMS
Tachycardia mechanisms have been classified as due to abnormalities of 
impulse formation or impulse conduction.1-3 Abnormalities of impulse 
formation may be due to normal automaticity, abnormal automaticity or  
triggered activity occurring within atrial or ventricular muscle tissue  
or the specialized conduction system (Fig. 36-1A).1,3 Natural pacemaker 
cells are found in the sinus node, parts of the atria, the atrioventricular 
node, and the His-Purkinje system. These cells exhibit phasic sponta-
neous depolarization during diastole, resulting in an action potential 
when the threshold potential is reached.1 Although in the normal heart, 
the sinus node is the dominant pacemaker, subsidiary pacemakers may 
become dominant under certain conditions, for example, sympathetic 
stimulation or digitalis toxicity (Fig. 36-1). Normal atrial and ven-
tricular muscle maintains a high negative resting potential (−90 mV) 
and only depolarizes when stimulated. Under certain pathophysiologic 
conditions, for example, electrolyte abnormalities or ischemia, the rest-
ing membrane potential may decrease (−60 mV) and cells may now 
spontaneously depolarize.

Triggered activity is caused by afterdepolarizations that occur early 
in repolarization (early afterdepolarizations [EADs]) or after repolariza-
tion is complete (delayed afterdepolarizations [DADs]) (Fig. 36-1B).1,3 
EADs may reach threshold to activate the slow inward current generat-
ing a new action potential and this cycle may repeat generating a sus-
tained tachycardia. EADs are believed to be the mechanism of torsade de 
pointes ventricular tachycardia (Vt).3 DADs initiate a triggered response 
only when their amplitude reaches a critical threshold (Fig.  36-1C). 
Increasing the heart rate or the prematurity of an extrastimulus increases 
the amplitude of a DAD thus increasing the probability of inducing a 
tachycardia. DADs are thought to cause arrhythmias secondary to digi-
talis toxicity and in the setting of heart failure.
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  TABLE 36-1    Mechanisms of Common Tachycardias

Arrhythmia Mechanism(s)

Supraventricular Tachycardia

  AV node Reentry

  Accessory pathway Reentry

  Atrial tachycardia Enhanced automaticity or reentry

  Atrial flutter Reentry

  Atrial fibrillation Onset—triggered activity

Maintenance—multiple wavelet reentry

Ventricular Tachycardia

  Monomorphic post MI Reentry

  Catecholamine sensitive Triggered activity

  Torsade de pointes Triggered activity

Ventricular fibrillation Multiple wavelet reentry

AV, atrioventricular; MI, myocardial infarction.

FIGURE 36-1.  Mechanisms of cardiac arrhythmias—enhanced or abnormal automatic-
ity, triggered activity or reentry. A. The rate of phase 4 depolarization may increase causing 
the myocardial cell to reach the threshold potential (TP) earlier and spontaneously depolarize. 
In diseased tissue, the resting potential (RP) may be elevated and the time to reach TP may 
then be shortened (not shown). B. Early afterdepolarizations (EADs) develop late on phase 3 of 
repolarization of the action potential and if they reach threshold may trigger a depolarization. 
This is the mechanism of torsade de pointes ventricular tachycardia. C. Delayed afterdepo-
larizations (DADs) occur in diastole after repolarization is complete. If they reach threshold, 
they may trigger a depolarization. This is the mechanism associated with digitalis toxicity.  
D. Reentry is associated with an area of anatomic or functional unidirection block (speckled 
area) and a region of slow conduction (represented by zigzag arrow). A propagated impulse 
blocks in one area of tissue, passes through an area of slow conduction and then conducts 
retrogradely through the original area of conduction block, which has now repolarized.

TP

A

B

C

D

RP

EAD

DAD

Abnormalities of impulse conduction are primarily due to reentry 
(Fig. 36-1).2 Reentry requires an area of fixed or functional unidirec-
tional block in one pathway, slow conduction in an alternate pathway 
and return of the impulse along the original path after this tissue has 
recovered excitability (Fig. 36-1D). Reentry is the mechanism of many 
types of supraventricular tachycardias (atrioventricular node reentry or 
in the Wolff-Parkinson-White syndrome) and scar-related ventricular 
tachycardia (Vt) that occurs following a myocardial infarction. 
Table 36-1 summarizes the mechanisms of common tachyarrhythmias.

ANTIARRHYTHMIC DRUG THERAPY
Antiarrhythmic drug therapy may be required for the termination of 
tachyarrhythmias and prevention of recurrence. Knowledge of the 
potential mechanisms of an arrhythmia as well as the pharmacology of 
antiarrhythmic drugs is important in selecting appropriate drug therapy. 
Since the critical care patient often has multisystem disease, special 
attention to factors that influence drug absorption, protein binding, 
drug metabolism and excretion as well as knowledge of potential drug 
interactions is essential.4

The cardiac action potential varies strikingly in duration and mor-
phology in specific regions of the heart reflecting differences in ion  
channel expression or differences in modulators of ion channel function.4 

Antiarrhythmic drugs may therefore exert different effects on these vari-
ous cardiac cells. Moreover, the effects of antiarrhythmic drugs may be 
modified in diseased cardiac tissue. For example, the effects of sodium 
channel blockers may be exaggerated in ischemic myocardium and the 
effects of potassium channel blockers may be exaggerated in the setting 
of left ventricular hypertrophy.4 Antiarrhythmic drugs are classified most 
commonly by their dominant mechanism of action.4-6 However, this drug 
classification scheme is imperfect as many of these drugs have effects 
on multiple ion channels and/or cell membrane receptors (Table 36-2). 
Efficacy of one drug does not predict the efficacy of another drug in the 
same class.

Class I drugs block the inward sodium current resulting in slowing 
of conduction in atrial and ventricular muscle.6 Their subclassification 
is based on the rate of recovery from sodium channel block. Class IA 
antiarrhythmic drugs have an intermediate rate of recovery of sodium 
channel block and may cause prolongation of the QRS duration at physi-
ologic heart rates. Class IB drugs have a rapid recovery from sodium 
channel block and thus slow ventricular conduction only at very rapid 
heart rates. Class IA and IB drugs are used infrequently. Class IC drugs 
have a slow rate of recovery from sodium channel block and may cause 
significant prolongation of the QRS duration at resting heart rates. Class 
IA and IC drugs also block a variety of potassium channels that causes 
prolongation of the atrial and ventricular action potential durations. 
This may manifest as prolongation of the Q̇t interval. Class II drugs are 
β-adrenergic receptor blocking drugs.7 Some of these agents are selec-
tive β1-receptor blockers (Table 36-2). Class III drugs are predominantly 
potassium channel blockers and prolong repolarization in atrial and 
ventricular muscle.8,9 They can cause significant prolongation of the Q̇t 
interval. Class IV drugs are calcium channel blocking drugs that reduce 
intracellular calcium concentrations.10

The mechanism(s) of action of commonly used antiarrhythmic drugs 
are listed in Table 36-2. Many of these agents are used to treat both 
supraventricular and ventricular arrhythmias. Perhaps the most seri-
ous adverse response to antiarrhythmic drugs is the risk of ventricular 
proarrhythmia.7,11 Proarrhythmia is defined as provocation of a new 
arrhythmia or worsening of an existing arrhythmia during therapy with 
a drug at concentrations not considered to be toxic. Class IA and IC 
drugs may cause excessive slowing of conduction in diseased atrial or 
ventricular muscle tissue that may exacerbate the clinical arrhythmia, 
for example, atrial flutter or Vt. These drugs increase the risk of sudden 
cardiac death in patients following myocardial infarction. Thus, Class 
I antiarrhythmic drugs are contraindicated in patients with ischemic 
heart disease and a prior myocardial infarction because of the risk of 
ventricular proarrhythmia. Drugs that cause excessive prolongation 
of the Q̇t interval may cause torsade de pointes Vt (Fig. 36-2).4,7,11  
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  TABLE 36-2    Pharmacodynamics of Antiarrhythmic Drugs

Recovery From 
Sodium Channel 
Block K+ Channels Receptors

Class I Sodium Channel Blockers

Class IA

  Disopyramide Intermediate ↓I
to

, ↓I
Kr

Inhibits muscarinic 
receptors↓I

K(ATP)

  Quinidine Intermediate ↓I
to

, ↓I
Kr

Inhibits alpha and 
muscarinic receptors

  Procainamide Intermediate

  N-acetyl procainamide – ↓I
Kr

Class IB

  Lidocaine Rapid – –

  Mexiletine Rapid – –

Class IC

  Flecainide Slow ↓I
Kr

, ↓I
Kur

  Propafenone Slow ↓I
Kr

, ↓I
Kur

Inhibits β-receptors

Class II β-Adrenergic Receptor Blockers

  Atenolol – β
1
-Receptor blocker

  Bisoprolol – β
1
-Receptor blocker

  Carvedilol – β
1
-Receptor blocker

α-Receptor blocker

  Metoprolol – β
1
-Receptor blocker

  Nadolol – Nonselective β-blocker

  Propranolol Rapid Nonselective β-blocker

Class III Drugs That Prolong Repolarization

  Amiodarone Rapid ↓I
Kr

Inhibits α- and 
β-receptors

Calcium channel blocker

  Dofetilide – ↓I
Kr

  Sotalol – ↓I
Kr

Nonselective β-blocker

  Dronedarone Rapid ↓I
Kr

Inhibits α- and 
β-receptors

Calcium channel blocker

Class IV Calcium Channel Blockers

  Diltiazem – – –

  Verapamil Rapid – –

  Digoxin – – Blocks-Na+-K+ ATPase

I
K(ATP)

, ATP-sensitive K+ channel; I
Kr

, rapidly activating component of delayed rectifying current; I
Kur

, ultra 
rapidly activating delayed rectifying current in atrial tissue; I

to
, transient outward current.

FIGURE 36-2.  Example of torsade de pointes ventricular tachycardia (VT). Note the significant Q̇t interval prolongation prior to onset of the polymorphic nonsustained Vt.

Torsade de pointes Vt may occur in 1% to 8% of patients exposed to Q̇t 
interval prolonging antiarrhythmic drugs.4

The pharmacokinetic characteristics of commonly used antiarrhyth-
mic drugs are summarized in Table 36-3.6,12-15 Drug dosing, adverse 
effects and potential interactions are listed in Table 36-4.4,6,8,10,12,16,17 
Adverse effects may develop from pharmacokinetic or pharmacody-
namic drug interactions. Pharmacokinetic drug interactions develop 
when one drug modifies the absorption, distribution, metabolism, or 
elimination of a second drug, for example, warfarin and amiodarone  
or digitalis and quinidine.4,12 Pharmacodynamic interactions occur 
when a drug or condition increases or reduces the pharmacologic effect 
of a drug without changing plasma drug concentrations, for example, 
increased protein binding of propafenone, verapamil, or lidocaine 
secondary to elevated α1-acid glycoprotein following myocardial infarc-
tion.12 Several enzymes in the cytochrome P450 family are responsible 
for drug metabolism. Some drugs may inhibit or induce these enzymes 
resulting in important drug interactions (Table 36-4).4,12,13 Mutations 
or polymorphisms of genes encoding enzymes responsible for drug 
metabolism may cause important drug interactions.18,19

VENTRICULAR TACHYARRHYTHMIAS

■■ VENTRICULAR TACHYARRHYTHMIA CLASSIFICATION  
AND MECHANISMS

Sustained ventricular arrhythmias including monomorphic Vt, poly-
morphic Vt or ventricular fibrillation (VF) usually occur in the setting 
of structural heart disease—most frequently in the setting of coronary 
artery disease, previous myocardial infarction and poor left ventricu-
lar function.20 However, any form of structural heart disease may be 
associated with ventricular arrhythmias. As well, some individuals have 
primary electrical disease usually associated with a mutation affecting 
one or more ion channels or proteins that regulate ion channels, for 
example, long Q̇t syndrome, Brugada syndrome.21

The QRS complexes are uniform in monomorphic Vt, whereas the 
QRS complexes are continuously varying in polymorphic Vt. In VF,  
the surface ECG is disorganized without discernible QRS complexes. 
Vtmay precede the development of VF particularly in patients with a 
prior history of myocardial infarction. These arrhythmias are consid-
ered to be sustained if they last longer than 30 seconds or if they require 
acute intervention for termination.15,22

Multiple mechanism(s) contribute to Vt. Monomorphic Vt that 
develops in patients with a prior myocardial infarction is due to reentry 
near the border of the scar. In patients with dilated cardiomyopathy 
and an underlying intraventricular conduction delay, monomorphic 
Vt usually with a left bundle branch block pattern may develop due 
to bundle branch reentry. In patients without structural heart disease,  
catecholamine-sensitive Vt may originate in the right ventricular outflow  
tract due to triggered activity initiated via cyclic AMP. A verapamil-sen-
sitive monomorphic Vt that originates in the region of the left posterior 
fascicle is thought to be due to triggered activity.21 Such VTs that occur 
in patients with no structural heart disease (or channelopathy) are usu-
ally not life threatening.
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  TABLE 36-3    Pharmacokinetic Characteristics of Antiarrhythmic Drugs

Drug Bioavailability (%)
Binding to Plasma 
Proteins (%)

Renal Elimination of 
Unchanged Drug (%) Plasma Half Life (h) Active Metabolites

Hepatic 
Metabolism

Class IA

  Disopyramide 83 ± 11 28%-68%a 55 ± 6 6.0 ± 1.0 Racemic mixture

  Quinidine 70-80 87 ± 3 18 ± 5 6.2 ± 1.8 3-Hydroxy quinidine CYP3A4

  Procainamide 83 ± 16 16 ± 5 67 ± 8 3.0 ± 0.6 NAPA NAT2 acetylationb

Class IB

  Lidocaine Parenteral administra-
tion only

70 ± 5 2 ± 1 1.8 ± 0.4 Monoethylglycylxylidide CYP3A4

  Mexiletine 87 ± 13 63 ± 3 4-15 9.2 ± 2.1 – CYP1A2

CYP2D6

Class IC

  Flecainide 70 ± 11 61 ± 10 43 ± 3 11 ± 3 – CYP2D6

  Propafenone 5-50a 85-95 <1 5.5 ± 2.1 5-Hydroxy-propafenone CYP2D6

Class II

  Atenolol 50-60 <5 85-100 5-7 Racemic mixture –

  Bisoprolol 90 30 50 11-17 Racemic mixture CYP2D6

  Carvedilol 25 95 <2 2.2 ± 0.3 Racemic mixture –

  Metoprolol 38 ± 1.4 11 ± 1 10 ± 3 3.2 ± 0.2 Racemic mixture CYP2D6

  Propranolol 26 ± 10 87 ± 6 <0.5 3.9 ± 0.4 Racemic mixture, hydroxyl 
propranolol

CYP2D6

CYP1A2

Class III

  Amiodarone 46 ± 22 99.9 ± 0.1 0 25 ± 12 days Desethylamiodarone CYP3A4

  Dofetilide 96(83-108) 64 52 ± 2 7.5 ± 0.4 CYP3A4

  Sotalol 90-100 None >90 8 ± 3 Racemic mixture –

  Dronedarone 4-15 98 <6 13-19 N-debutyl metabolite CYP3A4

Class IV

  Diltiazem 38 ± 11 78 ± 3 <4 4.4 ± 1.3 Desacetyl diltiazem CYP3A4

N-desmethyl diltiazem

  Verapamil 22 ± 8 90 ± 2 <3 4.0 ± 1.5 Racemic mixture CYP3A4

CYP2C9

  Digoxin 7.0 ± 13 25 ± 5 60 ± 11 39 ± 13 – –
aConcentration dependent: NAPA, N-acetyl procainamide; CYP, cytochrome P-450.
bDepends on acetylation phenotype: NAT, N-acetyltransferase

Data from references 6, 8-10, 12-15, 18.

Polymorphic Vt in the setting of a normal Q̇t interval usually occurs 
in the setting of acute ischemia or significant hemodynamic instability, 
although it may also occur in otherwise healthy individuals due to a 
mutation of the ryanodine receptor.23,24 Torsade de pointes Vt is a poly-
morphic, pause-dependent Vt that develops in association with drugs or 
pathophysiologic conditions which excessively prolong the Q̇t interval 
(Fig. 36-2, Table 36-5).8,10 Torsade de pointes Vt is initiated by focal trig-
gered activity and maintained by ventricular reentry. Risk factors for the 
development of torsade de pointes Vt include: female gender, baseline 
Q̇t interval prolongation, excessive Q̇t interval prolongation on drug 
(>550 ms), bradycardia/pauses, hypokalemia, hypomagnesemia, conges-
tive heart failure, cardiac hypertrophy, prior history of Vt/VF, and renal 
impairment. The drugs and pathophysiologic conditions associated with 
torsade de pointes Vt are listed in Table 36-5.7 In addition to Q̇t interval 
prolongation, electrocardiographic features that are harbingers of torsade 
de pointes Vt include Q̇t prolongation and T-wave morphology changes 
following an extrasystolic pause, T-wave alternans, late-coupled poly-
morphic ventricular premature beats and repetitive polymorphic beats.7

VF is frequently associated with acute myocardial ischemia but can 
also result from sustained Vt that degenerated into VF. VF may be initi-
ated by a triggered focus or a reentrant mechanism. It is maintained by 
multiple reentrant wavelets in the ventricles. Hence it is important to 
obtain all tracings of arrhythmias from a patient episode since this can 
affect diagnosis and management (ie, was it primary VF or was it Vt that 
degenerated into VF?).

■■ EVALUATION OF THE PATIENT WITH VT/VF
The initial evaluation of the patient with sustained Vt or VF should 
be directed at detecting underlying reversible causes.25 This evaluation 
should include a thorough history (if patient able to communicate) and 
physical examination. A 12-lead ECG of Vt is extremely valuable as well 
as review of rhythm strips documenting the onset of Vt/VF. Laboratory 
tests should include cardiac enzymes (CK or troponin), creatinine and 
serum electrolytes including K+ and Mg2+. An echocardiogram should 
be performed to determine the presence of structural heart disease and 
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  TABLE 36-4    Antiarrhythmic Drug Dosing and Adverse Effects

Drug Dosage Dosage Adjustment Adverse Effects Drug Interactions

Class IA

 � Quinidine gluconate 
(sustained release)

250 mg PO q8h ↓ Initial dose 50% + ↑ dosing interval 
to q12h in renal failure

Diarrhea, stomach cramps, tinni-
tus; torsade de pointes VT tinnitus, 
fever, rash, thrombocytopenia, 
hemolytic anemia torsade de 
pointes VT

↓ Digoxin dose by 50% monitor INR 
if on warfarin

↑ By 250 mg doses if QTc <460 ms Active metabolites accumulate in renal 
failure but therapeutic blood monitoring 
of them is not readily available

↓ Dose of β-blocker; amiodarone, 
cimetidine, diltiazem, propranolol, 
and verapamil all of which may 
increase quinidine concentrations↓ Dose if QTc ≥ 500 ms. Discontinue if 

QTc ≥ 550 ms. Max. dose 1 g PO q8h
Careful monitoring of the ECG intervals  
should guide dosing decisions 

  Procainamide SR 250 mg PO q6h Metabolism depends on rate of acetyla-
tion. The active metabolite NAPA accu-
mulates in fast acetylators and in renal 
failure. Monitor procainamide + NAPA 
levels and keep sum <80 µM; monitor 
ECG intervals

Agranulocytosis, rash, fever, SLE  
syndrome, torsade de pointes VT

Amiodarone, cimetidine, 
propranolol may increase procain-
amide concentrations

↑ By 250 mg increments if QTc <460 ms

Max. dose 1 g PO q6h

↓ Dose if QTc ≥ 500 ms.

Discontinue if QTc > 550 ms

  Procainamide IV 750-1000 mg loading; 15-17 mg/kg at 
20 mg/min; maintenance 1-4 mg/min

Hypotension

  Disopyramide 100 mg PO q8h ↓ Initial dose 50% and ↑ dosing interval 
q12h in renal failure

Urinary retention, blurred vision  
constipation, dry mouth, wors-
ening heart failure, torsade de 
pointes VT

Sustained release 150-250 mg q12h

↑ By 100 mg increments if QTc <460 ms

Max dose 300 mg PO q8h ↓dose if  
QTc ≥ 500 ms

Discontinue if QTc ≥ 550 ms

Class IB

  Lidocaine IV 1.5 mg/kg loading; 1-4 mg/min 
maintenance

↓ Dose in CHF Numbness, paresthesia, slurred 
speech, altered consciousness

Propranolol, metoprolol, cimetidine 
increase lidocaine concentrations

  Mexiletine 150-300 mg PO q8h Nausea, stomach cramps tremor, 
blurred vision, ataxia, confusion

Cimetidine, quinidine increase 
mexiletine concentrations

Class IC

  Flecainide 50 mg PO q12h ↓ Initial dose 50% in renal failure; titrate 
dose based on QRS intervals

Tremor, blurred vision, headache, 
ataxia, CHF,VT proarrhythmia

Amiodarone, cimetidine, 
propranolol, quinidine increase 
flecainide concentrations

↑ By 25-50 mg increments

Max. dose 200 mg PO q12h

↓ Dose if QRS prolonged >20% from 
baseline

  Propafenone 150 mg PO q8-12h ↓ Initial dose 50% in renal and hepatic  
failure and ↑ dosing interval to q12h

Constipation, dizziness, headache, 
metallic taste, exacerbation of 
asthma, VT proarrhythmia

↓ Digoxin dose by 25%-50%; 
cimetidine and quinidine increase 
propafenone concentrationsMax. dose 300 mg PO q8h Active metabolites accumulate in rapid 

metabolizers. Monitor QRS duration  
carefully

↓ Dose if QRS prolonged >20% from 
baseline

Class II

  Atenolol 50-200 mg PO daily Caution in patients with CHF or 
bronchospastic lung disease

Bradycardia, hypotension, 
dyspnea, fatigue, depression

With digoxin, Ca++ channel 
blockers, amiodarone

Monitor carefully in diabetic patients ↓ Dose 25%-50%

↓ Dose in moderate to severe renal 
insufficiency

Hypoglycemic agents

  Bisoprolol 2.5-10 mg PO bid As per atenolol As per atenolol As per atenolol

  Carvedilol 3.25-50 mg PO bid As per atenolol As per atenolol As per atenolol

Titrate dose every 1-2 weeks to achieve 
maximum tolerated dose

  Metoprolol IV: 5-15 mg As per atenolol As per atenolol As per atenolol

25-400 mg PO bid

  Nadolol 20-160 mg PO daily As per atenolol and ↓ dose in moderate 
to severe renal insufficiency

As per atenolol As per atenolol

  Propranolol IV: 1-2 mg q2-4min As per atenolol As per atenolol As per atenolol

prn × 4-5 doses

20-80 mg PO bid-tid
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  TABLE 36-4    Antiarrhythmic Drug Dosing and Adverse Effects

Drug Dosage Dosage Adjustment Adverse Effects Drug Interactions

Class III

  Amiodarone For AF: 200 mg PO tid×2 week then  
200 mg daily

Avoid high loading dose in setting of 
sinus bradycardia (HR < 50 beats/min)

pulmonary toxicity, CNS effects, 
hyper-/hypothyroidism,  
photosensitivity, corneal deposits, 
hepatic toxicity

↓ Quinidine/procainamide dose 
by 50%

For VT: accelerated loading dose in hospital 
400 mg PO tid×10-14 days, then 400 mg  
PO bid×7 days, then 300-400 mg PO daily

↓ Digoxin dose by 50%

↓ β-Blockers dose by 50%

↓ Warfarin dose by 50%

  Amiodarone IV V: 150-300 mg over 20-30 min, then 
0.5-1 mg/min; repeat boluses may be required

May cause hypotension

  Dofetilide 125-500 μg PO bid ↓ Dose if Q̇t interval prolongs after first 
dose by 15%; discontinue if QTc ≥ 550 ms

Headache; torsade de pointes VT Cimetidine, verapamil, ketocon-
azole, trimethoprim alone or in 
combination with sulfamethoxazole

  Sotalol 80 mg PO q12h ↓ Initial dose in renal failure Torsade de pointes VT, hypoten-
sion, bradycardia, wheezing. 
Caution in CHF and bronchospastic 
lung disease

Digoxin/verapamil/other 
β-blockers may cause AV block, 
bradycardia

↑ By 80 mg increments if QTc < 460 ms ↓ Initial dose to 40 mg PO q12h in the 
elderlyMax. dose 240 mg PO q12h

↓ Dose if QTc ≥ 500 ms; discontinue if  
QTc ≥ 550 ms

  Dronedarone 400 mg PO q12h Diarrhea, increase in serum 
creatinine (inhibition of tubular 
transport), QTc prolongation

Digoxin/verapamil/other 
β-blockers may cause AV block. 
Bradycardia

Class IV

  Diltiazem IV: 0.25-0.35 mg/kg Caution in patients with CHF Bradycardia, hypotension, periph-
eral edema

β-Blockers, digoxin and  
amiodarone120-480 mg PO daily-bid

  Verapamil IV: 5-15 mg Caution in patients with CHF Bradycardia, hypotension,  
constipation, flushing

β-Blockers, digoxin, amiodarone

80 mg PO tid; max. dose 120 mg qid to 
240 mg bid

Other

  Digoxin 0.0625-0.25 mg PO daily ↓ Dose in renal failure Arrhythmias, visual disturbance, 
nausea, vomiting

β-Blockers; calcium channel 
blockers, quinidine, propafenone, 
procainamide, amiodarone

  Digoxin IV IV: 0.25-1.0 mg over 20-30 minutes

AV, atrioventricular; CHF, congestive heart failure; INR, international ratio; IV, intravenous; NAPA, N-acetylprocainamide; PO, per os; SLE, systemic lupus erythematosus; SR, sustained release; VT, ventricular tachycardia.

  TABLE 36-5    Drugs and Conditions Associated With Torsade de Pointes

Drug Class Specific Drugs

Antiarrhythmic Drugs

  Class IA Disopyramide, procainamide, quinidine

  Class IC Propafenone

  Class III Amiodarone, dofetilide, ibutilide, sotalol

Antifungal Ketoconazole, fluconazole, itraconazole

Antihistamines Diphenhydramine, terfenadine, astemizole

Antimicrobial Erythromycin, clarithromycin, pentamidine,  
trimethoprim-sulfamethoxazole

Diuretics Furosemide, indapamide, metolazone, hydrochlorothiazide

Psychotropic Haloperidol, phenothiazines, risperidone, tricyclic  
and tetracyclic antidepressants

Other Conditions Pathophysiologic Condition

  Bradycardia Complete heart block, sinus pauses or profound sinus 
bradycardia

  Congenital long Q̇ t syndrome Mutations of potassium or sodium channels

  Electrolyte abnormalities Hypokalemia, hypomagnesemia, hypocalcemia

  Nervous system injury Subarachnoid hemorrhage

  Starvation Anorexia nervosa, liquid protein diets

(Continued)

to assess ventricular function. Cardiac hemodynamic data if available 
should be reviewed. A drug screen may be required if drug toxicity is 
suspected, for example, digitalis or tricyclic antidepressants. Some of 
the electrocardiographic features that allow discrimination of VT from 
supraventricular tachycardia (SVT) with aberrant conduction are sum-
marized in Table 36-6.

■■ MANAGEMENT OF VENTRICULAR TACHYARRHYTHMIAS
General Principles of Treatment:  Sinus rhythm should be restored as soon 
as possible in sustained VT or cardiac arrest.25-27 Treatment of under-
lying cardiovascular disease should be initiated and any reversible  

  TABLE 36-6   � Electrocardiographic Criteria Consistent With VT During Wide QRS 
Complex Tachycardia

AV dissociation

Fusion beats

Capture beats

Extreme left axis deviation

QRS duration >160 ms

Different QRS morphology during tachycardia compared to baseline in patient with preex-
isting bundle branch block

R-wave duration ≥60 ms in V1
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  TABLE 36-7    Management of Ventricular Tachycardia due to Reversible Causes

Cause Management

Acute ischemia/myocardial infarction Amiodarone and/or β-blockers,  
revascularization

Congestive heart failure Optimize therapy of CHF,

  ACE inhibitors,

  β-blockers, 

  consider ICD

Electrolyte abnormalities (usually torsade de  
pointes V

t
)

MgSO
4
 1-4 g IV, KC1, atrial overdrive 

pacing

Drug toxicity/long Q̇t (torsade de pointes V
t
) MgSO

4
 1-4 g IV, atrial overdrive pacing  

(80-100 bpm), discontinue  
class I/III drugs

Drug toxicity (incessant monomorphic V
t
,  

eg, flecainide/propafenone/tricyclic antidepressants)
Sodium bicarbonate (50-200 meq IV), 
lidocaine (0.5-0.75 mg/kg)

Catecholamine sensitive V
t

β-Blockers

ACE, angiotensin converting enzyme; CHF, congestive heart failure; ICD, implantable cardioverter defibrillator;  
V

t
, ventricular tachycardia.

causes should be identified and corrected (Table 36-7).25-27 The 
serum potassium should be maintained ≥4.0 mM/L and the serum 
magnesium should be maintained >0.7 mM/L. β-Blockers should be 
prescribed unless contraindicated (Table 36-4). Management of isch-
emic heart disease, left ventricular dysfunction and/or hypertension 
must be optimized. If ongoing ischemia/cardiogenic shock is present 
despite medical therapy, the patient should be considered for urgent 
coronary artery evaluation and possible revascularization.
Nonsustained V

T
:  β-Blockers should be prescribed unless contrain-

dicated and doses should be titrated to suppress nonsustained Vt 
(Table 36-4).17,25,28,29 If frequent, hemodynamically significant nonsus-
tained Vt persists, amiodarone may be initiated for suppression.17,25-27,30 
Patients with mild to moderate left ventricular dysfunction (left 
ventricular ejection fraction [LVEF] >0.30) may be considered for 
a risk stratification electrophysiology study to determine the risk of 
sudden cardiac death.16,30 Patients with severe left ventricular dysfunc-
tion in the setting of ischemic heart disease (LVEF ≤ 0.30) or dilated 
cardiomyopathy should be considered for an implantable cardioverter 
defibrillator (ICD) for prophylaxis of sudden cardiac death.21,31,32

Monomorphic Ventricular Tachycardia:   The acute management algorithm 
for sustained monomorphic Vt is shown in Figure 36-3. This algorithm is 
based on the recommendations of the American Heart Association.26,27 

Sustained Monomorphic Ventricular
Tachycardia

Identify and treat
reversible causes

Beta-blocker IV
Metroprolol 5 mg IV

over 1–2 min
Can repeat × 3b

LVEF < 40% or
unknown

Synchronized
Cardioversion

120–200 Ja

Amiodarone 150 or 300 mg
IV over 10 min then repeat
150 if necessary ± infusion

or
Lidocaine 1 to 1.5 mg/kg ×

1 then infusion

Procainamide 20–50 mg/min
up to 17 mg/kg then

1–4 mg/min
or

Sotalol 1.5 mg/kg over 5 min

Hemodynamic Compromise?
(Altered mental status, hypotension,

angina, CHF, or other evidence of
impaired tissue perfusion)

12 Lead ECGb

Yes

Synchronized
Cardioversion

120–200 Ja

No

FIGURE 36-3.  Management algorithm for sustained monomorphic ventricular tachycardia.
aFor monophasic start at least 100 J and increase dose if necessary.
bRecent guidelines do suggest that adenosine can be used in stable wide complex tachycardia for diagnosis and treatment. Once stabilized then will need determination of long-term antiarrhythmic medication and/or ICD.
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Synchronized cardioversion with 120 to 200 J biphasic shock (depending  
on manufacturer’s recommendation) or 360 J monophasic shock is the 
initial approach for the patient with hemodynamically unstable Vt. If the 
patient is hemodynamically stable and has normal or only mild left ven-
tricular dysfunction, intravenous procainamide or sotalol may promote 
conversion. β-Blocker therapy should be initiated to prevent recurrence. 
The patient with hemodynamically stable Vt in the setting of significant 
left ventricular dysfunction should be treated with intravenous amio-
darone (Table 36-4, Fig. 36-4).25-27 If Vt does not convert with pharma-
cologic therapy, synchronized electrical cardioversion may be required.

Long-term antiarrhythmic drug therapy in addition to long-term 
β-blocker therapy may be required to prevent Vt recurrence. This deci-
sion is made after treatment of underlying causes has been achieved and 
coronary artery revascularization, if required, has been accomplished. 
Class I antiarrhythmic drugs are contraindicated in patients with coro-
nary artery disease and prior myocardial infarction and Class I drugs 
and sotalol are relatively contraindicated in patients with left ventricular 
dysfunction because of the risk of ventricular proarrhythmia.7,8 Patients 
with sustained Vt in the absence of a reversible, correctable cause and in  
the setting of moderate to severe left ventricular dysfunction (LVEF ≤ 0.35)  
should be considered for an ICD. In this setting, the ICD has been 
shown to reduce cardiovascular mortality compared to amiodarone 

Polymorphic Ventricular Tachycardia 

Magnesium 1–4 gm IV

β-blocker
or

Lidocaine
or

Amiodarone

Overdrive Pacing
80 to 100 bpm (atrial

preferred)
or

Dopaminea

or
Isoproterenol 0.5–2 ug/mina

Yes No

Amiodarone  IV
or

Lidocaine  IV

Correct Electrolyte
Abnormalities

Discontinue QT

prolonging drugs

Procainamide
or

Sotalol

Defibrillation
(if sustained)

Treat Cardiac Ischemia

Correct Abnormalities:
Electrolyte
Metabolite

Hemodynamic

Lidocaine  IV
bolus and
infusion

Normal QT Interval Abnormal QT Interval

LVEF Abnormal
or unknown

FIGURE 36-4.  Management of polymorphic ventricular tachycardia.
aAvoid in patients with congenital long Q̇ t syndromes.

therapy.33-35 In patients with less severe left ventricular dysfunction, ami-
odarone appears to be as efficacious as the ICD and long-term therapy 
with amiodarone or an ICD may be individualized.35

Polymorphic Ventricular Tachycardia in the Setting of a Normal Q̇t 
Interval:  The acute management algorithm for sustained polymorphic 
Vt is shown in Figure 36-4.25-27 This algorithm is based on the recommen-
dations of the American Heart Association.26,27 Sustained polymorphic 
Vt requires immediate defibrillation. Polymorphic Vt in the absence of 
Q̇t interval prolongation often is associated with myocardial ischemia.23  
The patient with ischemia should be considered for urgent coronary 
angiography and revascularization if required. Catecholaminergic 
polymorphic Vt (CPVT) has also been described in patients without 
structural heart disease who have mutation(s) of the cardiac ryanodine 
receptors.24,36 CPVT is frequently recurrent and intravenous β-blockers 
and/or amiodarone should be administered to prevent recurrence. If a 
reversible cause, for example, acute ischemia is identified, long-term  
prophylactic antiarrhythmic drug therapy may not be required. 
Patients with significant left ventricular dysfunction should be consid-
ered for an ICD in the absence of a reversible, correctable cause.30,31,33-35

Torsade de pointes Vt (polymorphic Vt with long Q̇t interval) 
frequently, spontaneously terminates. However, defibrillation may be 
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required if it becomes sustained. Magnesium 1 to 4 g intravenously is the 
initial treatment followed by cardiac overdrive pacing at 80 to 100 bpm, 
which shortens the Q̇t interval and prevents long pauses following pre-
mature beats (Fig. 36-4).25,37 Atrial overdrive pacing is preferred to ven-
tricular overdrive pacing. An isoproterenol infusion, with dose titrated to 
achieve a heart rate of 80 to 100 bpm, may be started until a temporary 
pacemaker is inserted. Drugs causing Q̇t interval prolongation should 
be stopped and any electrolyte imbalances corrected. Temporary pacing 
should be continued until the Vt has subsided and the Q̇t interval returns 
to normal. If the patient has congenital long Q̇t syndrome, long-term 
prophylactic therapy with β-blockers and/or permanent atrial pacing will 
prevent torsade de pointes Vt.

21,38 An ICD is the treatment of choice in 
patients with congenital long Q̇t syndrome who have sustained a cardiac 
arrest or who have a significant family history of sudden cardiac death.21

Ventricular Fibrillation and Pulseless V
T
:   Advanced life support should be 

initiated for VF (or pulseless Vt), with prompt CPR and defibrillation 
(Fig. 36-5).25-27 If the first defibrillation is unsuccessful then vasopres-
sor (epinephrine or vasopressin) therapy should be given. Amiodarone 
(lidocaine if amiodarone not available) should be initiated when VF is 
refractory to shocks, CPR, and vasopressor treatments.26 Intravenous 
amiodarone has been shown to improve resuscitation rates and overall 
survival if initial defibrillation is unsuccessful. If acute myocardial 
ischemia is the cause of VF, coronary angiography and percutane-
ous coronary intervention should be considered in the patient with 
recurrent VF. In the absence of a reversible cause, long-term therapy 

for prevention of sudden cardiac death should be prescribed. Patients 
with VF should be considered for an ICD, although in patients with 
well-preserved left ventricular dysfunction, amiodarone may also be 
a reasonable treatment option.31,33-35,39

V
T
/VF Electrical Storm:  This is defined as multiple recurrent (usually 

>3) episodes of sustained Vt or VF within a 24-hour period. Reversible 
causes should be identified and treated (Table 36-4). β-Blockers are 
effective in suppressing some episodes of Vt/VF storm.25,28 Even in 
the setting of congestive heart failure (except cardiogenic shock), intra-
venous β-blockers can be safely administered. Amiodarone is very effec-
tive in suppressing Vt/VF although multiple boluses may be required 
in some patients.30 Combination β-blocker and amiodarone therapy is 
likely synergistic in suppressing recurrent Vt/VF.25 In the patient with 
an ICD and Vt electrical storm who is receiving frequent, painful shock 
therapies, if the Vt is relatively stable, then cardioversion/defibrilla-
tion therapies may need to be temporarily programmed off (antitachycardia 
pacing therapies can be left on and/or modified) until pharmacologic 
therapy suppresses the frequency of Vt. In some patients, especially 
those with prior amiodarone toxicity, lidocaine, or procainamide will 
be necessary to suppress Vt. Addition of anxiolytics and narcotics can 
help with anxiety as well as further helping to reduce the adrenergic 
stimulus. Patients in Vt storm who are refractory to the above mea-
sures may require sedation, paralysis, intubation, and ventilation to 
further help with their acute Vt management.

SUPRAVENTRICULAR TACHYARRHYTHMIAS

■■ SUPRAVENTRICULAR ARRHYTHMIA CLASSIFICATION  
AND MECHANISMS

Atrial fibrillation (AF) is the most common sustained arrhythmia 
observed and increases in frequency with age.40,41 Paroxysmal AF is 
believed to be triggered by spontaneous depolarizations that originate 
most commonly in the pulmonary veins.42 These often fire repetitively, 
initiating an atrial tachycardia that degenerates into AF through the 
development of multiple wavelets of reentry in the atria. More chronic 
forms of AF may include other mechanisms. AF (much like sinus 
tachycardia) can be seen in acute illness such as pulmonary embolus or 
sepsis, so always ensure there are no underlying reasons for the acute 
presentation with AF. AF is characterized by the absence of distinct P 
waves on the ECG and an irregularly irregular ventricular response. The 
ventricular response during AF is usually very rapid (rates 120-170 bpm) 
unless the patient is on AV node blocking drugs or if the patient has 
coexisting AV conduction system. Atrial flutter is characterized by atrial 
rates around 300 bpm and is usually due to reentry in the atrium—
most commonly in the right atrium involving the isthmus between 
the inferior vena cava and tricuspid annulus. AF and atrial flutter  
often occur in the same patient. In atrial flutter, distinct P waves are 
observed on the ECG—these are often inverted in leads II, III, and aVF. 
In the absence of AV node blocking drugs or coexisting AV conduction 
disease, 2:1 AV conduction with ventricular rates of 150 bpm is the most 
common pattern observed. Class I antiarrhythmic drugs in the absence 
of adequate AV node blocking drugs may slow the atrial rate during 
atrial flutter such that 1:1 AV conduction occurs (hence these agents 
should be used in conjunction with an AV nodal blocking agent). This 
may be misdiagnosed as Vt since an intraventricular conduction delay 
may develop at rapid ventricular rates.7

The most common type of supraventricular tachycardia (SVT) is due 
to AV node reentry.43 This is characterized by fast and slowly conducting 
pathways in the AV node.2 The ECG is characterized by a regular narrow 
complex tachycardia with a short RP interval—usually P waves, if visible, 
are observed in the early part of the ST segment. Reciprocating tachycar-
dia is secondary to macro reentry involving an accessory atrioventricular  
connection, characterized by a narrow complex tachycardia with a 
longer RP interval. Many patients have overt ventricular preexcitation, 
that is, the Wolff-Parkinson-White syndrome, but in some, ventricular 

Defibrillate × 1
Amiodarone 300 mg IV/IO × 1

then 150 if necessary
or

Lidocaine 1 to 1.5 mg/kg × 1 then
0.5–0.75 mg/kg × 3 if necessary

Ventricular Fibrillation or
Pulseless Ventricular Tachycardia

Defibrillate × 1
Biphasic 120–200 Ja

Initiate Basic
Life Support

Defibrillate × 1
Epinephrine 1 mg IV/IO

(repeat q3–5 min)
or

Vasopressin 40 U IV/IO × 1

CPR 

CPR 

FIGURE 36-5.  Management algorithm for ventricular fibrillation.
aFor monophasic use 360J. IO—Intraosseous.
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preexcitation is not manifest on the ECG and retrograde conduction via 
the accessory connection is concealed. True atrial tachycardia is most 
commonly due to enhanced or abnormal atrial automaticity or triggered 
activity. P waves usually precede each QRS complex unless there is AV 
conduction block. Multifocal atrial tachycardia is characterized by varia-
tion in P-wave morphology on a beat-to-beat basis.

■■ EVALUATION OF THE PATIENT WITH SUPRAVENTRICULAR  
TACHYARRHYTHMIA

The initial evaluation of the patient with a sustained supraventricular 
tachyarrhythmia should include a thorough history (if patient able to 
communicate) and physical examination with special attention to detect-
ing structural heart disease.16 A 12-lead ECG of the arrhythmia as well 
as during sinus rhythm should be obtained. Rhythm strips documenting 
onset and termination of the arrhythmia should be reviewed. Laboratory 
tests should include cardiac enzymes (CK or troponin), complete blood 
count, INR, and TSH. An echocardiogram should be performed to deter-
mine the presence of structural heart disease and to assess ventricular 

function. In some instances, a transesophageal echocardiogram may be 
required to assess valve function or to determine if an intracardiac throm-
bus is present (usually for atrial fibrillation or flutter). Cardiac hemody-
namic data during the arrhythmia, if available, should be reviewed.

■■ MANAGEMENT OF SUPRAVENTRICULAR TACHYARRHYTHMIAS
General Principles of Treatment:  Sinus rhythm should be restored as 
soon as possible if the patient is symptomatic. In the case of AF, therapy 
aimed at controlling the ventricular rate is usually the initial approach. 
Any reversible causes should be identified and corrected. Underlying 
structural heart disease should be treated—particularly the manage-
ment of ischemic heart disease, left ventricular dysfunction, and/or 
hypertension should be optimized. The probability of recurrence and 
the need for chronic prophylactic therapy should be determined.

AF/Atrial Flutter:  The therapeutic approach for the management of 
sustained AF/flutter is illustrated in Figure 36-6.16,40,44 Synchronized 
electrical cardioversion may be required if the patient is hemodynam-
ically unstable. Atrial flutter is frequently terminated with low-energy 

Acute Management of Atrial Fibrillation/Flutter 

Structural
Heart Disease
or unknown 

Metoprolol 5–15 mg IV
5 mg boluses q2–4 min

or
Propranolol 2–10 mg IV

1 mg boluses q1 min
or

Verapamil 5–20 mg IV
5 mg boluses q2–3 min

or
Diltiazem 0.25 mg/kg IV

over 2 minutes then 5–15 mg/hr; 
0.35 mg/kg IV may

be repeated in 15 min
and/or

Digoxin 0.5–0.75 mg IV
over 30 min then 0.75 mg

in divided doses over
12–24 hrs

Ibutilidea 1 mg IV
(0.01 mg/kg for pts < 60 kg)

May repeat × 1 in 10 min
or

Procainamideb

15 mg/kg at 25 mg/min then
2–4 mg/min

or
Flecainidec 200–300 mg po

or
Propafenonec

450–600 mg po
or

Amiodarone 150 mg IV 

Restore Sinus
Rhythm 

Hemodynamically Stable 

AF Duration > 48 hrs
or unknown 

Electrical Cardioversion
Biphasic 120–200 J
Repeat if necessary

Initiate rate control Rx ±
Rhythm Control Rx

Ventricular Rate
Control

Ibutilide 1 mg IV
(0.01 mg/kg for pts < 60 kg)

May repeat × 1 in 10 min
or

Amiodarone 150 mg
IV

Followed by 0.5–1 mg/min

Electrical Cardioversion
Biphasic 120–200 J
Repeat if needed

Yes 

No 

No 

Yes 

Hemodynamically Unstable 

FIGURE 36-6.  Acute management algorithm for atrial fibrillation/flutter.
aA transesophageal echocardiogram (TEE) can be done to verify there is no left atrial thrombus then a rhythm control strategy can still be pursued.
bIbutilide or procainamide is the drug of choice for preexcited (Wolf-Parkinson-White) atrial fibrillation.
cAn AV nodal blocking agent should be given prior.
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cardioversion, for example, 50 J, whereas higher energies may be 
required for atrial fibrillation (≥120 J for biphasic). Since the incor-
poration of biphasic waveforms into external defibrillators, it is rare 
for cardioversion to fail to convert recent onset AF. Atrial flutter may 
be terminated by rapid atrial overdrive pacing. Some dual chamber 
pacemakers and implantable defibrillators have atrial antitachycardia 
pacing therapies for pace termination of atrial flutter.

If AF/flutter has persisted for ≥48 hours in the absence of effective 
anticoagulation, therapy should be aimed at achieving ventricular rate 
control (HR <100 bpm).44,45 Pharmacologic cardioversion to sinus rhythm 
can be considered if the patient has been in AF <48 hours.46 Anticoagulant 
therapy with heparin or low molecular weight heparin should be initi-
ated. If cardioversion is performed, anticoagulant therapy should be 
continued for at least 4 weeks following cardioversion.16,40,46 Ibutilide or 
procainamide can be administered intravenously to promote pharmaco-
logic conversion for recent onset AF/flutter or in patients who have been 
on effective long term anticoagulation (Table 36-8).16 The ECG must be 
monitored for significant Q̇t interval prolongation as both these drugs 
may cause torsade de pointes Vt.

7 Intravenous magnesium (1-2 g IV) 
administered prior to administration of ibutilide may prevent torsade 
de pointes Vt.

44 Intravenous amiodarone is less effective in promoting 
acute conversion to sinus rhythm although it may facilitate improved rate 
control.47 One important principle in the management of AF is that most 
patients deserve at least one attempt at restoration of sinus rhythm.40

The decision to initiate Class I or III antiarrhythmic drug therapy to 
maintain sinus rhythm should be based the patient’s symptoms and/
or the hemodynamic significance of the arrhythmia.44 In the relatively 
asymptomatic patient, rate control is a reasonable first approach.48,49 
β-Blockers, verapamil, or diltiazem should be prescribed in doses to 
achieve a ventricular rate at rest or with minimal activity <100 bpm 
(Table 36-4).16,44,45 Digoxin alone is frequently ineffective in achieving rate 
control of AF or atrial flutter although it may be synergistic with Class II or 
IV antiarrhythmic drugs. Rhythm control with Class I or III antiarrhyth-
mic drugs may be desirable in the very symptomatic patient or when these 
arrhythmias cause adverse hemodynamic effects.48-51 AV node blocking 
drugs are required in conjunction with Class I/III antiarrhythmic drugs 
as AF/flutter is usually paroxysmal in nature and these drugs are rarely 
100% effective at suppression. The dosages, potential side effects and drug 
interactions of these drugs are summarized in Table 36-4. Class I drugs are 
contraindicated for chronic prophylaxis in patients with a prior myocardial 
infarction. Class I drugs and sotalol are relatively contraindicated in those 
with significant left ventricular dysfunction because of the risk of ventricu-
lar proarrhythmia.7,11,40,52,53 Long-term antiarrhythmic drug therapy for 
prevention of AF/flutter may not be required if the episode is thought to 
be due to a reversible cause, for example, pneumonia or perioperative state.

  TABLE 36-8   � Antithrombotic Treatment for Paroxysmal and Chronic Atrial 
Fibrillation—Based on Risk Stratification—CHADS

2

Risk Factors Score

(C) Congestive heart failure 1

  LVEF 35% or less

(H) Hypertension 1

(A)   Age >75 years 1

(D) Diabetes mellitus 1

(S) Previous stroke or embolism 2

Maximum score 6

Total score <0 Aspirin 81-325 mg daily

Total score = 1 Aspirin or oral Anticoagulantb

Total score >1a Oral anticoagulantb

aMitral stenosis and prosthetic heart valves are also high risk factors.
bWarfarin or dabigatran. INR (International Ratio) targets for warfarin are usually 2 to 3 and may be 
higher in the context of prosthetic valves.

Catheter ablation for cure of atrial flutter is an effective therapy.54 
Atrial fibrillation ablation/pulmonary vein isolation can be considered 
for long-term cure of AF in selected patients.55 AV junction ablation and 
ventricular pacing is an effective option in patients in whom effective 
ventricular rate control of AF cannot be achieved pharmacologically 
(please note these patients still require anticoagulation since their atria 
are still in fibrillation).44,54

The patient with AF or atrial flutter is at risk of thromboembolism 
particularly if the patient is older or has structural heart disease.40 The 
CHADS2 score is frequently used for assessment of risk of stroke or 
systemic thromboembolism (Table 36-8).46 Aspirin is indicated for pre-
vention of thromboembolism in very low-risk patients whereas antico-
agulation with heparin and then warfarin is required in high-risk patients 
(Table 36-8).40,56 New anticoagulants are emerging, such as dabigatran that 
may be more effective than warfarin. Dabigatran does not require frequent 
laboratory monitoring.57 Dabigatran has been shown to reduce the risk of 
stroke compared to warfarin and to reduce the risk of major hemorrhagic 
complications.57 If the patient has not been on anticoagulant therapy, 
electrical or pharmacologic cardioversion should be deferred for at least  
3 weeks if the patient has been in AF/flutter for ≥48 hours or if the dura-
tion is unknown.46 Alternatively, a transesophageal echocardiogram can be 
performed to demonstrate the absence of intracardiac thrombus if restora-
tion of sinus rhythm is desired urgently. Patients should be maintained on 
oral anticoagulation for at least 4 weeks following electrical cardioversion.

Super Ventricular Tachycardia 

Metoprolol
5 mg IV over 1–2 min

Can repeat × 3
or

Verapamil
5 mg IV Over

1–2 min
Can repeat × 3

Adenosine
6–24 mg IV

Vagal
Maneuvers

Hemodynamically
Unstable 

12 Lead
ECGbSynchronized

Cardioversion
120–200 Ja

Hemodynamically
Stable 

FIGURE 36-7.  Management algorithm for SVT (supraventricular tachycardia).
a200 J for monophasic.
bIn addition to the 12-lead ECG, monitoring strips obtained during conversion can also be helpful in 
establishing a diagnosis. Please note that significant hemodynamic instability with tachycardias less 
than 150 bpm are uncommon except with LV dysfunction and may be suggestive of an alternative cause 
of the hemodynamic compromise other than the tachycardia.
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Supraventricular Tachycardia:  The therapeutic approach to the manage-
ment of SVT is illustrated in Figure 36-7.16,26 Vagal maneuvers (carotid 
sinus massage or Valsalva maneuver) may terminate AV node reentry or 
reciprocating tachycardia involving a bypass tract. Adenosine is the initial 
drug of choice for regular narrow complex SVT although β-blockers, 
verapamil, and diltiazem are also effective. Oral antiarrhythmic drug  
therapy may be required to prevent recurrent SVT (Table 36-4). Infre
quently, synchronized electrical cardioversion may be required. Catheter 
ablation is an effective cure for AV node reentrant tachycardias, acces-
sory pathways or atrial tachycardias.58 Multifocal atrial tachycardias may 
be difficult to suppress or to achieve rate control pharmacologically and 
then main goal is treatment of the underlying condition (such as COPD). 
Implantation of a ventricular pacemaker followed by a total AV junction 
ablation is may be an effective treatment option, for atrial tachycardias 
unresponsive to pharmacologic treatment.54

BRADYARRHYTHMIAS
Disorders of impulse formation or conduction may cause bradyarrhyth-
mias. Sinus node dysfunction characterized by sinus bradycardia, sino-
atrial exit block and/or sinus arrest causing symptomatic bradycardia is 
the most common indication for permanent cardiac pacing.59 AV block, 
either permanent or intermittent is the second most common cause for 
permanent cardiac pacing.

■■ EVALUATION OF THE PATIENT WITH BRADYARRHYTHMIAS
The initial evaluation of the patient with a documented bradyarrhythmia 
should include a thorough history (if the patient is able to communicate) and 
physical examination with a focus on detecting structural heart disease. A 
12-lead ECG and rhythm strips documenting the bradyarrhythmia should 
be reviewed. If clinically appropriate, such as an elderly patient with syn-
cope, carotid sinus massage should be performed to look for carotid sinus 
hypersensitivity unless contraindicated, that is, carotid bruits or prior stroke. 
Cardiac hemodynamic data during the arrhythmia, if available, should  
be reviewed. Any drugs likely contributing to the bradyarrhythmia  
should be identified and drug levels determined if appropriate (eg, digi-
talis). Laboratory tests should include cardiac enzymes (CK or troponin). 
An echocardiogram should be performed to determine the presence of 
structural heart disease and to assess ventricular function.

■■ GENERAL PRINCIPLES OF TREATMENT
In the ICU patient with hemodynamically significant persistent brady-
cardia, transcutaneous pacing should be commenced until a temporary 
pacemaker can be inserted. Placement of a transvenous electrode cathe-
ter can usually be accomplished at the bedside via the internal jugular or 
subclavian route using a flotation pacing catheter. Fluoroscopy may be 
required for positioning the pacing electrode if adequate pacing thresh-
olds cannot be achieved. If the bradyarrhythmia is transient, temporary 
pacing may not be required and the risk/benefit of this intervention 
needs to be considered. Any reversible causes should be identified and 
corrected. Drugs contributing to bradycardia should be discontinued. 
Second-degree AV block or complete heart block following an inferior 
myocardial infarction may not be persistent. If the bradyarrhythmia 
does not resolve, permanent cardiac pacing may be required. The indi-
cations for permanent cardiac pacing are summarized in Table 36-9.59

■■ PACING MODALITIES
Pacemakers started being developed in the 1960s to treat bradyarrhyth-
mias. As pacemakers became more sophisticated in pacing, sensing, and 
other features, codes started being developed to describe pacemaker 
function. The Three-Position code was developed in 1974.60 The first 
letter describes the chamber paced, the second the chamber sensed and 
the third describes how the chamber responds to a paced or intrinsic 
event. Various changes have been made to the coding since then. The 
currently used coding system still uses the same definitions for the first  

  TABLE 36-9    Indications for Cardiac Pacing

Acquired AV Block

  Class I Symptomatic permanent or intermittent AV block

Symptomatic second degree AV block

Atrial flutter or fibrillation with advanced symptomatic 
AV block

  Class II Asymptomatic complete AV block with ventricular rate 
<40 bpm

Asymptomatic type II second degree AV block

Post Myocardial Infarction

  Class I Persistent complete heart block

Persistent type II second-degree AV block

  Class II Newly acquired BBB with transient high grade AV or 
complete heart block

Newly acquired BBB with first degree AV block

Newly acquired bifascicular BBB

Chronic Bifascicular Block

  Class I Symptomatic patients with fascicular block and inter-
mittent high grade AV or complete heart block

Symptomatic patients with bifascicular block and HV 
interval prolongation (>100 ms) or block distal to the His 
bundle at rates <100 bpm

  Class II Symptomatic with bifascicular block and no identifiable 
cause of syncope

Asymptomatic with bifascicular block and intermittent 
type II second degree AV block

Sinus Node Dysfunction

  Class I Sinus node dysfunction with symptoms of bradycardia 
with or without required drug therapy

Symptomatic sinus bradycardia

Symptomatic chronotropic incompetence

  Class II Sinus bradycardia <40-50 bpm or asystole >3 seconds 
and suggested symptoms not documented to be due to 
bradycardia

Hypersensitive Carotid Sinus

Class I Recurrent syncope and asystole or heart block >3 sec-
onds during carotid sinus massage or clear-cut clinical 
situation suggestive of a vasoinhibitory response

Class II Recurrent syncope without clear clinical setting but 
abnormal response to carotid sinus massage

AV, atrioventricular; BBB, bundle branch block.

Class I: condition where there is general consensus that a pacing system is indicated.

Class II: condition where there is consensus that a pacing system might be beneficial.

See reference 59.

  TABLE 36-10    Pacing System Code

Chamber Paced
Chamber 
Sensed Response Rate Adaptive

Multisite 
Pacing

A A O / I / T O / R O / A / V / D

V V O / I / T

D D O / I / T / D

A, atrium; D, dual chamber; I, inhibited; O, off; R, rate modulation; T, triggered; V, ventricle.

See references 60 and 61.
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three positions but a fourth letter describes rate adaptive feature and 
the fifth letter denotes multisite pacing (which may become more com-
monly used in the future with alternative pacing sites). The coding is 
summarized in Table 36-10.61 The first three letters must always be 
specified but the fourth and fifth may only be necessary in some situa-
tions. AAI indicates that the pacemaker paces and senses in the atrium 
and inhibits if an intrinsic cardiac signal is sensed in the atrium. DDD 
indicates that the pacemaker paces and senses in both atrium and 
ventricle and there are dual responses to sensed events, for example, 
the system inhibits in response to sensed events in both chambers but 
a sensed or paced event in the atrium will trigger a paced event in the 
ventricle after a programmed delay. VVIR indicates that the pacemaker 
paces and senses in the ventricle, inhibits if an intrinsic cardiac signal is 
sensed in the ventricle and has the ability to vary the pacing rate within a 
programmed range, for example, 60 to 130 based on the programmable 
rate sensor settings.

■■ CHOICE OF PACING MODALITY
Atrial or dual chamber pacing systems have been shown to prevent the 
development of paroxysmal and permanent AF compared to ventricular 
pacing systems.44,62-64 In patients with sinus node dysfunction, atrial-
based pacing has been reported to reduce development of symptomatic 
heart failure compared to ventricular pacing.63 Atrial-based pacing 
optimizes cardiac hemodynamics by preserving the atrial contribution 
to cardiac output which is particularly important in patients with heart 
failure and patients with diastolic dysfunction, for example, secondary 
to left ventricular hypertrophy. However, atrial-based pacing therapies 
have not been shown to be associated with substantial improvements 
in quality of life, exercise tolerance or overall survival when compared 
to ventricular pacing in several large prospective randomized clinical  
trials.44,63,65 Thus, the choice of pacing modality should be individualized 
based on the patient’s long-term prognosis, associated comorbidities and 
expected functional status.

■■ CARDIAC PACING ISSUES IN THE ICU
The pacing system consists of the implantable pulse generator, which 
contains the battery and integrated circuits that control pacing/sensing 
function, and one or more leads. The programming of a pacemaker is 
determined by the patient’s underlying intrinsic rhythm and diagnosis. 
If the patient has only transient episodes of bradycardia, the pacemaker 
may be programmed to ventricular pacing at a low backup rate of 40 bpm. 
If the patient has complete heart block, the pacemaker is usually pro-
grammed to a lower physiologic rate of 60 to 70 bpm and an upper rate of 
120 to 150 bpm depending on age, type of heart disease and activity level.

The most common problems encountered, related to a pacing system, 
are capture failure, undersensing, oversensing, or triggered pacing.66,67  
Capture failure may be due to pacing lead dislodgement, lead perfora-
tion, lead fracture, disconnection of the pacing lead from the power 
source, power source failure or pacing thresholds higher than pro-
grammed. Pacing threshold may increase secondary to myocardial 
infarction, fibrosis, antiarrhythmic drug use, electrolyte abnormalities 
(hyperkalemia), and acidosis. Failure to sense may occur due to lead 
dislodgment or perforation, changes in intracardiac electrograms due to 
underlying disease state, electromagnetic interference causing reversion 
to asynchronous pacing or spontaneous occurrence of a spontaneous 
ventricular event in the pacemaker blanking period. Oversensing may 
occur due to myopotential inhibition (more common with unipolar 
leads) or sensing extraneous signals (usually due to lead insulation 
failure) or P- or T-wave oversensing. Triggered pacing may occur inap-
propriately when the patient with a dual chamber pacemaker develops 
AF/flutter or the pacemaker senses retrograde P waves causing pace-
maker-mediated tachycardia (Fig.  36-8). Most of these problems can 
be identified by interrogation and evaluation of the pacing system using 
the pacemaker programmer. Many of these problems can be solved by 
reprogramming the pacemaker.68

In recent years CRT (cardiac resynchronization therapy) has been 
used in patients on optimal medication still symptomatic with heart 
failure and ventricular conduction delay to improve their symptoms 
and offer a mortality reduction.69,70 CRT therapy includes biventricular  
pacing, usually RV site plus an LV site (Fig. 36-9). LV pacing  
is usually via lead position in the coronary sinus but in some cases 
the LV lead may be epicardial. The indications for these devices are 
expanding, hence will increase in usage.70 The CRT system can be a 
pacemaker only system (CRT-P) or can incorporate a defibrillator 
(CRT-D).

CARDIOVERSION/DEFIBRILLATION
Electrical shocks delivered transcutaneously, transvenously or epicardi-
ally induce changes in the transmembrane potential of myocardial cells.71 
These stimuli may interrupt reentrant circuits by prolonging tissue 
refractoriness and/or by producing new excitation waves. Synchronized 
cardioversion effectively terminates most supraventricular tachyar-
rhythmias and monomorphic sustained VT. Biphasic waveforms have 
been incorporated into ICDs and the latest generations of external defi-
brillators. These biphasic waveforms have been demonstrated to reduce 
cardioversion and defibrillation energy requirements.72 If an electrical 
shock is not synchronized to the QRS, the shock may be delivered  
during the vulnerable repolarization phase and initiate VF. External 
pads rather than handheld paddles improve tissue contact, reduce over-
all system impedance and reduce the energy required for cardioversion 
or defibrillation.

IMPLANTABLE CARDIOVERTER DEFIBRILLATORS
Three major secondary prevention trials have demonstrated the superi-
ority of the ICD compared to pharmacologic therapy for the prevention 
of sudden cardiac death in patients presenting with a life-threatening 
episode of ventricular tachycardia (VT) or ventricular fibrillation (VF) 
in the absence of a reversible cause.34,35,39 In several clinical trials, the 
ICD has also been shown to prevent sudden cardiac death in patients 
with severe left ventricular dysfunction and no history of spontaneous 
sustained VT/VF.31-33,73,74 Consequently, more and more patients will 
receive ICDs and knowledge of their functioning is important to the 
critical care physician.

■■ ICD THERAPIES
ICDs provide antitachycardia pacing therapies for termination of sus-
tained VT, internal cardioversion therapies for VT if pacing therapies 
are ineffective and defibrillation therapies for VF and very rapid VT.75 
In addition, pacing therapy for bradycardia may be programmed. 
The ICD is usually programmed to backup VVI pacing at 40 bpm 
unless the patient has significant bradycardia and pacing needs.67 VT 
detection is based on rate and sometimes on onset characteristics, 
regularity of rhythm and/or duration of the intracardiac electrogram. 
An example of effective antitachycardia pacing therapy for sustained 
VT is shown in Figure 36-10. Occasionally, the antitachycardia pacing 
therapy accelerates the VT to a more rapid VT or VF for which a shock 
is delivered (Fig. 36-11). One of the most frequent complications asso-
ciated with the ICD is the delivery of an inappropriate shock for sinus 
tachycardia or a rapid atrial tachyarrhythmia, such as AF or atrial 
flutter. This can be minimized by programming a high tachycardia 
detection interval (the rate that the device classifies as VT), program-
ming a sudden rate onset feature to eliminate detection of sinus tachy-
cardia which is rarely abrupt in onset or programming a rate regularity 
feature to prevent AF being detected as VT. Some ICDs discriminate 
between VT and atrial tachyarrhythmias using ventricular electrogram 
morphology changes. Dual chamber ICDs enhance discrimination 
of AF or SVT from VT by comparing atrial activity relationships to 
ventricular activity.
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FIGURE 36-10.  Example of ventricular antitachycardia pacing (ATP) for ventricular tachycardia (VT). The upper trace is an intracardiac ventricular electrogram (near field); the middle trace 
is the electrogram signal recorded from the intracardiac and lead and the ICD can (far field), and the lower trace indicates the marker channel annotations (how the device classifies each beat) 
and the interval in milliseconds between successive beats (in milliseconds). TP, antitachycardia pacing; TS, tachycardia sensed; VS, ventricular sensed event.
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293CHAPTER 37: Myocardial Ischemia

■■ ICD ISSUES IN THE ICU SETTING
Similar device malfunctions as described in the section on cardiac pac-
ing may occur in the ICD patient. If the patient experiences AF/flutter  
or other SVT, this may be classified by the ICD as VT resulting in 
inappropriate ICD therapies. Transthoracic cardioversion or defibril-
lation in the region of, or over, an ICD or pacemaker may damage the 
electronic circuits. If performed, the device should be interrogated  
following the procedure to ensure that the device is functioning appro-
priately. If a patient is experiencing frequent incessant VT, cardioversion 
and defibrillation therapies may need to be programmed OFF until 
pharmacologic therapy has been initiated to suppress the frequency of 
episodes. If surgery is urgently required, precautions must be imple-
mented to minimize the likelihood that electrocautery signals will be 
detected by the ICD resulting in inappropriate shocks or withholding 
pacing due to oversensing.66,67
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INTRODUCTION
Myocardial ischemia can go unrecognized in an ICU setting. Signs 
of myocardial ischemia may be obscured by other illnesses present in 
the critically ill patient. Physical examination in these patients often is 
limited, or its results altered, by the presence of other disease processes.

Myocardial ischemia and attendant left ventricular dysfunction may 
complicate the course and treatment of a particular illness. Conversely, 
multisystem illness may set the conditions for increased oxygen demand, 
often accompanied by diminished delivery of oxygen to the heart. For 
these reasons, the critical care physician must maintain a high index 
of suspicion for myocardial ischemia in the ICU setting, especially in 
the patient with a prior history of or multiple risk factors for coronary 
artery disease.

■■ TERMINOLOGY
Myocardial ischemia results from an imbalance of oxygen supply and 
oxygen demand. The heart is an aerobic organ whose capacity for 
anaerobic glycolysis is limited; it makes use of oxygen avidly and effi-
ciently, extracting 70% to 80% of the oxygen from coronary arterial 
blood.1 Because the heart extracts oxygen nearly maximally independent 
of demand, any increases in demand must be met by commensurate 
increases in coronary blood flow.

Myocardial Ischemia
Steven M. Hollenberg37

C H A P T E R

KEY POINTS

•• Myocardial ischemia results from an imbalance between myo-
cardial oxygen demand and supply. The major determinants of 
myocardial oxygen requirements are heart rate, contractility, and 
wall stress (afterload).

•• Patients with myocardial ischemia are divided by presentation into 
those with or without ST elevation, in accordance with treatment 
strategies. Patients with ST elevation benefit from immediate reperfu-
sion with percutaneous coronary intervention or fibrinolytic agents.

•• Myocardial infarction is diagnosed by a compatible clinical his-
tory, evolution of characteristic ECG changes, and an increase and 
decrease in cardiac enzymes.

•• All patients with suspected myocardial ischemia should be given 
aspirin upon presentation.

•• Prognosis after myocardial infarction is most closely related to the 
degree of left ventricular impairment.

•• Risk stratification is the key to initial management of patients with 
non-ST elevation acute coronary syndromes.

•• In patients with high-risk non-ST elevation acute coronary syn-
dromes, an early invasive approach is preferred.

•• Aspirin, clopidogrel, β-blockers, angiotensin converting enzyme 
inhibitors, and statins have been shown to decrease mortality after 
myocardial infarction.

•• Echocardiography is extremely useful for the diagnosis of compli-
cations after myocardial infarction. Invasive hemodynamic moni-
toring may be necessary in some cases as well.

•• Patients with cardiogenic shock should be stabilized with an intra-
aortic balloon pump and revascularized promptly with percutane-
ous coronary intervention or bypass surgery.
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Classically, myocardial ischemia has been divided into categories 
including stable angina, unstable angina, and myocardial infarction. 
Typical angina is exertional, and is relieved promptly by rest or nitro-
glycerin. Stable angina occurs reproducibly with a similar level of 
exertion, in a pattern that has not changed over the past 6 months. 
Acute coronary syndromes comprise unstable angina and myocardial 
infarction. Unstable angina consists of ischemic symptoms which are 
more frequent, severe, or prolonged than the patient’s usual angina,  
are more difficult to control with drugs, or are occurring at rest or with 
minimal exertion. Cardiac biomarkers are not elevated. Myocardial 
infarction has been classified as “transmural” and “nontransmural,” but 
this division has been largely abandoned due to the recognition that 
electrocardiographic criteria are neither sensitive nor specific to make 
this distinction.

Acute coronary syndromes were previously classified into Q-wave 
myocardial infarction, non-Q-wave myocardial infarction, and unstable 
angina. More recently, classification has shifted and has become based 
on the initial electrocardiogram: patients are divided into three groups: 
those with ST elevation (STEMI), without ST elevation but with enzyme 
evidence of myocardial damage (non-ST elevation MI, or non-ST eleva-
tion myocardial infarction [NSTEMI]), and those with unstable angina. 
Classification according to presenting electrocardiogram coincides with 
current treatment strategies, since patients presenting with ST eleva-
tion benefit from immediate reperfusion and should be treated with 
fibrinolytic therapy or urgent revascularization, whereas fibrinolytic 
agents are not effective in other patients with acute coronary syndromes.  
The discussion of myocardial infarction in this chapter follows this 
schematization.

■■ PATHOPHYSIOLOGY
Myocardial ischemia results from an imbalance between oxygen supply 
and demand. The myocardial requirement for oxygen, and hence for 
oxygenated blood, is affected by three major variables: heart rate, myo-
cardial wall stress, and contractility. Myocardial wall stress is a function 
of the radius, and the intraventricular pressure, which is highly depen-
dent on ventricular afterload (see Fig. 37-1).

Coronary blood flow depends on coronary perfusion pressure and 
filling time. Since coronary perfusion occurs primarily in diastole, the 
relevant pressure gradient is aortic diastolic pressure minus left ven-
tricular diastolic pressure. Filling time is directly related to heart rate.

Myocardial ischemia usually develops in the setting of obstructive 
atherosclerotic coronary artery disease, which limits blood supply. 
The pathophysiology of unstable coronary syndromes and myocardial 
infarction (MI) usually involves dynamic partial or complete occlusion 
of an epicardial coronary artery because of acute intracoronary throm-
bus formation.2

A number of factors in critically ill patients could increase myocardial 
oxygen demand, including tachycardia, hypertension, and increased 
catecholamines. Similarly, many factors could contribute to limitation 

of oxygen supply, particularly in the setting of hemodynamic instability. 
These factors include hypotension, decreasing coronary perfusion pres-
sure, and tachycardia, limiting diastolic filling time. In addition, anemia 
and hypoxemia can limit the amount of oxygen delivered to the heart. 
Coronary vasospasm may also play a role in some patients. Elevation of 
left ventricular pressures by heart failure can both increase demand and 
reduce coronary perfusion pressure.

Thus, critically ill patients, usually those with at least some component 
of obstructive coronary artery disease, may develop myocardial isch-
emia on a hemodynamic basis, with variable contributions of increased 
demand and decreased supply. On the other hand, catecholamine surges, 
hemodynamic changes, and inflammatory processes may predispose to 
rupture of preexisting atherosclerotic plaques. Making the distinction is 
vital because the treatment is completely different. In the former case, 
treatment is aimed at decreasing the oxygen requirement of the myo-
cardium by eliminating provocative stimuli and controlling heart rate 
and blood pressure, and on optimizing oxygenation and hemoglobin 
concentration. Relief of myocardial ischemia by these measures usually 
results in prompt restoration of left ventricular function without sig-
nificant cellular damage, since the obstruction to flow is ordinarily fixed 
and not total. If plaque rupture is playing a role, then simply removing 
or lessening stimuli that increase myocardial oxygen requirements may 
not be sufficient to increase the myocardial oxygen supply:demand ratio, 
and unless attempts are made to reestablish coronary blood flow, signifi-
cant myocardial damage may ensue. Antithrombotic and anticoagulant 
strategies should be instituted, and consideration of coronary revascu-
larization may be indicated.

RECOGNITION OF MYOCARDIAL ISCHEMIA

■■ SIGNS AND SYMPTOMS
Myocardial ischemia is most commonly manifested as constant sub-
sternal chest tightness or pressure. The pain is typically left-sided, may 
radiate to the throat and jaw or to the left shoulder and left arm, and is 
often accompanied by acute onset of dyspnea and diaphoresis. Angina 
may occasionally be right-sided, interscapular, or perceived in the 
epigastrium.

Because other syndromes may mimic angina, it is important to 
consider them in the differential diagnosis. These include dissecting 
aortic aneurysm, pericarditis, pleuritis, pulmonary processes such as 
pulmonary embolism, pneumonia, and pneumothorax, gastrointestinal 
processes such as esophageal or peptic ulcer disease and cholecystitis, 
musculoskeletal pain, and costochondritis. Other heart diseases (valvular  
heart disease, cardiomyopathies, myocarditis), not attributable to coro-
nary artery stenosis, may also cause substernal chest tightness and 
should also be included in the differential diagnosis. The presentation of 
ischemia in postsurgical patients may be subtle. After-effects of surgery 
and medication can mimic or mask the classic features of myocardial 

FIGURE 37-1.  Determinants of myocardial oxygen supply and demand.
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infarction such as substernal chest pain radiating to the arm, neck or jaw, 
dyspnea, nausea, and diaphoresis. The vigilant clinician must therefore 
maintain a high index of suspicion and have a low threshold for obtain-
ing a 12-lead ECG.

The physical examination, although sometimes insensitive and non-
specific, especially in the patient with multisystem illness or with 
preexisting left ventricular dysfunction, may be helpful in confirming 
the diagnosis. Elevated jugular veins signal right ventricular diastolic 
pressure elevation, and the appearance of pulmonary crackles (in the 
absence of pulmonary disease) indicates elevated left ventricular filling 
pressures secondary to depressed left ventricular function. A systolic 
bulge occasionally can be palpated on the precordium near the apex 
of the heart, representing contact of an ischemic dyskinetic segment of  
the left ventricle with the chest wall. During the ischemic episode,  
auscultation may reveal the presence of a fourth heart sound, indicative 
of a noncompliant left ventricle. With extensive myocardial dysfunction, 
a third heart sound may be present. A murmur of mitral regurgitation 
attributable to papillary muscle dysfunction may also emerge.

■■ THE ELECTROCARDIOGRAM
The electrocardiographic (ECG) abnormalities in myocardial ischemia 
vary widely and depend in large part on the extent and nature of coro-
nary stenosis and the presence of collateral blood flow to ischemic zones. 
With acute total occlusion of a coronary artery, the first demonstrable 
ECG changes are peaked T waves changes in the leads reflecting the 
anatomic area of myocardium in jeopardy. As total occlusion continues, 
there is elevation of the ST segments in the same leads. With continued 
occlusion, there is an evolution of ECG abnormalities, with biphasic and 
then inverted T waves. If enough myocardium is infarcted, Q waves, 
which represent unopposed initial depolarization forces away from the 
mass of infarcted myocardium, which has lost electrical activity and 
no longer contributes to the mean QRS voltage vector may appear. The 
formation of Q waves is accompanied by a decrease in the magnitude of 
the R waves in the same leads, representing diminution of voltage in the 
mass of infarcted myocardium. Indeed, loss of R wave voltage, revealed 
by comparison with previous ECG tracings, may be the only ECG evi-
dence for the presence of permanent myocardial damage. It is important 
to note that QRS voltage can be affected by multiple factors, such as lead 
placement, body position, QRS axis shifts, and pericardial and thoracic 
abnormalities that may shield the electrical activity of the heart. These 
conditions are frequently encountered in patients in the ICU and should 
be taken into consideration in interpretation of Q waves and R waves.

Extension of an inferior MI to the posterior segment can be detected 
by enhancement of R waves in the anterior chest leads, since these forces 
are now less opposed by posterior forces. True posterior infarction can 
be subtle, since the only signs may be prominent R waves, tall upright 
T waves and depressed ST segments in leads V1 and V2. Involvement 
of the right ventricle in inferior MI is also not readily detected on the 
standard 12-lead ECG because of the small mass of the right ventricle 
relative to the left ventricle and because of the positioning of the stan-
dard precordial leads away from the right ventricle. RV infarction may 
be detected by ST elevation in recordings from right precordial leads, 
particularly V4R.3

Subtotal occlusion of an epicardial coronary artery may not result 
in ST elevation, but rather in ST depression or only T wave changes in 
the leads reflecting the involved myocardium. These findings are less 
specific for myocardial ischemia than ST elevation, as they may also be 
caused by a myriad of factors besides ischemia, including cardioactive 
drugs, in particular digoxin, and electrolyte disorders, in particular 
hypokalemia. Left ventricular hypertrophy and acute left ventricular 
pressure overload, as might occur in hypertensive crisis, may also result 
in ST depression—the so-called strain pattern. Supraventricular tachy-
cardias have also been shown to result in ST depression, even in the 
absence of coronary artery disease. In the presence of preexisting T-wave 
abnormalities, ST segment, or T wave changes are even less specific for 
ischemia. Ischemia may also be indicated by previously flattened or 

inverted T waves that revert to upright—the so-called pseudonormaliza-
tion of T waves.

The clinician must also be careful not to be fooled by electrocar-
diographic “imposters” of acute infarction, which include pericarditis, 
J-point elevation, Wolff-Parkinson-White syndrome, and hypertrophic 
cardiomyopathy. In pericarditis, ST segments may be elevated, but the 
elevation is diffuse and the morphology of the ST segments in peri-
carditis tends to be concave upward, while that of ischemia is convex. 
Pericarditis may also be distinguished from infarction by the presence 
of PR segment depression in the inferior leads (and also by PR segment 
elevation in lead aVR).4

■■ SILENT ISCHEMIA
Recent interest has focused on “silent” myocardial ischemia, that is, 
objective ECG evidence of myocardial ischemia that is not associated 
with angina or with anginal equivalents.5 Silent myocardial ischemia 
may be an incidental observation on a cardiac monitor or on a routine 
ECG, and consists of transient ST segment depression that may last 
several minutes or even hours. The frequency of episodes of ST seg-
ment depression correlates with the severity of coronary artery disease 
in patients with known coronary artery disease or a history of angina.

Decreased left ventricular function has been associated with episodes 
of silent ST depression.6,7 In patients monitored with pulmonary artery 
(PA) catheters, silent ischemia may be manifested by increased pulmo-
nary artery occlusion pressures, reflecting increased left ventricular 
end-diastolic pressure (LVEDP). Echocardiography may demonstrate 
transient wall motion abnormalities and diminished diastolic com-
pliance. These signs of left ventricular dysfunction may precede ST 
segment changes.6,7

It is important to note that not all episodes of transient ST segment 
depression are attributable to silent ischemia. Nevertheless, should this 
finding be observed on the cardiac monitor, especially in association with 
transient elevation of left ventricular filling pressures, it is prudent to 
consider the possibility of myocardial ischemia as a potential factor com-
plicating the course of the critically ill patient, and to consider additional 
diagnostic measures as above.

■■ CARDIAC BIOMARKERS
Measurement of enzymes released into the serum from necrotic myo-
cardial cells after infarction can aid in the diagnosis of myocardial 
infarction.8 The classic biochemical marker of acute myocardial infarc-
tion is elevation of creatine phosphokinase (CPK) levels. The CPK 
MB isoenzyme is found primarily in cardiac muscle, and only small 
amounts are present in skeletal muscle and brain. CK released from the 
myocardium begins to appear in the plasma 4 to 8 hours after onset of 
infarction, peaks at 12 to 24 hours, and returns to baseline at 2 to 4 days. 
The magnitude of the increase in serum CK level and the rate at which it 
rises and falls are a function of the total mass of myocardium affected, the 
extent and nature of coronary occlusion (eg, total or subtotal occlusion), 
the rate of washout from the infarcted myocardium, and the clearance 
from the body. To be diagnostic for MI, the total plasma CK value must 
exceed the upper limit of normal, and the fraction consisting of the MB 
isoenzyme must exceed a certain value (usually >5%, but depends on the 
CK-MB assay used).

A newer serologic test for the detection of myocardial damage 
employs measurement of cardiac troponins.8 Troponin T and troponin I  
are constituents of the contractile protein apparatus of cardiac muscle, 
and are more specific than the conventional CPK-MB assays for the 
detection of myocardial damage. Their use is becoming more widespread, 
and has superseded the use of CPK MB in most settings.8 Troponins are 
also more sensitive for the detection of myocardial damage, and troponin 
elevation in patients without ST elevation (or in fact, without elevation 
of CPK-MB) identifies a subpopulation at increased risk for complica-
tions. Rapid point-of-care troponin assays, which have become available 
in the past few years, have further extended the clinical utility of this 
marker. Troponins may not be elevated until 6 hours after an acute 
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event, and so critical therapeutic interventions should not be delayed 
pending assay results. Once elevated, troponin levels can remain high 
for days to weeks, limiting their utility to detect late reinfarction.

One challenge with use of troponins in the intensive care unit is that 
their elevation may not be confined to acute coronary syndromes. A 
number of other conditions prevalent in the critical care setting, includ-
ing sepsis, burns, pulmonary embolism, myocarditis, and renal failure, 
have been associated with increases in troponin, albeit at levels lower 
than those usually seen with large myocardial infarctions.9 Detectable 
troponin levels in critically ill patients, although they usually emanate 
from myocardial cells, may not always represent either irreversible 
cell death or myocardial ischemia. Endotoxin, cytokines, and other 
inflammatory mediators, along with catecholamines and conditions 
such as hypotension, inotropes or hypoxia may cause the breakdown 
of cytoplasmic troponin into smaller fragments that can pass through 
endothelial monolayers and subsequently be detected by sensitive assays 
for troponin.10 In any event, isolated troponin elevation in the absence of 
ECG changes or other clinical signs of ischemia should be evaluated in 
the clinical context. In some settings, echocardiography to evaluate for 
new wall motion abnormalities may be useful.

■■ ECHOCARDIOGRAPHY
To the physician confronted with a critically ill patient, echocar-
diography can be a key element in successful differential diagnosis.11 
Echocardiography is simple, safe, and permits systemic interrogation 
of cardiac chamber size, left and right ventricular function, valvular 
structure and motion, atrial size, and the anatomy of the pericardial 
space. The presence of segmental left ventricular wall motion abnor-
malities suggests compromise of blood flow to those segments.12 Doppler 
interrogation can be used for noninvasive assessment of right and left 
ventricular filling pressures, pulmonary artery pressures, stroke volume, 
and cardiac output.

Echocardiography is particularly useful in the evaluation of patients 
with acute heart failure or suspected cardiogenic shock, and early 
echocardiography should be routine.13 Expeditious evaluation of global 
and regional left ventricular performance is crucial for management of 
congestive heart failure, with or without suspected myocardial ischemia.

Echocardiography is also extremely valuable for the rapid diagnosis of 
mechanical causes of shock after myocardial infarction such as papillary 

muscle rupture and acute mitral regurgitation, acute ventricular septal 
defect, and free wall rupture and tamponade.14 In some cases, echo-
cardiography may reveal findings compatible with right ventricular 
infarction. Echocardiography can also reveal alternative diagnoses, 
such as valvular abnormalities, pericardial tamponade, or hypertrophic 
cardiomyopathy. Acute right heart failure, manifested by a dilated and 
hypokinetic right ventricle without hypertrophy suggestive of chronic 
pulmonary hypertension, can suggest pulmonary embolism.15

Transthoracic echocardiographic images may be suboptimal due to 
a poor acoustic window in critically ill patients, particularly those who 
are obese, have chronic lung disease, or are on positive pressure ventila-
tion. Contrast echocardiography may be used to improve image quality.16 
Transesophageal echocardiography (TEE) can also provide better visual-
ization, particularly of valvular structures, and can be performed safely 
at the bedside.

■■ HEMODYNAMIC MONITORING
In patients with hemodynamic instability that does not improve relatively 
quickly with simple therapeutic maneuvers, invasive hemodynamic 
monitoring should be considered. Pulmonary artery catheterization 
(PAC) provides simultaneous assessment of filling pressures and cardiac 
output, and can be quite useful for differential diagnosis in critically ill 
patients. In patients with hypoxemia and pulmonary infiltrates on chest 
x-ray, a frequent dilemma in ICU patients, PAC may be used to differen-
tiate cardiac from pulmonary causes. Right heart catheterization is also 
quite useful in the differential diagnosis of shock. Hemodynamic profiles 
of patients with different forms of shock are shown in Table 37-1. It is 
important to recognize the possibility of mixed forms of shock in criti-
cally ill patient. For example, patients with myocardial infarction, even 
in the presence of significant left ventricular dysfunction and suspected 
cardiogenic shock, can be relatively volume depleted, perhaps due to 
diaphoresis and/or vomiting.13,17

Hemodynamic monitoring can also be useful in the diagnosis of 
mechanical complications of infarction, although most causes are more 
easily identified with echocardiography. Right heart catheterization may 
reveal a step-up in hemoglobin oxygen saturation diagnostic of ven-
tricular septal rupture. The waveform of the PAOP tracing may reveal 
a prominent V wave (10 mm Hg above the mean PAOP is regarded as 
significant) suggesting severe mitral regurgitation, although V waves 

  TABLE 37-1    Use of Right Heart Catheterization to Diagnose the Etiology of Shock

Diagnosis
Pulmonary Artery 
Occlusion Pressure Cardiac Output SVR Miscellaneous Comments

Cardiogenic Shock

  Cardiogenic shock due to myocardial dysfunction ⇑⇑ ⇓⇓ ⇑⇑ Usually extensive infarction (>40% of LV), severe cardiomyopathy, or myocarditis

  Cardiogenic shock due to mechanical defects

    Acute ventricular septal defect ⇑ ⇓⇓ ⇑⇑ Oxygen “step-up” at RV level

    Acute mitral regurgitation ⇑⇑ Forward CO ⇓⇓ ⇑ V waves in PAOP tracing

    Right ventricular infarction Normal or ⇓ ⇓⇓ ⇑⇑ Elevated RA and RV filling pressures with low or normal PAOP

Extracardiac Obstructive Forms of Shock

  Pericardial tamponade ⇑ ⇓ or ⇓⇓ ⇑⇑ RA mean, RV end-diastolic pulmonary capillary wedge mean pressures are 
elevated and within 5 mm Hg of one another

  Massive pulmonary embolism normal or ⇓ ⇓⇓ ⇑⇑ Usual finding is elevated right-sided pressures

Hypovolemic Shock ⇓⇓ ⇓⇓ ⇑⇑

Distributive Forms of Shock

  Septic shock ⇓ or normal ⇑ or normal, rarely ⇓ ⇓⇓

  Anaphylactic shock ⇓ or normal ⇑ or normal ⇓⇓

CO, cardiac output; LV, left ventricle; PAOP, pulmonary artery occlusion pressure; RA, right atrium; RV, right ventricle; SVR, systemic vascular resistance.

⇑⇑ or ⇓⇓ designates a moderate to severe increase or decrease; ⇑ or ⇓ designates a mild to moderate increase or decrease.

section03.indd   296 1/23/2015   2:07:19 PM

http://www.myuptodate.com


CHAPTER 37: Myocardial Ischemia 297

may be present in acute ventricular septal rupture as well. Equalization 
of diastolic filling pressures may suggest pericardial tamponade. The 
hemodynamic profile of RV infarction includes high right-sided filling 
pressures in the presence of normal or low occlusion pressures.18

Right heart catheterization is most useful, however, to optimize ther-
apy in unstable patients. Infusions of vasoactive agents need to be titrated 
carefully in patients with myocardial ischemia to maximize coronary 
perfusion pressure with the least possible increase in myocardial oxygen 
demand. Invasive hemodynamic monitoring can be extremely useful in 
allowing optimization of therapy in these unstable patients, because clini-
cal estimates of filling pressure can be unreliable19; in addition, changes 
in myocardial performance and compliance and therapeutic interven-
tions can change cardiac output and filling pressures precipitously. 
Optimization of filling pressures and serial measurements of cardiac 
output (and other parameters, such as mixed venous oxygen saturation) 
allow for titration of the dosage of inotropic agents and vasopressors 
to the minimum dosage required to achieve the chosen therapeutic 
goals. This minimizes the increases in myocardial oxygen demand and 
arrhythmogenic potential.20 Although PAC is useful to obtain indices of 
cardiac output to guide the use of inotropic agents and to obtain filling 
pressures on a serial basis to guide the use of both vasopressors and 
vasodilators, other methods of obtaining these indices are reasonable 
as well.

MANAGEMENT OF ANGINA
As previously noted, myocardial ischemia results from an imbalance of 
myocardial oxygen supply and demand. Patients with a history of stable 
angina who develop chest pain while in the critical care setting are 
best treated by removal of provocative stimuli that increase myocardial  
oxygen consumption or lead to compromised coronary blood flow, if 
these factors can be identified. For example, correction of hypoxia, ane-
mia, hypovolemia, tachycardia, or labile hypertension may be sufficient 
to control anginal episodes. Often overlooked are fever, infection, anxi-
ety, stress, activity, and the work of breathing. Antianginal medications 
the patient was receiving before hospitalization should be continued, 
and the doses possibly increased.

In instances of refractory angina or where provocative stimuli cannot 
be ameliorated, it may be necessary to perform coronary angiography 
and revascularization of the culprit vessels (preferably percutane-
ously), especially if the myocardial ischemia is complicating patient 
management.

■■ ASPIRIN
Aspirin is the best known and the most widely used of all the antiplatelet 
agents because of its low cost and relatively low toxicity. Use of salicylates 
to treat coronary artery disease in the United States was first reported in 
1953.21 Aspirin inhibits the production of thromboxane A2 by irreversibly 
acetylating the serine residue of the enzyme prostaglandin H2 synthetase.

Aspirin has also been shown to be beneficial in preventing cardiovas-
cular events when administered as secondary prevention in patients after 
acute myocardial infarction and as primary prevention in subjects with no 
prior history of vascular disease.22 Doses of aspirin used in cardiovascular 
disease range between 81 mg and 325 mg daily.23 Despite the fact aspirin 
blocks thromboxane preferentially to prostacyclin at low doses and thus 
has a more profound antiplatelet effect, high-dose aspirin has been found 
to be as effective as low-dose aspirin in cardiovascular prevention, which 
may suggest that besides its antiplatelet effects, anti-inflammatory effects 
of aspirin play a role as well.24 Once begun, aspirin should probably be 
continued indefinitely. Toxicity with aspirin is mostly gastrointestinal; 
enteric-coated preparations may minimize these side effects.

■■ NITRATES
Nitroglycerin is a mainstay of therapy for angina because of its effi-
cacy and rapid onset of action. The most important antianginal effect 
of nitroglycerin is preferential dilation of venous capacitance vessels, 

decreasing venous return. A reduction in myocardial oxygen demand 
and consumption results from the reduction of LV volume and arterial 
pressure primarily due to reduced preload.25 At higher doses, in some 
patients, nitroglycerin relaxes arterial smooth muscle as well, causing 
a modest decrease in afterload, which also contributes to wall stress.25 
In addition, nitroglycerin can dilate epicardial coronary arteries, and 
nitroglycerin redistributes coronary blood flow to ischemic regions by 
dilating collateral vessels. Nitroglycerin has antithrombotic and anti-
platelet effects as well.

The quickest route of administration of nitroglycerin is sublingual. 
Sublingual doses of 0.4 mg may be administered every 5 to 10 minutes to 
a total of three doses, if required to control pain. Topical or oral nitrates 
may be used for chronic therapy.

In patients with unstable angina, if sublingual nitroglycerin does not 
cause chest pain to resolve completely, intravenous nitroglycerin should 
be administered, starting at a dose of 10 to 20 µg/min. This dose may 
be titrated upward as tolerated in increments of 10 to 20 µg/min every 
5 to 10 minutes. An upper limit of 400 µg/min is usually accepted as 
maximal; above this dose there is usually no further clinical response. 
Because of its hemodynamic actions, systemic blood pressure may fall 
after nitroglycerin administration, so frequent blood pressure checks 
are required; untoward decreases in blood pressure can compromise 
coronary perfusion. Hypotension usually resolves with Trendelenburg 
position and/or intravenous saline boluses.

■■ β-BLOCKERS
The rationale for administration of β-blockers during ischemic episodes 
derives from their negative chronotropic and negative inotropic proper-
ties. Heart rate and contractility are two of the three major determinants of 
myocardial oxygen consumption. By altering these variables, myocardial 
ischemia can be attenuated significantly.26 These agents are particularly 
effective in patients with angina who remain tachycardic or hypertensive 
(or both) and in patients with supraventricular tachycardia complicat-
ing myocardial ischemia. Rapid control can be achieved by intravenous 
administration of metoprolol, a β1-selective blocker, in 5 mg increments 
every 5 minutes up to 15 mg. Thereafter, 25 to 50 mg every 6 hours can 
be given orally.

β-Blockers should be used with caution in patients with marginal 
blood pressure, preexisting bradycardia, AV nodal conduction distur-
bances, and evidence for left ventricular failure, as well as those with 
bronchospastic disease. A short-acting intravenous β-blocker, such as 
esmolol, may be the preferred agent in patients who have the potential 
for hemodynamic instability or who have relative contraindications.

■■ CALCIUM CHANNEL BLOCKERS
Non-dihydropyridine calcium channel blockers (verapamil and diltiazem) 
also have negative chronotropic and inotropic effects, and can be used to 
control myocardial oxygen demand in patients with ischemia. Both can be 
given as intravenous boluses, starting with low doses (diltiazem 10-20 mg, 
verapamil 2.5 mg), and can then be infused continuously.

Calcium channel blockers are particularly useful in the setting of 
coronary vasospasm, because they cause direct dilation of coronary vas-
cular smooth muscle. Vasospasm can produce variant angina in patients 
with mild or no coronary artery disease (Prinzmetal’s angina), or aggra-
vate ischemia in patients with atherosclerotic coronary stenoses that are 
subcritical but serve as sites of vasospasm, possibly as a consequence 
of abnormalities of the underlying smooth muscle or derangements in 
endothelial physiology.27 The illicit use of cocaine is increasingly being 
recognized as a cause of coronary vasospasm leading to angina and 
myocardial ischemia. Coronary vasospasm usually presents with ST 
elevation associated with chest pain, and can be difficult to differentiate 
from vessel closure due to coronary thrombosis. Consideration of the 
clinical setting, rapid fluctuation of ST segments, and prompt resolu-
tion with nitrates can provide useful clues. Variant angina attributable 
to vasospasm responds well to treatment with calcium channel blockers.
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■■ ANGIOTENSIN CONVERTING ENZYME INHIBITORS
Angiotensin converting enzyme (ACE) generates angiotensin II from 
angiotensin I and also catalyzes the breakdown of bradykinin. Thus ACE 
inhibitors can decrease circulating angiotensin II levels and increase 
levels of bradykinin, which in turn stimulates production of nitric oxide 
by endothelial nitric oxide synthase. In the vasculature, ACE inhibition 
promotes vasodilation, and tends to inhibit smooth muscle proliferation, 
platelet aggregation, and thrombosis.

The major hemodynamic effect of ACE inhibition is afterload reduc-
tion, which is most important as an influence of myocardial oxygen 
demand in patients with impaired left ventricular function. A recent 
study, however, has demonstrated that ACE inhibition may be beneficial 
to prevent recurrent events in high-risk patients. The HOPE trial of 
9297 patients with documented vascular disease or atherosclerosis risk 
factor showed that ramipril (target dose 10 mg/d) reduced cardiovas-
cular death, myocardial infarction (MI), and stroke by 22% compared 
to placebo.28 Patients were normotensive at the start of the trial, and 
the magnitude of benefit observed was not explained by the modest 
reduction in blood pressure (2-3 mm Hg).28 The ACC/AHA guidelines 
recommend use of ACE inhibitors in most cases as routine secondary 
prevention for patients with known CAD, particularly in diabetics with-
out severe renal disease.29

■■ LIPID-LOWERING AGENTS
Extensive epidemiologic, laboratory, and clinical evidence provides 
a convincing relationship between cholesterol and coronary artery 
disease. Total cholesterol level has been linked to the development 
of CAD events with a continuous and graded relation, with a close 
association with LDL cholesterol.30 Numerous large primary and sec-
ondary prevention trials have shown that LDL cholesterol lowering is 
associated with a reduced risk of coronary disease events. The earli-
est lipid-lowering trials used bile-acid sequestrants (cholestyramine), 
fibric acid derivatives (gemfibrozil and clofibrate), or niacin in addition 
to diet, achieving a reduction in total cholesterol of 6% to 15%, accom-
panied by a consistent trend toward a reduction in fatal and nonfatal 
coronary events.31

HMG-CoA reductase inhibitors (statins) produce larger reductions in 
cholesterol, with more impressive clinical results. Statins have been dem-
onstrated to decrease the rate of adverse ischemic events and mortality 
when used both as primary prevention in high-risk patients,32,33 and as 
secondary prevention in patients with documented CAD.34-36 The goal 
of treatment is an LDL cholesterol level less than 100 mg/dL,37 although 
there appears to be a linear relationship between LDL levels and events, 
and many clinicians recommend an LDL goal of <70 mg/dL, especially 
for secondary prevention. Maximum benefit may require management 
of other lipid abnormalities (elevated triglycerides, low HDL cholesterol) 
and treatment of other atherogenic risk factors.

■■ REFRACTORY ANGINA

Intra-Aortic Balloon Pump Counterpulsation:  When angina remains 
refractory to maximal medical therapy, intra-aortic balloon pump coun-
terpulsation may be considered. The intra-aortic balloon pump (IABP) 
is a device that is inserted via the femoral artery into the descending 
thoracic aorta just distal to the aortic arch. A 40-mL balloon at the tip 
of the catheter is inflated in diastole by a pneumatic pump in synchrony 
with closure of the aortic valve, and is deflated on opening of the aortic 
valve. Inflation and deflation are gated to the R and T waves on the ECG 
or to the arterial pressure recording. By deflating during ventricular 
systole, ventricular afterload is reduced, resulting in significant decreases 
in myocardial wall stress and significant decreases in myocardial oxygen 
requirements.38 Furthermore, inflation during diastole augments coro-
nary blood flow by increasing coronary perfusion pressure. The main 
way in which an IABP relieves myocardial ischemia is by decreasing 
oxygen demand through afterload reduction.39

Use of an IABP is indicated in unstable angina when the angina and 
attendant ECG abnormalities are persistent and refractory to maximal 
pharmacologic therapy. An IABP also may be inserted in patients who 
are stable and have undergone angiography but in whom precarious 
coronary lesions (eg, left main coronary artery stenosis) have been 
identified. Typically, these patients are maintained on the device while 
awaiting surgery or angioplasty.

Although insertion of an IABP can result in immediate and dra-
matic relief of myocardial ischemia, there are potential complications,38 
including aortic dissection, bleeding, femoral neuropathies, renal failure 
from renal artery occlusion, arterial thrombi and emboli, limb ischemia, 
and line sepsis. These potential complications must be weighed in deter-
mining whether an IABP should be inserted.

Coronary Angiography:  If anginal symptoms persist despite maximal 
medical therapy, coronary angiography with an aim toward possible 
revascularization should be considered. Frequent anginal episodes or 
episodes that are difficult to control with conventional antianginal 
medications may suggest impending infarction. Under these circum-
stances, early angiography is indicated. In cases in which the patient 
is stabilized readily with pharmacologic agents, angiography may be 
delayed or even deferred altogether. One must keep in mind that coro-
nary angiography is not a therapeutic intervention, but a diagnostic 
test. Angiography is of little tangible value if there are no viable revas-
cularization options. The optimal timing of angiography in patients 
with non-ST elevation acute syndromes is a separate and evolving 
issue that will be considered in the section on NSTEMI.

ST ELEVATION MYOCARDIAL INFARCTION
Symptoms suggestive of MI may be similar to those of ordinary angina 
but are usually greater in intensity and duration. Nausea, vomiting, and 
diaphoresis may be prominent features, and stupor and malaise attrib-
utable to low cardiac output may occur. Compromised left ventricular 
function may result in pulmonary edema with development of pulmo-
nary bibasilar crackles and jugular venous distention; a fourth heart 
sound can be present with small infarcts or even mild ischemia, but a 
third heart sound is usually indicative of more extensive damage.

Patients presenting with suspected myocardial ischemia should 
undergo a rapid evaluation. A 12-lead electrocardiogram should be 
performed and interpreted expeditiously. Initial therapy should include 
aspirin, 160 to 325 mg orally, sublingual nitroglycerin (unless systolic 
pressure is <90 mm Hg), and usually oxygen, even though hard evidence 
for benefits of oxygen in patients without hypoxia is not compelling.40,41 
Opiates should be used to relieve pain, and also to reduce anxiety, the 
salutary effects of which have been known for decades and must not 
be underestimated. It is also important to provide reassurance to the 
patient.

ST-segment elevation of at least 1 mV in two or more contiguous leads 
provides strong evidence of thrombotic coronary occlusion, the patient 
should be considered for immediate reperfusion therapy. The diagnosis 
of STEMI can be limited in the presence of preexisting left bundle-
branch block (LBBB) or a permanent pacemaker. Nonetheless, new 
LBBB with a compatible clinical presentation should be treated as acute 
myocardial infarction and treated accordingly. Indeed, data suggest that 
patients with STEMI and new LBBB may stand to gain even greater 
benefit from reperfusion strategies than those with ST elevation.42

■■ THROMBOLYTIC THERAPY
Early reperfusion of an occluded coronary artery is indicated for all 
eligible candidates. Overwhelming evidence from multiple clinical trials 
demonstrates the ability of thrombolytic agents administered early in 
the course of an acute MI to reduce infarct size, preserve left ventricular 
function, and reduce short-term and long-term mortality.43,44 Patients 
treated early derive the most benefit. Indications and contraindications 
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for thrombolytic therapy are listed in Table 37-2. Because of the small, 
but nonetheless significant, risk of a bleeding complication, most notably 
intracranial hemorrhage, selection of patients with acute MI for admin-
istration of a thrombolytic agent should be undertaken with prudence 
and caution. That is of special importance in ICU patients, who may 
have a predisposition to bleeding complications because of multiple  
factors. In the surgical patient, fibrinolysis may pose a prohibitive risk 
and emergent coronary angiography (with percutaneous coronary  
intervention [PCI] as clinically indicated) may be preferable.

In contrast to the treatment of STEMI, fibrinolytics have shown no 
benefit and an increased risk of adverse events when used for the treat-
ment of unstable angina/NSTEMI.45 Based on these findings, there is 
currently no role for thrombolytic agents in these latter syndromes.

Thrombolytic Agents:  Streptokinase was the original lytic agent used in 
MI, but has now been superseded by tissue plasminogen activator (t-PA), 
a recombinant protein that is more fibrin-selective than streptokinase and 
produces a higher early coronary patency rate (70%-80%). The Global 
Utilization of Streptokinase and Tissue Plasminogen Activator for Occluded 
Coronary Arteries (GUSTO) trial compared SK to t-PA in 41,101 patients 
with STEMI, and demonstrated a small but significant survival benefit for 
t-PA (1.1% absolute, 15% relative reduction).46 The GUSTO angiographic 
substudy showed that the difference in clinical efficacy resulted from the 
difference in patency rates.47 t-PA is usually given in an accelerated regimen 
consisting of a 15-mg bolus, 0.75 mg/kg (up to 50 mg) IV over the initial  
30 minutes, and 0.5 mg/kg (up to 35 mg) over the next 60 minutes.

Reteplase (r-PA), is a deletion mutant of t-PA with an extended half-
life, and is given as two 10-mg boluses 30 minutes apart. Reteplase was 
originally evaluated in angiographic trials which demonstrated improved 
coronary flow at 90 minutes compared to t-PA, but subsequent trials 
showed similar 30-day mortality and bleeding rates.48

Tenecteplase (TNK-t-PA) is a genetically engineered t-PA mutant with 
amino acid substitutions that result in prolonged half-life, resistance to 
plasminogen-activator inhibitor-1, and increased fibrin specificity. 

TNK-t-PA is given as a single bolus, adjusted for weight. A single bolus 
of TNK-t-PA has been shown to produce coronary flow rates identical 
to those seen with accelerated t-PA, with equivalent 30-day mortality 
and bleeding rates.49

Because these newer agents in general have equivalent efficacy and side 
effect profiles, at no current additional cost compared to t-PA, and because 
they are simpler to administer, they have gained popularity. An ideal fibri-
nolytic agent would have greater fibrin specificity, slower clearance from 
the circulation, and more resistance to plasma protease inhibitors, but has 
not yet been developed.

■■ PRIMARY PCI IN ACUTE MYOCARDIAL INFARCTION
The major advantages of primary PCI over thrombolytic therapy include 
a higher rate of normal (TIMI grade 3)44 flow, lower risk of intracranial 
hemorrhage and the ability to stratify risk based on the severity and 
distribution of coronary artery disease. Patients ineligible for fibrinolytic 
therapy obviously should be considered for primary PCI. In addition, data 
from several randomized trials have suggested that PCI is preferable to 
thrombolytic therapy for AMI patients at higher risk, including those over 
75 years old, those with anterior infarctions, and those with hemodynamic 
instability.50,51 The largest of these trials is the GUSTO-IIb Angioplasty 
Substudy, which randomized 1138 patients. At 30 days, there was a clinical 
benefit in the combined primary end points of death, nonfatal reinfarc-
tion, and nonfatal disabling stroke in the patients treated with PTCA 
compared to t-PA, but no difference in the “hard” end points of death and 
myocardial infarction at 30 days.51

Meta-analyses comparing direct PCI with thrombolytic therapy found 
lower rates of mortality and reinfarction among those receiving direct 
PCI.52,53 Thus, direct angioplasty, if performed in a timely manner 
(ideally within 60 minutes) by highly experienced personnel, may be 
the preferred method of revascularization since it offers more complete 
revascularization with improved restoration of normal coronary blood 
flow and detailed information about coronary anatomy. There are certain 
subpopulations in which primary PCI is clearly preferred, and other 
populations in which the data are suggestive of benefit. These subsets are 
listed in Table 37-3. More important than the method of revasculariza-
tion is the time to revascularization, and that this should be achieved in 
the most efficient and expeditious manner possible.54 It is important to 
keep in mind that early, complete, and sustained reperfusion after myo-
cardial infarction is known to decrease 30-day mortality. The preferred 
method for reperfusion in STEMI is PCI only if it can be done within 
a timely manner. Practical considerations regarding transport to a PCI 
capable facility should be carefully reviewed before foregoing fibrinolyt-
ics for PCI. Early recognition and diagnosis of STEMI are key to achiev-
ing the desired door-to-needle (or medical contact–to-needle) time for 
initiation of fibrinolytic therapy of 30 minutes or door-to-balloon (or 
medical contact–to-balloon) time for PCI under 90 minutes.41 Achieving 
reperfusion in timely matter correlates with improvement in ultimate 

  TABLE 37-2   � Indications for and Contraindications to Thrombolytic Therapy in 
Acute Myocardial Infarction

Indications

•	 Symptoms consistent with acute myocardial infarction
•	 ECG showing 1-mm (0.1 mV) ST elevation in at least two contiguous leads, or new left  

bundle-branch block
•	 Presentation within 12 hours of symptom onset
•	 Absence of contraindications

Contraindications

  Absolute

•	 Active internal bleeding
•	 Intracranial neoplasm, aneurysm, or A-V malformation
•	 Stroke or neurosurgery within 6 weeks
•	 Trauma or major surgery within 2 weeks which could be a potential source of serious 

rebleeding
•	 Aortic dissection

  Relative

•	 Prolonged (>10 minutes) or clearly traumatic cardiopulmonary resuscitationa

•	 Noncompressible vascular punctures
•	 Severe uncontrolled hypertension (>200/110 mm Hg)a

•	 Trauma or major surgery within 6 weeks (but more than 2 weeks)
•	 Preexisting coagulopathy or current use of anticoagulants with INR >2-3
•	 Active peptic ulcer
•	 Infective endocarditis
•	 Pregnancy
•	 Chronic severe hypertension

aCould be an absolute contraindication in low-risk patients with myocardial infarction.

  TABLE 37-3   � Situations in Which Primary Angioplasty Is Preferred in Acute  
Myocardial Infarction

Situations in Which PTCA Is Clearly Preferable to Thrombolytics

•	 Contraindications to thrombolytic therapy
•	 Cardiogenic shock
•	 Patients in whom uncertain diagnosis prompted cardiac catheterization which revealed  

coronary occlusion

Situations in Which PTCA May Be Preferable to Thrombolytics

•	 Elderly patients (>75 years)
•	 Hemodynamic instability
•	 Patients with prior coronary artery bypass grafting
•	 Large anterior infarction
•	 Patients with prior myocardial infarction
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infarct size, left ventricular function, and survival.55,56 The ultimate goal 
is to restore adequate blood flow through the infarct-related artery to  
the infarct zone as well as to limit microvascular damage and reperfusion 
injury. The latter is accomplished with adjunctive and ancillary treat-
ments that will be discussed below.

Coronary Stenting:  Primary angioplasty for acute myocardial infarc-
tion results in a significant reduction in mortality but is limited by the  
possibility of abrupt vessel closure, recurrent in-hospital ischemia, reoc-
clusion of the infarct related artery, and restenosis. The use of coronary 
stents has been shown to reduce restenosis and adverse cardiac outcomes 
in both routine and high-risk PCI.57 The PAMI Stent Trial was designed 
to test the hypothesis that routine implantation of an intracoronary 
stent in the setting of myocardial infarction would reduce angiographic 
restenosis and improve clinical outcomes compared to primary balloon 
angioplasty alone. This large, randomized, multicenter trial involving 
900 patients did not show a difference in mortality at 6 months but did 
show improvement in ischemia-driven target vessel revascularization 
and less angina in the stented patients compared to balloon angioplasty 
alone.58 Despite the lack of definite data demonstrating mortality ben-
efit, virtually all of the trials investigating adjunctive therapy for STEMI 
have employed a strategy of primary stenting, and stenting is becoming 
the default strategy. Whether to use a bare metal stent or a drug eluting 
stent in acute MI is a question that has not yet been addressed defini-
tively by clinical trials; selection is currently based on both patient and 
angiographic characteristics.

■■ ADJUNCTIVE THERAPIES TO PRIMARY PCI

Aspirin:  Aspirin is the best known and the most widely used of all 
the antiplatelet agents because of low cost and relatively low toxicity. 
Aspirin has been shown to reduce mortality in acute infarction to the 
same degree as fibrinolytic therapy, and its effects are additive to fibri-
nolytics.59 In addition, aspirin reduces the risk of reinfarction. Unless 
contraindicated, all patients with a suspected acute coronary syndrome 
(STEMI, NSTEMI, unstable angina) should be given aspirin as soon 
as possible.

Thienopyridines:  Thienopyridines are oral antiplatelet agents that block 
the platelet adenosine diphosphate (ADP) receptor and thus inhibit 
activation and aggregation. Currently used thienopyridines include 
clopidogrel and prasugrel. Clopidogrel is a pro-drug converted in the 
liver to the active thiol metabolite via cytochrome P450 (CYP). This 
active metabolite irreversibly binds to the P2Y12 component of the ADP 
receptor on the platelet surface, which prevents activation of the GPIIb/
IIIa receptor complex and reduces platelet aggregation for the remainder 
of the platelet’s lifespan, which is approximately 7 to 10 days. Onset of 
inhibition of platelet aggregation is dose-dependent, with a 300- to 600-
mg loading dose achieving inhibition of platelets within 2 hours (peak 
effect 3-6 hours)60 whereas a dose of 50 to 100 mg achieves inhibition of 
platelets in about 24 to 48 hours (peak effect 5-7 days).61

Clopidogrel in combination with aspirin was shown to reduce the 
composite end point of infarct artery patency or death or recurrent 
MI before angiography when given in conjunction with fibrinolytic 
therapy, heparin, and aspirin in the 3491 patient CLARITY TIMI-28 
trial.62 When the 1863 patients in CLARITY TIMI-28 that underwent 
PCI were examined, retreatment with clopidogrel in addition to aspirin 
resulted in a significant reduction in cardiovascular death, MI, or stroke 
at 30 days (7.5% vs 12.0%; p = 0.001) without causing excess bleeding,63 
It is therefore routine practice to administer a loading dose of clopido-
grel 300 mg or 600 mg prior to PCI regardless of the physician’s concern 
that the patient might need coronary artery bypass grafting (CABG) in 
the near future.

Some patients are considered clopidogrel nonresponders, usually 
defined as a reoccurrence of cardiovascular events while on the recom-
mended dose. Both ex vivo assays measuring the degree of inhibition of 
platelet aggregation and genetic tests for alleles that affect clopidogrel 

absorption and metabolism have been used to assess clopidogrel respon-
siveness.64,65 Clinical trials have not shown increased efficacy with higher 
clopidogrel dosing in nonresponders, however,66 and testing for clopido-
grel resistance has not been shown to change outcome.

Prasugrel is a recently approved thienopyridine that irreversibly binds 
to the P2Y12 component of the ADP receptor with a more rapid onset of 
action.67 Prasugrel is metabolized more completely to active drug than 
clopidogrel, resulting in a higher level of inhibition of platelet aggrega-
tion. The onset of inhibition of platelet aggregation is dose dependent 
and can be achieved in <30 minutes at a dose of 60 mg, but peak effect 
occurs in approximately four hours.68 Prasugrel (given as a loading 
dose of 60 mg followed by maintenance dose of 10 mg) decreased the 
combined end point of death, MI, and stroke compared to clopidogrel 
(300 mg load, followed by 75 mg maintenance) in the randomized, 
double-blind TRITON-TIMI 38 trial of 13,608 ACS patients under-
going PCI for ACS (3534 STEMI, 10,074 UA/NSTEMI).69 The rate of 
major bleeding was higher in the prasugrel group, as was the rate of life-
threatening bleeding. A post-hoc analysis of the trial showed harm with 
prasugrel patients with a history of TIA or stroke, and no benefit with 
patients in which prasugrel was found to be harmful or >75 or body 
weight <60 kg, so caution is warranted in these groups.69

Dual antiplatelet therapy with aspirin and thienopyridines is given to all 
patients undergoing PCI, as described above. However, data suggest that 
even patients not undergoing PCI benefit from the addition of clopidogrel 
to aspirin. In the COMMIT-CCS-2 trial, a broad population of 45,852 
unselected patients with ST-elevation MI, only 54% of patients were 
treated with fibrinolytics, and most of the rest had no revascularization 
at all.70 Clopidogrel added to aspirin decreased all-cause mortality from 
8.1% to 7.5% (p = 0.03), without increased bleeding in the clopidogrel 
group.70 On the basis of these data, patients presenting with MI should be 
considered for a thienopyridine regardless of whether or not they under-
went reperfusion therapy. The optimal duration of thienopyridine use in 
this population has yet to be defined.

Glycoprotein IIb/IIIa Receptor Antagonists:  Glycoprotein IIb/IIIa receptor 
antagonists inhibit the final common pathway of platelet aggrega-
tion, blocking crosslinking of activated platelets, and are often used 
in percutaneous intervention.71-73 Three agents are currently avail-
able. Abciximab is a chimeric murine-human monoclonal antibody 
Fab fragment with a short plasma half-life (10-30 minutes) but a long 
duration of biologic action. Tirofiban is a small molecule, synthetic 
nonpeptide agent with a half-life of approximately 2.5 hours and a lower 
receptor affinity than abciximab. Eptifibatide is a small molecule, cyclic 
heptapeptide with a 2-hour half-life.

In the era of dual antiplatelet therapy using a thienopyridine 
and aspirin, the role of addition of a glycoprotein IIb/IIIa inhibi-
tor in primary angioplasty for STEMI is uncertain. Studies such as 
the ADMIRAL and CADILLAC trials conducted prior to the use of 
dual antiplatelet therapy established the efficacy of abciximab in pri-
mary PCI (with or without stenting) in patients with STEMI.74,75 The 
results of recent clinical trials have raised questions about whether 
glycoprotein IIb/IIIa antagonists have additional utility when added 
to dual antiplatelet therapy in patients with STEMI.76-78 When either 
abciximab or placebo was added to 600 mg of clopidogrel in 800 
patients undergoing primary stenting in the BRAVE-3 trial, there 
was no difference in either infarct size or the secondary composite  
end point of death, recurrent myocardial infarction, stroke, or urgent 
revascularization of the infarct-related artery.76 Similar findings were 
seen in ON-TIME 2, in which tirofiban added to dual antiplatelet ther-
apy in 984 patients with STEMI prior to transport for PCI improved 
resolution of ST segment elevation, but had no significant difference 
in the 30-day composite end point of death, recurrent MI, or urgent 
target-vessel revascularization.78 The current guidelines suggest that 
when a STEMI patient is treated with a thienopyridine and aspirin plus 
an anticoagulant such as UFH or bivalirudin, the use of a glycoprotein 
IIb/IIIa inhibitor at the time of PCI may be beneficial but cannot be 
recommended as routine.41
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Anticoagulants:  Administration of full-dose heparin after thrombolytic 
therapy with t-PA is essential to diminish reocclusion after successful 
reperfusion.43,59 Dosing should be adjusted to weight, with a bolus of 
60 U/kg up to a maximum of 4000 U and an initial infusion rate of 
12 U/kg/h up to a maximum of 1000 U/h, with adjustment to keep 
the partial thromboplastin time (PTT) between 50 and 70 seconds.79 
Heparin should be continued for 24 to 48 hours. For patients undergo-
ing PCI who have already been treated with aspirin and a thienopyri-
dine, both unfractionated heparin or bivalirudin (with or without prior 
heparin administration) are acceptable anticoagulant regimens.41

Bivalirudin is 20-amino acid peptide based on the structure of hiru-
din, a natural anticoagulant isolated from the saliva of the medicinal 
leech, Hirudo medicinalis; bivalirudin is a direct thrombin inhibitor that 
inhibits both clot-bound and circulating thrombin. It is administered 
as an initial bolus of 0.75 mg/kg, followed by a continuous infusion at 
1.75 mg/kg/h for the duration of PCI, with adjustments for patients 
with renal dysfunction. Bivalirudin is at least as good as heparin plus 
a glycoprotein IIb/IIIa inhibitor in reducing ischemic events associ-
ated with unstable angina and/or non-ST elevation myocardial infarc-
tion with the added benefit of a reduction in bleeding.80 The potential 
role of bivalirudin in STEMI was clarified by HORIZONS-AMI trial, 
which randomized 3602 patients with STEMI undergoing primary PCI 
to unfractionated heparin plus a glycoprotein IIb/IIIa inhibitor or to 
bivalirudin alone (with provisional glycoprotein IIb/IIIa in the cardiac 
catheterization lab).81 Major adverse cardiac event (MACE) rates were 
equivalent, but use of bivalirudin alone was associated with a 40% reduc-
tion in bleeding,81 and there was a suggestion that all-cause mortality at 
one year might be reduced (3.4% vs 4.8%, p = 0.03).82 Bivalirudin is also 
an excellent alternative to unfractionated or low-molecular weight hepa-
rin in patients with a history of heparin induced thrombocytopenia.

Enoxaparin is a low molecular weight heparin with established effi-
cacy as an anticoagulant in patients with STEMI who have received 
fibrinolytics or are undergoing PCI.83,84 The standard dose of enoxaparin 
is a 30-mg intravenous bolus, followed 15 minutes later by subcutaneous 
injections of 1.0 mg/kg every 12 hours. Patients with decreased creati-
nine clearance or those older than 75 are at higher risk of bleeding with 
standard dose enoxaparin and should not receive a bolus but can receive 
a reduced dose of 0.75 mg/kg every 12 hours. Patient undergoing PCI 
should have an additional bolus if the last dose was given 8 to 12 hours 
prior. Maintenance dosing of enoxaparin should be given during the 
hospitalization (up to 8 days).

Fondaparinux, a synthetic pentasaccharide factor Xa inhibitor, can 
be dosed daily in patients receiving fibrinolytics for STEMI (initial dose 
of 2.5 mg intravenously followed by subcutaneous injections of 2.5 mg 
once daily). The OASIS-6 trial randomized over 12,000 patients with 
STEMI to 2.5 mg of fondaparinux or placebo, and showed a reduction 
in the combined end point of death or reinfarction at both 30 days and 
6 months, accompanied by a reduction in severe bleeds.85 In patients 
undergoing PCI for STEMI, however, fondaparinux administration was 
associated with an increased rate of catheter related thrombosis,85 and so 
when PCI is performed, unfractionated heparin should be administered 
with fondaparinux in the catheterization laboratory.86 See Table 37-4 
regarding doses of antiplatelet and anticoagulant therapy.

Nitrates:  Nitrates have a number of beneficial effects in acute myocar-
dial infarction. They reduce myocardial oxygen demand by decreas-
ing preload and afterload, and may also improve myocardial oxygen 
supply by increasing subendocardial perfusion and collateral blood 
flow to the ischemic region.25 Occasional patients with ST elevation 
due to occlusive coronary artery spasm may have dramatic resolution 
of ischemia with nitrates. In addition to their hemodynamic effects, 
nitrates also reduce platelet aggregation. Despite these benefits, 
the GISSI-3 and ISIS-4 trials failed to show a significant reduction 
in mortality from routine acute and chronic nitrate therapy.87,88 
Nonetheless, nitrates are still first-line agents for the symptomatic 
relief of angina pectoris and when myocardial infarction is compli-
cated by congestive heart failure.

β-Blockers:  β-Blockers are beneficial both in the early management of 
myocardial infarction and as long-term therapy. In the prethrombolytic 
era, early intravenous atenolol was shown to significantly reduce rein-
farction, cardiac arrest, cardiac rupture, and death.89 In conjunction with 
thrombolytic therapy with t-PA, immediate β-blockade with metoprolol 
resulted in a significant reduction in recurrent ischemia and reinfarction, 
although mortality was not decreased.90

The COMMIT-CCS 2 trial of 45,852 patients with acute MI had a 
factorial arm (the clopidogrel arm was discussed above) and random-
ized patients, 93% of whom had STEMI and 54% of whom were treated 
with lytics, to treatment with metoprolol (three intravenous injections 
of 5 mg each followed by oral 200 mg/d for up to 4 weeks) or placebo.91 
Surprisingly, there was no difference in the primary end point of death, 
reinfarction, or cardiac arrest by treatment group (9.4% for metoprolol 
vs 9.9% for placebo, p = NS) or in the coprimary end point of all-cause 
mortality by hospital discharge (7.7% vs 7.8%, p = NS). Although rein-
farction was lower in the metoprolol group, there was an increase in the 
risk of developing heart failure and cardiogenic shock (5.0% vs 3.9%, 
p < 0.0001), and death due to shock occurred more frequently in the 
metoprolol group (2.2% vs 1.7%).91 Based on these findings, routine use 
of intravenous β-blockers in the absence of systemic hypertension is no 
longer recommended.79

In contrast to the use of early, aggressive β-blocker therapy, the 
long term use of β-blockers post-MI has favorable outcomes on 
mortality.92,93 The CArvedilol Post-infaRct survIval COntRolled  
evaluatioN (CAPRICORN) trial randomized patients with systolic 
dysfunction already treated with ACE inhibitors after MI to carvedilol 
or placebo, and showed decreased cardiovascular mortality as well as 
a decrease in the composite outcome of all-cause mortality or non-
fatal MI.94 This study supports the claim that β-blocker therapy after  
acute MI reduces mortality irrespective of reperfusion therapy or ace-
inhibitor use. Relative contraindications to oral β-blockers include heart 

  TABLE 37-4   � Doses for Antiplatelet/Anticoagulant Therapy in Acute  
Coronary Syndromes

Drug Initial Medical Treatment

Antiplatelet Drugs

  1.  Aspirin 162-325 mg nonenteric formulation, orally or chewed

  2.  Clopidogrel LD of 300-600 mg orally, MD of 75 mg orally per day

  3.  Prasugrel LD of 60 mg orally, MD of 10 mg orally per day 

  4.  Ticlopidine LD of 500 mg orally, MD of 250 mg orally twice daily

Anticoagulants

  1.  Unfractionated heparin LD of 60 U/kg (max 4000 U) as IV bolus

MD of IV infusion of 12 U/kg/h (max 1000 U/h) to maintain 
aPTT at 1.5-2.0 times control (approximately 50-70 seconds)

  2.  Enoxaparin LD of 30 mg IV bolus may be given. MD = 1 mg/kg SC every 
12 hours. extend dosing interval to 1 mg/kg every 24 hours 
if estimated Ccr <30 mL/min

  3.  Fondaparinux 2.5 mg SC once daily. Avoid for Ccr <30 mL/min

  4.  Eptifibatide LD of IV bolus of 180 µg/kg. MD of IV infusion of 2.0 µg/kg/
min; reduce infusion by 50% in patients with estimated  
Ccr <50 mL/min

  5.  Tirofiban LD of IV infusion of 0.4 µg/g/min for 30 minutes

MD of IV infusion of 0.1 µg/kg/min; reduce rate of infusion 
by 50% in patients with estimated Ccr <30 mL/min

  6.  Bivalirudin 0.1 mg/kg bolus, 0.25 mg/kg/h infusion

Ccr, creatinine clearance; LD, loading dose; MD, maintenance dose.

Adapted with permission from Anderson JL, Adams CD, Antman EM, et al. ACC/AHA 2007 Guidelines for the 
Management of Patients With Unstable Angina/Non ST-Elevation Myocardial Infarction: A Report of the 
American College of Cardiology/American Heart Association Task Force on Practice Guidelines. J Am Coll Cardiol. 
August 14, 2007;116(7):e148-e304.
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rate less than 60  bpm, systolic arterial pressure less than 100  mm Hg, 
moderate or severe LV failure, signs of peripheral hypoperfusion, shock, 
PR interval greater than 0.24 second, second or third-degree AV block, 
active asthma, or reactive airway disease.79

Angiotensin Converting Enzyme Inhibitors:  Angiotensin-converting 
enzyme (ACE) inhibitors have been shown unequivocally to improve 
hemodynamics, functional capacity and symptoms, and survival in 
patients with chronic congestive heart failure.95,96 Moreover, ACE inhibi-
tors prevent the development of congestive heart failure in patients with 
asymptomatic left ventricular dysfunction.97 This information was the 
spur for trials evaluating the benefit from the prophylactic administra-
tion of ACE inhibitors in the post-MI period. The SAVE trial showed 
that patients with left ventricular dysfunction (ejection fraction 
<40%) after MI had a 21% improvement in survival after treatment 
with the ACE inhibitor captopril.98 A smaller but still significant reduc-
tion in mortality was seen when all patients were treated with captopril 
in the ISIS-4 study.88 The previously cited HOPE study demonstrated 
improved survival with the ACE inhibitor, ramipril was used as 
secondary prevention in addition to aspirin and beta blockers.28 The 
mechanisms responsible for the benefits of ACE inhibitors probably 
include limitation in the progressive left ventricular dysfunction and 
enlargement (remodeling) that often occur after infarction, but a reduc-
tion in ischemic events was seen as well.

ACE inhibition should be started early, preferably within the first 
24 hours after infarction. Immediate intravenous ACE inhibition with 
enalaprilat has not been shown to be beneficial.99 Patients should be 
started on low doses of oral agents (captopril 6.25 mg three times daily) 
and rapidly increased to the range demonstrated beneficial in clinical 
trials (captopril 50 mg three times daily, enalapril 10-20 mg twice daily, 
lisinopril 10-20 mg once daily, or ramipril 10 mg once daily).

Calcium Channel Blockers:  Randomized clinical trials have not demon-
strated that routine use of calcium channel blockers improves survival 
after myocardial infarction. In fact, meta-analyses suggest that high 
doses of the short-acting dihydropyridine nifedipine increase mor-
tality in myocardial infarction. Adverse effects of calcium-channel 
blockers include bradycardia, atrioventricular block, and exacerbation 
of heart failure. The relative vasodilating, negative inotropic effects, 
and conduction system effects of the various agents must be consid-
ered when they are employed in this setting. Diltiazem is the only  
calcium channel blocker that has been proven to have tangible 
benefits, reducing reinfarction and recurrent ischemia in patients 
with non-Q-wave infarctions who do not have evidence of congestive 
heart failure.100

Calcium channel blockers may be useful for patients whose postin-
farction course is complicated by recurrent angina, because these agents 
not only reduce myocardial oxygen demand but inhibit coronary vaso-
constriction. For hemodynamically stable patients, diltiazem can be 
given, starting at 60 to 90 mg orally every 6 to 8 hours. In patients with 
severe left ventricular dysfunction, long-acting dihydropyridines without 
prominent negative inotropic effects such as amlodipine, nicardipine, or 
the long-acting preparation of nifedipine may be preferable; increased 
mortality with these agents has not been demonstrated.

Antiarrhythmic Therapy:  A major purpose for admitting MI patients 
to the ICU is to monitor for and prevent malignant arrhythmias. 
Ventricular extrasystoles are common after MI and are a manifestation 
of electrical instability of peri-infarct areas. The incidence of sustained 
ventricular tachycardia or fibrillation is highest in the first 3 to 4 hours, 
but these arrhythmias may occur at any time. Malignant ventricular 
arrhythmias may be heralded by frequent premature ventricular con-
tractions (PVCs) (>5 or 6 per minute), closely coupled PVCs, com-
plex ectopy (couplets, multiform PVCs) and salvos of nonsustained 
ventricular tachycardia. However, malignant arrhythmias may occur 
suddenly without these preceding “warning” arrhythmias. Based on 

these pathophysiologic considerations, prophylactic use of intravenous 
lidocaine even in the absence of ectopy has been advocated, but even 
though lidocaine decreases the frequency of premature ventricular 
contractions and of early ventricular fibrillation, overall mortality is 
not decreased. In fact, meta-analyses of pooled data have demonstrated 
increased mortality from the routine use of lidocaine,101 and so its  
routine prophylactic administration is no longer recommended.79

Lidocaine may be used after an episode of sustained ventricular tachy-
cardia or ventricular fibrillation, and might be considered in patients 
with nonsustained ventricular tachycardia. Lidocaine is administered as 
a bolus of 1 mg/kg (not to exceed 100 mg), followed by a second bolus 
of 0.5 mg/kg 10 minutes later, along with an infusion at 1 to 3 mg/min. 
Lidocaine is metabolized by the liver, and so lower doses should be given 
in the presence of liver disease, in the elderly, and in patients who have 
congestive heart failure severe enough to compromise hepatic perfusion. 
Toxic manifestations primarily involve the central nervous system, and 
can include confusion, lethargy, slurred speech, and seizures. Because 
the risk of malignant ventricular arrhythmias decreases after 24 hours, 
lidocaine is usually discontinued after this point. For prolonged infu-
sions, monitoring of lidocaine levels (therapeutic between 1.5 and  
5 g/mL) is sometimes useful.

Intravenous amiodarone is an alternative to lidocaine for ventricular 
arrhythmias. Amiodarone is given as a 150-mg IV bolus over 10 minutes, 
followed by 1 mg/min for 6 hours, then 0.5 mg/min for 18 hours.

Perhaps the most important point in the prevention and management 
of arrhythmias after acute myocardial infarction is correcting hypox-
emia, and maintaining normal serum potassium and magnesium levels. 
Serum electrolytes should be followed closely, particularly after diuretic 
therapy. Magnesium depletion is also a frequently overlooked cause of 
persistent ectopy.102 The serum magnesium level, even if it is within 
normal limits, may not reflect myocardial concentrations. Routine 
administration of magnesium has not been shown to reduce mortality 
after acute myocardial infarction,88 but empiric administration of 2 g 
of intravenous magnesium in patients with early ventricular ectopy is 
probably a good idea.

One possible treatment algorithm for treating patients with ST elevation 
MI is shown in Figure 37-2.

NON-ST ELEVATION MYOCARDIAL INFARCTION
The key to initial management of patients with acute coronary syn-
dromes who present without ST elevation is risk stratification. The 
overall risk of a patient is related to both the severity of preexisting heart 
disease and the degree of plaque instability. Risk stratification is an 
ongoing process, which begins with hospital admission and continues 
through discharge.

Braunwald has proposed a classification for unstable angina based on 
severity of symptoms and clinical circumstances for risk stratification.103 
The risk of progression to acute MI or death in acute coronary syndromes 
increases with age. ST segment depression on the electrocardiogram 
identifies patients at higher risk for clinical events.103 Conversely, a 
normal ECG confers an excellent short-term prognosis. Biochemical 
markers of cardiac injury are also predictive of outcome. Elevated levels 
of troponin T are associated with an increased risk of cardiac events and 
a higher 30-day mortality, and in fact, were more strongly correlated with 
30-day survival than ECG category or CPK MB level in an analysis of data 
from the GUSTO-2 trial.104 Conversely, low levels are associated with low 
event rates, although the absence of troponin elevation does not guaran-
tee a good prognosis and is not a substitute for good clinical judgment.

■■ ANTIPLATELET THERAPY
As previously noted, aspirin is a mainstay of therapy for acute coronary 
syndromes. Both the VA Cooperative Study Group105 and the Canadian 
Multicenter Trial106 showed that aspirin reduces the risk of death or 
myocardial infarction by approximately 50% in patients with unstable 
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angina or NQMI. Aspirin also reduces events after resolution of an acute 
coronary syndrome, and should be continued indefinitely.

As in patients with STEMI, patients with NSTEMI have been shown 
to benefit from the use of a thienopyridine in addition to aspirin. In the 
CURE trial, 12,562 patients were randomized to receive clopidogrel or 
placebo in addition to standard therapy with aspirin, within 24 hours of 
unstable angina symptoms.107 Clopidogrel significantly reduced the risk 
of myocardial infarction, stroke or cardiovascular death from 11.4% to 
9.3% (p < 0.001).107 It should be noted that this benefit came with a 1% 
absolute increase in major, non-life-threatening bleeds (p = 0.001) as 
well as a 2.8% absolute increase in major/life-threatening bleeds asso-
ciated with CABG within 5 days (p = 0.07).107 Because percutaneous 
revascularization was performed on only 23% of patients in the CURE 
trial during the initial hospitalization, the study provides convincing 
evidence that clopidogrel is beneficial in patients who are managed 
medically in addition to those undergoing PCI.

The PCI-CURE report examined the subset of patients (n = 2658) 
with UA/NSTEMI who underwent PCI, and showed a 31% reduction 
in cardiovascular death or MI with no difference in major bleeding  
(p < 0002).108 PCI-CURE suggests that in patients with UA/NSTEMI 
who undergo PCI, pretreatment with clopidogrel followed by up to  
1 year of clopidogrel therapy is beneficial in reducing major cardiovas-
cular events, but the trial did not adequately address the question of dose 
or timing of clopidogrel in relationship to PCI. The subsequent CREDO 
trial randomized 2116 patients to a 300-mg loading dose of clopidogrel 
or placebo (3-24 hours before PCI), and all patients were treated with 
325 mg of aspirin and 75 mg of clopidogrel daily for 1 year. Although 
there was no difference between groups in the 28-day composite end 
point of death, MI, or urgent target-vessel revascularization, treatment 
with clopidogrel was associated with a 26.9% relative risk reduction in 
the 1-year composite end point of death, MI, or stroke.109

Clopidogrel has also been tested for secondary prevention of events. 
The CAPRIE trial, a multicenter trial of 19,185 patients with known  

vascular disease (prior stroke, myocardial infarction or peripheral vascular 
disease), randomized patients to either 75 mg/d of clopidogrel or 325 mg 
aspirin.110 After an average follow-up of 1.6 years, patients treated with 
clopidogrel had significantly fewer cardiovascular events than patients 
treated with aspirin (5.8% vs 5.3%, a relative risk reduction of 8.7%).110

The TRITON TIMI-38 trial comparing prasugrel to clopidogrel 
included 10,074 UA/NSTEMI patients as well as 3534 STEMI patients.69 
The primary end point, cardiovascular death, nonfatal MI, and nonfa-
tal stroke, was significantly lower in the prasugrel group at the cost of 
increased bleeding in the prasugrel-treated patients.69 The dosing regi-
men of prasugrel for patients with UA/NSTEMI is identical to the dose 
used in STEMI patients (60 mg load and 10 mg maintenance); it should 
not be used in patients with a history of stroke or TIA and it should be 
used with caution in patients over the age of 75 or with a weight less 
than 60 kg.41

Ticagrelor, a nonthienopyridine platelet inhibitor that binds revers-
ibly to the P2Y12 platelet receptor, exhibited greater efficacy than 
clopidogrel in the PLATO trial.111 Major bleeding events did not differ 
between the groups, although bleeding not related to coronary-artery 
bypass grafting occurred more often with ticagrelor. Both prasugrel and 
ticagrelor may have a quicker onset of action than clopidogrel and may 
prove to be very useful in patients who are clopidogrel-resistant or have 
recurrent cardiovascular events while on clopidogrel.

The current guidelines recommend a loading dose of 300 to 600 mg 
of clopidogrel in patients with UA/NSTEMI followed by 75 mg daily. 
Prasugrel should be administered as a 60-mg loading dose followed by 
a 10-mg a day maintenance dose.41 The duration of clopidogrel may 
depend on whether or not the patient has received a stent. Typically 
patients who received bare metal stents (BMS) should remain on 
clopidogrel for at least 4 weeks, and those with drug eluting stents (DES) 
should remain on clopidogrel for at least 12 months.41,112 For DES, how-
ever, adequate long-term data have not been sufficient to formulate a 
definite recommendation on the duration of therapy.

FIGURE 37-2.  Treatment algorithm for ST-elevation myocardial infarction. CP, chest pain; LD, loading dose; MSO
4
, morphine; NTG, nitroglycerin; O

2
, oxygen; UFH, unfractionated  
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■■ ANTICOAGULANT THERAPY
Heparin is an important component of primary therapy for patients 
with unstable coronary syndromes without ST elevation. When added 
to aspirin, heparin has been shown to reduce refractory angina and 
the development of myocardial infarction,113 and a meta-analysis of the 
available data indicates that addition of heparin reduces the composite 
end point of death or MI.114

Heparin, however, can be difficult to administer, because the antico-
agulant effect is unpredictable in individual patients; this is due to heparin 
binding to heparin-binding proteins, endothelial and other cells, and hep-
arin inhibition by several factors released by activated platelets. Therefore, 
the APTT (activated partial thromboplastin time) must be monitored 
closely. The potential for heparin-associated thrombocytopenia is also a 
safety concern.

Low molecular weight heparins (LMWH), which are obtained by 
depolymerization of standard heparin and selection of fractions with 
lower molecular weight, have several advantages. Because they bind less 
avidly to heparin binding proteins, there is less variability in the antico-
agulant response and a more predictable dose-response curve, obviating 
the need to monitor APTT. The incidence of thrombocytopenia is lower 
(but not absent, and patients with heparin-induced thrombocytopenia 
with antiheparin antibodies cannot be switched to LMWH). Finally, 
LMWHs have longer half-lives, and can be given by subcutaneous 
injection. These properties make treatment with LMWH at home after 
hospital discharge feasible. Since evidence suggests that patients with 
unstable coronary syndromes may remain in a hypercoagulable state for 
weeks or months, the longer duration of anticoagulation possible with 
LMWH may be desirable.

Several trials have documented beneficial effects of LMWH therapy 
in unstable coronary syndromes. The ESSENCE trial showed that the 
LMWH enoxaparin reduced the combined end point of death, MI, or 
recurrent ischemia at both 14 and 30 days when compared to heparin.115 
Similar results were found in the TIMI 11B trial comparing enoxa-
parin to heparin.116 A meta-analysis of these two very similar trials 
demonstrated a 23% 7-day and an 18% 42-day reduction in the harder 
end point of death or MI.117 Dalteparin, another low molecular weight 
heparin, is also available, but the evidence for its efficacy is not nearly as 
compelling as that for enoxaparin.118

Although LMWHs are substantially easier to administer than stan-
dard heparin, and long-term administration can be contemplated, they 
are also more expensive. Specific considerations with the use of LMWH 
include decreased clearance in renal insufficiency and the lack of a 
commercially available test to measure the anticoagulant effect. LMWH 
should be given strong consideration in high-risk patients, but whether 
substitution of LMWH for heparin in all patients is cost-effective  
is uncertain.

Direct Thrombin Inhibitors:  Recombinant hirudin, argatroban, and 
bivalirudin are examples of direct thrombin inhibitors (DTIs). Unlike 
heparin, they directly bind to both circulating and clot bound throm-
bin and inhibit the conversion of fibrinogen to fibrin in the final step 
of the clotting cascade. Direct thrombin inhibitors have several theo-
retical advantages over heparin, including lack of binding to plasma 
proteins, and lack of binding to platelet factor 4, which avoids the 
problem of heparin-induced thrombocytopenia.

Bivalirudin is the only DTI indicated for use in ACS. The REPLACE 
2 trial compared bivalirudin plus provisional glycoprotein IIb/IIIa inhibi-
tor to unfractionated heparin plus planned glycoprotein IIb/IIIa inhibitor  
in 6010 patients undergoing planned or urgent PCI, and although 
6-month event rates with bivalirudin were slightly higher, bleeding was 
lower and the prespecified composite end point met statistical criteria 
for noninferiority.119 Similar findings were seen in the ACUITY trial, 
which compared heparin with glycoprotein IIb/IIIa inhibition to bivali-
rudin with glycoprotein IIb/IIIa inhibition to bivalirudin alone with pro-
visional glycoprotein IIb/IIIa inhibition.77 Bivalirudin alone compared 
with heparin plus GP IIb/IIIa inhibitors resulted in noninferior rates of 

composite ischemia, and reduced major bleeding, but patients who got 
bivalirudin alone without a thienopyridine prior to angiography or PCI 
had a higher rate of ischemic events. Bilvalirudin should not be admin-
istered alone, particularly if there is a going to be a delay to angiography.

Glycoprotein IIb/IIIa Antagonists:  The benefits of glycoprotein IIb/IIIa 
inhibitors as adjunctive treatment in patients with acute coronary 
syndromes have been shown in several trials.120-122 Meta-analyses 
have found a relative risk reduction of 11% in NSTEMI.71 Additional 
analysis suggests that glycoprotein IIb/IIIa inhibition is most effec-
tive in high-risk patients, those with either ECG changes or elevated 
troponin.71 The benefits appear to be restricted to patients undergo-
ing percutaneous intervention, which may not be entirely surprising.

These studies were conducted prior to the era of dual antiplatelet 
therapy. As mentioned previously, it is common practice to administer 
a thienopyridine and aspirin in conjunction with an anticoagulant in 
patients with ACS. For patients with UA/NSTEMI undergoing an initial 
invasive approach, the most recent data suggest that either a glycoprotein 
IIb/IIIa inhibitor or a thienopyridine can be given in addition to aspirin 
and an anticoagulant if the patient is considered low-risk (troponin neg-
ative). However, if the patient is considered high-risk (troponin positive, 
recurrent ischemic features) both a glycoprotein IIb/IIIa inhibitor and 
clopidogrel can be given in addition to aspirin and an anticoagulant.41,112

■■ INTERVENTIONAL MANAGEMENT
Cardiac catheterization may be undertaken in patients presenting with 
symptoms suggestive of unstable coronary syndromes for one of several 
reasons: to assist with risk stratification, as a prelude to revasculariza-
tion, and to exclude significant epicardial coronary stenosis as a cause of 
symptoms when the diagnosis is uncertain.

An early invasive approach has now been compared to a conserva-
tive approach in several prospective studies. Two earlier trials, the 
VANQWISH trial123 and the TIMI IIIb45 study were negative, but the 
difference in the number of patients who had been revascularized by 
the end of these trials was small. In addition, these trials were performed 
before widespread use of coronary stenting and platelet glycoprotein 
IIb/IIIa inhibitors, both of which have now been shown to improve 
outcomes after angioplasty.

The FRISC II, TACTICS-TIMI 18, and RITA III trials each demon-
strated that the composite end point of death, MI, or refractory angina 
was less frequent among patients who were randomized to the early 
invasive strategy, with the greatest benefit observed in high-risk patients: 
those with elevated cardiac biomarkers, extensive ST segment depres-
sion, and hemodynamic features suggestive of large infarctions.118,124,125

The ICTUS trial enrolled 1200 patients with UA/NSTEMI who 
were initially treated with aspirin and enoxaparin before randomized 
assignment to one of two strategies: an early invasive strategy within 48 
hours that included abciximab for PCI or a selective invasive strategy.126 
Patients who were assigned the latter strategy were selected for coronary 
angiography only if they had refractory angina despite medical treat-
ment, hemodynamic or rhythm instability, or predischarge exercise 
testing demonstrated clinically significant ischemia. The trial showed no 
reduction in the composite end points of death, nonfatal MI, or rehos-
pitalization for angina at one year among patients who were assigned 
to the early invasive strategy. After four years of follow-up, the rates of 
death and MI among the two groups of patients remained similar.126 It is 
not clear why the results of ICTUS differ from previous trials. The more 
recent Timing of Intervention in Acute Coronary Syndromes (TIMACS) 
study randomized 3031 patients with UA/NSTEMI to undergo cardiac 
catheterization either within 24 hours of symptom onset or more than 
36 hours later.127 The median time to angiography was 14 hours for 
the early intervention group and 50 hours for the delayed-intervention 
group. There was no difference between the groups in the composite end 
point of death, myocardial infarction, or stroke at 6 months.

Risk stratification is the key to managing patients with NSTEMI acute 
coronary syndromes. One possible algorithm for managing patients 
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with NSTEMI is shown in Figure 37-3. An initial strategy of medical 
management with attempts at stabilization is warranted in patients with 
lower risk, but patients at higher risk should be considered for cardiac 
catheterization. Pharmacologic and mechanical strategies are inter-
twined in the sense that selection of patients for early revascularization 
will influence the choice of antiplatelet and anticoagulant medication. 
When good clinical judgment is employed, early coronary angiography 
in selected patients with acute coronary syndromes can lead to better 
management and lower morbidity and mortality.

COMPLICATIONS OF ACUTE MYOCARDIAL INFARCTION

■■ POSTINFARCTION ISCHEMIA
Causes of ischemia after infarction include decreased myocardial oxygen  
supply due to coronary reocclusion or spasm, mechanical problems 
which increase myocardial oxygen demand, and extracardiac factors 
such as hypertension, anemia, hypotension, or hypermetabolic states. 
Nonischemic causes of chest pain, such as postinfarction pericarditis 
and acute pulmonary embolism, should also be considered.

Immediate management includes aspirin, β-blockade, IV nitroglyc-
erin, heparin, consideration of calcium-channel blockers, and diagnostic 
coronary angiography. Postinfarction angina is an indication for revascu-
larization. PTCA can be performed if the culprit lesion is suitable. CABG 
should be considered for patients with left main disease, three vessel dis-
ease, and those unsuitable for PTCA. If the angina cannot be controlled 
medically or is accompanied by hemodynamic instability, an intra-aortic 
balloon pump should be inserted.

■■ VENTRICULAR FREE WALL RUPTURE
Ventricular free wall rupture typically occurs during the first week after 
infarction. The classic patient is elderly, female, and hypertensive. Early 
use of fibrinoolytic therapy reduces the incidence of cardiac rupture, but 
late use may actually increase the risk. Pseudoaneursym with leakage 

may be heralded by chest pain, nausea, and restlessness, but frank free 
wall rupture presents as a catastrophic event with shock and electro-
mechanical dissociation. Pericardiocentesis may be necessary to relieve 
acute tamponade, ideally in the operating room since the pericardial 
effusion may be tamponading the bleeding. Salvage is possible with 
prompt recognition, pericardiocentesis to relieve acute tamponade, and 
thoracotomy with repair.128 A pericardial effusion may be seen by echo-
cardiography: contrast ventriculography is not a sensitive way to detect 
a small rupture.

■■ VENTRICULAR SEPTAL RUPTURE
Septal rupture presents as severe heart failure or cardiogenic shock, with 
a pansystolic murmur and parasternal thrill. The hallmark finding is a 
left-to-right intracardiac shunt (“step-up”) in oxygen saturation from 
right atrium to right ventricle), but the diagnosis is most easily made 
with echocardiography.

Rapid institution of intra-aortic balloon pumping and supportive 
pharmacologic measures is necessary. Operative repair is the only viable 
option for long-term survival. The timing of surgery has been controver-
sial, but most authorities now suggest that repair should be undertaken 
early, within 48 hours of the rupture.129

■■ ACUTE MITRAL REGURGITATION
Ischemic mitral regurgitation is usually associated with inferior myocardial 
infarction and ischemia or infarction of the posterior papillary muscle, 
although anterior papillary muscle rupture can also occur. Papillary mus-
cle rupture has a bimodal incidence, either within 24 hours or 3 to 7 days 
after acute myocardial infarction, and usually presents dramatically, with 
pulmonary edema, hypotension, and cardiogenic shock. When a papil-
lary muscle ruptures, the murmur of acute mitral regurgitation may be 
limited to early systole because of rapid equalization of pressures in the 
left atrium and left ventricle. More importantly, the murmur may be soft 
or inaudible, especially when cardiac output is low.130

FIGURE 37-3.  Possible treatment algorithm for patients with non-ST elevation acute coronary syndromes. ASA, aspirin; CP, chest pain; ECG, electrocardiogram; GPIIb/IIIa, glycoprotein  
IIb/IIIa antagonist; LD, loading dose; Trop, troponin; UFH, unfractionated heparin.
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Echocardiography is extremely useful in the differential diagnosis, 
which includes free wall rupture, ventricular septal rupture, and infarct 
extension with pump failure. Hemodynamic monitoring with pulmo-
nary artery catheterization may also be helpful. Management includes 
afterload reduction with nitroprusside and intra-aortic balloon pumping 
as temporizing measures. Inotropic or vasopressor therapy may also be 
needed to support cardiac output and blood pressure. Definitive therapy, 
however, is surgical valve repair or replacement, which should be under-
taken as soon as possible since clinical deterioration can be sudden.130-132

■■ RIGHT VENTRICULAR INFARCTION
Right ventricular infarction occurs in up to 30% of patients with infe-
rior infarction and is clinically significant in 10%.133 The combination 
of a clear chest x-ray with jugular venous distention in a patient with 
an inferior wall MI should lead to the suspicion of a coexisting right 
ventricular infarct. The diagnosis is substantiated by demonstration 
of ST segment elevation in the right precordial leads (V3R to V5R) or 
by characteristic hemodynamic findings on right heart catheterization 
(elevated right atrial and right ventricular end-diastolic pressures with 
normal to low pulmonary artery occlusion pressure and low cardiac 
output). Echocardiography can demonstrate depressed right ventricu-
lar contractility.18 Patients with cardiogenic shock on the basis of right 
ventricular infarction have a better prognosis than those with left-sided 
pump failure.133 This may be due in part to the fact that right ventricular 
function tends to return to normal over time with supportive therapy,134 
although such therapy may need to be prolonged.

In patients with right ventricular infarction, right ventricular preload 
should be maintained with fluid administration. In some cases, however, 
fluid resuscitation may increase pulmonary capillary occlusion pres-
sure but may not increase cardiac output, and overdilation of the right 
ventricle can compromise left ventricular filling and cardiac output.134 
Inotropic therapy with dobutamine may be more effective in increasing 
cardiac output in some patients, and monitoring with serial echocardio-
grams may also be useful to detect right ventricular overdistention.134 
Maintenance of atrioventricular synchrony is also important in these 
patients to optimize right ventricular filling.18 For patients with continued 
hemodynamic instability, intra-aortic balloon pumping may be useful, 
particularly because elevated right ventricular pressures and volumes 
increase wall stress and oxygen consumption and decrease right coronary 
perfusion pressure, exacerbating right ventricular ischemia.

Reperfusion of the occluded coronary artery is also crucial. A study 
using direct angioplasty demonstrated that restoration of normal flow 
resulted in dramatic recovery of right ventricular function and a mor-
tality rate of only 2%, whereas unsuccessful reperfusion was associated 
with persistent hemodynamic compromise and a mortality of 58%.135

■■ CARDIOGENIC SHOCK
Epidemiology and Pathophysiology:  Cardiogenic shock, resulting either 
from left ventricular pump failure or from mechanical complications, 
represents the leading cause of in-hospital death after myocardial 
infarction.13 Despite advances in management of heart failure and 
acute myocardial infarction, until very recently, clinical outcomes in 
patients with cardiogenic shock have been frustratingly poor, with 
reported mortality rates ranging from 50% to 80%.136 Patients may 
have cardiogenic shock at initial presentation, but shock often evolves 
over several hours.137,138 This is important because it suggests that 
early treatment potentially may prevent shock.

Cardiac dysfunction in patients with cardiogenic shock is usually ini-
tiated by myocardial infarction or ischemia. The myocardial dysfunction 
resulting from ischemia worsens that ischemia, creating a downward 
spiral (Fig. 37-4). Compensatory mechanisms that retain fluid in an 
attempt to maintain cardiac output may add to the vicious cycle and fur-
ther increase diastolic filling pressures. The interruption of this cycle of 
myocardial dysfunction and ischemia forms the basis for the therapeutic 
regimens for cardiogenic shock.

Initial Management:  Maintenance of adequate oxygenation and venti-
lation are critical. Many patients require intubation and mechanical 
ventilation, if only to reduce the work of breathing and facilitate 
sedation and stabilization before cardiac catheterization. Electrolyte 
abnormalities should be corrected, and morphine (or fentanyl if 
systolic pressure is compromised) used to relieve pain and anxiety, 
thus reducing excessive sympathetic activity and decreasing oxygen  
demand, preload, and afterload. Arrhythmias and heart block may 
have major effects on cardiac output, and should be corrected 
promptly with antiarrhythmic drugs, cardioversion, and/or pacing.

The initial approach to the hypotensive patient should include 
careful fluid resuscitation unless frank pulmonary edema is present. 
Patients are commonly diaphoretic and relative hypovolemia may be 
present in as many as 20% of patients with cardiogenic shock. Fluid 
infusion is best initiated with boluses (usually 250-500 cc) titrated 
to clinical end points of heart rate, urine output and blood pressure. 
Ischemia produces diastolic as well as systolic dysfunction, and thus 
elevated filling pressures may be necessary to maintain stroke vol-
ume in patients with cardiogenic shock. Patients who do not respond 
rapidly to initial fluid boluses or those with poor physiologic reserve 
should be considered for invasive hemodynamic monitoring. Optimal 
filling pressures vary from patient to patient; hemodynamic monitor-
ing can be used to construct a Starling curve at the bedside, identifying 
the filling pressure at which cardiac output is maximized. Maintenance 
of adequate preload is particularly important in patients with right 
ventricular infarction.

When arterial pressure remains inadequate, therapy with vasopres-
sor agents may be required to maintain coronary perfusion pressure. 
Maintenance of adequate blood pressure is essential to break the vicious 
cycle of progressive hypotension with further myocardial ischemia. 
Dopamine increases both blood pressure and cardiac output, but recent 
data suggest that norepinephrine may be a superior agent in patients 
with cardiogenic shock.139 Phenylephrine, a selective α1-adrenergic 

FIGURE 37-4.  The “downward spiral” in cardiogenic shock. Stroke volume and cardiac 
output fall with left ventricular (LV) dysfunction, producing hypotension and tachycardia that 
reduce coronary blood flow. Increasing ventricular diastolic pressure reduces coronary blood 
flow, and increased wall stress elevates myocardial oxygen requirements. All of these factors 
combine to worsen ischemia. The falling cardiac output also compromises systemic perfusion. 
Compensatory mechanisms include sympathetic stimulation and fluid retention to increase 
preload. These mechanisms can actually worsen cardiogenic shock by increasing myocardial 
oxygen demand and afterload. Thus, a vicious circle can be established. LVEDP, left ventricular 
end-diastolic pressure. Adapted with permission from Hollenberg SM, Kavinsky CJ, Parrillo JE. 
Cardiogenic shock. Ann Intern Med. July 6, 1999;131(1):47-59.
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agonist, may be useful when tachyarrhythmias limit therapy with other 
vasopressors. Vasopressor infusions need to be titrated carefully in 
patients with cardiogenic shock to maximize coronary perfusion pres-
sure with the least possible increase in myocardial oxygen demand. 
Hemodynamic monitoring, with serial measurements of cardiac output, 
filling pressures, (and other parameters, such as mixed venous oxygen 
saturation), allows for titration of the dosage of vasoactive agents to the 
minimum dosage required to achieve the chosen therapeutic goals.140

Following initial stabilization and restoration of adequate blood pres-
sure, tissue perfusion should be assessed. If tissue perfusion remains 
inadequate, inotropic support or intra-aortic balloon pumping should 
be initiated. If tissue perfusion is adequate but significant pulmonary 
congestion remains, diuretics may be employed. Vasodilators can be 
considered as well, depending on the blood pressure.

In patients with inadequate tissue perfusion and adequate intravas-
cular volume, cardiovascular support with inotropic agents should be 
initiated. Dobutamine, a selective β1-adrenergic receptor agonist, can 
improve myocardial contractility and increase cardiac output, and is 
the initial agent of choice in patients with systolic pressures greater than 
80 mm Hg. Dobutamine may exacerbate hypotension in some patients, 
and can precipitate tachyarrhythmias. Use of dopamine may be prefer-
able if systolic pressure is less than 80 mm Hg, although tachycardia and 
increased peripheral resistance may worsen myocardial ischemia. In 
some situations, a combination of dopamine and dobutamine can be 
more effective than either agent used alone. Phosphodiesterase inhibi-
tors such as milrinone are less arrhythmogenic than catecholamines,  
but have the potential to cause hypotension, and should be used  
with caution in patients with tenuous clinical status. Levosimendan, a 
calcium sensitizer, has both inotropic and vasodilator properties and 
does not increase myocardial oxygen consumption. Several relatively 
small studies have shown hemodynamic benefits with levosimendan in 
cardiogenic shock after MI.141,142 Survival benefits have not been shown 
either in cardiogenic shock or acute heart failure.143 This drug is not 
available in the United States.

Intra-aortic balloon counterpulsation (IABP) reduces systolic afterload 
and augments diastolic perfusion pressure, increasing cardiac output and 
improving coronary blood flow.144 These beneficial effects, in contrast to 
those of inotropic or vasopressor agents, occur without an increase in 
oxygen demand. IABP does not, however, produce a significant improve-
ment in blood flow distal to a critical coronary stenosis, and has not 
been shown to improve mortality when used alone without reperfusion 
therapy or revascularization. In patients with cardiogenic shock and com-
promised tissue perfusion, IABP can be an essential support mechanism 
to stabilize patients and allow time for definitive therapeutic measures to 
be undertaken.144,145 In appropriate settings, more intensive support with 
mechanical assist devices may also be implemented.

Reperfusion Therapy:  Although fibrinolytic therapy reduces the likeli-
hood of subsequent development of shock after initial presentation,138 
its role in the management of patients who have already developed 
shock is less certain. The available randomized trials43,46,59,146 have not 
demonstrated that fibrinolytic therapy reduces mortality in patients 
with established cardiogenic shock. On the other hand, in the SHOCK 
Registry,147 patients treated with fibrinolytic therapy had a lower 
in-hospital mortality rate than those who were not (54% vs 64%,  
p = 0.005), even after adjustment for age and revascularization status 
(OR 0.70, p = 0.027).

Fibrinolytic therapy is clearly less effective in patients with car-
diogenic shock than in those without. The explanation for this lack 
of efficacy appears to be the low reperfusion rate achieved in this 
subset of patients. The reasons for decreased thrombolytic efficacy in 
patients with cardiogenic probably include hemodynamic, mechani-
cal, and metabolic factors that prevent achievement and maintenance 
of infarct-related artery patency.148 Attempts to increase reperfusion 
rates by increasing blood pressure with aggressive inotropic and pressor  
therapy and intra-aortic balloon counterpulsation make theoretic sense, 

and two small studies support the notion that vasopressor therapy  
to increase aortic pressure improves thrombolytic efficacy.148,149 The use 
of intra-aortic balloon pumping to augment aortic diastolic pressure 
may increase the effectiveness of fibrinolytics as well.

To date, emergency percutaneous revascularization is the only inter-
vention that has been shown to consistently reduce mortality rates in 
patients with cardiogenic shock. An extensive body of observational and 
registry studies has shown consistent benefits from revascularization. 
Notable among these is the GUSTO-1 trial, in which patients treated 
with an “aggressive” strategy (coronary angiography performed within 
24 hours of shock onset with revascularization by PTCA or bypass 
surgery) had significantly lower mortality (38% compared with 62%).150 
The National Registry of Myocardial Infarction-2 (NRMI-2), which 
collected 26,280 shock patients with cardiogenic shock in the setting of 
MI between 1994 and 1997, similarly supported the association between 
revascularization and survival.151 Improved short-term mortality was 
noted in those who then underwent revascularization during the refer-
ence hospitalization, either via PTCA (12.8% mortality vs 43.9%) or 
CABG (6.5% vs 23.9%).151 These data complement the GUSTO-1 sub-
study data and are important, not only because of the sheer number of 
patients from whom these values are derived, but also because NRMI-2 
was a national cross-sectional study which more closely represents  
general clinical practice than carefully selected trial populations.

The SHOCK study was a randomized, multicenter international 
trial that assigned patients with cardiogenic shock to receive optimal 
medical management—including IABP and thrombolytic therapy—or 
to undergo cardiac catheterization with revascularization using PTCA or 
CABG. The primary end point, all-cause mortality at 30 days, was 46.7% 
in the revascularization group, and 56% in the medical therapy group, a 
difference that did not reach statistical significance (p = 0.11).152 Planned 
follow-up, however, revealed a significant benefit from early revascular-
ization at 6 months and at 1 year (p < 0.03).153 Subgroup analyses also 
revealed benefit in patients younger than 75, those with prior MI, and 
those randomized less than 6 hours from onset of infarction.152,153

The SMASH trial was similarly design, but enrolled sicker patients.154 
The trial was terminated early due to difficulties in patient recruit-
ment, and enrolled only 55 patients, but showed a reduction in 30-day 
absolute mortality reduction similar to that in the SHOCK trial (69% 
mortality in the invasive group vs 78% in the medically managed group, 
p = NS),154 and this benefit was also maintained at 1 year.

When the results of both the SHOCK and SMASH trials are put into 
perspective with results from other randomized, controlled trials of 
patients with acute myocardial infarction, an important point emerges: 
despite the moderate relative risk reduction (for the SHOCK trial 0.72, 
CI 0.54-0.95, for the SMASH trial, 0.88, CI, 0.60-1.20) the absolute ben-
efit is important, with 9 lives saved for 100 patients treated at 30 days in 
both trials, and 13.2 lives saved for 100 patients treated at one year in the 
SHOCK trial. This latter figure corresponds to a number needed to treat 
(NNT) of 7.6, one of the lowest figures ever observed in a randomized, 
controlled trial of cardiovascular disease.

On the basis of these randomized trials, the presence of cardiogenic 
shock in the setting of acute MI is a class I indication for emergency 
revascularization, either by percutaneous intervention or CABG.41

■■ INDICATIONS FOR TEMPORARY PACING  
IN ACUTE MYOCARDIAL INFARCTION

Damage to the impulse formation and conduction system of the heart 
from MI can result in bradyarrhythmias and conduction disturbances 
that do not respond reliably to conventional pharmacologic agents such 
as atropine or isoproterenol. These disturbances may lead to further 
hemodynamic compromise and coronary hypoperfusion. Disturbances of 
conduction distal to the AV node and the bundle of His are particularly 
worrisome, even if they are tolerated well hemodynamically. Ventricular 
escape rhythms in the setting of acute MI are unstable and unreliable; their 
discharge rate may vary widely, with abrupt acceleration to ventricular 
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tachycardia or deceleration to asystole. It is this characteristic of subsid-
iary ventricular pacemakers that guides the indication for prophylactic 
placement of temporary transvenous pacing in acute MI. Table 37-5 gives 
these indications, which are based on studies documenting the progres-
sion to high-grade AV block when the indicated conduction disturbances 
are present. Any bradyarrhythmia unresponsive to atropine that results in 
hemodynamic compromise requires pacing.

REFERENCES
Complete references available online at www.mhprofessional.com/hall

  TABLE 37-5   � Indications for Temporary Transvenous Pacing in Acute 
Myocardial Infarction

Class I

Asystole

Complete heart block

Mobitz type II second-degree heart block

Bilateral bundle branch block (alternating BBB or RBBB with alternating LAFB/LPHB)

New bifascicular block (RBBB with LAFB or LPHB, or LBBB) with first-degree AV block

Symptomatic bradycardia

Class IIa

New bifascicular block

RBBB with first-degree AV block

Incessant VT, for atrial or ventricular overdrive pacing

Recurrent sinus pauses (>3 seconds) not responsive to atropine

New LBBBa

Class IIb

Bifascicular block of indeterminate age

New isolated RBBB

Class III

First-degree AV block

Type I second-degree AV block

Accelerated idioventricular rhythm

Known preexisting BBB or fascicular block

AV, atrioventricular; BBB, bundle branch block; LAFB, left anterior fascicular block; LBBB, left bundle branch 
block; LPFB, left posterior fascicular block; RBBB, right bundle branch block; VT, ventricular tachycardia.
aControversial

Rating of recommendations:

Class I: General agreement treatment is effective.

Class IIa: Weight of evidence favors efficacy.

Class IIb: Efficacy less well established by evidence or opinion.

Class III: General agreement treatment is not useful and in some cases may be harmful.

Data from Ryan et al. ACC/AHA guidelines for the management of patients with acute myocardial infarc-
tion. J Am Coll Cardiol. September 1999;34(3):890-911.
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In the majority of patients with shock due to “pump failure,” assessment 
is focused appropriately on the left ventricle. However, in a substantial 
minority of patients, right heart dysfunction is the cause of shock. 
Examples include acute pulmonary embolism (PE), other causes of  
acute right heart pressure overload (eg, acute respiratory distress  
syndrome [ARDS] treated with positive pressure ventilation), acute 
deterioration in patients with chronic pulmonary hypertension, and 
right ventricular infarction. Although right ventricular infarction dif-
fers from the other right heart syndromes (RHS) in that the pulmonary 
artery pressure is not high, in many other regards right ventricular 
infarction resembles the other syndromes, so we will consider them 
together. Failure to consider the right heart in the differential diagnosis 
of shock risks incomplete or inappropriate treatment of the shock. It 
would be hard to overemphasize the importance of echocardiography, 
both in aiding the recognition of the right heart syndromes and in guid-
ing management. In this chapter, we review the notable features that 
distinguish the right heart from the left, describe the themes that unify 
the acute RHS and allow their recognition, discuss the pathophysiology 
and differential diagnosis of RHS, and review their management.

RIGHT VENTRICULAR PHYSIOLOGY
The right ventricle (RV) has long been considered the “forgotten ventricle,” 
because under normal pressure and volume loading conditions the RV is 
thought to function as a passive conduit for systemic venous return. When 
the pulmonary vasculature is normal, right ventricular performance has little 
impact on the maintenance of cardiac output. In animal models, complete 
ablation of the right ventricular free wall has little effect on venous pressures.

Despite the requirement for an equal, average cardiac output between 
the left and right ventricles, the bioenergetic requirement for RV ejec-
tion is approximately one fifth of the left ventricle (LV). This is in large 
part accounted for by the significant difference in downstream vascular 
resistance between the systemic and pulmonary circulations In com-
parison with the LV, the RV ejects into a low-resistance circuit (normally 
only one-tenth the resistance of the systemic arteries).

The pressure-volume relationship of the normal RV differs sig-
nificantly from that of the LV. In contrast to the LV ejection, the RV 
ejects into the pulmonary outflow tract early during systole, continu-
ing even after the maximal development of RV systolic pressure.1 This 

combination of acute pulmonary hypertension with profound RV 
systolic and diastolic dysfunction) results in spiraling end-organ 
dysfunction.

•• �Clues to recognizing RHS as a cause of shock include a history of a 
condition that is associated with pulmonary hypertension, elevated 
neck veins, peripheral edema greater than pulmonary edema, or a 
right-sided third heart sound, in addition to electrocardiographic, 
radiographic, and echocardiographic findings.

•• �Plasma biomarkers are nonspecific but echocardiography is 
extremely valuable, not only for demonstrating the presence of 
RHS, but also for guiding hemodynamic management.

•• �Progressive right heart shock can be worsened by excessive fluid infu-
sion, concomitant left ventricular failure, inappropriate application of 
extrinsic positive end-expiratory pressure (PEEP) and hypoxia.

•• �The drug of choice for resuscitation to reduce systemic oxygen demand 
while improving oxygen delivery is dobutamine, initially infused at  
5 μg/kg per minute. Systemically active vasoconstrictors may pro-
vide additional benefit.

•• �Inhaled nitric oxide or prostacyclin and oral PDE-inhibitors (eg, silde-
nafil) or extracorporeal mechanical assist devices may be beneficial  
in improving pulmonary hemodynamics and oxygenation, but may  
not improve survival.

exaggerated “hang out” period (ventricular outflow between the onset 
of right ventricular pressure decline and pulmonary valve closure) opti-
mizes pump efficiency and results in a triangular pressure-volume rela-
tionship compared with the square wave pump of the LV. Consequently 
RV wall stress is low under normal physiological conditions and RV 
coronary perfusion occurs in both diastole and systole, unlike the LV.2

The functional differences between RV and LV result from ontogenic, 
structural, cellular, and biochemical differences. The RV has a higher 
proportion of rapidly contractile α-myosin heavy chain filaments than 
the LV.3 Additionally, while both LV and RV are equally inotropically 
responsive to selective β1-adrenergic receptor (AR) agonism, RV and LV 
myocytes respond differentially to α1-adrenergic receptor stimulation.4 
Selective α1-AR stimulation is negatively inotropic in RV trabeculae but 
positively inotropic in LV trabeculae.

PATHOPHYSIOLOGY OF RIGHT HEART SYNDROMES
Acute and acute-on-chronic right heart syndromes develop as a con-
sequence of a combination of factors that that include impaired RV  
contractility, RV pressure overload or volume overload (Fig. 38-1).5

Under conditions of increased RV impedance (eg, pulmonary ste-
nosis or pulmonary embolism) the RV pressure-volume relationship 
assumes a square wave appearance similar to that of the LV.6 Acute 
RV pressure overload leads to enhanced contractility through two 
mechanisms: (1) the Anrep effect (homeometric autoregulation)—an 
adrenergically—independent contractile enhancement and (2) the 
Frank-Starling mechanism. In contrast, acute volume overload evokes 
predominantly Starling-mediated contractile enhancement. Unlike 
the LV, however, even modest acute increases in RV afterload may 
precipitate ventricular failure. Right ventricular ejection fraction falls 
as Pa resistance/pressure rises and RV end-systolic and end-diastolic 
pressures rise. During acute Pa hypertension, RV preload, after-load, 
and contractile state rise at the same time that heart rate rises. These 
features join to raise the RV myocardial oxygen consumption. At the 
same time, when an acute RHS is sufficiently severe to cause systemic 
hypotension, coronary perfusion of the RV may fall. The combination 

FIGURE 38-1.  This figure illustrates the theory of right ventricular infarction in the right 
heart syndromes. A sudden rise in pulmonary artery pressure impedes right ventricular ejection. 
Right ventricular stroke volume falls, and end-diastolic and end-systolic volumes rise. Heart 
rate increases as the baroreceptors sense the fall in systemic blood pressure. These features of 
increased preload, afterload, and rate raise the right ventricular oxygen consumption. At the 
same time, the fall in aortic pressure lessens the driving gradient (roughly aortic pressure—
right atrial pressure) for right coronary flow, reducing oxygen delivery to the right ventricle. If 
the rise in pulmonary artery pressure is sufficient, the right ventricle will fail. Vasoconstrictors 
have the potential to partially restore right ventricular function. Constriction of the systemic 
arteries raises left ventricular oxygen demands, but the normal left ventricle is operating with 
a margin of safety before the increased aortic pressure would be a problem. The higher aortic 
pressure drives more blood flow to the right ventricle without augmenting any of the compo-
nents of right ventricular oxygen demand, thereby relieving ischemia and improving function.
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of rising oxygen demand and falling coronary oxygen supply subjects 
the RV to ischemia sufficient to reduce RV contractility and reduce 
systolic ejection against the increased Pa pressure afterload (Fig. 38-1). 
The close anatomic approximation between the right and left ventricles 
confers a mechanical and functional interdependence in the face of 
right ventricular dysfunction.

These pathophysiologic derangements are different if volume and 
pressure loading develop more chronically. Under chronic stress condi-
tions, RV pressure overload taxes contractile and elastic reserves more 
profoundly than chronic volume overload.7 Significant contractile 
reserve is supported by RV myocyte hypertrophy and is regulated in 
part by increased expression of angiotensin II, insulin-like growth 
factor-I, and endothelin-1.8 Ventricular hypertrophy is not uniform and 
is frequently associated with regional diastolic and systolic dysfunction.9 
Increased cardiac output is accommodated by recruitment of previously 
unperfused pulmonary vessels and by distention of vessels.

LV/RV interdependence is influenced by (1) the cardiac fibroskeleton 
that limits acute annular distension, (2) the interventricular septum, and 
(3) the pericardium. As right heart volumes rise, the interventricular 
septum shifts progressively to the left, causing left ventricular diastolic 
dysfunction, further reducing systemic cardiac output and coronary 
perfusion pressure. Additionally, the pericardium restricts excessive acute 
ventricular distension while impairing diastolic filling of both the left 
and right heart.10 A vicious cycle ensues in which RV ischemia impairs 
right ventricular ejection, which without intervention leads intractably to 
progressive dilation of the RV and septal displacement that causes more 
LV diastolic dysfunction, progressive systemic hypotension, and further 
impairment of RV perfusion.11

This cycle has long been recognized in the acute inability of the RV to 
sustain a mean pulmonary artery pressure greater than about 40 mm Hg, 
based on studies of pulmonary hemodynamics in patients with acute PE 
without prior cardiopulmonary disease.1,12 There is significant evidence 
that even in the absence of flow limiting coronary occlusion, RV ischemia 
underlies acute RV failure in settings of acute pulmonary hypertension. 
Indirect indications include the significantly increased load tolerance 
of the right ventricle when aortic pressure is raised,13 and a beneficial 
hemodynamic response to infusion of norepinephrine.14 These findings 
suggest, but do not establish, that greater coronary flow driven by the 
higher aortic pressure enhances RV function by relieving ischemia.

Significant troponin elevation may be an early and reliable marker 
of right ventricular dysfunction in acute pulmonary embolism, and has 
been shown to predict an adverse outcome.15 Significant elevations of 
serum cardiac troponins T and I are thought to result from RV microin-
farction.16 Histopathological evidence of myocyte necrosis and evidence 
of protease (calpain) activation have been described in response to 
acute RV pressure overload. Additionally differential gene expression 
patterns have been reported in rat RV myocytes after either pressure or 
volume overload. BNP upregulation is evident in both stressed groups. 
Relatively higher expression of mRNA for the inflammatory gene  
products of TNF-α, IL-6, pre-pro ET-1, SERCA2a, and phospholamban 
genes are present in volume overloaded RV myocytes.17

■■ RECOGNIZING THE RIGHT HEART SYNDROMES
Clinical Clues:  In the hypoperfused patient, several clinical features 
should suggest the possibility of an acute right heart syndrome 
(Table  38-1). First, any history of pulmonary hypertension raises the 
possibility that the new shock state represents a (potentially minor)  
precipitant on top of preexisting right heart compromise (acute-on-
chronic pulmonary hypertension; Table 38-2). When there is no 
antecedent history of pulmonary hypertension, elevated neck veins, a 
pulsatile liver, peripheral edema out of proportion to pulmonary edema, 
a right-sided third heart sound, or tricuspid regurgitation should alert 
the intensivist that she or he may be dealing with an RHS. The pul-
monic component of the second heart sound may be loud, and the time 
interval between the aortic (A2) and the pulmonary (P2) components  
of the second heart sound (A2-P2 splitting) is increased in the presence of 
pulmonary hypertension. However, these findings are appreciable with 

  TABLE 38-1    Clues to Recognition of Right Heart Syndromes

Elevated neck veins

Pulsatile liver

Peripheral ≫ lung edema

Right sided S
3
, tricuspid regurgitation

Radiographic

Electrocardiographic

Echocardiographic

Data from Guidelines for the diagnosis and treatment of pulmonary hypertension: Task Force for the Diagnosis 
and Treatment of Pulmonary Hypertension of the European Society of Cardiology (ESC) and the European 
Respiratory Society (ERS), endorsed by the International Society of Heart and Lung Transplantation (ISHLT).

  TABLE 38-2   � Causes of Severe Pulmonary Hypertension and Acute Right  
Heart Syndrome

Clinical Classification of Pulmonary Hypertension
1.	 Idiopathic and heritable pulmonary arterial hypertension (PAH)

Drugs or toxins induced

Associated with:

Connective tissue diseases

HIV infection

Portal hypertension

Congenital heart disease

Schistosomiasis

Chronic hemolytic anemia

Pulmonary veno-occlusive disease (PVOD) and/or pulmonary capillary 
hemangiomatosis (PCH)

2.	 Pulmonary hypertension due to left heart disease

Systolic dysfunction (left-sided myocardial infarction/cardiomyopathy)

Diastolic dysfunction

Valvular disease (mitral regurgitation; pulmonary stenosis)

3.	 Pulmonary hypertension due to lung diseases and/or hypoxemia

Chronic obstructive pulmonary disease

Interstitial lung disease

Other pulmonary diseases with mixed restrictive/obstructive pattern, kyphoscoliosis, 
thoracoplasty

Sleep-disordered breathing

Alveolar hypoventilation syndrome

Chronic exposure to high altitude

Developmental abnormalities

4.	 Chronic thromboembolic pulmonary hypertension (CTEPH)

5.	 Pulmonary hypertension with unclear or multifactorial mechanisms

Hematological disorders: myeloproliferative disorders, splenectomy

Systemic disorders, sarcoidosis, pulmonary Langerhans cell histiocytosis, vasculitis, and others

Data from Guidelines for the diagnosis and treatment of pulmonary hypertension: Task Force for the Diagnosis 
and Treatment of Pulmonary Hypertension of the European Society of Cardiology (ESC) and the European 
Respiratory Society (ERS), endorsed by the International Society of Heart and Lung Transplantation (ISHLT).

a binaural stethoscope in only a minority of patients with acute pul-
monary embolism,18 and are probably too subjective to be useful. More 
sophisticated acoustic processing of digitally acquired heart sounds may 
provide an accurate estimation of pulmonary arterial pressures.19

Despite the insensitivity of individual clinical signs to detect and 
diagnose acute right heart syndromes, a combination of clinical features 
(symptoms of deep venous thrombosis [DVT]; an alternative diagnosis 
is less likely than PE; heart rate >100 bpm; immobilization or surgery in 
the previous 4 weeks; previous DVT or PE; hemoptysis; and cancer, being 
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treated currently or within the previous 6 months) and laboratory results, 
especially serum D-dimer level, can be useful in excluding pulmonary 
embolism as a likely cause.20 The performance characteristics of clinical 
prediction rules (Wells score or revised Geneva score) in combination 
with D-dimer assays21 for the diagnosis of PE are discussed in Chap. 39.

Electrocardiography:  Electrocardiographic (ECG) evidence of RV failure 
in the context of pulmonary hypertension includes sinus tachycardia  
or atrial fibrillation, right axis deviation or a rightward shift in axis, right 
atrial enlargement, right ventricular hypertrophy, right bundle-branch 
block (RBBB), right precordial T-wave inversions (leads III and aVF or in 
leads V1-V4), and the S1Q3T3 pattern. Additional configurations include a 
Qr pattern in lead V1, S waves in lead I and aVL >1.5 mm and Q waves in 
leads III and aVF, but not in lead II.5 Reports of typical ECG changes vary 
significantly22 suggesting relative insensitivity in the performance charac-
teristics of the 12-lead ECG in broad groups of mixed severity right heart 
syndrome patients. However, in patients with hemodynamically significant 
pulmonary embolism, the likelihood of suggestive electrocardiographic 
findings is probably much higher. For example, among 49 patients with PE 
(all of whom had RV dilation and tricuspid regurgitation by echocardiogra-
phy), 37 (76%) had electrocardiographic abnormalities strongly suggestive 
of PE, including at least three of the following: incomplete or complete 
RBBB; S waves greater than 1.5 mm in leads I and aVL; shift of the precor-
dial transition zone to V5; Q waves in leads III and aVF, but not lead II; right 
axis deviation or an indeterminate axis; low QRS voltage in the limb leads; 
or T-wave inversion in leads III and aVR or in leads V1 to V4.

23 The elec-
trocardiographic signs of right ventricular infarction are described below.

Radiography:  Radiographic signs include retrosternal airspace opacification 
reflecting RV enlargement, prominence of the right-heart border reflecting 
right atrial dilation, an enlarged pulmonary artery or right ventricle, olige-
mia of a lobe or lung (Westermark sign), pleural or pericardial effusions and 
a distended azygos (or other central) vein (Figs. 38-2 and 38-3).

Contrast-enhanced computed tomography of the pulmonary vascu-
lature (helical CT angiography) has evolved as a central diagnostic tool 
in the evaluation of acute right heart syndromes, particularly pulmonary 
thromboembolism, as discussed in Chap. 39.24-27 The sensitivities range 
from 53% to 89%, and specificities from 78% to 100% for single-slice 
helical CT diagnosis of acute PE.28 Newer multi-row detector scanners 
should increase sensitivity to more than 90%.29 In addition to detecting 

the presence of a pulmonary vascular clot, CT is able to detect RV dilation 
and septal shift. In a small series of patients with acute PE, CT sensitivity 
was 78% for detecting RV dysfunction when compared with transthoracic 
echocardiography (TTE).30

Cardiac magnetic resonance imaging (MRI) while time intensive, is the 
most accurate method for assessing RV volume and ejection fraction.31

Echocardiography:  Echocardiography is of great utility in the detec-
tion of RHS and should be obtained early in the hypoperfused 
patient whenever one of the previously mentioned clinical indicators is  
present.32 Of course, most of these signs are not specific for RHS, but 
their recognition is important because the treatment of RHS is unique in  
several regards (Table 38-3). TTE is particularly useful in differentiat-
ing at the bedside right ventricular pressure overload from myocardial 
infarction, aortic dissection, or pericardial tamponade, all of which may 
be clinically indistinguishable from right ventricular pressure overload.33 
Identification of a patent foramen ovale and free-floating right-heart 
thrombus are echocardiographic markers of particularly grave prognosis, 
including recurrent PE and death.33-35

Furthermore, TTE may be used to estimate pulmonary artery pres-
sures and assess right ventricular function,36 thereby allowing for rapid 
initiation of appropriate therapeutic interventions. Echocardiography 
may also provide indirect evidence of pulmonary embolism by demon-
strating a specific pattern of right ventricular dysfunction characterized 
by free-wall hypokinesis with apical sparing (McConnell sign), a find-
ing possibly useful in differentiating pulmonary embolism from other 
causes of right ventricular dysfunction.32-38 Finally, echocardiography 
can be used to visualize massive pulmonary embolism directly in some 
patients.34 Therefore we believe that echocardiography is a practical and 
readily available diagnostic tool that should be considered in the evalu-
ation of patients with suspected pulmonary embolism.

The typical echocardiographic findings include a normally contract-
ing left ventricle, often with end-systolic obliteration of the LV cavity; 
a thin-walled, dilated, poorly contracting RV; right atrial enlargement;  
tricuspid insufficiency with a high-velocity regurgitant jet; increased esti-
mated Pa pressures; leftward shift of the interventricular septum causing 

FIGURE 38-2.  Chest radiograph demonstrating significant enlargement of the main pul-
monary artery (arrow) in a young woman with chronic pulmonary hypertension due to recurrent 
pulmonary emboli.

FIGURE 38-3.  Chest radiograph showing a huge azygos vein (arrow) in an elderly man 
with shock due to acute massive pulmonary embolism. The normal vein measures less than 
10 mm in transverse diameter, whereas this patient’s azygos vein measures more than 22 mm. 
This film also demonstrates Westermark sign (oligemia, here of all lung fields).
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the typical “D” shape of the LV on the short-axis view (Fig. 38-4); para-
doxical septal motion in systole; right Pa dilation; or loss of respirophasic 
variation in the inferior vena cava.39 RV infarction can usually be readily 
distinguished from acute pulmonary hypertension in that high Pa pres-
sures are lacking. Right ventricular diastolic dimensions can be obtained 
by measuring right ventricular end-diastolic area in the long axis,  
from an apical four-chamber view, or by a transesophageal approach in 
the volume-repleted patient.40

Enhanced echo techniques that are independent of geometrical assump-
tions have been developed to assess acute pathophysiological changes in 
RV function. Tricuspid annular plane systolic excursion (TAPSE),41 RV 
systolic and diastolic tissue Doppler imaging (TDI) velocities and Speckle 
tracking-derived strain42 TAPSE has been demonstrated to be a sensitive 
marker of acute RV dysfunction in 40 patients with acute PE.41

Newer algorithms for assessment of RV volumes and ejection frac-
tion by real-time three-dimensional TTE are reported to be reasonably 

accurate. However in a meta-analysis of 23 studies that included  
807 patients, 3D TTE underestimated RV volumes and EF when com-
pared with the gold-standard measurements by cardiac MRI.43

Pulmonary Artery Catheterization:  Pulmonary artery catheterization 
can estimate pulmonary arterial pressures more accurately than echo-
cardiography. However, interpretation of mean pulmonary pressures 
and measurement of tricuspid regurgitation by thermodilution are 
confounded by technical limitations. RV failure is characterized by a 
reduced cardiac output (typically cardiac index <2.5 L/min/m2) and 
an elevation in right sided filling pressures (eg, right atrial pressure 
>8 mm Hg). A pulmonary artery catheter (PAC) with a fast-response 
thermistor has been advocated for accurate measurement of right ven-
tricular end-diastolic volume (RVEDV) and hemodynamic parameters 
including RV ejection fraction by thermodilution in the presence of 
tricuspid regurgitation. However the fast-response thermistor PAC may 
systematically overestimate RVEDV in the presence of ischemia44 and 
has not been demonstrated to confer an improvement in survival.

Circulating Biomarkers:  The utility of cardiac biomarkers for diag-
nosing acute RV injury in RHS has been demonstrated (mainly in 
acute PE) to accurately identify low-risk patients. BNP assay nega-
tive predictive values for in-hospital death range from 97% to 100%. 
RV systolic failure is an independent determinant of serum levels of 
brain natriuretic peptide (BNP) in patients with severe heart failure.35 
However, the performance characteristics (positive predictive value 
and sensitivity) are inconsistent and preclude the use of either BNP 
or BNP levels across as range of cutoff values for routine diagnosis or 
prognosis in patients with moderate to high pretest probability.5

SPECIFIC RIGHT HEART SYNDROMES

■■ ACUTE PULMONARY HYPERTENSION
Acute pulmonary hypertension is caused by an abrupt increase in 
pulmonary vascular resistance due to vascular obstruction or surgical  
resection. The prototype of acute pulmonary hypertension is acute  
pulmonary embolism (PE; see Chap. 39), but other forms of embolism 
(eg, air or fat), microvascular injury (eg, ARDS), drug effect, and inflam-
mation can acutely raise pulmonary vascular resistance (see Table 38-3). 
In its most severe form, acute pulmonary hypertension associated with 
profound RV dysfunction is termed acute cor pulmonale.11,45,46 The echo-
cardiographic diagnosis of acute cor pulmonale consists of the combina-
tion of RV dilation (reflecting RV diastolic overload) with paradoxical 
septal motion during systole (reflecting RV systolic overload).32

Right Ventricular Infarction:  Right ventricular infarction is a well-
recognized and fatal feature of inferior myocardial infarction.47,48 It 
is also seen in anterior infarcts. In most cases RV free wall infarction 
or ischemia is accompanied by varying degrees of septal and pos-
teroinferior left ventricular injury, but relatively isolated RV injury is 
occasionally seen. RV myocardial injury and dysfunction represent-
ing noninfarcted hibernating myocardium may be able to sustain 
long periods of low coronary oxygen delivery and ultimately recover 
substantial contractile function.49

RV dilation accompanies significant myocardial injury. Concomitant 
LV infarction involving the interventricular septum may lead to further 
hemodynamic deterioration in patients with RV infarction because of 
the loss of LV septal contraction, which can assist RV ejection. Elevation 
of right atrial pressure on physical examination or direct measurement 
in a patient with an inferior myocardial infarction and clear lungs by 
exam and chest x-ray should lead to suspicion of RV infarction. When 
these features occur in a critically ill patient, the essential distinction is 
between RHS resulting from acute Pa hypertension and RHS resulting 
from RV infarction. Confirmatory evidence includes a right precordial 
electrocardiogram or echocardiographic evidence of RV injury (see 
Chap. 37). Proximal RCA occlusion commonly results in concomitant 
right atrial ischemia. This can precipitate significant rate and rhythm 

  TABLE 38-3    Causes of RV Failure in ICU

RV Pressure Overload, Pulmonary Hypertension, Any Cause

  Pulmonary embolism

  ARDS

  Excessive PEEP, tidal volume, and alveolar pressure

  Air, amniotic, fat, or tumor microembolism

  Sepsis (rarely)

  Pulmonary leukostasis, leukoagglutination

  Extensive lung resection

  Drugs (eg, heparin-protamine reaction)

  Hypoxia

Reduced RV Contractility

  RV infarction

  Sepsis

  RV cardiomyopathy

  Myocarditis pericardial disease; LVAD; post-CPB; postcardiac surgery/transplantation

RV-Volume Overload

  Tricuspid and pulmonary regurgitation; intracardiac shunts

ARDS, acute respiratory distress syndrome; HIV, human immunodeficiency virus; Pa, pulmonary artery; 
PEEP, positive end-expiratory pressure; RV, right ventricular.

Data from Price LC, Wort SJ, Finney SJ, et al. Pulmonary vascular and right ventricular dysfunction in adult critical 
care: current and emerging options for management: a systematic literature review. Crit Care. 2010;14(5):R169.

FIGURE 38-4.  Echocardiographic short-axis view showing the obvious shift of the inter-
ventricular septum toward the left ventricle, changing the shape of the left ventricle from its 
normal circular cross-section to a “D” shape.

section03.indd   312 1/23/2015   2:07:27 PM

http://www.myuptodate.com


CHAPTER 38: Acute Right Heart Syndromes 313

disturbances leading to further RH dysfunction and potentially AV dys-
synchrony.49,50 Afferent vagal stimulation and baroreceptor stimulation 
in ischemic myocardial tissue lead to enhanced parasympathetic tone 
and the cardioinhibitory Bezolde-Jarisch reflex.51 Reperfusion thera-
pies can paradoxically exacerbate this response resulting in severe but 
transient bradycardic hypotension.

Meta-analysis of 22 studies involving 7136 patients with AMI iden-
tified 27.5% with RV myocardial involvement. The pooled relative 
risk mortality increase for RVI patients was 2.59 (95% CI, 2.02–3.31;  
Z = 7.57; p <.00001) compared with non-RV MI.52 The mortality risk 
was consistent across studies where RVI was diagnosed by ECG alone or 
supplemented by echocardiographic confirmation. RVI was significantly 
more frequently complicated cardiogenic shock, ventricular arrhythmias, 
and mechanical complications including papillary muscle rupture.

The focus of management in RV infarction is on maintenance of  
optimal RV preloading to avoid worsened RV distension, preservation 
of RV synchrony, reduction in RV afterload (particularly when LV dys-
function is present), and inotropic and mechanical support of the RV.53

Early reperfusion with fibrinolytics or direct coronary intervention 
has been advocated based on clear evidence of early reperfusion,54 func-
tional RV performance improvement and improved hospital mortality. 
However, even delayed efforts at reperfusion with fibrinolytic or 
directed PCI are indicated for most patients. Echocardiography can 
be highly useful in confirming RV infarction and in determining the 
response to therapeutic interventions.
Acute Lung Injury/Acute Respiratory Distress Syndrome:  As many as one 
quarter of patients with ARDS develop significant pulmonary hyperten-
sion and RV dysfunction45,46 although the frequency of this complica-
tion in an era when Pa catheters are infrequently inserted is likely to be 
clinically underappreciated. Contributors to Pa hypertension in ARDS 
include hypoxic pulmonary vasoconstriction, mediator release, high alve-
olar pressure during mechanical ventilation, and microthrombi in situ.

In retrospective analysis of 145 patients from the French Pa Catheter 
study, Osman and coworkers identified right ventricular failure in 9.6% 
of patients defined as a mean PAP >25 mm Hg, CVP > PAOP and 
stroke volume index <30 mL/m2, although there was no independent 
association with 90-day survival in that study. Right ventricular dysfunc-
tion characterized by PRA > Ppao has been established to be an early 
independent predictor of mortality in ARDS (OR 5.1 95% CI 1.5-17.1;  
P = 0.009).55 The large prospective European ARDS Collaborative Study 
evaluated pulmonary hemodynamic variables in 424 of 586 ARDS 
patients.56 In most patients, mean Pa pressure was modestly elevated on 
admission (26.1 ± 8.5 mm Hg) and was persistently elevated at 48 hours 
in nonsurvivors compared with survivors (28.4 ± 8.5 mm Hg vs 24.1 ± 
6.7 mm Hg). The ratio of RV to LV stroke work was also significantly 
elevated in all patients, and along with the ratio of partial oxygen pres-
sure to the fraction of inspired oxygen (OR 0.96-0.98), was identified as 
an independent predictor of survival (OR 20-85; p = 0.0001). In a ret-
rospective analysis of the ARDS Network, Fluid and Catheter Treatment 
Trial dataset, Bull, et al identified a high frequency of pulmonary vascu-
lar dysfunction and a strong association between an increased transpul-
monary gradient at enrollment (TPG; Pa mean pressure—Pa occlusion 
pressure ≥12 mm Hg) with increased 60-day mortality rate (30% vs 19%; 
P = 0.02). Notably if the TPG failed to normalize by day 5, this too was 
associated with increased likelihood of death (36% vs 19%; P = 0.01).

Shunting through a patent foramen ovale as a consequence acute pul-
monary hypertension with RV dysfunction in ARDS is common and is 
associated with prolonged ventilator dependence. 39 out of 116 sequential  
ARDS patients in one French prospective cohort had PFO-associated 
shunt demonstrated by bubble-contrast TEE.46

These findings would suggest an aggressive approach to lowering 
RV afterload in patients with ARDS by reducing alveolar pressures and 
administering inhaled nitric oxide or prostacyclin. However, despite 
reproducible reductions in Pa pressure and improvements in oxygen-
ation indices, randomized controlled studies using this approach have 
repeatedly failed to demonstrate a survival benefit, as discussed below.

Mechanical ventilation in the prone position (PPV; reviewed in 
Chap. 52) has consistently been demonstrated to improve gas exchange 
in adults with ARDS.57 However, whether PPV improves survival in 
unselected ARDS patients is unresolved. PPV has been demonstrated 
to exert it’s salutary effects by reducing antero-posterior pleural pres-
sure gradients, reducing the pro-atelectatic pressure effects of the heart 
and ventral trans-diaphragmatic pressures and reducing heterogeneity 
of regional lung V/Q relationships.58 As a consequence of these mecha-
nisms, PPV has also been demonstrated to unload the RV in patients 
with ARDS and acute cor pulmonale.59 In 21 patients with severe ARDS 
and acute pulmonary hypertension with RV dysfunction, 18 hours of 
PPV significantly decreased end-inspiratory plateau pressure and PaCO2 
despite unchanged tidal volumes. Additionally PPV was associated 
with a significant improvement in RV function compared with SPV 
as assessed by right ventricular enlargement and septal dyskinesia at  
transesophageal echocardiography.

Sepsis:  Sepsis itself is probably capable of causing pulmonary hyperten-
sion, even in the absence of acute lung injury, based on animal models60 
and limited human studies.61,62 Although common in patients with severe 
sepsis, it is our experience that acute pulmonary hypertension is only of 
clinical importance when ARDS (or another clear precipitant) is present. 
Sepsis-associated proinflammatory cytokines particularly tumor necrosis 
factor-α have been demonstrated to induce caspase-mediated apoptosis 
and myocyte dysfunction63 as well as having negative inotropic effects on 
the ventricular myocardium. It seems likely that the systemic hypotension 
of septic shock also renders the RV more vulnerable to ischemic systolic 
dysfunction when combined with modest increases in afterload.64 It has 
been argued that this right ventricular perfusion gradient accounts for the 
differentially impaired perfusion and contractility of the RV compared 
with the LV in sepsis.62

A notable insight into the complex role of endogenous nitric oxide 
in regulating pulmonary vascular tone in septic shock patients was 
derived from a randomized, placebo-controlled, double-blind study of 
the nitric oxide synthase inhibitor 546C88.65 Patients who were ran-
domized to the treatment arm had a 10% absolute higher mortality rate 
at 28 days than patients in the placebo arm. 546C88-treated patients 
had a greater incidence of pulmonary hypertension, with an initial 
increase in the pulmonary vascular resistance and a sustained reduc-
tion in the pulmonary venous admixture, possibly through augmented 
hypoxic pulmonary vasoconstriction. Three patients in the treatment 
arm developed right heart failure. It has been suggested that sepsis-
associated NO production may have a partially protective effect on the 
pulmonary vasculature by optimizing pulmonary ventilation-perfusion 
relationships.

Acute Sickle Chest Syndrome:  Acute pulmonary hypertension compli-
cates vaso-occlusive sickle cell crises66 and can present as the acute 
sickle chest syndrome (ACS). ACS results from pulmonary micro-
vascular in situ thrombosis, pulmonary fat embolism from infarcted 
long bone marrow, and hypoxic vasoconstriction. Recurrent episodes 
result in secondary chronic pulmonary hypertension and cor pul-
monale. Amongst 70 patients experiencing 84 ACS crises, acutely 
elevated pulmonary arterial pressures (estimated by echo tricuspid 
regurgitant jet velocity, TRV) was present in 60% (37% of patients had 
a TRV >3.0 m/s) and was associated with RV dilation in most patients 
and RV systolic failure (cor pulmonale) in 13%.67 Acute Pa hyperten-
sion generally resolved after ACS resolution (PASP decreased from  
51 [47-67] mm Hg during severe ACS to 25 [35-40] mm Hg [P < 0.01]).  
However, severe pulmonary hypertension (TRV >3.0 m/s) during 
ACS was associated with a dramatic reduction in long-term survival; 
only 50% of those patients survived to 36 months versus 100% of 
patients with TRV <3.0 m/s; P = 0.007.

Inhaled NO, in addition to supplemental oxygen, blood transfusions, 
and bronchodilators, may provide some additional benefit for general-
ized vaso-occlusive crises,68 but has not been systematically studied for 
sickle-associated ACS or pulmonary hypertension.69
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Cardiac Surgery and Cardiopulmonary Bypass:  Acute right heart fail-
ure following cardiac surgery, especially in patients operated on for 
severe mitral valve disease, some congenital cardiac defects, acute 
pulmonary embolism, or following heart transplantation or institu-
tion of left ventricular mechanical assistance, continues to vex cardiac 
surgeons and surgical intensivists. The mechanisms underlying this are 
multifactorial70 and include cardiopulmonary bypass–induced activa-
tion of pulmonary inflammatory pathways,71 increased circulating 
levels of endothelin-172 and impairment of nitric oxide production by 
pulmonary endothelial cells. A favorable response to inhaled NO has 
been demonstrated when used postoperatively73,74 or perioperatively.75 
Similar effects were reported with the PDE-4 inhibitor, sildenafil.76 
Inhaled prostacyclin has also been demonstrated to improve Pa 
hypertension and RV dysfunction post CPB.77 In 46 patients with 
established PH undergoing CPB who were at increased risk of acute 
RV dysfunction when weaned from CPB, inhaled prostacyclin (20 µg) 
was more effective at reducing PVR and mean PAP while increasing 
cardiac output, when compared with a fixed dose of inhaled NO  
(20 parts per million—ppm).78

■■ ACUTE-ON-CHRONIC PULMONARY HYPERTENSION
Many patients with acute RHS have preexisting pulmonary vascular dis-
ease, at times with clinically recognized pulmonary hypertension, but often 
without (see Tables 38-2 and 38-4). In such patients, intercurrent critical 
illness may unmask pulmonary vascular disease when a higher-than-
normal cardiac output is needed. Both graded exercise79 and graded acute 
hypoxia80 provoke acute-on-chronic elevations in pulmonary arterial, right 
atrial and right ventricular pressures. Additionally RV end-diastolic and 
end-systolic volume indexes increase significantly. Consistently, however, 
LV stroke volume indexes and ejection fraction change significantly.79,80

The obesity epidemic in post-industrial societies has led to a burgeon-
ing in the incidence of sleep-disorder associated chronic PH (particularly 
amongst patients with obstructive sleep-apnea syndromes, OSA). As  
many as three-quarters of OSA patients may have moderate-to-severe 
PH.81 These data demonstrate convincingly that an OSA diagnosis is 
strongly associated with development of chronic PH, independent of 
systemic hypertension and LV dysfunction. It is our recent experience 
that these patients who are frequently undiagnosed and undertreated, 
are at particular risk for both systemic hypertension and acute-on-
chronic exacerbations of PH with cor pulmonale as a consequence of 
intercurrent critical illness.

When pulmonary hypertension is diagnosed during the course of 
critical illness, the potential for underlying chronic pulmonary vascu-
lar disease should be considered, especially when the history suggests 
chronic disease, the mean Pa pressure is higher than 40 mm Hg, or echo-
cardiography shows evidence of RV hypertrophy. Acute decompensation 
of chronic PH is associated with a poor prognosis. Amongst 119 patients 
with PH hospitalized for acute right heart failure (207 episodes), death 
or urgent transplantation was the outcome in 34 patients (28.6%) by  
90 days from admission. Tachypnea, hyponatremia, severe renal dysfunc-
tion and severe tricuspid regurgitation on admission were independently 
associated with death or need for urgent transplantation.83

Treatment of Acute Right Heart Syndromes:  Current recommenda-
tions for the management of acute RHS are limited by generally low  
quality of available clinical evidence.84,85 Our approach, informed by 

expert opinion, hinges on two primary treatment aims: to reduce sys-
temic oxygen demand while improving oxygen delivery (Table 38-5). 
Oxygen demand can be lowered by treating fever, sedating the  
patient, instituting mechanical ventilation, and in severe cases, using 
therapeutic muscle relaxation. Oxygen delivery can be enhanced by 
correcting hypovolemia, transfusing red blood cells, relieving alveolar 
hypoxia, infusing vasoactive drugs, and avoiding detrimental ventila-
tor settings. The goals of oxygen therapy in RHS are to enhance arte-
rial saturation (SaO2) and to block alveolar hypoxic vasoconstriction 
(AHV). Using a sufficient oxygen concentration to achieve 88% SaO2 is 
advocated in ARDS and other alveolar flooding diseases (see Chap. 52),  
but in RHS not associated with intrapulmonary shunt, we target SaO2 
to >96% to ensure alveolar oxygen values sufficient to block AHV 
(PaO2 >55 mm Hg). It may be useful to correct anemia with red blood 
cell transfusion, raising the arterial oxygen content, and reducing the 
necessary cardiac output. The resulting increased blood viscosity (and 
its tendency to raise pulmonary vascular resistance) probably does 
not outweigh the reduced demand for forward flow.

Some patients with acute RHS may benefit from specific therapies, 
such as thrombolysis for acute pulmonary embolism (see Chap. 39) and 
coronary reperfusion for acute myocardial infarction (see Chap. 37).  
In most patients, however, the fluid therapy, ventilator management, and 
vasoactive drug infusion are discussed below and have been the subject 
of recent reviews.84,86

Contemporary approaches to the critical care management of  
right heart syndromes emphasize four major treatment of objectives 
(Table 38-6).85,87 Specific therapeutic and pharmacologic options to 
achieve these goals, are reviewed below (Table 38-7).

■■ ESTABLISH EFFECTIVE CIRCULATING VOLUMES

Fluid Therapy:  In most patients with shock it is appropriate to admin-
ister fluid, often to restore left ventricular diastolic filling and boost 
cardiac output. Despite the recognition that the right heart becomes 
extremely preload dependent during ischemia and infarction,49 exces-
sive fluid administration is likely to worsen hemodynamic stability. In 
many of these patients the right-sided pressures are already well above 
normal, signaled by neck vein distention. Data from animal models 

  TABLE 38-5    Goals of Therapy in the Right Heart Syndromes

Correct hypoxemia

Find optimal volume

Exclude or treat concomitant left ventricular dysfunction

Minimize volume of oxygen utilization

Reduce intrinsic positive end-expiratory pressure and other causes of elevated alveolar pressure

Dobutamine, begin at 5 μg/kg per minute

Norepinephrine, begin at 0.4 μg/kg per minute

Nitric oxide, begin at 18 ppm

  TABLE 38-6    Management Principles for Treatment of Acute Right Heart Syndromes

A.  Establish effective circulating volumes avoid volume loading or over-diuresis if RV  
volume-overloaded

B.  Maximize RV myocardial function; optimize coronary sinus perfusion
C.  Reduce right ventricle afterload, PVR and RV ischemia

	 a.	 Pulmonary vasodilators
	 b.	 Treat reversible factors that may increase PVR Metabolic state: anemia, acidosis,  

hypoxemia high PCO2
,

	 c.	 Reduce sympathetic overstimulation
D.  Maintain adequate systemic vascular resistance (SVR)

Modified with permission from Price LC, Wort SJ, Finney SJ, et al. Pulmonary vascular and right ven-
tricular dysfunction in adult critical care: current and emerging options for management: a systematic 
literature review. Crit Care. 2010;14(5):R169.

  TABLE 38-4    Features of Right Heart Syndromes

Diagnosis not readily apparent: a high index of suspicion aids recognition

Routine therapy for congestive heart failure may be detrimental

Fluid loading may lower cardiac output

Vasodilators may cause abrupt deterioration

Vasoconstrictors may have a role in some patients

Echocardiography is extremely valuable
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of pulmonary embolism, as well as from studies of patients with right 
ventricular infarction, demonstrate that fluid therapy may be unhelpful 
or even detrimental.

In a canine autologous clot model of pulmonary embolism, the effects 
of fluid loading were studied before embolism, then following embo-
lism.88 Before embolism, fluid loading significantly raised the right atrial 
pressure, the transmural left ventricular end-diastolic pressure (LVEDP), 
and the left ventricular end-diastolic area index (a measure of left ven-
tricular volume using sonomicrometry). Following multiple emboli, fluid 
loading raised right atrial pressure, but transmural LVEDP fell signifi-
cantly as did the left ventricular end-diastolic area index. These findings 
indicate that fluid loading following embolism causes further leftward 
displacement of the interventricular septum, further compounding LV 
diastolic dysfunction. In a canine glass bead embolization model, fluid 
loading was found to precipitate right ventricular failure, even when 
relatively small volumes were infused.89

Similar results have been shown in human right ventricular infarction.90,91 
Despite raising the right atrial and wedge pressures, fluid loading failed 
to increase the cardiac index, blood pressure, or left and right ventricular 
stroke work.

Dynamic assessments of volume responsiveness such as variations in 
stroke volume (SVV) or pulse pressure (PPV) in response to cyclic posi-
tive pressure breaths or passive leg raising maneuvers are useful in many 
shock states (see Chap. 34). However, this assessment may be insensitive 
in patients with acutely impaired RH function.92,93 Amongst 35 critically 
ill and mechanically ventilated adults with circulatory failure preload 
volume responsiveness was assessed by PPV in response to positive 
pressure breaths. In a third of patients with preinfusion PPV >12% 
suggesting preload volume responsiveness, a 500-mL colloid bolus was 
ineffective in improving hemodynamics. RV dysfunction was identified 
by TTE as the source of this false positive response.92

These findings should serve as a caution regarding fluid administra-
tion to patients with shock due to acute RHS. Since some patients may 
be volume depleted at presentation, a fluid challenge is reasonable, 
especially if the neck veins are flat or right heart filling pressures are 
low. Nevertheless, fluid should be given with a healthy degree of skepti-
cism and careful attention to the consequences. We recommend that a 
discrete crystalloid fluid bolus of no more than 250 mL be administered 
while assessing relevant indicators of perfusion such as blood pressure, 
heart rate, pulsus paradoxus, cardiac output, central venous oxyhemo-
globin saturation, or urine output.5,85 We find that intracavitary pressure  
measurements including CVP can vary widely and are unhelpful in 
guiding assessments of volume responsiveness and may confound 

decision making. If no benefit can be detected, further fluids should 
not be given, and attention should shift to vasoactive drugs.

■■ MAXIMIZE RV MYOCARDIAL FUNCTION; OPTIMIZE 
CORONARY SINUS PERFUSION

Vasoactive Drug Therapy:  A wide variety of vasoactive drugs have 
been evaluated with variable success in patients or animal models for 
the treatment of acute RHS due to pulmonary embolism, ARDS, or 
right ventricular infarction. These include nonspecific vasodilators 
(hydralazine94 and nitroprusside90,95,96), vasoconstrictors (norepi-
nephrine,14,89,97 epinephrine,98 phenylephrine,99,100 dopamine,101 and 
vasopressin102,103), inotropes (dobutamine,90,91,104-106 amrinone,107 mil-
rinone,108 isoproterenol,14 epinephrine,98 and levosimendan109,110), 
and pulmonary vasodilators (prostaglandin E1,

111,112 prostaglandin 
I2,

113 and nitric oxide96,102,113-120). Predicting the response to any of 
these drugs a priori is complicated by their tendency toward oppos-
ing effects. Conflicting data from studies of an agent in different 
animal models suggest that the interspecies variation and prevailing 
pulmonary vascular tone are important in determining if a particular 
agent has a predominantly pulmonary vasodilatory or vasoconstrict-
ing effect.105,106 Thus the choice of vasoactive drugs cannot be based 
solely on the presumed pathophysiology, but also must be based on the 
results of human and animal studies summarized below. We contend 
that a vasoactive drug is effective in RHS when it significantly raises 
cardiac output without significantly worsening systemic hypotension,  
SaO2, or RV ischemia. Dobutamine is our preferred positive ino-
trope. Inhaled aerosolized prostacyclin (and inhaled NO, although 
the commercially available delivery system is exorbitantly expen-
sive) has salutary short-term pulmonary vasodilatory effects and can 
be combined with the oral phosphodiesterase inhibitor, sildenafil. 
Norepinephrine may provide added benefit as a systemic vasoconstric-
tor and positive inotrope by raising coronary perfusion pressure to an 
ischemic RV.

Catecholamines:  In massive pulmonary embolism, dobutamine, and 
norepinephrine appear superior to other vasoactive drugs.14,104,121 
In human acute right heart syndromes, (including PE104 and 
decompensated cor pulmonale122), dobutamine has been most inten-
sively studied. Dobutamine improves cardiac output by improving right 
ventricular function and/or reducing pulmonary vascular resistance. 
Although fewer data are available regarding norepinephrine in human 
embolism, animal studies and limited human data support its use.14,97,104 
In a canine model of pulmonary embolism, dobutamine and dopamine 
had essentially identical hemodynamic effects.101 Data from a separate 
canine study suggest that at doses less than 10 μg/kg per minute, dobu-
tamine-induced pulmonary circulatory changes are exclusively flow 
dependent.106 At higher doses, changes in pulmonary vascular resistance 
are variable and may depend on the prevailing pulmonary vascular 
tone. These drugs should be titrated according to clinical measures of 
the adequacy of perfusion, such as renal function, mentation, thermo-
dilution cardiac output, or central venous oxyhemoglobin saturation, 
rather than to blood pressure alone. We begin dobutamine at 5 μg/kg 
per minute, raising the dose in increments of 5 μg/kg per minute every 
10 minutes. If the patient fails to respond to dobutamine (or the response 
is incomplete), we substitute (or add) norepinephrine infused at 0.4 to 
4 μg/kg per minute, which, in addition to inotropic effects can increase 
both SVR and PVR. These effects are dose dependent but are poten-
tially salutary in terms of improving pulmonary ventriculo-vascular 
coupling and coronary perfusion.100,123 In patients with hypoperfu-
sion due to right ventricular infarction, dobutamine is superior to 
nitroprusside90 (and to fluid infusion90,91) significantly improving 
right ventricular ejection fraction and cardiac output. Therefore  
dobutamine is the drug of first choice in all cases of RHS. We avoid 
the use of dopamine because of its highly variable pharmacokinetics 
and concern for disproportionate splanchnic vasoconstriction, even in 
relatively low doses.

  TABLE 38-7   � Therapeutic Objectives for the Management of Acute Right  
Heart Syndromes

1. � Establish effective circulating but not excessive volumes to optimize RV filling and 
maintain effective systemic perfusion for vital organ perfusion.

2.  Maximize RV myocardial function.
3.  Reduce right ventricle afterload and RV ischemia.
4.  Maintain optimal coronary sinus pressure to stabilize right coronary arterial perfusion.

Causes of Acute Right Ventricular Failure (Creagh Brown)

Acute rise in pulmonary vascular resistance, such as due to acute pulmonary embolism or 
rapidly progressive pulmonary parenchymal/vascular disease

Acute right ventricular ischemia, often due to diminished right coronary perfusion conse-
quent upon inadequate systolic and diastolic pressures in shocked states

Acute high left atrial pressures, perhaps due to acute left ventricular failure of any cause

Decompensation of chronic pulmonary arterial hypertension

Decompensation of congenital heart defects with pulmonary arterial hypertension or left-
to-right intracardiac shunts

After surgery necessitating cardiopulmonary bypass per se

Hypoxemia causing hypoxic pulmonary vasoconstriction
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Vasopressin:  The role of vasopressin (and its longer acting congener, ter-
lipressin) remains controversial and incompletely evaluated. Vasopressin 
clearly functions as a systemic vasoconstrictor at high doses. In patients 
with septic shock, replacement of acutely depleted endogenous vaso-
pressin with a low-dose infusion (0.04 U/min) is thought to improve 
catecholamine sensitivity via the functionally vasoconstricting V1 receptor. 
The pulmonary vasculature has been shown by some investigators to 
express V1 receptors, but that vasopressinergic stimuli may paradoxi-
cally mediate pulmonary vasodilation.124,125 This might suggest a salutary 
potential for vasopressin therapy in acute right heart syndromes. In a 
canine model, however, vasopressin caused both systemic and pulmo-
nary vasoconstriction while impairing RV contractility.103 Our present 
practice is to avoid vasopressin for acute right heart syndromes unless 
catecholamine-dependent septic shock is present.

Calcium Sensitizers:  Levosimendan is widely used in acute left heart 
failure episodes and is approved for use in Europe and countries other 
than the United States. Levosimendan appears to have unique phar-
macologic properties that recommend its potential value in acute RH 
syndromes.109,110,126,127 Experience in acute right heart syndromes is less 
well described. In a porcine acute PE model of RV failure levosimendan 
was effective in improving RV contractility, decreasing RV afterload 
and improving right ventriculovascular coupling.110 In a canine model 
of acute RV failure induced by Pa constriction, levosimendan was more 
effective than dobutamine at equivalent inotropic levels at restoring 
right ventriculovascular coupling efficiency through direct effects on the 
pulmonary vasculature.109

Antiarrhythmics:  Atrial tachycardias (atrial flutter and fibrillation) are 
an important exacerbating factor in patients with acute-on-chronic 
PH with RV diastolic dysfunction128 and a frequent occurrence in 
patients with sepsis and ARDS associated acute cor pulmonale.

Since rate control alone may be insufficient to reverse acute cor pul-
monale,128 reestablishment of normal sinus rhythm is often necessary. 
Our approach is to initiate antiarrhythmics (loading with intravenous 
amiodarone in preference to β-blockers or digoxin) and perform 
prompt electrical cardioversion in acutely unstable patients. Tachycardia 
mapping and radiofrequency ablation, while often definitive, is rarely 
tolerated in acutely ill patients.

■■ REDUCE RIGHT VENTRICLE AFTERLOAD AND RV ISCHEMIA
Prostanoids:  Prostaglandin E1 (PGE1, alprostadil) is a potent pulmonary 
vasodilator that exhibited promise in the treatment of ARDS. When 
infused at a dose of 0.02 to 0.04 μg/kg per minute to patients with severe 
ARDS and mean Pa pressure greater than 20 mm Hg, Pa pressure fell 
15% despite an increase in cardiac output. At the same time, however, 
systemic blood pressure fell to a similar degree, and intrapulmonary 
shunting rose significantly.111 In an oleic acid model of porcine ARDS, 
PGE1 lowered pulmonary artery pressure, but stroke volume and stroke 
work did not improve significantly.112

When inhaled, prostacyclin (PGI2, epoprostenol) is a potent and 
selective pulmonary vasodilator. In a porcine hypoxia-induced acute PH 
model, inhaled PGI2 doubled cardiac output and halved RV afterload. 
In patients with ARDS given prostacyclin (PGI2, 4 ng/kg per minute), 
pulmonary artery pressure fell, RV ejection fraction rose, and cardiac 
output increased significantly.113 When compared for acute hemody-
namic effects in patients with primary pulmonary hypertension (PPH), 
aerosolized prostacyclin (approximately 14 ng/kg per minute over 
15 minutes) was demonstrated to be a pharmacologically more potent 
acute vasodilator than inhaled NO (NO 40 ppm for 15 minutes).129

In a similar comparison in ARDS patients, gas exchange parameters were 
comparably improved when inhaled PGI2 (7.5 ± 2.5 ng/kg per minute) was 
compared with inhaled NO at a dose lower than that in the PPH study 
(17.8 ± 2.7 ppm).130 This may suggest that in patients with right heart 
syndromes and long-standing pulmonary hypertension, inhaled prosta-
cyclin may afford greater efficacy.

By contrast, in a small controlled study of 14 patients with acute PE and 
mild RV dysfunction, parenteral PGI2 was no more effective than placebo 
in improving RV dilation or other measures of RV pressure overload.131

Although not conclusively demonstrated, inhaled prostacyclin has 
been used with some success in perioperative acute RHS.

Inodilators Phosphodiesterase Inhibitors:  Amrinone is an inotrope and 
vasodilator with potential in the acute right heart syndromes. In a canine 
model of massive embolism, amrinone (0.75 mg/kg bolus followed 
by 7.5 μg/kg per minute) lowered pulmonary artery pressure, raised 
cardiac output, and raised systemic blood pressure.107 Limited data are 
available for the use of milrinone in acute RHS and its use is limited by 
a long half-life and limited ability of titration.108 Additionally, milrinone 
has been shown to be less efficacious than inhaled NO in treating 
pulmonary hypertension post-cardiac surgery.116 Administration of 
inhaled milrinone in perioperative severe pulmonary hypertension 
demonstrated a preferential pulmonary selective effect in reducing PVR 
and mean Pa pressures compared with parenteral administration thus 
avoiding systemic adverse effects.132 Another phosphodiesterase inhibi-
tor, dipyridamole, has been evaluated as an adjunct to NO in pediatric 
patients with acute RHF, and shown to have some additional pulmonary 
vasodilatory effects.133,134

Significant interest has arisen in the therapeutic potential of the selec-
tive type 5 PDE inhibitors, sildenafil, tadalafil, and vardenafil, initially 
approved for male erectile dysfunction. Impressive acute reductions in 
pulmonary arterial pressures have been demonstrated with oral and 
intravenous administration in animal models of acute lung injury135 
and RHS, in patients with established pulmonary hypertension,136-138 
and in pulmonary hypertension complicating pulmonary fibrosis.139 
Additionally, synergistic effects of selective PDE inhibitors in combina-
tion with inhaled and intravenous vasodilators has been demonstrated 
in acute lung injury–associated right heart syndromes.140-142 We have 
used sildenafil for synergistic effects with dobutamine and inhaled PGI2 
in patients with severe RV dysfunction. Lastly, sildenafil through its 
effects on cGMP metabolism, appears to be effective in ameliorating the 
potentially morbid rebound effects of inhaled NO withdrawal in patients 
with acute RH syndrome.143

Nitric Oxide:  Inhaled nitric oxide (iNO) combines the physiological 
potential for hemodynamic as well as gas exchange improvement in 
acute right heart syndromes. iNO is widely prescribed in North America 
and Europe for adults in the intra- and perioperative and critical care 
environments with acute and acute-on-chronic right heart syndromes, 
including ARDS and neonatal acute hypoxemic respiratory failure. 
Acute improvements in gas exchange and pulmonary vascular resistance 
and flows113 have been documented in a substantial number of patients 
(reviewed by Siobal and Hess144). In term newborns with severe acute 
hypoxemic respiratory failure (from conditions other than congenital 
diaphragmatic hernia), evidence supports early initiation of iNO at a 
flow rate of 20 ppm.145 However, there has to date been no prospective 
demonstration of meaningful improvements in outcomes, resource 
utilization or long-term performance/quality of life for any adult 
patient group with acute right heart syndrome alone or in conjunction 
with primary hypoxemic respiratory failure or PE.144-146 Remarkably in 
meta-analysis of 4 RCTs of iNO studies reporting pulmonary vascular 
pressures in ARDS, despite improvements in oxygenation and mean 
PAP, there was no different on either day 1 or day 4 of therapy amongst 
iNO treated patients versus controls.146 Day 1 to 4 studies (165 patients), 
treatment effect favoring iNO; 0.95 (95% CI [0.88-1.03] P = 0.24); day 4 
to 3 studies (130 patients), treatment effect favoring iNO; 0.94 (95% CI 
[0.88-1.01] P = 0.08).

Concerns regarding the use of iNO in RHS relate to risks for platelet 
dysfunction, renal failure,146 left-shift of the dose-response curve with 
continued use and potential for accumulation of toxic reactive oxygen 
and nitrogen species, including s-nitrosothiols and peroxynitrite as  
well as the potential for methemoglobinemia. Taken together, the lack of 
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data supporting meaningful improvements in outcomes,146 measurable 
potential for adverse effects and a very high acquisition cost from a 
single supplier in North America, we rarely administer iNO for patients 
with acute or acute-chronic RHS.

Endothelin Receptor Modulators:  Endothelin-1 is a potent regulator of 
pulmonary vascular tone and is associated with progression of angiopro-
liferative lesions and vascular remodeling in primary pulmonary arterial 
hypertension. Both prostacyclin and the newer nonselective endothelin 
receptor antagonists (ETRA) have been demonstrated to have antiprolif-
erative activity on the pulmonary vasculature. This mechanism has been 
suggested to account for the modest functional improvement in patients 
with chronic pulmonary hypertension.147

The parenterally administered ETRA, tezosentan has been dem-
onstrated in a porcine model of hypoxia induced acute pulmonary 
hypertension and RV pressure overload to be as effective as the PDE 
inhibitor vardenafil in reducing pulmonary vascular resistance but 
increased cardiac index more effectively than vardenafil, mainly 
through systemic vasodilatory effects.148 The VERITAS trials of 
tezosentan for acutely decompensated left heart failure, while not 
meeting predefined endpoints for symptomatic improvement or clini-
cal outcomes, were notable for the significant physiological improve-
ment in elevated MPAP and PVR, disproportionate to the reduction in 
RAP, PCWP, or CI increase in those patients monitored with a PAC for 
severe LV systolic failure.149 These data suggest that tezosentan is likely 
to be an acutely active and relatively potent pulmonary vasodilator in 
those patients. ETRAs, however have not been subjected to rigorous 
evaluation in patients with acute right heart syndromes, and they may 
have limited potential in critically ill patients because of significant 
associated hepatic toxicity and systemic vasodilatory properties. Those 
extrapulmonary effects, are likely to limit the utility of these agents in 
acute RHS.

■■ ANCILLARY THERAPIES FOR ACUTE RIGHT HEART SYNDROMES
Mechanical Ventilator Management:  Ventilator manipulation has the 
potential to dramatically affect the circulation in patients with shock, 
including those with acute RHS. For example, in animal models of 
shock, institution of mechanical ventilation significantly prolongs 
survival, an effect much greater than that seen with fluid therapy 
or vasoactive drugs. Of particular interest in patients with RHS is 
the maintenance of oxygenation, the role of hypercapnia (including 
permissive hypercapnia), and the effects of tidal volume and positive 
end-expiratory pressure (PEEP).

Hypercapnia increases pulmonary artery pressure. In patients with 
ARDS, reducing minute ventilation as part of the strategy of permissive 
hypercapnia leads to small but real increases in mean pulmonary artery 
pressure.150-152 In most patients with ARDS who do not exhibit right 
heart limitation, this effect of hypercapnia is probably unimportant. 
However, in the subset of patients with severe pulmonary hypertension, 
permissive hypercapnia and the attendant respiratory acidosis may lead 
to unacceptable hemodynamic deterioration.152

The effects of large tidal volumes and PEEP on right ventricular 
function is complex, controversial, highly variable from patient to 
patient85,153,154 and is significantly modified by the effectiveness of cir-
culatory filling.155 Many studies are limited by the failure to correlate 
hemodynamic pressures to juxtacardiac pressure. The effect of PEEP 
can be expected to differ depending on whether atelectatic or flooded 
lung is recruited, or whether relatively normal lung is overdistended. In 
a studies of patients with ARDS, PEEP has little effect on RV function 
when given in amounts up to that associated with improving respiratory 
system compliance.153 At higher levels of PEEP, the dominant effect is to 
impair RV systolic function.152

A particularly challenging aspect to the management of patients 
with ARDS and acute RHS is the presence of a patent foramen ovale 
(PFO) with consequential right-to-left (R-L) shunting and worsened 

hypoxemia. PFO has been estimated to present in as many as 20% 
of patients with severe ARDS and is associated with RV dilation and 
higher Pa pressures.46 Application of supraphysiological levels of PEEP 
significantly increases R-L shunting without enhancing oxygenation as 
a consequence of cardiopulmonary interaction. This effect can signifi-
cantly confound mechanical ventilatory efforts resulting in intractable 
and profound hypoxemia. While iNO may occasionally ameliorate this, 
PPV does not appear to beneficially affect R-L shunting46 despite its 
other salutary effects on RV function.59

The dominant effect of mechanical ventilation is related to its 
effect on preload. Sustained airway pressure increases in euvolemic 
patients with normal RV function result in a mild increase in right 
atrial pressure that is offset by increases in abdominal pressures that 
sustain venous return. However, it remains to be determined if this is 
true for patients with acute RHS and elevated right heart pressures.156 
Large-tidal-volume breathing impairs RV systolic function, presum-
ably by increasing pulmonary vascular resistance in alveolar vessels. 
In a canine model with normal lungs, raising the tidal volume above 
10 mL/kg caused a detectable rightward and downward shift of the 
RV function curve.157

These effects of mechanical ventilation on right ventricular function 
suggest the following strategy in patients with critical compromise 
of the RV: (1) give sufficient oxygen to reverse any hypoxic vasocon-
striction; (2) avoid hypercapnia; (3) keep PEEP at or below a level at 
which continued alveolar recruitment can be demonstrated and seek 
to minimize self-controlled PEEP (auto-PEEP); and (4) use the low-
est tidal volume necessary to effect adequate elimination of carbon 
dioxide while maintaining Pplat <27 to 28 cm H2O.158 Of course, the 
acute effects of each intervention should be measured to confirm that 
cardiac output increases. These principles are consonant with the goals 
of ventilation in most patients with ARDS, except that when there is an 
RHS, hypercapnia should be avoided if it leads to further hemodynamic 
deterioration.

Surgical and Mechanical Therapies:  Balloon atrioseptostomy (BAS), 
while potentially beneficial in patients with stable severe pulmonary 
hypertension159 is contraindicated in patients with RV failure and RA 
pressure >20 mm Hg and/or rest O2 saturation <80% on room air.

Extracorporeal life support systems (ECLS). In contrast to the now 
well-defined role for mechanical assist devices in decompensated left 
heart failure,160,161 (Chap. 37) there is limited published experience 
with mechanical therapy for the acutely failing right heart. Notably, 
progressive right ventricular dysfunction complicates left ventricular 
assist device implantation162 or orthotopic heart transplantation for 
decompensated left heart failure163-165 and is associated with progressive 
end-organ dysfunction.166 Additionally, several reports of selective right 
ventricular mechanical assist device insertion in patients with acute 
inferior and RV myocardial infarctions in the perireperfusion period167 
and in patients undergoing pulmonary thrombectomy for acute or 
chronic PE,168 raise important questions regarding efficacy, safety and 
outcome that have to date not been systematically addressed. The pres-
ently available approaches include extracorporeal and paracorporeal 
pulsatile and centrifugal pump ventricular assist systems.162 An alterna-
tive approach uses a right atrial catheter to draw blood into a centrifu-
gal pump and a percutaneously placed pulmonary artery catheter as 
the outflow cannula.169 Small implantable centrifugal pumps inserted 
via a transjugular approach are more recently available and appear to 
be effective and tolerated.170,171 Lastly, the use of a extracorporeal mem-
brane oxygenation (ECMO) systems have been described with particu-
larly encouraging outcomes for a pumpless oxygenator (Novalung) in 4 
PH patients with severe acute or chronic RV failure as a bridge to organ 
transplantation.172

Before wider adoption, the efficacy and safety of mechanical support in 
conjunction with pulmonary vasodilator therapies or atrial septostomy as 
a bridge to definitive surgical treatment including transplantation, must 
be established.
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39
C H A P T E R

KEY POINTS

•• �Pulmonary embolism (PE) is common and potentially lethal, yet 
readily treatable.

•• Prophylaxis and accurate diagnosis are essential to improving outcome.
•• �The cause of death in PE is most often circulatory failure (acute cor 

pulmonale) due to right heart ischemia.
•• �There is no perfect diagnostic test for PE; accurate diagnosis 

requires both an informed clinical pretest probability and a step-
wise application of helical CT angiography and/or LE duplex.

•• �A careful risk assessment may identify patients ideal for outpatient 
therapy. Conversely, patients with hypotension or right ventricular 
strain are at significantly higher risk for death from PE, and war-
rant ICU admission.

•• �While low-molecular-weight heparin (LMWH) is approved and 
recommended as the initial therapy for PE, critically ill patients 
often have reason for a shorter-acting medication. Unfractionated 
heparin is typically used to maintain the partial thromboplastin 
time (PTT) at 1.5 to 2.5 times control.

•• �Thrombolytic therapy is lifesaving and possibly in those with isolated 
RV dysfunction in patients with massive embolism and circulatory 
instability, but does not seem beneficial in patients without shock.

•• �Air and fat embolism usually present as acute respiratory distress 
syndrome (ARDS), and are managed with mechanical ventilation, 
oxygen, and positive end-expiratory pressure (PEEP).

This chapter covers diseases involving embolism to the pulmonary 
circulation, including pulmonary thromboembolism, as well as the 
less common conditions of venous air embolism and fat embolism. 
Thromboembolism is predominantly an acute circulatory insult, with 
important but less dramatic consequences for gas exchange. In contrast, 
both air and fat embolism usually present as acute hypoxemic respira-
tory failure (AHRF). All three of these forms of embolism may cause 
acute right heart failure, more fully discussed in Chap. 38.

PULMONARY THROMBOEMBOLISM: 
EPIDEMIOLOGY IN THE ICU
PE is a dramatic and life-threatening complication of underlying deep 
venous thrombosis (DVT). Therefore, much of the management of PE 
is grounded in the prophylaxis, diagnosis, and treatment of DVT. While 
extensive prospective data regarding the diagnosis and treatment of PE 
are available, the vast majority of patients in such trials have not been 
critically ill, and thus the treatment for ICU patients with thrombo-
embolic disease relies on extrapolation, and may lack the strength of 
evidence now available for most patients with PE or DVT. Nonetheless, 
important distinctions exist between the critically ill and noncritically 
ill patient populations when considering PE diagnosis and treatment.

Pulmonary thromboembolism is a common illness, which accounts 
for substantial morbidity and mortality. Interesting trends have been 
recently reported regarding the incidence of PE. Historically, acute PE 
was believed to be frequently underdiagnosed, and a frequent cause of 
unexplained sudden death, as it was estimated that up to 25% of patients 
may die before admission.1 However, a recent time-trend analysis using an 
administrative database demonstrated a dramatic increase in PE incidence 
in the United States, from approximately 62 cases per 100,000 popula-
tion to over 113 cases per 100,000.2 This change in the incidence of PE 
was coincident with the introduction and adoption of multidetector 
row computed tomographic scanning as a primary diagnostic modal-
ity for PE, raising the possibility that PE is now overdiagnosed, given 
that across the same period, the mortality rate was unchanged and case 
fatality rates fell.2 The use of the term overdiagnosis remains controver-
sial as small and even asymptomatic PEs can recur, albeit at apparently 
much lower rates.3,4 Failure to diagnose symptomatic PE remains a 
serious management error since it has been estimated that over 30% of 
untreated patients die, while only 8% succumb with effective therapy.5-7

ICU patients are an inhomogeneous group of patients and the 
incidence of thromboembolism ranges widely across subsets of patients. 
For general medical/surgical ICU patients, the incidence of DVT is 
approximately 30% based on screening studies.8,9 As discussed below, 
prophylaxis of these patients lowers the risk of VTE and has become 
standard practice in most units; a large registry of hospitalized patients 
with DVT found that the majority had not received prophylaxis prior to 
their DVT diagnosis.10 Additional risk factors, discussed in more detail 
below, include advancing age, malignancy, and presence of an indwelling 
venous catheter or pacemaker. Many ICUs now protocolize prophylaxis 
decisions in an effort to increase adherence to prophylaxis guidelines.
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In spite of great strides in the understanding of VTE, pulmonary 
embolism (PE) continues to cause substantial morbidity and mortality. 
Critically ill patients form a unique and challenging subset of those at 
risk. The presence of indwelling lines and forced immobility make these 
patients particularly susceptible to venous thromboemboli. Diagnosis, 
which is difficult even in ambulatory patients, is further impeded by 
barriers to communication and physical examination. Moreover, alter-
nate explanations for hypoxemia, lung infiltrates, respiratory failure, 
and hemodynamic instability are readily available, such that a diagnosis 
of pulmonary thromboembolism may not be considered likely. Finally, 
critically ill patients are likely to have limited cardiopulmonary reserve, 
so that pulmonary emboli may be particularly lethal.

■■ PATHOPHYSIOLOGY
Venous thrombosis begins with the formation of microthrombi at a site of 
venous stasis or injury. Thrombosis impedes flow and generates further 
vascular injury, favoring progressive clot formation. In some patients, 
clot becomes substantial and propagates to a proximal vein where it has 
the potential to embolize to the pulmonary circulation. Thrombus in the 
vasculature causes chiefly a mechanical obstruction to flow, but also trig-
gers the release of vasoactive and, for PE, bronchoreactive substances like 
serotonin which can exacerbate ventilation—perfusion mismatch.

Most clinically relevant pulmonary emboli originate as proximal 
venous thrombi in the leg or pelvic veins. However, in the ICU, the rou-
tine placement of upper body catheters for vascular access, monitoring, 
drug administration, and nutrition raises the likelihood of important 
upper body sources of thrombi. Up to one-third of patients with indwell-
ing venous catheters have ultrasound-detectable clot at screening, 
although in one study none were symptomatic, and none developed a 
symptomatic pulmonary embolus over 18 months.11 Subsequently, in  
a large international registry of patients with clinically diagnosed VTE, 
the proportion of upper extremity DVT was low (4%) and patients with 
upper extremity DVT were less likely to have PE at presentation (9% 
compared to 29% for lower extremity DVT).12 However, during 90-day 
follow-up, patients with upper extremity DVT developed new PE at the 
same rate as those with lower extremity,12 and additional studies report 
substantial risks of PE (25%), clot recurrence (8%), or death (24%) 
following upper extremity DVT.13,14 The potential for upper extremity 
thrombi in the ICU has obvious implications for diagnostic strategies, 
which have traditionally focused on detecting lower extremity thrombi, 
as well as for therapeutic strategy with respect to vena caval interruption.

PE occurs when thrombi detach and are carried through the great 
veins to the pulmonary circulation. Pulmonary vascular occlusion has 
important physiologic consequences that lead to the manifestations of 
illness as well as to clues to diagnosis. The most profound effects of PE 
are evident on gas exchange and the circulation.

Gas Exchange:  Physical obstruction to pulmonary artery (Pa) flow 
creates dead space in the segments served by the affected arteries. 

This creation of dead space has several effects on PCO2 and end-tidal  
CO2 (ETCO2

), which can provide clues to diagnosis. If minute ventila-
tion (VE) does not change, as occurs in a mechanically ventilated, 
muscle-relaxed patient, PCO2 will rise. However, most patients augment 
VE more than necessary to maintain elimination of CO2, so that PCO2 
typically falls with PE. In health, the ETCO2

 is nearly identical to arterial 
CO2. After pulmonary embolization, since end-tidal gas is a mixture of 
ventilated alveolar gas (in which PaCO2 approximates arterial, or PaCO2) 
as well as the newly created physiologic dead space gas (in which PaCO2 
approximates inspired PCO2, or nearly zero), ETCO2

 falls in proportion to 
the degree of dead space and no longer approximates PaCO2 (Fig. 39-1). 
This principle of a fixed alveolar to arterial gradient for PCO2 has been 
used to distinguish acute exacerbations of chronic obstructive pulmo-
nary disease (COPD) from pulmonary embolism in patients with acute 
ventilatory failure.15 While not yet studied in the critically ill population, 
the steady-state end-tidal alveolar dead space fraction—which can be 
easily derived once one has both an accurate PaCO2 and PETCO2

—has a 
sensitivity of 79.5% and a negative predictive value of 90.7% in hospital-
ized patients with PE.16 Similar studies report the utility of alveolar dead 
space fraction (VADS/VT) when used in conjunction with D-dimer for 
evaluating emergency department patients suspected of having PE.17 
However, shortcomings to the VADS/VT approach include the technical 
challenge of simultaneously obtaining a steady-state exhaled gas PCO2 via 
volumetric capnography and PCO2 from an arterial gas sample.

In 2010, a more simplified application of the same principle was 
tested by evaluating the combination of exhaled end-tidal CO2/O2 and 
D-dimer in emergency department, hospital ward, or ICU patients sus-
pected of PE undergoing multidetector-row CTPA.18 As alveolar dead 
space fraction rises, the ratio of CO2/O2 falls. A CO2/O2 ratio <0.28 
was considered positive for increased dead space.18 Among moderate-
risk patients with a positive D-dimer, the presence of ETCO2/O2 <0.28 
significantly increased the posterior probability of segmental or larger 
PE, and no segmental or larger clots were observed in patients with  
CO2/O2 >0.45.18 The alveolar dead space fraction estimated by this 
method is not sensitive to detecting PE at or below the subsegmental 
level, and the majority of measurements fall in an intermediate, and 
thus potentially clinically unhelpful, range. Furthermore, patients with 
hemodynamic instability or those already dosed with thrombolytic 
therapy were excluded in this study, and this study was not designed to 
test the safety of withholding further testing or anticoagulation based 
on D-dimer and CO2/O2 results. While we cannot advocate routine use 
of ETCO2/O2 in evaluating patients suspected of PE, an unexplained high 
dead space fraction in an ICU patient should prompt consideration of PE.

A widened alveolar to arterial gradient for oxygen (A-a)PO2 is present 
in the majority of patients with PE.19 However, since in PE hyperventila-
tion is the rule, PaO2 may not be low. In unselected patients with PE, only 
50% to 60% demonstrate a PaO2 <70 on ABG testing.19,20 Therefore, a 
normal PaO2 does not conclusively exclude a diagnosis of PE. There have 
been several efforts to use various combinations of the PaO2, the PCO2, 
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and the (A-a)PO2 to predict the likelihood of pulmonary embolism, but 
these have all been shown to have insufficient discriminant value, even 
in patients without antecedent cardiopulmonary disease.21

Mechanisms of hypoxemia have been elucidated by applying the mul-
tiple inert gas elimination technique (MIGET) to patients with PE.22,23 
Increased shunt fraction is found in only a few patients. In some, this 
may be due to opening of a probe patent foramen ovale when right 
atrial pressure rises following PE (discussed below), with a consequent 
intracardiac, right-to-left shunt. Atelectasis due to impaired surfactant 
production may also contribute to shunt physiology. In most patients, 
however, the most important contributor to hypoxemia is mismatch-
ing of ventilation and perfusion. In addition, the fall in cardiac output 
(Q̇t) that accompanies most pulmonary emboli leads to a fall in 
mixed venous saturation. This lowered venous saturation magnifies 
any hypoxemia due to shunt or ventilation perfusion (V/Q) mismatch 
(Fig. 39-2). Experimental studies suggest histamine release during acute 
PE may also lead to bronchoconstriction,24 worsening V/Q mismatch.

While impaired oxygenation is important and often provides a clue 
to the diagnosis of PE, the oxygen deficit is typically responsive to 
modest oxygen enrichment of inspired gas. Severe hypoxemia is usu-
ally seen only in patients with profound shock. If oxygen-refractory 
hypoxemia is present without obvious hypoperfusion in a pt with a PE, 
a patent foramen ovale should be suspected. Hypercapnic ventilatory 

failure is an uncommon presentation for patients with normal lung 
mechanics, since most patients can double or triple VE to maintain a 
normal (or reduced) PCO2. This compensatory response may be blunted 
in patients with preexisting lung disease, however. Typically, the more 
severe impact of PE is on the circulation, not on gas exchange. With 
some exceptions (eg, some patients with severe COPD), morbidity  
and mortality from PE relate to cardiovascular compromise, not respi-
ratory failure.

Circulation:  PE obstructs the pulmonary vascular bed both mechanically 
and via humoral mechanisms (thromboxane and histamine release).24,25 
Pulmonary vascular obstruction increases right ventricular afterload 
which, compounded by tachycardia, increases right ventricular oxygen 
consumption. The right ventricle dilates and thins, its wall tension 
rises, and coronary perfusion is impeded.25 At the same time, pulmo-
nary vascular obstruction compromises Q̇t and contributes to hypox-
emia. Therefore, just at the time when the right ventricle demands an 
increased oxygen delivery, the left ventricle may be unable to supply it. 
The superposition of increased right heart oxygen demand on decreased 
oxygen supply places the right ventricle at risk for ischemia, precipitat-
ing failure of the right heart (cor pulmonale). Acute right heart dysfunc-
tion, further discussed in Chap. 38, is the likely cause for sudden death 
in patients with massive PE (Fig. 39-3).
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FIGURE 39-2.  Effect of the mixed venous oxyhemoglobin saturation on arterial saturation in the setting of venous admixture. Panel A shows the effect of a 50% shunt on PO2 in a patient 
breathing 100% oxygen who has a normal mixed venous PO2 of 40 mm Hg (75% saturation). Panel B illustrates the same patient after the mixed venous PO2 has fallen to 27 (50% saturation). 
Note that the PO2 and saturation have fallen significantly despite the fact that the FiO2 and the lungs have not changed at all. All numbers are PO2, in mm Hg.
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FIGURE 39-3.  Radiographic signs sometimes observed in pulmonary embolism. Panel A: Westermark sign with oligemia of the right hemithorax relative to the right. VQ scan revealed an 
isolated perfusion defect of the right lung. Panels B and C are CT angiogram images revealing a saddle and right main pulmonary arterial embolus. Despite the massive appearance on CT, the 
patient was not in shock, and improved on heparin alone. A CT scan done 5 days later revealed clot only at the segmental level.

section03.indd   320 1/23/2015   2:07:32 PM

http://www.myuptodate.com


htt
ps

://k
at.

cr/
us

er/
tah

ir9
9/

CHAPTER 39: Pulmonary Embolic Disorders: Thrombus, Air, and Fat 321

Of particular interest to the intensivist is the patient with a sublethal, 
yet large, PE. With increased afterload, the right ventricle dilates to a 
larger end-diastolic volume. This is associated with elevated right atrial 
and ventricular pressures and abnormally low Q̇t. One consequence 
of raised right atrial pressure is the potential for right-to-left shunting 
across a probe patent foramen ovale, causing oxygen-refractory hypox-
emia. Intracardiac shunting could in turn allow paradoxical emboli-
zation of thrombus to the systemic arteries, with resultant stroke or 
systemic occlusive symptoms. The increase in right ventricular pressure 
and volume also affects the left heart. A change in shape of the right 
ventricle and corresponding shift of the interventricular septum from 
right to left alters the diastolic pressure-volume characteristics of the 
left ventricle (Fig. 39-4) and may be detected echocardiographically. 
The resultant fall in left ventricular (LV) compliance impairs diastolic 
filling, reducing LV preload and further limiting Q̇t. In experimental 
models, reduced LV preload appears dependent on increased pericardial 
constraint as the pulmonary vascular resistance rises.26,27 Increased peri-
cardial constraint may explain why pulmonary artery occlusion pressure, 
meant to approximate LV end-diastolic pressure, typically does not fall 
during PE, and may be a poor indicator of LV preload.26

CLINICAL MANIFESTATIONS

■■ HISTORY, EXAMINATION, AND LABORATORY DATA
Most patients with PE will complain of dyspnea, chest pain, and 
apprehension.19,28 Less common symptoms are cough, diaphoresis, and 
hemoptysis. Up to 42% of subjects with PE will complain of leg or thigh 
symptoms, though in the PIOPED II registry, the same complaints were 
noted in 20% of subjects who did not have PE.19 Syncope is uncommon 
but described in all large series of PE (Table 39-1).

The majority of patients will demonstrate tachypnea and tachycardia. 
Pleural rub and signs of DVT are seen only occasionally. Fever is more 
common than is generally appreciated and seen in half the patients,28 but 
only rarely is the temperature greater than 38.5°C. Patients with large 
emboli may have the typical findings of any patient with low output 
shock such as hypotension, narrow pulse pressure, and poor peripheral 
perfusion. Occasionally, unanticipated failure to come off mechanical 
ventilation or unexplained episodes of respiratory distress may be hints 

to a diagnosis of PE. Rare patients with PE have disseminated intravas-
cular coagulation, systemic embolization, or ARDS as their presenting 
manifestation.

Most patients will demonstrate hypoxemia or at least a widened (A-a)
PO2. However, since a small but significant fraction will have normal 
oxygenation,20 the blood-gas value should not dissuade a physician from 
considering the diagnosis when the rest of the clinical picture is sug-
gestive. As described above, the blood gas does not provide data which 
is useful in discriminating patients with PE from those without. Plain 
chest radiography can be helpful, in that only 12% of patients with PE 
have a normal film.29 The chest x-ray may demonstrate areas of oligemia 
(Westermark sign) and rare patients will develop a pleural based, trun-
cated cone (Hampton hump); however, these “pathognomonic” signs are 
poorly sensitive, and most films have only nonspecific findings.29 In fact, 
the greatest utility of the chest film is in making alternative diagnoses 
such as pneumonia, pneumothorax, or aortic dissection. Nevertheless, 
the typical (albeit nonspecific) findings of basilar atelectasis, elevation 
of the diaphragm, and pleural effusion should always suggest PE when 
there is no ready alternative explanation. Electrocardiography (ECG) 
may reveal signs of right heart strain such as rightward axis shift, 
right bundle branch block, or right precordial strain but often shows 
only sinus tachycardia. PE has also been described to cause coved ST 
elevation and Q waves anteriorly in the setting of a normal cardiac 
angiogram, which resolved with anticoagulation.30

■■ SIGNS FROM MORE INVASIVE MONITORING
Valuable signs of PE may come from many of the devices used to 
monitor critically ill patients. The intensivist may derive clues from the 
ventilator, expired gas analysis, the Pa catheter, or during echocardiogra-
phy. The sensitivity and specificity of these monitors for the diagnosis of 
PE are not known. Nevertheless, by incorporating such data, clinicians 
may alter their PE risk assessment and improve the benefit to risk ratio 
for subsequent testing and therapy.

The Ventilator:  To maintain PCO2, the patient with PE must augment 
minute ventilation. Therefore, any unexplained increase in VE should 
prompt consideration of PE. Of course, any cause of rising dead space 
(airflow obstruction, hypovolemia, PEEP) or increased CO2 produc-
tion (anxiety, pain, fever, sepsis) will also increase VE. However, when 
none of these conditions is apparent, especially when supporting clues 
are evident, PE becomes more likely.

Expired Carbon Dioxide:  As described above, the increment in dead 
space after PE causes a detectable fall in ETCO2

. With technologic 
improvements in these devices, noninvasive assessment of expired 
CO2 is becoming increasingly practical in the ICU. A corollary of the 
fall in ETCO2

 with PE is that if VE does not rise (eg, in a muscle-relaxed 
or highly sedated patient), the total excretion of CO2 (expired CO2 
concentration × VE) must fall. Therefore, PaCO2 will rise progressively 
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FIGURE 39-4.  Left ventricular diastolic pressure-volume (PV) relationship before and 
after right ventricular dilation. The normal PV relationship (solid line) shows that large incre-
ments in diastolic volume are accompanied by small changes in pressure. With right ventricular 
distention (broken line), increments in volume are associated with relatively greater pressure 
changes. Note that at the same LV filling pressure of 10 mm Hg, the normal ventricle contains 
20 mL more blood than following RV distention. This is associated with a correspondingly 
higher stroke volume and Q̇t. Pressures are in mm Hg, and volumes are in mL.

  TABLE 39-1    Symptoms and Signs of Pulmonary Embolism19,28

Symptom Incidence (%) Sign Incidence (%)

Dyspnea 80 Tachypnea 90

Pleuritic pain 70 Fever 50

Apprehension 60 Tachycardia 50

Cough 50 Increased 2nd heart sound (P
2
) 50

Symptoms of DVT 35 Signs of DVT 33

Hemoptysis 25 Shock 8

Central chest pain 10

Palpitations 10

Syncope 5
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until a new steady state is reached at a higher PaCO2. This can be dem-
onstrated numerically by the alveolar dead-space fraction (AVDSf) 
as follows:

AVDSf = (PaCO2 – PETCO2
)/PaCO2

When combined with a negative D-dimer value, as will be discussed 
shortly, an AVDSf of less than 0.15 has been shown to exclude PE in 
hospitalized patients with a sensitivity of 97.8% and a negative predictive 
value of 98%.16 In calculating the AVDSf, however, one must take care 
to ensure a properly calibrated blood gas analyzer, as even small changes 
in PaCO2 measurements will cause large differences in AVDSf. Strong 
consideration of PE is warranted whenever a rising arterial PCO2 is noted 
in the setting of relatively constant CO2 production.

Pulmonary Artery Catheter:  The most obvious clues from the pulmonary 
artery catheter (PAC) are the elevations in right atrial, right ventricu-
lar, and Pa pressures and concomitant fall in Q̇t that occur with PE. 
Concomitant with reduced Q̇t, one observes widening of the arterial (A) 
to venous (V) oxygen content difference (Fick principle) and a decre-
ment in the mixed venous oxygen saturation (SvO2) or the central venous 
oxygen saturation. A final clue from the PAC may lie in the difference 
between the Pa diastolic pressure and the pulmonary artery occlusion 
pressure (Paop), though rising pericardial constraint may blunt a fall in 
Paop.26 Normally, flow through the pulmonary circulation is pulsatile, 
so that by the end of diastole, there is no more flow from the Pa to left 
atrium. Without flow, there can be no pressure gradient from the Pa to 
left atrium. Thus the end-diastolic Pa pressure and the Paop are nearly 
equal. When there is obstruction of the pulmonary vascular bed, how-
ever, flow is not completed by the end of diastole and a pressure gradient 
remains. A discrepancy between the Pa diastolic pressure and Paop may 
provide a clue to Pa obstruction.31

Unfortunately, such pulmonary arterial changes are both nonspecific 
and insensitive, so that only rarely do such changes indicate PE. For 
example, cardiac dysfunction (systolic or diastolic) causes a rise in right 
heart pressures and a fall in Q̇t, any cause of low Q̇t will result in a 
widened A-V oxygen content difference; and any cause of acute lung 
injury or global hypoxic vasoconstriction may raise the Pa diastolic to 
Paop gradient. A further layer of complexity is added by observations 
that in randomized trials, PAC use results in a small but significant 
increase in the risk of PE compared to central venous catheters.32,33 
Given the limitation of the PAC as a diagnostic tool and the risk of actu-
ally causing PE, it cannot be advocated for the diagnosis of PE.

Echocardiography:  Intensivist-performed, goal-directed echocardiog-
raphy occasionally points to PE as the cause of cardiopulmonary 
failure (Chap. 29). Similarly, a formal study requested for evaluation 
of a low flow state may unexpectedly reveal findings strongly sugges-
tive of PE.34 These include a dilated, thin-walled, poorly contracting 
right ventricle, bowing of the interventricular septum to the left, or 
McConnell’s sign. Very rarely, echocardiography may demonstrate a 
thrombus in the right atrium or right ventricle (Table 39-2), clinching 
the diagnosis of PE. While its attractions include portability—especially  

for the evaluation of critically ill patients—non-invasiveness, potential 
to elucidate competing diagnoses (such as myocardial infarction or 
pericardial disease), and rapid availability, echocardiography is insen-
sitive, and should not be used to exclude PE. In prospective trials of 
unselected patients, sensitivities of between 29% and 52% are reported 
for various echocardiographic criteria of right ventricular strain or 
dysfunction or tricuspid regurgitation.35,36 Many patients with PE have 
normal echocardiograms.

When echocardiography exhibits right ventricular dysfunction, it reli-
ably predicts an increased risk of mortality from pulmonary embolism. 
One study examined 126 patients with PE with echocardiography on 
the day of diagnosis, and found moderate RV dysfunction to impart 
a sixfold increased risk of in-hospital death compared to normal RV 
function.37 Even in patients assessed to be hemodynamically stable at 
presentation, right ventricular dysfunction portends a worse prognosis; 
one study found that 10% of such patients develop shock and 5% died in 
the hospital, compared to a 0% mortality amongst patients with normal 
RV function.38 In another series of hemodynamically stable patients, 
recurrent embolism was strongly associated with baseline echocar-
diographic abnormalities in right ventricular wall motion.39 A word 
of caution is prudent, however, in that the classic echocardiographic 
findings of PE are nonspecific, being common to a number of causes of  
acute right ventricular pressure overload such as the acute respira-
tory distress syndrome, other forms of severe hypoxemia, or status 
asthmaticus (see Chaps. 52 and 55).

DIAGNOSIS

■■ SPECIAL PROBLEMS IN THE ICU
The typical critically ill patient is unable to complain of the usual symp-
toms of PE, has numerous explanations for tachycardia and tachypnea, 
is hemodynamically unstable, and is a poor candidate for transport for 
radiographic studies. For that reason, it is important to have a clear 
sense of the probability of PE in any given patient. Such a judgment is 
complex, and validated algorithms for determining prior probability in 
critically ill patients are not available. The clinician must synthesize the 
patient’s risk factors and cardiopulmonary physiology to arrive at a risk 
determination. In the following sections, the contribution of various 
tests in evaluating suspected PE is discussed. An approach to diagnosis 
is summarized in Figure 39-5.

■■ RISK FACTORS
Since the symptoms, signs, and laboratory findings of PE are usu-
ally nonspecific, to wait for a patient with classic, unmistakable clues 
before pursuing a diagnosis risks missing the majority of patients with 
this potentially lethal disease. However, since nonspecific indicators of 
potential PE are ubiquitous, indiscriminant pursuit of the diagnosis is 
prohibitively costly and dangerous. Most patients with PE have identifi-
able risk factors (Table 39-3). Absence of risk factors for VTE should 
lead the physician to seek alternative explanations for the patient’s 
findings. On the other hand, when numerous risk factors are present, 
the diagnosis should be more seriously considered.

Given the nonspecific presentation of most patients with PE, a clinical 
risk prediction tool has been developed to help stratify patients with a 
possible diagnosis of PE and to identify a low-risk group of patients for 
whom further testing is unnecessary. Known as the Wells criteria,40 the 
most often cited prediction rule is shown in Table 39-4, and for stable 
patients, it appears safe to withhold anticoagulation when the score is 
≤4.0 and the D-dimer test is negative. The Wells criteria have not been 
tested in critically ill populations, but the assessment of a patient’s global 
risk for PE based on patient historical factors, clinical presentation, 
and differential diagnosis remains a necessary step. Because PE lacks  
a perfect diagnostic test, the clinician must synthesize both pretest 
probability and test results in order to select the most rational therapy 
for each patient.

  TABLE 39-2    Echocardiographic Signs of Pulmonary Embolism

Dilated, thin-walled right ventricle

Poorly contracting right ventricle

Tricuspid regurgitation

Pulmonary hypertension estimated from the tricuspid regurgitation jet

Leftward shifting of the interventricular septum

Pulmonary artery dilation

Visualized thrombus in RA, RV, or Pa

Loss of respirophasic variation in IVC diameter
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■■ DIAGNOSTIC TESTS
The gold standard for the diagnosis of PE has long been the pulmo-
nary angiogram. Its use in critically ill patients is limited, however, by 
invasiveness, expense, need for dye infusion, and the risks attendant to 

transport out of the ICU. In many patients, the pulmonary angiogram 
can be replaced by its noninvasive cousin, the multidetector row helical 
computed tomography pulmonary angiogram (CTPA). CT angiogra-
phy has supplanted both the ventilation perfusion (V/Q) lung scan and 
pulmonary angiography in the diagnosis of PE, and is currently the  
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FIGURE 39-5.  Diagnostic algorithm for critically ill patients suspected of having a pulmonary embolus. Interpretation of diagnostic tests is strongly dependent on the prior probability, or pretest 
clinical suspicion of PE. In patients with high clinical probability of PE, it is appropriate to empirically initiate heparin while pursuing the diagnostic work-up (†). The D-dimer test is recommended 
only for patients deemed to be low risk for PE; if negative in these patients, it is safe to withhold anticoagulation. Lower extremity duplex is the test of choice in all patients with leg symptoms, and it 
is highly sensitive in this setting and avoids the use of contrast; however, the negative predictive value (NPV) of the duplex is inadequate to rule out PE in intermediate or high risk patients. Based on 
PIOPED II,42 the positive (PPV) and negative predictive values (NPV) are shown for CT angiograms in different clinical settings. Note that when the CT result is discordant with the clinical probability, 
the test characteristics falter. Thus we recommend further testing for PE in patients deemed to be high risk for PE but in whom the CTA is negative; in this population, the NPV is only 60% and cases 
of PE could be missed. In such a case we advocate consideration of echocardiography and if right ventricular strain or dysfunction is discovered without alternative cause (*)—such as profound 
hypoxemia causing hypoxic vasoconstriction, or known pulmonary hypertension with evidence of chronic RV overload—we advocate treating with heparin or pursuing pulmonary angiography.

Epidemiologic Factors Obesity

Prior VTE

Age

Cigarette smoking

Malignancy, especially adenocarcinoma histology

Chronic obstructive pulmonary disease

Pregnancy and postpartum

Nephrotic syndrome

Chemotherapy

Estrogen therapy

Venous stasis factors Immobility

Paralysis

Leg casts

Congestive heart failure

Pregnancy

Epidemiologic Factors Obesity

Varicose veins

Prolonged travel

Indwelling catheters (central or pulmonary arterial)

Endothelial injury factors Surgery

Trauma

Postpartum state

Hypercoagulability Factor V Leiden polymorphism

Protein C or S deficiency

Antithrombin-III deficiency

Activated protein C resistance

Antiphospholipid antibody syndromes

Polycythemia

Macroglobulinemia

Thrombocytosis

Heparin-induced thrombosis

  TABLE 39-3    Risk Factors for Pulmonary Embolism
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recommended modality of choice for patients with a moderate or higher 
pretest probability of PE.41,42 In this section we will review both traditional 
and modern radiographic testing for PE, and consider the added benefit 
of ancillary tests such as biomarkers and noninvasive leg studies. An 
integrated approach to the diagnosis of PE is described in Figure 39-6.

Computed Tomography (CT) and Magnetic Resonance Imaging (MRI):  
Technical advances in imaging modalities have made computed tomog-
raphy pulmonary angiography (CTPA) and gadolinium-enhanced 
magnetic resonance angiography (MRA) very attractive diagnostic 
modalities for PE, not least due to the trust we place in images. With 
these modalities, the clinician can “see” the filling defect representing 
clot. Furthermore, both CTPA and MRA may diagnose alternative con-
ditions to explain the patient’s symptoms. Both are less invasive and less 
expensive than pulmonary angiography, and CTPA particularly is faster 
and easier than V/Q scanning to perform in a critically ill patient.

Multidetector-row CTPA produces a two-dimensional image of the 
lung and its vessels at very small collimeter, or slice thickness. It has been 
shown to detect central emboli—out to fourth-division vessels—with a 

high degree of reliability. While CTPA protocol is minimally invasive, it 
does require the injection of intravenous contrast, is expensive—though 
less so than either MR or pulmonary angiography—to perform and to 
interpret, and can be difficult to perform in patients who are unable  
to hold their breath or who are hemodynamically unstable. The biggest 
critiques of CTPA have been its questionable ability to detect emboli to 
the level of subsegmental artery, and interobserver variation in CTPA  
interpretation. However, the technology of helical CT has grown expo-
nentially in the past 15 years, from a single detector collecting data at 
fixed intervals as it rotates around the patient during a single breath 
hold, to much faster rotation and multiple channels simultaneously 
collecting data. Whereas a single-row detector captured approxi-
mately 1 slice per second, a 16-row scanner rotating faster can acquire 
40 slices per   second.43 Combined with thinner collimation, the result 
is faster image acquisition, decreased motion artifact, and higher-
resolution images.

To answer these critiques in the era of modern multirow detector 
scanners, which vary from 4- to 128-row and beyond, the multicenter 
prospective investigation of PE diagnosis II (PIOPED II) study was 
undertaken. This trial performed CTPA and CT venography of the IVC 
and lower extremities in 842 subjects referred for suspected PE.42 All 
subjects underwent a risk assessment prior to their diagnostic testing 
(Wells criteria Table 39-4),40 and sensitivity and specificity of CT were 
considered in comparison to composite reference standards for both 
the presence and absence of PE. A positive PE diagnosis was consid-
ered if the subject had a high probability VQ scan; an abnormal digital 
subtraction pulmonary angiogram (DSA); or the combination of an 
abnormal lower extremity venous ultrasound with a nondiagnostic VQ 
scan (not high probability and not normal). Exclusion of PE by reference 
standard could occur by normal DSA; normal VQ scan; or low probability 
VQ scan, normal venous ultrasonography, and clinical Wells score <2.42  
Approximately 7% of subjects had an uninterpretable CT scan. Of those 
with an interpretable study, the sensitivity and specificity of CTPA were 
83% and 96%, respectively, giving positive and negative likelihood ratios 
of 19.6 and 0.18.42 These are characteristics of a very useful test, and 
most experts now recommend CTPA as the primary imaging diagnostic 
modality for patients suspected of PE with an intermediate or higher 
clinical risk assessment for PE.44

  TABLE 39-4    Wells Clinical Decision Rule for PE

Clinical Factor
Points 
Assigned

Clinical signs or symptoms of DVT present 3.0

Alternative diagnosis is LESS likely than PE 3.0

Heart rate >100 beats/min 1.5

Immobilization >3 days OR surgery within prior 4 weeks 1.5

Previous VTE 1.5

Hemoptysis 1.0

Malignancy 1.0

Clinical probability of PE is categorized by the sum of all components: Score <2.0: Low; 2.0 ≤ score ≤ 
6.0: Intermediate; score > 6.0: High.

Data from Russo V, Piva T, Lovato L, Fattori R, Gavelli G. Multidetector CT: a new gold standard in the 
diagnosis of pulmonary embolism? State of the art and diagnostic algorithms. Radiol Med. January-
February 2005;109(1-2):49-61.

FIGURE 39-6.  Treatment of PE in critically ill patients. Once a PE is diagnosed, the treatment of choice is anticoagulation. For patients in shock, thrombolytics are the preferred treatment 
unless the risk of these agents is deemed unacceptably high; surgical or catheter-directed treatment may be considered in that situation, though both are more effective with subsequent 
anticoagulation. For submassive PE or those patients deemed to be high risk for progressing to shock or death, ICU admission and close monitoring is recommended, with escalation of therapy 
if there are signs of clinical deterioration.
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The elegant design of the PIOPED II trial highlights two impor-
tant considerations in PE diagnosis, however. The first is the critical 
importance of performing a pretest risk assessment for PE, in order to 
interpret diagnostic results. When compared to the composite reference 
standard, CTPA (and combined CTPA-CTV, which increases sensitivity 
slightly without altering specificity) performs extremely well when the 
test result is concordant with the pretest probability. For example, in a 
patient deemed to have a high pretest probability for PE, the positive pre-
dictive value of CTPA was 96%. Similarly for a patient with low pretest 
probability, the negative predictive value was 96%. However, for subjects 
with discordant test results relative to their pretest risk assessment, the 
predictive values drop to only 60% (Table 39-5).42 Thus for patients in 
whom the clinical risk assessment is low probability for PE, a positive 
D-dimer test on hospital admission or an unexpected finding of right 
ventricular strain on echocardiography would be useful to support the 
utility of CTPA. Conversely, if the clinical assessment for PE is high, a 
negative CTPA should not necessarily terminate consideration of PE. In 
this setting, additional venous ultrasonography (if CT venography was 
not performed) or digital subtraction angiography may be warranted.

The PIOPED II study also addressed the ability of CTPA to detect 
subsegmental PEs, as this has been a point of controversy with CTPA, 
and observations were that interobserver variation became more preva-
lent with smaller clots.45,46 It is interesting to recall that in the original 
PIOPED study in 1990, subsegmental PEs accounted for 6% of the 
PEs detected, and that the interobserver agreement for pulmonary 
angiograms among these small PEs was wider than that of larger PEs 
(66% for subsegmental PEs compared to 90% for segmental and 98% 
of lobar PEs).47 It would appear that subsegmental PEs are challenging 
to diagnose even by pulmonary angiography. Furthermore, the signifi-
cance of these smaller filling defects is highly uncertain. In PIOPED II, 
the positive predictive value of a filling defect on CTPA relative to the 
composite PE diagnosis fell dramatically from 97% for a main or lobar 
artery, to 68% for a segmental artery, to just 25% for a subsegmental 
clot.42 Based on retrospective review of data, some experts recommend 
that anticoagulation may be safely withheld for patients with exclusively 
subsegmental PE when certain conditions are met. In the absence of 
a prospective investigation, however, these recommendations seem 
to have limited applicability to the critically ill population, given that 
they require the patient to have adequate cardiopulmonary reserve 
and a transient, resolved risk factor for PE.48 The optimal treatment for 
subsegmental or smaller clots in the ICU remains uncertain.

Magnetic resonance angiography (MRA) technology has also pro-
gressed greatly in the past 2 decades, with rapidly improving resolu-
tion and speed of image acquisition. MRA does not require iodinated 
contrast, and does not have the risk of radiation associated with CTPA. 
Among initial reports in 1997, one study listed a sensitivity of 100% and 
specificity of 95% when MRA was performed in 30 patients undergoing 
pulmonary angiography for suspected PE49; another early study reported 
77% sensitivity but 98% specificity.50 The initial optimism over MRI as a 
diagnostic tool for PE has been tempered by issues of obtaining sufficient 
quality scans in critically ill subjects. In the recent PIOPED III study, 
25% of MRI studies were technically inadequate, and the sensitivity of 

MRA was under 80% even when technically adequate. When tandem 
pulmonary MRA and lower extremity MR venography were combined, 
both sensitivity and specificity were >97%, but over half of studies were 
technically inadequate.51 Thus the use of pulmonary MRA in diagnosing 
PE should be limited to centers with pulmonary MRA expertise and only 
for patients with a contraindication to more conventional testing.

Noninvasive Leg Studies:  Because the majority of subjects with PE 
have detectable concomitant DVT, and up to 50% of DVT patients will 
have PE, the diagnostic strategy for VTE must include both entities.25  
Noninvasive leg studies have traditionally included impedance pleth-
ysmography, phleborheography, venous Dopplers, and B-mode ultra-
sound scanning of leg veins, and now extend to CT or MR venography 
done in conjunction with pulmonary angiography. The technical details 
of these procedures and differences between them are beyond the scope 
of this chapter, and in practice, most centers now rely upon B-mode 
venous ultrasonography. Venous ultrasonography is extremely helpful in 
assessing a patient with symptomatic proximal deep venous thrombosis; 
in this population, the test demonstrates a sensitivity of 97%, posi-
tive predictive value of 100%, and negative predictive value of 100%.52 
Unfortunately, ultrasonography performs less well in asymptomatic 
patients. Patients with symptomatic DVT are far more likely to have 
a proximal than a distal, or isolated calf vein, DVT.53 In contrast, most 
asymptomatic DVT are distal, and since fewer than half of patients 
with PE have leg symptoms,19 it seems that PE more commonly follows 
asymptomatic rather than symptomatic DVT.47 Thus a negative venous 
duplex should not exclude the diagnosis of PE in a patient with inter-
mediate or high clinical risk assessment. Conversely, demonstration of 
DVT provides rationale for anticoagulation, and is accepted as evidence 
for PE if clinical suspicion is present.42 When anticoagulation was 
withheld on the basis of a negative venous duplex for noncritically ill 
patients, the rate of subsequent DVT within 6 months was low, approxi-
mately 2%, and mortality from PE was less than 0.1%.52 Unfortunately, 
one suspects that negative duplex results are less meaningful for criti-
cally ill patients, who retain significant risk factors for developing new 
DVT as long as they are in the ICU.

With increasing use of peripherally inserted central catheters and 
indwelling transvenous pacemakers, deep vein thromboses in the upper 
extremities are becoming increasingly common. Prospective registries 
for VTE have reported that between 5% and 10% of observed DVTs 
occur in the upper extremities,12,54 and this proportion is likely to be 
higher among critically ill patients, since this population is enriched for 
malignancy, central vein catheters, and cardiac devices. Venous ultra-
sound appears to remain both sensitive and specific (both ~90%) in the 
setting of upper extremity DVT,55 despite the fact that the proximal sub-
clavian and brachiocephalic veins cannot be directly visualized due to 
bony structures. The addition of color Doppler may reveal an abnormal 
flow pattern to suggest proximal DVT even when distal veins are pat-
ent and compressible, though Doppler has not been proven to improve 
sensitivity.55 In critically ill patients, we advocate the extension of venous 
ultrasound to all four extremities when evaluating for PE in a patient with 
risk factors for upper extremity clots, including malignancy, indwelling 
central catheter or cardiac device, prolonged critical illness, hypercoagu-
lable state, or upper extremity trauma. Digital subtraction venography, 
using intravenous contrast, is an option when venous ultrasound and 
CTPA are nondiagnostic, but carries much of the risk of conventional 
angiography with respect to dye load and radiation exposure.

Ventilation Perfusion (VQ) Lung Scan:  V/Q scanning was traditionally 
the initial test of choice in the evaluation of PE, but it has been largely 
supplanted by CT scanning given that a definitive positive or negative 
result is generally achievable in only ~20% of critically ill patients.56 
V/Q scans can be extremely helpful to the clinician when they provide 
either a high probability result—with an attendant specificity of 85%, 
ruling in the diagnosis—or a normal result, when the diagnosis of PE 
is virtually excluded.47 The frustration with V/Q scanning stems from 
the large number of tests which yield either intermediate probability 

  TABLE 39-5   � Positive and Negative Predictive Value of CT Angiography With 
Respect to Clinical Pretest Probability

High Probability Intermediate Probability Low Probability

PPV 96 (78-99) 92 (84-96) 58 (40-73)

NPV 60 (32-83) 89 (82-93) 96 (92-98)

NPV, negative predictive value; PPV, positive predictive value.

Values shown are the predictive value and (95% confidence interval). Note that CT angiography is less 
accurate when the CT findings are discordant with the pretest clinical probability.

Data from Kearon C, Kahn SR, Agnelli G, Goldhaber S, Raskob GE, Comerota AJ. Antithrombotic therapy 
for venous thromboembolic disease: American College of Chest Physicians Evidence-Based Clinical 
Practice Guidelines (8th ed). Chest. June 2008;133(suppl 6):454S-545S.
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or indeterminate results. Scans of intermediate probability indicate 
a substantial likelihood of PE (~40%) necessitating further evalua-
tion to prove or exclude the diagnosis. Furthermore, a scan read as 
“low probability” is not helpful in critically ill patients, since this 
group rarely has a low pretest probability for PE, and PE prevalence 
in this group can again approach 40%. In practice, it would seem 
that the utility of V/Q scanning is largely limited to patients with an 
imperative either to avoid intravenous contrast due to allergy or renal 
impairment, or to minimize radiation, such as in the case of preg-
nancy, which is discussed below. Furthermore, patients who have a 
normal chest are the most likely to have an interpretable scan.

Other Noninvasive Means of Diagnosis:  In noncritically ill patients, the 
D-dimer assay has proven to be a very helpful noninvasive test. D-dimer 
is a fibrin degradation product that appears in the blood when there is 
some degree of fibrinolysis. Very low levels of D-dimer argue against 
a diagnosis of PE, with a sensitivity of 95% and a negative likelihood 
ratio of approximately 0.10 using the widely available quantitative rapid 
ELISA.57 Essential to the use of a D-dimer test in diagnosing patients with 
thromboembolic disease is an assessment of clinical pretest probability; 
for patients assessed as intermediate or high risk based on clinical factors, 
a negative D-dimer could still result in up to 25% of the patients having 
a PE. The test is thus advocated only for clinically low-risk patients, and 
some experts caution against using it at all for hospitalized patients.44 
Furthermore, D-dimer assays can be considered unidirectional, in that a 
negative result can be extremely useful, yet a positive result has little effect 
on the likelihood of either DVT or PE.57 In the critically ill population, 
few patients would be characterized as low risk for PE58 and almost all 
patients will have a positive D-dimer level,59 rendering the test unhelpful.

The combination of pulse oximetry and static compliance of the 
respiratory system yielded a very high sensitivity and specificity for PE 
in critically ill trauma patients.60 In patients with COPD, capnography 
and arterial blood gas demonstrating a low dead space fraction had 
a very strong negative predictive value for PE.15 The combination of 
steady-state end-tidal alveolar dead space fraction and D-dimer was also 
quite sensitive in diagnosing PE in hospitalized, though not critically 
ill, patients, with a sensitivity and negative predictive value of 98%.16 
Whether these tests can be applied in critically ill patients with addi-
tional cardiopulmonary derangements remains less certain.

Pulmonary Angiography:  Digital subtraction pulmonary angiography 
(DSA) has long been considered the definitive test for the diagnosis of 
PE. Positive findings include an intraluminal filling defect or a cutoff of a 
2-mm or larger vessel seen in more than one view. Experienced radiologists 
agree on 98% of studies showing lobar embolism.61 However, agreement  
falls to 90% with segmental embolism, and only 66% in those with 
subsegmental clots, again highlighting the diagnostic challenge of small 
pulmonary thrombi, and uncertainty surrounding their clinical significance. 
Following a negative DSA, the risk of subsequent VTE is less than 2%.62-64  
Because the earliest documented resolution of an angiogram to normal 
following a pulmonary embolus is 1 week, there may not be time urgency 
in performing the test as long as anticoagulation can be empirically started, 
and the result of DSA appears to be reliable up to a week following acute 
symptoms.65 Interestingly, in a retrospective review of the 20 discordant 
cases between CTPA and DSA in the PIOPED II study, it was determined 
that CTPA had a superior sensitivity, with 2 false-negatives compared 
to 13 for DSA.66 Since it is invasive, costly, riskier, and involves more 
radiation than CT angiography,61 DSA is usually reserved for patients in 
whom the diagnosis cannot be made or excluded by less invasive means. 
However, pulmonary angiography appears to be safer than is generally 
appreciated. In several large series, mortality was approximately 0.2%.67,68 
Case reports of death periangiography often cite pulmonary hypertension 
and cor pulmonale at the time of the procedure, leading some to conclude 
that severe pulmonary hypertension is a contraindication to pulmonary 
angiography. Elevated pulmonary systolic pressure (>70 mm Hg) and 
elevated right ventricular diastolic pressure (>20 mm Hg) were identified 
as risk factors for death, with a reported mortality of 2%.68

■■ EMPIRICAL DIAGNOSIS
Occasionally, an empirical diagnosis of PE seems clear cut to the manag-
ing physician. No alternative diagnoses may seem plausible, or further 
diagnostic steps seem risky or unnecessary. Although this approach may 
appear attractive, it has attendant drawbacks. In the critically ill popula-
tion, there will remain competing alternative diagnoses, and the clinical 
diagnosis remains difficult, even for the more experienced clinician. 
Most important, the doubt which lingers after an empirical diagnosis too 
frequently haunts subsequent management. Progression of symptoms 
or signs despite therapy raises questions about failure of treatment or 
the need for alternative treatments. Complications of treatment such as 
hemorrhage or thrombocytopenia create uncertainty about the neces-
sity of the toxic therapy, or precipitate more diagnostic interventions in 
a newly unstable state. Since critically ill patients are more likely to have 
complications of therapy, long-term empiricism is rarely appropriate. 
Instead, initial empiricism while the patient is stabilized should give 
way to appropriate diagnostic testing as the patient’s condition improves.  
A diagnostic algorithm tailored to the ICU is presented in Figure 39-5.

TREATMENT
The majority of patients with PE will not die from the clot which 
leads to diagnosis. As long as reembolization is prevented, the patient  
will survive, while intrinsic fibrinolysis restores pulmonary blood  
flow. Therefore, the primary goal of all therapies for PE is to prevent 
reembolization. Some patients, however, survive the initial embolus, 
yet remain in shock. These patients, who are overrepresented in ICU 
populations, may succumb to the initial embolus. Additional therapy to 
hasten clot resolution, aimed at more promptly restoring the circulation, 
in addition to supportive care for the strained right ventricle, is useful in 
such patients. Beyond anticoagulation, vena caval interruption, throm-
bolysis, fluid and vasoactive drug administration, and rarely, surgical 
embolectomy all may be considered in the treatment of this disease. An 
integrated approach to the treatment of PE is presented in Figure 39-6.

■■ PROGNOSIS AND INTENSITY OF TREATMENT
Having made a diagnosis of PE, the clinician and patient face numerous 
potential therapies and outcomes. Pulmonary embolism is spectacularly 
inconsistent in its clinical presentation, and can range from asymptomatic 
or mildly symptomatic dyspnea to profound shock due to right ventricu-
lar dysfunction. Several characteristics of each presentation can allow the 
clinician to identify patients with the poorest prognosis, who almost cer-
tainly benefit from close observation in a monitored setting, and who may 
benefit from a more aggressive therapeutic approach. Equally important, 
the clinician may also identify those patients at low risk for complication, in 
whom a strategy of anticoagulation alone, potentially as an outpatient, will 
suffice. The Geneva prognostic index, generated from a prospective study 
of 296 patients with PE admitted through the emergency room, identified 
six predictors of adverse outcome, defined as death, recurrent thrombotic 
event, or major bleeding.69 Hypotension imparted an odds ratio of 15 for 
adverse event; cancer of 9.5; and prior DVT, DVT by ultrasound, heart 
failure, and hypoxemia increased odds in the range of two- to fourfold. 
More recently, the simplified PE severity index (sPESI) was shown to 
identify a subgroup of PE patients with a low 30-day mortality (1%) in 
both a discovery and large validation cohort.70 Low risk patients were 
those with none of the following criteria: age >80 years; history of cancer; 
history of chronic cardiopulmonary disease; heart rate ≥110 beats/min;  
systolic blood pressure <100 mm Hg; or arterial O2 saturation <90%. 
Some have advocated using this low risk group to determine which 
patients can be safely treated with LMWH as an outpatient.71

In the ICU, the more common scenario is attempting to identify 
patients at high risk for adverse events, in order to provide more intensive 
monitoring and to prepare for escalation of therapy if necessary. Plasma 
markers of cardiac injury such as troponin T and troponin I portend a 
high risk for complications, and troponin I was significantly associated 
with an increased overall mortality following PE.72 For patients with 
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a positive sPESI score (≥1 point), a positive troponin was associated 
with a higher risk of mortality or PE recurrence at 1 month.73,74 Plasma 
N-terminal pro-brain natriuretic peptide (NTproBNP) also seems a 
helpful prognostic indicator; among normotensive patients with PE, 
normal NTproBNP is positively associated with survival,75 whereas when 
elevated, the marker was associated with increased risk of both short-
term and long-term recurrence or death.75,76 Echocardiographic evidence 
of right ventricular dysfunction also clearly identifies a subgroup of 
patients with PE at high risk of shock or death, and patients manifesting 
right ventricular dysfunction warrant ICU observation.38

It is tempting to alter therapy based on the knowledge that adverse 
prognostic indicators exist, though to date, no study has shown a 
decreased mortality or decreased recurrence of thromboembolic events 
by adopting a more aggressive treatment strategy for patients deemed to 
be high risk. As discussed below in the section on thrombolytic therapy, 
a retrospective review of normotensive PE registry patients who received 
thrombolytic therapy found an increased risk of mortality, compared to 
a propensity—matched patients receiving heparin alone.77 The lack of 
proven benefit of such a strategy, combined with the clearly increased 
risk of thrombolysis, against using thrombolytic medications based on 
troponin, NTproBNP, or echocardiographic criteria of right ventricular 
dysfunction in normotensive patients.41 However, it seems prudent to use 
a careful risk assessment of death, recurrence, or major bleeding when 
contemplating which patients may benefit from outpatient therapy, treat-
ment on the general ward, or surveillance in an ICU.

■■ SUPPORTIVE CARE
Oxygen and Bed Rest:  Patients typically present with hypoxemia which 
responds well to oxygen therapy since the underlying pathophysiol-
ogy is usually V/Q mismatch. Bed rest, once advocated as the standard 
of care in treating venous thromboembolic disease, has recently been 
called into question by two randomized prospective studies.78,79 Both 
studies found that allowing patients with DVT to ambulate on day 2— 
compared to imposed strict bed rest for between 4 and 10 days— 
failed to increase the incidence of PE as detected by V/Q scanning. 
Ambulating patients wore thigh-length compression stockings, and 
walked up to 4 hours per day. Admittedly, the applicability of these 
studies to an ICU population may be problematic, as patients were 
excluded if they had clinically overt PE, free-floating thrombus, 
pregnancy, renal insufficiency, or were unable to ambulate. Many of 
our ICU patients, and all patients with symptomatic PE, would have 
failed to qualify for these studies. Bed rest may have advantages to 
the critically ill patient beyond the theoretical advantage of reducing 
clot dislodgement. Given the imperative to reduce oxygen consump-
tion (VO2) and thus maximize a limited Q̇t for patients in shock, bed 
rest—combined with sedation and mechanical ventilation in selected 
patients—is clearly indicated for patients with PE and shock.

■■ SPECIFIC THERAPIES

Anticoagulation 

Unfractionated Heparin (UFH)  Heparin has long been the mainstay of therapy for 
PE, although it is no longer the preferred first-line treatment for confirmed 
PE in stable patients.41 Unfractionated heparin is a mixture of acidic gly-
cosaminoglycans typically extracted from porcine intestinal mucosa, with a 
variable molecular weight of between 5000 and 30,000 daltons depending 
on its clinical preparation.80,81 Along with a coumarin derivative, it was the 
first anticoagulant to be prospectively shown to decrease mortality and 
recurrent PE, decreasing mortality by 25%.82 While effective, heparin ther-
apy requires monitoring of coagulation parameters as well as dose adjust-
ment due to unpredictable plasma levels even within individuals. Given 
subcutaneously twice daily, UFH seems to be equally efficacious and safe to 
continuous intravenous dosing,83 although common practice seems to favor 
continuous drips, functionally restricting heparin’s use to the inpatient hos-
pital setting. Heparin catalyzes the effect of antithrombin to rapidly inhibit 
several members of the intrinsic and common coagulation pathways: factors 

Xa, IXa, XIa, and XIIa.81 It also inhibits the activation of factors V and VIII 
by thrombin.80 Heparin is cleared rapidly from the plasma by binding to cell 
surface receptors on endothelial cells and reticuloendothelial elements, and 
its clearance is unaffected by renal or hepatic insufficiency.81

In dosing heparin, a singular concept emerges: one must give enough 
heparin to surpass a minimal level of anticoagulation in order to prevent 
further thromboembolism, and this therapeutic level should be reached 
quickly. This threshold level appears to be doses at which the activated 
partial thromboplastin time (aPTT) is at least 1.5 times baseline84 (or alter-
natively at which a heparin level of 0.2-0.4 U/mL by the protamine sulfate 
assay or 0.3-0.6 IU/mL by amidolytic anti-Xa study), and this therapeutic 
level should be reached as quickly as possible.41,85 Two observational studies 
have shown an increase in recurrent PE and death when the time to thera-
peutic aPTT took more than 24 hours, and in one trial, receipt of heparin 
in the emergency department rather than after admission to the ward was 
associated with decreased mortality.84,85 Rapid, adequate anticoagulation 
is facilitated by a weight-based nomogram,86 and each institution’s aPTT 
targets should be adjusted based heparin activity assays in the clinical labo-
ratory. A typical initial dosing regimen for UFH uses a bolus of 80 U/kg  
followed by a continuous infusion of 18 U/kg per hour. For most patients, 
oral anticoagulation—coumadin—should begin soon after initiating hepa-
rin, though the acute agent (UFH, LMWH, or fondaparinux) should 
continue for at least 5 days and until coumadin activity is therapeutic (inter-
national normalized ratio >2.0).41,87

While the evidence supporting a lower therapeutic limit for heparin 
of 1.5 times control as judged by the aPTT is quite strong, the conven-
tional upper limit (2.5 times control) is relatively arbitrary. For years it 
had been assumed that the risk of hemorrhage was significantly related 
to the level of the aPTT, but data supporting this belief are lacking. In 
general, bleeding risk appears more likely to be related to underlying 
clinical risk factors such as recent surgery, previous hemorrhage, ulcer 
disease, or comorbidities (cancer or major organ failure) rather than 
to supratherapeutic aPTT. In one trial, almost 50% of subjects spent 
at least 24 hours with a supratherapeutic aPTT, defined as ≥2.5 times 
control, yet the bleeding risk was not higher than for patients who never 
had a supratherapeutic aPTT.87 These findings refute an association 
between modestly elevated aPTT and hemorrhage and, combined with 
the importance of prompt, adequate anticoagulation, suggest the value 
of an approach that aims to ensure enough heparin in the first hours of 
treatment, rather than to avoid too much.
Complications of Heparin  Complications of heparin, in addition to hemor-
rhage, include heparin-induced thrombocytopenia (HIT), osteoporo-
sis, hypersensitivity, and (rarely) hyperkalemia. The most important 
complication of heparin is bleeding. Several meta-analyses of clinical 
trials report that in the setting of VTE, heparin therapy is associated 
with a 2% to 3% incidence of major bleeding (bleeding >1 L, bleed-
ing requiring blood transfusion, intracerebral bleeding).88,89 When the 
definition is broadened to include any clinical bleeding, clinical trials 
have reported rates of 8% to 12% while receiving UFH.87,90 Hemorrhage 
typically occurs from the gastrointestinal or urinary tract, or from 
surgical incisions. Less common sites of serious bleeding include the 
retroperitoneum, adrenal glands, soft tissues, nose, and pleural space. 
Intracranial hemorrhage is uncommon in patients anticoagulated with 
heparin, though it is frequently fatal.

The approach to treatment of the patient who bleeds on heparin 
depends on the severity of bleeding. When bleeding is minor, simply stop-
ping the heparin may be sufficient. Bleeding related to needle sticks may 
respond to sustained direct pressure. If hemorrhage endangers life or organ 
function, a more aggressive approach is mandatory. Transfusion of fresh 
frozen plasma is usually ineffective since circulating heparin inhibits the 
function of transfused factors. Protamine sulfate is an antidote to heparin. 
The dose of protamine depends on heparin levels, and is therefore related 
to dose, route of administration, and time since the last dose. When 
hemorrhage immediately follows a bolus of heparin, sufficient protamine 
to completely neutralize the heparin (1 mg protamine per 100 units  
heparin) should be administered. In the more usual situation where 
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heparin therapy is ongoing, the dose of protamine should be based on 
the approximate half-life of heparin (90 minutes). Since protamine, too, 
is an anticoagulant, the dose should be calculated to only half-correct the 
estimated circulating heparin. Protamine has been known to cause hypo-
tension, shock, dyspnea, and pulmonary hypertension upon intravenous 
injection. The incidence is reduced by giving the drug very slowly (no 
more than 50 mg in 10 minutes). A provider should be present as prot-
amine is administered in case of an anaphylactoid reaction. Once heparin 
is stopped and stabilization is underway, one may consider alternatives for 
the treatment, including temporary vena caval interruption if appropriate.

Thrombocytopenia is a relatively common occurrence in the ICU; 
a recent review cited incident thrombocytopenia complicating 13% 
to 44% of admissions across medical, surgical, and mixed ICUs.91 
Thrombocytopenia may also occur as a complication of heparin admin-
istration, typically occurring after several days of therapy. In large 
series, roughly 1% to 3% of patients given full-dose intravenous heparin 
developed thrombocytopenia.92 Immune heparin–induced thrombo-
cytopenia (HIT) is a specific entity whereby IgG antibodies develop 
to antigens against the complex formed by platelet factor 4 (PF4) and 
heparin.93 When strong PF4/heparin–IgG immune complexes form on 
platelet surfaces, the result is a strong platelet activation with release of 
platelet intracellular granules, causing a procoagulant microenviron-
ment.93-95 Thrombocytopenia is less commonly seen with highly purified 
LMWHs, suggesting that higher-molecular-weight components may be 
responsible. It is also rare in patients given prophylactic dose heparin. 
The incidence of immune HIT is low when studied prospectively, with 
just 0.5% to 1% in most studies of ICU patients.96 Female gender and sur-
gical or trauma patients seem to be at higher risk for its development.97

The diagnosis of HIT can be challenging given the frequency of 
thrombocytopenia due to competing causes, and the fact that antibod-
ies to heparin, even if platelet activating, may still not be pathologic. 
Multiple tests are available to detect PF4/heparin antibodies, but the 
most specific for pathogenic HIT are the platelet serotonin release assays 
(SRA) or similar tests for platelet activation.93 Enzyme immunoassays 
to PF4-IgG are also available and highly sensitive, but less specific, with 
a positive predictive value as low as 20%.93 The classic presentation of 
HIT has 4 features: a large magnitude Thrombocytopenia, classically 
50%; suggestive Timing (5-10 days after the introduction of immuniz-
ing dose heparin); arterial or venous Thrombosis; and no alternative 
or oTher explanation for thrombocytopenia.98 These “4 Ts” are the 
basis for a pretest clinical score which can be helpful in deciding which 
patients should undergo serologic testing for HIT; a score ≤3 indicates 
a low probability of having platelet-activating HIT antibodies, whereas a 
score ≥6 is highly probable, in the range of 50%, for HIT.93 The onset of 
thrombocytopenia is usually on the third to 15th day (mean = day 10), 
but can occur after several hours in patients previously sensitized. The 
severity of thrombocytopenia is variable (commonly to 50,000/mm3), 
but can be severe (<5000/mm3). Most patients remain asymptomatic, 
but some suffer major arterial or venous thrombosis, or life-threatening 
hemorrhage. Rarely, this syndrome is associated with skin bullae which 
progress to necrosis (“heparin necrosis”), adrenal insufficiency due to 
adrenal hemorrhage, or anaphylactoid reactions.93 Any time heparin is 
given, it is prudent to measure platelet counts on a daily basis initially. 
An otherwise unexplained drop in platelet count of 30% has been 
suggested as the threshold which should prompt discontinuation of hepa-
rin, although there are few data upon which to base this. When immune 
HIT is strongly suspected, additional treatment considerations include: 
cessation and avoidance of all heparin products; initiation of a nonheparin 
alternative anticoagulant, such as the direct thrombin inhibitors lepirudin 
or argatroban or the synthetic Xa inhibitor fondaparinux; avoidance of 
coumadin until thrombocytopenia resolves; and avoiding “prophylactic” 
platelet transfusions in the absence of bleeding or procedures.93

Low-Molecular-Weight Heparin  The promise of low-molecular-weight heparins 
(LMWHs) include simplicity, with once or twice daily therapy for venous 
thromboembolism due to improved bioavailability over heparin, and 
the lack of required monitoring of anticoagulant effect. As a class, the 

LMWHs encompass a number of fragments of unfractionated heparin 
which are on average 5000 daltons in molecular weight. The different 
LMWHs have been depolymerized by various means, and thus differ in 
their pharmacokinetic and pharmacodynamic properties.81 One LMWH 
may not be interchangeable with another. LMWHs achieve excellent 
bioavailability when given subcutaneously (about 90% of that achieved 
with an equal intravenous dose), have a long half-life (2-4.4 hours),  
correlate well between anticoagulant response and body weight, and 
have equal or better antithrombotic effects than unfractionated hep-
arin. There have now been numerous trials comparing LMWHs 
(subcutaneously or intravenously) with unfractionated heparin in both 
DVT and PE.99-101 In an early meta-analysis pooling the results of over 
2000  patients, LMWHs appeared superior with regard to venographic 
score improvement, recurrence rate of VTE, and hemorrhage. There 
is also a trend towards an all-cause mortality benefit for LMWHs.101 
Similarly, a meta-analysis of LMWH compared to unfractionated hepa-
rin for the treatment of PE found nonstatistically significant decreases 
in recurrent symptomatic VTE, PE, and bleeding complications.100 With 
such data, groups such as the American College of Chest Physicians now 
recommend either a LMWH, intravenous UFH, or the synthetic agent 
fondaparinux (discussed below) as initial treatment for PE with a grade 
IA strength of evidence.41 While monitoring of anticoagulant effect 
is not routinely recommended with LMWH, certain patient groups 
may benefit from following anti-Xa levels (activity against activated 
Factor X). These subgroups include patients with either morbid obesity 
(>150 kg) or low body mass index (weight, 40 kg); pregnant patients; 
and those with renal insufficiency or rapidly changing renal function.25

Aspects of caring for critically ill patients may limit the full imple-
mentation of LMWH usage in the intensive care unit. Many patients 
with critical illness have coincident renal failure, bleeding diatheses, or 
need for ongoing invasive procedures, all of which make UFH, which 
can be quickly discontinued and rapidly cleared from the body, prefer-
able. Conversely, certain situations appear to be ideally suited to the use 
of LMWH, such as in the long-term treatment of cancer patients with 
venous thromboembolism.102,103 As stated, the incidence of heparin-
induced thrombocytopenia (HIT) is lower with LMWH than with UFH, 
although in many trials of LMWH for DVT or PE, the incidence of HIT 
was sufficiently low in both arms to preclude a numeric comparison. In 
orthopedic and surgical studies as well as the initial industry-sponsored 
trials of various LMWHs, the incidence of HIT varied between 0% and 
0.8% of patients, compared with approximately 3% of patients treated 
with unfractionated heparin; notably, these trials did not exclusively 
use the serotonin—release assay to diagnose HIT, and may have over-
estimated its incidence.104 Antibodies from patients with previous HIT 
cross-react with every commercially available LMWH, however, there-
fore LMWHs cannot be safely used in a patient known to have HIT.93

Alternatives to Heparin:  Neither heparin nor LMWH can be used in 
patients with HIT; furthermore, no safe dosing regimen has been 
approved for LMWH in the presence of renal failure. Current alterna-
tives to heparin include selective factor Xa inhibitors, direct thrombin 
inhibitors, and novel oral anticoagulants.

Direct thrombin inhibitors include the hirudin family, first isolated from 
leeches, and the argatroban family of active-site inhibitors. The advantage 
of such agents over UFH is their ability to inhibit fibrin-bound thrombin 
with a predictable dose response, and their inability to produce heparin-
induced thrombocytopenia.81 Hirudin and its derivatives, especially lepi-
rudin and bivalirudin, are potent anticoagulants which have been proven 
more effective than enoxaparin, an LMWH, in the DVT prophylaxis of 
patients undergoing hip replacement.105 Lepirudin is excreted by the kid-
ney, and must be dose-adjusted for renal function. In addition, because 
several studies have reported a very high risk for bleeding with lepirudin 
(up to 18%) in the treatment of HIT, many feel the approved dose for lepi-
rudin needs to be decreased to 0.05 to 0.10 mg/kg per hour.106-109 Activated 
partial thromboplastin time must be monitored with hirudin agents (goal 
aPTT 1.5-2.5 times control). While hirudin derivatives are approved for 
use in patients with heparin-induced thrombocytopenia, they have not 
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been extensively studied in prospective comparison to heparin or LMWH 
in treatment of pulmonary embolism.

Argatroban represents a different class of direct thrombin inhibi-
tors, in addition to melagatran and the now discontinued oral agent 
ximelagatran. Argatroban is an effective anticoagulant in patients with 
heparin-induced thrombocytopenia, and has been licensed for use in 
this capacity.81 Like the hirudins, argatroban has not been studied in any 
randomized trials in PE, but it appears to be as safe as or safer than hep-
arin when given to patients with myocardial infarction.110 It is cleared 
principally by the biliary system and the dose needs no adjustment for 
renal failure. Monitoring of both the aPTT and the prothrombin time 
(PT) is recommended. Newer oral direct thrombin inhibitors have been 
developed but withdrawn from the market due to excessive bleeding, 
though more may appear in the future.111

Among the newest of antithrombotic agents approved in the prophy-
laxis of deep venous thrombosis and pulmonary embolus is fondaparinux, 
a novel synthetic drug inhibiting factor Xa. By binding to antithrombin 
with tight affinity and inducing a conformational change, fondaparinux 
facilitates the binding of antithrombin with factor Xa, thus blocking the 
common pathway of coagulation.81 It has been approved by the FDA as a 
subcutaneous injection of 2.5 mg once daily for use in DVT and PE pro-
phylaxis in patients undergoing orthopedic surgery for hip fracture, hip 
replacement, or knee replacement, after several randomized controlled 
trials found superior reduction of DVT for fondaparinux compared to 
enoxaparin. The Matisse PE study comparing fondaparinux and heparin 
for pulmonary embolism found the new agent to be as effective and 
safe as heparin, with a nonsignificant trend toward fewer recurrences of 
venous thromboembolism in the fondaparinux group.112 Bleeding events 
were similar, and no difference in mortality was detected. Heparin-
induced thrombocytopenia has not been observed with fondaparinux 
use. A number of additional anti-factor Xa agents are in development, but 
have not yet been widely tested in humans. Fondaparinux is now recom-
mended as an appropriate short-term initial therapy for PE.41 Limitations 
to the use of fondaparinux are similar to those for LMWH, in that for 
unstable patients or patients at high risk for bleeding, the long half-life and 
lack of a readily available antidote may favor the use of heparin.

For most patients with PE, warfarin anticoagulation should be insti-
tuted on the first treatment day (5 mg PO qhs for the first 2 days, then 
adjust the dose to achieve an INR between 2.0 and 3.0) and continued 
to overlap with short-term therapy for at least 5 days.41 However, if 
the patient is clinically unstable or likely to require ongoing invasive 
procedures, heparin or a rapidly adjustable agent such as lepirudin or 
argatroban should be used preferentially, to facilitate rapid adjustment 
of anticoagulation if necessary.

In 2012, the US Food and Drug Administration approved the oral 
factor Xa inhibitor rivaroxaban for the acute and long-term treatment of 
PE. In an open-label noninferiority trial, investigators randomized almost 
5000 subjects with confirmed acute PE to either oral fixed dose rivaroxa-
ban or beginning within 48 hours of PE diagnosis or enoxaparin plus war-
farin, titrated to international normalized ratio.113 Rivaroxaban was dosed 
at 15 mg twice daily for the first 3 weeks, followed by 20 mg daily for 3, 6, 
or 12 months. Warfarin was continued for the same duration, and the ran-
domization protocol accounted for planned treatment duration at study 
initiation. Fifty subjects in the rivaroxaban group (2.1%) and 44 in the 
conventional treatment group (1.8%) experienced recurrent thromboem-
bolism, consistent with noninferiority of rivaroxaban.113 Overall bleeding 
rates were similar between the two treatment arms, but the rivaroxaban 
arm had approximately half the rate of major bleeding compared to enoxa-
parin/warfarin.113 Rivaroxaban can be used as both acute and long-term 
therapy for PE and does not require bridging with heparin or LMWH. It 
also appears that prothrombin complex concentrate can reverse the INR 
elevation caused by rivaroxaban,114 as can dialysis. There is limited data on 
rivaroxaban in pregnancy, and pregnant women were excluded from the 
EINSTEIN-PE trial.113 In addition, patients with an estimated creatinine 
clearance below 30 mL/min should not receive rivaroxaban, and the drug 
has not been tested in patients with shock due to PE.113,115

Vena Caval Interruption:  Occasionally patients have compelling rea-
sons which preclude anticoagulation, or continue to embolize despite 
adequate anticoagulation. As most thromboemboli originate in the 
legs, pelvis, or inferior vena cava (IVC),116 inferior vena caval inter-
ruption (VCI) has the potential to prevent subsequent embolization. 
Conventional indications for the use of VCI in patients with venous 
thromboembolism have included contraindications to anticoagulation, 
hemorrhage following anticoagulation, failure of anticoagulation to 
prevent recurrent embolization, and prophylaxis of extremely high-
risk patients. Only one randomized prospective trial has evaluated 
using VCI to prevent PE.117 This trial randomized 400 patients with 
proximal DVT who were at risk for PE to receive a vena caval filter or 
standard anticoagulation. Over the first 12 days, the vena caval filter 
group had significantly fewer cases of PE (1.1% vs 4.8%, P <0.03). 
However, over the subsequent 2 years, during which all patients were 
anticoagulated for at least three months, the rates of PE, major bleed-
ing, and death were similar in both groups. Moreover, the vena caval 
filter group actually had a significantly higher rate of recurrent deep-
vein thrombosis, with a nearly twofold increase in odds ratio for DVT 
compared to the no-filter group. Thus VCI appeared to be a successful 
short-term strategy to prevent PE, but came at the expense of increased 
long-term DVT and a trend toward increased thromboembolic disease. 
This landmark study prompted widespread discussion on two fronts: 
whether anticoagulation should be considered for all patients receiving 
a vena caval filter, and whether a temporary, or retrievable filter might 
be more successful.118 Unfortunately, no prospective trial evaluates 
either question. Progress has been made in the technology of retriev-
able filters, and small case series of several different types of temporary 
filters have been published.119,120 Whereas initially, temporary filters had 
to be removed within a 2-week period in order to minimize the risk 
of endothelialization, newer filters have been retrieved up to 134 days 
without complication.119

As VCI devices have evolved, they have become smaller and more 
easily placed. As physicians have become more experienced with them, 
they have become safer as well, although published complication rates 
have varied widely, from 2% to 19%.119 Patients who survive sublethal 
embolism but remain hemodynamically compromised may benefit from 
VCI since recurrent embolism, while unlikely, will be fatal. Nevertheless, 
there are few data to inform management in these sickest patients.

Complications include filter fracture (occasionally with embolization 
of fragments), improper placement of the filter, venous thrombosis at 
the insertion site (seen in 8%-25%),121 caval occlusion (which is now 
far less common than when the Mobin-Uddin “umbrella” filters were 
in use), inadvertent dislodgment by guidewires during central venous 
catheterization, and erosion or perforation of the caval wall and other 
viscera. A final point about VCI is that while it prevents most recurrent 
emboli, it does not treat the (presumed) leg source. Therefore, when 
these devices are used, concomitant anticoagulation is necessary (unless 
the indication for VCI is contraindication to anticoagulation). The sig-
nificance of upper extremity sources of thromboemboli in ICU patients, 
who often have central catheters, is unknown but probably small. 
Nevertheless, inferior VCI would clearly be ineffective so that when 
the clinical presentation suggests an upper source, due consideration 
should precede placement of this device. Filters have been placed in the 
superior vena cava and in the suprarenal IVC with apparent safety, but 
the experience is limited.

Thrombolytic Therapy 

Massive PE With Shock  It has been clear for more than three decades 
that thrombolytic therapy more rapidly lyses pulmonary emboli and 
improves hemodynamics.122 However, 7 days after therapy, patients 
given thrombolytic therapy cannot be distinguished from those treated 
only with heparin on the basis of clinical findings or lung perfusion.123 
Combined with the clearly increased risk and cost of thrombolytic agents, 
this has led to a general skepticism about the value of thrombolytic 
therapy for the treatment of PE. In a survey of pulmonary physicians,  
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only 11% would give thrombolytic therapy for a large PE without hypo-
tension, severe hypoxemia, or RV strain.124 Nearly all would give throm-
bolytics to a patient with shock due to PE, and there is modest evidence 
to support this approach. When patients with massive PE were given 
alteplase (1 mg/kg over 1 hour) in an uncontrolled trial, there was sig-
nificant clinical improvement in 11 of 15 with shock.125 Right ventricular 
function improves more rapidly in patients given alteplase (100 mg over 
2 hours) and heparin compared to heparin alone, and patients receiving 
alteplase for PE-associated shock were less likely to have an in-hospital 
subsequent PE.126 The only randomized clinical trial comparing throm-
bolysis (streptokinase, 1,500,000 over 1 hour) with heparin in patients 
with massive embolism and hypoperfusion enrolled only eight patients, 
but showed a dramatic mortality benefit for thrombolytic therapy; all 
four patients receiving heparin alone died, while there were no deaths in 
the streptokinase group.127

Submassive PE  Evidence of right ventricular dysfunction, even in the absence 
of any hemodynamic instability, is indisputably associated with a higher 
mortality.37 This clinical condition has been termed submassive PE: PE 
which has not yet provoked hypotension, but where the risk for death is 
high. The utility of echocardiography in prognostication has led to great 
interest as to whether echocardiographic criteria should be used routinely 
to guide the use of thrombolytic therapy.128,129 Two studies address this 
question. In a retrospective cohort study of patients with radiographically 
large emboli and right ventricular dilation (but without hypotension or 
shock), those who received thrombolytic therapy had better pulmonary 
perfusion on day one, but this advantage disappeared by day seven.130 
Mortality was 6% in the thrombolytic group compared to no deaths in the 
heparin group, and severe bleeding in the thrombolytic group approached 
10%, with intracranial bleeds in 4% of patients. In a second, prospec-
tive study, patients with acute PE and right ventricular dysfunction (but 
without shock) were randomized to heparin plus alteplase or heparin plus 
placebo.131 While there was no difference in mortality between groups, 
the alteplase group had a significantly lower rate of treatment escalation, 
mostly consisting of secondary thrombolysis for worsened symptoms. No 
significant difference in bleeding was found between groups, which was 
surprising, as previous studies have never failed to show an increased risk 
of major hemorrhage with thrombolytic therapy compared to heparin. In 
a large prospective registry of over 2400 patients with PE, the rate of major 
hemorrhage in patients receiving thrombolytics was almost 22%, and 
intracranial bleeds were noted in 3%.132 The retrospective, nonrandom-
ized nature of the first study raises concerns for its validity, but the latter 
has also been cited as potentially flawed in its design, both in its definition 
of “right heart dysfunction” and its use of secondary thrombolysis based 
on vague clinical criteria.133 A trial of thrombolytic plus heparin versus 
placebo plus heparin in intermediate risk patients with PE was published 
in 2014. Thrombolytic therapy reduced hemodynamic decompensation 
but at a price of increased major bleeding and stroke.134 As no mortal-
ity benefit has yet been established for patients with submassive PE who 
receive thrombolysis, we advocate restricting thrombolytic therapy for 
those patients with clinically apparent shock. The ACCP has offered a 
Grade 2B recommendation to consider thrombolysis for normotensive 
patients to receive thrombolysis if the patient is deemed “high-risk”—
based on echocardiographic right heart strain, an elevated troponin, or 
severe hypoxemia, dyspnea, or anxiety—if the patient is not at increased 
risk of bleeding.

The optimal regimen for thrombolytic therapy has not been estab-
lished, though the most commonly evaluated has been recombinant tis-
sue plasminogen activator (rt-PA), 100 mg over 2 hours.41 A number of 
approaches are listed in Table 39-6.41,122,125,127 We recommend a 2-hour 
bolus, as opposed to 12- or 24-hour infusions, as hemodynamic studies 
show faster lysis and reduced hemorrhage with 2-hour infusions.135-137 
Studies of 15 minute infusion of alteplase compared to 2-hour infusion 
found no significant difference in efficacy or rate of hemorrhage, and in 
practice we reserve the very short bolus to patients with cardiac arrest 
from apparent PE.41,138-140 Infusion of thrombolytics via a peripheral vein 
is preferred over through a pulmonary arterial catheter since the latter 

has been associate with increased bleeding at the central catheter site.141 
The particular thrombolytic agent is probably not of much importance. 
In a head-to-head comparison of alteplase (100 mg over 2 hours) and 
urokinase (1,000,000 units over 10 minutes followed by 2,000,000 over 
110 minutes), the two regimens yielded similar efficacy and safety.142 
After the thrombolytic agent is discontinued, heparin is typically begun 
(without a bolus) when the thrombin time or the aPTT falls to less than 
2 times control. Heparin is begun as an intravenous infusion at 1300 
U/h and titrated to a PTT of 1.5 to 2.5 times control. Careful attention 
should be given to selecting patients appropriately to reduce the rate 
of hemorrhagic complications (see Table 39-7). Especially important 
is a concerted effort to avoid invasive procedures, including arterial 
blood gases, arterial catheters, central venous punctures, and pulmo-
nary angiograms, where possible.143 When a patient is deemed to be at 
too high a risk of bleeding to undergo thrombolysis, options include 
mechanical clot disruption via catheter or surgical embolectomy, which 
will be discussed below.

Various measures of the lytic state correlate poorly with both efficacy 
and incidence of bleeding, so that outside of clinical research protocols, 
routine monitoring is not indicated. When streptokinase is given, the 
manufacturer recommends that the thrombin time be assayed at 4 
hours to ensure that a lytic state is achieved. An adequate lytic state can 
be assumed if the thrombin time is prolonged above the normal limits of 

  TABLE 39-6    Thrombolytic Dosing Strategies in Acute Massive Pulmonary Embolism

rt-PA, 100 mg over 2 hoursa

Urokinase, 4400 U/kg bolus, followed by 4400 U/kg/h for 24 hoursa

Streptokinase, 250,000 U over 30 minutes, followed by 100,000 U/h for 24 hoursa

rt-PA, 0.6 mg/kg bolus over 2-15 minutes

rt-PA, 1 mg/kg over 10 minutes

Tenecteplase weight (wt) based bolus over 5 seconds: wt <60 kg, give 30 mg; 60-69 kg,  
give 35 mg; 70-79 kg, give 40 mg; 80-89 kg, give 45; ≥90 kg, give 50 mg

Urokinase, 1,000,000 U bolus over 10 minutes, then 2,000,000 U over 110 minutes

Urokinase, 15,000 U/kg bolus over 10 minutes

Streptokinase, 1,500,000 U over 1 hour

Note: Heparin is infused at 1300 U/h following the thrombolytic infusion when the aPTT falls below 
twice normal, and is adjusted to keep the aPTT between 1.5 and 2.5 times control.
aRegimens approved by the Food and Drug Administration. Tenecteplase has not been approved for 
PE. The dosing regimen listed is approved for acute MI and is being tested in a clinical trial setting of 
submassive PE.134

  TABLE 39-7    Contraindications to Thrombolytic Therapy

Absolutea Recent puncture in a noncompressible site
Active or recent internal bleeding
Hemorrhagic diathesis
Recent neurosurgery or active intracranial lesion
Uncontrolled hypertension (BP >180/110) on presentation
Known hypersensitivity to thrombolytic agent
Prior receipt of streptokinase within 6 months (for streptokinase only)
Diabetic hemorrhagic retinopathy
Acute pericarditis
Recent obstetrical delivery
History of stroke

Relative Trauma or major surgery within 10 days
Cardiopulmonary resuscitation (CPR)
Pregnancy
High likelihood of left heart thrombus
Advanced age
Liver disease

aSee text for discussion about “absolute” contraindications.
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the laboratory, or if the fibrinogen level is reduced. Clinical monitoring 
should include serial neurologic examinations to detect central nervous 
system hemorrhage and frequent vital signs to detect gastrointestinal 
or retroperitoneal hemorrhage. Patients who have undergone arterial 
catheterization should have the puncture site examined frequently, and 
if a groin puncture, have repeated measurements of thigh girth to screen 
for retroperitoneal or thigh hematoma.
Patient Selection for Thrombolysis  Bleeding risk while receiving thrombolytic therapy 
is similar for PE as for acute coronary syndrome. Generally accepted con-
traindications include intracranial hemorrhage, uncontrolled hypertension 
at presentation, or recent surgery or trauma. Although recent surgery is 
generally listed as an absolute contraindication to thrombolytic therapy, 
there is an evolving literature supporting its use. For example, 13 patients 
with angiographically confirmed embolism within 2 weeks of major 
surgery (mean 9.6d) were given a modified regimen of urokinase (2200 
U/kg directly into the clot, followed by 2200 U/kg per hour for up to 24 
hours).144 Complete lysis was achieved in all and there were no deaths or 
bleeding complications. In another report, two patients in shock due to 
PE were given bolus regimens of urokinase (1,200,000 units) or alteplase 
(40 mg, followed by another 40 mg over 1 hour) only 2 days after lung 
resection.145 There was prompt clinical improvement, although one patient 
had delayed hemorrhage. Finally, nine patients were treated with uroki-
nase (1,000,000 units over 10 minutes, followed by 2,000,000 units over 
110 minutes) following neurosurgery (mean 19d following surgery).146 All 
of the patients survived their acute episode of PE and no intracranial hem-
orrhage occurred, although one patient developed a subgaleal hematoma. 
These reports suggest that recent surgery is a relative, not an absolute, 
contraindication, and that the risks and benefits should be considered on 
an individual basis.
Complications  The greatest limitation of the thrombolytic drugs, and the 
factor which has limited their acceptance for the treatment of venous 
thromboembolism, is the consequential incidence of bleeding. In 
patients treated for pulmonary embolism the risk of major hemorrhage 
is reported to be around 15%,125 but these data were gathered in an era 
of frequent pulmonary angiography. As mentioned, intracranial bleeds 
have been observed in as many as 4.7% of patients,130 although a larger 
series reported 3% incidence.132 When serious bleeding occurs, the 
lytic agent should be immediately discontinued, and reliable, multiple, 
large-bore catheters secured. Direct compression of bleeding vessels 
may stop or slow ongoing blood loss. If heparin has been given, it too 
should be stopped and consideration given to reversing heparinization 
with protamine. Most patients will be adequately managed without the 
transfusion of clotting factors. If it becomes necessary to reverse the lytic 
state, cryoprecipitate, which contains fibrinogen and factor VIII (both 
of which are consumed by plasmin) is the preferred blood product.147 
The initial dose is 10 units, after which the fibrinogen level should 
be assayed. Fresh frozen plasma (as a source of factors V and VIII), 
platelets, and fibrinolytic drugs (eg, epsilon aminocaproic acid 5 g over 
30 minutes) all may play a role in the critically bleeding patient.
Allergic Effects  Allergic reactions, including skin rashes, fever, and hypoten-
sion are rare except with streptokinase. Mild reactions can be treated 
with antihistamines and acetaminophen. More severe reactions should 
prompt the addition of hydrocortisone. Hypotension usually responds 
to volume administration.

Fluid, Vasoactive Drugs, and Nitric Oxide:  Volume administration with 
saline or colloid has generally been advocated in patients with PE and 
shock on the grounds that it will increase filling pressures and thereby 
augment Q̇t. However, in a patient with elevated right heart pressures 
and a grossly distended right ventricle, it is possible that further disten-
tion of the right ventricle during volume administration will increase 
myocardial oxygen consumption, yet fail to increase Q̇t and oxygen 
supply. In addition, to the extent that fluids increase right ventricular 
end-diastolic volume, the interventricular septum will bulge further 
to the left, impede left heart filling, and further compromise Q̇t.  
Experimental studies to determine the effect of fluids have shown a 

detrimental effect on hemodynamics.148 Therefore, volume admin-
istration should not be routine therapy unless the patient is clearly 
hypovolemic. When fluids are given, central venous catheterization 
(to measure venous oxyhemoglobin saturation and changes in right 
atrial pressure) and echocardiography may provide useful guidance. 
These issues are further discussed in Chap. 34.

There is also controversy regarding the use of vasoactive drugs to treat 
the hypoperfusion caused by PE. Successful use of vasoconstrictors, ino-
tropes, and vasodilators has been reported. Since no controlled studies 
in patients have been performed it is hard to give firm recommenda-
tions. However, the pathophysiology of this form of shock, the results 
of some animal experiments, and limited human data (all discussed in 
Chap. 38) provide some guidance. When any of these drugs are used, 
serial assessment of the effect of the intervention is mandatory. Any 
drug which does not result in the intended salutary effect should be 
discontinued promptly.

The vasoactive drug of choice, based on the largest published experi-
ence in patients, is dobutamine.149 Dobutamine is infused beginning at 
5 µg/kg per minute and increased to effect. If dobutamine is ineffective 
or incompletely effective, norepinephrine should be tried. The rationale 
for the use of this vasoconstrictor is based on the assumption that right 
ventricular ischemia is the fundamental problem leading to shock. A 
vasoconstrictor which increases systemic arteriolar tone could raise 
aortic pressure and augment coronary blood flow, without increasing 
right ventricular load. In animal models of sublethal PE, norepinephrine 
was shown to be superior to no therapy, to volume administration, and 
to isoproterenol in the maintenance of Q̇t as well as in survival time.150 
Infusion is initiated at 2 µg/min and adjusted (up to 30 µg/min) based on 
the hemodynamic response. In the clinical setting, hypoperfusion may 
have additional contributors such as left ventricular dysfunction or isch-
emic heart disease, so that a vasoconstrictor might be less beneficial than 
in controlled animal experiments. If dobutamine and norepinephrine 
fail to improve cardiac output, epinephrine may succeed.151 Finally, nitric 
oxide, which can lower the pulmonary artery pressure, boost cardiac 
output, and improve oxygenation, can be tried if available.152

Embolectomy and Mechanical Therapies:  Surgical embolectomy is a 
major procedure rarely resorted to in most institutions. In part, this 
is related to the availability of other, more benign, therapies such as 
heparin and thrombolysis. Additionally, it takes time to organize a 
surgical team, operating room, cardiopulmonary bypass and so on, by 
which time the patient is often hemodynamically improved or mori-
bund. Yet embolectomy has its advocates, who maintain that throm-
bolytic therapy is often contraindicated in patients who could benefit 
from it, the operative mortality for embolectomy is now acceptable, 
and chronic cor pulmonale can be averted.

In one institution’s review of 87 patients with PE, 34 were treated 
with heparin, 28 with streptokinase, and 25 with embolectomy.153 
Pretreatment embolic scores were most severe in the embolectomy 
group. Hospital mortality in the heparin, streptokinase, and surgery 
groups was 6%, 21%, and 20%, respectively. However, cumulative sur-
vival at 5 years was 68%, 64%, and 80%, a trend favoring embolectomy. 
However, most late deaths were due to malignancy, not recurrent PE or 
chronic pulmonary hypertension. Although the authors recommended 
surgical embolectomy for all patients with emboli in the main pulmo-
nary arteries based on their results, regardless of the hemodynamic 
impact, this study was not randomized and the possibility seems large 
that the long-term benefit for embolectomy was related to selection of 
patients. A more recent trial showed that surgical embolectomy was 
comparable to thrombolytic therapy in patients with massive PE.154

Mortality due to embolectomy appears to be in the range of 30% to 
40%, but may be as low as 8% in those who have not sustained cardiac 
arrest preoperatively.155,156 Even if this lower number reflects improve-
ments in anesthetic or operative technique, this mortality is still compa-
rable to that of patients with massive embolism treated less invasively.157 
The argument that embolectomy might reduce the long-term conse-
quences of chronic pulmonary hypertension lacks force, even though 

section03.indd   331 1/23/2015   2:07:37 PM

http://www.myuptodate.com


PART 3: Cardiovascular Disorders332

this complication is more common than previously thought.158 With no 
prospective data, it is unclear whether embolectomy confers any advan-
tage over thrombolytic therapy, or for that matter, heparin. The patients 
most likely to benefit from embolectomy are those who meet the follow-
ing criteria: having a hemodynamically significant embolism, in whom 
thrombolytic therapy is contraindicated, and in a center with a rapidly 
responding cardiopulmonary bypass team and a surgeon experienced in 
the technique of embolectomy.

Several new devices have been tested which aim to remove pul-
monary emboli less invasively than the direct surgical approach. For 
example, a 10F suction catheter, inserted through a jugular or femoral 
venotomy and advanced into the pulmonary artery, has been used to 
extract clot.159 Eleven of 18 patients improved immediately. Suction 
embolectomy was more likely to be successful in patients treated 
promptly after hemodynamic deterioration. More recently, patients 
with shock underwent mechanical fragmentation of their massive PE 
with a rotational pigtail catheter, followed by thrombolytic therapy.160 
Nine of 10 patients survived, and 6 of the survivors achieved hemody-
namic stability within 48 hours of the procedure. Alternative methods 
to reestablish pulmonary artery patency include endovascular stents.161 
A meta-analysis of all published reports of modern catheter—directed 
therapy (CDT), using catheters smaller than 10F and post-1990, 
for massive PE reported that CDT was effective at reversing shock, 
resolving hypoxemia, and surviving the hospitalization, for 86% of 
patients.162 The complication rate was reasonably low, with a 2.4% 
major complication rate. The authors noted that one device in par-
ticular, a type of Angiojet, was associated with a significantly higher 
complication rate and has been issued an additional warning by the 
FDA.163 While the authors advocated the consideration of CDT as 
first line therapy for patients with massive and potentially submassive 
PE, their meta-analysis included no randomized trials, raising the 
specter of selection bias, and their own analysis pointed to evidence 
of publication bias.162 Accordingly, the most recent ACCP guidelines 
reserve CDT for patients deemed too high risk for conventional  
thrombolysis; when thrombolysis has failed; or for whom there is inad-
equate time to give the thrombolytic dose, and recommend that it be 
done only at centers with considerable expertise.41

SPECIAL CONSIDERATIONS

■■ PREGNANCY
The pregnant woman who may have PE presents unique challenges.164 
Pregnancy is thought to be a risk factor for venous thrombosis, and PE is 
the second leading cause of death among gravidas, following trauma.165 
The addition of the fetus, as well as anatomic considerations, leads to 
several key differences in management.

Diagnosis:  Diagnosis can be more difficult because of reluctance to 
perform potentially risky procedures, particularly involving diagnostic 
radiology. However, it is important not to lose sight of the risk of failing 
to make the diagnosis. Thus, when the diagnosis is seriously considered, 
it should be pursued. V/Q scans probably pose little risk to the fetus. The 
estimated radiation dose is small, and the risk is clearly less than that of 
missing a diagnosis.166 For gravidas with a normal chest radiograph, the 
most recent ATS and Society of Thoracic Radiology Guidelines recom-
mend lung scintigraphy as the next diagnostic test, rather than lower 
extremity ultrasound or CTPA.167 The risk of helical CT angiography 
is not known, but when indicated, it should not be withheld out of 
concern of fetal radiation exposure. The maternal risks of undiagnosed 
and untreated PE are clear. A diagnosis of thromboembolism in preg-
nancy has serious implications for the mother, not just in the current 
pregnancy, but during any subsequent pregnancies. Because of the risk 
of heparin-induced osteoporosis and the remaining uncertainties about 
effective prophylaxis against recurrence during future pregnancies, 
the diagnosis of thromboembolism should never be made lightly in a 
gravida, but instead should be based on solid evidence.

Treatment:  The use of heparin in pregnancy is no different than in the 
nonpregnant patient. Heparins do not cross the placenta, and are low 
risk to the fetus. However, coumadin, which is teratogenic, should not 
be instituted. Rather, long-term treatment should consist of subcutane-
ous heparin or LMWH.168,169 LMWHs are preferred in that they have 
a lower incidence of both bleeding and of heparin-induced thrombo-
cytopenia. Osteoporosis is a serious complication of full-dose heparin 
during pregnancy with fractures occurring in 2% of women.170 There 
are indications that bone mineral loss is reversible,171 but several cases 
of debilitating back pain have been reported. LMWHs, when prospec-
tively studied, do not appear to accelerate bone mineral density loss.172 
Thrombolytic therapy risks spontaneous abortion and uterine bleeding. 
Nevertheless, several case reports of the successful use of thrombolytic 
treatment of PE have appeared. Vena caval interruption requires some 
modification as well. The left ovarian vein (a potential source of clot) 
drains into the left renal vein. Therefore, when a caval filter is placed, it 
should be inserted to a suprarenal position, rather than below the renal 
veins. Again, several cases of successful use of these devices have been 
described. Pregnancy may be an ideal situation for the temporary vena 
caval interruption device.

■■ Chronic Obstructive Pulmonary Disease
Patients with COPD are at increased risk for PE. In addition, their preex-
isting respiratory compromise and abnormal pulmonary vasculature leave 
them particularly vulnerable to the cardiopulmonary consequences of  
PE. Ironically, diagnosis of PE in the setting of COPD is unusually dif-
ficult. Patients commonly complain of dyspnea, chest pain, cough and 
anxiety, and occasionally note hemoptysis and leg swelling. Their exami-
nations, chest radiograms, ECGs, and arterial blood-gas values are usually 
abnormal at baseline. V/Q scans are most often unhelpful. For example, in 
PIOPED 108 patients were identified as having COPD (although objective 
data were available in only 43).173 Scans were intermediate probability in a 
full 60%. Only 20 patients (19%) had results which made pulmonary angi-
ography unnecessary by being normal, high probability, or low probability 
paired with a low pre-test clinical estimate. Nevertheless, for the occa-
sional patient, V/Q scan obviated pulmonary angiography.

When patients with COPD present with symptoms which are atypi-
cal for their usual exacerbation, particularly when the Paco2 is reduced 
from previously elevated values, it is worth considering the diagnosis.174 
Positive leg studies may provide a rationale for anticoagulation and 
obviate the need for further investigation, although this approach has 
been called into question.175 CTPA or pulmonary angiography may be 
necessary to establish a diagnosis.

■■ PATIENTS WITH COAGULATION OR PLATELET DISORDERS
The risk of venous thromboembolism in patients with chronic liver dis-
ease or marked thrombocytopenia is not known. While it seems sensible 
to conclude that the risk must be lower than if clotting and platelet 
function were normal, PEs occur even when the bleeding tendency is 
severe.176,177 Therefore, when the clinical presentation strongly suggests 
PE, thrombocytopenia and coagulopathy should provide little reassur-
ance, and diagnostic testing is indicated. Patients with chronic renal 
failure—excepting those with nephrotic syndrome—do seem to be at 
a remarkably low risk of venous thromboembolism, so that alternative 
diagnoses should always be sought.

PROPHYLAXIS AGAINST VENOUS  
THROMBOEMBOLISM
A discussion of prophylaxis has been left to the end of the section on 
thromboembolism because here it is particularly easy to emphasize sev-
eral points. PE is common, lethal, usually missed, difficult to evaluate, 
and costly to treat. Critical illness makes these statements especially true. 
Therefore, the goal must be to prevent this disease. A full treatment of 
prophylaxis against VTE is beyond the scope of this chapter, but a few 
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points bear mention. It is clear that pharmacologic prophylaxis decreases 
the risk of VTE in the ICU,177,178 and thus most critically ill patients 
should receive prophylactic heparin or LMWH. Mechanical prophylac-
tic strategies such as sequential compression devices are recommended if 
patients have a contraindication to prophylactic-dose anticoagulation.179 
Twice-daily unfractionated heparin was equally efficacious at reducing 
DVT compared to once-daily dalteparin, though the dalteparin group 
had significantly reduced rates of PE and of heparin—induced throm-
bosis, leading some to advocate LMWH as the preferred prophylactic 
regimen.180 The use of IVC filters as a prophylactic strategy has not been 
investigated, and most recommendations are to use only retrievable 
filters for patients with known DVT who must interrupt anticoagulation, 
and then to remove the filter once anticoagulation can be resumed.179,181

AIR EMBOLISM
The syndrome of air (or gas) embolism results when air enters the vas-
culature, travels to the pulmonary circulation, and causes circulatory or 
respiratory embarrassment. It is uncommonly recognized in critically ill 
patients, but is quite likely underdiagnosed.

■■ PATHOPHYSIOLOGY
The syndrome is triggered when a gas, usually air, enters a vessel, typi-
cally a vein. It travels with the venous return to the right heart and lungs, 
where it may have circulatory or respiratory consequences. Occasionally, 
air reaches the arterial circulation leading to systemic manifestations. 
Although air embolism is often abrupt and short-lived, intriguing cases of 
continuous streaming of bubbles in mechanically ventilated patients have 
been reported.182 At times, such embolism may persist over many days.

Entry of Air Into the Vasculature:  Development of air embolism requires 
an abnormal communication between air and the blood vessel. In 
addition, there must be a pressure gradient to favor entry of air into the 
vessel, rather than bleeding from the vessel. Trauma, surgical incisions, 
and intravascular catheters create the commonest sources of air entry. 
In addition, there are more subtle paths through which air can reach 
the vasculature, such as in damaged, mechanically ventilated lungs of 
patients with ARDS. The driving gradient for air entry may be provided 
by air under pressure, as during positive-pressure ventilation or high 
pressure wound irrigation. Alternatively, the air may be at atmo-
spheric pressure, but the intravascular pressure is subatmospheric. For 
example, any vein which is above the heart by an amount exceeding the 
right atrial pressure is likely to be at less than atmospheric pressure and 
therefore appears collapsed. For this reason, surgical sites above the 
heart, particularly when the patient is in an upright or semirecumbent 
position, pose high-risk situations. Table 39-8 lists some of the causes 
of the air embolism syndrome.

Circulatory Consequences:  Massive air embolization can fill the right heart, 
impede venous return, and thereby stop circulation. Thus, sudden death 
is one of the possible outcomes. It is estimated that greater than 100 mL 
air must be acutely infused to arrest circulation. Most often, however, air  
passes through the right heart into the lungs. There it raises Pa pressure, but 
has predominantly respiratory consequences. Since unilateral experimental 
air embolism causes pulmonary hemodynamic changes similar to bilat-
eral embolism, humoral or reflex vascular changes probably account for 
some of the increase in pulmonary vascular resistance. In an experimental 
canine model of massive air embolism, systemic hypotension and pulmo-
nary hypertension were attenuated by pretreatment with an intravenous 
endothelin-receptor antagonist.183 Such work suggests that the circulatory 
effects of air embolism may be due to cytokine release following release of 
endothelin—a potent pulmonary vasoconstrictor—and that the activation 
of the cyclooxygenase pathway may contribute. One case study described 
a patient with suspected air embolism who developed the systemic inflam-
matory response syndrome (SIRS),184 perhaps lending further credence to 
the idea that air in the circulation causes downstream humoral, not simply 
mechanical, consequences.

Respiratory Consequences:  Air is carried into the pulmonary vasculature 
where it embolizes in pulmonary arterioles and capillaries. The abnormal 
air-blood interface is thought to denature plasma proteins, creating amor-
phous proteinaceous and cellular debris at the surface of air bubbles.185 
This debris attracts and activates white blood cells, facilitating injury to 
the pulmonary capillaries. Endothelial injury increases capillary perme-
ability, which leads to alveolar flooding. The resulting noncardiogenic 
pulmonary edema accounts for the majority of symptoms and signs due 
to air embolism (see Chap. 52). In addition, air embolization leads to 
bronchoconstriction, a point which may be useful in diagnosis.186

Although the dominant gas exchange abnormality is hypoxemia, 
carbon dioxide elimination is impaired as well. As pulmonary vessels 
become occluded, alveoli subtended by them are ventilated, but unper-
fused. This increment in dead space may be signaled by a drop in ETCO2

, 
if this is being monitored. In the patient with fixed minute ventilation 
(eg, if the patient is muscle relaxed), PCO2 will rise. Either of these may 
lead to suspicion of the diagnosis.

Extrathoracic Manifestations:  Air embolism is occasionally accompa-
nied by systemic findings. If air directly enters the pulmonary veins, 
as may occur in patients being mechanically ventilated with acute 
lung injury, bubbles pass directly to the arterial circulation. However, 
since air typically enters a systemic vein, the arterial circulation is 
protected from embolization by the filtering effect of the pulmonary 
circulation. Nevertheless, bubbles can pass to the left side of the heart 
via the foramen ovale, which is probe patent in up to 30% of people. 
This type of foramen ovale does not ordinarily allow right-to-left 
shunting, due to the higher pressures in the left atrium. After signifi-
cant embolization to the pulmonary circulation, however, right heart 
pressures rise, reversing the inter-atrial gradient. This allows bubbles 
to pass directly from the right to left atrium, then to the systemic 
circulation. Even in the absence of a foramen ovale, air can reach the 
arterial circulation since the lungs do not fully filter air, especially 
when a large amount is embolized. Air may pass through large extra-
alveolar vessels or through the pulmonary capillaries themselves. In 
animal experiments, the threshold rate of venous air infusion which 
overwhelms pulmonary filtering is 0.30 mL/kg per minute.187 For a 
70-kg man, this value translates to only 21 mL/min.

Once air reaches the arterial circulation, peripheral embolization 
leads to ischemic manifestations in the brain, heart, skin (livedo reticu-
laris), and other organs.188 Some of the ischemic manifestations in the 
periphery are probably mediated by polymorphonuclear leukocytes 
and oxygen radicals, as is the injury in the lung.189

  TABLE 39-8    Etiology of Air Embolism

Surgery and Trauma Related Nonsurgical

Upright neurosurgery

Liver transplantation

Total hip replacement

Harrington rod insertion

Spinal fusion

Pulsed saline irrigation

Tissue expander removal

Cesarean section

Arthroscopy

Open heart surgery

Hysterectomy

Retrograde pyelography

Hemodialysis

Percutaneous lithotripsy

Central line placement

Central line removal

Head/neck trauma

Dental implant surgery

Pacemaker insertion

Tenkhoff catheterization

Intra-aortic balloon pump

Bone marrow harvest

Epidural catheterization

Percutaneous lung biopsy

Pulmonary contusion

Laser bronchoscopy

Transurethral prostate resection

Cardiopulmonary 
resuscitation

Gastrointestinal endoscopy

Barotrauma

Positive-pressure ventilation

Positive-pressure ventilation
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■■ PRESENTATION
Air embolism is usually recognized when it presents as acute hypoxemic 
respiratory failure. As noted above, it may also manifest as an acute 
hypoperfusion state or as peripheral embolization. The chest x-ray 
shows diffuse alveolar filling. We have seen one case in which intracar-
diac and intravenous air was grossly evident on the chest CT following 
a subclavian line placement (Fig. 39-7). Increased dead space may be 
indicated by increased Ve, increased PCO2, or decreased ETCO2

. Rarely, 
echocardiography will demonstrate residual air (or ongoing emboliza-
tion) in the heart. Precordial Doppler monitoring during high-risk 
surgery is well suited for detecting air (Table 39-9).

A diagnosis of air embolism is usually considered when air is witnessed 
to enter an intravascular catheter. It is also likely to be considered in 
extremely high-risk settings such as upright neurosurgery. However, if air 
embolism is only thought of when it is grossly apparent, many episodes will 
go unappreciated. It should also be included in the differential diagnosis 
of patients with hypoperfusion, systemic embolization, obtundation, and 
respiratory failure, especially when more likely causes are lacking. It is also 
worth emphasizing that many cases are related to central lines, not only 
during placement, but while the catheters are in place (catheter disconnec-
tion, hub fracture, gas in the line), while being changed over a wire, and 
after they are removed (through a persistent cutaneous tract).190

The differential diagnosis of air embolism includes other forms of 
noncardiogenic pulmonary edema, as well as cardiogenic edema. Thus, 
volume overload, sepsis, and gastric acid aspiration must be excluded.

■■ MANAGEMENT
The goals of treatment are to prevent reembolization while supporting 
respiration and circulation. In most cases, resolution is prompt. The source 
of air entry should be identified and closed, if possible. Alternatively, the 
gradient favoring air entry can be lessened, as for example by crystalloid 
administration to raise intravascular pressures. When air embolism 
complicates positive-pressure ventilation, it is advisable to lower airway 
pressures by lowering tidal volumes, reducing PEEP, or intentionally 
hypoventilating. Oxygen hastens the reabsorption of air from bubbles by 
driving down the partial pressure of nitrogen in the blood and favoring 
transport of nitrogen out of the bubble into the bloodstream, so all patients 
with significant air embolism should receive 100% oxygen during the ini-
tial resuscitation. Similarly, nitrous oxide, which could increase nitrogen 
tension in the blood, should be avoided. The same does not hold for nitric 
oxide given its short half-life.

In certain situations, it may be possible to retrieve air from the venous 
circulation or right heart, especially intraoperatively when a catheter is in 
place for that purpose.191 This should not be routinely attempted in other 
settings, however, because significant amounts of air cannot usually be 
removed, and the additional central venous manipulation may expose 
the patient to further entrainment of air. Positional maneuvers to prevent 
air from embolizing to the lungs such as head down left decubitus posi-
tion are largely unproven, and may be more important for venous air 
embolism than arterial.192 The distribution of arterial emboli seems little 
affected by the Trendelenburg position, since the force of arterial flow 
greatly outweighs the buoyancy of the bubbles.193

Standard treatment is similar to that of any patient with ARDS. 
Mechanical ventilation to reduce the work of breathing, with oxygen 
and PEEP to maintain arterial saturation are usually necessary. Although 
the pulmonary edema is not related to hypervolemia, the degree of lung 
leak is probably sensitive to filling pressures. Therefore, we reduce filling 
pressures to the lowest value that allows an adequate Q̇t (see Chap. 52).194

In animal experiments, corticosteroids or antioxidants given before 
embolization reduce the degree of lung injury.195 No human studies have 
evaluated the benefit of anti-inflammatory therapies in air embolism.

Hyperbaric treatment is of theoretical benefit since compression 
reduces the size of bubbles. This reduces the surface area for activa-
tion of white blood cells and can thereby limit pulmonary and systemic 
injury. Such therapy is standard when the mechanism of gas embolism 
is decompression, such as in professional and recreational divers. 
Historically, it has not routinely been used in other critically ill patients, 

FIGURE 39-7.  Dramatic air embolism in a hypovolemic patient receiving a subclavian central line; air is visible tracking along the innominate vein into the superior vena cava and right 
atrium (arrows).

  TABLE 39-9    Manifestations of Air Embolism

Dyspnea

Hypoxemia

Confusion, stroke, or peripheral embolization

Hypotension, shock

Diffuse alveolar infiltrates

Increment in airway pressures

Increased dead space, rising minute ventilation

Abrupt fall in ET
CO2

Detection of air by echocardiography, Doppler monitor, or radiography

section03.indd   334 1/23/2015   2:07:39 PM

http://www.myuptodate.com


CHAPTER 39: Pulmonary Embolic Disorders: Thrombus, Air, and Fat 335

endothelium, their concentration in the systemic circulation during 
critical illness does not rise sufficiently to account for lung injury.

Traumatic Embolism:  Fracture of bone releases neutral fat which 
embolizes into the pulmonary vasculature. The derivation of this fat 
from bone is supported by the finding of coincident particles of bone 
marrow at autopsy in patients with long bone fractures and by echo-
cardiographic studies showing frequent, often dramatic embolism at 
the time of medullary reaming.201 Even in traumatic embolism, the 
syndrome appears to be more than a localized, mechanical obstruc-
tion, however. Intravascular hydrolysis of fat by lung lipase releases 
toxic FFAs, which generate endothelial injury. Systemic findings 
in FES probably relate to passage of venous fat emboli across the 
pulmonary circulation, although serum-derived fat may play a role. 
Elevated right heart pressures following embolism may open a probe-
patent foramen ovale, causing severe, even fatal systemic embolism.202 
Further, fat can cross the pulmonary circuit even in the absence of a 
right-to-left shunt, as has been shown in experimental animals. Fat 
was able to traverse the pulmonary microcirculation even though 
15-micron radiolabeled microspheres could not, perhaps due to 
enhanced deformability of fat emboli.203

■■ CLINICAL MANIFESTATIONS
Following injury, there is usually a latent interval of 12 to 72 hours 
before the syndrome becomes evident. The dominant findings are 
related to lung injury and neurologic dysfunction. Patients with FES 
present as ARDS, with dyspnea, hypoxemia, and a diffuse lung lesion. 
In addition, there is often confusion, obtundation, or coma, signs due 
to cerebral fat embolism rather than coincident hypoxemia. The typical 
neuropathologic findings include fat microemboli and diffuse petechial 
hemorrhagic infarcts. Petechiae are also seen on the skin, particularly 
over the upper chest, neck, and face, though they appear only in 50% of 
patients. On fundoscopic examination, embolized fat may be detected 
in retinal vessels (Purtscher retinopathy). Often thrombocytopenia and 
anemia are present. Rare patients will develop a full blown acute right 
heart syndrome.

The diagnosis is usually based on the clinical findings in a patient at risk 
for FES. Fat globules in the urine are neither sensitive nor specific for the 
diagnosis of FES. Attempts have been made to find alternative, objective 
means of diagnosis, since this might be useful in devising prophylactic 
or therapeutic strategies. Fat can be detected in bronchoalveolar lavage 
specimens in many patients following trauma, but this finding appears not 
to be a reliable means of diagnosis.204 Fat can also be seen in spun samples 
of blood withdrawn from a wedged pulmonary artery catheter, but this 
finding too, is neither sensitive nor specific.205

■■ PROPHYLAXIS AND TREATMENT
Because patients with long bone fracture have such a well-defined risk 
factor for FES, prophylactic strategies have been evaluated. The least 
controversial strategy has involved a shift toward early fixation of long 
bone fractures, even in patients with multiple trauma. Early fixation 
decreases the incidence of FES, as well as of ARDS and pneumonia, and 
reduces length of stay.206-208 Orthopedic surgery, and particularly total 
hip arthroplasty, carries a high risk of fat embolism, which has been 
demonstrated by transesophageal echocardiography to occur during 
the preparation of the femur and insertion of the femoral component. 
Specific surgical techniques such as using bone vacuum with preparation 
of the femur have shown decreased TEE-detected fat emboli,209 although 
the clinical significance of such of echo-detected emboli is less clear. 
More controversial is the use of prophylactic corticosteroids. Nearly all 
trials of methylprednisolone have shown a reduction in the incidence 
of the FES, as well as less severe hypoxemia.210-212 A meta-analysis of 
sis trials and almost 400 subjects concluded that the risk of FES was 
significantly reduced with prophylactic corticosteroids, for a relative 
risk of 0.22, though mortality was unchanged. Nevertheless, concerns 
regarding the risk of infection and impairment of wound healing have 

in large part due to the availability of decompression chambers and 
the risks attendant with transferring critically ill patients. In France, 
the sole decompression unit serving Paris published their experience 
of decompressing 119 patients with iatrogenic air embolism over an 
11-year period, and reported a 1-year mortality rate of 21%.196 The only 
reported adverse outcome was one seizure during hyperbaric treat-
ment, which resolved upon decreasing the fraction of inspired oxygen. 
The hyperbaric protocol used consisted of one dive, with 15 minutes at 
4 atmospheres (ATA), then a 45-minute plateau at 3 ATA, followed by 
45 minutes at 2 ATA.196 Since patients usually respond readily to stan-
dard supportive measures, and since the syndrome typically resolves in 
only 24 to 48 hours, we have not typically utilized hyperbaric therapy 
except in the most extreme and persistent cases. While some advocate 
that hyperbaric therapy must be initiated early to have an effect, we 
would stress the importance of resuscitation prior to leaving the ICU for 
an unproven therapy. When such patients are transported by air, a pres-
surized craft flying at low altitude should be requested.

FAT EMBOLISM
The fat embolism syndrome (FES) is associated with fat particles in the 
microcirculation of the lung. It consists typically of lung dysfunction, 
neurologic manifestations, and petechiae, usually following a latent 
interval. It is most common following long bone fractures, typically 
presenting as dyspnea and confusion. However, FES is seen after other 
forms of trauma and in several nontraumatic conditions as well. For 
example, FES has been proposed as a major cause of the acute chest 
syndrome in patients with sickle cell disease (see Chap. 96).197 More 
recently, patients have been presenting with FES following often unregu-
lated cosmetic procedures involving silicone or mineral oil injection.198 
After long bone or pelvic fracture, the incidence of the syndrome is at 
least 10% when patients are prospectively screened,199 although serious 
clinical manifestations are seen in only 1% to 3%. Since the clinical 
presentation is usually mild, FES is often unrecognized. Even when lung 
injury is obvious, its cause may be attributed to infection, aspiration, or 
traumatic ARDS, rather than to fat embolization. Some of the causes of 
FES are presented in Table 39-10.

■■ PATHOPHYSIOLOGY
Nontraumatic Embolism:  Fat globules are seen in pulmonary (and other) 
vessels at autopsy and can be found in venous blood. In contrast to 
traumatic embolism, the fat is probably not derived from bone marrow, 
but rather arises from lipids in the blood. Serum from acutely ill patients 
has the capacity to agglutinate chylomicrons and very low-density lipo-
proteins (VLDL), as well as liposomes of nutritional fat emulsions.200 
It has been proposed that C-reactive protein (CRP), which provokes 
the calcium-dependent agglutination of each of these lipid-containing 
substances, may underlie nontraumatic FES. Since CRP is dramatically 
elevated in trauma, sepsis, and inflammatory disorders, this provides 
a mechanism for fat embolization. An alternative, but less attractive, 
hypothesis implicates the liberation of free fatty acids (FFAs) from fat 
stores. Although FFAs are known to injure the pulmonary vascular 

  TABLE 39-10    Causes of Fat Embolism Syndrome

Traumatic Fat Embolism Nontraumatic Fat Embolism

Long bone fracture (especially femur)

Other fractures

Orthopedic surgery

Blunt trauma to fatty organs (liver)

Liposuction

Bone marrow biopsy

Pancreatitis

Diabetes mellitus

Lipid infusions

Sickle cell crisis

Burns

Osteomyelitis

Alcoholic fatty liver

Fatty liver of pregnancy

Cardiopulmonary 
bypass

Decompression sickness

Corticosteroid therapy

Lymphangiography

Cyclosporine infusion
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limited the routine use of these drugs. Since most cases of FES are mild 
and the great majority of patients recover, an acceptable prophylactic 
regimen would have to be quite safe and inexpensive. If using prophy-
lactic steroids, low dose methylprednisolone (1.5 mg/kg every 8 hours  
for 6 doses) appears to be equally efficacious to higher doses.210

Once the syndrome becomes evident, treatment is that of ARDS (see 
Chap. 52). Prevention of reembolization by fracture fixation should be 
attempted, and supportive management with oxygen and PEEP initiated. 
It has been suggested that corticosteroids may be of benefit even once 
the syndrome is established,213 but evidence is at the level of individual 
case reports, and we do not recommend them. No clear role has been 
established for glucose and insulin, heparin, ethanol, and albumin, 
despite studies seeking a useful therapy for FES.
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Pericardial Disease
Paul Sorajja40

C H A P T E R

KEY POINTS

•• �The diagnosis of acute pericarditis should be made on the basis of 
typical chest pain symptoms, the presence of a pericardial friction 
rub, and electrocardiographic abnormalities, which are distinctive 
from changes due to myocardial ischemia.

•• �Although a comprehensive evaluation is usually warranted in 
patients with acute pericarditis, the diagnostic yield is low with 
causes identified in less than 20% of patients.

•• �High-dose nonsteroidal anti-inflammatory drugs (NSAIDs) and 
adjunctive colchicine are effective medical therapy for acute 
pericarditis, except in episodes due to acute coronary syndromes 
where NSAIDs are contraindicated.

•• �Pulsus paradoxus is a bedside finding of cardiac tamponade that 
arises from compromise in left ventricular stroke volume during 
inspiration and a subsequent fall in stroke volume.

•• �Echocardiography is the primary diagnostic modality for tamponade. 
Signs include diastolic inversion or collapse of the right atrium and 
right ventricle, ventricular septal shifting with respiration, enlarge-
ment of the inferior vena, and respiratory variation in transmitral flow.

•• �In patients in whom invasive monitoring is available (eg, Swan-
Ganz catheter) cardiac tamponade manifests as blunting or 
absence of the y descent, elevation in filling pressures, tachycardia, 
and reduced cardiac output.

•• �The diagnosis of constrictive pericarditis can be made with 
echocardiography in most patients, with invasive catheterization 
reserved for patients in whom the clinical findings and noninva-
sive studies cannot definitively establish the diagnosis.

In the vast majority of patients with constrictive pericarditis, cardiac 
surgery with pericardiectomy is the definitive treatment for relief of 
heart failure.

The pericardium is a fibroelastic sac comprised of parietal and visceral 
layers that normally contain 15 to 50 mL of plasma ultrafiltrate. Pericardial 
disorders can be broadly categorized into the clinical entities of acute 
pericarditis (with or without effusion), cardiac tamponade, and constric-
tive pericarditis.

ACUTE PERICARDITIS
Acute pericarditis may occur in isolation or as part of a systemic disor-
der. Although there are a variety of etiologies, the majority of cases are 
idiopathic or presumed to be viral or autoimmune in origin. In devel-
oping countries and susceptible individuals, tuberculosis and human 
immunodeficiency virus are common causes of acute pericarditis.

■■ DIAGNOSIS
The diagnosis of acute pericarditis is made on the basis of typical chest 
pain symptoms, the presence of a pericardial friction rub, distinctive 
electrocardiographic abnormalities, and supportive data from non-
invasive testing. The clinical presentation is characterized by chest 
pain in 90% to 95% of cases, with additional symptoms attributable 
to the underlying etiology. Chest pain due to acute pericarditis is 
typically anterior and sharp, with aggravation related to maneuvers that 
increase pericardial pressure (eg, cough, inspiration, orthostasis). These 
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of hemodynamically significant pericardial effusion. Echocardiography 
(or other cardiac imaging) may demonstrate a pericardial effusion in 
50% to 60% of patients, but its absence does not rule out the diagnosis.

■■ MANAGEMENT
The goals of clinical management of the patient with acute pericarditis 
are identification and treatment of potential etiologies, symptom relief 
with anti-inflammatory agents, and recognition and treatment of hemo-
dynamically significant pericardial effusions. The majority of patients 
with acute pericarditis can be managed in the ambulatory clinic. Clinical 
features indicative of increased risk and need for hospitalization are the 
presence of fever, leukocytosis, acute trauma, cardiac biomarker eleva-
tion, immunocompromised host, oral anticoagulant use, and large or 
hemodynamically significant pericardial effusions.

Although a comprehensive evaluation is usually warranted in patients 
with acute pericarditis, the diagnostic yield of standard testing is low with 

CHAPTER 40: Pericardial Disease

characteristics may be useful in distinguishing pericarditis from acute 
myocardial ischemia, but these features also are frequently present in 
other chest pain syndromes, such as pulmonary embolism, aortic dis-
section, costochondritis, and gastroesophageal reflux.

A pericardial friction rub is the hallmark physical sign of pericarditis, 
and may be present in patients with or without a pericardial effusion. The 
intensity and location of these rubs can vary, being present in 35% to 80% 
of patients with acute pericarditis. Pericardial friction rubs are best heard 
during held end-expiration with the patient leaning forward. This maneu-
ver allows distinction from a pleuropericardial or pleural rub, which is 
present only during respiration. Three components of a pericardial fric-
tion rub may be auscultated, with each component attributable to atrial 
systole, ventricular systole, and early rapid ventricular diastolic filling.

Electrocardiographic changes frequently occur in patients with acute 
pericarditis, and indicate inflammation of the visceral pericardium 
(or epicardium). Typical electrocardiographic changes are PR-segment 
abnormalities due to atrial involvement with elevation in lead aVR and 
depression in other leads, and concave upward ST-segment elevation 
(Fig.  40-1). Although the electrocardiographic abnormalities usually 
are diffuse, certain etiologies of acute pericarditis (eg, trauma, cardiac 
perforation) may result in localized changes. Other frequent electrocar-
diographic findings are sinus tachycardia and electrical alternans. Several 
features help to distinguish the electrocardiographic changes of acute peri-
carditis from myocardial ischemia and early repolarization, and should be  
routinely employed in the evaluation of these patients (Table 40-1).

Other noninvasive tests can be used to support the diagnosis of acute 
pericarditis, but are more limited in their sensitivity and specificity. 
Inflammatory markers, such as leukocyte count, sedimentation rate, and 
C-reactive protein, may be elevated. Increases in biomarkers of cardiac 
injury (cardiac troponin I or T) indicate concomitant myocarditis (ie, 
myopericarditis). The chest x-ray may show cardiomegaly when a large 
pericardial effusion is present. Echocardiography should be performed 
in all cases of suspected acute pericarditis to evaluate for the presence 
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FIGURE 40-1.  Electrocardiographic changes of acute pericarditis. Note PR-segment abnormality, concave upwards deflection of ST-segment, and electrical alternans. (Reproduced with 
permission of O’Keefe JH, et al. The Complete Guide to ECGs. 2nd ed. Jones & Bartlett Learning; 2002.)

  TABLE 40-1   � Electrocardiographic Features That Helped to Differentiate Acute 
Pericarditis From Myocardial Ischemia or Infarction

Acute Pericarditis Myocardial Ischemia

Contour of ST segment Concave upward Convex upward

ST-segment lead involvement Diffuse Localized

Reciprocal ST-T changes None Yes

PR segment abnormalities Yes No

Hyperacute T waves No Yes

Pathologic Q waves No Yes

Evolution ST-segment change initially, 
then T wave

T-wave alteration initially, 
then ST segment

Q̇t prolongation No Yes
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specific causes identified in less than 20% of cases. Important etiologies to 
consider for further evaluation are those that require specific therapy, such 
neoplastic disorders, autoimmune disease, trauma (eg, postsurgical), and 
infection (eg, tuberculosis). The vast majority of cases of acute pericarditis 
are viral or idiopathic, and thus are usually benign and responsive to anti-
inflammatory drugs. For patients with a concomitant pericardial effusion, 
pericardiocentesis may be considered. Pericardiocentesis can assist in 
diagnosis when other testing is inconclusive, and is indicated for treat-
ment of cardiac tamponade or drug-refractory, symptomatic pericardial 
effusions.

Targeted therapy of the underlying etiology of acute pericarditis 
is indicated when a cause is identified and treatment is appropriate 
(eg, tuberculosis, uremia, thyroid disease). For analgesia and treatment 
of the pericardial inflammation, NSAIDs are the mainstay of medical 
therapy. The properties of these drugs provide effective relief in 70% 
to 80% of patients. The efficacy of medical therapy varies according to 
the underlying etiology, with response rates greatest among those with 
idiopathic or presumed viral causes. It is important to note that relatively 
high doses of these medications are required for them to exhibit their 
anti-inflammatory effect (eg, aspirin, 650-1000 mg every 6-8  hours; 
ibuprofen, 400-800 mg every 8 hours; indomethacin, 50 mg every 
8 hours). Furthermore, although these drugs can result in acute relief of 
symptoms, slow tapering over a period of 2 to 4 weeks is recommended 
to reduce the risk of recurrence of inflammation. Of note, for pericarditis 
associated with myocardial infarction, NSAIDs other than aspirin should 
be avoided due to their effect of impairment of myocardial healing and 
potential for increasing the risk of mechanical complications.

Colchicine (0.5-1.2 mg/d for 3 months), in addition to NSAIDs, is 
an effective adjunctive therapy for acute pericarditis. The efficacy of 
colchicine has been demonstrated in several randomized and retrospec-
tive studies, which have shown lower rates of treatment failure (11.7% 
vs 36.7%) and recurrent pericarditis (10.7% vs 32.3%) when used in 
conjunction with standard NSAID therapy.1-3 Colchicine is generally 
well tolerated; side effects include gastrointestinal distress and, less 
commonly, bone marrow suppression, myositis, and liver toxicity.

Glucocorticoids are reserved for acute pericarditis refractory to 
NSAIDs and colchicine, for those in whom there are contraindications 
to the use of NSAIDs, and in patients with specific disease states that 
are potentially amenable to glucocorticoid use (eg, autoimmune disor-
ders, uremic pericarditis). Prednisone (0.25-0.50 mg/kg per day over 3 
months) may be used in these circumstances with a slow taper beginning 
at 2 to 4 weeks and careful attention to occurrence of steroid side effects. 
Studies have associated glucocorticoid use with greater risk of recur-
rence, but these reports have been hampered by the tendency to use these 
agents in patients with pericarditis refractory to other therapies.

CARDIAC TAMPONADE
Cardiac tamponade occurs when intrapericardial pressure exceeds 
intracardiac pressure, resulting in impairment of ventricular filling 
throughout the entire diastolic period. Virtually any disorder that causes 
pericardial effusion can result in cardiac tamponade. The most common 
atraumatic etiology is malignancy, with breast and lung cancer being 
the most frequent. Other important causes are complications of invasive 
cardiac procedures, idiopathic or viral pericarditis, aortic dissection 
with disruption of the aortic valve annulus, tuberculosis, uremia, and 
pericarditis or ventricular wall rupture from myocardial infarction.

■■ PATHOPHYSIOLOGY
The pericardium normally contains <50 mL of fluid between the 
parietal and visceral layers, with intrapericardial pressure approximat-
ing intrapleural pressure (−5 to +5 cm H2O). The amount and rate of 
fluid accumulation determine the hemodynamic effects of a pericardial 
effusion.4,5 Intrapericardial pressure rises with fluid accumulation and 
pericardial restraint. Venous return and ventricular filling becomes 
impaired once the intrapericardial pressure exceeds the filling pressure 

of the cardiac chambers. This impairment precipitates a reduction in 
cardiac output, followed by increases in pulmonary venous and jugular 
venous pressures. With inspiration, there is a fall in the driving pressure 
to fill the left ventricle, subsequently leading to a reduction in ventricu-
lar filling and stroke volume. The fall in left ventricular stroke volume 
during inspiration manifests as a relative decrease in pulse pressure or 
peak systolic pressure, which is the hallmark finding of pulsus paradoxus 
in patients with cardiac tamponade.

There are uncommon clinical presentations of cardiac tamponade. 
Cardiac tamponade may be localized, when a loculated pericardial effu-
sion is tactically located to impair ventricular filling. This manifestation 
may occur after cardiac surgery or other postoperative settings. The 
loculated effusion may be present in the posterior pericardial space adja-
cent to the atria, which poses challenges for detection by echocardiogra-
phy. Posterior loculated effusions should be suspected in a postoperative 
patient with hemodynamic instability.

Low-pressure cardiac tamponade occurs without elevated jugular 
venous pressure because the intracardiac filling pressures are low.6 
Examples of this manifestation are patients with tuberculosis or malig-
nancy complicated by severe dehydration. Finally, pneumopericardium 
with cardiac tamponade may result from gas-forming bacterial pericar-
ditis after penetrating chest trauma.

■■ DIAGNOSIS
Cardiac tamponade should be suspected when there is a compatible 
history, hypotension, and an elevated jugular venous pressure or pulsus 
paradoxus. The chest x-ray (eg, “water-bottle heart”) and electrocar-
diography (eg, sinus tachycardia, electrical alternans) may be helpful. 
Echocardiography is the primary modality for diagnosing cardiac 
tamponade. However, knowledge of the invasive signs of tamponade 
also expedites the recognition of its presence, as hemodynamic monitor-
ing with cardiac catheterization (ie, Swan-Ganz) is commonly available 
in critical care patients.

Two-dimensional echocardiography readily detects pericardial effu-
sions (Fig. 40-2). Signs of cardiac tamponade include diastolic inversion 

FIGURE 40-2.  Echocardiographic features of cardiac tamponade. Transthoracic echo-
cardiogram showing a large pericardial effusion (Top, arrows). Diastolic inversion of the right 
ventricle is present (Bottom, arrow). LV, left ventricle; RV, right ventricle.
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or collapse of the right atrium and right ventricle, ventricular septal 
shifting with respiration, and enlargement of the inferior vena cava.7 
With Doppler echocardiography, respiratory variation in mitral inflow 
can be detected early in the evolution of tamponade.8 Moreover, the 
changes in mitral inflow are highly sensitive, and may precede changes 
in cardiac output, blood pressure, and other echocardiographic evi-
dence of tamponade. Respiratory changes in mitral inflow resolve after 
pericardiocentesis unless effusive-constrictive physiology is present.

■■ INVASIVE HEMODYNAMICS
In patients with cardiac tamponade, the atrial pressure tracing typically 
is elevated with prominent x descents and blunted or absent y descents 
(Fig. 40-3). Preservation of the x descent occurs because systolic ejection 
leads to a decrease in intracardiac volume and a temporary reduction 
in right atrial and intrapericardial pressures. During the remainder of 
the cardiac cycle, elevated intrapericardial pressure impairs ventricular 
filling leading to blunting or obliteration of the y descent. Corresponding 
changes are also seen in ventricular pressure tracings with elevated 
diastolic pressures and loss or blunting of early diastolic pressure 
(or ventricular minimum pressure). The blunting or loss of the early  
rapid ventricular filling wave is the hallmark of cardiac tamponade that 
distinguishes it from other diastolic filling disorders. Other hemody-
namic findings include equalization of end-diastolic pressures, reduced 
cardiac output, and alterations in the systolic ejection period or pulse 
pressure that result from decreased stroke volume and are analogous 
to the bedside finding of pulsus paradoxus. During pericardiocentesis, 

intrapericardial pressure will be elevated and should be equal to the 
intracardiac end-diastolic pressure.

■■ PERICARDIOCENTESIS
Pericardiocentesis historically was performed in a blinded or ECG-
guided fashion, usually from the subxyphoid approach. Although these 
techniques may still be useful in some situations (eg, emergencies or car-
diogenic shock), the incidence of complications is high and echocardio-
graphic guidance is strongly preferred.9 Of note, care should be taken to 
avoid pericardiocentesis in the treatment of tamponade that occurs with 
aortic dissection. In these patients, abrupt return of ventricular ejection 
may exacerbate the dissection and precipitate acute decompensation in 
these patients.10

•• Echocardiography is used to determine the most appropriate por-
tal of entry and needle direction into the pericardial effusion. The 
window closest to the effusion usually is selected (Fig. 40-4). The 
most commonly used site is apical, but locations that have been used 
include axillary, left or right parasternal, and the subxyphoid window. 
With the imaging probe in place, the needle trajectory should be 
transfixed in the operator’s mind. Care should be taken to avoid the 
internal mammary or intercostal arteries. The entry site is marked 
with an indelible pen, followed by antiseptic cleansing, draping, and 
local anesthesia.

•• Using the predetermined site and angulation, a Polytef-sheathed nee-
dle is inserted at the entry site and advanced with gentle aspiration 
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FIGURE 40-3.  Invasive hemodynamic features of cardiac tamponade. (Top) Hypotension and pulsus paradoxus (arrow) in the femoral artery (FA) pressure tracing and loss of the y descent 
in the right atrial (RA) pressure tracing is evident. (Bottom) Following pericardiocentesis, there is a rise in arterial pressure and return of the y descent in RA pressure tracing.
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into the pericardial space. Once fluid is obtained, the needle is 
advanced slightly further (~2-3 mm) to completely place the Polytef 
sheath in the pericardial space. The Polytef sheath then is advanced 
over the needle, followed by withdrawal of the needle. The needle 
should not be readvanced into the sheath once it has been removed.

•• Agitated saline is injected into the Polytef sheath via a three-way 
stopcock under echocardiography (Fig. 40-4). If contrast does not 
opacify the pericardial space, then the catheter should be reposi-
tioned by withdrawal or passage of another needle and sheath. As 
noted previously, the needle should not be advanced back into the 
sheath once it has been removed.

•• Once the intrapericardial position of the Polytef sheath is confirmed, it 
is exchanged over a standard guidewire for a 5 or 6 Fr introducer sheath 
followed by placement of a multi-lumen pigtail catheter in the pericar-
dial space. The introducer sheath subsequently is removed, leaving only 
the smooth walled pigtail catheter in place. If needed, reconfirmation 
of the catheter location with measurement of intrapericardial pressure 
and agitated saline injection can be performed.

•• The pericardial effusion is removed using either vacuum bottle or 
manual techniques with removal as much as possible to promote  
apposition of the parietal and visceral pericardial surfaces. This 
apposition promotes adhesions that prevent fluid recurrence. 
Echocardiography is used to monitor fluid removal. The pigtail cath-
eter should be repositioned if drainage stops despite residual effusion 
on echocardiography.

•• The pigtail catheter is aspirated every 4 to 6 hours and flushed with 
heparinized saline. The catheter can be removed when the drainage is 
minimal (<25 cc per 24 hours) and repeat echocardiography reveals 
no significant residual effusion.

Occasionally, the tense pericardium may discharge fluid from the peri-
cardial effusion into the pleural space during attempts at needle passage. 
This effect can be immediately recognized on echocardiography, and may 
obviate further attempts at pericardiocentesis as acute relief of tamponade 
may occur. While the vast majority of pericardial effusions can be treated 
percutaneously, some still require subxyphoid surgical drainage. Surgical 

approach may be required for viscous or loculated effusions or those 
resulting from bacterial infections. Recent hemorrhage into the pericar-
dium also may result in pericardial clot formation that can be difficult 
to remove with a catheter. The true posterior effusion may be difficult to 
approach from any thoracic window and may require surgery.

CONSTRICTIVE PERICARDITIS
Constrictive pericarditis is a chronic disorder that results from pericar-
dial inflammation, fibrosis, and possibly calcification, with subsequent 
loss of elasticity. Although many cases are idiopathic, causes of constric-
tive pericarditis include chest radiation therapy, cardiac surgery, trauma, 
postmyocardial infarction syndromes, and systemic diseases that affect 
the pericardium (eg, tuberculosis, connective tissue disease, malignancy, 
infections).

■■ PATHOPHYSIOLOGY
The pericardium in constrictive pericarditis is rigid and noncompliant. 
Ventricular filling occurs rapidly in early diastole and terminates 
abruptly due to the pericardial restraint. With disease progression, the 
impairment in diastolic filling leads to an increase in intracardiac filling 
pressures that occur in order to maintain forward cardiac output.

The noncompliant pericardium prevents the complete transmission 
of respiratory changes in thoracic pressure to the cardiac chambers. As 
a result, filling of the right and left ventricles varies significantly with 
respiration due to marked changes in the early diastolic gradient empty-
ing into these chambers (ie, dissociation of thoracic-cavitary pressures). 
During inspiration, the decrease in thoracic pressure leads to relatively 
less left ventricular filling, while the increase in caval blood flow 
augments right ventricular preload. Reciprocal changes in ventricular 
loading occur during expiration (Fig. 40-5).

The total cardiac volume is fixed by the noncompliant pericardium. 
Because the ventricular septum is not involved, bulging of the septum 
toward the left occurs during inspiration and returns toward the right 
during expiration, leading to marked enhancement of ventricular interde-
pendence. The dissociation of thoracic and intracavitary pressures and the 

FIGURE 40-4.  Echocardiography-guided pericardiocentesis. Conventional apical four-chamber view with transthoracic echocardiogram (top left) does not demonstrate pericardial effusion, 
which is more evident in an off-axis apical view (top right), emphasizing the importance of selecting windows closest to the effusion. Bottom left and bottom right. Before a catheter is placed, 
contrast is injected to document entry into the pericardial space (arrow). LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle.
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enhanced ventricular interdependence leads to reciprocal changes in fill-
ing and emptying of the right and left ventricles, which manifest as altera-
tions in right and left-sided forward stroke volumes during respiration.

■■ CLINICAL EVALUATION
Symptoms of diminished cardiac output (eg, fatigue) and evidence 
of volume overload characterize the clinical presentation of constric-
tive pericarditis. The jugular venous pressure is elevated in nearly all 
patients, with prominent x and y descents. Physical findings that also 
may be present include a Kussmaul sign, pericardial knock, pulsus 
paradoxus, pleural effusions, congestive hepatomegaly, and peripheral 
edema or ascites. In patients with long-standing constrictive pericarditis, 
hepatic failure and cirrhosis may be present.

Patients with constrictive pericarditis also may present with pericar-
dial effusion, with or without cardiac tamponade (“effusive constrictive 
pericarditis”). In these patients, there are persistent symptoms and 
hemodynamic derangements following relief of the pericardial effusion.  

These abnormalities are principally due to disease involvement of the 
visceral layer of pericardium, whose thickening may be difficult to 
detect with conventional noninvasive cardiac imaging.

■■ ECHOCARDIOGRAPHY
Doppler and two-dimensional echocardiography is the primary imag-
ing modality for the evaluation of patients with suspected constrictive 
pericarditis. Dissociation of thoracic and intracavitary pressures results 
in respiratory variation in ventricular filling, which manifests as respi-
ratory variation in the mitral and tricuspid inflow velocities (>25% in 
most cases). Patients with constriction also demonstrate expiratory flow 
reversals in the hepatic veins due to thoracic-cavitary dissociation and 
enhanced ventricular interdependence (Fig. 40-6). Early diastolic tis-
sue Doppler velocity at the mitral annulus (E’) usually is accentuated 
(>10 cm/s), due to exaggeration of diastolic function of the left ventricle 
along the longitudinal axis.11 Other findings supportive of the diagnosis 
of constrictive pericarditis are respiratory shift of the ventricular septum, 
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FIGURE 40-5.  Hemodynamic features of constrictive pericarditis. (Top left) During inspiration, there augmentation of flow into the right ventricle with ventricular septal shifting (arrow) 
leading to increases in tricuspid valvular (TV) flow and decreases in mitral valvular (MV) flow, both of which can be detected by Doppler echocardiography. (Top right) Expiration leads to recipro-
cal changes with shifting of the ventricular septum toward the right ventricle. (Middle left) Expiratory flow reversals in the hepatic vein detected by Doppler echocardiography. (Middle right) 
Respiratory variation in MV flow, as measured by Doppler interrogation of the early (E) and late (A) diastolic filling velocity. (Bottom left) Dissociation of intracavitary and intrathoracic pressures 
seen on invasive cardiac catheterization. There is significant respiratory variation in left ventricular filling, which can be seen as changes in the diastolic gradient between the pulmonary capil-
lary wedge pressure and the left ventricle (gray). (Bottom right) Enhancement of ventricular interdependence. Reciprocal respiratory changes in the filling of each ventricle occur, leading to 
discordance in pulse pressure, systolic pressure, or stroke volume between the right and left ventricles during respiration.
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increased pericardial thickness, and plethora of the inferior vena cava. 
Pericardial thickening, with or without calcification, can be seen with 
echocardiography and also detected with cardiac computed tomography 
or magnetic resonance imaging.

■■ CARDIAC CATHETERIZATION
When the clinical findings and non-invasive studies cannot definitively 
establish the diagnosis of constrictive pericarditis in suspected patients, 
invasive hemodynamic evaluation with cardiac catheterization is indicated. 
The accentuation of early diastolic ventricular filling from elevated filling 
pressures in constriction may be seen as a “square-root” sign. This abnor-
mality is distinct from the hemodynamic findings of cardiac tamponade, 
but may be seen in other forms of heart failure (Fig. 40-6). Equalization 
of the end-diastolic pressures in all four cardiac chambers frequently is 
observed, though this finding may only be present during inspiration.

The most accurate method for diagnosing constrictive pericarditis with 
cardiac catheterization entails the use of dynamic respiratory criteria. 
In patients with constrictive pericarditis, the inspiratory fall in thoracic 
pressure affects the pulmonary wedge pressure, but ventricular pressure 
is relatively shielded from respiratory pressure changes by the pericardial 
scar. This dissociation of intrathoracic and intracavitary pressures can be 
seen as respiratory changes in the gradient between the pulmonary wedge 
(or left atrial) pressure and left ventricle during early diastole.

The most specific hemodynamic finding in patients with constrictive 
pericarditis is discordant changes in right and left ventricular pres-
sures during respiration due to enhancement of ventricular interde-
pendence.12,13 These alterations manifest as reciprocal changes in peak 
systolic pressure, stroke volume, and pulse pressure in both ventricles 
during respiration. The degree of ventricular interdependence can be 
quantitated by measuring the systolic areas under the left ventricular 
and right ventricular pressure curves. In one study, quantitation of ven-
tricular interdependence had a high sensitivity and predictive accuracy 
(>97%) for identifying patients with surgically proven constrictive 
pericarditis.14 Other findings supporting the diagnosis of constrictive 
pericarditis at cardiac catheterization are the presence of epicardial fixa-
tion of the coronary arteries and pericardial calcification on fluoroscopy.

In patients with restrictive cardiomyopathy and other forms of heart 
failure, neither enhancement of ventricular interaction nor dissociation 
of intrathoracic and intracavitary pressures are present. In these patients, 
inspiration lowers the pulmonary wedge and left ventricular diastolic 

pressures equally. Therefore, the pressure gradient for left ventricular 
filling remains virtually unchanged during respiration. Because there 
is not significant enhancement of ventricular interdependence, the left 
ventricular and right ventricular pressures move concordantly through-
out the respiratory cycle.

■■ TREATMENT
In the vast majority of patients with constrictive pericarditis, cardiac 
surgery with pericardiectomy is the definitive treatment for relief of 
heart failure. Due to the significant technical challenges of the proce-
dure, this surgery is best performed in experienced centers where a com-
plete pericardiectomy can be provided. Medical therapy with diuretics 
can improve symptoms or be palliative in patients who are not surgical 
candidates, but the chronic nature of the disorder can prove to be drug-
refractory. Predictors of poor outcome after surgical pericardiectomy 
include advanced age, severe symptoms, pulmonary hypertension, renal 
insufficiency, left ventricular dysfunction, and radiation therapy as the 
underlying etiology of constrictive pericarditis.15,16 In one study, the 
7-year survival after pericardiectomy respectively was 27%, 66%, and 
88%, for patients with constrictive pericarditis due to radiation, prior 
cardiac surgery, and an idiopathic etiology.17

There is a subset of patients who have a transient form of constrictive 
pericarditis where there is either spontaneous resolution or a significant 
response to medical therapy. These patients constitute a minority of those 
presenting with constrictive hemodynamics (<25%), and more frequently 
have idiopathic, viral, or postsurgical causes.18-20 Thus, it may be reasonable 
to perform a trial of medical therapy (eg, nonsteroidal anti-inflammatory  
drugs) before surgery in some patients presenting with constrictive  
pericarditis, particularly those with mild symptoms, a potentially revers-
ible cause of acute inflammation, and no evidence of chronic constriction.

FIGURE 40-6.  Early ventricular filling in cardiac tamponade versus constrictive pericarditis. (Left) In cardiac tamponade, there is blunting of the y descent due to impairment of ventricular 
filling throughout the entire diastolic period. Note pulsus paradoxus also is present in the arterial tracing (asterisk). (Right) In patients with constrictive pericarditis, there are rapid x and y 
descents. The y descent of the right atrial pressure tracing corresponds to the early rapid filling phase of the ventricular pressure tracing, which demonstrates the typical dip and plateau pattern 
(arrow). Early rapid filling is a prominent feature of constrictive pericarditis, but also may be seen in other forms of heart failure. FA, femoral artery; LV, left ventricle; RA, right atrial.

80

v
y

v
x xa

a
RA

RA

*

FA

LV

40

80

40

KEY REFERENCES

•• Bertog SC, Thambidorai SK, Parakh K, et al. Constrictive pericar-
ditis: etiology and cause-specific survival after pericardiectomy. 
J Am Coll Cardiol. 2004;43(8):1445.

•• Ferrada P, Evans D, Wolfe L, et al. Findings of a randomized con-
trolled trial using limited transthoracic echocardiogram (LTTE) 

section03.indd   342 1/23/2015   2:07:45 PM

http://www.myuptodate.com


CHAPTER 41: Valvular Heart Disease 343

as a hemodynamic monitoring tool in the trauma bay. J Trauma 
Acute Care Surg. 2014;76(1):31-37; discussion 7-8.

•• Ha JW, Oh JK, Schaff HV, et al. Impact of left ventricular func-
tion on immediate and long-term outcomes after pericardi-
ectomy in constrictive pericarditis. J Thorac Cardiovasc Surg. 
2008;136(5):1136.

•• Haley JH, Tajik AJ, Danielson GK, Schaff HV, Mulvagh SL, Oh JK.  
Transient constrictive pericarditis: causes and natural history. 
J Am Coll Cardiol. 2004;43(2):271-275.

•• Hurrell DG, Nishimura RA, Higano ST, et al. Value of dynamic respi-
ratory changes in left and right ventricular pressures for the diagno-
sis of constrictive pericarditis. Circulation. 1996;93:2007-2013.

•• Imazio M, Bobbio M, Cecchi E, et al. Colchicine in addition  
to conventional therapy for acute pericarditis: results of the 
Colchicine for acute Pericarditis (COPE) trial. Circulation. 
2005;112:2012-2016.

•• Imazio M, Bobbio M, Cecchi E, et al. Colchicine as first-choice 
therapy for recurrent pericarditis: results of the CORE (Colchicine 
for REcurrent pericarditis) Trial. Arch Intern Med. 2005;165: 
1987-1991.

•• Lotrionte M, Biondi-Zoccai G, Imazio M, et al. International col-
laborative systematic review of controlled clinical trials on phar-
macologic treatments for acute pericarditis and its recurrences. 
Am Heart J. 2010;160(4):662-670.

•• Nicol AJ, Navsaria PH, Hommes M, Ball CG, Edu S, Kahn D. 
Sternotomy or drainage for a hemopericardium after penetrating 
trauma: a randomized controlled trial. Ann Surg. 2014;259(3): 
438-442.

•• Sagrista-Sauleda J, Angel J, Sanchez A, Permanyer-Miralda G, 
Soler-Soler J. Effusive-constrictive pericarditis. N Engl J Med. 
2004;350:469-475.

•• Talreja DR, Nishimura RA, Oh JK, Holmes DR. Constrictive 
pericarditis in the modern era: novel criteria for diagnosis in the 
cardiac catheterization laboratory. J Am Coll Cardiol. 2008;51: 
315-319.

•• Tsang TS, Freeman WK, Sinak LJ, Seward JB. Echocardiographi-
cally guided pericardiocentesis: evolution and state-of- the-art 
technique. Mayo Clin Proc. 1998;73(7):647.

REFERENCES
Complete references available online at www.mhprofessional.com/hall

Valvular Heart Disease
Sorin V. Pislaru
Maurice Enriquez-Sarano41

C H A P T E R

KEY POINTS

•• Heart failure in patients with chronic valvular heart disease is usu-
ally precipitated by concurrent illness, progressive deterioration of 
cardiac function, or worsening valvular disease.

•• Acute onset of severe valvular regurgitation is uncommon. Clinical 
and echocardiographic diagnosis is challenging.

•• Acute severe aortic and mitral regurgitation (flail segments sec-
ondary to trauma, aortic dissection, ruptured papillary muscle) are 
surgical emergencies. Acute severe tricuspid regurgitation is usu-
ally better tolerated, but on occasion can lead to cardiogenic shock.

•• Severe symptomatic aortic stenosis is a surgical disease. Medical 
treatment is temporizing or palliative.

•• Transcatheter aortic valve replacement (TAVR) or aortic balloon 
valvuloplasty should be considered in patients with severe AS and 
decompensated heart failure.

•• Hemodynamically significant mitral stenosis should be treated by 
mechanical intervention on the valve (percutaneous mitral balloon  
valvuloplasty or surgery). Medical treatment is temporizing or 
palliative.

•• Valvular regurgitation, perivalvular extension of infection, and 
systemic embolization are important complications of infective 
endocarditis and should be actively sought on clinical examina-
tion, ECG, and echocardiography.

•• Prosthetic valve thrombosis presents with thromboembolic events  
or heart failure due to valve obstruction. Diagnosis is made by 
echocardiography or fluoroscopy. Treatment depends on loca-
tion (left- vs right-sided valves) and thrombus burden.

•• Structural failure of a mechanical prosthesis is rare and requires urgent 
reoperation. Failure of a bioprosthesis is frequent and progressive due 
to degeneration. Reoperation after stabilization is recommended.

INTRODUCTION
Valvular heart disease is one of the most common causes of heart 
failure. The etiology varies, with degenerative valvular disease being 
predominant in the Western world and rheumatic disease in developing 
countries. Patients with critical illness and valvular disease can be sepa-
rated in two broad categories: (a) patients in whom acute medical illness 
precipitates heart failure on a background of compensated valvular heart 
disease and (b) acute valvular lesions causing acute de novo cardiac 
decompensation. These entities are quite different in presentation, diag-
nosis, and management. Indeed, decompensated heart failure in the first 
category is a result of increased demand and/or tachycardia (arrhyth-
mias, pain, anemia, hypotension, hypoxemia, fever) on a background 
of reduced cardiac reserve due to valvular disease; prompt treatment of 
the primary cause together with appropriate cardiac and vascular sup-
port is the cornerstone of management. In the second category, it is the 
acute valvular disease itself causing cardiovascular compromise. Medical 
management is usually only temporizing; many of these patients repre-
sent true surgical emergencies.

Physical examination is the first step in the diagnosis of any cardiac 
disease. This remains true in patients with acute illnesses and coexist-
ing significant valvular disease. Indeed, all patients with critical illness 
should have a detailed examination of the cardiovascular system to 
ascertain the presence of valvular lesions. Presence of murmurs, gallops, 
and/or signs of vascular congestion are important clues to concurrent 
valvular conditions. It is important to remember that patients with 
acute severe valvular disease rarely have significant cardiac findings, 
with substantial discrepancy between quasi-silent cardiac examination 
and symptoms of extreme dyspnea (reflecting acute pulmonary edema), 
profound hypotension (cardiogenic shock), and angina (coronary 
hypoperfusion).

The key diagnostic modality in patients with critical illness and valvu-
lar disease is echocardiography. The unique advantages of this imaging 
modality (available at bedside, immediate interpretation, comprehensive 
assessment of valvular lesions, and ventricular function) render echocar-
diography irreplaceable in modern ICU care. Due to its versatility and 
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rheumatic AS, stenosis is caused by fusion of the commissures with 
scarring and eventual calcification. It is less commonly seen in the 
Western world and is invariably accompanied by various degrees of 
mitral valve disease.

■■ NATURAL HISTORY
Classically, AS begins with a prolonged asymptomatic period, in which 
morbidity and mortality are very low. However, once even moderate dis-
ease is present, AS is a relentlessly progressive disease. The average rate of 
progression is an increase in mean pressure gradient of 7 mm Hg per year,  
and a decrease in valve area of 0.1 cm2 per year,5 but there is marked indi-
vidual variability. Regular clinical follow-up is mandatory in all patients 
with asymptomatic mild to moderate AS.

■■ PATHOPHYSIOLOGY
The key hemodynamic change in AS is a progressively increasing 
resistance to blood flow. In the Gorlin equation,6 the cardiac output 
is directly proportional to the square root of the pressure gradient. 
Therefore, small changes in both cardiac output and valve area may have 
significant effects on the pressure gradient. Such large variations may 
lead to confusion in classification of disease severity, as currently used 
criteria to define severe AS are not necessarily simultaneously present 
in all patients. Intuitively, aortic valve area should be the best estimate 
of AS severity as it represents the anatomical obstacle to left ventricular 
outflow, and is less prone to variations under hemodynamic conditions. 
Indeed, a valve area of less than 1.0 cm2 was associated with unfavorable 
outcome regardless of gradient or symptoms.7

Stroke volume and cardiac output are initially maintained by 
hypertrophy of the left ventricle. The increased wall thickness leads to 
maintaining wall stress within normal limits, and explains why cardiac 
output, ejection fraction, and left ventricular cavity dimensions are 
maintained for a long period. Once compensatory mechanisms are 
overwhelmed by progressive stenosis, the cardiac output declines, and 
the left ventricle eventually enlarges. Note that transvalvular gradient 
actually declines in these late stages, leading to the “low cardiac output, 
low gradient” type AS.8 Classically, only patients with low EF were 
included in this category. More recently, emphasis has been placed 
on patients with pseudonormal left ventricular function. These are 
individuals in whom a low transvalvular gradient is present despite 
preserved EF; the low cardiac output in this situation is explained by 
a combination of low stroke volume and increased valvuloarterial 
impedance.9 In the absence of surgical intervention the outcome of  
patients with low cardiac output and severe AS is poor, regardless  
of type (low EF or normal EF).

Left ventricular hypertrophy maintains contractile function, but 
will ultimately lead to relaxation abnormalities (diastolic dysfunction), 
resulting in elevated left atrial pressure and secondary pulmonary 
hypertension. Ischemia may develop due to both concomitant coro-
nary artery disease (present in ∼50% of patients with severe AS) and 
endocardial ischemia due to increased wall thickness and coronary 
hypoperfusion. A particularly dangerous situation is created by any 
sudden reduction in blood pressure or systemic vascular resistance 
(such as that seen in sepsis or with the use of vasodilating drugs). 
This decreases coronary perfusion pressure, with global ischemia, 
precipitous further fall in cardiac output and ultimately cardiac arrest. 
Therefore, use of vasodilators and diuretics needs to be cautious in 
patients with severe AS.

AS remains essentially a surgical disease, with correction of stenosis 
bringing about significant improvement in cardiac function. This leads 
to further decrease in right heart pressures and left ventricular filling 
pressures. Left ventricular hypertrophy regresses early, sometimes even-
tually to a normal mass. While uniform improved outcomes are seen 
after surgical correction, the magnitude of benefit is largely dictated by 
the disease severity. Indeed, patients with low cardiac output, dilated 
ventricles, and low ejection fraction have the worst response, especially 
if no contractile reserve is present.

FIGURE 41-1.  A. Subaortic membrane demonstrated on transthoracic echocardiography. 
Note presence of a ridge (red arrows) approximately 1 cm below the aortic valve. Blood flow 
accelerates at this level, and the high velocity jet can damage the native aortic valve. B. Systolic 
frame obtained by transesophageal echocardiography in a patient with severe calcific aortic 
valve stenosis. The maximal aortic valve area (AVA) is 0.7 cm2 by planimetry (red tracing). LA, 
left atrium; LV, left ventricle; RVOT, right ventricular outflow tract.
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diagnostic ability, it has largely replaced catheterization as a diagnostic 
modality in valvular disease; the latter is usually indicated only when 
discrepancies between echocardiographic and clinical findings are  
noted. Other routine evaluations (electrocardiography, chest x-ray) 
are of obvious utility in critically ill patients. In complex situations, 
cardiac CT and MRI can further complete the diagnosis, but require 
transportation of the critically ill patient to the specific areas, which is 
cumbersome.

In this chapter, we will further review the etiology, pathophysiology, 
clinical presentation, diagnostic evaluation, and management of critical 
illness in the context of major valvular disease. Acute prosthetic valvular 
disease and infective endocarditis will be presented at the end of the 
chapter.

AORTIC STENOSIS

■■ ETIOLOGY
The prevalence of significant aortic valvular heart disease (moderate 
severity or worse) increases with age, occurring in only 0.7% of those 
age 18 to 44 years but in 13.3% of adults 75 years and older.1 Native aor-
tic valve stenosis is the most common valvular lesion in clinical prac-
tice, followed by mitral regurgitation (25%), and multivalve disease  
(20%).2 According to location, aortic stenosis (AS) can be classified 
as subvalvular, valvular, or supravalvular (Fig. 41-1). Subvalvular 
and supravalvular stenoses result from focal (isolated membrane) or 
extended (tubular) stenotic lesions. Regardless of lesion type, they lead 
to impaired flow in the left ventricular outflow tract or aortic root, and are 
indistinguishable from valvular AS from a hemodynamic perspective.  
Therefore, their management in critically ill patients is similar to val-
vular AS.

The most common cause of valvular AS is degenerative disease of a 
tricuspid aortic valve. This is very common after the age of 70, leading 
to significant morbidity and mortality. Surgical series have reported 
the incidence of degenerative AS as high as 10% to 30%3 but the true 
prevalence is likely underestimated considering that many patients 
are not referred for surgical correction. Degeneration of a congenitally 
malformed aortic valve (bicuspid or unicuspid aortic valves) occurs 
earlier in life, and patients present with significant valvular disease in 
the middle or late adult life. It is estimated that 1% to 2% of aortic valves 
are bicuspid, making this one of the most common congenital heart 
malformations.4 In both tricuspid and congenitally malformed valves, 
degeneration of the valve progresses from the base of the cusps to the 
leaflets, eventually causing a reduction in leaflet motion and effective 
valve area; commissural fusion is a late phenomenon. Calcific AS is 
an active disease process characterized by lipid accumulation, inflam-
mation, and calcification, with many similarities to atherosclerosis. In 
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■■ CLINICAL PRESENTATION
In the critically ill patient, presentation with severe AS is a reflection of 
acute decompensation, often due to a concurrent condition because AS 
severity progresses otherwise slowly. Acute decompensated heart failure 
in patients with severe AS is characterized by presence of dyspnea, less 
so by angina or syncope. Some patients complain of nonspecific symp-
toms such as fatigue, dizziness, or palpitations. A particular presenta-
tion is that of decompensated heart failure in patients with severe AS 
undergoing noncardiac surgery. In this situation, large volume shifts 
and vasodilation associated with surgical procedure and anesthesia may 
lead to acute decompensation. Indeed, among valvular diseases AS is 
associated with the highest risk of perioperative complications, up to 
10% mortality in some series.10

Physical examination can suggest presence of AS. The apical impulse 
is usually sustained, and is not significantly displaced unless the ven-
tricle has dilated. The hallmark auscultatory findings are presence of the  
AS systolic murmur and the absence of the aortic component of  
the second heart sound. The murmur is crescendo-decrescendo and is  
usually heard throughout the precordium. With severe AS, the peak  
is late in systole, and the murmur radiates to the carotid and subclavian 
arteries. As the blood fluid column in the LVOT ensures good transmis-
sion of sound waves to the apex, the AS murmur may be sometimes 
louder at the apex, thereby mimicking mitral regurgitation; the latter 
is holosystolic, and usually radiates to the axilla. The carotid impulse is 
generally diminished in volume and has a delayed, slow-rising peak; this 
finding may be absent in the elderly, where increased aortic stiffness pre-
serves the pulse strength. Note that auscultatory findings may be trivial 
or even absent in patients with severe AS and low ejection fraction, and 
in those with severe COPD.

■■ DIAGNOSTIC EVALUATION
The electrocardiogram is nonspecific, and does not help in assessment 
of AS severity. Left ventricular hypertrophy with secondary repolar-
ization abnormalities (strain pattern) as well as ischemic changes can 
be seen. The chest x-ray can show valvular calcifications. Nonspecific 
findings of decompensated heart failure (pulmonary venous congestion 
or frank pulmonary edema, pleural effusions, cardiomegaly) need to be 
actively sought.

Echocardiography remains the cornerstone of diagnosis in all valvular 
diseases, both in chronic and acute decompensated states. It provides  
an anatomical diagnosis (degenerative vs rheumatic vs supra/subvalvular 
AS) as well as comprehensive hemodynamic assessment. Transvalvular 
gradients correlate well with those measured directly in the catheteriza-
tion laboratory; calculated valve areas by continuity equation (echo) or 
Gorlin formula (cath lab) are similarly close. It is important to remember 
that high-quality, comprehensive evaluation is a prerequisite for accurate 
measurement of the aortic valve. Indeed, aortic valve area calculation 
by echocardiography includes squaring of the LVOT diameter; small 
errors in this measurement can lead to significant over- (more com-
mon) or underestimation (less common) of disease severity. In addition, 

comprehensive interrogation of the aortic valve gradient from multiple 
windows must be performed to ensure capturing the highest gradient.

In the current ACC/AHA Valvular Heart Disease Guidelines,5 AS 
is classified into mild, moderate, and severe according to echocardio-
graphic findings. A velocity >4 m/s, gradient >40 mm Hg, and valve 
area <1.0 cm2 are consistent with severe disease. These criteria have 
been criticized as being intrinsically discordant,11 as up to 30% of 
patients with calculated valve area of less than 1 cm2 will not have veloci-
ties and gradients in the severe range. Some of these patients have low 
gradients due to low cardiac output and true AS, while others may have 
low calculated valve areas in the context of a nonvalvular myopathic 
process rendering the left ventricle unable to generate enough pres-
sure for full valve opening (pseudosevere AS). Low-dose dobutamine 
echocardiography is helpful in diagnosis.12 Indeed, when cardiac output 
increases on the background of true severe AS, this will result in a cor-
responding increase in transvalvular gradients, and the calculated valve 
area remains in the severe range (Fig. 41-2). On the contrary, in patients 
with pseudosevere AS, an increase in contractile function leads to 
improved opening of the aortic valve, and the increase in cardiac output 
results in an increased valve area. Dobutamine stress echocardiography 
has also prognostic value for the outcome of surgery. Indeed, patients 
demonstrating presence of contractile reserve (at least 20% increase in 
stroke volume and cardiac output) have a low operative risk and a good 
long-term prognosis, whereas operative mortality is high in the absence 
of contractile reserve.8 However, patients with severe low-gradient AS 
may benefit from surgery even in the absence of contractile reserve, and 
need careful assessment.

Cardiac CT has been increasingly used in assessment of AS. Presence 
of heavily calcified valve is associated with rapid progression of the 
disease, and correlates with aortic valve area.13 With the advent of trans-
catheter aortic valve replacement (TAVR), CT has been also used for 
determining the shape and size of the aortic annulus. Indeed, the annu-
lus is often oval shaped, with a major and minor diameter. Determining 
the size of aortic prosthesis solely on long-axis echo images may lead to 
undersizing and significant periprosthetic regurgitation after TAVR.14

Whenever discrepancies exist between clinical and echocardiographic 
findings, cardiac catheterization can be performed for assessment of 
severity of AS. While early stages of AS have normal cardiac output, 
normal right heart and pulmonary capillary wedge pressures, and a 
normal ejection fraction, patients with decompensated heart failure will 
obviously have elevated filling pressures, with high left ventricular end-
diastolic pressure and wedge pressure. In advanced states, the cardiac 
output and ejection fraction will be depressed. Coronary angiography 
is usually performed in a single study, as many patients with severe AS 
require surgical intervention.

■■ MANAGEMENT
Regardless of etiology, AS is a mechanical problem and the only effec-
tive long-term treatment is a mechanical intervention to relieve the 
obstruction to outflow. For stable patients, onset of symptoms, evidence 

FIGURE 41-2.  Low-dose dobutamine-stress echocardiogram in a patient with low-flow, low-gradient aortic stenosis. Note very low gradient at rest (19 mm Hg) that increases sharply to 
47 mm Hg with dobutamine. Valve area was calculated 0.8 cm2. In this patient, chest CT was performed for assessing feasibility of transcatheter aortic valve replacement (TAVR) and demonstrated 
marked oval shape of the aortic annulus, with a long diameter of 30 mm and short diameter of 20.5 mm (red lines). This information is used for selection of appropriate prosthesis size.
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of left ventricular dysfunction (EF <50%), and need for bypass or tho-
racic aortic surgery are the class I indications for aortic valve replace-
ment.

Patients with critical noncardiac disease and severe AS pose a signifi-
cant challenge in management. Due to fixed obstruction, the increased 
cardiac output required for tissue perfusion in sepsis or profound 
anemia may not be adequate. The need for urgent noncardiac surgery 
in patients with severe AS puts a patient at a very high risk for cardiac 
complications, including myocardial infarction, congestive heart failure, 
and death.15

Treatment of critically ill patients with decompensated severe AS is  
complex, and consists of stabilizing measures (typically undertaken in  
the intensive care settings) followed when possible by mechanical 
interventions on the stenotic valve. Medical measures aim at maintain-
ing cardiac output and coronary perfusion pressure. All medications 
have the potential for acute decompensation, and close monitoring is 
required. Diuretics are frequently used, but dosing should be cautious. 
We favor an initial small intravenous bolus followed by continuous 
furosemide infusion, as it allows rapid achievement of a steady state, 
and leads to less hemodynamic instability caused by the vasodilating 
effect of intermittent dosing. The intensity of diuretic regimen can be 
further titrated to the desired effect. As diuretics decrease preload, 
excessive dosing can rapidly impair cardiac output in AS patients 
who are very preload dependent. Blood pressure needs to be carefully 
monitored, and episodes of hypotension must be promptly treated, 
usually by administering a peripheral vasoconstricting agent such as 
phenylephrine. Indeed, any significant decrease in systemic blood 
pressure results in a decrease in coronary perfusion pressure, and 
leads to a rapidly spiraling cardiac decompensation. Positive inotro-
pic agents such as dobutamine can also be used, but care should be 
taken to avoid tachycardia as it reduces cardiac output and may lead 
to ischemia due to increased oxygen consumption. Other medications 
commonly used in heart failure, such as ACE inhibitors or angiotensin 
receptor blockers are rarely considered, as the relief of obstruction 
is the established approach to be considered. Digitalis can be used 
in patients with depressed ejection fraction or atrial fibrillation. 
In patients with acute pulmonary edema due to AS, nitroprusside 
infusion may be used under the guidance of invasive hemodynamic 
monitoring.16 This should be done cautiously, and used only as a tem-
porizing measure until a mechanical intervention on the AS can be 
performed. Preexisting β-blockers used for angina/heart failure must 
be decreased or suspended during acute decompensation, then cau-
tiously reintroduced in a stepwise fashion.

Coronary perfusion and cardiac output can be further augmented by 
mechanical assist devices, most commonly intra-aortic balloon pump 
(IABP). Positioning can be guided by either fluoroscopy or TEE, with 
the tip of balloon a few centimeters below the subclavian artery take-
off. This should not delay the urgent relief of AS by surgical (aortic 
valve replacement) or percutaneous approach (TAVR or aortic balloon 
valvuloplasty). Atrial fibrillation must be aggressively controlled, and 
restoration of sinus rhythm should be considered whenever reasonable; 
if cardioversion is unsuccessful, pharmacological control of the ventric-
ular rate is essential. Therefore, the acute medical management of severe 
AS with congestive heart failure consists of the careful use of diuretics, 
with either positive inotropes (dobutamine) and/or afterload reduction 
(nitroprusside), being careful not to cause hypotension.

Mechanical intervention to remove the obstruction is the only treat-
ment associated with long-term success. Until recently, the only option 
was surgical replacement of the aortic valve. Regardless of the approach 
(percutaneous vs standard sternotomy), it is preferable to stabilize  
the patient, as emergent surgery carries substantial risks. We found the  
Society of Thoracic Surgeons (STS) risk score useful in estimating  
the risk for aortic valve replacement, even if observed morbidity and 
mortality at our institution are significantly lower than predicted  
values. The surgical concept that “it is never too late to operate on aortic 

stenosis” must be judged in a heart team approach, carefully under-
standing the associated risks.

Development of TAVR technology has provided a much needed 
alternative in patients with advanced AS and high risk for surgery17 
(Fig.  41-3). The Edwards SAPIEN valve has been approved for trans-
femoral implantation and another device (CoreValve) is under clinical 
investigation in the United States. Both devices have been approved in 
numerous other countries. TAVR is superior to medical management  
in inoperable patients, reducing mortality in half.17 In high-risk but oper-
able patients, outcomes of TAVR and standard surgery are similar, albeit 
at a higher risk of stroke.

The recently developed TAVR has also led to resurgence in the use of 
aortic balloon valvuloplasty, as a temporizing measure.18 The procedure 
consists of mechanical stretching with a balloon positioned across the 
stenotic valve, and is associated with an immediate improvement in 
transvalvular gradients and cardiac output, despite usually small changes 
in calculated valve area (rarely exceeding 1 cm2). Complications are 
significant, with stroke, myocardial infarction, acute aortic regurgita-
tion, and death occurring in as many as 10% of the patients. Restenosis 
invariably occurs within 6 months. The procedure has been used in 
patients with cardiogenic shock,19 patients requiring major noncardiac 
surgery,20 and as bridge to delivery in symptomatic pregnant women. 
After recovery, definitive aortic valve replacement by surgery or TAVR 
can be performed at a later date.

FIGURE 41-3.  Transcatheter aortic valve replacement (TAVR). A. Predeployment, the 
Edwards-Sapien valve is crimped on a delivery balloon and advanced into position under fluoro-
scopic guidance. A temporary right ventricular pacing catheter allows pacing at rates ~180 bpm 
at the time of delivery, ensuring minimal stroke volumes, and thereby minimizing the risk of 
the valve being pushed out of ideal position at the time of balloon inflation. B. Postdeployment 
the valve stent is visible in aortic position. The function is immediately evaluated by TEE. Note 
dramatic change in transvalvular gradients from baseline (C) to postdeployment (D).
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KEY POINTS—AORTIC STENOSIS

•• Severe AS is a surgical disease.
•• AS occurs mostly due to degeneration of tricuspid or bicuspid 

valves. Rheumatic AS is uncommon.
•• Increased afterload leads to hypertrophy and ultimately failure. Relief 

of the mechanical obstacle often reverses ventricular dysfunction.
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AORTIC REGURGITATION

■■ ETIOLOGY
The presentation and management of patients with severe aortic regur-
gitation (AR) depends on the nature of underlying disease. Acute severe 
AR is rare, but is a true medical and surgical emergency. It can be the 
result of endocarditis (leaflet or annular destruction), aortic dissec-
tion (compromised leaflet coaptation), or traumatic (leaflet or annular 
tear/rupture from blunt chest trauma or aortic balloon valvuloplasty; 
the aortic valve is the most commonly involved valve in blunt chest 
trauma) (Fig. 41-4). Chronic AR may be secondary to diseases of the 
valve leaflets (calcific degeneration, rheumatic, myxomatous) or to 
abnormalities of the aortic root (Marfan and Ehlers-Danlos syndromes; 
aortitis in ankylosing spondylitis, syphilis, rheumatoid arthritis, giant 
cell aortitis, Reiter syndrome).5 It is a disease that progresses slowly, and 
does not require treatment unless symptomatic or when left ventricular 
dysfunction becomes evident. However, acute cardiac decompensation 
on a background of severe AR may also represent a medical emergency.

■■ PATHOPHYSIOLOGY
Presence of chronic AR leads to both volume overload (the left ventricle 
has to accommodate the regurgitant volume) and pressure overload 

(increased afterload due to increased wall stress and systolic pressure). 
The left ventricle dilates progressively, with both eccentric and concentric  
hypertrophy. The increased diastolic volume allows for augmentation of 
stroke volume (Frank-Starling mechanism), and maintains cardiac out-
put in the normal range for many years despite presence of severe AR. 
Once compensatory mechanisms are overwhelmed, the disease tends to 
progress rapidly. Left ventricular volumes (left ventricular end-systolic 
diameter >50 mm, left ventricular end-diastolic diameter >70 mm) can 
be used to predict which patients are more likely to have progressive 
disease and the development of left ventricular failure. Indexed left 
ventricular dimensions are better predictors in patients of small body 
size and in women.21

In acute onset AR, the left ventricle has to accommodate suddenly a 
large regurgitant volume. Left ventricular dilation is limited by the com-
pliance of the ventricle and by the constraining pericardium. As such, 
small increase in regurgitant volume may lead to a dramatic increase 
in left ventricular diastolic pressure. This leads to an increase in left 
atrial pressure, causing pulmonary congestion/edema. The combina-
tion of decreased aortic diastolic pressure and increased left ventricular 
diastolic pressure leads to a dramatic decrease in coronary perfusion 
pressure. Acute AR is especially difficult to tolerate by patients with 
a very stiff left ventricle due to preexisting concentric hypertrophy; 
this entity is now more commonly present with a resurgence of aortic 
balloon valvuloplasty (postdilatation AR) and increasing use of TAVR 
(periprosthetic AR).

■■ CLINICAL PRESENTATION
Patients with decompensation of chronic long-standing AR have the 
classical features of AR in addition to the signs and symptoms of  
the acute decompensated state. The heart is enlarged, with displaced 
apical impulse. The heart sounds are usually normal (unless pulmonary 
hypertension is present). There is a soft diastolic decrescendo murmur 
best heard over the aortic area, radiating along the parasternal border. A 
diastolic rumble (Austin-Flint) can sometimes be heard at the apex. The 
peripheral pulse has a rapid upstroke, and pulse pressure is wide; classic 
peripheral signs of AR are less common.

Patients with acute severe AR are critically ill, with a discrepancy 
between the symptom severity (intense dyspnea due to acute pul-
monary edema) and paucity of clinical findings. Signs of pulmonary 
edema and cardiogenic shock are present (tachycardia, hypotension, 
diaphoresis, and peripheral vasoconstriction), but cardiac examination 
is underwhelming. As the aortic and left ventricular pressure rapidly 
equalize, the murmur of acute AR is subdued and early diastolic, if 
present at all. The heart is not enlarged. The first heart sound may 
be soft, owing to premature closure of the mitral valve caused by the 
aortic regurgitant jet. The P2 component of the second heart sound 
may be loud, reflecting pulmonary hypertension. A gallop rhythm is 
usually present. Arterial hyperpulsatility and large blood pressure dif-
ferential coexistent with congestive heart failure are clues to diagnosis 
of severe AR.

■■ DIAGNOSTIC EVALUATION
Electrocardiogram is usually normal in acute AR, showing only sinus 
tachycardia. Left ventricular hypertrophy may be present in patients 
with chronic AR. The chest x-ray shows pulmonary edema with a 
normal heart size in acute AR; chronic AR has obvious cardiomegaly. 
Presence of a widened mediastinum should raise the suspicion of acute 
aortic dissection.

Echocardiography is the mainstay of diagnosis, not only identifying 
presence of AR, but allowing quantification of AR severity and its impact 
on left ventricular function. Chronic AR is diagnosed by presence of a 
regurgitant jet originating at the aortic valve. Formal quantification of 
AR severity should be performed whenever color Doppler suggests more 
than moderate disease; severe AR is present when effective regurgitant  

•• Acute presentation is usually with dyspnea, less common with 
syncope or angina.

•• Harsh, loud, midsystolic murmur and decreased S2 are typical of 
severe AS. This may be reduced or absent in patients with reduced 
ejection fraction.

•• Echocardiography is the cornerstone of diagnosis. Valve area 
<1.0 cm2 and gradient ≥40 mm Hg are diagnostic of severe AS.

•• Low output/low gradient AS can be diagnosed with low-dose dobu-
tamine stress. Presence of contractile reserve predicts good outcome.

•• Cardiac catheterization verifies severity of AS in difficult cases and 
provides preoperative coronary angiography.

•• Medical management is only temporizing.
•• Temporizing aortic balloon valvuloplasty may be used.
•• Surgical or transcatheter aortic valve replacement are the only 

treatments with long-term success. Decision should be made by 
the heart team (surgeon and cardiologist).

FIGURE 41-4.  This case illustrates the dramatic differences in echocardiographic appear-
ance of acute aortic regurgitation (resulting from a flail anterior leaflet as a complication of 
aortic balloon valvuloplasty; top row) versus chronic aortic regurgitation (destroyed anterior 
leaflet by endocarditis in a patient with long-standing aortic regurgitation and bicuspid aortic 
valve; bottom row). A. The anterior leaflet of the aortic valve was confirmed to be flail at TEE, 
and prolapses into the left ventricular outflow tract (arrow). B. The Color Doppler obtained few 
minutes earlier by transthoracic echocardiography is unimpressive, with a brief flash of color at 
the aortic valve plane. Ao, ascending aorta; LA, left atrium; LV, left ventricle.
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orifice and regurgitant volume are ≥30 mm3 and ≥60 mL, respectively. 
The left ventricle is enlarged, but ejection fraction is preserved for long 
time; presence of reduced left ventricular function is an indication for 
surgery even in asymptomatic patients. Of note, parallel with clinical 
examination, echocardiographic diagnosis in acute severe AR is chal-
lenging. As aortic and left ventricular pressure rapidly equalize, the driv-
ing force for regurgitation (and hence the color Doppler appearance of 
the jet) decreases. Key in diagnosis is presence of presumably acute val-
vular lesion (eg, endocarditis leading to incompetence, flail leaflet after 
chest trauma, ascending aortic dissection), typical dagger shape of the 
regurgitant jet on continuous wave Doppler, or presence of premature 
closure of the mitral valve and diastolic mitral regurgitation (due to 
increased left ventricular pressure). Transesophageal echocardiography 
should be considered whenever endocarditis or acute aortic dissection is 
suspected. TEE has sensitivity comparable to that of magnetic resonance 
imaging (MRI) or computed tomography (CT) for detecting an acute 
aortic dissection,22 and it is more easily performed in an intensive care 
unit on an unstable critically ill patient. However, a small part of the 
ascending aorta cannot be visualized due to acoustic shadowing by the 
left main bronchus.

Cardiac catheterization provides information about the degree of 
regurgitation, and it can be used to evaluate the aortic root and the 
status of the coronary arteries if surgery is indicated. Similar to all other 
techniques, presence of a rapidly equalizing aortic and left ventricular 
pressure can reduce the angiographic appearance in the case of acute AR.  
Pulmonary artery catheterization is helpful in management of acute 
AR. The pulmonary artery wedge pressure is usually elevated, and pul-
monary hypertension may be present. Stroke volume may be normal or 
increased. Diagnostic coronary angiography is commonly performed in 
the elderly prior to surgical intervention.

■■ MANAGEMENT
Acute aortic insufficiency is a medical and surgical emergency. 
Fulminant pulmonary edema is common. It is important to determine 
the cause of the lesion, especially if endocarditis or an acute aortic dis-
section is suspected. Aortic valve replacement is indicated when the 
regurgitation is severe. Early aortic valve replacement has been shown to 
decrease mortality in patients with endocarditis.23 If heart failure can be 
medically managed, aortic valve replacement may be delayed until after 
completion of an antibiotic regimen.24

Medical management is used for stabilizing the patient. Loop diuret-
ics are used to relieve congestion. Nitroprusside is used for afterload 
reduction, usually with hemodynamic guidance (Swan Ganz catheter); 
it improves cardiac output, reduces the amount of regurgitation, and 
lowers left ventricular filling pressures.25 Newer vasodilating agents 
such as nicardipine and fenoldopam have been used in hypertensive 
emergencies. Their role in treatment of acute AR is unknown. Inotropic 
agents are of limited use (left ventricle is already hyperdynamic), and 
peripheral vasoconstrictors are relatively contraindicated (an increase in 
vascular resistance worsens regurgitation). IABP or other left ventricular 
assist devices are of no use, as their function relies on a competent aortic 
valve. Mechanical ventilation is frequently required given the severity of 
dyspnea and pulmonary edema.

Chronic vasodilator therapy should be considered in patients that 
can be stabilized. There are three potential circumstances for their 
use: (a) long-term treatment of patients with severe symptomatic 
AR who are not candidates for surgery, (b) short-term treatment for 
improvement in hemodynamic profile before proceeding with aortic 
valve replacement, and (c) long-term treatment of asymptomatic 
patients who have severe AR and evidence of hypertension.5 The lat-
ter is more controversial, as the initial promising results of nifedipine 
(delaying surgery and preventing left ventricular remodeling when 
compared to digoxin)23 have not been confirmed in a more contem-
porary randomized trial. The latter showed that neither nifedipine nor 
enalapril prevented left ventricular dysfunction or delayed aortic valve 
replacement when compared to placebo.27 However, understanding the 

pathophysiology of AR it seems reasonable to choose a vasodilating 
agent for treatment of hypertension.

Aortic valve repair or replacement is the solution to AR with acute 
decompensation, and should be performed promptly.

KEY POINTS—AORTIC REGURGITATION

•• Acute AR is most often due to native valve endocarditis, aortic dis-
section, or traumatic rupture. It is a medical and surgical emergency.

•• Chronic AR of any cause may present acutely with heart failure. It 
is characterized by both volume and pressure overload.

•• Acute AR causes reduced ventricular compliance, high filling pres-
sure, and reduced coronary perfusion pressure.

•• Acutely, AR has an unimpressive diastolic murmur, while arterial 
hyperpulsatility and large blood pressure differential clue to severe AR.

•• ECG and chest x-ray: Acutely, pulmonary edema may contrast with 
normal heart size and lack of ventricular hypertrophy. Chronic AR is 
characterized by evidence of left ventricular hypertrophy.

•• Echocardiography (particularly TEE) confirms diagnosis of AR 
and provides clues to etiology. It also provides assessment of left 
ventricular size and function. AR may be quantified by calculating 
the effective regurgitant orifice and regurgitant volume (severe if 
≥30 mm3 and ≥60 mL, respectively).

•• Cardiac catheterization may show AR severity by aortography; 
coronary angiography is usually performed in older patients prior 
to surgery.

•• Afterload reduction is central to acute and chronic medical treat-
ment of AR.

•• Surgical valve replacement is urgently required with heart failure. 
Aortic valve repair is sometimes possible. Periannular repair is 
necessary for abscesses.

MITRAL STENOSIS

■■ ETIOLOGY
Rheumatic fever is the main cause of mitral stenosis (MS), with a history 
of rheumatic fever being elicited in up to 60% of patients with isolated 
MS.5 Calcific degeneration (especially of the mitral annulus) is common 
among elderly and patients with long-standing renal failure, but is not 
usually associated with severe stenosis. Other causes are quite rare, such 
as congenital malformations of the mitral valve, mucopolysaccharidoses 
(Morquio and Maroteaux-Lamy syndromes), and obstruction of the 
mitral valve by a large left atrial myxoma.

■■ PATHOPHYSIOLOGY
Rheumatic MS is characterized by commissural fusion and progressive 
scarring of the valvular structures, leading to the typical funnel-shaped 
mitral valve (Fig. 41-5). Many patients remain asymptomatic for 
decades after the initial episode of carditis. Left atrial pressure increases 
in parallel with the progressive reduction in the mitral valve area from 
a normal of 4 to 5 cm2 down to 1 cm2 (which defines presence of severe 
MS), and leads to development of pulmonary hypertension.

Patients with atrial fibrillation lose the atrial contribution to left 
ventricular filling (which may account for 20% of total cardiac out-
put), and can acutely worsen with pulmonary edema and congestive 
heart failure symptoms. Atrial fibrillation dramatically increases the 
risk of systemic embolization. Thus, maintenance of sinus rhythm is 
important in patients with chronic MS. MS that may be well tolerated 
can also suddenly worsen due to anemia, pregnancy, or thyrotoxicosis, 
conditions that increase cardiac output and thus increase the mitral 
valve pressure gradient.
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As MS becomes more severe, resting pulmonary artery pressures 
begin to increase. Development of severe pulmonary hypertension 
portends a very poor prognosis, and leads to right ventricular dilation 
and failure and tricuspid regurgitation.

■■ CLINICAL PRESENTATION
Patients with rheumatic MS may remain asymptomatic for decades after 
the initial episode of rheumatic fever. Patients are rarely symptomatic 
at rest when valve area is more than 1.5 cm2; a decrease in diastolic fill-
ing time, such as occurring with exercise, emotional stress, infection, 
pregnancy, or atrial fibrillation with a rapid ventricular response leads 
to a significant increase in the mitral gradient and development of 
symptoms. Patients complain of dyspnea on exertion, and may present 
in frank pulmonary edema. Rarely, hemoptysis occurs from disruption 
of bronchial veins, and may be life-threatening. Thromboembolism is 
a serious complication, occurring in 10% to 20% of patients with MS, 
most often when atrial fibrillation is present.

Physical examination in patients with MS may be challenging. 
The apical impulse is usually not displaced, and a diastolic thrill can 
sometimes be present. The first heart sound is increased due to valve 
thickening. The interval between the second heart sound and opening 
snap reflects left atrial pressure (shorter time consistent with increased 
disease severity). The diastolic rumble is a low-pitched sound and is 
difficult to hear; it is present at the apex, and can be best heard in left 
lateral decubitus. It is usually preceded by the opening snap, and has a 
presystolic accentuation in sinus rhythm. As pulmonary hypertension 
develops, the pulmonic closing sound (P2) becomes accentuated. Other 
signs of pulmonary hypertension include a right ventricular heave, tri-
cuspid regurgitation (a holosystolic murmur at the right or left sternal 
border with respiratory variation), and the Graham Steel murmur of 
pulmonic insufficiency.

■■ DIAGNOSTIC EVALUATION
The electrocardiogram and chest-x ray show evidence of left atrial 
enlargement (increased p-wave duration, upward displacement of the 
left mainstem bronchus, and a bulging left atrial appendage), right 
ventricular hypertrophy (R > S wave morphology in V1; reduced 
retrosternal space), and pulmonary hypertension (right ventricular 
enlargement, prominent pulmonary arteries). Calcification of the mitral 
annulus can frequently be detected.

The echocardiographic assessment of extent and degree of involve-
ment of the mitral valve by the inflammatory process is critical in 
assessment of suitability for mitral balloon valvuloplasty. Typical lesions 
of rheumatic MS are the hockey-stick appearance of the anterior 
mitral leaflet, fused and thickened chordae (and sometimes papillary 
muscle tips), and commissural fusion. Doppler interrogation reliably 
determines the mitral gradient, and allows valve area calculations.28 
Attention must be paid to assessment of pulmonary hypertension and 

right ventricular function. Heavily calcified valves may obscure pres-
ence of mitral regurgitation due to acoustic shadowing of the left atrium. 
Whenever in doubt, presence of concomitant mitral regurgitation 
should be assessed with TEE; this will also allow assessment of the left 
atrial appendage for the presence of left atrial thrombus.

Given the reliability of echocardiographic techniques, cardiac cath-
eterization is seldom used as a diagnostic tool. Mitral valve area can be 
calculated by the Gorlin formula, and right heart pressures are directly 
measured. Left atrial pressure can be directly measured by transseptal 
puncture, and is preferred to pulmonary capillary wedge pressure (the 
latter can overestimate left atrial pressure, and hence the severity of MS). 
We use cardiac catheterization mostly to confirm echocardiographic 
findings prior to mitral balloon valvuloplasty.

■■ MANAGEMENT
Medical therapy in patients with MS and congestive heart failure is 
focused on treating congestive symptoms, but also of the circumstances 
leading to decompensation (correction of anemia, treatment of thyro-
toxicosis, infection etc). Patients with pulmonary edema are treated with 
the usual approach (oxygen, aggressive diuresis, nitrates, sedation, and 
if needed mechanical ventilation). Heart rate control is paramount, even 
more so in patients with atrial fibrillation, and is usually achieved with 
a combination of digoxin, β-blockers, and/or calcium channel blockers. 
Rate control should be considered also after initial stabilization, even in 
patients in sinus rhythm. We recommend a target resting heart rate of 50 
to 60 bpm. Anticoagulation with heparin bridging until therapeutic INR 
is achieved with warfarin should be started immediately in all patients 
with atrial fibrillation, as the risk of thromboembolism is very high; the 
only exception is obviously presentation with hemoptysis. Note that 
dabigatran is not approved for use in atrial fibrillation associated with 
valvular disease.

Mechanical interventions on the mitral valve are the only approach 
to improve gradients, and are recommended when symptoms are pres-
ent or when there is evidence of significant pulmonary hypertension. 
Current classification of disease severity is somewhat misleading, MS 
being the only valvular disease in which an intervention is contemplated 
at moderate stage. Mitral balloon valvuloplasty is the preferred initial 
intervention, and has largely replaced surgical commissurotomy. The 
technique consists of advancing a balloon across the mitral valve via a 
transseptal approach, and splitting the fused commissures. The success 
rate is high with suitable anatomy, and it can delay surgery by many 
years.29 It can be safely performed in pregnant women (with appropriate 
shielding). Presence of heavy calcifications (especially at commissural 
level) and significant preexisting mitral regurgitation are contraindica-
tions. Surgery is used when catheter-based techniques are not feasible. 
Mitral valve repair is preferred, but because patients referred for surgery 
frequently present with a valve deformed beyond repair, mitral valve 
replacement is usually the only option.

FIGURE 41-5.  Severe rheumatic mitral stenosis. A. Both anterior and posterior mitral 
valve leaflets are thickened and heavily calcified. B. Doppler interrogation findings are consis-
tent with severe mitral stenosis, with a mean gradient of 19 mm Hg. A pressure half time (PHT) 
of 240 ms suggests a valve area of ~0.9 cm2. LA, left atrium; LV, left ventricle.

KEY POINTS—MITRAL STENOSIS

•• Mostly rheumatic disease.
•• Any increase in heart rate (pregnancy, anemia, infection, atrial 

fibrillation) leads to an increase in gradient and development of 
heart failure symptoms.

•• Presentation is often with sudden pulmonary edema.
•• ECG and chest x-ray show left atrial enlargement (common), right 

ventricular enlargement (late stage).
•• Echocardiography provides the diagnosis, quantifies severity, and 

assesses suitability of balloon valvuloplasty.
•• TEE is used for assessment of left atrial (appendage) thrombus and 

assessment of mitral regurgitation presence and severity.
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MITRAL REGURGITATION

■■ ETIOLOGY
Mitral regurgitation (MR) is caused by either a disease of the leaflets and/
or subvalvular apparatus (organic, nonischemic MR) or malcoaptation 
of an otherwise normal mitral valve due to tethering (functional and 
ischemic MR).30 The most common cause of chronic MR in the Western 
world is myxomatous degeneration, occurring in isolation (primary) or 
in association with other connective tissue disease (secondary; Marfan 
and Ehlers-Danlos syndromes, osteogenesis imperfecta, and pseudoxan-
thoma elasticum). The leaflets and chordae are thickened and elongated, 
leading to mitral valve prolapse and regurgitation. At the other end of 
the spectrum, functional/ischemic MR is a disease of the ventricle rather 
than of the valve. Malcoaptation is caused in this case by traction on the 
mitral leaflets by the enlarged left ventricle31 (Fig. 41-6).

Acute MR can result from valvular destruction by infectious endocar-
ditis, myocardial ischemia with papillary muscle rupture, or blunt chest 
trauma with chordal rupture. Less common, chordal rupture can occur 
with other diseases, such as hypertrophic cardiomyopathy, myxomas, or 
prominent mitral annular calcifications.

■■ PATHOPHYSIOLOGY
Acute severe MR is a medical and surgical emergency. There is a sudden 
increase in left atrial pressure, leading to acute pulmonary congestion; 

large v waves are present on pulmonary artery wedge pressure tracing. 
Cardiac output can be dramatically reduced, as the left ventricle ejects 
into the left atrium, leading to cardiogenic shock. Often surgery has to 
be performed emergently.

In chronic MR, the left ventricle progressively remodels, with char-
acteristic enlargement. Since afterload is reduced (it is a combination 
of aortic and left atrial pressure) ejection indexes are initially increased. 
A reduction toward “normal” values heralds impairment of myocardial 
function. Indeed, an ejection fraction of less than 60% and left ven-
tricular end-systolic diameter of more than 40 mm are markers of left 
ventricular dysfunction in patients with severe chronic MR, and are 
associated with poor long-term outcome.32 Ejection fraction less than 
40% represents advanced cardiac dysfunction and indicates poor post-
operative outcome.33 Chronic MR leads to left atrial enlargement, which 
can be massive. Pulmonary hypertension develops in late stages of the 
disease. Atrial fibrillation is very frequent.

■■ CLINICAL PRESENTATION
The symptoms of patients with MR depend on the acuity and severity 
of the disease. In patients with chronic MR, symptoms develop in older 
patients often with signs of diastolic left ventricular dysfunction. As with 
all other chronic valvular diseases, a concomitant illness precipitates 
cardiac decompensation on the background of reduced cardiac reserve. 
Patients present with symptoms and signs of pulmonary congestion; 
in the case of long-standing disease, signs of right ventricular failure 
may also be present (peripheral edema, hepatic congestion). The apical 
impulse is usually displaced, and a palpable early diastolic filling impulse 
may be present (palpable S3). The MR murmur is holosystolic, high 
pitched, and loudest at the apex. Radiation is classically to the axilla, but 
eccentric, anteriorly directed jets radiate rather to the precordium, and 
may be confused with murmur of AS; the holosystolic nature and con-
stant intensity (rather than crescendo-decrescendo) lead to diagnosis. 
The intensity of the murmur does not correlate with severity. Murmurs 
of mitral valve prolapse may begin in mid- or late systole and vary 
in position and intensity depending on left ventricular volume; once 
chordal rupture ensues, the murmur becomes holosystolic, but usually 
retains a late systolic accentuation.

Patients with sudden onset of acute MR usually present with florid 
pulmonary edema and low cardiac output. The most common causes of 

FIGURE 41-6.  Mitral regurgitation due to myxomatous mitral valve disease (top row) and ischemic left ventricular remodeling (bottom row). A. TEE shows typical appearance of a flail 
posterior mitral leaflet in the middle scallop region (P2). B. Live 3D imaging confirms the presence of the flail posterior middle scallop (arrow). C. The jet of mitral regurgitation is very eccentric, 
anteriorly directed. In this patient, the murmur did not radiate to the axilla, but rather to the entire precordial area. Diastolic (D) and systolic (E) frames on a TEE obtained in a patient with severe 
ischemic mitral regurgitation. Note the chordae are pulling the mitral leaflets, leading to override of the anterior leaflet and a posteriorly directed jet of mitral regurgitation (F).
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•• Cardiac catheterization confirms the diagnosis, but is mostly used 
for balloon valvuloplasty.

•• Intensive care unit management includes oxygenation, diuretics, nitrates, 
mechanical ventilation to manage high-pressure pulmonary edema.

•• Percutaneous balloon mitral valvuloplasty is the preferred initial 
treatment with results equivalent to surgical commissurotomy. 
Can be done in pregnant women with low risk.

•• Surgical treatment: mostly in calcified valves or with MR requir-
ing valve replacement.
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severe acute MR are papillary muscle rupture, destruction of the mitral 
valve by endocarditis, and spontaneous or trauma-induced chordal 
rupture with a large flail segment. There may be a discrepancy between 
severity of the symptoms and paucity of cardiac examination in patients 
with papillary muscle rupture. The murmur is usually early systolic 
and usually subdued, due to rapid equalization of left ventricular and 
left atrial pressure. Patients are intensely dyspneic, with obvious signs 
of pulmonary congestion. Immediate surgical intervention is the only 
treatment option. In patients with acute organic MR (endocarditis or 
flail segments), the murmur is usually well heard, but predominates in 
early systole due to rapid equalization of pressures.

■■ DIAGNOSTIC EVALUATION
The electrocardiogram in acute MR is usually normal, other than in 
acute ischemic MR, when signs of acute myocardial infarction are pres-
ent. Patients with chronic MR may have signs of left atrial enlargement, 
right ventricular hypertrophy, or atrial fibrillation. Chest x-ray shows 
cardiomegaly with left ventricular prominence, left atrial enlargement, 
and at times evidence of mitral annular calcification.

Echocardiography determines presence and mechanism of MR. 
Causes of chronic MR (myxomatous or calcific valve degeneration) as 
well as acute MR (endocarditis, ruptured papillary muscle) are readily 
determined. Disease severity is determined based on comprehensive 
assessment; we advocate formal quantification of MR severity when-
ever Color Doppler is consistent with more than mild regurgitation. A 
regurgitant orifice of more than 0.4 cm2 and regurgitant volume of more 
than 60 mL are consistent with severe disease. Similar to acute AR, Color 
Doppler assessment in acute severe MR can be misleading. The dagger-
shaped MR signal as well as underlying anatomic appearance of the 
valve usually clinch the diagnosis. Transesophageal echocardiography 
is used for assessment of endocarditis. Presence of periannular abscess 
requires careful inspection of the valve.

Cardiac catheterization is useful in diagnosis and management. Left 
ventriculography rarely is used to quantify MR severity when discordant 
clinical and echocardiographic findings are present, or in the cases when 
MR severity cannot be accurately determined by echocardiography. The 
pulmonary wedge pressure will show a characteristically tall v wave, 
reflecting the filling of the left atrium by both pulmonary venous and 
regurgitant blood during ventricular systole.

■■ MANAGEMENT
Patients presenting with acute MR are treated with the typical approach 
to acute heart failure. Treatment of acute pulmonary edema consists 
of afterload reduction with vasodilators (nitroprusside), aggressive 
diuresis, oxygen, and ventilatory support. Noninvasive positive pres-
sure ventilation reduces the impedance to ejection into the aorta, 
diminishes the amount of MR, increases forward output, and reduces 
pulmonary congestion. Positive inotropic agents are used in combina-
tion with nitroprusside when hypotension is present. Left ventricular 
assist devices (IABP, Impella) may also be used to increase cardiac output. 
Digoxin may be useful if left ventricular dysfunction or atrial fibrillation 
is present. Chronic afterload reduction can be initiated with ACE inhibi-
tors or other vasodilators, but has not proved its efficacy.

Mortality in acute severe MR is high, regardless of therapy. Emergency 
surgery should be immediately considered in patients with acute pulmo-
nary edema caused by acute MR due to infarction and papillary muscle 
rupture, acute flail mitral leaflet myxomatous mitral valve disease and 
traumatic MR, or severe MR associated with valvular endocarditis. In 
the case of endocarditis, when hemodynamic stability can be achieved, 
surgery is usually delayed until completion of antibiotic therapy.

Indications for surgery in patients with chronic organic MR have 
evolved with a better understanding of the pathophysiology of the 
disease, improved surgical techniques of repair, and steady reduc-
tion in perioperative mortality. Symptomatic patients and those with 
echocardiographic evidence of left ventricular dysfunction (ejection 

fraction <60%; end-systolic diameter >40 mm) have clear indication 
for surgery.5 Onset of atrial fibrillation and pulmonary hypertension 
should prompt surgical referral even in asymptomatic patients. Finally, 
we advocate early surgery if severe mitral valve regurgitation is present 
and the likelihood of repair is high. Indications for surgery in the case 
of functional and ischemic MR are more controversial, and medical 
therapy is usually the initial step.

Mitral valve repair is preferred to mitral valve replacement, as it 
is associated with lower surgical mortality and improved long-term 
outcome. Patients who are not candidates for repair have mitral valve 
replacement with either a mechanical or bioprosthetic valve; the subval-
vular apparatus is preserved in order to prevent negative remodeling of 
the ventricle postsurgery.34

Treatment of chronic ischemic MR presenting with acute decompen-
sation is challenging. As left ventricular remodeling and dysfunction 
are the primary cause of valvular incompetence, these patients face 
both the consequences of ischemic left ventricular dysfunction and of 
volume overload from valvular disease. Medical management is similar 
to other causes of MR. When revascularization is feasible, coronary 
artery bypass grafting and concomitant mitral valve repair are the 
preferred approach.

KEY POINTS—MITRAL REGURGITATION

•• Myxomatous degeneration is the most common cause of chronic 
organic MR. Acute organic MR can occur with ruptured chords or 
perforated leaflets (trauma, endocarditis).

•• Ischemic or functional MR is a disease of the ventricle rather than of 
the valve.

•• Acute MR presents with sudden pulmonary edema, isolated or in 
the context of myocardial infarct, endocarditis, or trauma.

•• ECG and chest x-ray: rare atrial enlargement, no cardiomegaly in 
acute presentation. Left ventricular and left atrial enlargement in 
chronic MR.

•• Echocardiography determines etiology, severity, and hemody-
namic consequences. Severe MR with effective regurgitant orifice 
≥40 mm2 and regurgitant volume ≥60 mL.

•• Cardiac catheterization may verify severity of MR, hemodynamics, 
LV function but mostly is used to assess coronary lesions and need 
for revascularization.

•• Intensive care unit management: (1) diuretics, nitrates, positive 
pressure ventilation to manage pulmonary edema; (2) vasodilators or  
intra-aortic balloon counter-pulsation to minimize MR.

•• Indications for surgical treatment depends on acuity of presenta-
tion and nature of underlying disease.

TRICUSPID REGURGITATION

■■ ETIOLOGY
Tricuspid valve regurgitation (TR) is classified as either organic or func-
tional (Fig. 41-7). Organic TR can be seen in numerous conditions, such 
as rheumatic and myxomatous degeneration, toxic effects of circulating 
substances such as in carcinoid syndrome, ergot or anorectic drug use, 
hypereosinophilic syndrome, congenital (Ebstein), infectious endocarditis,  
or contact damage from right ventricular pacemaker or defibrillator  
leads. Functional TR is characterized by structurally normal valve that 
becomes incompetent due to remodeling of the valvulo-ventricular 
complex. It is by far the most common cause of TR, and most of the 
cases are related to left-sided disease or primary pulmonary hypertension. 
Idiopathic functional tricuspid regurgitation is a poorly understood (and 
underreported) disease, in which no cause can be found for the isolated TR.
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FIGURE 41-7.  Various causes of tricuspid regurgitation. A. Functional TR is the most common tricuspid valve disease. Note traction of the leaflets with large area of malcoaptation (arrows) 
in this patient with underlying severe pulmonary hypertension. B. Color flow imaging in the same patient demonstrates massive TR. C. An uncommon cause of tricuspid regurgitation is tricuspid 
valvectomy. This patient underwent tricuspid valve implantation 17 years after initial operation. D. Typical dagger shape of torrential tricuspid regurgitant signal (arrows). This is due to rapid 
equalization of pressures in the right ventricle and right atrium with very large regurgitant orifice. E. This mobile mass (arrow) was seen in the right atrium shortly after a difficult pacemaker 
lead extraction. Surgery confirmed ruptured papillary muscle (arrow) with severe prolapse of the entire anterior leaflet (F).
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■■ PATHOPHYSIOLOGY
Acute severe TR is an uncommon condition, but can be seen in traumatic 
injury of the valve (mostly blunt chest trauma), but also seen with right 
ventricular procedures (such as device lead implantation or extraction, 
right ventricular biopsy), with rapid destruction of the valve by infectious 
process, or rarely due to spontaneous or traumatic chordal rupture with flail 
leaflets. It may be associated with a sudden volume overload of the right 
ventricle, but in the majority of cases this is remarkably well tolerated. In an 
early report of flail tricuspid leaflets after blunt chest trauma, surgery was 
performed on average 17 years after the initial event.35 However, at follow-
up, presence of flail tricuspid leaflet was associated with excess mortality 
and high morbidity,36 and there are case reports of a rapidly evolving car-
diogenic shock picture due to acute right ventricular failure. Furthermore, 
tricuspid valve repair can be usually performed with low risk. These results 
suggest that surgical intervention should be considered early in the course 
of the disease before the occurrence of irreversible consequences.

■■ CLINICAL PRESENTATION
Patients with severe decompensated TR present with right-sided heart 
failure symptoms (marked fatigue, postprandial abdominal bloating, 
weight gain, and peripheral edema).

Clinical examination reveals presence of large v waves on jugular 
venous contour, presence of right ventricular heave, and usually a 
tricuspid regurgitant murmur. The intensity of the murmur can be 
misleading, as many patients with severe TR have low or even absent 
auscultatory findings. Abdominal examination demonstrates pres-
ence of systolic hepatic expansion (“pulsatile liver”) and occasionally 
ascites. Peripheral edema is common. Exceptionally, presentation can 
be dramatic, with cardiogenic shock (similar to that seen with right 
ventricular infarction) and shock liver. Coagulopathy is common in 
these patients.

■■ DIAGNOSTIC EVALUATION
Electrocardiogram and chest x-ray show nonspecific findings of right 
ventricular hypertrophy, right ventricular strain, and pleural effusions. 
Echocardiography shows presence of tricuspid regurgitation and degree 
of right ventricular dysfunction. While less robust in assessment of right 

ventricular function than cardiac MRI or CT, echocardiography can 
provide a rapid bedside evaluation. Longitudinal motion of the right 
ventricle can be easily tracked, and indexes related to it, such as tricus-
pid annulus plane systolic excursion (TAPSE), tricuspid annulus peak 
systolic velocity (s’), and free right ventricular wall peak longitudinal 
systolic strain are increasingly being used.

■■ MANAGEMENT
Medical management is the norm in initial presentation with severe TR. 
Loop diuretics are commonly used, but spironolactone should be added 
whenever possible due to the relative aldosterone excess. Digoxin can 
be helpful for improving right ventricular contractility and for control-
ling heart rates in patients with atrial fibrillation with rapid ventricular 
response. Ultrafiltration therapy can be considered. In those patients 
with fulminant presentation, inotropic agents (dobutamine, milrinone) 
and mechanical assist devices (RVAD) can be used. Surgery provides 
definitive anatomical correction, and should be considered early in 
patients with organic severe TR.

KEY POINTS—TRICUSPID REGURGITATION

•• Functional TR is more common than organic TR, and is mostly a 
result of left-sided disease or pulmonary hypertension.

•• Acute severe TR is usually traumatic (blunt chest trauma, pace-
maker lead insertion or extraction, right ventricular biopsy).

•• Severe TR is usually well tolerated, but some cases may present 
with cardiogenic shock.

•• Surgery should be considered early in patients with severe organic 
tricuspid regurgitation and signs of heart failure.

PROSTHETIC VALVE DYSFUNCTION
Prosthetic heart valves are classified as mechanical or biological valves. 
Various generations of mechanical prostheses can be seen in clinical 
practice (ball-cage, tilting disk, and bileaflet). Modern mechanical pros-
theses have a bileaflet occluder structure, with two semicircular discs 
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rotating inside of the valvular housing. Mechanical prostheses have a 
clear durability advantage, but require life-long anticoagulation.

Biological valves are composed at least in part of biologic tissue, have 
a lower thrombogenic potential, but uniformly deteriorate due to wear 
and tear and immunologic foreign body reactions. Degeneration is 
accelerated in younger patients and in patients with disordered calcium 
metabolism. Evidence of degeneration can usually be detected by 5 years  
after replacement. By 15 years, over 50% of tissue valves will have 
failed.37,38 Fortunately, valve failure is rarely sudden, and a second opera-
tion can frequently be done on an elective basis. Sudden cuspal tears can 
present as an acute regurgitant lesion.

Prosthetic valve dysfunction can present acutely due to prosthetic 
valve thrombosis or structural valve failure. Prosthetic valve endocardi-
tis is discussed separately.

■■   PROSTHETIC VALVE THROMBOSIS
Mechanical valves are obviously more prone to thrombosis, but this can 
occur also with bioprostheses. The risk of thromboembolism depends on 
the valve type (lowest for bileaflet), position (tricuspid > mitral > aortic) 
and underlying disease (higher risk with procoagulant states).5 Low-dose 
aspirin should be added in addition to warfarin anticoagulation for all 
mechanical valves except for patients at increased risk of bleeding.

In most extreme forms, thrombosis of the mechanical valve interferes 
with the dynamic motion, resulting in both stenosis (most common, due 
to restricted opening) and regurgitation (due to incomplete closure). 
If occluder mobility is severely restricted, patients present with acute 
severe stenosis and cardiogenic shock. Partial reduction of occluder 
mobility results in more subtle presentation, with progressive heart fail-
ure due to increased transvalvular gradients and regurgitation.

Biological valves are less prone to thrombosis. Anticoagulation is 
recommended for the first 3 months after implantation in mitral and 
tricuspid position, while aspirin alone is frequently used for aortic valve 
replacement. Thrombosis of a bioprostheses can present as a throm-
boembolic event, but can also lead to prosthetic valvular stenosis or 
regurgitation.

While rare (less than 2% per year), prosthetic valve thrombosis is a 
diagnostic and therapeutic emergency. Symptoms depend on the degree 
of valvular impairment. A large thrombus burden usually presents 
similar to acute valvular stenosis (and sometimes regurgitation), with 

sudden onset of pulmonary edema for left-sided valves or acute decom-
pensated right heart failure and acute congestive hepatopathy (“shock 
liver”) for right-sided valves. Clinical examination is challenging, and 
the classical description of “muffled” mechanical prosthetic sounds can 
be subtle or even absent (in the case of multiple mechanical prostheses, 
of which only one is dysfunctional; obviously, bioprosthesis do not have 
sharp sounds regardless of their functional status). A systolic ejection 
murmur (aortic prosthesis) or diastolic rumble (mitral and tricuspid 
prosthesis) can be heard. Tachycardia, third and fourth heart sounds, as 
well as signs of cardiogenic shock may be present.

Cues for diagnosis are provided by history and clinical presentation. 
In the case of mechanical valves, fluoroscopic examination provides 
diagnosis of restricted mobility of the valve (Fig. 41-8). Cardiac CT 
can provide similar information, but is associated with higher radiation 
dose. Transthoracic echocardiography can identify restricted mobility of 
mechanical occluders, but sometimes this is challenging due to acoustic 
shadowing. Presence of increased transvalvular gradients should raise 
the suspicion for prosthetic valve thrombosis. TEE is probably the most 
useful tool, as it provides diagnostic quality images, and can be per-
formed at bedside in the acutely ill patient.

Management of patients with acute prosthetic valve thrombosis is 
challenging. Beyond routine nonspecific measures for cardiogenic 
shock, intervention on the thrombus is required. On one hand, sur-
gery in critically ill patients can be associated with high mortality, 
and on the other hand thrombolytic therapy (especially of left-sided 
valve) can be associated with devastating embolic complications. For 
left-sided valves, current ACC/AHA guidelines favor surgery over 
thrombolytic therapy when large thrombus burden is present. Smaller 
thrombi (<0.8 cm2) are associated with lower risk of systemic emboliza-
tion, and lytic therapy can be considered. In the case of nonocclusive 
thrombosis, a trial of unfractionated heparin should be initiated (in 
addition to warfarin and aspirin). For right-sided valves thrombolysis is 
recommended for large occlusive thrombi; small clots should be treated 
with heparin. Patients who are not surgical candidates and who have 
contraindication to lytic therapy can be treated with a combination 
of subcutaneous unfractionated heparin (with target aPTT of 55-80 s)  
and warfarin (target INR 2.5-3.5) for 1 to 3 months.5 Regardless of type 
of therapy, the INR target should be increased postevent to 3 to 4 for 
aortic prostheses and 3.5 to 4.5 for mitral and tricuspid prostheses.

FIGURE 41-8.  Prosthetic valve thrombosis of mechanical (top row) and biological (bottom row) valve prostheses. TEE (A) and fluoroscopy (B) show limited systolic opening of the bileaflet 
occluders of a mechanical mitral valve prosthesis (arrows). C. Examination of the explanted valve showed large thrombus on the ventricular side of the prosthesis. D. TEE shows marked thickening 
of one of the mitral valve bioprosthetic leaflets (arrow). E. Live 3D TEE image reconstructed from the left ventricular view shows that two of the three leaflets are immobile. This patient has both 
severe stenosis and moderate regurgitation. F. The thrombus has nearly resolved after 1 month of oral anticoagulation, with thin appearance of the leaflet body.
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KEY POINTS—PROSTHETIC VALVES

•• Prosthetic valve thrombosis presents with thromboembolic events 
or heart failure due to valve obstruction. Diagnosis is made by 
echocardiography or fluoroscopy. Treatment depends on location 
(left- vs right-sided valves) and thrombus burden.

•• Structural failure of a mechanical prosthesis is rare and requires urgent 
reoperation. Failure of a bioprosthesis is frequent and progressive due 
to degeneration. Reoperation after stabilization is recommended.

■■ STRUCTURAL FAILURE OF PROSTHETIC VALVES
This is a rare, but devastating complication in the case of mechanical valves.  
Treatment is emergent surgery. Structural failure of bioprosthetic  
valves is common, and occurs due to progressive degeneration of  
the valve. Surveillance echocardiographic examination is recommended 
annually 5 years after bioprostheses implantation, or whenever clinical 
status changes. Treatment is usually reoperation. Transcatheter tech-
niques (valve-in-prosthesis implantation) are currently being evaluated.

INFECTIVE ENDOCARDITIS
Infective endocarditis (IE) is a disease caused by microbial infection of 
the endothelial lining of intracardiac structures. Despite advances in 
diagnosis and antimicrobial therapy, mortality remains high, approach-
ing 25% at 6 months.39

■■ ETIOLOGY
A variety of microorganisms can cause IE, but staphylococci and 
streptococci are responsible for ~80% of cases of native valve endo-
carditis, with gram-negative bacilli, HACEK group organisms, fungi, 
polymicrobial or culture-negative endocarditis being responsible for the 
rest.39 Prosthetic valve endocarditis is a serious complication that occurs 
in 1% to 9% of patients.40 Early prosthetic valve endocarditis (within  
60 days of implantation) is usually caused by Staphylococcus epidermidis 
and Staphylococcus aureus, while late prosthetic valve endocarditis is 
caused most commonly by viridans streptococci.

■■ PATHOPHYSIOLOGY
Development of IE is a result of the complex interaction between blood-
stream pathogens and the matrix molecules and platelets at sites of endo-
cardial cell damage. The initial step consists of formation of nonbacterial 
thrombotic lesions at sites of endothelial damage (typically at sites of 
turbulent flow or of mechanical contact with intravascular/intracardiac 
devices), followed by transient bacteremia/fungemia with species of 
pathogenic potential, adherence to the sterile thrombus, and prolifera-
tion within the vegetation. Microorganisms adherent to the vegetation 
stimulate further deposition of fibrin and platelets on their surface. 
Within this secluded focus, the buried microorganisms multiply rapidly.41

The impact of IE is related to three factors: degree of valvular destruc-
tion leading to hemodynamic alterations, extension into adjacent struc-
ture (abscess/fistula formation), and embolization of infected material 
leading to peripheral organ abscess formation. The degree of valvular 
destruction depends largely on the balance between microorganism 
virulence and host defense mechanisms. The potential for local exten-
sion depends on virulence (staphylococci being the most aggressive), 
but also on the nature of the valve (significantly higher risk with valve 
prostheses), and position (aortic more frequent than mitral). Local 
extension leads initially to a cellulitic process (phlegmon); once cen-
tral necrosis ensues, fluid filled cavities appear, expand, and coalesce, 
leading to abscess formation. Pseudoaneurysms are formed when the 
abscess cavity opens to the endocardial surface, and are most commonly 

seen around the aortic root. Fistulas can result from perforation of 
cardiac structures. The embolic potential is related to the particular 
valve involvement (mitral more common than aortic), vegetation size 
(higher potential for vegetations >10 mm), and mobility (high mobility 
having obviously higher potential). The embolic potential dramatically 
decreases with appropriate antibiotic therapy regardless of location, size, 
and mobility.

■■ CLINICAL PRESENTATION
The most important step for a timely diagnosis is a high index of sus-
picion. Indeed, presence of a febrile illness in combination with a new 
valvular regurgitation, fever in patients with preexisting cardiac lesions 
or intravascular hardware, persistently positive blood cultures, presence 
of unexplained peripheral abscesses (renal, splenic, vertebral, cerebral), 
and the association of fever and embolic events should raise the suspi-
cion of bacterial endocarditis.

As etiology is highly variable, depending on both the causative micro-
organism and host, it is not surprising that clinical presentation does 
not follow a single pattern. In broad terms, infectious endocarditis can 
present either as an acute, rapidly progressive disease, or as a subacute 
or chronic disease. Fever is the most common symptom, occurring in 
the majority of patients. Chills, weight loss, fatigue, and/or poor appe-
tite are also common. The classic immunologic phenomena (splinter 
hemorrhages, Roth spots, and glomerulonephritis) are less common, as 
patients present earlier in the disease. Septic emboli to the spleen, brain, 
kidney, spine, or lung remain common, and are frequently the culprit 
of the first medical evaluation. An elevated C-reactive protein and 
sedimentation rate, leukocytosis, and anemia are common findings, but 
nonspecific for infectious endocarditis. The cornerstone of laboratory 
diagnosis is presence of positive blood cultures.

Cardiac examination shows frequently new or worsening heart mur-
murs. Such a finding in the appropriate clinical context should prompt 
immediate echocardiographic evaluation. The choice of transthoracic 
(TTE) versus transesophageal (TEE) echocardiography as a first imag-
ing modality depends on the clinical scenario. TTE is usually the first 
triage step in the majority of cases, with vegetations larger than ∼3 mm  
being usually well seen. TTE has excellent specificity, but lower sensi-
tivity for diagnosis, especially for presence of perivalvular abscess or 
prosthetic valve vegetations. TEE should be performed in patients with 
high clinical suspicion, as the sensitivity for detecting small lesions 
is substantially improved. In patients with prosthetic heart valves, 
intravascular devices, suspected valvular abscesses, or when planning 
surgery it is best to start directly with a TEE. Repeat echocardiographic 
examination is recommended for assessment of patients with high index 
of suspicion in whom the initial study was negative, whenever clinical 
deterioration occurs, or for monitoring disease progress in patients 
with high-risk features (large vegetations, paravalvular extension, severe 
regurgitation, or new ventricular dysfunction). Serial ECGs should be 
performed for assessment of atrioventricular conduction; presence of a 
new AV block of any degree should prompt thorough TEE examination 
for probable perivalvular extension. Diagnosis is based on positive blood 
cultures, echocardiographic findings, and clinical signs, according to the 
Duke criteria.

Beyond the infectious syndrome, patients present with acute cardiac  
decompensation secondary to hemodynamic alterations caused by endo-
carditis; from a hemodynamic standpoint, these are treated similarly to 
other causes of acute valvular regurgitation (see above). Complications 
include abscesses, dehiscence (prosthetic valves)/destruction (native 
valves) with severe regurgitation, and embolization (Fig. 41-9). Immediate 
surgery is indicated in patients who are hemodynamically unstable,  
have significant valve dysfunction, or fail to respond to antibiotic therapy. 
Early surgery is advocated also to remove the infected foreign material in 
the case of prosthetic valves. Infected pacemakers/defibrillators should 
be explanted completely (leads and generator); in patients who are pace-
maker dependent, a temporary pacing lead can be implanted from an 
internal jugular vein approach.
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FIGURE 41-9.  This case illustrates the very complex anatomy after multiple surgeries for aortic valve endocarditis. The patient had two surgeries for aortic valve endocarditis (first one 
with replacement with a bioprosthesis; second one with removal of the bioprosthesis, repair of an ascending aortic aneurysm, and insertion of a mechanical bileaflet valve high in the aorta 
(supra-annular position). As the native coronary ostia were left below the new valve, triple bypass was performed at the same time. A. Transthoracic echocardiography shows a vegetation at 
the previous site of the aortic valve (arrow), as well as a posterior echolucent space representing a pseudoaneurysm (PsA). The mechanical prosthesis is not visible on this study. B. Color Doppler 
shows retrograde diastolic flow from the large pseudoaneurysm into the left ventricular outflow area. C and D. Short axis views show back-and-forth flow between the left ventricle and the 
pseudoaneurysm of the ascending aorta. E and F. Cardiac CT shows presence of the mechanical aortic valve in very high position (arrows) as well as the large pseudoaneurysm at the base of the 
ascending aorta. Note also patent bypass grafts on 3D CT reconstruction.
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KEY POINTS—INFECTIVE ENDOCARDITIS

•• Staphylococci and streptococci are the most common causes of 
infective endocarditis.

•• Diagnosis is based on positive blood cultures, echocardiographic 
findings, and clinical signs (Duke criteria).

•• TTE is usually the initial imaging modality.
•• TEE should be performed as a first step in patients with prosthetic 

valves and intracardiac devices, suspected perivalvular extension 
of infection, or for surgical planning.

•• Valvular regurgitation, perivalvular extension of infection, and 
systemic embolization are important complications and should be 
actively sought on clinical examination and ECG.

•• Repeat TTE/TEE should be performed in patients with initial neg-
ative study but high clinical index of suspicion, for clinical dete-
rioration, and for assessment of progression of high-risk lesions.

•• Patients with IE on background of intracardiac hardware (pros-
thetic valves, intracardiac devices) should be considered for 
surgery for early removal of infected device.

•• Immediate surgery should be performed in patients with hemody-
namic instability and failure of antibiotic therapy.
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Aortic Dissection
Vlad Cotarlan
Joseph J. Austin42

C H A P T E R

KEY POINTS

•• Potentially the most important diagnosis with highest life-saving 
capability in medicine.

•• Challenging diagnosis requiring high clinical suspicion and quick, 
efficient use of diagnostic modalities.

•• Clinically, the typical pain, incongruous poor tissue perfusion 
despite hypertension, and/or evidence of aortic branch occlusion 
suggest the diagnosis.

•• Emergent control/support of blood pressure and pain is imperative.
•• Investigation with urgent CT angiogram or TEE to confirm diag-

nosis and complications.
•• Categorize as type A (ascending aorta involved) versus type B 

(only descending aorta involved) to direct definitive treatment.
•• Type A requires emergency cardiac surgical repair.
•• Type B managed with emergency medical management versus 

endostenting or surgery if complicated.
•• Long-term strict control of hypertension and surveillance important 

to identify need for late intervention and maximize long-term survival.

FIGURE 42-1.  Aortic dissection begins with an intimal tear (1) leading to a hematoma 
that separates the layers of the aortic wall. The sequelae are rupture through the adventitia 
into the pericardium (2), prolapse of the aortic valve cusps leading to aortic insufficiency  
(3), compression of the aortic branch vessels (4), and aneurysmal dilation of the ascending 
arch and descending aorta.
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INTRODUCTION
Aortic dissection occurs much more frequently than previously appreci-
ated and is actually the most common catastrophe affecting the aorta, 
occurring 2 to 3 times more commonly than acute abdominal aortic 
aneurysm rupture.1-3 Although the diagnosis is sometimes obvious, the 
majority of cases are not clear-cut and the patient’s survival will depend 
on a high index of suspicion by the physician despite a myriad of differ-
ent clinical presentations. Time is of the essence as the mortality is 50% 
for the first 48 hours without treatment and 85% to 90% over 3 months. 
The typically hypertensive patient must have their blood pressure and 
pain controlled quickly followed by rapid diagnosis with definitive 
imaging and immediate relegation to the appropriate therapy of either 
emergency surgery or medical management/endostenting.

PATHOGENESIS
Previously, aortic dissections were referred to as dissecting aneurysms, as 
originally coined by Laënnec. This is a misnomer in that the pathology is a 
dissecting hematoma that separates the intima and inner layers of the media 
from the outer medial and adventitial layers (Fig. 42-1). The intima is there-
fore not aneurysmal, and is, if anything, narrowed. Blood invades the media 
through a tear in the intima and proceeds ante- or retrogradely through the 
aortic wall, forming a false lumen.4 In type A dissections (originating in the 
ascending aorta) the hematoma commonly spirals around the right and 
posterior aspects of the ascending aorta, supraposteriorly along the arch, 
and then down the left and posterior aspects of the descending aorta. The 
hematoma may then have several serious sequelae. It may rupture into the 
pericardial space causing tamponade or into the pleural space with exsan-
guinating hemorrhage, especially in type B dissections (begin after the left 
subclavian artery). This occurs less frequently than expected because the 
adventitial layer represents 66% of the overall strength of the aortic wall. It 
may also cause occlusion of aortic branch arteries or prolapse of one or more 
of the aortic valve cusps, resulting in acute aortic insufficiency.

Generally the tear is due to either a weakening of the wall of the aorta, 
an increase in luminal shear stress, or both. Weakening of the aortic  
wall can occur as the result of medial degeneration or iatrogenic 
injury. Medial degeneration (cystic medial degeneration or necrosis) 
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is manifested by the loss of smooth muscle cells and accumulation of 
basophilic amorphous material with or without associated “cysts” in 
the aortic media. This is believed to be due to inborn errors of metabo-
lism (Marfan or Ehlers-Danlos syndrome). There is a reduction in the 
cohesiveness of the layers of the aortic wall as a result. Other causes of 
reduced wall strength causing aortic dissection include annuloaortic 
ectasia, coarctation, and pregnancy (especially in the third trimester). A 
bicuspid aortic valve is present in up to 22% of type A dissections and 
dissections occur 5 to 10 times more commonly than in trileaflet aortic 
valves.5 The aortic wall has been found to be abnormal in these patients 
with increased expression of genes associated with cell death (eg, the 
gene for interleukin-1B) causing reduced collagen content similar to 
that seen in Marfan syndrome.6 Iatrogenic injuries occur during open 
heart surgical procedures at any point where the aorta is invaded, such 
as the aortotomy for an aortic valve replacement or the proximal anas-
tomosis of an aortocoronary bypass graft. Stresses applied to the aortic 
wall increase wall tension and lead to dissections. Most important are 
intraluminal shear stresses, which are related both to the level of the 
systolic blood pressure and to the steepness of the aortic pulse wave.2 
This is referred to as dP/dTmax and represents the speed with which the 
maximal systolic pressure is attained in the aortic root. As this increases, 
so too does the shear stress on the ascending aorta.7

Human genetic and biomarkers studies and findings from ani-
mal models suggest the possibility of identifying some genetic and 
biomarker risk factors for dissection. This could potentially lead to 
improved targets for drug development to stabilize the aortic wall in 
high-risk patients and prevent dissections.8

CLASSIFICATION
Dissections are classified by timing and location to identify the morbid-
ity and mortality for the specific lesions.

■■ TIMING
•• Acute: <2 weeks
•• Chronic: >2 weeks

Acute dissections are very high-risk lesions with an estimated mortal-
ity for type A of 50% for the first 48 hours (~1% per hour).

■■ LOCATION

•• Type A (Fig. 42-2A-E): The ascending aorta is involved independent 
of the site of the intimal tear (since 15% of transverse arch and 5% of  
descending aortic tears will involve the ascending aorta by retrograde 
dissection), and may include the aortic arch and part or all of  
the descending thoracic and abdominal aorta. In autopsy series, type 
A dissections outnumber type B dissections almost 2:1.9

•• Type B (Fig. 42-3A and B): Descending aorta (beyond the left sub-
clavian artery).

 This classification system, proposed by Daily and colleagues and pop-
ularized by the Stanford group, replaces the original system proposed by 
DeBakey (Fig. 42-4). The classification system is based on the risk of 
sudden death from the dissection, which is highest in type A. Here the 
dissection may cause tamponade or severe aortic insufficiency with con-
gestive heart failure as well as coronary thrombosis, especially involving 
the right coronary artery, with acute myocardial infarction. Type B 
dissections do not have these risks and generally can be approached 
and managed conservatively. As a result, therapeutic interventions are 
dependent on location with almost all type A dissections requiring 
urgent operative intervention, whereas type B dissections are managed 
primarily pharmacologically or with endostenting and, less commonly, 
surgery for specific complications. Long-term surveillance is imperative 
to follow potential dilatation of the descending aorta (especially if the 
false lumen is patent), as in up to 40% of patients the type B dissections 

can lead to late death.10 Endostenting has been proposed as an interven-
tion to improve survival in these patients.11-13

AORTIC INTRAMURAL HEMATOMA
Aortic intramural hematoma (IMH) results from hemorrhage within the 
aortic wall without disruption of the intima. It is likely due to rupture of 
the vasa vasorum and may progress to rupture through the intima to form 
a classic dissection in up to 33% to 47% of cases while only 10% regress.14

It is an entity that is frequently confused with aortic dissection. The 
diagnosis, management, and prognosis of IMH remain debatable.15-17 
Most authors believe the clinical course is similar enough to warrant 
treatment of IMH the same as a classical dissection (Fig. 42-5).18-21 
The diameter of the aorta is important in that if the aortic diameter  
is <45 mm at 1 month follow-up, then most will resolve. Complications 
appear to occur mainly in patients with an aortic diameter over 45 mm.19 
The same consideration is given to atherosclerotic penetrating ulcers. It 
is suggested that these ulcers, IMH, and dissection might all be related 
and should be treated in similar fashion.22,23

CLINICAL PICTURE
Men, particularly African-Americans, are at two to three times the risk 
of developing an aortic dissection as women. More than 90% will have a 
history of hypertension requiring treatment. The presentation of an acute 
dissection can be subtle, demanding great attention to detail to make the 
diagnosis, or classic and obvious. A new murmur of aortic insufficiency 
is present in 50% to 66% of type A dissections24 due to the loss of support 
of the valve at the commissures as the inner layer of the aorta collapses 
inward. A continuous murmur suggests rupture of the dissection into the 
right ventricle or atrium. The signs and symptoms are related to the loca-
tion of the tear and the extent of the hematoma dissection. These are man-
ifested mainly by pain, poor peripheral perfusion despite an increased 
blood pressure, and signs and symptoms of aortic branch occlusion.

■■ PAIN
Typically, the pain is either retrosternal or central interscapular back 
pain, but it may be epigastric. Classically, it begins in the chest, moves 
to the back, and then moves down to the abdomen or lower extremi-
ties as the dissection progresses, but this pattern is rarely seen. Patients 
describe the pain as “sharp,” “tearing,” or “knife-like,” and it is most 
often excruciating in intensity. To differentiate it from angina, the pain 
is maximal immediately upon onset, and it is often difficult to obtain 
relief with opiates. Clinical diagnostic accuracy may approach 90% if 
three basic questions are asked regarding the pain’s quality (tearing or 
ripping), radiation (beginning between the scapulae and radiating down 
the back), and the intensity at onset (abrupt onset of 10/10 pain).25

■■ POOR PERFUSION
Patients frequently present with evidence of shock, with a cool, clammy 
periphery, ashen coloring, and depressed level of consciousness, and 
yet markedly elevated systolic blood pressure frequently exceeding 
200 mm Hg. Most often this is due to reflex sympathetic discharge from 
the intense pain. It can occur, however, with myocardial infarction due 
to coronary artery occlusion (especially the right coronary artery) by 
the dissection, or from severe aortic insufficiency with congestive heart 
failure, which is present in 30% to 60% of patients with type A dissec-
tions. If the blood pressure is depressed, the dissection may have rup-
tured into the pericardium with tamponade (as occurs in up to 30% of 
type A dissections) or into the pleural space (left more often than right) 
with resulting hypovolemia. Hypotension occurred in >25% of patients 
with acute aortic dissection among patients enrolled in the International 
Registry of Acute Aortic Dissection (IRAD) and was associated with 
much higher rate of in-hospital adverse events.26 Cardiac tamponade is a 
life-threatening complication and the leading cause of death. Emergency 
echo-directed percutaneous drainage of pericardial effusions causing 
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FIGURE 42-2.  A. Contrast-enhanced CT scan of the thorax in a 66-year-old man with acute chest pain radiating to the back and left flank. A dilated aortic root and intimal tear are present. 
Contrast material fills the true lumen first (open arrow), while false-lumen filling is delayed (solid arrow). B. Type A dissection with blood (bluish discoloration—arrow) in the subadventitial 
layer. Ao, aorta; Pa, pulmonary artery; RA, right atrium. C. Aorta opened showing clot in false lumen (wide arrow) and true lumen (narrow arrow). D. Proximal aorta (ascending aorta has been 
resected) showing aortic valve leaflets (A), false lumen (B), and distal aorta (C). E. Interposed Dacron graft (large arrow) with sidearm (small arrow).
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FIGURE 42-3.  A. CT angiogram of chest in a 51-year-old man with severe back 
pain, hypertension, and reduced pulses in the femoral arteries showing type B dissection 
in descending thoracic aorta with false lumen (wide arrow) compressing the true lumen 
(narrow arrow) and normal ascending aorta (Ao). B. Endostent placed in the descend-
ing aorta (arrow) beginning just beyond the left subclavian artery. (Used permission of  
Dr. Benjamin Starnes, Chief, Division of Vascular Surgery, University of Washington.)

tamponade may be performed for hemodynamic instability but should 
not delay surgery.27,28

■■ SIGNS AND SYMPTOMS OF AORTIC BRANCH OCCLUSION
Approximately one-third of all patients will present with compromised 
flow to a major branch of the aorta as part of their presentation.29 The 
vessel may be sheared off or compressed, resulting in occlusion and/or 
thrombosis, or be perfused through the false lumen (Fig. 42-6).

Table 42-1 lists the vessels affected and the manifestations. The dissec-
tion usually travels in a spiral motion down the thoracic aorta such that 
the celiac axis, superior mesenteric artery, and right renal artery remain 
intact. In type A dissections the innominate artery (and thus blood 
flow to the right carotid artery to the brain, causing cerebrovascular  
insufficiency, and the right subclavian artery to the right upper extrem-
ity, causing a pulse deficit) are the most frequently affected. A measured 
brachial pressure differential of greater than 20 mm Hg should lead the 
clinician to strongly consider the diagnosis of type A dissection. The dis-
section usually stops at the level of the iliac arteries, with the left iliac 
more often affected, leading to compromised blood flow to the left leg. 
Rarely is there only one tear in the aorta, and more commonly, the dis-
section has multiple reentry sites along its path down the aorta. The 
common femoral arteries are seldom dissected, an important issue at 

Type A Type B

1

32

FIGURE 42-4.  Classification of aortic dissection based on the presence or absence of ascending 
aortic involvement. Type A dissections involve the ascending aorta, and type B dissections do not. 
The intimal tear in type A dissections may be in the ascending aorta (1), the arch (2), or the descend-
ing aorta (3). Type A includes DeBakey types I and II. In type B dissection, the intimal tear is distal to 
the left subclavian artery origin. Type B dissections correspond to DeBakey type III. (Reproduced with 
permission from McGoon C. Cardiac Surgery. 2nd ed. Philadelphia, PA: FA Davis; 1987.)

FIGURE 42-5.  IMH of aortic arch and descending thoracic aorta (arrow). No flap is pres-
ent, which excludes the diagnosis of classical dissection.
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surgery, since cannulation of the femoral artery is one option for plac-
ing the patient on cardiopulmonary bypass (CPB).30 Fortunately, the 
visceral and renal vessels are affected in less than 3% of patients, since 
their involvement denotes a much increased mortality rate of 41% versus 
27%.31 Neurologic sequelae are of particular concern. Some neurologic 
dysfunction, such as depressed level of consciousness or dizziness, is said 
to occur in 30% to 50% of patients.3 However, concrete focal neurologic 
deficits occur much less frequently (<10% overall), and may affect the 
central nervous system (CNS), spinal cord, or peripheral nerves. CNS 
deficits range from minor transient ischemic attacks to deep coma. 
Cerebrovascular accidents (CVAs) causing hemiparesis affect 5.5%  
to 6.7% of patients with type A dissections. They are primarily due to 
innominate-carotid artery occlusion, with the right side affected in 
two-thirds of cases. They can also be caused by emboli or low flow with 
thrombosis due to previous carotid stenosis. Paraparesis and paraplegia 
fortunately are rare (2% of type A), because they portend a very poor 
prognosis. Occasionally patients may present with vascular compro-
mise foremost in their complaints and findings. A patient suffering an 
acute occlusion of blood flow into their lower extremity, particularly 

the left, with no definite clot or embolus found at surgery should be 
strongly suspected of having a dissection and investigated immediately. 
Unfortunately the physical findings classically associated with dissec-
tion are present in less than half of all cases, thereby necessitating a high 
index of suspicion to save these patients.32

INVESTIGATIONS AND DIAGNOSIS

■■ LABORATORY
Laboratory data are usually within normal limits in patients with acute 
dissection. The white blood cell count may be slightly elevated to 12,000 
to 20,000/μL, most likely as a stress response. Electrocardiogram (ECG) 
interpretation may show left ventricular hypertrophy due to chronic 
hypertension, but other changes are rare. Acute ischemic changes 
should raise the concern of coronary artery involvement by the dissec-
tion in the patient with a typical history. Conversely, to avoid the dire 
consequences of misdiagnosis, any patient presenting to the emergency 
department with ECG changes suggesting myocardial ischemia (espe-
cially with evidence of right coronary artery involvement) should have 
their history considered carefully before immediately moving to urgent 
cardiac catheterization to treat the more prevalent condition of athero-
sclerotic coronary artery disease (CAD).

■■ DIAGNOSTIC IMAGING
Imaging is a critical step in diagnosis, classification, and management of 
aortic dissection. Standard anteroposterior and lateral chest x-rays (CXR) 
often reveal a widened mediastinum (Fig. 42-7), although this may be 
absent in up to 40% of type A dissections. Classically, the aorta bulges to 
the right with type A and to the left with type B dissections. Occasionally 
a double rim of calcification may be present in the distal aortic arch or a 
pleural effusion may be present, left more commonly than right. This may 
be the result of a periaortic inflammatory reaction at the site of dissection, 
although frank blood (hemothorax) may be seen in cases of aortic rupture. 
Although the CXR may raise the suspicion for aortic dissection or support 
the clinical impression, it is rarely diagnostic. Consequently, a normal 
CXR on presentation should not delay solicitation of advanced imaging for 
exclusion of aortic dissection in the appropriate clinical setting.

A C

B D

FIGURE 42-6.  Aortic branch occlusion mechanisms. A. Compression of the true lumen 
by the false lumen with a patent true lumen. B. Complete occlusion of the true lumen by the 
false lumen with thrombosis. C. Complete avulsion of the intima from the origin of the branch 
vessel with blood flow provided both from the false lumen and the true lumen via distal 
reentry. D. Complete occlusion of the true lumen by the false lumen beyond the branch orifice. 
(Reproduced with permission from Cambria RP, Brewster DC, Gertler J, et al. Vascular complica-
tions associated with spontaneous aortic dissection. J Vasc Surg. February 1988;7(2):199-209.)

FIGURE 42-7.  Chest x-ray illustrating widened mediastinum with blunting of the aortic knob.

  TABLE 42-1    Aortic Branch Occlusion

Site Manifestation

Iliofemoral (35%) Lower extremity ischemia

Carotid (21%) Cerebrovascular accident (CVA)

Subclavian (14%) Upper extremity ischemia

Renal (14%) Renal failure or hypertension

Mesenteric (8%) Intestinal ischemia

Abdominal aorta (7%) Aortic aneurysm

Peripheral vascular complications are listed in decreasing frequency. Overall 8% to 56% of patients 
sustain aortic branch complications. Extensive dissections are at higher risk (49%-56%) than if isolated 
to either the ascending or proximal descending aorta (8%-13%).
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Several imaging techniques including aortography, computed tomo-
graphic (CT) scanning, magnetic resonance imaging (MRI), and echo-
cardiography are highly accurate for the diagnosis and classification of 
dissections.33 In the past, aortic angiography was commonly used as the initial 
definitive diagnostic method with high sensitivity and specificity (Fig. 42-8).  

However, it is now rarely used due to development of advanced non-
invasive techniques with the added benefit of improved detection of the 
aortic IMH and penetrating ulcer variants.33-37

Since type A dissections are life-threatening surgical emergencies, it is 
critical to assess involvement of the ascending aorta.

Contrast-enhanced CT scanning is readily available at most institu-
tions and is the most commonly used modality to evaluate aortic dis-
sections, particularly in patients with type B.38 Specific identification 
of true and false lumens with a flap is possible, as well as detection of 
pericardial effusion and accurate depiction of the extent of the dissec-
tion. The newer spiral (helical) CT scans that are now available in most 
hospitals yield excellent two- and three-dimensional images and should 
be electrocardiographically gated to reduce motion artifacts from a 
pulsating aorta (Fig. 42-9A and B).39 CT scanning is very accurate for 
the diagnosis of dissection (̴98-100% accuracy)32,33,40 and is superior 
to transesophageal echocardiography (TEE) for the detection of aortic 
branch involvement (̴96% accuracy).33 Unlike TEE, however, CT does 
not yield information regarding aortic insufficiency or left ventricular 
function and requires exposure to potentially nephrotoxic radiographic 
contrast and radiation and may be problematic in unstable patients.

Transthoracic echocardiography (TTE) has low sensitivity to diag-
nose aortic dissections due to limited visualization of the distal ascend-
ing aorta, aortic arch, and descending aorta. A dissection flap can 
be occasionally seen in the ascending aorta that yields the diagnosis 
(Fig.  42-10).36,41 Application of harmonic imaging and administration 
of contrast may improve the accuracy of TTE in diagnosis of ascending 

FIGURE 42-8.  A. Aortogram (lateral projection). Grossly dilated ascending aorta (open arrow) 
with visible intimal flap (solid arrow). Note normal descending aorta. B. Contrast-enhanced CT scan of 
the thorax of the same patient. Arrow identifies intimal flap. (Reproduced with permission from Kotler N, 
Steiner RM. Cardiac Imaging: New Technologies and Clinical Applications. Philadelphia, PA: FA Davis; 1986.)

FIGURE 42-9.  Contrast-enhanced spiral CT with 3D reconstruction shows extensive type A aortic dissection involving the ascending aorta, the arch and descending aorta down to the iliac 
arteries (A) and involvement of the right coronary artery (B).
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lumens, when the false lumen is thrombosed. Recent studies have also 
demonstrated the added benefit of contrast administration during TEE 
for accurate identification of IMHs, penetrating aortic ulcers, as well as 
better assessment of flow dynamics within the dissected aorta.48

TEE is generally well tolerated, can be performed under conscious 
sedation at the bedside, or with minimal sedation or no sedation in 
hemodynamically unstable patients.49 This procedure is, thus, preferable 
to CT in the critically ill patient with suspected aortic dissection who 
requires continuous ICU monitoring and is too unstable for transporta-
tion to the radiology suite.

MRI is very accurate, sensitive, and specific, but has very limited role 
for the diagnosis of acute aortic dissection as the procedure requires 
up to 45 minutes, which is difficult in a critically ill patient.33,50,51 It is 
not readily available on an emergent basis and is contraindicated in 
patients with pacemakers, defibrillators, and various types of vascular 
clips. Renal dysfunction is a relative contraindication when gado-
linium is used. For these reasons, it is mostly used in stable patients for 
long-term follow-up, or when diagnosis is uncertain after CT or TEE. 
Excellent contrast can be obtained between extraluminal structures, 
and it allows the visualization of vascular walls and both clotted and 
flowing blood. MR technology is advancing rapidly, with accuracy 
approaching 100% with phase-contrast cine MR angiography. New 
MRI sequences (such as the breath-hold gradient-echo) have been 
able to significantly reduce the procedure time without compromising 
accuracy.52

The authors recommend helical CTA as the initial investigation for 
most stable patients, preferably electrocardiographically gated. TEE 
may be used, alternatively, in a critically ill patient in the ICU setting or 
if the CT scan is equivocal. If this is negative and there is still a strong 
suspicion of dissection, then MR angiography may be performed in a 
stable patient. Once the patient is identified to have a type A dissection, 
the patient should be taken emergently to the operating room where 
TEE can be performed to assess the aortic valve. This approach may be 
modified based on the availability and local expertise with these imaging 
techniques at each institution.

NATURAL HISTORY
Untreated acute type A aortic dissections have a uniformly poor prog-
nosis. Fifty percent of patients die within the first 48 hours, and <10% 
will survive 1 month. Poor prognostic variables include aortic branch 
complications (particularly mesenteric and renal arteries), type A dissec-
tions, associated CAD, and neurologic deficits (CVA and paraplegia).53

Hemodynamic instability (systolic BP <90 mm Hg) represents a 32% 
mortality versus 8.5% for those with stable hemodynamics while those 
with pericardial effusion have 54% mortality.28,54

FIGURE 42-10.  Transthoracic echocardiogram shows a dissection flap in the proximal 
ascending aorta (parasternal long axis view).

aortic dissection.42,43 TTE is readily available at bedside in most clini-
cal settings and it can be used as an initial rapid screening method but 
should not delay timely computed tomography (CT) scanning or TEE 
when clinical suspicion is high. Its role is mostly for quick assessment of 
proximal ascending aorta, aortic valve, pericardial effusion, and cardiac 
function while arranging emergently for CT or TEE.

TEE has the major advantage of being a portable procedure that can 
be performed virtually anywhere (emergency room, intensive care unit, 
operating room) and yields a diagnosis in minutes after starting the pro-
cedure with a sensitivity, specificity, and diagnostic accuracy of 94% to  
99 %.34,36,44-47 It can accurately evaluate the most important issues of dissec-
tions: involvement of the ascending aorta, entry sites in the intimal flap, 
presence and severity of aortic insufficiency, aortic dilation, pericardial 
effusion, and cardiac function.45 It can also assess involvement of the cor-
onary arteries. Two lumens may be seen separated by a flap, or there may 
be central displacement of intimal calcification (Figs. 42-11 and 42-12).  
Early experience with bi- and multiplane probes indicated that errone-
ous diagnosis of ascending aorta dissection may be made in a minority 
of patients due to linear intraluminal reverberation artifacts within 
the aortic root or the proximal ascending aorta. Careful evaluation of 
images in multiple planes, particularly with the use of M-mode imag-
ing, can help distinguish artifacts from dissection flaps.44 The addition 
of color-coded Doppler allows better identification of the true and false 

FIGURE 42-11.  TEE shows long- and short-axis views of type A dissection extending in the descending aorta. Dissection flap protrudes through the AV in diastole (A) while it moves into the 
aorta in systole (B). Note the smaller true lumen (TL) and larger false lumen (FL) in the ascending aorta depicted by 2D imaging (C and D) as well as color Doppler imaging with communication 
between TL and FL through a discontinuation of the flap (small arrow in frame E). Descending aorta with turbulent high velocity in FL and low velocity in FL is shown in F.
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TREATMENT
To maximize survival, optimal treatment of acute dissections must 
include early pharmacologic control of blood pressure and pain, often 
before the definitive diagnosis is made, combined with appropriate sur-
gical intervention. All patients with aortic dissections must have inten-
sive monitoring. The patient should be placed on a cardiac monitor and 
have an intra-arterial catheter (for ongoing blood pressure control) and 
urinary catheter inserted. Blood should be drawn for standard labora-
tory investigations as well as cross and typing for blood transfusion in 
case surgery is needed. The patient should be observed closely for any 
change in hemodynamic parameters or neurologic function and for 
evidence of organ ischemia.

PHARMACOLOGIC CONTROL OF BLOOD PRESSURE

■■ ACUTE MANAGEMENT
The initial therapeutic goal is to halt the progression of the dissect-
ing hematoma and prevent aortic leakage or rupture. Pain control 
is very important to reduce the adrenergic drive and is usually 
accomplished with intravenous morphine or other intravenous opi-
ates. Antihypertensive agents are used to reduce the systolic blood 
pressure, heart rate, and velocity of LV contraction (or rate of rise in 
intra-ventricular pressure, so called dP/dTmax). This is usually accom-
plished with one or more antihypertensive agents listed in Table 42-2. 
The goal is a reduction of systolic blood pressure to the lowest tolerated 
for cerebral and end-organ perfusion (usually 100-110 mm Hg systolic) 
as evidenced by clear sensorium, good urinary output, and the absence 

of lactic acidosis, and a concomitant reduction in heart rate (usually 
<60 bpm). A higher heart rate may be needed to improve circulation if 
severe aortic regurgitation complicates aortic dissection.

Labetalol is the first choice among antihypertensive agents for blood 
pressure control in a patient with aortic dissection. It is a β1-, β2-, and  
α1-adrenergic receptor (AR) blocker available for intravenous use  
and therefore an excellent agent to quickly reduce blood pressure, heart 
rate, and dP/dTmax. It can be delivered by bolus (20 mg initially over 
2 minutes, followed by 20 to 80 mg every 10 to 15 minutes up to 300 mg 
cumulative dose) or as continuous infusion (0.5-2 mg/min). Although 
doses as high as 6 to 8 mg/min have been used, we recommend addi-
tion of a different vasodilator if >2 mg/min is required for BP control. 
Its onset of action occurs within 2 to 5 minutes with peak effect in 5 to 
15 minutes, and its duration of action is 2 to 12 hours. It is also suitable 
for long-term control of hypertension in oral form with usual doses of 
100 to 400 mg twice daily up to 2400 mg total daily dose.

Esmolol is an ultrashort-acting selective β1-adrenergic receptor 
blocker that is useful for patients with normal or labile blood pressure 
and for those expected to have emergent surgery. Its very rapid onset 
(decrease in heart rate in less than 2 minutes) and short duration of 
action (half-life of 8-10 minutes) allow for tight control of blood pres-
sure to the desired goal. It is usually administered as a bolus, 0.5 to 
1 mg/kg over 1 minute, followed by continuous infusion at 50 µg/kg/min  
that can be titrated in 50 µg/kg/min increments every 5 minutes up to a 
maximum of 300 µg/kg/min. Due to β1-receptor selectivity, its effect on 
blood pressure is significantly less than that of the nonselective labet-
alol. Intravenous metoprolol and propranolol can also be used for acute 
aortic dissection.

FIGURE 42-12.  TEE shows 2D and color Doppler imaging of type A dissection involving aortic valve with aortic insufficiency. A two-beat loop can be viewed online. TL, True Lumen; FL, False Lumen.

  TABLE 42-2    Antihypertensive Agents in Acute Aortic Dissection

Drug Mechanism Administration (Intravenous)

Labetalol hydrochloride α
1
- And β

1+2
-adrenergic blocker; decreases peripheral resistance without reflex 

increase in heart rate and myocardial contractility (dP/dT
max

); action in 5-10 min-
utes; half-life 6-8 hours 

	1.	 Bolus infusion: 0.25 mg/kg (20-80 mg over 2 minutes); may repeat 
every 10 minutes

	2.	 Continuous infusion: 0.5-2 mg/minutes. Max cumulative dose 300 mg/d

Esmolol hydrochloride β-Blocker with β
1
-selective blockade; decrease in heart rate and myocardial con-

tractility (dP/dT
max

); action in 2 min; half-life 8-10 min
	1.	 Bolus infusion: 500 μg/kg over 1 minute
	2.	 Continuous infusion: 25-200 μg/kg/min

Sodium nitroprusside Direct vascular smooth muscle relaxant; decreased peripheral resistance and pre-
load, may increase dP/dT

max
 when used alone; action in 1-2 min; half-life 2-3 min

Average continuous infusion: 0.5-3 μg/kg/min. Requires arterial line

Propanolol hydrochloride β-Adrenergic blocker; decreases myocardial contractility and peripheral resistance; 
action in 1-2 minutes; half-life 2-3 hours

Bolus infusion: 1-3 mg over 2-3 minutes; may repeat in 2-3 minutes

Enalaprilat Angiotensin-converting-enzyme inhibitor; action in <15 minnutes, duration 
~6 hours, has prolonged half-life with renal dysfunction

Bolus infusion: 0.625-1.25 mg every 6 hours
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Sodium nitroprusside is a potent venous and arterial vasodilator with 
very short onset of action (1-2 minutes) and half-life (2 minutes) that 
is very effective for acute blood pressure control. It is usually started at 
0.25 µg/kg/min and titrated up to 3 µg/kg/min but doses as high as 10 µg/
kg/min have been used. Nitroprusside may increase dP/dTmax through 
a sympathetic reflex from its peripheral vasodilatory effects when used 
alone. Therefore, it should be used in combination with a β-blocker and 
started after a reduction in heart rate (usually <80 bpm) is accomplished. 
It is typically used for initial BP control (24-48 hours) due to potential for 
thiocyanate toxicity with longer use and at doses greater than 3 µg/kg/
min. It requires continuous monitoring of blood pressure via arterial line. 

Nicardipine is a calcium channel blocking agent with a rapid onset 
(5-10 minutes). It is readily titratable and may be preferable to nitroprus-
side due to lack of toxicity.

β-Blockers are the cornerstone therapy for blood pressure control in  
acute aortic dissection but should be used with caution or avoided  
in certain clinical settings. β-Blockade without concomitant α-blockade 
in cocaine users is generally contraindicated due to risk of worsening 
arterial vasoconstriction and hypertension caused by unopposed α stim-
ulation. Labetalol is generally considered safer due to α- and β-blocking 
properties although verapamil is preferred in this setting which, in com-
bination with nitroglycerine, is very effective to reverse vasoconstriction 
caused by acute cocaine exposure.55 Benzodiazepines are used as first-
line treatment for the cocaine intoxicated patients while phentolamine 
can be used as a second-line agent for refractory cases.56 In patients with 
severe asthma, a selective β1-blocker such as metoprolol or esmolol, or 
a calcium channel blocker (CCB) such as verapamil or diltiazem should 
be used. CCB should be avoided in patients with heart failure due to 
severe left ventricular systolic dysfunction while β-blockers should be 
used with caution in such patients. Angiotensin-converting-enzyme 
inhibitors (ACEI) are usually reserved for chronic treatment. However, 
they can be very useful acutely if a renal artery is compromised by the 
dissection flap, causing excessive renin release. The agent of choice is 
intravenous enalaprilat (usual dose 0.625-1.25 mg every 6 hours).

Hypotension in a patient with suspected or proven aortic dissection 
should be investigated and treated promptly. Life-threatening compli-
cations such as cardiac tamponade or aortic rupture as well the pos-
sibility of pseudohypotension caused by blood pressure measurement 
in an extremity affected by the dissection flap should be evaluated. 
Persistent hypotension after volume resuscitation is generally treated 
with vasoactive drugs with little or no cardiac effects (phenylephrine 
or norepinephrine) while dopamine or dobutamine should generally 
be avoided. Phenylephrine (a pure α1-agonist) is the preferred vasoac-
tive drug followed by norepinephrine, which is mainly α1-agonist with 
some β1-activity. Central venous pressure via central line or complete 
hemodynamic monitoring via pulmonary arterial line may be helpful in 
patients with hypotension especially if congestive heart failure is present.

■■ CHRONIC MANAGEMENT
Once blood pressure and heart rate are controlled, intravenous drugs are 
gradually transitioned to oral agents. Long-term blood pressure control 
is extremely important for both types of dissection, whether repaired or 
managed conservatively, since many patients with repaired dissections 
(surgical or endovascular) may develop new aneurysms or pseudoaneu-
rysms, recurrent dissection, or rupture. β-Blockers remain the corner-
stone of chronic treatment but other agents such as ACEI, aldosterone 
receptor-blockers, or calcium channel-blockers can be used depending 
on the clinical situation.

■■ DEFINITIVE MANAGEMENT
Acute aortic dissections, especially type A, are extremely dangerous 
lesions that may become complicated with rupture and death at any 
moment. Investigations should be performed expeditiously to deter-
mine the dissection type and the presence of aortic branch complica-
tions. Patients with type A dissections should be offered urgent surgical 

intervention for maximal survival. Relative contraindications to sur-
gery include severe organ dysfunction such as diffuse CAD, end-stage 
chronic obstructive pulmonary disease, old age (for those over age 80 
the risk rises markedly, perhaps as high as 80%),57 moribund patient, 
paraplegia, and stroke. Whether an acute stroke represents a contraindi-
cation to surgery is controversial. Stroke does represent an independent 
negative influence on survival. Surgery may make the neurologic deficit 
worse due to intraoperative bleeding from heparinization, embolization, 
or reperfusion injury when the occluded carotid is reopened. Without 
surgery, however, these patients have a near uniformly fatal prognosis. 
It has been shown that the presence of the stroke does not increase the 
risk of mortality with surgery. Shumway group58 found 85% of survivors 
to be improved or unchanged neurologically, and suggested that there is 
no way to predict neurologic outcome from the preoperative neurologic 
status. Stroke is therefore only a relative contraindication to surgery, and 
only deeply comatose or moribund patients should be refused definitive 
surgical repair.

Aortic branch complications in type A dissections are best managed 
by surgically restoring flow to the true lumen by definitive repair of 
the dissection and postoperative assessment for persistent ischemia.29 
Less than 10% of patients will require further procedures for persistent 
ischemia after definitive repair of the dissection. Rarely, organ hypo-
perfusion may continue, necessitating emergent fenestration (creating 
communication between the true and false lumina) of the abdominal 
aorta, ideally by an interventional radiologist with cutting balloons.11

Type B dissection management has changed significantly in recent 
years. Uncomplicated type B dissections are best managed by intensive 
medical treatment of blood pressure and long-term surveillance for 
the development of complications.59 Endostenting has recently been 
approved by the FDA for use in aneurysms and dissections of the 
descending aorta in both the acute and chronic phases. Aortic stent-graft 
placement allows for occlusion of the intimal entry tear by implantation 
of a membrane-covered (Dacron), self-expanding (usually nitinol) stent 
(Fig. 42-13) to initiate progressive thrombus formation within the false 
lumen and resultant aortic remodeling.4 The limited number of studies 
thus far, including the INSTEAD60 and STABLE61 trials, show an initial 
successful placement rate of the stent of approximately 90%. The trials 
demonstrate improved aortic remodeling and obliteration of the false 
lumen, which should reduce the long-term risk of aneurysm develop-
ment. However, as of yet, endostenting has not been shown to improve 
long-term survival over medical therapy. Placement of the endostent in 

FIGURE 42-13.  Conformable GORE®TAG® Thoracic Endoprosthesis for stenting of type B 
dissections. (Used with permission of W. L. Gore & Associates, Inc., Flagstaff, AZ.)
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a center of excellence appears to be of importance for maximizing results 
in this complex condition.

Indications for Emergency Stenting (personal communication,  
Dr Benjamin Starnes, Chief of Vascular Surgery, University of Washington)

•• Organ malperfusion (kidney, limb, gut)
•• Rupture/leak (bloody left pleural effusion)
•• Progressive paraparesis/plegia (if occurs, need to aggressively drain 

cerebrospinal fluid and increase blood pressure to increase cord 
perfusion pressure)71-73

Complications of Stenting

•• CVA—3% (thought due to large delivery device contacting aortic 
arch during implantation)

•• Fevers (“postimplantation syndrome”—as can occur with deep venous 
thrombosis)

•• Thrombocytopenia (workup for heparin antibodies is usually negative)
•• Graft-related (all rare)

a.	 Migration
b.	 Fracture
c.	 Access complication (hematoma/pseudoaneurysm)
d.	 Endoleak

SURGICAL INTERVENTION
Dr Michael DeBakey is credited with the initial surgical successes in the 
treatment of acute aortic dissections. The procedures can be considered 
as being separate for type A and type B dissections.

■■ TYPE A
The surgical procedures for type A dissections are designed to treat 
the life-threatening complications in the ascending aorta. Many factors 
are important for deciding the appropriate surgical procedure for each 
patient and should be identified for the surgeon preoperatively.

	 1.	 Aortic valve abnormality/insufficiency (which would require repair 
at surgery).

	 2.	 Patency of the coronary arteries (possibly needing a bypass).
	 3.	 Size of the aortic arch (an enlarged aortic arch will necessitate a 

hemiarch or “elephant trunk” procedure with deep hypothermia and 
circulatory arrest).

	 4.	 Presence of connective tissue disease (eg, Marfan or Ehlers-Danlos 
syndrome) requiring a Bentall procedure.

	 5.	 Aortic branch compromise: Patients with an ischemic lower 
extremity require evaluation for its resolution when the repair of the 
dissection is complete. If the leg remains ischemic, then emergency 
aortic fenestration or femoral-femoral bypass will be necessary.

The surgical options include simple graft interposition, resuspension 
of the aortic valve and graft interposition, replacement of the aortic valve 
and supra-sinus graft interposition, and valved-conduit graft insertion 
(Bentall procedure) all with or without aortic arch repair requiring deep 
hypothermia and circulatory arrest. General preparation of the patient 
for the procedure includes continuous monitoring of arterial and central 
venous pressures and usually insertion of a pulmonary artery catheter 
and a TEE probe. The patient is placed on CPB by inserting the arte-
rial cannula into either a femoral artery (usually the right) or the right 
axillary artery.62 Through a median sternotomy, the patient undergoes 
continuous CPB and may require deep hypothermia (15°C-18°C) and 
total circulatory arrest if an arch repair is needed.63

Many surgeons feel it is important to resect the area of the tear 
in the aorta and thus use total circulatory arrest for all cases, especially 
for the  distal anastomosis, when replacing part or all of the aortic 

arch.64  The time spent with the circulation arrested ideally should be 
kept to less than 45 minutes to minimize organ dysfunction. The brain 
is the most sensitive of the body's organs to prolonged circulatory arrest, 
so several methods have been proposed to improve cerebral protection. 
Selective antegrade perfusion of the innominate and left carotid arteries 
as well as retrograde perfusion by cannulating the superior vena cava are 
utilized for periods of more prolonged arrest.65-68

Suprasinus graft interposition is performed for dissections not involv-
ing the aortic valve and without gross dilatation of the aortic arch. It 
involves interposing a woven Dacron tube graft from just above the 
aortic valve (at the level of the sinotubular junction) to the innominate 
artery (Fig. 42-14). The aortic wall may be reinforced with fibrin glue 
and/or felt to increase the strength of these friable tissues.

Resuspension of the aortic valve with suprasinus tube graft replace-
ment of the ascending aorta is indicated for aortic insufficiency in 
patients without connective tissue abnormalities. The aortic valve com-
missures are tacked back to the outer wall of the aorta (Fig. 42-15) so as 
to return the cusps to their normal position and restore competency to 
the valve. The patient’s own aortic valve is preserved and is most often 
competent.69 The ascending aorta is then replaced with a tube of Dacron. 
If the aortic arch is not frankly aneurysmal, the graft is sutured to the 
distal ascending aorta.

Valved-conduit grafts consist of a prosthetic valve attached to a 
Dacron tube graft (Fig. 42-16). This procedure was popularized by 
Bentall and requires replacement of the aortic valve and ascending aorta 
and insertion of the left and right coronary arteries into the graft. The 
Bentall procedure is indicated for underlying disease of the aortic wall 
where there is a high risk of later aneurysmal dilation of the aorta, as in 
Marfan or Turner syndrome and annuloaortic ectasia. It is also indicated 
for tears arising close to the coronary sinuses or if the native aortic valve 
is diseased. The prosthetic valve may be either mechanical or biopros-
thetic. The most popular mechanical valves are bileaflet such as those 
made by St Jude Medical. These are placed primarily in young patients 
(<60 years old) in whom there are no contraindications to anticoagula-
tion, as they require lifelong warfarin therapy. Older patients or those 
with contraindications to anticoagulation may have a bioprosthetic-
valved conduit inserted.

Each of these procedures may involve extensive replacement of the 
aorta to include the aortic arch, in whole or in part. This adds to the 
risk of the operative procedure, but if the arch is grossly aneurysmal, 

FIGURE 42-14.  Suprasinus repair. The ascending aorta is replaced with a Dacron graft. 
The proximal anastomosis is above the aortic valve, and the suture lines are reinforced with 
felt strips. The distal anastomosis is proximal to the origin of the innominate artery.
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freedom from late operation and overall survival are increased signifi-
cantly with immediate repair.65

Rarely, in cases of extensive aneurysmal dissections involving the 
ascending aorta, arch, and descending portions of the thoracic aorta, 
an “elephant trunk” technique must be used.70 This requires replace-
ment of the ascending aorta and the arch with a graft (Fig. 42-17), with  
the addition of several inches of telescoping redundant graft beyond the  
distal anastomosis and down the descending aorta. At a later date  
the patient may have the rest of the descending thoracic aorta replaced 
through a left thoracotomy utilizing the free end of the redundant, previ-
ously placed graft. Dr Lars Svensson (personal communication) of the 
Cleveland Clinic has a novel and successful approach to these difficult 
cases, using stent-grafts to manage the descending thoracic portion of 
the dissection when aneurysmal. After the patient has recovered from 
the elephant trunk procedure they return to have a stent-graft placed 
endovascularly from below and attached to the free end of the “trunk,” 
thereby avoiding the difficult and risky thoracic surgical procedure.

The resolution of aortic branch complications should be assessed at 
the end of the procedure. Pulses should be checked over both carotids 
and the radial and femoral arteries. If concerns exist for the presence 
of ongoing ischemia, then immediate surgical revascularization should 
be undertaken. This usually involves an extra-anatomic reconstruction 
such as axilloaxillary bypass for upper limb ischemia or femorofemoral 
bypass for unilateral lower limb ischemia. Aortic fenestration is neces-
sary for bilateral lower extremity or renal ischemia. This is done, prefer-
ably, by catheter-based techniques in the radiology department where 
catheters are placed up both lumens and a cutting balloon creates the 
fenestration between the two.11

FIGURE 42-15.  Resuspension of the aortic valve. A. and B. The valve cusps are detached 
from the aortic wall, resulting in aortic insufficiency. C. The commissures of the aortic valve are 
sutured back to the outer wall of the aorta to restore the normal relationships of the valve. The 
ascending aorta is replaced with a suprasinus graft.

A

B C

FIGURE 42-16.  Composite graft replacement (Bentall). A. The aortic valve is removed 
and replaced with a valved conduit. B. The left and right main coronary arteries are reim-
planted into the graft.

A

B

Surgically this involves opening the abdominal aorta and resecting a 
portion of the inner wall (consisting of intima and part of the media) 
so as to allow flow through both the true and false lumens to restore 
blood flow.

■■ TYPE B
Surgical repair of type B dissections is rarely undertaken and is primar-
ily for that small group of patients who have acute rupture of the aorta 
or in the centers where emergency stent grafting is not available. It is a 
daunting procedure that requires replacement of the descending thoracic 
aorta through a left thoracotomy, often with cardiopulmonary bypass, 
from the left subclavian artery down to middle or lower thoracic levels 
(Fig. 42-18). The entire descending thoracic and abdominal aorta may 
require replacement if it is involved with the dissection and becomes 
diffusely aneurysmal. This requires the reimplantation of the arteries 
supplying the spinal cord, especially the artery of Adamkiewicz (usually  
arising between the ninth thoracic and second lumbar segments of the 
aorta), as well as the neighboring intercostal arteries. Even this does 
not ensure protection from spinal cord ischemia and resulting paraly-
sis. All renal and visceral vessels must be reimplanted into the graft as 
well. Controversy exists as to protection of the spinal cord during aortic 
cross-clamping. The concern is to maintain blood flow to the distal aorta 
and so to the collateral vessels to the cord. Although many options exist, no 
technique has been shown to be superior to the others in reducing the high 
risk (∼40%) of paraplegia with surgical repair of acute type B dissections.

Consideration should also be given to the management recommended 
by Dr Svensson and illustrated in Figure 42-17, which combines an 
elephant trunk procedure with stent-grafting of the descending aorta.
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FIGURE 42-17.  “Elephant trunk” procedure with stent-grafting of the descending thoracic aorta. A. The entire aorta is aneurysmal, but most notably the arch, descending thoracic, and 
proximal abdominal aorta. B. The aortic valve has been replaced. A suprasinus tube graft replaces the ascending aorta and the entire arch, with the terminal portion of the graft (the “elephant 
trunk”) hanging free in the descending aorta. The abdominal aorta has been narrowed for the stent-graft “landing site.” Incidental aortohepatic and aortosuperior mesenteric artery bypasses 
have been performed. C. The nitinol stent-graft has been placed endovascularly from the terminal portion of the elephant trunk to the landing site in the abdominal aorta. (Reproduced with 
permission from Dr Lars Svensson, Cleveland Clinic Foundation, 2004.)

A B C

FIGURE 42-18.  Repair of type B dissection. A. The intimal tear is just distal to the left subclavian artery. B. The descending aorta is replaced with a Dacron graft with felt reinforcement of 
the suture lines.

Hematoma

Teflon
felt

A B

Graft

RESULTS

■■ MORBIDITY
Patients undergoing surgical repair of type A aortic dissections are subject 
to the same postoperative complications as with any open-heart proce-
dure. Early complications include myocardial infarction, low-output 
syndrome (systolic BP <90 mm Hg with an elevated pulmonary wedge 
pressure requiring inotropic support), arrhythmia, bleeding, respira-
tory complications (prolonged ventilation, atelectasis, and effusion),  

stroke, and renal failure. Complications specific to surgical repair of 
type B dissections include paraplegia/paraparesis (up to 40% with rup-
ture), renal and intestinal ischemia, recurrent laryngeal nerve palsy, and 
chylothorax.74 Important late complications of both type A and type B  
dissections include late aneurysm formation and redissection of the 
aorta. In type A dissections moderate to severe aortic insufficiency is 
present late in 5% to 20% of patients with insufficiency preoperatively. 
This is usually well tolerated, with over 80% of these patients not requir-
ing valve replacement at 10 years follow-up.75
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■■ MORTALITY
Acute type A dissections have an approximate mortality risk of 20%  
with operation (range = 7%-35%). The risk is increased with rupture, 
age >80 years old, and associated illnesses, especially CADs and preop-
erative hemodynamic instability.

Patients with type B dissections survive with medical therapy in 
80% of cases. If complications arise, patients receiving endostents have 
a 9% hospital mortality with a 10.4% early reintervention rate and an 
88% 20-month survival.76 Those requiring surgery have a significantly 
higher mortality, reaching 75% if renal and visceral artery occlusion 
is present.

FOLLOW-UP
Control of the patient’s blood pressure and close observation for the 
development of late aneurysm (CT scan at 3 months, then in 6 months 
and then annually if stable) are the most important variables determin-
ing the late complications and survival in type A and B dissections, 
whether they have undergone surgical repair or not.75,77 The develop-
ment and rupture of postdissection aneurysms account for 30% of all 
late deaths. In the postoperative period, the systolic blood pressure 
should be maintained at the lowest level capable of sustaining normal 
organ function, as indicated by sensorium, urine output, and other 
parameters. When the patient is transferred to the ward and onto oral 
antihypertensives, the type and dose must be modified to prevent 
orthostatic hypotension and syncope. Some form of β-blocker must 
be used (unless contraindicated) to control dP/dTmax as well as systolic 
pressure. The blood pressure control must be maintained lifelong so as 
to minimize the risk of late aneurysmal development or redissection.75 
New aneurysms form because, in 85% of cases, the false lumen remains 
patent and so the wall of the aorta is permanently weakened. DeBakey 
study78 highlights the importance of long-term hypertension control. 
Five hundred twenty-seven patients were followed for 20 years after 
surgical repair of dissections. If hypertension was not controlled, 45.5% 
developed subsequent aneurysms, compared to 17.4% for those with 
proper control.

Patients with known patent false lumens must be watched very 
closely as they have an estimated aortic expansion rate of 1 to 4.3 mm/y, 
which increases the risk of aortic rupture and other complications.79 
Approximately 50% of dissection-related deaths occur in less than 
5 years from the acute event.10 Once the descending aorta reaches 
5.5 cm, the risk of rupture is ~30% per year.80 These patients, and those 
experiencing malperfusion and intractable pain,81 highlight the need 
for close long-term surveillance and should be strongly considered for 
endostenting.

KEY REFERENCES

•• Agricola E, Slavich M, Bertoglio L, et al. The role of contrast 
enhanced transesophageal echocardiography in the diagnosis and 
in the morphological and functional characterization of acute aor-
tic syndromes. Int J Cardiovasc Imaging. 2014;30(1):31-38.

•• DeSanctis RW, Doroghazi RM, Austen WG, Buckley MJ. Aortic 
dissection. N Engl J Med. 1987;317(17):1060-1067.

•• Eggebrecht H, Baumgart D, Herold U, et al. Interventional man-
agement of aortic dissection. Herz. 2002;27(6):539-547.

•• Erbel R, Alfonso F, Boileau C, et al. Diagnosis and management  
of aortic dissection. Eur Heart J. 2001;22(18):1642-1681.

•• Hagan PG, Nienaber CA, Isselbacher EM, et al. The international 
registry of acute aortic dissection (IRAD): new insights into an old 
disease. JAMA. 2000;283(7):897-903.

•• Hiratzka LF, Bakris GL, Beckman JA, et al. 2010 ACCF/AHA/AATS/
ACR/ASA/SCA/SCAI/SIR/STS/SVM guidelines for the diagnosis 
and management of patients with thoracic aortic disease: a report of 
the American College of Cardiology Foundation/American Heart 
Association Task Force on Practice Guidelines, American Association 
for Thoracic Surgery, American College of Radiology, American 
Stroke Association, Society of Cardiovascular Anesthesiologists, 
Society for Cardiovascular Angiography and Interventions, Society 
of Interventional Radiology, Society of Thoracic Surgeons, and 
Society for Vascular Medicine. Circulation. 2010;121(13):e266-e369.

•• Nienaber CA, Eagle KA. Aortic dissection: new frontiers in diag-
nosis and management: Part I: from etiology to diagnostic strate-
gies. Circulation. 2003;108(5):628-635.

•• Svensson LG, Kouchoukos NT, Miller DC, et al. Expert consensus 
document on the treatment of descending thoracic aortic disease using 
endovascular stent-grafts. Ann Thorac Surg. 2008;85(suppl 1): S1-S41.

•• Tsai TT, Bossone E, Isselbacher EM, et al. Clinical characteristics 
of hypotension in patients with acute aortic dissection. Am J 
Cardiol. 2005;95(1):48-52.

•• Tsai TT, Trimarchi S, Nienaber CA. Acute aortic dissection: per-
spectives from the international registry of acute aortic dissection 
(IRAD). Eur J Vasc Endovasc Surg. 2009;37(2):149-159.

REFERENCES
Complete references available online at www.mhprofessional.com/hall

section03.indd   368 1/23/2015   2:08:41 PM

http://www.mhprofessional.com/hall
http://www.myuptodate.com


Chapter 31

REFERENCES

	 1.	Guyton AC. Determinants of cardiac output by equating 
venous return curves with cardiac output curves. Physiol Rev. 
1955;35:123-129.

	 2.	Goldberg HS, Rabson J. Control of the cardiac output by the 
systemic vessels. Am J Cardiol. 1981;47:696-702.

	 3.	Sarnoff SJ. Myocardial contractility as described by ventricular 
function curves: observations on Starling’s law of the heart. 
Physiol Rev. 1955;35:107.

	 4.	Kramer A, Zygun D, Hawes H, Easton P, Ferland A. Pulse pres-
sure variation predicts fluid responsiveness following coronary 
artery bypass surgery. Chest. 2004;126:1563-1568.

	 5.	Prewitt RM, Wood LDH. The effect of positive end-expira-
tory pressure on ventricular function in dogs. Am J Physiol. 
1979;45:H534.

	 6.	Prewitt RM, Oppenheimer L, Sutherland JB, Wood LDH. The 
effects of positive end-expiratory pressure on left ventricular 
mechanics in patients with hypoxemic respiratory failure. 
Anesthesiology. 1981;55:409.

	 7.	Spencer KT, Lang RM. Diastolic heart failure. Postgrad Med. 
1997;101:63.

	 8.	Taylor RR, Coveld JW, Sonnenblick EH, Ross J. Dependence of 
ventricular distensibility on filling of the opposite ventricle. Am 
J Physiol. 1967;213:711.

	 9.	Craven KD, Wood LDH. Extrapericardial and esophageal 
pressures with positive end expiratory pressure in dogs. J Appl 
Physiol. 1981;51:798.

	 10.	Pinsky MR, Desmet J-M, Vincent J. Effect of positive endexpira-
tory pressure on right ventricular function in humans. Am Rev 
Respir Dis. 1992;146:681.

	 11.	Tivoni D. Effect of transient ischemia on left ventricular func-
tion and prognosis. Eur Heart J. 1993;14(suppl A):2-7.

	 12.	Sagawa K. End-systolic pressure-volume relationship in retro-
spect and prospect. Fed Proc. 1984;43:2399.

	 13.	Kass DA, Maughn WL, Guo ZM, et al. Comparative influence  
of load versus inotropic states on indices of ventricular contrac-
tility. Circulation. 1987;76:1422.

	 14.	Walley KR, Becker CJ, Hogan RA, et al. Progressive hypoxemia 
limits left ventricular oxygen consumption and contractility. 
Circ Res. 1988;63:849.

	 15.	Walley KR, Lewis TH, Wood LDH. Acute respiratory acidosis 
decreases left ventricular contractility but increases cardiac  
output. Circ Res. 1990;67:628.

	 16.	Carroll JD, Lang RM, Neuman AL, et al. The differential effects 
of positive inotropic and vasodilator therapy on diastolic prop-
erties in patients with congestive cardiomyopathy. Circulation. 
1985;74:815.

	 17.	Prewitt RM, Wood LDH. Effects of altered resistive load on 
left ventricular systolic mechanics in dogs. Anesthesiology. 
1982;56:195.

	 18.	Chadda K, Annane D, Hart N, et.al. Cardiac and respiratory 
effects of continuous positive airway pressure and noninvasive 
ventilation in acute cardiac pulmonary edema. Crit Care Med. 
2002;30:2457.

	 19.	Mitzner W, Goldberg HS. Effects of epinephrine on resistive and 
compliant properties of the canine vasculature. J Appl Physiol. 
1975;39:272.

	 20.	Mitzner W, Goldberg HS, Lichtenstein S. Effect of thoracic 
blood volume changes on steady state cardiac output. Circ Res. 
1976;38:255.

	 21.	Brengelmann G. A critical analysis of the view that right atrial pres-
sure determines venous return. J Appl Physio. 2003;94:849-859.

	 22.	Magder S  Point: the classical Guyton view that mean systemic 
pressure, right atrial pressure, and venous resistance govern 
venous return is/is not correct. J. Appl Physiol. 2006;101: 
1523-1525.

	 23.	Guyton AC, Sagawa K. Compensations of cardiac output and 
other circulatory function in a reflexic dogs with large A-V fistulas.  
Am J. Physiol. 1961;200:1157-1163.

	 24.	Malo J, Goldberg H, Graham R, et al. Effect of hypoxic hypoxia 
on systemic vasculature. J Appl Physiol. 1984;1403-1410.

	 25.	Fermoso JD, Richardson QT, Guyton AC. Mechanism of 
decrease in cardiac output caused by opening the chest. Am J 
Physiol. 1964;207:1112.

	 26.	Fessler HE, Brower RG, Wise RA, Permutt S. Effects of positive 
end-expiratory pressure on the gradient for venous return. Am 
Rev Respir Dis. 1991;19:143.

	 27.	Pare PD, Warriner E, Baile M, Hogg JC. Redistribution of pulmo-
nary extravascular lung water with positive end-expiratory pres-
sure in canine pulmonary edema. Am Rev Respir Dis. 1983;127:590.

Section03-O-ref.indd   1 1/20/2015   7:10:20 AM

http://www.myuptodate.com


References2

	 28.	Malo J, Ali J, Wood LDH. How does positive end-expiratory 
pressure reduce intrapulmonary shunt in canine pulmonary 
edema? J Appl Physiol. 1984;57:1002.

	 29.	Pinsky M, Vincent J-L, Desmet J-M. Estimating left ventricu-
lar filling pressure during positive end-expiratory pressure in 
humans. Am Rev Respir Dis. 1991;143:25.

	 30.	Hall JB, Wood LDH. Acute hypoxemic respiratory failure. Med 
Grand Rounds. 1984;3:183.

	 31.	Wood LDH, Hall JB. A mechanistic approach to providing 
adequate oxygenation in acute hypoxemic respiratory failure. 
Respir Care. 1993;38:784.

	 32.	Siegal JH, Cerra FB, Coleman B, et al. Physiological and meta-
bolic correlations in human sepsis. Surgery. 1979;186:163.

	 33.	Vary TC. Increased pyruvate dehydrogenase kinase activity in 
response to sepsis. Am J Physiol. 1991;260:E669.

	 34.	Curtis SE, Cain SM. Regional and systemic oxygen deliver/
uptake relations and lactate flux in hyperdynamic, endotoxin 
treated dogs. Am Rev Respir Dis. 1992;145:348.

	 35.	Hayes MA, Timmins AC, Yau EHS, et al. Elevation of systemic 
oxygen delivery in the treatment of critically ill patients. N Engl 
J Med. 1994;330:1717.

	 36.	Gattinoni L, Brazzi L, Pelosi P, et al. A trial of goal-oriented 
hemodynamic therapy in critically ill patients. N Engl J Med. 
1995;333:1025.

	 37.	Humphrey H, Hall J, Sznajder F, et al. Improved survival in 
ARDS patients associated with a reduction in pulmonary capil-
lary wedge pressure. Chest. 1990;97:1176.

	 38.	Schuller D, Mitchell JP, Calandrino FS, Schuster DP. Fluid bal-
ance during pulmonary edema: is fluid gain a marker or a cause 
of poor outcome? Chest. 1991;100:1068.

	 39.	Mitchell JP, Schuller D, Calandrino FS, Schuster DP. Improved 
outcome based on fluid management in critically ill patients 
requiring pulmonary artery catheterization. Am Rev Respir Dis. 
1992;145:990.

	 40.	The National Heart Lung and Blood Institute Acute Respiratory 
Distress Syndrome (ARDS) Clinical Trials Network. Comparison 
of two fluid management strategies in acute lung injury. N Engl J 
Med. 2006;354:2564-2575.

	 41.	Manthous CA, Schumacker PT, Pohlman A, et al. Absence of 
supply dependence of oxygen consumption in patients with 
septic shock. J Crit Care. 1993;8:203.

	 42.	Ronco JJ, Fenwick JC, Wiggs JR, et al. Oxygen consumption is 
independent of increases in oxygen delivery by dobutamine in 
septic patients who have normal or increased plasma lactate. 
Am Rev Respir Dis. 1993;147:25.

	 43.	Martin C, Viviand X, Arnaud S, Vialet R, Rougnon T. Effects of 
norepinephrine plus dobutamine or norepinephrine alone on 
left ventricular performance of septic shock patients. Crit Care 
Med. 1999;27(9):1708-1713.

	 44.	Parker MM, Shelhamer JH, Bacharach SL, et al. Profound but 
reversible myocardial depression in patients with septic shock. 
Ann Intern Med. 1984;100:483.

	 45.	Granton JT, Goddard CM, Allard MF, et al. Leukocytes and 
decreased left ventricular contractility during endotoxemia in 
rabbits. Am J Respir Crit Care Med. 1997;155:1977.

	 46.	Marik PE, Mohedin M. The contrasting effects of dopamine and 
norepinephrine on systemic and splanchnic oxygen utilization 
in hyperdynamic sepsis. JAMA. 1994;272:1354.

	 47.	Meir-Hellman A, Reinahrt K, Bredle D, et al. Epinephrine impairs 
splanchnic perfusion in septic shock. Crit Care Med. 1997;25:399.

	 48.	Nevière R, Chagnon J-L, Vallet B. Dobutamine improves gastro-
intestinal mucosal blood flow in a porcine model of endotoxic 
shock. Crit Care Med. 1997;25:1371.

	 49.	De Backer D, Biston P, Devriendt J. Comparison of dopamine 
and norepinephrine in the treatment of shock. N Engl J Med. 
2010;362(9):779-789.

	 50.	Levy B, Perez P, Perny J, Thivilier C, Gerard A. Comparison of 
norepinephrine dobutamine to epinephrine for hemodynamics, 
lactate metabolism, and organ function variables in cardiogenic 
shock. A prospective, randomized pilot study. Crit Care Med. 
2011;39(3):450-455.

	 51.	Manthous CA, Hall JB, Kushner R, et al. The effect of mechani-
cal ventilation on oxygen consumption in critically ill patients. 
Am J Respir Crit Care Med. 1995;151:210.

	 52.	Manthous CA, Hall JB, Olson D, et al. Effect of cooling on 
oxygen consumption in febrile critically ill patients. Am J Respir 
Crit Care Med. 1995;151:10.

	 53.	Levin TN. Acute congestive heart failure: the need for aggressive 
therapy. Postgrad Med. 1997;101:97.

	 54.	Scharf SM, Bianco JA, Tow DD, et al. The effects of large 
negative intrathoracic pressure on left ventricular function in 
patients with coronary artery disease. Circulation. 1981;63:871.

	 55.	Bicknell WH, Wall MJ, Pepe PE, et al. Immediate versus delayed 
fluid resuscitation for hypotensive patients with penetrating 
torso injuries. N Engl J Med. 1994;331:1105.

	 56.	Salem R, Vallee F, Rusca M, Mebazaa A. Hemodynamic moni-
toring by echocardiography in the ICU: the role of the new echo 
techniques. Curr Opin Crit Care. 2008;14(5):561-568.

	 57.	Brown J, MacKinnon D, King A, et al. Elevated arterial blood 
pressure in cardiac tamponade. N Engl J Med. 1992;327:463.

	 58.	Naunheim KS, Wood LDH, Little AG. Pulmonary edema: a com-
plication of pericardial drainage. Surg Gyn Obst. 1987;165:166.

	 59.	Ducas J, Prewitt RM. Pathophysiology and therapy of right ven-
tricular dysfunction due to pulmonary embolism. Cardiovasc 
Clin. 1987;17:191.

	 60.	Layish DT, Tapson VF. Pharmacologic hemodynamic support 
in massive pulmonary embolism. Chest. 1997;111:218.

	 61.	Lorell B, Leinbach RC, Pohost GM. Right ventricular infarction: 
clinical diagnosis and differentiation from cardiac tamponade 
and pericardial construction. Am J Cardiol. 1979;43:465.

	 62.	Dell’Italia LJ, Starling MR, Blumhardt R, et al. Comparative 
effects of volume loading, dobutamine and nitroprusside 
in patients with predominant right ventricular infarction. 
Circulation. 1985;72:1327.

	 63.	Bull TM, Clark B, McFann K, et al. Pulmonary vascular dys-
function is associated with poor outcomes in patients with acute 
lung injury. Am J Respir Crit Care Med. 2010;182,1123-1128.

	 64.	Beiderlinden M, Kuehl H, Boes T, Peters J. Prevalence of pul-
monary hypertension associated with severe acute respiratory 
distress syndrome: predictive value of computed tomography. 
Intensive Care Med. 2006;32:852-857.

	 65.	Moloney ED, Evans TW. Pathophysiology and pharmacologi-
cal treatment of pulmonary hypertension in acute respiratory 
distress syndrome. Euro Respr J. 2003;21:720-727.

	 66.	Sandoval J, Long GR, Skoog C, Wood LD, Oppenheimer L. 
Independent influence of blood flow rate and mixed venous 
PO2 on shunt fraction. J Appl Physiol. 1983;55:1128-1133.

Section03-O-ref.indd   2 1/20/2015   7:10:20 AM

http://www.myuptodate.com


References 3

	 67.	Rossant R, Falke KJ, Lopez F, et al. Inhaled nitric oxide for the adult 
respiratory distress syndrome. N Engl J Med. 1993;328:399-406.

	 68.	Delliger RP, Zimmerman JL, Taylor RW, et al. Effects of inhaled 
nitric oxide in patients with acute respiratory distress syn-
drome. Crit Care Med. 1999;25:911-999.

	 69.	Gerlach H, Keh D, Semmerow A, et al. Dose-response charac-
teristics during long-term inhalation of nitric oxide in patients 
with severe acute respiratory distress syndrome: a prospective, 
randomized, controlled study. Am J Respir Crit Care Med. 
2003;67(7):1008-1015.

	 70.	Taylor RW, Zimmerman JL, Dellinger RP, et al. Low-dose 
inhaled nitric oxide in patients with acute lung injury: a ran-
domized controlled trial. JAMA. 2004;291(13):1603-1609.

	 71.	Teboul J-L, Besbes M, Andrivet P, et al. A bedside index assess-
ing the reliability of pulmonary artery occlusion pressure 
measurements during mechanical ventilation with positive end-
expiratory pressure. J Crit Care. 1992;7:22.

	 72.	Connors AF, McCaffree DR, Gray BA. Evaluation of right heart 
catheterization in the critically ill patient without acute myocar-
dial infarction. N Engl J Med. 1983;308:263.

	 73.	 Iberti TJ, Fischer EP, Leibowitz AB, et al. A multicentre study of 
physicians’ knowledge of the pulmonary artery catheter. JAMA. 
1990;264:2928.

	 74.	Sandham JD, Hull RD, Brant RF, et al. A randomized, controlled 
trial of the use of pulmonary-artery catheters in high-risk surgi-
cal patients. N Engl J Med. 2003;348:5.

	 75.	Richard C, Warszawski J, Anguel N, et al. Early use of the pul-
monary artery catheter and outcomes in patients with shock 
and acute respiratory distress syndrome: a randomized con-
trolled trial. JAMA. 2003;290:2713.

	 76.	The National Heart Lung and Blood Institute Acute Respiratory 
Distress Syndrome (ARDS) Clinical Trials Network. Pulmonary-
Artery versus central venous catheter to guide treatment of 
acute lung injury. N Engl J Med. 2006;354:2213-2224.

	 77.	Connors AF, Dawson NV, Shaw PK, et al. Hemodynamic status 
in critically ill patients with and without acute heart disease. 
Chest. 1990;98:1200.

	 78.	Steingrub JS, Celoria G, Vickers-Lahti M, et al. Therapeutic 
impact of pulmonary artery catheterization in a medical/
surgical ICU. Chest. 1991;99:1451.

	 79.	Burger W, Jockwig B, Rucker G, Kober G. Influence of right ven-
tricular pre- and afterload on right ventricular ejection fraction 
and preload recruitable stroke work relation. Clin Physiol. 
2001;21(1):85-92.

	 80.	von Euler U, Liljestrad G. Observations on the pulmonary arterial 
blood pressure of the cat. Acta Physiol Scand. 1946;12:301-320.

	 81.	Waypa G, Schumacker PT. Oxygen sensing in hypoxic vasocon-
striction, using new tools to answer an age old question. Exp 
Physiol. 2008;93:133-138.

	 82.	Schumacker PT. Hypoxemia, anoxia and O2 sensing, 
the search continues. Am J Physio Lung Cell Mol Physiol. 
2002;283:L918-L921.

	 83.	Waypa G, Schumacker PT. Hypoxia-induced changes in pulmo-
nary and systemic vascular resistance: where is the O2 sensor? 
Respir Physiol Neurobiol. 2010;174:201-211.

	 84.	Taylor A, Parker J. Interstitial spaces and lymphatics. In:  
Fishman AP, Fisher AB, eds. Handbook of Physiology, Volume I, 
Section 3: The Respiratory System, Circulation and Nonrespiratory 
Function. Bethesda, MD: American Physiological Society; 
1984:167.

	 85.	Montaver JSG, Tsang J, Evans KG, et al. Alveolar epithelial 
damage: a critical difference between high pressure and oleic 
acid-induced low pressure edema. J Clin Invest. 1986;77:1786.

	 86.	Matthay MA, Wiener-Kronish JP. Intact epithelial barrier func-
tions is critical for the resolution of alveolar edema in humans. 
Am Rev Respir Dis. 1990;142:1250.

	 87.	Prewitt RM, McCarthy J, Wood LDH. Treatment of acute low 
pressure pulmonary edema in dogs: relative effects of hydro-
static and oncotic pressure, nitroprusside and PEEP. J Clin 
Invest. 1981;67:409.

	 88.	Wood LDH, Prewitt RM. Cardiovascular management in acute 
hypoxemic respiratory failure. Am J Cardiol. 1981;47:963.

	 89.	Amato MBP, Barbas CSV, Medeiros DM, et al. Beneficial effects 
of the “open lung approach” with low distending pressures in 
acute respiratory distress syndrome: a prospective randomized 
study on mechanical ventilation. Am J Respir Crit Care Med. 
1995;152:1835.

	 90.	Brower RG, Lanken PN, Macintyre N, et al. Higher versus lower 
positive end-expiratory pressure in patients with the acute 
respiratory distress syndrome. N Engl J Med. 2004;351:327-336.

	 91.	The Acute Respiratory Distress Syndrome Network. Ventilation 
with lower tidal volumes as compared with traditional tidal 
volumes for acute lung injury and the acute respiratory distress 
syndrome. N Engl J Med. 2000;342:1301-1308.

	 92.	Long GR, Breen PH, Mayers I, Wood LDH. Treatment of canine 
aspiration pneumonitis: fluid volume reduction versus fluid 
volume expansion. J Appl Physiol. 1988;65:1736.

	 93.	Sznajder JI, Zucker AR, Wood LDH, Long GR. Effect of plasma-
pheresis and hemofiltration on acid aspiration pulmonary 
edema. Am Rev Respir Dis. 1986;134:222.

Section03-O-ref.indd   3 1/20/2015   7:10:21 AM

http://www.myuptodate.com


This page intentionally left blank 

http://www.myuptodate.com


Chapter 32

REFERENCES

	 1.	Pinsky MR. Hemodynamic evaluation and monitoring in the 
ICU. Chest. 2007;132:2020-2029. [overview of the rationale for 
hemodynamic monitoring]

	 2.	Antonelli M, Levy M, Andrews PJ, et al. Hemodynamic moni-
toring in shock and implications for management. International 
Consensus Conference, Paris, France, 27-28 April 2006. Intensive 
Care Med. 2007;33:575-590.

	 3.	Vincent JL, Rhodes A, Perel A, et al. Update on hemodynamic 
monitoring: a consensus of 16. Crit Care. 2011;15:229 [posi-
tion statement on all the devices discussed in this chapter from a 
diverse group of extremely well-published investigators]

	 4.	LeDoux D, Astiz ME, Carpati CM, Rackow EC. Effects of per-
fusion pressure on tissue perfusion in septic shock. Crit Care 
Med. 2000;28:2729-2732. [rationale for targeting a mean arterial 
pressure of >60 mm Hg]

	 5.	Broder G, Weil MH. Excess lactate: an index of reversibility of 
shock in human patients. Science. 1964;143:1457-1459.

	 6.	Bakker J, Coffernils M, Leon M, Gris P, Vincent JL. Blood lactate 
levels are superior to oxygen-derived variables in predicting 
outcome in human septic shock. Chest. 1991;99:956-962.

	 7.	Moller JT, Pedersen T, Rasmussen LS, et al. Randomized evalu-
ation of pulse oximetry in 20,802 patients: I. Design, demog-
raphy, pulse oximetry failure rate and overall complication  
rate. Anesthesiology. 1993;78:436-444. [largest study to examine 
pulse oximetry showing absolutely no clinical outcome benefit]

	 8.	Wukitisch, MW, Peterson MT, Tobler DR, Pologe JA. Pulse 
oximetry: analysis of theory, technology, and practice. J Clin 
Monit. 1988;4:290-301.

	 9.	Van de Louw A, Cracco C, Cerf C, et al. Accuracy of pulse 
oximetry in the intensive care unit. Intensive Care Med. 2001;27: 
1606-1613.

	 10.	Michard F, Chemla D, Richard C, et al. Clinical use of respiratory 
changes in arterial pulse pressure to monitor the hemodynamic 
effects of PEEP. Am J Respir Crit Care Med. 1999;159:935-939.

	 11.	Michard F, Boussat S, Chemla D, et al. Relation between respira-
tory changes in arterial pulse pressure and fluid responsiveness 
in septic patients with acute circulatory failure. Am J Respir Crit 
Care Med. 2000;162:134-138. [first major clinical study docu-
menting the usefulness of pulse pressure variation as a predictor 
of volume responsiveness]

	 12.	Cassesson M, Besnard C, Durand PG, Bohe J, Jacques D. 
Relation between respiratory variations in pulse oximetry ple-
thysmographic waveform amplitude and arterial pulse pressure 

in ventilated patients. Crit Care. 2005;9:R562-R568. [first clinical 
study showing that the pulse oximeter plethysmographic density 
profiles could be used as a surrogate for arterial pulse pressure to 
assess volume responsiveness]

	 13.	Natalini G, Rosano A, Taranto M, Faggian B, Vittorielli E, 
Bernardini A. Arterial versus plethysmographic dynamic 
indices to test responsiveness for testing fluid administra-
tion in hypotensive patients: a clinical trial. Anesth Analg. 
2006;103:1478-1484.

	 14.	Schmidt-Nielsen K. Circulation. In: Animal Physiology, 4th ed. 
Cambridge UK: Cambridge University Press; 1983:97-133.

	 15.	DeBacker D, Creteur J, Preiser JC, Dubois MJ, Vincent JL. 
Microvascular blood flow is altered in patients with sepsis. Am 
J Respir Crit Care Med. 2002;166:98-104.

	 16.	Scheinman MM, Brown MA, Rapaport E. Critical assessment 
of use of central venous oxygen saturation as a mirror of mixed 
venous oxygen in severely ill cardiac patients. Circulation. 
1969;40:165-172.

	 17.	Reinhart K, Rudolph T, Bredle DL, Hannemann L, Cain SM.  
Comparison of central-venous to mixed-venous oxygen sat-
uration during changes in oxygen supply/demand. Chest. 
1989;95:1216-1221.

	 18.	Lee J, Wright F, Barber R, Stanley L. Central venous oxygen 
saturation in shock: a study in man. Anesthesiology. 1972;36: 
472-478.

	 19.	Mulier KE, Skarda DE, Taylor JH, et al. Near-infrared spectros-
copy in patients with severe sepsis: correlation with invasive 
hemodynamic measurements. Surg Infect. 2008;9:515-519.

	 20.	Ruokonen E, Takala J, Uusaro A. Effect of vasoactive treatment 
on the relationship between mixed venous and regional oxygen 
saturation. Crit Care Med. 1991;19:1365-1369.

	 21.	Dueck MH, Klimek M, Appenrodt S, Weigand C, Boerner U.  
Trends but not individual values of central venous oxygen 
saturation agree with mixed venous oxygen saturation dur-
ing varying hemodynamic conditions. Anesthesiology. 
2005;103:249-257.

	 22.	Reinhart K, Kuhn HJ, Hartog C, Bredle DL. Continuous central 
venous and pulmonary artery oxygen saturation monitoring in 
the critically ill. Intensive Care Med. 2004;30:1572-1578. [one of 
the larger original studies showing the similarities and differences 
in SvO2 and ScvO2 in humans]

	 23.	Cohn SM, Crookes BA, Proctor KG. Near-infrared spectroscopy 
in resuscitation. J Trauma. 2003;54:S199-S202.

Section03-O-ref.indd   1 1/20/2015   7:10:21 AM

http://www.myuptodate.com


References2

	 24.	Cohn SM, Nathens AB, Moore FA, et al. Tissue oxygen satura-
tion predicts the development of organ dysfunction during 
traumatic shock resuscitation. J Trauma. 2007;62:44-54.

	 25.	Payen D, Luengo C, Heyer L, et al. Is thenar tissue hemo-
globin oxygen saturation in septic shock related to macro-
hemodynamic variables and outcome? Critical Care. 2009; 
13(suppl 5):S6.

	 26.	Mesquida J, Masip J, Gili G, Artigas A, Baigorri F. Thenar 
oxygen saturation measured by near infrared spectroscopy as a 
noninvasive predictor of low central venous oxygen saturation 
in septic patients. Intensive Care Med. 2009;35:1106-1109.

	 27.	Lima A, Bakker J. Noninvasive monitoring of peripheral perfu-
sion. Intensive Care Med. 2005;31:1316-1326.

	 28.	Gomez H, Torres A, Polanco P, et al. Use of non-invasive NIRS 
during a vascular occlusion test to assess dynamic tissue O2 
saturation response. Intensive Care Med. 2008;34:1600-1607. 
[first clinical study to examine the determinants of StO2 change 
during the vascular occlusion test]

	 29.	Pinsky MR. Functional hemodynamic monitoring. Intensive 
Care Med. 2002;28:386-388.

	 30.	Gomez H, Mesquida J, Simon P, et al. Characterization of StO2 
and VOT: influence of measurement sites, probe sizes and defla-
tion thresholds. Crit Care. 2009;13(suppl 5):S3. doi:10.1186/
cc8001.

	 31.	Lorsomradee S, Lorsomradee SR, Cromheecke S, De Hert SG. 
Continuous cardiac output measurement: arterial pressure anal-
ysis versus thermodilution technique during cardiac surgery 
with cardiopulmonary bypass. Anaesthesia. 2007;62:979-983.

	 32.	Shure D. Pulmonary-artery catheters-peace at last? N Engl J 
Med. 2006;354:2273-2274.

	 33.	Pinsky MR. Determinants of pulmonary artery flow variation 
during respiration. Appl Physiol. 1984;56:1237-1245.

	 34.	Mihm FG, Gettinger A, Hanson CW III, et al. A multicenter 
evaluation of a new continuous cardiac output pulmonary 
artery catheter system. Crit Care Med. 1998;26:1346-1350.

	 35.	Swan HJ, Ganz W, Forrester J, Marcus H, Diamond G, Chonette D.  
Catheterization of the heart in man with use of a flow-
directed balloon-tipped catheter. N Engl J Med. 1970;283: 
447-451.

	 36.	Pinsky MR. Clinical significance of pulmonary artery occlusion 
pressure. Intensive Care Med. 2003;29:175-178.

	 37.	Pinsky MR, Vincent JL. Let us use the pulmonary artery 
catheter correctly and only when we need it. Crit Care Med. 
2005;33:1119-1122.

	 38.	Vincent JL, Pinsky MR, Sprung CL, et al. The pulmonary artery 
catheter: in medio virtus. Crit Care Med. 2008;36:3093-3096.

	 39.	Shah MR, Hasselblad V, Stevenson LW, et al. Impact of the pul-
monary artery catheter in critically ill patients: meta-analysis of 
randomized clinical trials. JAMA. 2005;294:1664-1670. [system-
atic review of many of the clinical studies showing no effect of pul-
monary artery catheterization on outcome from critical illness]

	 40.	Sakka SG, Reinhart K, Meier-Hellmann A. Comparison of 
pulmonary artery and arterial thermodilution cardiac output in 
critically ill patients. Intensive Care Med. 1999;25:843-846.

	 41.	Costa MG, Della RG, Chiarandini P, et al. Continuous and 
intermittent cardiac output measurement in hyperdynamic 
conditions: pulmonary artery catheter vs lithium dilution tech-
nique. Intensive Care Med. 2008;34:257-263.

	 42.	Langewouters GJ, Wesseling KH, Goedhard WJA. The static 
elastic properties of 45 human thoracic and 20 abdominal 
aortas in vitro and the parameters of a new model. J Biomech. 
1984;17:425-435.

	 43.	Hamilton WF, Remington JW. The measurement of stroke 
volume from the pulse pressure. Am J Physiol. 1947;148:14-24. 
[the original study on use of pressure pulse to assess flow in a 
canine model]

	 44.	Opdam HI, Wan L, Bellomo R. A pilot assessment of the 
FloTrac cardiac output monitoring system. Intensive Care Med. 
2007;33:344-349.

	 45.	Della Rocca G, Costa MG, Pompei L, Coccia C, Pietropaoli P.  
Continuous and intermittent cardiac output measurement: 
pulmonary artery catheter versus aortic transpulmonary tech-
nique. Br J Anaesth. 2002;88:350-356.

	 46.	 Jonas MM, Kelly FE, Linton RA, Band DM, O'Brien TK, Linton 
NW. A comparison of lithium dilution cardiac output measure-
ments made using central and antecubital venous injection of 
lithium chloride. J Clin Monit Comput. 1999;15:525-528.

	 47.	McGee WT, Horswell JL, Calderon J, et al. Validation of a con-
tinuous, arterial pressure-based cardiac output measurement: a 
multicenter, prospective clinical trial. Crit Care. 2007;11:R105.

	 48.	Hadian M, Kim H, Severyn DA, Pinsky MR. Cross-comparison 
of cardiac output trending accuracy of LiDCO, PiCCO, FloTrac 
and pulmonary artery catheters. Crit Care. 2010;14:R212. [clini-
cal study comparing most commercially available cardiac output 
monitoring devices to each other]

	 49.	Gunn S, Kim HK, Harrigan P, Pinsky MR. Ability of aortic 
pulse contour and esophageal pulsed Doppler measures to 
estimate changes in left ventricular output. Intensive Care Med. 
2006;32(10):1537-1546.

	 50.	Hatib F, Jansen JRC, Pinsky MR. Peripheral vascular decoupling 
in porcine endotoxic shock. J Appl Physiol. 2011;111(3):853-860.  
doi: 10.1152/japplphysiol.00066.2011. [physiological study dem-
onstrating why changes in peripheral vasomotor may markedly 
impair existing cardiac output algorithms ability to estimate 
cardiac output because peripheral vascular compliance changes 
can be great]

	 51.	Pinsky MR, Payen D. Functional hemodynamic monitoring. 
Crit Care. 2005;9:566-572.

	 52.	Michard F, Teboul JL. Predicting fluid responsiveness in ICU 
patients. Chest. 2002;121:2000-2008. [meta-analysis demonstrat-
ing the uselessness of traditional static hemodynamic measures to 
predict volume responsiveness]

	 53.	Berkenstadt H, Margalit N, Hadani M, et al. Stroke volume 
variation as a predictor of fluid responsiveness in patients 
undergoing brain surgery. Anesth Analg. 2001;92:984-989.

	 54.	Reuter D, Felbinger TW, Schmidt C, et al. Stroke volume varia-
tion for assessment of cardiac responsiveness to volume load-
ing in mechanically ventilated patients after cardiac surgery. 
Intensive Care Med. 2002;28:392-398.

	 55.	Michard F, Teboul JL. Predicting fluid responsiveness in ICU 
patients: a critical analysis of the evidence. Chest. 2002;121: 
2000-2008.

	 56.	Monnet X, Rienzo M, Osman D, et al. Response to leg raising 
predicts fluid responsiveness during spontaneous breathing or 
with arrhythmia. Crit Care Med. 2006;34:1402-1407.

	 57.	Schmidt GA, Koenig S, Mayo PH. Shock: ultrasound to guide 
diagnosis and therapy. Chest. 2012;142:1042-1048.

Section03-O-ref.indd   2 1/20/2015   7:10:21 AM

http://www.myuptodate.com


References 3

	 58.	Lopes MR, Oliveira MA, Pereira VO, Lemos IP, Auler JO Jr, 
Michard F. Goal-directed fluid management based on pulse 
pressure variation monitoring during high-risk surgery: a pilot 
randomized controlled trial. Crit Care. 2007;11:R100. [clinical 
trial using pulse pressure variation minimization to improve out-
come in high-risk surgical patients]

	 59.	Boyd O, Grounds M, Bennett ED. A randomized clinical trial of 
the effect of deliberate preoperative increase of oxygen delivery on 
mortality in high-risk surgical patients. JAMA. 1993;270:2699-2707.

	 60.	Sinclair S, James S, Singer M. Intraoperative intravascular 
volume optimisation and length of hospital stay after repair of 
proximal femoral fracture: randomised controlled trial. BMJ. 
1997;315:909-912.

	 61.	Lobo S, Salgado P, Castillo VGT, et al. Effects of maximizing 
oxygen delivery on morbidity and mortality in high-risk surgi-
cal patients. Crit Care Med. 2000;28:3396-3404.

	 62.	Gan TJ, Soppitt A, Maroof M, et al. Goal-directed intraoperative 
fluid administration reduces length of hospital stay after major 
surgery. Anesthesiology. 2002;97:820-826.

	 63.	Pearse R, Dawson D, Fawcett J, Rhodes A, Grounds RM, Bennett 
ED. Early goal-directed therapy after major surgery reduces 
complications and duration of hospital stay. A randomised, con-
trolled trial [ISRCTN38797445]. Crit Care. 2005;9:R687-R693. 
[functional application of hemodynamic monitoring to guide 
resuscitation therapy in postoperative critically ill patients]

	 64.	Rhodes A, Cecconi M, Hamilton M, et al. Goal-directed ther-
apy in high-risk surgical patients: a 15-year follow-up study. 
Intensive Care Med. 2010:36:1327-1332. [long-term follow-up 
documenting improved patient-centered outcomes for goal-
directed therapy]

Section03-O-ref.indd   3 1/20/2015   7:10:21 AM

http://www.myuptodate.com


This page intentionally left blank 

http://www.myuptodate.com


Chapter 33 

REFERENCES

	 1.	Cohn JN. Blood pressure measurement in shock. Mechanism 
of inaccuracy in ausculatory and palpatory methods. JAMA. 
1967;199(13):118-122.

	 2.	Dellinger RP, Levy MM, Carlet JM, et al. Surviving Sepsis 
Campaign: international guidelines for management of severe 
sepsis and septic shock: 2008. Crit Care Med. 2008;36(1):296-327.

	 3.	Rivers E, Nguyen B, Havstad S, et al. Early goal-directed therapy 
in the treatment of severe sepsis and septic shock. N Engl J Med. 
2001;345(19):1368-1377.

	 4.	Menon V, Hochman JS. Management of cardiogenic shock 
complicating acute myocardial infarction. Heart. 2002;88(5): 
531-537.

	 5.	Grassino A, Macklem PT. Respiratory muscle fatigue and venti-
latory failure. Annu Rev Med. 1984;35:625-647.

	 6.	Hussain SN, Roussos C. Distribution of respiratory muscle 
and organ blood flow during endotoxic shock in dogs. J Appl 
Physiol. 1985;59(6):1802-1808.

	 7.	Del Sorbo L, Slutsky AS. Ventilatory support for acute respi-
ratory failure: new and ongoing pathophysiological, diag-
nostic and therapeutic developments. Curr Opin Crit Care. 
2010;16(1):1-7.

	 8.	The Acute Respiratory Distress Syndrome Network. Ventilation 
with lower tidal volumes as compared with traditional tidal 
volumes for acute lung injury and the acute respiratory distress 
syndrome. N Engl J Med. 2000;342(18):1301-1308.

	 9.	Reynolds HR, Hochman JS. Cardiogenic shock: current concepts 
and improving outcomes. Circulation. 2008;117(5):686-697.

	 10.	 Jones AE, Shapiro NI, Trzeciak S, Arnold RC, Claremont HA, 
Kline JA. Lactate clearance vs central venous oxygen satura-
tion as goals of early sepsis therapy: a randomized clinical trial. 
JAMA. 2010;303(8):739-746.

	 11.	de Guzman E, Shankar MN, Mattox KL. Limited volume resus-
citation in penetrating thoracoabdominal trauma. AACN Clin 
Issues. 1999;10(1):61-68.

	 12.	Hebert PC, Wells G, Blajchman MA, et al. A multicenter, ran-
domized, controlled clinical trial of transfusion requirements 
in critical care. Transfusion Requirements in Critical Care 
Investigators, Canadian Critical Care Trials Group. N Engl J 
Med. 1999;340(6):409-417.

	 13.	Bickell WH, Wall MJ Jr, Pepe PE, et al. Immediate versus 
delayed fluid resuscitation for hypotensive patients with pen-
etrating torso injuries. N Engl J Med. 1994;331(17):1105-1109.

	 14.	Ruokonen E, Parviainen I, Uusaro A. Treatment of impaired 
perfusion in septic shock. Ann Med. 2002;34(7-8):590-597.

	 15.	Annane D, Vignon P, Renault A, et al. Norepinephrine plus 
dobutamine versus epinephrine alone for management of septic 
shock: a randomised trial. Lancet. 2007;370(9588):676-684.

	 16.	De Backer D, Biston P, Devriendt J, et al. Comparison of dopa-
mine and norepinephrine in the treatment of shock. N Engl J 
Med. 2010;362(9):779-789.

	 17.	Myburgh JA, Higgins A, Jovanovska A, Lipman J, 
Ramakrishnan N, Santamaria J. A comparison of epinephrine 
and norepinephrine in critically ill patients. Intensive Care Med. 
2008;34(12):2226-2234.

	 18.	Russell JA, Walley KR, Singer J, et al. Vasopressin versus norepi-
nephrine infusion in patients with septic shock. N Engl J Med. 
2008;358(9):877-887.

	 19.	Gordon AC, Russell JA, Walley KR, et al. The effects of vaso-
pressin on acute kidney injury in septic shock. Intensive Care 
Med. 2010;36(1):83-91.

	 20.	Walley KR. Use of central venous oxygen saturation to guide 
therapy. Am J Respir Crit Care Med. 2010;184(5):514-520.

	 21.	Sprung CL, Annane D, Keh D, et al. Hydrocortisone therapy for 
patients with septic shock. N Engl J Med. 2008;358(2):111-124.

	 22.	Annane D, Sebille V, Charpentier C, et al. Effect of treatment 
with low doses of hydrocortisone and fludrocortisone on mor-
tality in patients with septic shock. JAMA. 2002;288(7):862-871.

	 23.	Shakur H, Roberts I, Bautista R, et al. Effects of tranexamic acid 
on death, vascular occlusive events, and blood transfusion in 
trauma patients with significant haemorrhage (CRASH-2): a ran-
domised, placebo-controlled trial. Lancet. 2010;376(9734):23-32.

	 24.	Kumar A, Roberts D, Wood KE, et al. Duration of hypotension 
before initiation of effective antimicrobial therapy is the critical 
determinant of survival in human septic shock. Crit Care Med. 
2006;34(6):1589-1596.

	 25.	Bernard GR, Vincent JL, Laterre PF, et al. Efficacy and safety 
of recombinant human activated protein C for severe sepsis.  
N Engl J Med. 2001;344(10):699-709.

	 26.	Michard F, Boussat S, Chemla D, et al. Relation between respira-
tory changes in arterial pulse pressure and fluid responsiveness 
in septic patients with acute circulatory failure. Am J Respir Crit 
Care Med. 2000;162(1):134-138.

	 27.	Connors AF Jr, Speroff T, Dawson NV, et al. The effectiveness 
of right heart catheterization in the initial care of critically 

Section03-O-ref.indd   1 1/20/2015   7:10:21 AM

http://www.myuptodate.com


References2

ill patients. SUPPORT Investigators. JAMA. 1996;276(11): 
889-897.

	 28.	Sandham JD, Hull RD, Brant RF, et al. A randomized, controlled 
trial of the use of pulmonary-artery catheters in high-risk surgi-
cal patients. N Engl J Med. 2003;348(1):5-14.

	 29.	Ely EW, Baker AM, Dunagan DP, et al. Effect on the duration of 
mechanical ventilation of identifying patients capable of breath-
ing spontaneously. N Engl J Med. 1996;335(25):1864-1869.

	 30.	Kress JP, Pohlman AS, O’Connor MF, Hall JB. Daily interrup-
tion of sedative infusions in critically ill patients undergoing 
mechanical ventilation. N Engl J Med. 2000;342(20):1471-1477.

	 31.	McGee S, Abernethy WB III, Simel DL. The rational clini-
cal examination. Is this patient hypovolemic? JAMA. 
1999;281(11):1022-1029.

	 32.	Rush BF Jr. Irreversibility in the post-transfusion phase of hem-
orrhagic shock. Adv Exp Med Biol. 1971;23(0):215-234.

	 33.	Reilly PM, Wilkins KB, Fuh KC, Haglund U, Bulkley GB. The 
mesenteric hemodynamic response to circulatory shock: an 
overview. Shock. 2001;15(5):329-343.

	 34.	Walley KR, Cooper DJ. Diastolic stiffness impairs left ventricu-
lar function during hypovolemic shock in pigs. Am J Physiol. 
1991;260(3 Pt 2):H702-H712.

	 35.	Finfer S, Bellomo R, Boyce N, French J, Myburgh J, Norton R.  
A comparison of albumin and saline for fluid resuscitation in 
the intensive care unit. N Engl J Med. 2004;350(22):2247-2256.

	 36.	Rame JE, Dries DL, Drazner MH. The prognostic value of the 
physical examination in patients with chronic heart failure. 
Congest Heart Fail. 2003;9(3):170-175, 178.

	 37.	Forrester JS, Diamond G, Chatterjee K, Swan HJ. Medical 
therapy of acute myocardial infarction by application of 
hemodynamic subsets (second of two parts). N Engl J Med. 
1976;295(25):1404-1413.

	 38.	Page DL, Caulfield JB, Kastor JA, DeSanctis RW, Sanders CA. 
Myocardial changes associated with cardiogenic shock. N Engl J 
Med. 1971;285(3):133-137.

	 39.	Pfisterer M. Right ventricular involvement in myocardial infarc-
tion and cardiogenic shock. Lancet. 2003;362(9381):392-394.

	 40.	Daneshvar D, Wei J, Tolstrup K, Thomson LE, Shufelt C, 
Merz CN. Diastolic dysfunction: improved understanding 
using emerging imaging techniques. Am Heart J. 2010;160(3): 
394-404.

	 41.	Zile MR, Brutsaert DL. New concepts in diastolic dysfunction 
and diastolic heart failure: Part II: causal mechanisms and treat-
ment. Circulation. 2002;105(12):1503-1508.

	 42.	Lipkin DP, Frenneaux M, Maseri A. Beneficial effect of captopril 
in cardiogenic shock. Lancet. 1987;2(8554):327.

	 43.	Hurst JW. Right ventricular infarction. N Engl J Med. 
1994;331(10):681.

	 44.	 Jacobs AK, Leopold JA, Bates E, et al. Cardiogenic shock caused 
by right ventricular infarction: a report from the SHOCK regis-
try. J Am Coll Cardiol. 2003;41(8):1273-1279.

	 45.	Konstantinides S, Geibel A, Heusel G, Heinrich F, Kasper 
W. Heparin plus alteplase compared with heparin alone in 
patients with submassive pulmonary embolism. N Engl J Med. 
2002;347(15):1143-1150.

	 46.	Parker MM, Shelhamer JH, Bacharach SL, et al. Profound but 
reversible myocardial depression in patients with septic shock. 
Ann Intern Med. 1984;100(4):483-490.

	 47.	Walley KR. Many roles of nitric oxide in regulating cardiac 
function in sepsis. Crit Care Med. 2000;28(6):2135-2137.

	 48.	Lieberman P, Nicklas RA, Oppenheimer J, et al. The diagno-
sis and management of anaphylaxis practice parameter: 2010 
update. J Allergy Clin Immunol. 2010;126(3):477-480. e1-42.

	 49.	Cooper DS. Hyperthyroidism. Lancet. 2003;362(9382):459-468.
	 50.	Scholz T, Eisenhofer G, Pacak K, Dralle H, Lehnert H. Clinical 

review: current treatment of malignant pheochromocytoma.  
J Clin Endocrinol Metab. 2007;92(4):1217-1225.

	 51.	Hochman JS. Cardiogenic shock complicating acute myo-
cardial infarction: expanding the paradigm. Circulation. 
2003;107(24):2998-3002.

	 52.	Walley KR. Heterogeneity of oxygen delivery impairs oxy-
gen extraction by peripheral tissues: theory. J Appl Physiol. 
1996;81(2):885-894.

	 53.	Favory R, Neviere R. Significance and interpretation of elevated 
troponin in septic patients. Crit Care. 2006;10(4):224.

	 54.	Cooper DJ, Herbertson MJ, Werner HA, Walley KR. Bicarbonate 
does not increase left ventricular contractility during L-lactic 
acidemia in pigs. Am Rev Respir Dis. 1993;148(2):317-322.

Section03-O-ref.indd   2 1/20/2015   7:10:21 AM

http://www.myuptodate.com


Chapter 34

REFERENCES

	 1.	Swaroop M, Straus DC, Agubuzu O, Esposito TJ, Schermer CR,  
Crandall ML. Pre-hospital transport times and survival for 
hypotensive patients with penetrating thoracic trauma. J Emerg 
Trauma Shock. 2013;6:16-20.

	 2.	Rivers E, Nguyen B, Havstad S, et al. Early goal-directed therapy 
in the treatment of severe sepsis and septic shock. N Engl J Med. 
2001;345:1368-1377.

	 3.	Hayes MA, Timmins AC, Yau EH, et al. Oxygen transport pat-
terns in patients with sepsis syndrome or septic shock: influ-
ence of treatment and relationship to outcome. Crit Care Med. 
1997;25:926-936.

	 4.	Adrie C, Adib-Conquy M, Laurent I, et al. Successful cardio-
pulmonary resuscitation after cardiac arrest as a sepsis-like 
syndrome. Circulation. 2002;106:562-568.

	 5.	Durairaj L, Schmidt GA. Fluid therapy in resuscitated sepsis: 
less is more. Chest. 2008;133:252-263.

	 6.	Wiedemann HP, Wheeler AP, Bernard GR, et al. Comparison of 
two fluid-management strategies in acute lung injury. N Engl J 
Med. 2006;354:2564-2575.

	 7.	Yu M, Levy MM, Smith P, et al. Effect of maximizing oxy-
gen delivery on morbidity and mortality rates in critically ill 
patients: a prospective, randomized, controlled study. Crit Care 
Med. 1993;21:830-838.

	 8.	Hayes MA, Timmins AC, Yau EH, et al. Elevation of systemic 
oxygen delivery in the treatment of critically ill patients. N Engl 
J Med. 1994;330:1717-1722.

	 9.	Gattinoni L, Brazzi L, Pelosi P, et al. A trial of goal-oriented hemo-
dynamic therapy in critically ill patients. SvO2 Collaborative 
Group. N Engl J Med. 1995;333:1025-1032.

	 10.	Schmidt GA. Counterpoint: adherence to early goal-directed 
therapy. Does it really matter? No. Both risks and benefits 
require further study. Chest. 2010;138:480-484.

	 11.	Malbrain ML, Chiumello D, Pelosi P, et al. Incidence and prog-
nosis of intraabdominal hypertension in a mixed population of 
critically ill patients: a multiple-center epidemiological study. 
Crit Care Med. 2005;33:315-322.

	 12.	McNelis J, Marini CP, Jurkiewicz A, et al. Predictive fac-
tors associated with the development of abdominal compart-
ment syndrome in the surgical intensive care unit. Arch Surg. 
2002;137:133-136.

	 13.	Humphrey H, Hall J, Sznajder I, et al. Improved survival in 
ARDS patients associated with a reduction in pulmonary capil-
lary wedge pressure. Chest. 1990;97:1176-1180.

	 14.	Simmons RS, Berdine GG, Seidenfeld JJ, et al. Fluid balance 
and the adult respiratory distress syndrome. Am Rev Respir Dis. 
1987;135:924-929.

	 15.	Alsous F, Khamiees M, DeGirolamo A, et al. Negative fluid bal-
ance predicts survival in patients with septic shock: a retrospec-
tive pilot study. Chest. 2000;117:1749-1754.

	 16.	Vincent J-L, Sakr Y, Sprung CL, et al. Sepsis in European 
intensive care units: results of the SOAP study. Crit Care Med. 
2006;34:344-353.

	 17.	Boyd JH, Forbes J, Nakada T, Walley KR, Russell JA. Fluid resus-
citation in septic shock: a positive fluid balance and elevated 
central venous pressure are associated with increased mortality. 
Crit Care Med. 2011;39:259-265.

	 18.	Bouchard J, Soroko SB, Chertow GM, et al. Fluid accumulation, 
survival and recovery of kidney function in critically ill patients 
with acute kidney injury. Kidney Int. 2009;76:422-427.

	 19.	Uchino S, Bellomo R, Morimatsu H, et al. Pulmonary artery 
catheter versus pulse contour analysis: a prospective epidemio-
logical study. Crit. Care. 2006;10:R174.

	 20.	Challand C, Struthers R, Sneyd JR, et al. Randomized controlled 
trial of intraoperative goal-directed fluid therapy in aerobi-
cally fit and unfit patients having major colorectal surgery. Br J 
Anaesth. 2012;108:53-62.

	 21.	Upadya A, Tilluckdharry L, Muralidharan V, et al. Fluid balance 
and weaning outcomes. Intensive Care Med. 2005;31:1643-1647.

	 22.	Epstein CD, Peerless JR. Weaning readiness and fluid balance in 
older critically ill surgical patients. Am J Crit Care. 2006;15:54-64.

	 23.	Corcoran T, Rhodes JE, Clarke S, Myles PS, Ho KM. Perioperative 
fluid management strategies in major surgery: a stratified meta-
analysis. Anesth Analg. 2012;114:640-651.

	 24.	Mitchell JP, Schuller D, Calandrino FS, et al. Improved outcome 
based on fluid management in critically ill patients requir-
ing pulmonary artery catheterization. Am Rev Respir Dis. 
1992;145:990-998.

	 25.	Maitland K, Kiguli S, Opoka RO, et al. Mortality after fluid 
bolus in African children with severe infection. New Engl J Med. 
2011;364:2483-2495.

	 26.	Magder S, Bafaqeeh F. The clinical role of central venous pres-
sure measurements. J Intensive Care Med. 2007;22:44-51.

	 27.	Marik PE, Baram M, Vahid B. Does central venous pressure pre-
dict fluid responsiveness? A systematic review of the literature 
and the tale of seven mares. Chest. 2008;134:172-178.

Section03-O-ref.indd   1 1/20/2015   7:10:22 AM

http://www.myuptodate.com


References2

	 28.	Osman D, Ridel C, Ray P, et al. Cardiac filling pressures are not 
appropriate to predict hemodynamic response to volume chal-
lenge. Crit Care Med. 2007;35:64-68.

	 29.	Michard F, Boussat S, Chemla D, et al. Relation between respira-
tory changes in arterial pulse pressure and fluid responsiveness 
in septic patients with acute circulatory failure. Am J Respir Crit 
Care Med. 2000;162:134-138.

	 30.	Tavernier B, Makhotine O, Lebuffe G, et al. Systolic pressure 
variation as a guide to fluid therapy in patients with sepsis-
induced hypotension. Anesthesiology. 1998;89:1313-1321.

	 31.	Feissel M, Michard F, Mangin I, Ruyer O, Faller JP, Teboul JL. 
Respiratory changes in aortic blood velocity as an indicator of 
fluid responsiveness in ventilated patients with septic shock. 
Chest. 2001;119:867-873.

	 32.	Sakka SG, Bredle DL, Reinhart K, et al. Comparison between 
intrathoracic blood volume and cardiac filling pressures in the 
early phase of hemodynamic instability of patients with sepsis 
or septic shock. J Crit Care. 1999;14:78-83.

	 33.	Michard F, Alaya S, Zarka V, et al. Global end-diastolic volume 
as an indicator of cardiac preload in patients with septic shock. 
Chest. 2003;124:1900-1908.

	 34.	Feissel M, Michard F, Faller JP, et al. The respiratory variation in 
inferior vena cava diameter as a guide to fluid therapy. Intensive 
Care Med. 2004;30:1834-1837.

	 35.	Feissel M, Teboul JL, Merlani P, et al. Plethysmographic 
dynamic indices predict fluid responsiveness in septic ventilated 
patients. Intensive Care Med. 2007;33:993-999.

	 36.	Vieillard-Baron A, Chergui K, Rabiller A, et al. Superior vena 
caval collapsibility as a gauge of volume status in ventilated 
septic patients. Intensive Care Med. 2004;30:1734-1739.

	 37.	Barbier C, Loubieres Y, Schmit C, et al. Respiratory changes 
in inferior vena cava diameter are helpful in predicting fluid 
responsiveness in ventilated septic patients. Intensive Care Med. 
2004;30:1740-1746.

	 38.	Perner A, Faber T. Stroke volume variation does not predict 
fluid responsiveness in patients with septic shock on pres-
sure support ventilation. Acta Anaesthesiol Scand. 2006;50: 
1068-1073.

	 39.	Kumar A, Anel R, Bunnell E, et al. Pulmonary artery occlusion 
pressure and central venous pressure fail to predict ventricular 
filling volume, cardiac performance, or the response to volume 
infusion in normal subjects. Crit Care Med. 2004;32:691-699.

	 40.	Reuse C, Vincent JL, Pinsky MR. Measurements of right ventricu-
lar volumes during fluid challenge. Chest. 1990;98:1450-1454.

	 41.	Wagner JG, Leatherman JW. Right ventricular end-diastolic 
volume as a predictor of the hemodynamic response to a fluid 
challenge. Chest. 1998;113:1048-1054.

	 42.	Dellinger RP, Carlet JM, Masur H, et al. Surviving Sepsis 
Campaign guidelines for management of severe sepsis and 
septic shock. Crit Care Med. 2004;32:858-873.

	 43.	Raper R, Sibbald WJ. Misled by the wedge? The Swan-Ganz 
catheter and left ventricular preload. Chest. 1986;89:427-434.

	 44.	Tavernier B, Makhotine O, Lebuffe G, et al. Systolic pressure 
variation as a guide to fluid therapy in patients with sepsis-
induced hypotension. Anesthesiology. 1998;89:1313-1321.

	 45.	Lamia B, Ochagavia A, Monnet X, Chemla D, Richard C, Teboul 
JL. Echocardiographic prediction of volume responsiveness 
in critically ill patients with spontaneously breathing activity. 
Intensive Care Med. 2007;33:1125-1132.

	 46.	Solus-Biguenet H, Fleyfel M, Tavernier B, et al. Non-invasive 
prediction of fluid responsiveness during major hepatic surgery. 
Br J Anaesth. 2006;97:808-816.

	 47.	Monnet X, Rienzo M, Osman D, et al. Esophageal Doppler 
monitoring predicts fluid responsiveness in critically ill venti-
lated patients. Intensive Care Med. 2005;31:1195-1201.

	 48.	Monnet X, Rienzo M, Osman D, et al. Passive leg raising pre-
dicts fluid responsiveness in the critically ill. Crit Care Med. 
2006;34:1402-1407.

	 49.	Michard F, Alaya S, Zarka V, et al. Global end-diastolic volume 
as an indicator of cardiac preload in patients with septic shock. 
Chest. 2003;124:1900-1908.

	 50.	Biais M, Vidil L, Sarrabay P, Cottenceau V, Revel P, Sztark 
F. Changes in stroke volume induced by passive leg rais-
ing in spontaneously breathing patients: comparison between 
echocardiography and Vigileo™/FloTrac™ device. Crit Care. 
2009;13:R195.

	 51.	Cavallaro F, Sandroni C, Marano C, et al. Diagnostic accuracy 
of passive leg raising for prediction of fluid responsiveness in 
adults: systematic review and meta-analysis of clinical studies. 
Intensive Care Med. 2010;36:1475-1483.

	 52.	Maizel J, Airapetian N, Lorne E, et al. Diagnosis of central 
hypovolemia by using passive leg raising. Intensive Care Med. 
2007;33:1133-1138.

	 53.	Lafanechere A, Pene F, Goulenok C, et al. Changes in aortic 
blood flow induced by passive leg raising predict fluid respon-
siveness in critically ill patients. Crit Care. 2006;10:R132.

	 54.	Brun C, Zieleskiewicz L, Textoris J, et al. Prediction of fluid 
responsiveness in severe preeclamptic patients with oliguria. 
Intensive Care Med. 2013;39:593-600.

	 55.	Préau S, Saulnier F, Dewavrin F, Durocher A, Chagnon J-L. 
Passive leg raising is predictive of fluid responsiveness in 
spontaneously breathing patients with severe sepsis or acute 
pancreatitis. Crit Care Med. 2010;38:819-825.

	 56.	Thiel SW, Kollef MH, Isakow W. Non-invasive stroke volume 
measurement and passive leg raising predict volume respon-
siveness in medical ICU patients: an observational cohort study. 
Crit Care. 2009;13:R111.

	 57.	Mahjoub Y, Touzeau J, Airapetian N, et al. The passive leg-
raising maneuver cannot accurately predict fluid responsiveness 
in patients with intra-abdominal hypertension. Crit Care Med. 
2010;38:1824-1829.

	 58.	Mahjoub Y, Pila C, Friggeri A, et al. Assessing fluid responsive-
ness in critically ill patients: false-positive pulse pressure varia-
tion is detected by Doppler echocardiographic evaluation of the 
right ventricle. Crit Care Med. 2009;37:2570-2575.

	 59.	Monnet X, Bleibtreu A, Dres M, Gharbi R, Richard C, Teboul JL. 
Passive leg-raising and end-expiratory occlusion tests perform 
better than pulse pressure variation in patients with low respira-
tory system compliance. Crit Care Med. 2012;40:152-1557.

	 60.	Biais M, Nouette-Gaulain K, Roullet S, Quinart A, Revel P, 
Sztark F. A comparison of stroke volume variation measured by 
Vigileo™/FloTrac™ system and aortic Doppler echocardiography. 
Anesth Analg. 2009;109:466-469.

	 61.	Perel A, Pizov R, Cotev S. Systolic blood pressure variation is a 
sensitive indicator of hypovolemia in ventilated dogs subjected 
to graded hemorrhage. Anesthesiology. 1987;67:498-502.

	 62.	Preisman S, Kogan S, Berkenstadt H, et al. Predicting fluid 
responsiveness in patients undergoing cardiac surgery: func-
tional haemodynamic parameters including the Respiratory 

Section03-O-ref.indd   2 1/20/2015   7:10:22 AM

http://www.myuptodate.com


References 3

Systolic Variation Test and static preload indicators. Br J Anaesth.  
2005;95:746-755.

	 63.	De Backer D, Heenen S, Piagnerelli M, et al. Pulse pressure 
variations to predict fluid responsiveness: influence of tidal 
volume. Intensive Care Med. 2005;31:517-523.

	 64.	Kramer A, Zygun D, Hawes H, et al. Pulse pressure variation 
predicts fluid responsiveness following coronary artery bypass 
surgery. Chest. 2004;126:1563-1568.

	 65.	Monnet X, Chemla D, Osman D, et al. Measuring aortic diam-
eter improves accuracy of esophageal Doppler in assessing fluid 
responsiveness. Crit Care Med. 2007;35:477-482.

	 66.	Brennan JM, Blair JE, Hampole C, et al. Radial artery pulse 
pressure variation correlates with brachial artery peak veloc-
ity variation in ventilated subjects when measured by internal 
medicine residents using hand-carried ultrasound devices. 
Chest. 2007;131:1301-1307.

	 67.	Monge García MI, Gil Cano A, Díaz Monrové JC. Brachial 
artery peak velocity variation to predict fluid responsiveness in 
mechanically ventilated patients. Crit Care. 2009;13:R142.

	 68.	Vieillard-Baron A, Chergui K, Rabiller A, et al. Superior vena 
caval collapsibility as a gauge of volume status in ventilated 
septic patients. Intensive Care Med. 2004;30:1734-1739.

	 69.	Magder S, Georgiadis G, Cheong T. Respiratory variations in 
right atrial pressure predict the response to fluid challenge.  
J Crit Care. 1992;7:76-85.

	 70.	Heenen S, De Backer D, Vincent JL. How can the response to 
volume expansion in patients with spontaneous respiratory 
movements be predicted? Crit Care. 2006;10:R102.

	 71.	Bouferrache K, Amiel J-B, Chimot L, et al. Initial resuscitation 
guided by the Surviving Sepsis Campaign recommendations 
and early echocardiographic assessment of hemodynamics in 
intensive care unit septic patients: a pilot study. Crit Care Med. 
2012;40:2821-2827.

Section03-O-ref.indd   3 1/20/2015   7:10:22 AM

http://www.myuptodate.com


This page intentionally left blank 

http://www.myuptodate.com


Chapter 35

REFERENCES

	 1.	Elzinga G, Westerhof N. How to quantify pump function of the 
heart. The value of variables derived from measurements on 
isolated muscle. Circ Res. 1979;44(3):303-308.

	 2.	 Joshi N. The third heart sound. South Med J. 1999;92(8): 
756-761.

	 3.	Labovitz AJ, Noble VE, Bierig M, et al. Focused cardiac 
ultrasound in the emergent setting: a consensus statement 
of the American Society of Echocardiography and American 
College of Emergency Physicians. J Am Soc Echocardiogr. 
2010;23(12):1225-1230.

	 4.	Salem R, Vallee F, Rusca M, Mebazaa A. Hemodynamic moni-
toring by echocardiography in the ICU: the role of the new echo 
techniques. Curr Opin Crit Care. 2008;14(5):561-568.

	 5.	Burger W, Jockwig B, Rucker G, Kober G. Influence of right 
ventricular pre- and afterload on right ventricular ejection frac-
tion and preload recruitable stroke work relation. Clin Physiol. 
2001;21(1):85-92.

	 6.	Kass DA, Maughan WL, Guo ZM, Kono A, Sunagawa K, 
Sagawa K. Comparative influence of load versus inotropic 
states on indexes of ventricular contractility: experimental and 
theoretical analysis based on pressure-volume relationships. 
Circulation. 1987;76(6):1422-1436.

	 7.	Cooper DJ, Thompson CR, Walley KR, Gillis RP, Wolinski-
Walley PE, Schellenberg RR. Histamine decreases left ven-
tricular contractility in normal human subjects. J Appl Physiol. 
1992;73(6):2530-2537.

	 8.	Andrew P. Diastolic heart failure demystified. Chest. 
2003;124(2):744-753.

	 9.	Kaplan A, Mayo PH. Echocardiography performed by the pul-
monary/critical care medicine physician. Chest. 2009;135(2): 
529-535.

	 10.	Vieillard-Baron A, Slama M, Cholley B, Janvier G, Vignon P. 
Echocardiography in the intensive care unit: from evolution to 
revolution? Intensive Care Med. 2008;34(2):243-249.

	 11.	Vincent J-L, Rhodes A, Perel A, et al. Update on hemodynamic 
monitoring: a consensus of 16. Critical Care. 2011;15:229.

	 12.	Walley KR. Use of central venous oxygen saturation to guide 
therapy. Am J Respir Crit Care Med. 2011;184:514.

	 13.	Connors AF Jr, Speroff T, Dawson NV, et al. The effectiveness 
of right heart catheterization in the initial care of critically ill 
patients. SUPPORT Investigators. JAMA. 1996;276(11):889-897.

	 14.	Sandham JD, Hull RD, Brant RF, et al. Randomized, controlled 
trial of the use of pulmonary-artery catheters in high-risk surgi-
cal patients. N Engl J Med. 2003;348(1):5-14.

	 15.	Chittock DR, Dhingra VK, Ronco JJ, et al. Severity of illness and 
risk of death associated with pulmonary artery catheter use. Crit 
Care Med. 2004;32(4):911-915.

	 16.	Sarnoff SJ, Berglund E. Ventricular function. I. Starling’s law 
of the heart studied by means of simultaneous right and left 
ventricular function curves in the dog. Circulation. 1954;9(5): 
706-718.

	 17.	Sagawa K. The ventricular pressure-volume diagram revisited. 
Circ Res. 1978;43(5):677-687.

	 18.	Khot UN, Novaro GM, Popovic ZB, et al. Nitroprusside in 
critically ill patients with left ventricular dysfunction and aortic 
stenosis. N Engl J Med. 2003;348(18):1756-1763.

	 19.	Mandinov L, Eberli FR, Seiler C, Hess OM. Diastolic heart failure.  
Cardiovasc Res. 2000;45(4):813-825.

	 20.	Cowley AW Jr, Guyton AC. Heart rate as a determinant of 
cardiac output in dogs with arteriovenous fistula. Am J Cardiol. 
1971;28(3):321-325.

	 21.	 Jacobsohn E, Chorn R, O'Connor M. The role of the vasculature 
in regulating venous return and cardiac output: historical and 
graphical approach. Can J Anaesth. 1997;44(8):849-867.

	 22.	Goldberg HS, Rabson J. Control of cardiac output by systemic 
vessels. Circulatory adjustments to acute and chronic respira-
tory failure and the effect of therapeutic interventions. Am J 
Cardiol. 1981;47(3):696-702.

	 23.	Henderson WR, Griesdale DE, Walley KR, Sheel AW. Clinical 
review: Guyton–the role of mean circulatory filling pressure 
and right atrial pressure in controlling cardiac output. Crit Care. 
2010;14(6):243.

	 24.	Luk A, Ahn E, Soor GS, Butany J. Dilated cardiomyopathy: a 
review. J Clin Pathol. 2009;62(3):219-225.

	 25.	Cohn JN, Ferrari R, Sharpe N. Cardiac remodeling—
concepts and clinical implications: a consensus paper from 
an international forum on cardiac remodeling. Behalf of an 
International Forum on Cardiac Remodeling. J Am Coll Cardiol. 
2000;35(3):569-582.

	 26.	Shaw T, Elliott P, McKenna WJ. Dilated cardiomyopathy: 
a genetically heterogeneous disease. Lancet. 2002;360(9334): 
654-655.

Section03-O-ref.indd   1 1/20/2015   7:10:22 AM

http://www.myuptodate.com


References2

	 27.	Wu AH, Cody RJ. Medical and surgical treatment of chronic 
heart failure. Curr Probl Cardiol. 2003;28(3):229-260.

	 28.	Cohn JN. Structural basis for heart failure. Ventricular 
remodeling and its pharmacological inhibition. Circulation. 
1995;91(10):2504-2507.

	 29.	Suga H, Yamada O, Goto Y. Energetics of ventricular con-
traction as traced in the pressure-volume diagram. Fed Proc. 
1984;43(9):2411-2413.

	 30.	Weinberg G. Lipid rescue resuscitation from local anaesthetic 
cardiac toxicity. Toxicol Rev. 2006;25(3):139-145.

	 31.	Boyd JH, Kan B, Roberts H, Wang Y, Walley KR. S100A8 and 
S100A9 mediate endotoxin-induced cardiomyocyte dysfunc-
tion via the receptor for advanced glycation end products. Circ 
Res. 2008;102(10):1239-1246.

	 32.	Herbertson MJ, Werner HA, Russell JA, Iversen K, Walley KR. 
Myocardial oxygen extraction ratio is decreased during endo-
toxemia in pigs. J Appl Physiol. 1995;79(2):479-486.

	 33.	Lorigados CB, Soriano FG, Szabo C. Pathomechanisms of myo-
cardial dysfunction in sepsis. Endocr Metab Immune Disord 
Drug Targets. 2010;10(3):274-284.

	 34.	Dhainaut JF, Huyghebaert MF, Monsallier JF, et al. Coronary 
hemodynamics and myocardial metabolism of lactate, free 
fatty acids, glucose, and ketones in patients with septic shock. 
Circulation. 1987;75(3):533-541.

	 35.	Walley KR, Becker CJ, Hogan RA, Teplinsky K, Wood LD. 
Progressive hypoxemia limits left ventricular oxygen consump-
tion and contractility. Circ Res. 1988;63(5):849-859.

	 36.	Endoh M. Acidic pH-induced contractile dysfunction via 
downstream mechanism: identification of pH-sensitive domain 
in troponin I.[comment]. J Mol Cell Cardiol. 2001;33(7): 
1297-1300.

	 37.	Walley KR, Lewis TH, Wood LD. Acute respiratory acidosis 
decreases left ventricular contractility but increases cardiac 
output in dogs. Circ Res. 1990;67(3):628-635.

	 38.	Teplinsky K, O’Toole M, Olman M, Walley KR, Wood LD. 
Effect of lactic acidosis on canine hemodynamics and left ven-
tricular function. Am J Physiol. 1990;258(4, pt 2):H1193-H1199.

	 39.	Carlstedt F, Lind L, Rastad J, Stjernstrom H, Wide L, Ljunghall S.  
Parathyroid hormone and ionized calcium levels are related to 
the severity of illness and survival in critically ill patients. Eur J 
Clin Invest. 1998;28(11):898-903.

	 40.	Lang RM, Fellner SK, Neumann A, Bushinsky DA, Borow KM. 
Left ventricular contractility varies directly with blood ionized 
calcium. Ann Intern Med. 1988;108(4):524-529.

	 41.	Cooper DJ, Walley KR, Dodek PM, Rosenberg F, Russell JA. 
Plasma ionized calcium and blood lactate concentrations are 
inversely associated in human lactic acidosis. Intensive Care 
Med. 1992;18(5):286-289.

	 42.	Cooper DJ, Walley KR, Wiggs BR, Russell JA. Bicarbonate does 
not improve hemodynamics in critically ill patients who have 
lactic acidosis. A prospective, controlled clinical study. Ann 
Intern Med. 1990;112(7):492-498.

	 43.	Dellinger RP, Levy MM, Carlet JM, et al. Surviving Sepsis 
Campaign: international guidelines for management of severe 
sepsis and septic shock: 2008. Crit Care Med. 2008;36(1): 
296-327.

	 44.	Hochman JS, Sleeper LA, Webb JG, et al. Early revascularization 
and long-term survival in cardiogenic shock complicating acute 
myocardial infarction. JAMA. 2006;295(21):2511-2515.

	 45.	Klein L, O'Connor CM, Gattis WA, et al. Pharmacologic therapy 
for patients with chronic heart failure and reduced systolic 
function: review of trials and practical considerations.[erratum 
appears in Am J Cardiol. December 1, 2003;92(11):1378]. Am J 
Cardiol. 2003;91(9A):18F-40F.

	 46.	Stevenson LW. Clinical use of inotropic therapy for heart failure: 
looking backward or forward? Part I: inotropic infusions during 
hospitalization. Circulation. 2003;108(3):367-372.

	 47.	Chadda K, Annane D, Hart N, Gajdos P, Raphael JC, Lofaso F. 
Cardiac and respiratory effects of continuous positive airway 
pressure and noninvasive ventilation in acute cardiac pulmo-
nary edema. Crit Care Med. 2002;30(11):2457-2461.

	 48.	Gray AJ, Goodacre S, Newby DE, et al. A multicentre ran-
domised controlled trial of the use of continuous positive 
airway pressure and non-invasive positive pressure ventilation 
in the early treatment of patients presenting to the emergency 
department with severe acute cardiogenic pulmonary oedema: 
the 3CPO trial. Health Technol Assess. 2009;13(33):1-106.

	 49.	Saia F, Grigioni F, Marzocchi A, Branzi A. Management of acute 
left ventricular dysfunction after primary percutaneous coro-
nary intervention for ST elevation acute myocardial infarction. 
Am Heart J. 2010;160(6 suppl):S16-S21.

	 50.	Kapur NK, Pham DT, Loyalka P. Percutaneous veno-arterial 
extracorporeal membrane oxygenation: another tool in the 
interventional-heart failure armamentarium. J Invasive Cardiol. 
2010;22(8):370-371.

	 51.	Bristow MR, Saxon LA, Boehmer J, et al. Cardiac-
resynchronization therapy with or without an implantable 
defibrillator in advanced chronic heart failure. N Engl J Med. 
2004;350(21):2140-2150.

	 52.	Plewka M, Krzeminska-Pakula M, Lipiec P, et al. Effect of intra-
coronary injection of mononuclear bone marrow stem cells 
on left ventricular function in patients with acute myocardial 
infarction. Am J Cardiol. 2009;104(10):1336-1342.

	 53.	Nelson TJ, Martinez-Fernandez A, Terzic A. Induced pluripo-
tent stem cells: developmental biology to regenerative medicine. 
Nat Rev Cardiol. 2010;7(12):700-710.

	 54.	Stein L, Beraud JJ, Morissette M, Luz PD, Weil MH, Shubin H.  
Pulmonary edema during volume infusion. Circulation. 
1975;52(3):483-489.

	 55.	de Simone G, Greco R, Mureddu G, et al. Relation of left 
ventricular diastolic properties to systolic function in arterial 
hypertension. Circulation. 2000;101(2):152-157.

	 56.	Daneshvar D, Wei J, Tolstrup K, Thomson LE, Shufelt C, 
Merz CN. Diastolic dysfunction: improved understanding 
using emerging imaging techniques. Am Heart J. 2010;160(3): 
394-404.

	 57.	Paulus WJ. Novel strategies in diastolic heart failure. Heart. 
2010;96(14):1147-1153.

	 58.	Nishimura RA, Holmes DR Jr. Clinical practice. Hypertrophic 
obstructive cardiomyopathy. N Engl J Med. 2004;350(13): 
1320-1327.

	 59.	Ammash NM, Seward JB, Bailey KR, Edwards WD, Tajik AJ. 
Clinical profile and outcome of idiopathic restrictive cardiomy-
opathy.[see comment]. Circulation. 2000;101(21):2490-2496.

	 60.	Koyama J, Ray-Sequin PA, Falk RH. Longitudinal myocardial 
function assessed by tissue velocity, strain, and strain rate tissue  
Doppler echocardiography in patients with AL (primary) 
cardiac amyloidosis. Circulation. 2003;107(19):2446-2452.

Section03-O-ref.indd   2 1/20/2015   7:10:22 AM

http://www.myuptodate.com


References 3

	 61.	Moore TD, Frenneaux MP, Sas R, et al. Ventricular interaction 
and external constraint account for decreased stroke work dur-
ing volume loading in CHF. Am J Physiol Heart Circ Physiol. 
2001;281(6):H2385-H2391.

	 62.	Miller RR, DeMaria AN, Amsterdam EA, et al. Improvement of 
reduced left ventricular diastolic compliance in ischemic heart 
disease after successful coronary artery bypass surgery. Am J 
Cardiol. 1975;35(1):11-16.

	 63.	Walley KR, Cooper DJ. Diastolic stiffness impairs left ventricu-
lar function during hypovolemic shock in pigs. Am J Physiol. 
1991;260(3, pt 2):H702-H712.

	 64.	Parrillo JE, Parker MM, Natanson C, et al. Septic shock 
in humans. Advances in the understanding of pathogen-
esis, cardiovascular dysfunction, and therapy. Ann Intern Med. 
1990;113(3):227-242.

	 65.	Russell JA, Ronco JJ, Lockhat D, Belzberg A, Kiess M, Dodek 
PM. Oxygen delivery and consumption and ventricular pre-
load are greater in survivors than in nonsurvivors of the adult 
respiratory distress syndrome. Am Rev Respir Dis. 1990;141(3): 
659-665.

	 66.	Adamson PB, Kleckner KJ, VanHout WL, Srinivasan S, 
Abraham WT. Cardiac resynchronization therapy improves 
heart rate variability in patients with symptomatic heart failure. 
Circulation. 2003;108(3):266-269.

	 67.	Fox DJ, Tischenko A, Krahn AD, et al. Supraventricular 
tachycardia: diagnosis and management. Mayo Clin Proc. 
2008;83(12):1400-1411.

	 68.	Pierce WJ, McGroary K. Multifocal atrial tachycardia and 
Ibutilide. Am J Geriatr Cardiol. 2001;10(4):193-195.

	 69.	Streeter DD Jr, Spotnitz HM, Patel DP, Ross J Jr, Sonnenblick 
EH. Fiber orientation in the canine left ventricle during diastole 
and systole. Circ Res. 1969;24(3):339-347.

	 70.	Dell’Italia LJ, Walsh RA. Right ventricular diastolic pressure-
volume relations and regional dimensions during acute altera-
tions in loading conditions. Circulation. 1988;77(6):1276-1282.

	 71.	Layish DT, Tapson VF. Pharmacologic hemodynamic support 
in massive pulmonary embolism. Chest. 1997;111(1):218-224.

	 72.	Poppas A, Rounds S. Congestive heart failure. Am J Respir Crit 
Care Med. 2002;165(1):4-8.

	 73.	Eilen SD, Crawford MH, O’Rourke RA. Accuracy of precordial 
palpation for detecting increased left ventricular volume. Ann 
Intern Med. 1983;99(5):628-630.

	 74.	Braunwald E. ACE inhibitors—a cornerstone of the treatment 
of heart failure. N Engl J Med. 1991;325(5):351-353.

	 75.	Elliott P. Cardiomyopathy. Diagnosis and management of 
dilated cardiomyopathy. Heart. 2000;84(1):106-112.

	 76.	Felker GM, O’Connor CM. Inotropic therapy for heart failure: 
an evidence-based approach. Am Heart J. 2001;142(3):393-401.

	 77.	Almeda FQ, Hollenberg SM. Update on therapy for acute and 
chronic heart failure. Applying advances in outpatient manage-
ment. Postgrad Med. 2003;113(3):36-38, 41-44, 47-48.

Section03-O-ref.indd   3 1/20/2015   7:10:22 AM

http://www.myuptodate.com


This page intentionally left blank 

http://www.myuptodate.com


Chapter 36

REFERENCES

	 1.	Vos MA LB. Automaticity and Triggered Activity. Foundations of 
Cardiac Arrhythmias: Basic Concepts and Clinical Approaches. 
Marcel Dekker Inc; New York, NY. 2001:425-448.

	 2.	 Janse MJ, Dorinar E. Reentry. In: Spooner PM, Rosen MR, eds. 
Foundations of Cardiac Arrhythmias: Basic Concepts and Clinical 
Approaches. Marcel Dekker Inc; New York, NY. 2001:449-478

	 3.	Zipes DP. Mechanisms of clinical arrhythmias. J Cardiovasc 
Electrophysiol. 2003;14(8):902-912.

	 4.	Roden DM. Antiarrhythmic drugs: from mechanisms to clinical 
practice. Heart. 2000;84(3):339-346.

	 5.	Members of the Sicilian Bambin. New approaches to antiarrhyth-
mic therapy, part I: emerging therapeutic applications of the 
cell biology of cardiac arrhythmias. Circulation. 2001;104(23): 
2865-2873.

	 6.	Gillis AM. Class I antiarrhythmic drugs. In: Zipes DP, Jalife J,  
eds. Cardiac Electrophysiology: From Cell to Bedside. 4th ed. 
Philadelphia, PA: WB Sauders and Co; 2004:911-917.

	 7.	Gillis AM. Proarrhythmia syndromes. In: Camm AJ, Saksena 
S, eds. Electrophysiological Disorders of the Heart. 2nd ed. 
Philadelphia, PA: WB Saunders and Co; 2004:501-516.

	 8.	Dorian P. Mechanisms of action of class III agents and their 
clinical relevance. Europace. 2000;1(suppl C):C6-C9.

	 9.	Pamukcu B, Lip GY. Dronedarone as a new treatment option 
for atrial fibrillation patients: pharmacokinetics, pharmaco-
dynamics and clinical practice. Expert Opin Pharmacother. 
2011;12(1):131-40.

	 10.	Singh BN. β-blockers and calcium channel blockers as 
antiarrhythmic drugs. In: Zipes DP, Jalife J, eds. Cardiac 
Electrophysiology: From Cell to Bedside. 4th ed. Philadelphia, PA: 
WB Saunders and Co; 2004:918-9931.

	 11.	Roden DM. Mechanisms and management of proarrhythmia. 
Am J Cardiol. 1998;82(4A):49I-57I.

	 12.	Roden DM. Antiarrhythmic drugs. In: Hardman JG, Limbird LE,  
eds. Goodman and Gilman’s The Pharmacological Basis of 
Therapeutics. 10th ed. New York, NY: McGraw-Hill; 2001: 
933-970.

	 13.	Wilkinson GR. Pharmacokinetics. In: Hardman JG, Limbird LE,  
eds. Goodman and Gilman’s The Pharmacological Basis of 
Therapeutics. 10th ed. New York: McGraw-Hill; 2001:3-29.

	 14.	Wadworth AN, Murdoch D, Brogden RN. Atenolol: a reap-
praisal of its pharmacological properties and therapeutic use in 
cardiovascular disorders. Drugs. 1991;42(3):468-510.

	 15.	McGavin JK, Keating GM. Bisoprolol: a review of its use in 
chronic heart failure. Drugs. 2002;62(18):2677-2696.

	 16.	Gillis AM, Wyse DG. Supraventricular tachycardia. In: Gray JD,  
ed. Therapeutic Choices. 4th ed. Ottawa, ON: Canadian 
Pharmacists Association; 2003:330-345.

	 17.	Dorian P. Ventricular tachyarrhythmias. In: Gray JD, ed. 
Therapeutic Choices. 4th ed. Ottawa, ON: Canadian Pharmacists 
Association; 2003.

	 18.	Zhou SF. Polymorphism of human cytochrome P450 2D6 and 
its clinical significance: part I. Clin Pharmacokinet. 2009;48(11): 
689-723.

	 19.	Kannankeril PJ. Understanding drug-induced torsades de 
pointes: a genetic stance. Expert Opin Drug Saf. 2008;7(3): 
231-239.

	 20.	Myerburg RJ. Scientific gaps in the prediction and prevention 
of sudden cardiac death. J Cardiovasc Electrophysiol. 2002;13(7): 
709-723.

	 21.	Gillis AM, Hamilton RM, LeFeuvre CA. Unusual causes of sud-
den cardiac death due to ventricular tachyarrhythmias. Can J 
Cardiol. 2000;16(suppl C):34C-40C.

	 22.	Connolly SJ, Krahn A, Klein G. Long term management of 
the survivor of ventricular fibrillation or sustained ventricular 
tachycardia. Can J Cardiol. 2000;16(suppl C):20C-22C.

	 23.	Grogin HR, Scheinman M. Evaluation and management of 
patients with polymorphic ventricular tachycardia. Cardiol Clin. 
1993;11(1):39-54.

	 24.	Priori SG, Napolitano C, Memmi M, et al. Clinical and molecu-
lar characterization of patients with catecholaminergic polymor-
phic ventricular tachycardia. Circulation. 2002;106(1):69-74.

	 25.	Gillis AM. Intractable ventricular arrhythmias: immediate 
evaluation and management, role of pharmacological therapy. 
Card Electrophysiol Rev. 2001;3(2):145-148.

	 26.	Neumar RW, Otto CW, Link MS, et al. Part 8: adult advanced 
cardiovascular life support: 2010 American Heart Asso
ciation Guidelines for Cardiopulmonary Resuscitation and 
Emergency Cardiovascular Care. Circulation. 2010;122(18 suppl 
3):S729-S767.

	 27.	Link MS, Atkins DL, Passman RS, et al. Part 6: electrical therapies: 
automated external defibrillators, defibrillation, cardioversion, 
and pacing: 2010 American Heart Association Guidelines for 
Cardiopulmonary Resuscitation and Emergency Cardiovascular 
Care. Circulation. 2010;122(18 suppl 3):S706-S719.

Section03-O-ref.indd   1 1/20/2015   7:10:22 AM

http://www.myuptodate.com


References2

	 28.	Nademanee K, Taylor R, Bailey WE, Rieders DE, Kosar EM.  
Treating electrical storm: sympathetic blockade versus 
advanced cardiac life support-guided therapy. Circulation. 
2000;102(7):742-747.

	 29.	Credner SC, Klingenheben T, Mauss O, Sticherling C, Hohnloser 
SH. Electrical storm in patients with transvenous implantable 
cardioverter-defibrillators: incidence, management and prog-
nostic implications. J Am Coll Cardiol. 1998;32(7):1909-1915.

	 30.	Kowey PR, Levine JH, Herre JM, et al. Randomized, double-
blind comparison of intravenous amiodarone and bretylium 
in the treatment of patients with recurrent, hemodynami-
cally destabilizing ventricular tachycardia or fibrillation. The 
Intravenous Amiodarone Multicenter Investigators Group. 
Circulation. 1995;92(11):3255-3263.

	 31.	Buxton AE, Lee KL, Fisher JD, Josephson ME, Prystowsky EN, 
Hafley G. Arandomized study of the prevention of sudden 
death in patients with coronary artery disease. Multicenter 
Unsustained Tachycardia Trial Investigators. N Engl J Med. 
1999;341(25):1882-1890.

	 32.	Bardy GH, Lee KL, Mark DB, et al. Amiodarone or an implant-
able cardioverter-defibrillator for congestive heart failure. N 
Engl J Med. 2005;352(3):225-237.

	 33.	Moss AJ, Zareba W, Hall WJ, et al. Prophylactic implantation 
of a defibrillator in patients with myocardial infarction and 
reduced ejection fraction. N Engl J Med. 2002;346(12):877-883.

	 34.	The Antiarrhythmics Versus Implantable Defibrillators 
(AVID) Investigators. A comparison of antiarrhythmic-drug 
therapy with implantable defibrillators in patients resusci-
tated from near-fatal ventricular arrhythmias. N Engl J Med. 
1997;337(22):1576-1583.

	 35.	Connolly SJ, Gent M, Roberts RS, et al. Canadian implantable 
defibrillator study (CIDS): a randomized trial of the implant-
able cardioverter defibrillator against amiodarone. Circulation. 
2000;101(11):1297-1302.

	 36.	Sy RW, Gollob MH, Klein GJ, et al. Arrhythmia characterization 
and long-term outcomes in catecholaminergic polymorphic 
ventricular tachycardia. Heart Rhythm. 2011;8(6):864-871.

	 37.	Tzivoni D, Banai S, Schuger C, et al. Treatment of torsade 
de pointes with magnesium sulfate. Circulation. 1988;77(2): 
392-397.

	 38.	Viskin S. Cardiac pacing in the long QT syndrome: review of 
available data and practical recommendations. J Cardiovasc 
Electrophysiol. 2000;11(5):593-600.

	 39.	Connolly SJ, Hallstrom AP, Cappato R, et al. Meta-analysis of 
the implantable cardioverter defibrillator secondary preven-
tion trials. AVID, CASH and CIDS studies. Antiarrhythmics vs  
Implantable Defibrillator study. Cardiac Arrest Study Hamburg. 
Canadian Implantable Defibrillator Study. Eur Heart J. 
2000;21(24):2071-2078.

	 40.	Fuster V, Ryden LE, Cannom DS, et al. ACC/AHA/ESC 2006 
guidelines for the management of patients with atrial fibrilla-
tion—executive summary: a report of the American College of 
Cardiology/American Heart Association Task Force on Practice 
Guidelines and the European Society of Cardiology Committee 
for Practice Guidelines (Writing Committee to Revise the 
2001 Guidelines for the Management of Patients With Atrial 
Fibrillation). J Am Coll Cardiol. 2006;48(4):854-906.

	 41.	Camm AJ, Kirchhof P, Lip GY, et al. Guidelines for the manage-
ment of atrial fibrillation: the task force for the management of 

atrial fibrillation of the European Society of Cardiology (ESC). 
Eur Heart J. 2010;31(19):2369-2429.

	 42.	Haissaguerre M, Jais P, Shah DC, et al. Spontaneous initiation of 
atrial fibrillation by ectopic beats originating in the pulmonary 
veins. N Engl J Med. 1998;339(10):659-666.

	 43.	Chauhan VS, Krahn AD, Klein GJ, Skanes AC, Yee R.  
Supraventricular tachycardia. Med Clin North Am. 
2001;85(2):193-223, ix.

	 44.	Gillis AM, Verma A, Talajic M, Nattel S, Dxorian P. Canadian 
cardiovascular society atrial fibrillation guidelines 2010: rate 
and rhythm management. Can J Cardiol. 2011;27(1):47-59.

	 45.	Van Gelder IC, Groenveld HF, Crijns HJ, et al. Lenient versus 
strict rate control in patients with atrial fibrillation. N Engl J 
Med. 2010;362(15):1363-1373.

	 46.	Cairns JA, Connolly S, McMurtry S, Stephenson M, Talajic M. 
Canadian cardiovascular society atrial fibrillation guidelines 
2010: prevention of stroke and systemic thromboembolism in 
atrial fibrillation and flutter. Can J Cardiol. 2011;27(1):74-90.

	 47.	Kochiadakis GE, Igoumenidis NE, Simantirakis EN, et al. 
Intravenous propafenone versus intravenous amiodarone in 
the management of atrial fibrillation of recent onset: a placebo-
controlled study. Pacing Clin Electrophysiol. 1998;21(11 Pt 2): 
2475-2479.

	 48.	Wyse DG, Waldo AL, DiMarco JP, et al. A comparison of rate 
control and rhythm control in patients with atrial fibrillation.  
N Engl J Med. 2002;347(23):1825-1833.

	 49.	Van Gelder IC, Hagens VE, Bosker HA, et al. A comparison of 
rate control and rhythm control in patients with recurrent per-
sistent atrial fibrillation. N Engl J Med. 2002;347(23):1834-1840.

	 50.	Newman D, Gillis A, Gilbert M, Dorian P. Long term drug 
therapy for the prevention of recurrence in atrial fibrillation. 
Can J Cardiol. 1996;12(suppl A):21A-26A.

	 51.	Patel C, Yan GX, Kowey PR. Dronedarone. Circulation. 
2009;120(7):636-644.

	 52.	The Cardiac Arrhythmia Suppression Trial (CAST) Investigators. 
Preliminary report: effect of encainide and flecainide on mor-
tality in a randomized trial of arrhythmia suppression after 
myocardial infarction. N Engl J Med. 1989;321(6):406-412.

	 53.	Waldo AL, Camm AJ, deRuyter H, et al. Effect of D-sotalol on 
mortality in patients with left ventricular dysfunction after recent 
and remote myocardial infarction. The SWORD Investigators. 
Survival With Oral D-Sotalol. Lancet. 1996;348(9019):7-12.

	 54.	Wood MA, Brown-Mahoney C, Kay GN, Ellenbogen KA. Clinical 
outcomes after ablation and pacing therapy for atrial fibrillation: 
a meta-analysis. Circulation. 2000;101(10):1138-1144.

	 55.	 Jais P, Weerasooriya R, Shah DC, et al. Ablation therapy for 
atrial fibrillation (AF): past, present and future. Cardiovasc Res. 
2002;54(2):337-346.

	 56.	Hart RG, Benavente O, McBride R, Pearce LA. Antithrombotic 
therapy to prevent stroke in patients with atrial fibrillation: a 
meta-analysis. Ann Intern Med. 1999;131(7):492-501.

	 57.	Connolly SJ, Ezekowitz MD, Yusuf S, et al. Dabigatran ver-
sus warfarin in patients with atrial fibrillation. N Engl J Med. 
2009;361(12):1139-1151.

	 58.	Yee R, Connolly S, Noorani H. Clinical review of radiofre-
quency catheter ablation for cardiac arrhythmias. Can J Cardiol. 
2003;19(11):1273-1284.

Section03-O-ref.indd   2 1/20/2015   7:10:23 AM

http://www.myuptodate.com


References 3

	 59.	Epstein AE, DiMarco JP, Ellenbogen KA, et al. ACC/AHA/
HRS 2008 guidelines for device-based therapy of cardiac 
rhythm abnormalities: executive summary. Heart Rhythm. 
2008;5(6):934-955.

	 60.	Bernstein AK, Parsonnet V. Pacemaker, defibrillator, and lead 
codes. In: Ellenbogen KA, Kay GN, Lau CP, Wilkoff B, eds. 
Clinical Cardiac Pacing, Defibrillation, and Resynchronization 
Therapy. 3rd ed. Philadelphia, PA: Saunders Elsevier; 2007: 
279-287.

	 61.	Bernstein AD, Daubert JC, Fletcher RD, et al. The revised 
NASPE/BPEG generic code for antibradycardia, adaptive-rate, 
and multisite pacing. North American Society of Pacing and 
Electrophysiology/British Pacing and Electrophysiology Group. 
Pacing Clin Electrophysiol. 2002;25(2):260-264.

	 62.	Connolly SJ, Kerr CR, Gent M, et al. Effects of physiologic pac-
ing versus ventricular pacing on the risk of stroke and death due 
to cardiovascular causes. Canadian Trial of Physiologic Pacing 
Investigators. N Engl J Med. 2000;342(19):1385-1391.

	 63.	Lamas GA, Lee K, Sweeney M, et al. The mode selection trial 
(MOST) in sinus node dysfunction: design, rationale, and 
baseline characteristics of the first 1000 patients. Am Heart J. 
2000;140(4):541-551.

	 64.	Gillis AM. Redefining physiologic pacing: lessons learned from 
recent clinical trials. Heart Rhythm. 2006;3(11):1367-1372.

	 65.	Connolly SJ, Kerr CR, Gent M, et al. Effects of physiologic pac-
ing versus ventricular pacing on the risk of stroke and death due 
to cardiovascular causes. Canadian Trial of Physiologic Pacing 
Investigators. N Engl J Med. 2000;342(19):1385-1391.

	 66.	Gillis AM, Philippon F, Cassidy MR, et al. Guidelines for 
implantable cardioverter defibrillator follow-up in Canada: 
a consensus statement of the Canadian Working Group on 
Cardiac Pacing. Can J Cardiol. 2003;19(1):21-37.

	 67.	Wilkoff BL, Auricchio A, Brugada J, et al. HRS/EHRA expert 
consensus on the monitoring of cardiovascular implantable elec-
tronic devices (CIEDs): description of techniques, indications, 

personnel, frequency and ethical considerations. Heart Rhythm. 
2008;5(6):907-925.

	 68.	Fraser JD, Gillis AM, Irwin ME, Nishimura S, Tyers GF, 
Philippon F. Guidelines for pacemaker follow-up in Canada: 
a consensus statement of the Canadian Working Group on 
Cardiac Pacing. Can J Cardiol. 2000;16(3):355-376.

	 69.	Chapa DW, Lee HJ, Kao CW, et al. Reducing mortality with 
device therapy in heart failure patients without ventricular 
arrhythmias. Am J Crit Care. 2008;17(5):443-452.

	 70.	Tang AS, Wells GA, Talajic M, et al. Cardiac-resynchronization 
therapy for mild-to-moderate heart failure. N Engl J Med. 
2010;363:2385-95.

	 71.	Gillis AM, Fast VG, Rohr S, Kleber AG. Spatial changes in trans-
membrane potential during extracellular electrical shocks in 
cultured monolayers of neonatal rat ventricular myocytes. Circ 
Res. 1996;79(4):676-690.

	 72.	Bardy GH, Marchlinski FE, Sharma AD et al. Multicenter 
comparison of truncated biphasic shocks and standard 
damped sine wave monophasic shocks for transthoracic ven-
tricular defibrillation. Transthoracic Investigators. Circulation. 
1996;94(10):2507-2514.

	 73.	Moss AJ, Hall WJ, Cannom DS, et al. Improved survival with 
an implanted defibrillator in patients with coronary disease at 
high risk for ventricular arrhythmia. Multicenter Automatic 
Defibrillator Implantation Trial Investigators. N Engl J Med. 
1996;335(26):1933-1940.

	 74.	Goldenberg I, Gillespie J, Moss AJ, et al. Long-term ben-
efit of primary prevention with an implantable cardioverter-
defibrillator: an extended 8-year follow-up study of the 
Multicenter Automatic Defibrillator Implantation Trial II. 
Circulation. 2010;122(13):1265-1271.

	 75.	Swygman C, Wang PJ, Link MS, Homoud MK, Estes NA, III. 
Advances in implantable cardioverter defibrillators. Curr Opin 
Cardiol. 2002;17(1):24-28.

Section03-O-ref.indd   3 1/20/2015   7:10:23 AM

http://www.myuptodate.com


This page intentionally left blank 

http://www.myuptodate.com


Chapter 37

REFERENCES

	 1.	Braunwald E. Control of myocardial oxygen consump-
tion. Physiologic and clinical considerations. Am J Cardiol. 
1971;27:416-432.

	 2.	Sherman CT, Litvack F, Grundfest W, et al. Coronary angios-
copy in patients with unstable angina pectoris. N Engl J Med. 
1986;315:913-919.

	 3.	Croft CH, Nicod P, Corbett JR, et al. Detection of acute right 
ventricular infarction by right precordial electrocardiography. 
Am J Cardiol. 1982;50:421-427.

	 4.	Spodick DH. Diagnostic electrocardiographic sequences in 
acute pericarditis. Significance of PR segment and PR vector 
changes. Circulation. 1973;48:575-580.

	 5.	Pepine CJ. Silent myocardial ischemia: definition, magnitude, 
and scope of the problem. Cardiol Clin. 1986;4:577-581.

	 6.	Upton MT, Rerych SK, Newman GE, Port S, Cobb FR, Jones RH.  
Detecting abnormalities in left ventricular function during 
exercise before angina and ST-segment depression. Circulation. 
1980;62:341-349.

	 7.	Sugishita Y, Koseki S, Matsuda M, Tamura T, Yamaguchi I, Ito I.  
Dissociation between regional myocardial dysfunction and 
ECG changes during myocardial ischemia induced by exercise 
in patients with angina pectoris. Am Heart J. 1983;106:1-8.

	 8.	 Jaffe AS, Babuin L, Apple FS. Biomarkers in acute cardiac dis-
ease: the present and the future. J Am Coll Cardiol. 2006;48:1-11.

	 9.	Fromm RE Jr. Cardiac troponins in the intensive care unit: 
common causes of increased levels and interpretation. Crit Care 
Med. 2007;35:584-588.

	 10.	Wu AH. Increased troponin in patients with sepsis and septic 
shock: myocardial necrosis or reversible myocardial depression? 
Intensive Care Med. 2001;27:959-961.

	 11.	Kaul S, Stratienko AA, Pollock SG, Marieb MA, Keller MW, 
Sabia PJ. Value of two-dimensional echocardiography for deter-
mining the basis of hemodynamic compromise in critically ill 
patients: a prospective study. J Am Soc Echocardiogr. 1994;7: 
598-606.

	 12.	Feigenbaum H, Corya BC, Dillon JC, et al. Role of echocardiog-
raphy in patients with coronary artery disease. Am J Cardiol. 
1976;37:775-786.

	 13.	Hollenberg SM, Kavinsky CJ, Parrillo JE. Cardiogenic shock. 
Ann Intern Med. 1999;131:47-59.

	 14.	Nishimura RA, Tajik AJ, Shub C, Miller FA Jr, Ilstrup DM, 
Harrison CE. Role of two-dimensional echocardiography in the 

prediction of in-hospital complications after acute myocardial 
infarction. J Am Coll Cardiol. 1984;4:1080-1087.

	 15.	Ribeiro A, Lindmarker P, Juhlin-Dannfelt A, Johnsson H, 
Jorfeldt L. Echocardiography Doppler in pulmonary embolism: 
right ventricular dysfunction as a predictor of mortality rate. 
Am Heart J. 1997;134:479-487.

	 16.	Reilly JP, Tunick PA, Timmermans RJ, Stein B, Rosenzweig BP, 
Kronzon I. Contrast echocardiography clarifies uninterpretable 
wall motion in intensive care unit patients. J Am Coll Cardiol. 
2000;35:485-490.

	 17.	Hollenberg SM, Parrillo JE. Shock. In: Fauci AS, Braunwald E,  
Isselbacher KJ, et al, eds. Harrison’s Principles of Internal 
Medicine. 14th ed. New York, NY: McGraw-Hill; 1997: 
214-222.

	 18.	Nedeljkovic ZS, Ryan TJ. Right ventricular infarction. In: 
Hollenberg SM, Bates ER, eds. Cardiogenic Shock. Armonk, NY: 
Futura Publishing Company; 2002:161-186.

	 19.	Hansen RM, Viquerat CE, Matthay MA, et al. Poor correlation 
between pulmonary arterial wedge pressure and left ventricular 
end-diastolic volume after coronary aftery bypass graft surgery. 
Anesthesiology. 1986;64:764-770.

	 20.	Hollenberg SM. Recognition and treatment of cardiogenic 
shock. Semin Respir Crit Care Med. 2004;25:661-671.

	 21.	Craven L. Experience with aspirin (acetysalicylic acid) in the 
non-specific prophylaxis of coronary thrombosis. Miss Vlly Med 
J. 1953;75:38-44.

	 22.	Steering Committee of the Physicians’ Health Study Research 
Group. Final report on the aspirin component of the ongoing 
physicians’ health study. N Engl J Med. 1989;321:129-135.

	 23.	Antithrombotic Trialists’ Collaboration. Collaborative meta-
analysis of randomised trials of antiplatelet therapy for preven-
tion of death, myocardial infarction, and stroke in high risk 
patients. BMJ. 2002;342:71-86.

	 24.	Ridker PM, Cushman M, Stampfer MJ, Tracy RP, Hennekens 
CH. Inflammation, aspirin, and the risk of cardiovascular 
disease in apparently healthy men. N Engl J Med. 1997;336: 
973-979.

	 25.	Cohn PF, Gorlin R. Physiologic and clinical actions of nitroglyc-
erin. Med Clin North Am. 1974;58:407-415.

	 26.	Frishman WH. Multifactorial actions of beta-adrenergic 
blocking drugs in ischemic heart disease: current concepts. 
Circulation. 1983;67:I11-I18.

Section03-O-ref.indd   1 1/20/2015   7:10:23 AM

http://www.myuptodate.com


References2

	 27.	Oliva PB, Potts DE, Pluss RG. Coronary arterial spasm in 
Prinzmetal angina. Documentation by coronary arteriography. 
N Engl J Med. 1973;288:745-751.

	 28.	Yusuf S, Sleight P, Pogue J, et al. Effects of an angiotensin-con-
verting-enzyme inhibitor, ramipril, on cardiovascular events in 
high-risk patients. N Engl J Med. 2000;342:145-153.

	 29.	Fraker TD Jr, Fihn SD, Gibbons RJ, et al. 2007 chronic angina 
focused update of the ACC/AHA 2002 Guidelines for the man-
agement of patients with chronic stable angina: a report of the 
American College of Cardiology/American Heart Association 
Task Force on Practice Guidelines Writing Group to develop 
the focused update of the 2002 Guidelines for the management 
of patients with chronic stable angina. Circulation. 2007;116: 
2762-2772.

	 30.	Lipid Research Clinics Program. The lipid research clinics 
coronary primary prevention trial results. II. The relationship of 
reduction in incidence of coronary heart disease to cholesterol 
lowering. JAMA. 1984;251:365-374.

	 31.	Frick MH, Elo O, Haapa K, et al. Helsinki heart study: 
primary-prevention trial with gemfibrozil in middle-aged men 
with dyslipidemia. Safety of treatment, changes in risk fac-
tors, and incidence of coronary heart disease. N Engl J Med. 
1987;317:1237-1245.

	 32.	Heart Protection Study Collaborative Group. MRC/BHF Heart 
Protection Study of cholesterol lowering with simvastatin in 
20,536 high-risk individuals: a randomised placebo-controlled 
trial. Lancet. 2002;360:7-22.

	 33.	Ridker PM, Danielson E, Fonseca FA, et al. Rosuvastatin to 
prevent vascular events in men and women with elevated 
C-reactive protein. N Engl J Med. 2008;359:2195-2207.

	 34.	Scandinavian Simvastatin Survival Study Group. Randomised 
trial of cholesterol lowering in 4444 patients with coronary 
heart disease: the Scandinavian Simvastatin Survival Study (4S). 
Lancet. 1994;344:1383-1389.

	 35.	Sacks FM, Pfeffer MA, Moye LA, et al. The effect of pravastatin 
on coronary events after myocardial infarction in patients with 
average cholesterol levels. N Engl J Med. 1996;335:1001-1009.

	 36.	Long-Term Intervention with Pravastatin in Ischaemic Disease 
(LIPID) Study Group. Prevention of cardiovascular events and 
death with pravastatin in patients with coronary heart disease 
and a broad range of initial cholesterol levels. N Engl J Med. 
1998;339:1349-1357.

	 37.	Gibbons RJ, Abrams J, Chatterjee K, et al. ACC/AHA 2002 guide-
line update for the management of patients with chronic stable 
angina—summary article: a report of the American College of 
Cardiology/American Heart Association Task Force on Practice 
Guidelines (Committee on the Management of Patients With 
Chronic Stable Angina). Circulation. 2003;107:149-158.

	 38.	Ferguson JJ III, Cohen M, Freedman RJ Jr, et al. The cur-
rent practice of intra-aortic balloon counterpulsation: results  
from the Benchmark Registry. J Am Coll Cardiol. 2001;38: 
1456-1462.

	 39.	Gewirtz H, Ohley W, Williams DO, Sun Y, Most AS. Effect of 
intraaortic balloon counterpulsation on regional myocardial 
blood flow and oxygen consumption in the presence of coro-
nary artery stenosis: observations in an awake animal model. 
Am J Cardiol. 1982;50:829-837.

	 40.	Ryan TJ, Antman EM, Brooks NH, et al. 1999 update: ACC/
AHA guidelines for the management of patients with acute 

myocardial infarction. A report of the American College of 
Cardiology/American Heart Association Task Force on Practice 
Guidelines (Committee on Management of Acute Myocardial 
Infarction). J Am Coll Cardiol. 1999;34:890-911.

	 41.	Kushner FG, Hand M, Smith SC Jr, et al. 2009 Focused 
Updates: ACC/AHA Guidelines for the Management of Patients 
With ST-Elevation Myocardial Infarction (Updating the 2004 
Guideline and 2007 Focused Update) and ACC/AHA/SCAI 
Guidelines on Percutaneous Coronary Intervention (Updating 
the 2005 Guideline and 2007 Focused Update): A Report of the 
American College of Cardiology Foundation/American Heart 
Association Task Force on Practice Guidelines. Circulation. 
2009;120:2271-2306.

	 42.	Go AS, Barron HV, Rundle AC, Ornato JP, Avins AL. Bundle-
branch block and in-hospital mortality in acute myocar-
dial infarction. National Registry of Myocardial Infarction 2 
Investigators. Ann Intern Med. 1998;129:690-697.

	 43.	Gruppo Italiano per lo Studio della Streptochinasi nell’Infarto 
Miocardico (GISSI). Effectiveness of intravenous thrombo-
lytic treatment in acute myocardial infarction. Lancet. 1986;1: 
397-402.

	 44.	TIMI Study Group. The Thrombolysis in Myocardial Infarction 
(TIMI) trial. Phase I findings. N Engl J Med. 1985;312: 
932-936.

	 45.	TIMI Investigators. Effects of tissue plasminogen activator and 
a comparison of early invasive and conservative strategies in 
unstable angina and non-Q-wave myocardial infarction. Results 
of the TIMI IIIB Trial. Circulation. 1994;89:1545-1556.

	 46.	GUSTO Investigators. An international randomized trial com-
paring four thrombolytic strategies for acute myocardial infarc-
tion. N Engl J Med. 1993;329:673-682.

	 47.	GUSTO Angiographic Investigators. The effects of tissue plas-
minogen activator, streptokinase, or both on coronary-artery 
patency, ventricular function, and survival after acute myocar-
dial infarction. N Engl J Med. 1993;329:1615-1622.

	 48.	Global Use of Strategies to Open Occluded Coronary Arteries 
(GUSTO III) Investigators. A comparison of reteplase with 
alteplase for acute myocardial infarction. N Engl J Med. 
1997;337:1118-1123.

	 49.	Assessment of the Safety and Efficacy of a New Thrombolytic 
Investigators. Single-bolus tenecteplase compared with front-
loaded alteplase in acute myocardial infarction: the ASSENT-2 
double-blind randomised trial. Lancet. 1999;354:716-722.

	 50.	Grines CL, Browne KF, Marco J, et al. A comparison of immedi-
ate angioplasty with thrombolytic therapy for acute myocardial 
infarction. The Primary Angioplasty in Myocardial Infarction 
Study Group. N Engl J Med. 1993;328:673-679.

	 51.	GUSTO IIb Investigators. A comparison of recombinant hiru-
din with heparin for the treatment of acute coronary syn-
dromes. N Engl J Med. 1996;335:775-782.

	 52.	Grines C, Patel A, Zijlstra F, Weaver WD, Granger C, Simes RJ.  
Primary coronary angioplasty compared with intravenous 
thrombolytic therapy for acute myocardial infarction: six-
month follow up and analysis of individual patient data from 
randomized trials. Am Heart J. 2003;145:47-457.

	 53.	Keeley EC, Boura JA, Grines CL. Primary angioplasty versus 
intravenous thrombolytic therapy for acute myocardial infarc-
tion: a quantitative review of 23 randomised trials. Lancet. 
2003;361:13-20.

Section03-O-ref.indd   2 1/20/2015   7:10:23 AM

http://www.myuptodate.com


References 3

	 54.	Cannon CP, Gibson CM, Lambrew CT, et al. Relationship of 
symptom-onset-to-balloon time and door-to-balloon time with 
mortality in patients undergoing angioplasty for acute myocar-
dial infarction. JAMA. 2000;283:2941-2497.

	 55.	Schroder R, Dissmann R, Bruggemann T, et al. Extent of early 
ST segment elevation resolution: a simple but strong predictor 
of outcome in patients with acute myocardial infarction. J Am 
Coll Cardiol. 1994;24:384-391.

	 56.	Anderson RD, White HD, Ohman EM, et al. Predicting out-
come after thrombolysis in acute myocardial infarction accord-
ing to ST-segment resolution at 90 minutes: a substudy of the 
GUSTO III trial. Am Heart J. 2002;144:81-88.

	 57.	Rankin JM, Spinelli JJ, Carere RG, et al. Improved clinical 
outcome after widespread use of coronary-artery stenting in 
Canada. N Engl J Med. 1999;341:1957-1965.

	 58.	Stone GW, Brodie BR, Griffin JJ, et al. Clinical and angiographic 
follow-up after primary stenting in acute myocardial infarction: 
the Primary Angioplasty in Myocardial Infarction (PAMI) stent 
pilot trial. Circulation. 1999;99:1548-1554.

	 59.	 ISIS-2 (Second International Study of Infarct Survival) 
Collaborative Group. Randomised trial of intravenous strep-
tokinase, oral aspirin, both, or neither among 17,187 cases 
of suspected acute myocardial infarction: ISIS-2. Lancet. 
1988;2:349-360.

	 60.	Montalescot G, Sideris G, Meuleman C, et al. A randomized 
comparison of high clopidogrel loading doses in patients 
with non-ST-segment elevation acute coronary syndromes: the 
ALBION (Assessment of the Best Loading Dose of Clopidogrel 
to Blunt Platelet Activation, Inflammation and Ongoing 
Necrosis) trial. J Am Coll Cardiol. 2006;48:931-938.

	 61.	Thebault JJ, Kieffer G, Cariou R. Single-dose pharmacodynam-
ics of clopidogrel. Semin Thromb Hemost. 1999;25(suppl 2):3-8.

	 62.	Sabatine MS, Cannon CP, Gibson CM, et al. Addition of clopido-
grel to aspirin and fibrinolytic therapy for myocardial infarction 
with ST-segment elevation. N Engl J Med. 2005;352:1179-1189.

	 63.	Sabatine MS, Cannon CP, Gibson CM, et al. Effect of clopido-
grel pretreatment before percutaneous coronary intervention 
in patients with ST-elevation myocardial infarction treated 
with fibrinolytics: the PCI-CLARITY study. JAMA. 2005;294: 
1224-1232.

	 64.	Angiolillo DJ, Fernandez-Ortiz A, Bernardo E, et al. Variability 
in individual responsiveness to clopidogrel: clinical implica-
tions, management, and future perspectives. J Am Coll Cardiol. 
2007;49:1505-1516.

	 65.	Simon T, Verstuyft C, Mary-Krause M, et al. Genetic deter-
minants of response to clopidogrel and cardiovascular events.  
N Engl J Med. 2009;360:363-375.

	 66.	Price MJ, Berger PB, Teirstein PS, et al. Standard- vs high-dose 
clopidogrel based on platelet function testing after percutane-
ous coronary intervention. The GRAVITAS randomized trial. 
JAMA. 2011;305:1097-1105.

	 67.	Michelson AD, Frelinger AL 3rd, Braunwald E, et al. 
Pharmacodynamic assessment of platelet inhibition by prasu-
grel vs. clopidogrel in the TRITON-TIMI 38 trial. Eur Heart J. 
2009;30:1753-1763.

	 68.	Brandt JT, Payne CD, Wiviott SD, et al. A comparison of 
prasugrel and clopidogrel loading doses on platelet function: 
magnitude of platelet inhibition is related to active metabolite 
formation. Am Heart J. 2007;153:e9-e16.

	 69.	Wiviott SD, Braunwald E, McCabe CH, et al. Prasugrel versus 
clopidogrel in patients with acute coronary syndromes. N Engl J 
Med. 2007;357:2001-2015.

	 70.	Chen ZM, Jiang LX, Chen YP, et al. Addition of clopidogrel to 
aspirin in 45,852 patients with acute myocardial infarction: ran-
domised placebo-controlled trial. Lancet. 2005;366:1607-1621.

	 71.	Chew DP, Moliterno DJ. A critical appraisal of platelet  
glycoprotein IIb/IIIa inhibition. J Am Coll Cardiol. 2000;36:2028-
2035.

	 72.	Lincoff AM, Califf RM, Moliterno DJ, et al. Complementary 
clinical benefits of coronary-artery stenting and blockade of 
platelet glycoprotein IIb/IIIa receptors. Evaluation of Platelet 
IIb/IIIa Inhibition in Stenting Investigators. N Engl J Med. 
1999;341:319-327.

	 73.	EPISTENT Investigators. Randomised placebo-controlled and 
balloon-angioplasty-controlled trial to assess safety of coronary 
stenting with use of platelet glycoprotein- IIb/IIIa blockade. 
Lancet. 1998;352:87-92.

	 74.	Montalescot G, Barragan P, Wittenberg O, et al. Platelet gly-
coprotein IIb/IIIa inhibition with coronary stenting for acute 
myocardial infarction. N Engl J Med. 2001;344:1895-1903.

	 75.	Stone GW, Grines CL, Cox DA, et al. Comparison of angioplasty 
with stenting, with or without abciximab, in acute myocardial 
infarction. N Engl J Med. 2002;346:957-966.

	 76.	Mehilli J, Kastrati A, Schulz S, et al. Abciximab in patients with 
acute ST-segment-elevation myocardial infarction undergo-
ing primary percutaneous coronary intervention after clopi-
dogrel loading: a randomized double-blind trial. Circulation. 
2009;119:1933-1940.

	 77.	Stone GW, Witzenbichler B, Guagliumi G, et al. Bivalirudin 
during primary PCI in acute myocardial infarction. N Engl J 
Med. 2008;358:2218-2230.

	 78.	Van’t Hof AW, Ten Berg J, Heestermans T, et al. Prehospital 
initiation of tirofiban in patients with ST-elevation myocardial 
infarction undergoing primary angioplasty (On-TIME 2): a 
multicentre, double- blind, randomised controlled trial. Lancet. 
2008;372:537-546.

	 79.	Antman EM, Hand M, Armstrong PW, et al. 2007 focused 
update of the ACC/AHA 2004 guidelines for the manage-
ment of patients with ST-elevation myocardial infarction: a 
report of the American College of Cardiology/American Heart 
Association Task Force on Practice Guidelines. J Am Coll 
Cardiol. 2008;51:210-247.

	 80.	Lincoff AM, Kleiman NS, Kereiakes DJ, et al. Long-term 
efficacy of bivalirudin and provisional glycoprotein IIb/IIIa 
blockade vs heparin and planned glycoprotein IIb/IIIa blockade 
during percutaneous coronary revascularization: REPLACE-2 
randomized trial. JAMA. 2004;292:696-703.

	 81.	Mehran R, Brodie B, Cox DA, et al. The Harmonizing Outcomes 
with RevasculariZatiON and Stents in Acute Myocardial 
Infarction (HORIZONS-AMI) Trial: study design and rationale. 
Am Heart J. 2008;156:44-56.

	 82.	Mehran R, Lansky AJ, Witzenbichler B, et al. Bivalirudin in 
patients undergoing primary angioplasty for acute myocardial 
infarction (HORIZONS-AMI): 1-year results of a randomised 
controlled trial. Lancet. 2009;374:1149-1159.

	 83.	Antman EM, Morrow DA, McCabe CH, et al. Enoxaparin ver-
sus unfractionated heparin with fibrinolysis for ST-elevation 
myocardial infarction. N Engl J Med. 2006;354:1477-1488.

Section03-O-ref.indd   3 1/20/2015   7:10:23 AM

http://www.myuptodate.com


References4

	 84.	Wallentin L, Goldstein P, Armstrong PW, et al. Efficacy and 
safety of tenecteplase in combination with the low-molecular-
weight heparin enoxaparin or unfractionated heparin in the 
prehospital setting: the Assessment of the Safety and Efficacy 
of a New Fibrinolytic Regimen (ASSENT)-3 PLUS random-
ized trial in acute myocardial infarction. Circulation. 2003;108: 
135-142.

	 85.	Yusuf S, Mehta SR, Chrolavicius S, et al. Effects of fondaparinux 
on mortality and reinfarction in patients with acute ST-segment 
elevation myocardial infarction: the OASIS-6 randomized trial. 
JAMA. 2006;295:1519-1530.

	 86.	Mehta SR, Granger CB, Eikelboom JW, et al. Efficacy and 
safety of fondaparinux versus enoxaparin in patients with 
acute coronary syndromes undergoing percutaneous coronary 
intervention: results from the OASIS-5 trial. J Am Coll Cariol. 
2007;50:1742-1751.

	 87.	Gruppo Italiano per lo Studio della Sopravvinza nell’Infarto 
Miocardico (GISSI). GISSI-3: effects of lisinopril and transder-
mal glyceryl trinitrate singly and together on 6-week mortality 
and ventricular function after acute myocardial infarction. 
Lancet. 1994;343:1115-1122.

	 88.	 ISIS-4 (Fourth International Study of Infarct Survival) Study 
Group. ISIS-4: a randomised factorial trial assessing early oral 
captopril, oral mononitrate, and intravenous magnesium sul-
phate in 58,050 patients with suspected acute myocardial infarc-
tion. Lancet. 1995;345:669-685.

	 89.	First International Study of Infarct Survival Collaborative 
Group. Randomised trial of intravenous atenolol among 16 027 
cases of suspected acute myocardial infarction: ISIS-1. Lancet. 
1986;2:57-66.

	 90.	TIMI Study Group. Comparison of invasive and conservative 
strategies after treatment with intravenous tissue plasminogen 
activator in acute myocardial infarction. Results of the throm-
bolysis in myocardial infarction (TIMI) phase II trial. N Engl J 
Med. 1989;320:618-627.

	 91.	Chen ZM, Pan HC, Chen YP, et al. Early intravenous then oral 
metoprolol in 45,852 patients with acute myocardial infarc-
tion: randomised placebo-controlled trial. Lancet. 2005;366: 
1622-1632.

	 92.	MIAMI Trial Research Group. Metoprolol in acute myocardial 
infarction (MIAMI). A randomised placebo-controlled interna-
tional trial. Eur Heart J. 1985;6:199-226.

	 93.	The International Collaborative Study Group. Reduction of 
infarct size with the early use of timolol in acute myocardial 
infarction. N Engl J Med. 1984;310:9-15.

	 94.	Dargie HJ. Effect of carvedilol on outcome after myocardial 
infarction in patients with left-ventricular dysfunction: the 
CAPRICORN randomised trial. Lancet. 2001;357:1385-1390.

	 95.	CONSENSUS Trial Study Group. Effects of enalapril on mortal-
ity in severe congestive heart failure. Results of the Cooperative 
North Scandinavian Enalapril Survival Study (CONSENSUS). 
N Engl J Med. 1987;316:1429-1435.

	 96.	SOLVD Investigators. Effect of enalapril on survival in patients 
with reduced left ventricular ejection fractions and congestive 
heart failure. N Engl J Med. 1991;325:293-302.

	 97.	SOLVD Investigators. Effect of enalapril on mortality and 
the development of heart failure in asymptomatic patients 
with reduced left ventricular ejection fractions. N Engl J Med. 
1992;327:685-691.

	 98.	Pfeffer MA, Braunwald E, Moye LA, et al. Effect of captopril 
on mortality and morbidity in patients with left ventricular 
dysfunction after myocardial infarction. Results of the Survival 
and Ventricular Enlargement Trial. N Engl J Med. 1992;327: 
669-677.

	 99.	Edner M, Bonarjee VV, Nilsen DW, Berning J, Carstensen S,  
Caidahl K. Effect of enalapril initiated early after acute  
myocardial infarction on heart failure parameters, with refer-
ence to clinical class and echocardiographic determinants. 
CONSENSUS II Multi-Echo Study Group. Clin Cardiol. 1996;19: 
543-548.

	 100.	Gibson RS, Boden WE, Theroux P, et al. Diltiazem and reinfarc-
tion in patients with non-Q-wave myocardial infarction. Results 
of a double-blind, randomized, multicenter trial. N Engl J Med. 
1986;315:423-429.

	 101.	MacMahon S, Collins R, Peto R, Koster RW, Yusuf S. Effects of 
prophylactic lidocaine in suspected acute myocardial infarction. 
An overview of results from the randomized, controlled trials. 
JAMA. 1988;260:1910-1916.

	 102.	Lauler DP. Magnesium—coming of age. Am J Cardiol. 
1989;63:1g-3g.

	 103.	Braunwald E. Unstable angina. A classification. Circulation. 
1989;80:410-414.

	 104.	Ohman EM, Armstrong PW, Christenson RH, et al. Cardiac 
troponin T levels for risk stratification in acute myocardial 
ischemia. N Engl J Med. 1996;335:133-1341.

	 105.	Lewis HD Jr, Davis JW, Archibald DG, et al. Protective effects 
of aspirin against acute myocardial infarction and death in men 
with unstable angina. Results of a Veterans Administration 
Cooperative Study. N Engl J Med. 1983;309:396-403.

	 106.	Cairns JA, Gent M, Singer J, et al. Aspirin, sulfinpyrazone, or 
both in unstable angina. Results of a Canadian multicenter trial. 
N Engl J Med. 1985;313:1369-1375.

	 107.	Yusuf S, Zhao F, Mehta SR, Chrolavicius S, Tognoni G, Fox 
KK. Effects of clopidogrel in addition to aspirin in patients 
with acute coronary syndromes without ST-segment elevation.  
N Engl J Med. 2001;345:494-502.

	 108.	Mehta SR, Yusuf S, Peters RJ, et al. Effects of pretreatment 
with clopidogrel and aspirin followed by long-term therapy in 
patients undergoing percutaneous coronary intervention: the 
PCI-CURE study. Lancet. 2001;358:527-533.

	 109.	Steinhubl SR, Berger PB, Mann JT III, et al. Early and sus-
tained dual oral antiplatelet therapy following percutaneous 
coronary intervention: a randomized controlled trial. JAMA. 
2002;288:2411-2420.

	 110.	CAPRIE Steering Committee. A randomised, blinded, trial of 
clopidogrel versus aspirin in patients at risk of ischaemic events 
(CAPRIE). Lancet. 1996;348:1329-1339.

	 111.	Wallentin L, Becker RC, Budaj A, et al. Ticagrelor versus clopi-
dogrel in patients with acute coronary syndromes. N Engl J Med. 
2009;361:1045-1057.

	 112.	Anderson JL, Adams CD, Antman EM, et al. ACC/AHA 
2007 guidelines for the management of patients with unstable 
angina/non ST-elevation myocardial infarction: a report of the 
American College of Cardiology/American Heart Association 
Task Force on Practice Guidelines. J Am Coll Cardiol.  
2007;116:803-877.

	 113.	Theroux P, Ouimet H, McCans J, et al. Aspirin, heparin, or both 
to treat acute unstable angina. N Engl J Med. 1988;319:1105-1111.

Section03-O-ref.indd   4 1/20/2015   7:10:23 AM

http://www.myuptodate.com


References 5

	 114.	Oler A, Whooley MA, Oler J, Grady D. Adding heparin to 
aspirin reduces the incidence of myocardial infarction and 
death in patients with unstable angina. A meta-analysis. JAMA. 
1996;276:811-815.

	 115.	Cohen M, Demers C, Gurfinkel EP, et al. A comparison of 
low-molecular-weight heparin with unfractionated heparin 
for unstable coronary artery disease. Efficacy and Safety of 
Subcutaneous Enoxaparin in Non-Q-Wave Coronary Events 
Study Group. N Engl J Med. 1997;337:447-452.

	 116.	Antman EM, McCabe CH, Gurfinkel EP, et al. Enoxaparin 
prevents death and cardiac ischemic events in unstable angina/
non-Q-wave myocardial infarction. Results of the throm-
bolysis in myocardial infarction (TIMI) 11B trial. Circulation. 
1999;100:1593-1601.

	 117.	Antman EM, Cohen M, Radley D, et al. Assessment of the 
treatment effect of enoxaparin for unstable angina/non-Q-wave 
myocardial infarction. TIMI 11B-ESSENCE meta-analysis. 
Circulation. 1999;100:1602-1608.

	 118.	FRagmin and Fast Revascularisation during InStability in Coronary 
artery disease Investigators. Invasive compared with non-invasive 
treatment in unstable coronary-artery disease: FRISC II prospec-
tive randomised multicentre study. Lancet. 1999;354:708-715.

	 119.	Lincoff AM, Bittl JA, Harrington RA, et al. Bivalirudin and pro-
visional glycoprotein IIb/IIIa blockade compared with heparin 
and planned glycoprotein IIb/IIIa blockade during percuta-
neous coronary intervention: REPLACE-2 randomized trial. 
JAMA. 2003;289:853-863.

	 120.	Platelet Receptor Inhibition in Ischemic Syndrome Management 
(PRISM) Study Investigators. A Comparison of Aspirin plus 
Tirofiban with Aspirin plus Heparin for Unstable Angina.  
N Engl J Med. 1998;338:1498-1505.

	 121.	The PURSUIT Trial Investigators. Inhibition of platelet glyco-
protein IIb/IIIa with eptifibatide in patients with acute coronary 
syndromes. N Engl J Med. 1998;339:436-443.

	 122.	CAPTURE Investigators. Randomised placebo-controlled 
trial of abciximab before and during coronary intervention 
in refractory unstable angina: the CAPTURE Study. Lancet. 
1997;349:1429-1435.

	 123.	Boden WE, O’Rourke RA, Crawford MH, et al. Outcomes in 
patients with acute non-Q-wave myocardial infarction ran-
domly assigned to an invasive as compared with a conservative 
management strategy. N Engl J Med. 1998;338:1785-1792.

	 124.	Cannon CP, Weintraub WS, Demopoulos LA, et al. Comparison 
of early invasive and conservative strategies in patients with 
unstable coronary syndromes treated with the glycoprotein IIb/
IIIa inhibitor tirofiban. N Engl J Med. 2001;344:1879-1887.

	 125.	Fox KA, Poole-Wilson PA, Henderson RA, et al. Interventional 
versus conservative treatment for patients with unstable angina 
or non-ST-elevation myocardial infarction: the British Heart 
Foundation RITA 3 randomised trial. Randomized Intervention 
Trial of unstable Angina. Lancet. 2002;360:743-751.

	 126.	Hirsch A, Windhausen F, Tijssen JG, Verheugt FW, Cornel JH, 
de Winter RJ. Long-term outcome after an early invasive versus 
selective invasive treatment strategy in patients with non-ST-
elevation acute coronary syndrome and elevated cardiac troponin 
T (the ICTUS trial): a follow-up study. Lancet. 2007;369:827-835.

	 127.	Mehta SR, Granger CB, Boden WE, et al. Early versus delayed 
invasive intervention in acute coronary syndromes. N Engl J 
Med. 2009;360:2165-2175.

	 128.	Reardon MJ, Carr CL, Diamond A, et al. Ischemic left ventricu-
lar free wall rupture: prediction, diagnosis, and treatment. Ann 
Thorac Surg. 1997;64:1509-1513.

	 129.	Killen DA, Piehler JM, Borkon AM, Gorton ME, Reed WA. 
Early repair of postinfarction ventricular septal rupture. Ann 
Thorac Surg. 1997;63:138-142.

	 130.	Khan SS, Gray RJ. Valvular emergencies. Cardiol Clin. 
1991;9:689-709.

	 131.	Bolooki H. Emergency cardiac procedures in patients in car-
diogenic shock due to complications of coronary artery disease. 
Circulation. 1989;79:I137-I148.

	 132.	Carabello BA. The current therapy for mitral regurgitation.  
J Am Coll Cardiol. 2008;52:319-326.

	 133.	Zehender M, Kasper W, Kauder E, et al. Right ventricular 
infarction as an independent predictor of prognosis after 
acute inferior myocardial infarction. N Engl J Med. 1993;328: 
981-988.

	 134.	Dell’Italia LJ, Starling MR, Blumhardt R, Lasher JC, O’Rourke RA.  
Comparative effects of volume loading, dobutamine, and nitro-
prusside in patients with predominant right ventricular infarc-
tion. Circulation. 1985;72:1327-1335.

	 135.	Bowers TR, O’Neill WW, Grines C, Pica MC, Safian RD, 
Goldstein JA. Effect of reperfusion on biventricular function 
and survival after right ventricular infarction. N Engl J Med. 
1998;338:933-940.

	 136.	Goldberg RJ, Samad NA, Yarzebski J, Gurwitz J, Bigelow C, 
Gore JM. Temporal trends in cardiogenic shock complicat-
ing acute myocardial infarction. N Engl J Med. 1999;340: 
1162-1168.

	 137.	Hochman JS, Boland J, Sleeper LA, et al. Current spectrum 
of cardiogenic shock and effect of early revascularization on 
mortality. Results of an International Registry. Circulation. 
1995;91:873-881.

	 138.	Holmes DR Jr, Bates ER, Kleiman NS, et al. Contemporary 
reperfusion therapy for cardiogenic shock: the GUSTO-I trial 
experience. The GUSTO-I Investigators. Global Utilization of 
Streptokinase and Tissue Plasminogen Activator for Occluded 
Coronary Arteries. J Am Coll Cardiol. 1995;26:668-674.

	 139.	De Backer D, Biston P, Devriendt J, et al. Comparison of dopa-
mine and norepinephrine in the treatment of shock. N Engl J 
Med. 2010;362:779-789.

	 140.	Hollenberg SM, Hoyt JW. Pulmonary artery catheters in cardio-
vascular disease. New Horizons. 1997;5:207-213.

	 141.	Russ MA, Prondzinsky R, Christoph A, et al. Hemodynamic 
improvement following levosimendan treatment in patients 
with acute myocardial infarction and cardiogenic shock. Crit 
Care Med. 2007;35:2732-2739.

	 142.	Garcia-Gonzalez MJ, Dominguez-Rodriguez A, Ferrer-Hita 
JJ, Abreu-Gonzalez P, Munoz MB. Cardiogenic shock after 
primary percutaneous coronary intervention: effects of levosi-
mendan compared with dobutamine on haemodynamics. Eur J 
Heart Failure. 2006;8:723-728.

	 143.	Mebazaa A, Nieminen MS, Packer M, et al. Levosimendan 
vs dobutamine for patients with acute decompensated heart 
failure: the SURVIVE Randomized Trial. JAMA. 2007;297: 
1883-1891.

	 144.	Willerson JT, Curry GC, Watson JT, et al. Intraaortic balloon 
counterpulsation in patients in cardiogenic shock, medically 

Section03-O-ref.indd   5 1/20/2015   7:10:24 AM

http://www.myuptodate.com


References6

refractory left ventricular failure and/or recurrent ventricular 
tachycardia. Am J Med. 1975;58:183-191.

	 145.	Bates ER, Stomel RJ, Hochman JS, Ohman EM. The use of 
intraaortic balloon counterpulsation as an adjunct to reperfu-
sion therapy in cardiogenic shock. Int J Cardiol. 1998;65(suppl 1): 
S37-S42.

	 146.	Gruppo Italiano per lo Studio Della Streptochinasi Nell’Infarto 
Miocardico (GISSI). Effectiveness of intravenous thrombolytic 
treatment in acute myocardial infarction. Lancet. 1986;2:397-402.

	 147.	Sanborn TA, Sleeper LA, Bates ER, et al. Impact of thromboly-
sis, intra-aortic balloon pump counterpulsation, and their com-
bination in cardiogenic shock complicating acute myocardial 
infarction: a report from the SHOCK Trial Registry. SHould we 
emergently revascularize Occluded Coronaries for cardiogenic 
shocK? J Am Coll Cardiol. 2000;36:1123-1129.

	 148.	Becker RC. Hemodynamic, mechanical, and metabolic deter-
minants of thrombolytic efficacy: a theoretic framework for 
assessing the limitations of thrombolysis in patients with car-
diogenic shock. Am Heart J. 1993;125:919-929.

	 149.	Garber PJ, Mathieson AL, Ducas J, Patton JN, Geddes JS, 
Prewitt RM. Thrombolytic therapy in cardiogenic shock: effect 
of increased aortic pressure and rapid tPA administration. Can 
J Cardiol. 1995;11:30-36.

	 150.	Berger PB, Holmes DR Jr., Stebbins AL, Bates ER, Califf RM, 
Topol EJ. Impact of an aggressive invasive catheterization 
and revascularization strategy on mortality in patients with 
cardiogenic shock in the Global Utilization of Streptokinase 
and Tissue Plasminogen Activator for Occluded Coronary 
Arteries (GUSTO-I) trial. An observational study. Circulation. 
1997;96:122-127.

	 151.	Rogers WJ, Canto JG, Lambrew CT, et al. Temporal trends 
in the treatment of over 1.5 million patients with myocardial 
infarction in the US from 1990 through 1999: the National 
Registry of Myocardial Infarction 1, 2 and 3. J Am Coll Cardiol. 
2000;36:2056-2063.

	 152.	Hochman JS, Sleeper LA, Webb JG, et al. Early revasculariza-
tion in acute myocardial infarction complicated by cardiogenic 
shock. N Engl J Med. 1999;341:625-634.

	 153.	Hochman JS, Sleeper LA, White HD, et al. One-year survival 
following early revascularization for cardiogenic shock. JAMA. 
2001;285:190-192.

	 154.	Urban P, Stauffer JC, Bleed D, et al. A randomized evaluation of 
early revascularization to treat shock complicating acute myo-
cardial infarction. The (Swiss) Multicenter Trial of Angioplasty 
for Shock-(S)MASH. Eur Heart J. 1999;20:1030-1038.

Section03-O-ref.indd   6 1/20/2015   7:10:24 AM

http://www.myuptodate.com


Chapter 38

REFERENCES

	 1.	Redington AN, Gray HH, Hodson ME, et al. Characterisation 
of the normal right ventricular pressure-volume relation by 
biplane angiography and simultaneous micromanometer pres-
sure measurements. Br Heart J. 1988;59:23-30.

	 2.	Cross CE. Right ventricular pressure and coronary flow. Am J 
Physiol. 1962;202:12-16.

	 3.	Reiser PJ, Portman MA, Ning XH, et al. Human cardiac myosin 
heavy chain isoforms in fetal and failing adult atria and ven-
tricles. Am J Physiol Heart Circ Physiol. 2001;280:H1814-H1820.

	 4.	Wang GY, McCloskey DT, Turcato S, et al. Contrasting inotro-
pic responses to alpha1-adrenergic receptor stimulation in left 
versus right ventricular myocardium. Am J Physiol Heart Circ 
Physiol. 2006;291:H2013-H2017.

	 5.	Piazza G, Goldhaber SZ. The acutely decompensated right 
ventricle: pathways for diagnosis and management. Chest. 
2005;128:1836-1852.

	 6.	Redington AN. Right ventricular function. Cardiol Clin. 
2002;20:341-349, v.

	 7.	Yerebakan C, Klopsch C, Niefeldt S, et al. Acute and chronic 
response of the right ventricle to surgically induced pressure 
and volume overload—an analysis of pressure-volume relations. 
Interact Cardiovasc Thorac Surg. 2010;10:519-525.

	 8.	Modesti PA, Vanni S, Bertolozzi I, et al. Different growth factor  
activation in the right and left ventricles in experimental vol-
ume overload. Hypertension. 2004;43:101-108.

	 9.	Quaife RA, Lynch D, Badesch DB, et al. Right ventricular phe-
notypic characteristics in subjects with primary pulmonary 
hypertension or idiopathic dilated cardiomyopathy. J Card Fail. 
1999;5:46-54.

	 10.	 Jardin F, Dubourg O, Gueret P, et al. Quantitative two-dimen-
sional echocardiography in massive pulmonary embolism: 
emphasis on ventricular interdependence and leftward septal 
displacement. J Am Coll Cardiol. 1987;10:1201-1206.

	 11.	 Jardin F, Vieillard-Baron A. Acute cor pulmonale. Curr Opin 
Crit Care. 2009;15:67-70.

	 12.	McIntyre KM, Sasahara AA. The hemodynamic response to 
pulmonary embolism in patients without prior cardiopulmo-
nary disease. Am J Cardiol. 1971;28:288-294.

	 13.	Scharf S, Warner K, Josa M, et al. Load tolerance of the right 
ventricle: effect of increased aortic pressure. J Crit Care. 
1986;1:163-173.

	 14.	Molloy WD, Lee KY, Girling L, et al. Treatment of shock in 
a canine model of pulmonary embolism. Am Rev Respir Dis. 
1984;130:870-874.

	 15.	Konstantinides S, Geibel A, Olschewski M, et al. Importance of 
cardiac troponins I and T in risk stratification of patients with 
acute pulmonary embolism. Circulation. 2002;106:1263-1268.

	 16.	Kucher N, Goldhaber SZ. Cardiac biomarkers for risk stratifica-
tion of patients with acute pulmonary embolism. Circulation. 
2003;108:2191-2194.

	 17.	Roncon-Albuquerque R Jr, Vasconcelos M, Lourenco AP, et al. 
Acute changes of biventricular gene expression in volume and 
right ventricular pressure overload. Life Sci. 2006;78:2633-2642.

	 18.	Stein PD, Terrin ML, Hales CA, et al. Clinical, laboratory, 
roentgenographic, and electrocardiographic findings in patients 
with acute pulmonary embolism and no pre-existing cardiac or 
pulmonary disease. Chest. 1991;100:598-603.

	 19.	Xu J, Durand LG, Pibarot P. A new, simple, and accurate method 
for non-invasive estimation of pulmonary arterial pressure. 
Heart. 2002;88:76-80.

	 20.	Wells PS, Anderson DR, Rodger M, et al. Derivation of a simple 
clinical model to categorize patients probability of pulmonary 
embolism: increasing the models utility with the SimpliRED 
D-dimer. Thromb Haemost. 2000;83:416-420.

	 21.	Ceriani E, Combescure C, Le Gal G, et al. Clinical prediction 
rules for pulmonary embolism: a systematic review and meta-
analysis. J Thromb Haemost. 2010;8:957-970.

	 22.	Stein PD, Athanasoulis C, Alavi A, et al. Complications and 
validity of pulmonary angiography in acute pulmonary embo-
lism. Circulation. 1992;85:462-468.

	 23.	Sreeram N, Cheriex EC, Smeets JL, et al. Value of the 12-lead 
electrocardiogram at hospital admission in the diagnosis of 
pulmonary embolism. Am J Cardiol. 1994;73:298-303.

	 24.	Kanne JP, Lalani TA. Role of computed tomography and mag-
netic resonance imaging for deep venous thrombosis and pul-
monary embolism. Circulation. 2004;109:I15-I21.

	 25.	Gulsun M, Goodman LR. CT for the diagnosis of venous 
thromboembolic disease. Curr Opin Pulm Med. 2003;9:367-373.

	 26.	MacDonald SL, Mayo JR. Computed tomography of acute pul-
monary embolism. Semin Ultrasound CT MR. 2003;24:217-231.

	 27.	Enden T, Klow NE. CT pulmonary angiography and suspected 
acute pulmonary embolism. Acta Radiol. 2003;44:310-315.

Section03-O-ref.indd   1 1/20/2015   7:10:24 AM

http://www.myuptodate.com


References2

	 28.	Remy-Jardin M, Mastora I, Remy J. Pulmonary embolus imag-
ing with multislice CT. Radiol Clin North Am. 2003;41:507-519.

	 29.	Schoepf UJ, Costello P. Multidetector-row CT imaging of pul-
monary embolism. Semin Roentgenol. 2003;38:106-114.

	 30.	Contractor S, Maldjian PD, Sharma VK, et al. Role of helical 
CT in detecting right ventricular dysfunction secondary to 
acute pulmonary embolism. J Comput Assist Tomogr. 2002;26: 
587-591.

	 31.	Mertens LL, Friedberg MK. Imaging the right ventricle—
current state of the art. Nat Rev Cardiol. 2010;7:551-563.

	 32.	Vieillard-Baron A, Prin S, Chergui K, et al. Echo-Doppler dem-
onstration of acute cor pulmonale at the bedside in the medi-
cal intensive care unit. Am J Respir Crit Care Med. 2002;166: 
1310-1319.

	 33.	Goldhaber SZ. Pulmonary embolism. N Engl J Med. 1998;339: 
93-104.

	 34.	Chartier L, Bera J, Delomez M, et al. Free-floating thrombi in 
the right heart: diagnosis, management, and prognostic indexes 
in 38 consecutive patients. Circulation. 1999;99:2779-2783.

	 35.	Troughton RW, Prior DL, Pereira JJ, et al. Plasma B-type natri-
uretic peptide levels in systolic heart failure: importance of 
left ventricular diastolic function and right ventricular systolic 
function. J Am Coll Cardiol. 2004;43:416-422.

	 36.	Horton KD, Meece RW, Hill JC. Assessment of the right ven-
tricle by echocardiography: a primer for cardiac sonographers.  
J Am Soc Echocardiogr. 2009;22:776-792;quiz 861-772.

	 37.	Kasper W, Meinertz T, Kerstin F, et al. Echocardiography in 
assessing acute pulmonary hypertension due to pulmonary 
embolism. Am J Cardiol. 1980;45:567-572.

	 38.	Vieillard-Baron A, Qanadli SD, Antakly Y, et al. Transesophageal 
echocardiography for the diagnosis of pulmonary embolism 
with acute cor pulmonale: a comparison with radiological pro-
cedures. Intensive Care Med. 1998;24:429-433.

	 39.	 Jardin F, Dubourg O, Bourdarias JP. Echocardiographic pattern 
of acute cor pulmonale. Chest. 1997;111:209-217.

	 40.	Bommer W, Weinert L, Neumann A, et al. Determination of 
right atrial and right ventricular size by two-dimensional echo-
cardiography. Circulation. 1979;60:91-100.

	 41.	Rydman R, Soderberg M, Larsen F, et al. Echocardiographic 
evaluation of right ventricular function in patients with acute 
pulmonary embolism: a study using tricuspid annular motion. 
Echocardiography. 2010;27:286-293.

	 42.	Meris A, Faletra F, Conca C, et al. Timing and magnitude of 
regional right ventricular function: a speckle tracking-derived 
strain study of normal subjects and patients with right ventricu-
lar dysfunction. J Am Soc Echocardiogr. 2010;23:823-831.

	 43.	Shimada YJ, Shiota M, Siegel RJ, et al. Accuracy of right ventric-
ular volumes and function determined by three-dimensional 
echocardiography in comparison with magnetic resonance 
imaging: a meta-analysis study. J Am Soc Echocardiogr. 2010;23: 
943-953.

	 44.	Hein M, Roehl AB, Baumert JH, et al. Continuous right ven-
tricular volumetry by fast-response thermodilution during 
right ventricular ischemia: head-to-head comparison with 
conductance catheter measurements. Crit Care Med. 2009;37: 
2962-2967.

	 45.	Vieillard-Baron A, Page B, Augarde R, et al. Acute cor pulmonale 
in massive pulmonary embolism: incidence, echocardiographic 

pattern, clinical implications and recovery rate. Intensive Care 
Med. 2001;27:1481-1486.

	 46.	Mekontso Dessap A, Boissier F, Leon R, et al. Prevalence and 
prognosis of shunting across patent foramen ovale during 
acute respiratory distress syndrome. Crit Care Med. 2010;38: 
1786-1792.

	 47.	Serrano CV, Ramires JA, Cesar LA, et al. Prognostic significance 
of right ventricular dysfunction in patients with acute inferior 
myocardial infarction and right ventricular involvement. Clin 
Cardiol. 1995;18:199-205.

	 48.	Cohn JN, Guiha NH, Broder MI, et al. Right ventricular 
infarction. Clinical and hemodynamic features. Am J Cardiol. 
1974;33:209-214.

	 49.	Goldstein JA. Right heart ischemia: pathophysiology, natu-
ral history, and clinical management. Prog Cardiovasc Dis. 
1998;40:325-341.

	 50.	Goldstein JA, Tweddell JS, Barzilai B, et al. Right atrial isch-
emia exacerbates hemodynamic compromise associated with 
experimental right ventricular dysfunction. J Am Coll Cardiol. 
1991;18:1564-1572.

	 51.	Chiladakis JA, Patsouras N, Manolis AS. The Bezold-Jarisch 
reflex in acute inferior myocardial infarction: clinical and sym-
pathovagal spectral correlates. Clin Cardiol. 2003;26:323-328.

	 52.	Hamon M, Agostini D, Le Page O, et al. Prognostic impact of 
right ventricular involvement in patients with acute myocardial 
infarction: meta-analysis. Crit Care Med. 2008;36:2023-2033.

	 53.	 Jacobs AK, Leopold JA, Bates E, et al. Cardiogenic shock caused 
by right ventricular infarction: a report from the SHOCK regis-
try. J Am Coll Cardiol. 2003;41:1273-1279.

	 54.	Lupi-Herrera E, Lasses LA, Cosio-Aranda J, et al. Acute right 
ventricular infarction: clinical spectrum, results of reperfu-
sion therapy and short-term prognosis. Coron Artery Dis. 
2002;13:57-64.

	 55.	Monchi M, Bellenfant F, Cariou A, et al. Early predictive factors 
of survival in the acute respiratory distress syndrome: a multi-
variate analysis. Am J Respir Crit Care Med. 1998;158:1076-1081.

	 56.	Squara P, Dhainaut JF, Artigas A, et al. Hemodynamic profile 
in severe ARDS: results of the European Collaborative ARDS 
Study. Intensive Care Med. 1998;24:1018-1028.

	 57.	Abroug F, Ouanes-Besbes L, Dachraoui F, et al. An updated 
study-level meta-analysis of randomised controlled trials on 
proning in ARDS and acute lung injury. Crit Care. 2011;15:R6.

	 58.	Gattinoni L, Carlesso E, Taccone P, et al. Prone position-
ing improves survival in severe ARDS: a pathophysiologic 
review and individual patient meta-analysis. Minerva Anestesiol. 
2010;76:448-454.

	 59.	Vieillard-Baron A, Charron C, Caille V, et al. Prone posi-
tioning unloads the right ventricle in severe ARDS. Chest. 
2007;132:1440-1446.

	 60.	Dehring DJ, Fader RC, Traber LD, et al. Cardiopulmonary 
changes occurring with pulmonary intravascular clearance of 
live bacteria in sheep. Circ Shock. 1989;29:245-256.

	 61.	Reuse C, Frank N, Contempre B, et al. Right ventricular func-
tion in septic shock. Intensive Care Med. 1988;14(suppl 2): 
486-487.

	 62.	Kumar A, Haery C, Parrillo JE. Myocardial dysfunction in 
septic shock: Part I. Clinical manifestation of cardiovascular 
dysfunction. J Cardiothorac Vasc Anesth. 2001;15:364-376.

Section03-O-ref.indd   2 1/20/2015   7:10:26 AM

http://www.myuptodate.com


References 3

	 63.	Carlson DL, Willis MS, White DJ, et al. Tumor necrosis factor-
alpha-induced caspase activation mediates endotoxin-related 
cardiac dysfunction. Crit Care Med. 2005;33:1021-1028.

	 64.	Schneider AJ, Teule GJ, Groeneveld AB, et al. Biventricular 
performance during volume loading in patients with early 
septic shock, with emphasis on the right ventricle: a combined 
hemodynamic and radionuclide study. Am Heart J. 1988;116: 
103-112.

	 65.	Lopez A, Lorente JA, Steingrub J, et al. Multiple-center, ran-
domized, placebo-controlled, double-blind study of the nitric 
oxide synthase inhibitor 546C88: effect on survival in patients 
with septic shock. Crit Care Med. 2004;32:21-30.

	 66.	Machado RF, Mack AK, Martyr S, et al. Severity of pulmonary 
hypertension during vaso-occlusive pain crisis and exercise in 
patients with sickle cell disease. Br J Haematol. 2007;136:319-325.

	 67.	Mekontso Dessap A, Leon R, Habibi A, et al. Pulmonary hyper-
tension and cor pulmonale during severe acute chest syndrome 
in sickle cell disease. Am J Respir Crit Care Med. 2008;177: 
646-653.

	 68.	Head CA, Swerdlow P, McDade WA, et al. Beneficial effects of 
nitric oxide breathing in adult patients with sickle cell crisis. Am 
J Hematol. 2010;85:800-802.

	 69.	Sullivan KJ, Goodwin SR, Evangelist J, et al. Nitric oxide suc-
cessfully used to treat acute chest syndrome of sickle cell disease 
in a young adolescent. Crit Care Med. 1999;27:2563-2568.

	 70.	Paparella D, Yau TM, Young E. Cardiopulmonary bypass 
induced inflammation: pathophysiology and treatment. An 
update. Eur J Cardiothorac Surg. 2002;21:232-244.

	 71.	Khan TA, Bianchi C, Araujo EG, et al. Activation of pulmonary 
mitogen-activated protein kinases during cardiopulmonary 
bypass. J Surg Res. 2003;115:56-62.

	 72.	Bond BR, Dorman BH, Clair MJ, et al. Endothelin-1 during 
and after cardiopulmonary bypass: association to graft sensi-
tivity and postoperative recovery. J Thorac Cardiovasc Surg. 
2001;122:358-364.

	 73.	Fullerton DA, Jones SD, Grover FL, et al. Adenosine effectively 
controls pulmonary hypertension after cardiac operations. Ann 
Thorac Surg. 1996;61:1118-1123; discussion 1114-1123.

	 74.	Beck JR, Mongero LB, Kroslowitz RM, et al. Inhaled nitric 
oxide improves hemodynamics in patients with acute pulmo-
nary hypertension after high-risk cardiac surgery. Perfusion. 
1999;14:37-42.

	 75.	Miller OI, Tang SF, Keech A, et al. Inhaled nitric oxide 
and prevention of pulmonary hypertension after congeni-
tal heart surgery: a randomised double-blind study. Lancet. 
2000;356:1464-1469.

	 76.	Lyons JM, Duffy JY, Wagner CJ, et al. Sildenafil citrate alleviates 
pulmonary hypertension after hypoxia and reoxygenation with 
cardiopulmonary bypass. J Am Coll Surg. 2004;199:607-614.

	 77.	Theodoraki K, Rellia P, Thanopoulos A, et al. Inhaled ilo-
prost controls pulmonary hypertension after cardiopulmonary 
bypass. Can J Anaesth. 2002;49:963-967.

	 78.	Winterhalter M, Simon A, Fischer S, et al. Comparison of 
inhaled iloprost and nitric oxide in patients with pulmonary 
hypertension during weaning from cardiopulmonary bypass in 
cardiac surgery: a prospective randomized trial. J Cardiothorac 
Vasc Anesth. 2008;22:406-413.

	 79.	Mahler DA, Brent BN, Loke J, et al. Right ventricular perfor-
mance and central circulatory hemodynamics during upright 

exercise in patients with chronic obstructive pulmonary disease. 
Am Rev Respir Dis. 1984;130:722-729.

	 80.	Akgul F, Batyraliev T, Karben Z, et al. Effects of acute hypoxia 
on left and right ventricular contractility in chronic obstructive 
pulmonary disease. Int J Chron Obstruct Pulmon Dis. 2007;2: 
77-80.

	 81.	Minai OA, Ricaurte B, Kaw R, et al. Frequency and impact 
of pulmonary hypertension in patients with obstructive sleep 
apnea syndrome. Am J Cardiol. 2009;104:1300-1306.

	 82.	Tugcu A, Guzel D, Yildirimturk O, et al. Evaluation of right 
ventricular systolic and diastolic function in patients with newly 
diagnosed obstructive sleep apnea syndrome without hyperten-
sion. Cardiology. 2009;113:184-192.

	 83.	Haddad F, Peterson T, Fuh E, et al. Characteristics and outcome 
after hospitalization for acute right heart failure in patients 
with pulmonary arterial hypertension. Circ Heart Fail. 2011;4: 
692-699.

	 84.	Hoeper MM, Granton J. Intensive care unit management of 
patients with severe pulmonary hypertension and right heart 
failure. Am J Respir Crit Care Med. 2011;184:1114-1124.

	 85.	Price LC, Wort SJ, Finney SJ, et al. Pulmonary vascular and 
right ventricular dysfunction in adult critical care: current 
and emerging options for management: a systematic literature 
review. Crit Care. 2010;14:R169.

	 86.	Mebazaa A, Karpati P, Renaud E, et al. Acute right ventricular 
failure—from pathophysiology to new treatments. Intensive 
Care Med. 2004;30:185-196.

	 87.	Kakouros N, Cokkinos DV. Right ventricular myocardial infarc-
tion: pathophysiology, diagnosis, and management. Postgrad 
Med J. 2010;86:719-728.

	 88.	Belenkie I, Dani R, Smith ER, et al. Effects of volume loading 
during experimental acute pulmonary embolism. Circulation. 
1989;80:178-188.

	 89.	Ghignone M, Girling L, Prewitt RM. Volume expansion versus 
norepinephrine in treatment of a low cardiac output compli-
cating an acute increase in right ventricular afterload in dogs. 
Anesthesiology. 1984;60:132-135.

	 90.	Dell’Italia LJ, Starling MR, Blumhardt R, et al. Comparative 
effects of volume loading, dobutamine, and nitroprusside 
in patients with predominant right ventricular infarction. 
Circulation. 1985;72:1327-1335.

	 91.	Ferrario M, Poli A, Previtali M, et al. Hemodynamics of volume 
loading compared with dobutamine in severe right ventricular 
infarction. Am J Cardiol. 1994;74:329-333.

	 92.	Mahjoub Y, Pila C, Friggeri A, et al. Assessing fluid respon-
siveness in critically ill patients: false-positive pulse pressure 
variation is detected by Doppler echocardiographic evaluation 
of the right ventricle. Crit Care Med. 2009;37:2570-2575.

	 93.	Kim YK, Shin WJ, Song JG, et al. Effect of right ventricular 
dysfunction on dynamic preload indices to predict a decrease 
in cardiac output after inferior vena cava clamping during liver 
transplantation. Transplant Proc. 2010;42:2585-2589.

	 94.	Bates ER, Crevey BJ, Sprague FR, et al. Oral hydralazine therapy 
for acute pulmonary embolism and low output state. Arch Intern 
Med. 1981;141:1537-1538.

	 95.	Calvin JE. The role of ventricular interaction in critical illness. 
Update in Intensive Care and Emergency Medicine. 1990;10: 
305-317.

Section03-O-ref.indd   3 1/20/2015   7:10:26 AM

http://www.myuptodate.com


References4

	 96.	Cockrill BA, Kacmarek RM, Fifer MA, et al. Comparison of the 
effects of nitric oxide, nitroprusside, and nifedipine on hemo-
dynamics and right ventricular contractility in patients with 
chronic pulmonary hypertension. Chest. 2001;119:128-136.

	 97.	Angle MR, Molloy DW, Penner B, et al. The cardiopulmonary 
and renal hemodynamic effects of norepinephrine in canine 
pulmonary embolism. Chest. 1989;95:1333-1337.

	 98.	Boulain T, Lanotte R, Legras A, et al. Efficacy of epinephrine 
therapy in shock complicating pulmonary embolism. Chest. 
1993;104:300-302.

	 99.	Vlahakes GJ, Turley K, Hoffman JI. The pathophysiology of 
failure in acute right ventricular hypertension: hemodynamic 
and biochemical correlations. Circulation. 1981;63:87-95.

	 100.	Hirsch LJ, Rooney MW, Wat SS, et al. Norepinephrine 
and phenylephrine effects on right ventricular function in 
experimental canine pulmonary embolism. Chest. 1991;100: 
796-801.

	 101.	Ducas J, Stitz M, Gu S, et al. Pulmonary vascular pressure-flow 
characteristics. Effects of dopamine before and after pulmonary 
embolism. Am Rev Respir Dis. 1992;146:307-312.

	 102.	Wasson S, Govindarajan G, Reddy HK, et al. The role of 
nitric oxide and vasopressin in refractory right heart failure.  
J Cardiovasc Pharmacol Ther. 2004;9:9-11.

	 103.	Leather HA, Segers P, Berends N, et al. Effects of vasopressin 
on right ventricular function in an experimental model of acute 
pulmonary hypertension. Crit Care Med. 2002;30:2548-2552.

	 104.	 Jardin F, Genevray B, Brun-Ney D, et al. Dobutamine: a hemo-
dynamic evaluation in pulmonary embolism shock. Crit Care 
Med. 1985;13:1009-1012.

	 105.	Bradford KK, Deb B, Pearl RG. Combination therapy with 
inhaled nitric oxide and intravenous dobutamine during pul-
monary hypertension in the rabbit. J Cardiovasc Pharmacol. 
2000;36:146-151.

	 106.	Pagnamenta A, Fesler P, Vandinivit A, et al. Pulmonary vascular 
effects of dobutamine in experimental pulmonary hyperten-
sion. Crit Care Med. 2003;31:1140-1146.

	 107.	Wolfe MW, Saad RM, Spence TH. Hemodynamic effects of 
amrinone in a canine model of massive pulmonary embolism. 
Chest. 1992;102:274-278.

	 108.	Kihara S, Kawai A, Fukuda T, et al. Effects of milrinone for right 
ventricular failure after left ventricular assist device implanta-
tion. Heart Vessels. 2002;16:69-71.

	 109.	Kerbaul F, Rondelet B, Demester JP, et al. Effects of levosimen-
dan versus dobutamine on pressure load-induced right ven-
tricular failure. Crit Care Med. 2006;34:2814-2819.

	 110.	Kerbaul F, Gariboldi V, Giorgi R, et al. Effects of levosimendan 
on acute pulmonary embolism-induced right ventricular failure.  
Crit Care Med. 2007;35:1948-1954.

	 111.	Melot C, Lejeune P, Leeman M, et al. Prostaglandin E1 in the 
adult respiratory distress syndrome. Benefit for pulmonary 
hypertension and cost for pulmonary gas exchange. Am Rev 
Respir Dis. 1989;139:106-110.

	 112.	Bolliger C, Fourie P, Coetzee A. The effect of prostaglandin 
E1 on acute pulmonary artery hypertension during oleic acid-
induced respiratory dysfunction. Chest. 1991;99:1501-1506.

	 113.	Rossaint R, Slama K, Steudel W, et al. Effects of inhaled nitric 
oxide on right ventricular function in severe acute respiratory 
distress syndrome. Intensive Care Med. 1995;21:197-203.

	 114.	Fierobe L, Brunet F, Dhainaut JF, et al. Effect of inhaled nitric 
oxide on right ventricular function in adult respiratory distress 
syndrome. Am J Respir Crit Care Med. 1995;151:1414-1419.

	 115.	Kaisers U, Busch T, Deja M, et al. Selective pulmonary vasodi-
lation in acute respiratory distress syndrome. Crit Care Med. 
2003;31:S337-S342.

	 116.	Solina A, Papp D, Ginsberg S, et al. A comparison of inhaled 
nitric oxide and milrinone for the treatment of pulmonary 
hypertension in adult cardiac surgery patients. J Cardiothorac 
Vasc Anesth. 2000;14:12-17.

	 117.	Lundin S, Mang H, Smithies M, et al. Inhalation of nitric oxide 
in acute lung injury: results of a European multicentre study. 
The European Study Group of Inhaled Nitric Oxide. Intensive 
Care Med. 1999;25:911-919.

	 118.	Dellinger RP, Zimmerman JL, Taylor RW, et al. Effects of 
inhaled nitric oxide in patients with acute respiratory distress 
syndrome: results of a randomized phase II trial. Inhaled  
Nitric Oxide in ARDS Study Group. Crit Care Med. 1998; 
26:15-23.

	 119.	Taylor RW, Zimmerman JL, Dellinger RP, et al. Low-dose 
inhaled nitric oxide in patients with acute lung injury: a ran-
domized controlled trial. JAMA. 2004;291:1603-1609.

	 120.	Troncy E, Collet JP, Shapiro S, et al. Inhaled nitric oxide in acute 
respiratory distress syndrome: a pilot randomized controlled 
study. Am J Respir Crit Care Med. 1998;157:1483-1488.

	 121.	Levy B, Perez P, Perny J, et al. Comparison of norepinephrine-dobu-
tamine to epinephrine for hemodynamics, lactate metabolism, 
and organ function variables in cardiogenic shock. A prospective, 
randomized pilot study. Crit Care Med. 2011;39(3):455-455.

	 122.	Sztrymf B, Souza R, Bertoletti L, et al. Prognostic factors of 
acute heart failure in patients with pulmonary arterial hyperten-
sion. Eur Respir J. 2010;35:1286-1293.

	 123.	Martin C, Perrin G, Saux P, et al. Effects of norepinephrine on 
right ventricular function in septic shock patients. Intensive 
Care Med. 1994;20:444-447.

	 124.	Eichinger MR, Walker BR. Enhanced pulmonary arterial dila-
tion to arginine vasopressin in chronically hypoxic rats. Am J 
Physiol. 1994;267:H2413-H2419.

	 125.	Evora PR, Pearson PJ, Schaff HV. Arginine vasopressin induces 
endothelium-dependent vasodilatation of the pulmonary 
artery. V1-receptor-mediated production of nitric oxide. Chest. 
1993;103:1241-1245.

	 126.	Leather HA, Ver Eycken K, Segers P, et al. Effects of levosi-
mendan on right ventricular function and ventriculovascular 
coupling in open chest pigs. Crit Care Med. 2003;31:2339-2343.

	 127.	Missant C, Rex S, Segers P, et al. Levosimendan improves right 
ventriculovascular coupling in a porcine model of right ven-
tricular dysfunction. Crit Care Med. 2007;35:707-715.

	 128.	Tongers J, Schwerdtfeger B, Klein G, et al. Incidence and clinical 
relevance of supraventricular tachyarrhythmias in pulmonary 
hypertension. Am Heart J. 2007;153:127-132.

	 129.	Hoeper MM, Olschewski H, Ghofrani HA, et al. A compari-
son of the acute hemodynamic effects of inhaled nitric oxide 
and aerosolized iloprost in primary pulmonary hypertension. 
German PPH study group. J Am Coll Cardiol. 2000;35:176-182.

	 130.	Walmrath D, Schneider T, Schermuly R, et al. Direct com-
parison of inhaled nitric oxide and aerosolized prostacyclin in 
acute respiratory distress syndrome. Am J Respir Crit Care Med. 
1996;153:991-996.

Section03-O-ref.indd   4 1/20/2015   7:10:26 AM

http://www.myuptodate.com


References 5

	 131.	Kooter AJ, Ijzerman RG, Kamp O, et al. No effect of epopros-
tenol on right ventricular diameter in patients with acute pul-
monary embolism: a randomized controlled trial. BMC Pulm 
Med. 2010;10:18.

	 132.	Wang H, Gong M, Zhou B, et al. Comparison of inhaled and 
intravenous milrinone in patients with pulmonary hypertension 
undergoing mitral valve surgery. Adv Ther. 2009;26:462-468.

	 133.	Ziegler JW, Ivy DD, Wiggins JW, et al. Effects of dipyridamole 
and inhaled nitric oxide in pediatric patients with pulmonary 
hypertension. Am J Respir Crit Care Med. 1998;158:1388-1395.

	 134.	Kinsella JP, Torielli F, Ziegler JW, et al. Dipyridamole augmenta-
tion of response to nitric oxide. Lancet. 1995;346:647-648.

	 135.	Wang L, Zhu du M, Su X, et al. Acute cardiopulmonary 
effects of a dual-endothelin receptor antagonist on oleic acid-
induced pulmonary arterial hypertension in dogs. Exp Lung 
Res. 2004;30:31-42.

	 136.	Mikhail GW, Prasad SK, Li W, et al. Clinical and haemodynamic 
effects of sildenafil in pulmonary hypertension: acute and mid-
term effects. Eur Heart J. 2004;25:431-436.

	 137.	Voswinckel R, Reichenberger F, Enke B, et al. Acute effects of 
the combination of sildenafil and inhaled treprostinil on hae-
modynamics and gas exchange in pulmonary hypertension. 
Pulm Pharmacol Ther. 2008;21:824-832.

	 138.	Preston IR, Klinger JR, Houtches J, et al. Acute and chronic 
effects of sildenafil in patients with pulmonary arterial hyper-
tension. Respir Med. 2005;99:1501-1510.

	 139.	Ghofrani HA WR, Rose F, et al. Sildenal for treatment of lung 
fibrosis and pulmonary hypertension: a randomised controlled 
trial. Lancet. 2002;360:895-900.

	 140.	Atz AM, Wessel DL. Sildenafil ameliorates effects of inhaled 
nitric oxide withdrawal. Anesthesiology. 1999;91:307-310.

	 141.	Bigatello LM, Hess D, Dennehy KC, et al. Sildenafil can 
increase the response to inhaled nitric oxide. Anesthesiology. 
2000;92:1827-1829.

	 142.	Schermuly RT, Leuchte H, Ghofrani HA, et al. Zardaverine and 
aerosolised iloprost in a model of acute respiratory failure. Eur 
Respir J. 2003;22:342-347.

	 143.	Namachivayam P, Theilen U, Butt WW, et al. Sildenafil prevents 
rebound pulmonary hypertension after withdrawal of nitric 
oxide in children. Am J Respir Crit Care Med. 2006;174:1042-
1047.

	 144.	Siobal MS, Hess DR. Are inhaled vasodilators useful in acute 
lung injury and acute respiratory distress syndrome? Respir 
Care. 2010;55:144-157; discussion 157-161.

	 145.	Afshari A, Brok J, Moller AM, et al. Inhaled nitric oxide for 
acute respiratory distress syndrome (ARDS) and acute lung 
injury in children and adults. Cochrane Database Syst Rev. 
2010:CD002787.

	 146.	Adhikari NK, Burns KE, Friedrich JO, et al. Effect of nitric oxide 
on oxygenation and mortality in acute lung injury: systematic 
review and meta-analysis. BMJ. 2007;334:779.

	 147.	Vachiery JL, Simonneau G. Management of severe pulmonary 
arterial hypertension. Eur Respir Rev. 2010;19:279-287.

	 148.	Geiger R, Treml B, Kleinsasser A, et al. Intravenous tezosentan 
and vardenafil attenuate acute hypoxic pulmonary hyperten-
sion. High Alt Med Biol. 2008;9:223-227.

	 149.	McMurray JJ, Teerlink JR, Cotter G, et al. Effects of tezosentan 
on symptoms and clinical outcomes in patients with acute heart 

failure: the VERITAS randomized controlled trials. JAMA. 
2007;298:2009-2019.

	 150.	Amato MB, Barbas CS, Medeiros DM, et al. Beneficial effects 
of the “open lung approach” with low distending pressures in 
acute respiratory distress syndrome. A prospective randomized 
study on mechanical ventilation. Am J Respir Crit Care Med. 
1995;152:1835-1846.

	 151.	Puybasset L, Stewart T, Rouby JJ, et al. Inhaled nitric oxide 
reverses the increase in pulmonary vascular resistance induced 
by permissive hypercapnia in patients with acute respiratory 
distress syndrome. Anesthesiology. 1994;80:1254-1267.

	 152.	Mekontso Dessap A, Charron C, Devaquet J, et al. Impact of 
acute hypercapnia and augmented positive end-expiratory 
pressure on right ventricle function in severe acute respiratory 
distress syndrome. Intensive Care Med. 2009;35:1850-1858.

	 153.	 Jardin F, Brun-Ney D, Hardy A, et al. Combined thermodilution 
and two-dimensional echocardiographic evaluation of right 
ventricular function during respiratory support with PEEP. 
Chest. 1991;99:162-168.

	 154.	Pinsky MR, Desmet JM, Vincent JL. Effect of positive end-
expiratory pressure on right ventricular function in humans. 
Am Rev Respir Dis. 1992;146:681-687.

	 155.	Fougeres E, Teboul JL, Richard C, et al. Hemodynamic impact 
of a positive end-expiratory pressure setting in acute respiratory 
distress syndrome: importance of the volume status. Crit Care 
Med. 2010;38:802-807.

	 156.	van den Berg PC, Jansen JR, Pinsky MR. Effect of positive 
pressure on venous return in volume-loaded cardiac surgical 
patients. J Appl Physiol. 2002;92:1223-1231.

	 157.	Pinsky MR. Determinants of pulmonary arterial flow variation 
during respiration. J Appl Physiol. 1984;56:1237-1245.

	 158.	Bouferrache K, Vieillard-Baron A. Acute respiratory distress 
syndrome, mechanical ventilation, and right ventricular func-
tion. Curr Opin Crit Care. 2011;17:30-35.

	 159.	Galie N, Hoeper MM, Humbert M, et al. Guidelines for 
the diagnosis and treatment of pulmonary hypertension: the 
Task Force for the Diagnosis and Treatment of Pulmonary 
Hypertension of the European Society of Cardiology (ESC) 
and the European Respiratory Society (ERS), endorsed by 
the International Society of Heart and Lung Transplantation 
(ISHLT). Eur Heart J. 2009;30:2493-2537.

	 160.	Slaughter MS, Rogers JG, Milano CA, et al. Advanced heart fail-
ure treated with continuous-flow left ventricular assist device.  
N Engl J Med. 2009;361:2241-2251.

	 161.	Tang DG, Oyer PE, Mallidi HR. Ventricular assist devices: 
history, patient selection, and timing of therapy. J Cardiovasc 
Transl Res. 2009;2:159-167.

	 162.	Craig ML. Management of right ventricular failure in the era of 
ventricular assist device therapy. Curr Heart Fail Rep. 2011;8: 
65-71.

	 163.	Chen JM, Levin HR, Rose EA, et al. Experience with right ven-
tricular assist devices for perioperative right-sided circulatory 
failure. Ann Thorac Surg. 1996;61:305-310; discussion 303-311.

	 164.	Reiss N, El-Banayosy A, Mirow N, et al. Implantation of the 
Biomedicus centrifugal pump in post-transplant right heart 
failure. J Cardiovasc Surg (Torino). 2000;41:691-694.

	 165.	Drakos SG, Janicki L, Horne BD, et al. Risk factors predictive 
of right ventricular failure after left ventricular assist device 
implantation. Am J Cardiol. 2010;105:1030-1035.

Section03-O-ref.indd   5 1/20/2015   7:10:27 AM

http://www.myuptodate.com


References6

	 166.	Kavarana MN, Pessin-Minsley MS, Urtecho J, et al. Right ven-
tricular dysfunction and organ failure in left ventricular assist 
device recipients: a continuing problem. Ann Thorac Surg. 
2002;73:745-750.

	 167.	Prutkin JM, Strote JA, Stout KK. Percutaneous right ventricular 
assist device as support for cardiogenic shock due to right ven-
tricular infarction. J Invasive Cardiol. 2008;20:E215-E216.

	 168.	Lango R, Kowalik MM, Klajbor K, et al. Circulatory support with 
right ventricular assist device and intra-aortic balloon counter-
pulsation in patient with right ventricle failure after pulmonary 
embolectomy. Interact Cardiovasc Thorac Surg. 2008;7:643-645.

	 169.	Yano M, Onitsuka T, Shibata K, et al. Efficacy and safety of a 
percutaneous right ventricular assist system. Ann Thorac Surg. 
1996;61:1231-1235.

	 170.	Kapur NK, Paruchuri V, Korabathina R, et al. Effects of a per-
cutaneous mechanical circulatory support device for medically 
refractory right ventricular failure. J Heart Lung Transplant. 
2011;30:1360-1367.

	 171.	Patel ND, Weiss ES, Schaffer J, et al. Right heart dysfunction 
after left ventricular assist device implantation: a comparison of 
the pulsatile HeartMate I and axial-flow HeartMate II devices. 
Ann Thorac Surg. 2008;86:832-840; discussion 832-840.

	 172.	Strueber M, Hoeper MM, Fischer S, et al. Bridge to thoracic 
organ transplantation in patients with pulmonary arterial hyper-
tension using a pumpless lung assist device. Am J Transplant. 
2009;9:853-857.

Section03-O-ref.indd   6 1/20/2015   7:10:27 AM

http://www.myuptodate.com


Chapter 39

REFERENCES

	 1.	Heit JA, Silverstein MD, Mohr DN, Petterson TM, O’Fallon WM,  
Melton LJ III. Predictors of survival after deep vein thrombosis 
and pulmonary embolism: a population-based, cohort study. 
Arch Intern Med. March 8, 1999;159(5):445-453.

	 2.	Wiener RS, Schwartz LM, Woloshin S. Time trends in pulmo-
nary embolism in the United States: evidence of overdiagnosis. 
Arch Intern Med. May 9, 2011;171(9):831-837.

	 3.	Tapson VF. Acute pulmonary embolism: comment on “time 
trends in pulmonary embolism in the United States.” Arch 
Intern Med. May 9, 2011;171(9):837-839.

	 4.	Ashrani AA, Heit JA. Caution on interpreting the time trends 
in pulmonary embolism as “overdiagnosis.” Arch Intern Med. 
November 28, 2011;171(21):1962.

	 5.	Dalen JE, Alpert JS. Natural history of pulmonary embolism. 
Prog Cardiovasc Dis. January-February 1975;17(4):259-270.

	 6.	Hermann RE, Davis JH, Holden WD. Pulmonary embolism. A 
clinical and pathologic study with emphasis on the effect of pro-
phylactic therapy with anticoagulants. Am J Surg. July 1961;102: 
19-28.

	 7.	Byrne JJ. Phlebitis; a study of 748 cases at the Boston City 
Hospital. N Engl J Med. October 6, 1955;253(14):579-586.

	 8.	Attia J, Ray JG, Cook DJ, Douketis J, Ginsberg JS, Geerts WH. 
Deep vein thrombosis and its prevention in critically ill adults. 
Arch Intern Med. May 28, 2001;161(10):1268-1279.

	 9.	Hirsch DR, Ingenito EP, Goldhaber SZ. Prevalence of deep 
venous thrombosis among patients in medical intensive care. 
JAMA. July 26, 1995;274(4):335-337.

	 10.	Goldhaber SZ, Tapson VF. A prospective registry of 5,451 
patients with ultrasound-confirmed deep vein thrombosis. Am 
J Cardiol. 2004;93(2):259-262.

	 11.	Timsit JF, Farkas JC, Boyer JM, et al. Central vein catheter-
related thrombosis in intensive care patients: incidence, risks 
factors, and relationship with catheter-related sepsis. Chest. July 
1998;114(1):207-213.

	 12.	Munoz FJ, Mismetti P, Poggio R, et al. Clinical outcome of 
patients with upper-extremity deep vein thrombosis: results 
from the RIETE Registry. Chest. January 2008;133(1):143-148.

	 13.	Kommareddy A, Zaroukian MH, Hassouna HI. Upper extrem-
ity deep venous thrombosis. Semin Thromb Hemost. February 
2002;28(1):89-99.

	 14.	Flinterman LE, van Hylckama Vlieg A, Rosendaal FR, Doggen CJ.  
Recurrent thrombosis and survival after a first venous throm-

bosis of the upper extremity. Circulation. September 23, 
2008;118(13):1366-1372.

	 15.	Chopin C, Fesard P, Mangalaboyi J, et al. Use of capnography 
in diagnosis of pulmonary embolism during acute respiratory 
failure of chronic obstructive pulmonary disease. Crit Care Med. 
April 1990;18(4):353-357.

	 16.	Rodger MA, Jones G, Rasuli P, et al. Steady-state end-tidal alve-
olar dead space fraction and D-dimer: bedside tests to exclude 
pulmonary embolism. Chest. July 2001;120(1):115-119.

	 17.	Kline JA, Israel EG, Michelson EA, O'Neil BJ, Plewa MC, Portelli 
DC. Diagnostic accuracy of a bedside D-dimer assay and alveolar 
dead-space measurement for rapid exclusion of pulmonary embo-
lism: a multicenter study. JAMA. February 14, 2001;285(6):761-768.

	 18.	Kline JA, Hogg MM, Courtney DM, et al. D-dimer and exhaled 
CO2/O2 to detect segmental pulmonary embolism in moderate-
risk patients. Am J Respir Crit Care Med. 2010;182(5):669-675.

	 19.	Stein PD, Beemath A, Matta F, et al. Clinical characteristics of 
patients with acute pulmonary embolism: data from PIOPED II. 
Am J Med. October 2007;120(10):871-879.

	 20.	D’Alonzo GE, Dantzker DR. Gas exchange alterations follow-
ing pulmonary thromboembolism. Clin Chest Med. September 
1984;5(3):411-419.

	 21.	Stein PD, Goldhaber SZ, Henry JW, Miller AC. Arterial blood 
gas analysis in the assessment of suspected acute pulmonary 
embolism. Chest. January 1996;109(1):78-81.

	 22.	Manier G, Castaing Y, Guenard H. Determinants of hypoxemia 
during the acute phase of pulmonary embolism in humans. Am 
Rev Respir Dis. August 1985;132(2):332-338.

	 23.	Santolicandro A, Prediletto R, Fornai E, et al. Mechanisms of 
hypoxemia and hypocapnia in pulmonary embolism. Am J 
Respir Crit Care Med. July 1995;152(1):336-347.

	 24.	Elliott CG. Pulmonary physiology during pulmonary embo-
lism. Chest. April 1992;101(suppl 4):163S-171S.

	 25.	Tapson VF. Acute pulmonary embolism. N Engl J Med. March 6, 
2008;358(10):1037-1052.

	 26.	Belenkie I, Dani R, Smith ER, Tyberg JV. Ventricular interaction 
during experimental acute pulmonary embolism. Circulation. 
September 1988;78(3):761-768.

	 27.	Belenkie I, Sas R, Mitchell J, Smith ER, Tyberg JV. Opening the 
pericardium during pulmonary artery constriction improves 
cardiac function. J Appl Physiol. March 1, 2004;96(3): 
917-922.

Section03-O-ref.indd   1 1/20/2015   7:10:27 AM

http://www.myuptodate.com


References2

	 28.	Stein PD, Willis PW III, DeMets DL. History and physical 
examination in acute pulmonary embolism in patients with-
out preexisting cardiac or pulmonary disease. Am J Cardiol. 
February 1981;47(2):218-223.

	 29.	Worsley DF, Alavi A, Aronchick JM, Chen JT, Greenspan RH, 
Ravin CE. Chest radiographic findings in patients with acute 
pulmonary embolism: observations from the PIOPED Study. 
Radiology. October 1, 1993;189(1):133-136.

	 30.	Raghav KP, Makkuni P, Figueredo VM. A review of electro-
cardiography in pulmonary embolism: recognizing pulmonary 
embolus masquerading as ST-elevation myocardial infarction. 
Rev Cardiovasc Med. 2011;12(3):157-163.

	 31.	Cozzi PJ, Hall JB, Schmidt GA. Pulmonary artery diastolic-
occlusion pressure gradient is increased in acute pulmonary 
embolism. Crit Care Med. September 1995;23(9):1481-1484.

	 32.	Sandham JD, Hull RD, Brant RF, et al. A randomized, controlled 
trial of the use of pulmonary-artery catheters in high-risk surgi-
cal patients. N Engl J Med. January 2, 2003;348(1):5-14.

	 33.	Network NARDCT; Wheeler AP, Bernard GR, et al. Pulmonary-
artery versus central venous catheter to guide treatment of acute 
lung injury. N Engl J Med. 2006;354(21):2213-2224.

	 34.	Patel JJ, Chandrasekaran K, Maniet AR, Ross JJ Jr, Weiss RL, 
Guidotti JA. Impact of the incidental diagnosis of clinically 
unsuspected central pulmonary artery thromboembolism in 
treatment of critically ill patients. Chest. April 1994;105(4): 
986-990.

	 35.	Bova C, Greco F, Misuraca G, et al. Diagnostic utility of echo-
cardiography in patients with suspected pulmonary embolism. 
Am J Emerg Med. May 2003;21(3):180-183.

	 36.	Miniati M, Monti S, Pratali L, et al. Value of transthoracic echo-
cardiography in the diagnosis of pulmonary embolism: results 
of a prospective study in unselected patients. Am J Med. May 
2001;110(7):528-535.

	 37.	Ribeiro A, Lindmarker P, Juhlin-Dannfelt A, Johnsson H, 
Jorfeldt L. Echocardiography Doppler in pulmonary embolism: 
right ventricular dysfunction as a predictor of mortality rate. 
Am Heart J. September 1997;134(3):479-487.

	 38.	Grifoni S, Olivotto I, Cecchini P, et al. Short-term clinical 
outcome of patients with acute pulmonary embolism, normal 
blood pressure, and echocardiographic right ventricular dys-
function. Circulation. June 20, 2000;101(24):2817-2822.

	 39.	Wolfe MW, Lee RT, Feldstein ML, Parker JA, Come PC, 
Goldhaber SZ. Prognostic significance of right ventricular 
hypokinesis and perfusion lung scan defects in pulmonary 
embolism. Am Heart J. May 1994;127(5):1371-1375.

	 40.	Wells PS, Anderson DR, Rodger M, et al. Excluding pulmonary 
embolism at the bedside without diagnostic imaging: manage-
ment of patients with suspected pulmonary embolism present-
ing to the emergency department by using a simple clinical 
model and D-dimer. Ann Intern Med. July 17, 2001;135(2): 
98-107.

	 41.	Kearon C, Kahn SR, Agnelli G, Goldhaber S, Raskob GE, 
Comerota AJ. Antithrombotic therapy for venous throm-
boembolic disease: American College of Chest Physicians 
Evidence-Based Clinical Practice Guidelines (8th ed.). Chest. 
June 2008;133(suppl 6):454S-545S.

	 42.	Stein PD, Fowler SE, Goodman LR, et al. Multidetector com-
puted tomography for acute pulmonary embolism. N Engl J 
Med. June 1, 2006;354(22):2317-2327.

	 43.	Russo V, Piva T, Lovato L, Fattori R, Gavelli G. Multidetector 
CT: a new gold standard in the diagnosis of pulmonary embo-
lism? State of the art and diagnostic algorithms. Radiol Med. 
January-February 2005;109(1-2):49-61; quiz 43-62.

	 44.	Agnelli G, Becattini C. Acute pulmonary embolism. N Engl J 
Med. July 15, 2010;363(3):266-274.

	 45.	Rathbun SW, Raskob GE, Whitsett TL. Sensitivity and specificity 
of helical computed tomography in the diagnosis of pulmonary 
embolism: a systematic review. Ann Intern Med. February 1,  
2000;132(3):227-232.

	 46.	Mullins MD, Becker DM, Hagspiel KD, Philbrick JT. The role of 
spiral volumetric computed tomography in the diagnosis of pul-
monary embolism. Arch Intern Med. February 14, 2000;160(3): 
293-298.

	 47.	PIOPED_investigators. Value of the ventilation/perfusion scan 
in acute pulmonary embolism. Results of the prospective 
investigation of pulmonary embolism diagnosis (PIOPED). 
The PIOPED Investigators. JAMA. May 23-30, 1990;263(20): 
2753-2759.

	 48.	Stein PD, Goodman LR, Hull RD, Dalen JE, Matta F. Diagnosis 
and management of isolated subsegmental pulmonary embo-
lism: review and assessment of the options. Clin Appl Thromb 
Hemost. September 23, 2011; epub ahead of print.

	 49.	Meaney JF, Weg JG, Chenevert TL, Stafford-Johnson D, 
Hamilton BH, Prince MR. Diagnosis of pulmonary embolism 
with magnetic resonance angiography. N Engl J Med. May 15, 
1997;336(20):1422-1427.

	 50.	Oudkerk M, van Beek EJ, Wielopolski P, et al. Comparison 
of contrast-enhanced magnetic resonance angiography and 
conventional pulmonary angiography for the diagnosis of 
pulmonary embolism: a prospective study. Lancet. May 11, 
2002;359(9318):1643-1647.

	 51.	Stein PD, Chenevert TL, Fowler SE, et al. Gadolinium-enhanced 
magnetic resonance angiography for pulmonary embolism: a 
multicenter prospective study (PIOPED III). Ann Intern Med. 
April 6, 2010;152(7):434-443, W142-433.

	 52.	Kearon C, Julian JA, Newman TE, Ginsberg JS. Noninvasive 
diagnosis of deep venous thrombosis. McMaster Diagnostic 
Imaging Practice Guidelines Initiative. Ann Intern Med.  
April 15, 1998;128(8):663-677.

	 53.	Wells PS, Hirsh J, Anderson DR, et al. Accuracy of clin-
ical assessment of deep-vein thrombosis. Lancet. May 27, 
1995;345(8961):1326-1330.

	 54.	 Isma N, Svensson PJ, Gottsater A, Lindblad B. Upper extrem-
ity deep venous thrombosis in the population-based Malmo 
thrombophilia study (MATS). Epidemiology, risk factors, 
recurrence risk, and mortality. Thromb Res. June 2010;125(6): 
e335-e338.

	 55.	Di Nisio M, Van Sluis GL, Bossuyt PM, Buller HR, Porreca E, 
Rutjes AW. Accuracy of diagnostic tests for clinically suspected 
upper extremity deep vein thrombosis: a systematic review.  
J Thromb Haemost. April 2010;8(4):684-692.

	 56.	Henry JW, Stein PD, Gottschalk A, Relyea B, Leeper KV Jr. 
Scintigraphic lung scans and clinical assessment in critically 
ill patients with suspected acute pulmonary embolism. Chest. 
February 1996;109(2):462-466.

	 57.	Stein PD, Hull RD, Patel KC, et al. D-dimer for the exclusion of 
acute venous thrombosis and pulmonary embolism: a system-
atic review. Ann Intern Med. April 20, 2004;140(8):589-602.

Section03-O-ref.indd   2 1/20/2015   7:10:27 AM

http://www.myuptodate.com


References 3

	 58.	Wells PS, Anderson DR, Ginsberg J. Assessment of deep vein 
thrombosis or pulmonary embolism by the combined use of 
clinical model and noninvasive diagnostic tests. Semin Thromb 
Hemost. 2000;26(6):643-656.

	 59.	Yan SB, Helterbrand JD, Hartman DL, Wright TJ, Bernard GR. 
Low levels of protein C are associated with poor outcome in 
severe sepsis. Chest. September 2001;120(3):915-922.

	 60.	Brathwaite CE, O’Malley KF, Ross SE, Pappas P, Alexander J, 
Spence RK. Continuous pulse oximetry and the diagnosis of 
pulmonary embolism in critically ill trauma patients. J Trauma. 
October 1992;33(4):528-530; discussion 521-530.

	 61.	Stein PD, Athanasoulis C, Alavi A, et al. Complications and 
validity of pulmonary angiography in acute pulmonary embo-
lism. Circulation. February 1992;85(2):462-468.

	 62.	Henry JW, Relyea B, Stein PD. Continuing risk of thromboem-
boli among patients with normal pulmonary angiograms. Chest. 
May 1995;107(5):1375-1378.

	 63.	Forauer AR, McLean GK, Wallace LP. Clinical follow-up of 
patients after a negative digital subtraction pulmonary arterio-
gram in the evaluation of pulmonary embolism. J Vasc Interv 
Radiol. November-December 1998;9(6):903-908.

	 64.	van Rooij WJ, den Heeten GJ, Sluzewski M. Pulmonary embo-
lism: diagnosis in 211 patients with use of selective pulmonary 
digital subtraction angiography with a flow-directed catheter. 
Radiology. June 1995;195(3):793-797.

	 65.	Fred HL, Axelrad MA, Lewis JM, Alexander JK. Rapid resolu-
tion of pulmonary thromboemboli in man. An angiographic 
study. JAMA. June 27, 1966;196(13):1137-1139.

	 66.	Wittram C, Waltman AC, Shepard JA, Halpern E, Goodman LR.  
Discordance between CT and angiography in the PIOPED II 
study. Radiology. September 2007;244(3):883-889.

	 67.	Mills SR, Jackson DC, Older RA, Heaston DK, Moore AV. 
The incidence, etiologies, and avoidance of complications of 
pulmonary angiography in a large series. Radiology. August 
1980;136(2):295-299.

	 68.	Perlmutt LM, Braun SD, Newman GE, Oke EJ, Dunnick NR. 
Pulmonary arteriography in the high-risk patient. Radiology. 
Jane 1987;162(1 pt 1):187-189.

	 69.	Wicki J, Perrier A, Perneger TV, Bounameaux H, Junod AF. 
Predicting adverse outcome in patients with acute pulmonary 
embolism: a risk score. Thromb Haemost. October 2000;84(4): 
548-552.

	 70.	 Jimenez D, Aujesky D, Moores L, et al. Simplification of the pul-
monary embolism severity index for prognostication in patients 
with acute symptomatic pulmonary embolism. Arch Intern Med. 
August 9, 2010;170(15):1383-1389.

	 71.	Aujesky D, Roy P-M, LeManach CdP, et al. Validation of a 
model to predict adverse outcomes in patients with pulmonary 
embolism. Eur Heart J. February 2006;27(4):476-481.

	 72.	Konstantinides S, Geibel A, Olschewski M, et al. Importance 
of cardiac troponins I and T in risk stratification of patients 
with acute pulmonary embolism. Circulation. September 3, 
2002;106(10):1263-1268.

	 73.	Spirk D, Aujesky D, Husmann M, et al. Cardiac troponin test-
ing and the simplified Pulmonary Embolism Severity Index. 
The SWIss Venous ThromboEmbolism Registry (SWIVTER). 
Thromb Haemost. November 3, 2011;106(5):978-984.

	 74.	Lankeit M, JimÃ©nez D, Kostrubiec M, et al. Predictive value 
of the high-sensitivity troponin T assay and the simplified 

pulmonary embolism severity index in hemodynamically stable 
patients with acute pulmonary embolism/clinical perspective. 
Circulation. December 13, 2011;124(24):2716-2724.

	 75.	 ten Wolde M, Tulevski II, Mulder JW, et al. Brain natriuretic 
peptide as a predictor of adverse outcome in patients with 
pulmonary embolism. Circulation. April 29, 2003;107(16): 
2082-2084.

	 76.	Sohne M, Ten Wolde M, Boomsma F, Reitsma JB, Douketis 
JD, Buller HR. Brain natriuretic peptide in hemodynamically 
stable acute pulmonary embolism. J Thrombosis Haemostasis. 
2006;4(3):552-556.

	 77.	Riera-Mestre A, JimÉNez D, Muriel A, et al. Thrombolytic ther-
apy and outcome of patients with an acute symptomatic pulmo-
nary embolism. J Thrombosis Haemostasis. 2012;10(5):751-759.

	 78.	Schellong SM, Schwarz T, Kropp J, Prescher Y, Beuthien-
Baumann B, Daniel WG. Bed rest in deep vein thrombosis and 
the incidence of scintigraphic pulmonary embolism. Thromb 
Haemost. September 1999;82(suppl 1):127-129.

	 79.	Aschwanden M, Labs KH, Engel H, et al. Acute deep vein  
thrombosis: early mobilization does not increase the frequency 
of pulmonary embolism. Thromb Haemost. January 2001;85(1): 
42-46.

	 80.	Hyers TM, Agnelli G, Hull RD, et al. Antithrombotic therapy 
for venous thromboembolic disease. Chest. January 2001;119 
(suppl 1):176S-193S.

	 81.	Bauer KA. Selective inhibition of coagulation factors: advances 
in antithrombotic therapy. Semin Thromb Hemost. June 
2002;28(suppl 2):15-24.

	 82.	Barritt DW, Jordan SC. Anticoagulant drugs in the treatment 
of pulmonary embolism. A controlled trial. Lancet. June 18, 
1960;1(7138):1309-1312.

	 83.	Hommes DW, Bura A, Mazzolai L, Buller HR, ten Cate JW. 
Subcutaneous heparin compared with continuous intravenous 
heparin administration in the initial treatment of deep vein 
thrombosis. A meta-analysis. Ann Intern Med. February 15, 
1992;116(4):279-284.

	 84.	Hull RD, Raskob GE, Brant RF, Pineo GF, Valentine KA. 
Relation between the time to achieve the lower limit of the 
APTT therapeutic range and recurrent venous thromboembo-
lism during heparin treatment for deep vein thrombosis. Arch 
Intern Med. December 8-22, 1997;157(22):2562-2568.

	 85.	Smith SB, Geske JB, Maguire JM, Zane NA, Carter RE, 
Morgenthaler TI. Early Anticoagulation Is Associated With 
Reduced Mortality for Acute Pulmonary Embolism. Chest. June 
1, 2010;137(6):1382-1390.

	 86.	Raschke RA, Reilly BM, Guidry JR, Fontana JR, Srinivas S. 
The weight-based heparin dosing nomogram compared with a 
“standard care” nomogram. A randomized controlled trial. Ann 
Intern Med. November 1, 1993;119(9):874-881.

	 87.	Hull RD, Raskob GE, Rosenbloom D, et al. Heparin for 5 days as 
compared with 10 days in the initial treatment of proximal venous 
thrombosis. N Engl J Med. May 3, 1990;322(18):1260-1264.

	 88.	Goldhaber SZ, Buring JE, Lipnick RJ, Hennekens CH. Pooled 
analyses of randomized trials of streptokinase and heparin in 
phlebographically documented acute deep venous thrombosis. 
Am J Med. March 1984;76(3):393-397.

	 89.	Mismetti P, Quenet S, Levine M, et al. Enoxaparin in the treat-
ment of deep vein thrombosis with or without pulmonary 
embolism: an individual patient data meta-analysis. Chest. 
October 2005;128(4):2203-2210.

Section03-O-ref.indd   3 1/20/2015   7:10:27 AM

http://www.myuptodate.com


References4

	 90.	Landefeld CS, Cook EF, Flatley M, Weisberg M, Goldman L. 
Identification and preliminary validation of predictors of major 
bleeding in hospitalized patients starting anticoagulant therapy. 
Am J Med. April 1987;82(4):703-713.

	 91.	Hui P, Cook DJ, Lim W, Fraser GA, Arnold DM. The frequency 
and clinical significance of thrombocytopenia complicating 
critical illness: a systematic review. Chest. February 2011;139(2): 
271-278.

	 92.	Schmitt BP, Adelman B. Heparin-associated thrombocytopenia: 
a critical review and pooled analysis. Am J Med Sci. April 1993; 
305(4):208-215.

	 93.	Warkentin TE. Heparin-induced thrombocytopenia in critically 
ill patients. Crit Care Clin. 2011;27(4):805-823.

	 94.	Warkentin TE, Hayward CP, Boshkov LK, et al. Sera from 
patients with heparin-induced thrombocytopenia generate plate-
let-derived microparticles with procoagulant activity: an expla-
nation for the thrombotic complications of heparin-induced 
thrombocytopenia. Blood. December 1, 1994;84(11):3691-3699.

	 95.	Kelton JG, Smith JW, Warkentin TE, Hayward CP, Denomme 
GA, Horsewood P. Immunoglobulin G from patients with hep-
arin-induced thrombocytopenia binds to a complex of heparin 
and platelet factor 4. Blood. June 1, 1994;83(11):3232-3239.

	 96.	Warkentin TE, Levine MN, Hirsh J, et al. Heparin-induced 
thrombocytopenia in patients treated with low-molecular-
weight heparin or unfractionated heparin. N Engl J Med. May 
18, 1995;332(20):1330-1335.

	 97.	Warkentin TE, Sheppard JA, Sigouin CS, Kohlmann T, Eichler 
P, Greinacher A. Gender imbalance and risk factor interactions 
in heparin-induced thrombocytopenia. Blood. November 1, 
2006;108(9):2937-2941.

	 98.	Lo GK, Juhl D, Warkentin TE, Sigouin CS, Eichler P, Greinacher 
A. Evaluation of pretest clinical score (4 T’s) for the diagnosis 
of heparin-induced thrombocytopenia in two clinical settings.  
J Thromb Haemost. April 2006;4(4):759-765.

	 99.	Simonneau G, Sors H, Charbonnier B, et al. A comparison of 
low-molecular-weight heparin with unfractionated heparin 
for acute pulmonary embolism. The THESEE Study Group. 
Tinzaparine ou Heparine Standard: Evaluations dans l’Embolie 
Pulmonaire. N Engl J Med. September 4, 1997;337(10):663-669.

	 100.	Quinlan DJ, McQuillan A, Eikelboom JW. Low-molecular-
weight heparin compared with intravenous unfractionated 
heparin for treatment of pulmonary embolism: a meta-analysis 
of randomized, controlled trials. Ann Intern Med. February 3, 
2004;140(3):175-183.

	 101.	Leizorovicz A, Simonneau G, Decousus H, Boissel JP. 
Comparison of efficacy and safety of low molecular weight 
heparins and unfractionated heparin in initial treatment 
of deep venous thrombosis: a meta-analysis. BMJ. July 30, 
1994;309(6950):299-304.

	 102.	Lee AY, Levine MN, Baker RI, et al. Low-molecular-weight hep-
arin versus a coumarin for the prevention of recurrent venous 
thromboembolism in patients with cancer. N Engl J Med. July 
10, 2003;349(2):146-153.

	 103.	Meyer G, Marjanovic Z, Valcke J, et al. Comparison of low-
molecular-weight heparin and warfarin for the secondary pre-
vention of venous thromboembolism in patients with cancer: a 
randomized controlled study. Arch Intern Med. August 12-26, 
2002;162(15):1729-1735.

	 104.	Walenga JM, Jeske WP, Prechel MM, Bacher P, Bakhos M. 
Decreased prevalence of heparin-induced thrombocytopenia 

with low-molecular-weight heparin and related drugs. Semin 
Thromb Hemost. February 2004;30(suppl 1):69-80.

	 105.	Eriksson BI, Wille-Jorgensen P, Kalebo P, et al. A comparison of 
recombinant hirudin with a low-molecular-weight heparin to 
prevent thromboembolic complications after total hip replace-
ment. N Engl J Med. November 6, 1997;337(19):1329-1335.

	 106.	Crowther MA, Warkentin TE. Bleeding risk and the manage-
ment of bleeding complications in patients undergoing antico-
agulant therapy: focus on new anticoagulant agents. Blood. May 
15, 2008;111(10):4871-4879.

	 107.	Tardy B, Lecompte T, Boelhen F, et al. Predictive factors for 
thrombosis and major bleeding in an observational study in 181 
patients with heparin-induced thrombocytopenia treated with 
lepirudin. Blood. September 1, 2006;108(5):1492-1496.

	 108.	Greinacher A, Eichler P, Lubenow N, Kwasny H, Luz M. 
Heparin-induced thrombocytopenia with thromboembolic 
complications: meta-analysis of 2 prospective trials to assess the 
value of parenteral treatment with lepirudin and its therapeutic 
aPTT range. Blood. August 1, 2000;96(3):846-851.

	 109.	Hacquard M, de Maistre E, Lecompte T. Lepirudin: is the 
approved dosing schedule too high? J Thromb Haemost. 
November 2005;3(11):2593-2596.

	 110.	 Jang IK, Brown DF, Giugliano RP, et al. A multicenter, random-
ized study of argatroban versus heparin as adjunct to tissue 
plasminogen activator (TPA) in acute myocardial infarction: 
myocardial infarction with novastan and TPA (MINT) study.  
J Am Coll Cardiol. June 1999;33(7):1879-1885.

	 111.	Harenberg J, Marx S, Krejczy M, Wehling M. New antico-
agulants—promising and failed developments. Br J Pharmacol. 
2012;165(2):363-372.

	 112.	Buller HR, Davidson BL, Decousus H, et al. Subcutaneous 
fondaparinux versus intravenous unfractionated heparin in 
the initial treatment of pulmonary embolism. N Engl J Med. 
October 30, 2003;349(18):1695-1702.

	 113.	 Investigators E-P, Buller HR, Prins MH, et al. Oral rivaroxaban 
for the treatment of symptomatic pulmonary embolism. N Engl 
J Med. 2012;366(14):1287-1297.

	 114.	Eerenberg ES, Kamphuisen PW, Sijpkens MK, Meijers JC, Buller 
HR, Levi M. Reversal of rivaroxaban and dabigatran by pro-
thrombin complex concentrate/clinical perspective. Circulation. 
October 4, 2011;124(14):1573-1579.

	 115.	Prandoni P. Anticoagulant treatment of pulmonary embolism: 
impact and implications of the EINSTEIN PE study. Eur J 
Haematol. 2012;89(4):281-287.

	 116.	Moser KM. Venous thromboembolism. Am Rev Respir Dis. 
January 1990;141(1):235-249.

	 117.	Decousus H, Leizorovicz A, Parent F, et al. A clinical trial of 
vena caval filters in the prevention of pulmonary embolism 
in patients with proximal deep-vein thrombosis. Prevention 
du Risque d'Embolie Pulmonaire par Interruption Cave Study 
Group. N Engl J Med. February 12, 1998;338(7):409-415.

	 118.	Streiff MB. Vena caval filters: a comprehensive review. Blood. 
June 15, 2000;95(12):3669-3677.

	 119.	Asch MR. Initial experience in humans with a new retrievable 
inferior vena cava filter. Radiology. December 2002;225(3):835-844.

	 120.	Millward SF, Bhargava A, Aquino J Jr, et al. Gunther Tulip filter:  
preliminary clinical experience with retrieval. J Vasc Interv 
Radiol. January 2000;11(1):75-82.

Section03-O-ref.indd   4 1/20/2015   7:10:28 AM

http://www.myuptodate.com


References 5

	 121.	Bergqvist D. The role of vena caval interruption in patients with 
venous thromboembolism. Prog Cardiovasc Dis. July-August 
1994;37(1):25-37.

	 122.	Clagett GP, Anderson FA Jr, Geerts W, et al. Prevention of venous 
thromboembolism. Chest. November 1998;114(suppl 5):531S-560S.

	 123.	Dalla-Volta S, Palla A, Santolicandro A, et al. PAIMS 2: alteplase 
combined with heparin versus heparin in the treatment of 
acute pulmonary embolism. Plasminogen activator Italian 
multicenter study 2. J Am Coll Cardiol. September 1992;20(3): 
520-526.

	 124.	Witty LA, Krichman A, Tapson VF. Thrombolytic therapy for 
venous thromboembolism. Utilization by practicing pulmon-
ologists. Arch Intern Med. July 25, 1994;154(14):1601-1604.

	 125.	Diehl JL, Meyer G, Igual J, et al. Effectiveness and safety of bolus 
administration of alteplase in massive pulmonary embolism. 
Am J Cardiol. December 1, 1992;70(18):1477-1480.

	 126.	Goldhaber SZ, Haire WD, Feldstein ML, et al. Alteplase versus  
heparin in acute pulmonary embolism: randomised trial assess-
ing right-ventricular function and pulmonary perfusion. Lancet. 
February 27, 1993;341(8844):507-511.

	 127.	 Jerjes-Sanchez C, Ramirez-Rivera A, de Lourdes Garcia M,  
et al. Streptokinase and heparin versus heparin alone in massive 
pulmonary embolism: a randomized controlled trial. J Thromb 
Thrombolysis. 1995;2(3):227-229.

	 128.	Goldhaber SZ. Thrombolysis for pulmonary embolism. N Engl 
J Med. October 10, 2002;347(15):1131-1132.

	 129.	Arcasoy SM, Kreit JW. Thrombolytic therapy of pulmonary 
embolism: a comprehensive review of current evidence. Chest. 
June 1999;115(6):1695-1707.

	 130.	Hamel E, Pacouret G, Vincentelli D, et al. Thrombolysis or 
heparin therapy in massive pulmonary embolism with right 
ventricular dilation: results from a 128-patient monocenter 
registry. Chest. July 2001;120(1):120-125.

	 131.	Konstantinides S, Geibel A, Heusel G, Heinrich F, Kasper W. 
Heparin plus alteplase compared with heparin alone in patients 
with submassive pulmonary embolism. N Engl J Med. October 
10, 2002;347(15):1143-1150.

	 132.	Goldhaber SZ, Visani L, De Rosa M. Acute pulmonary embo-
lism: clinical outcomes in the International Cooperative 
Pulmonary Embolism Registry (ICOPER). Lancet. April 24, 
1999;353(9162):1386-1389.

	 133.	Kreit JW. The impact of right ventricular dysfunction on the 
prognosis and therapy of normotensive patients with pulmo-
nary embolism. Chest. April 2004;125(4):1539-1545.

	 134.	Meyer G, Vicaut E, Thierry D. Fibrinolysis for Patients with 
Intermediate Risk Pulmonary Embolism. NEJM. 2014;370(15): 
1402-1411.

	 135.	Meneveau N, Schiele F, Metz D, et al. Comparative efficacy of 
a two-hour regimen of streptokinase versus alteplase in acute 
massive pulmonary embolism: immediate clinical and hemo-
dynamic outcome and one-year follow-up. J Am Coll Cardiol. 
April 1998;31(5):1057-1063.

	 136.	Meneveau N, Schiele F, Vuillemenot A, et al. Streptokinase vs 
alteplase in massive pulmonary embolism. A randomized trial 
assessing right heart haemodynamics and pulmonary vascular 
obstruction. Eur Heart J. July 1997;18(7):1141-1148.

	 137.	Meyer G, Sors H, Charbonnier B, et al. Effects of intravenous 
urokinase versus alteplase on total pulmonary resistance in acute  

massive pulmonary embolism: a European multicenter double-
blind trial. The European Cooperative Study Group for Pulmonary 
Embolism. J Am Coll Cardiol. February 1992;19(2):239-245.

	 138.	Sors H, Pacouret G, Azarian R, Meyer G, Charbonnier B, 
Simonneau G. Hemodynamic effects of bolus vs 2-h infusion 
of alteplase in acute massive pulmonary embolism. A random-
ized controlled multicenter trial. Chest. September 1994;106(3): 
712-717.

	 139.	Goldhaber SZ, Feldstein ML, Sors H. Two trials of reduced 
bolus alteplase in the treatment of pulmonary embolism. An 
overview. Chest. September 1994;106(3):725-726.

	 140.	Goldhaber SZ, Agnelli G, Levine MN. Reduced dose bolus 
alteplase vs conventional alteplase infusion for pulmonary 
embolism thrombolysis. An international multicenter random-
ized trial. The Bolus Alteplase Pulmonary Embolism Group. 
Chest. September 1994;106(3):718-724.

	 141.	Verstraete M, Miller GA, Bounameaux H, et al. Intravenous and 
intrapulmonary recombinant tissue-type plasminogen activa-
tor in the treatment of acute massive pulmonary embolism. 
Circulation. February 1988;77(2):353-360.

	 142.	Goldhaber SZ, Kessler CM, Heit JA, et al. Recombinant tissue-
type plasminogen activator versus a novel dosing regimen of uro-
kinase in acute pulmonary embolism: a randomized controlled 
multicenter trial. J Am Coll Cardiol. July 1992;20(1):24-30.

	 143.	Stein PD, Hull RD, Raskob G. Risks for major bleeding from 
thrombolytic therapy in patients with acute pulmonary embo-
lism. Consideration of noninvasive management. Ann Intern 
Med. September 1, 1994;121(5):313-317.

	 144.	Molina JE, Hunter DW, Yedlicka JW, Cerra FB. Thrombolytic 
therapy for postoperative pulmonary embolism. Am J Surg. 
April 1992;163(4):375-380; discussion 371-380.

	 145.	Girard P, Baldeyrou P, Le Guillou JL, Lamer C, Grunenwald 
D. Thrombolysis for life-threatening pulmonary embolism  
2 days after lung resection. Am Rev Respir Dis. June 1993;147(6 
pt 1):1595-1597.

	 146.	Severi P, Lo Pinto G, Poggio R, Andrioli G. Urokinase thrombo-
lytic therapy of pulmonary embolism in neurosurgically treated 
patients. Surg Neurol. December 1994;42(6):469-470.

	 147.	Sane DC, Califf RM, Topol EJ, Stump DC, Mark DB, Greenberg 
CS. Bleeding during thrombolytic therapy for acute myocardial 
infarction: mechanisms and management. Ann Intern Med. 
December 15, 1989;111(12):1010-1022.

	 148.	Belenkie I, Dani R, Smith ER, Tyberg JV. Effects of volume  
loading during experimental acute pulmonary embolism. 
Circulation. July 1989;80(1):178-188.

	 149.	 Jardin F, Genevray B, Brun-Ney D, Margairaz A. Dobutamine: 
a hemodynamic evaluation in pulmonary embolism shock. Crit 
Care Med. December 1985;13(12):1009-1012.

	 150.	Molloy WD, Lee KY, Girling L, Schick U, Prewitt RM. Treatment 
of shock in a canine model of pulmonary embolism. Am Rev 
Respir Dis. November 1984;130(5):870-874.

	 151.	Boulain T, Lanotte R, Legras A, Perrotin D. Efficacy of epi-
nephrine therapy in shock complicating pulmonary embolism. 
Chest. July 1993;104(1):300-302.

	 152.	Estagnasie P, Le Bourdelles G, Mier L, Coste F, Dreyfuss D. Use 
of inhaled nitric oxide to reverse flow through a patent foramen 
ovale during pulmonary embolism. Ann Intern Med. May 1, 
1994;120(9):757-759.

Section03-O-ref.indd   5 1/20/2015   7:10:28 AM

http://www.myuptodate.com


References6

	 153.	Lund O, Nielsen TT, Schifter S, Roenne K. Treatment of pul-
monary embolism with full-dose heparin, streptokinase or 
embolectomy—results and indications. Thorac Cardiovasc Surg. 
August 1986;34(4):240-246.

	 154.	Gulba DC, Schmid C, Borst HG, Lichtlen P, Dietz R, Luft FC. 
Medical compared with surgical treatment for massive pulmo-
nary embolism. Lancet. March 5, 1994;343(8897):576-577.

	 155.	Gray HH, Miller GA, Paneth M. Pulmonary embolectomy: its 
place in the management of pulmonary embolism. Lancet. June 
25, 1988;1(8600):1441-1445.

	 156.	Yalamanchili K, Fleisher AG, Lehrman SG, et al. Open pulmo-
nary embolectomy for treatment of major pulmonary embolism. 
Ann Thorac Surg. March 2004;77(3):819-823; discussion 823.

	 157.	Alpert JS, Smith RE, Ockene IS, Askenazi J, Dexter L, Dalen JE. 
Treatment of massive pulmonary embolism: the role of pulmo-
nary embolectomy. Am Heart J. April 1975;89(4):413-418.

	 158.	Pengo V, Lensing AW, Prins MH, et al. Incidence of chronic 
thromboembolic pulmonary hypertension after pulmonary 
embolism. N Engl J Med. May 27, 2004;350(22):2257-2264.

	 159.	Timsit JF, Reynaud P, Meyer G, Sors H. Pulmonary embolec-
tomy by catheter device in massive pulmonary embolism. Chest. 
September 1991;100(3):655-658.

	 160.	Schmitz-Rode T, Janssens U, Schild HH, Basche S, Hanrath P, 
Gunther RW. Fragmentation of massive pulmonary embolism 
using a pigtail rotation catheter. Chest. November 1998;114(5): 
1427-1436.

	 161.	Haskal ZJ, Soulen MC, Huettl EA, Palevsky HI, Cope C. 
Life-threatening pulmonary emboli and cor pulmonale: treat-
ment with percutaneous pulmonary artery stent placement. 
Radiology. May 1994;191(2):473-475.

	 162.	Kuo WT, Gould MK, Louie JD, Rosenberg JK, Sze DY, Hofmann LV.  
Catheter-directed therapy for the treatment of massive pulmo-
nary embolism: systematic review and meta-analysis of modern 
techniques. J Vasc Interv Radiol. 2009;20(11):1431-1440.

	 163.	Kuo WT, Hofmann LV. Drs. Kuo and Hofmann respond. J Vasc 
Interv Radiol. 2009;21(11):1776-1777.

	 164.	Toglia MR, Weg JG. Venous thromboembolism during preg-
nancy. N Engl J Med. July 11, 1996;335(2):108-114.

	 165.	Kaunitz AM, Hughes JM, Grimes DA, Smith JC, Rochat RW, 
Kafrissen ME. Causes of maternal mortality in the United 
States. Obstet Gynecol. May 1985;65(5):605-612.

	 166.	Ponto JA. Fetal dosimetry from pulmonary imaging in pregnancy. 
Revised estimates. Clin Nucl Med. February 1986;11(2):108-109.

	 167.	Didolkar SM, Koontz C, Schimberg PI. Phleborheography in 
pregnancy. Obstet Gynecol. March 1983;61(3):363-366.

	 168.	Ginsberg JS, Bates SM. Management of venous thromboem-
bolism during pregnancy. J Thromb Haemost. July 2003;1(7): 
1435-1442.

	 169.	Ginsberg JS, Hirsh J. Use of anticoagulants during pregnancy. 
Chest. February 1989;95(suppl 2):156S-160S.

	 170.	Dahlman TC. Osteoporotic fractures and the recurrence of 
thromboembolism during pregnancy and the puerperium in 
184 women undergoing thromboprophylaxis with heparin. Am 
J Obstet Gynecol. April 1993;168(4):1265-1270.

	 171.	Dahlman TC, Sjoberg HE, Ringertz H. Bone mineral density 
during long-term prophylaxis with heparin in pregnancy. Am J 
Obstet Gynecol. May 1994;170(5 pt 1):1315-1320.

	 172.	Carlin AJ, Farquharson RG, Quenby SM, Topping J, Fraser WD. 
Prospective observational study of bone mineral density during 
pregnancy: low molecular weight heparin versus control. Hum 
Reprod. May 2004;19(5):1211-1214.

	 173.	Lesser BA, Leeper KV, Jr., Stein PD, et al. The diagnosis of acute 
pulmonary embolism in patients with chronic obstructive pul-
monary disease. Chest. July 1992;102(1):17-22.

	 174.	Lippmann M, Fein A. Pulmonary embolism in the patient with 
chronic obstructive pulmonary disease. A diagnostic dilemma. 
Chest. January 1981;79(1):39-42.

	 175.	Prescott SM, Richards KL, Tikoff G, Armstrong JD, Jr., Shigeoka 
JW. Venous thromboembolism in decompensated chronic 
obstructive pulmonary disease. A prospective study. Am Rev 
Respir Dis. January 1981;123(1):32-36.

	 176.	Phillips B, Woodring J. Autoanticoagulation does not preclude 
pulmonary emboli. Lung. 1987;165(1):37-43.

	 177.	Needleman SW, Stein MN, Hoak JC. Pulmonary embolism in 
patients with acute leukemia and severe thrombocytopenia. 
West J Med. July 1981;135(1):9-13.

	 178.	Cade JF. High risk of the critically ill for venous thromboembo-
lism. Crit Care Med. July 1982;10(7):448-450.

	 179.	Geerts WH, Bergqvist D, Pineo GF, et al. Prevention of venous 
thromboembolism. Chest. June 1, 2008;133(suppl 6):381S-453S.

	 180.	PROTECT_investigators. Dalteparin versus unfractionated hepa-
rin in critically ill patients. N Engl J Med. 2011;364(14):1305-1314.

	 181.	McLeod AG, Geerts W. Venous thromboembolism prophylaxis 
in critically ill patients. Crit Care Clin. October 2011;27(4): 
765-780, v.

	 182.	Morris WP, Butler BD, Tonnesen AS, Allen SJ. Continuous venous 
air embolism in patients receiving positive end-expiratory pressure. 
Am Rev Respir Dis. April 1993;147(4):1034-1037.

	 183.	Tanus-Santos JE, Gordo WM, Udelsmann A, Cittadino MH, 
Moreno H Jr. Nonselective endothelin-receptor antagonism 
attenuates hemodynamic changes after massive pulmonary air 
embolism in dogs. Chest. July 2000;118(1):175-179.

	 184.	Kapoor T, Gutierrez G. Air embolism as a cause of the systemic 
inflammatory response syndrome: a case report. Crit Care. 
October 2003;7(5):R98-R100.

	 185.	Albertine KH. Lung injury and neutrophil density during air 
embolization in sheep after leukocyte depletion with nitrogen 
mustard. Am Rev Respir Dis. December 1988;138(6):1444-1453.

	 186.	Sloan TB, Kimovec MA. Detection of venous air embo-
lism by airway pressure monitoring. Anesthesiology. May 
1986;64(5):645-647.

	 187.	Butler BD, Hills BA. Transpulmonary passage of venous air 
emboli. J Appl Physiol. August 1985;59(2):543-547.

	 188.	Marini JJ, Culver BH. Systemic gas embolism complicating 
mechanical ventilation in the adult respiratory distress syn-
drome. Ann Intern Med. May 1, 1989;110(9):699-703.

	 189.	Dutka AJ, Kochanek PM, Hallenbeck JM. Influence of granulo-
cytopenia on canine cerebral ischemia induced by air embolism. 
Stroke. March 1989;20(3):390-395.

	 190.	Roberts S, Johnson M, Davies S. Near-fatal air embolism: 
fibrin sheath as the portal of air entry. South Med J. October 
2003;96(10):1036-1038.

	 191.	Orebaugh SL. Venous air embolism: clinical and experimental 
considerations. Crit Care Med. August 1992;20(8):1169-1177.

Section03-O-ref.indd   6 1/20/2015   7:10:28 AM

http://www.myuptodate.com


References 7

	 192.	 Jorens PG, Van Marck E, Snoeckx A, Parizel PM. Nonthrombotic 
pulmonary embolism. Eur Respir J. August 2009;34(2):452-474.

	 193.	Karuparthy VR, Downing JW, Husain FJ, et al. Incidence of 
venous air embolism during cesarean section is unchanged by 
the use of a 5 to 10 degree head-up tilt. Anesth Analg. November 
1989;69(5):620-623.

	 194.	Wiedemann HP, Wheeler AP, Bernard GR, et al. Comparison of 
two fluid-management strategies in acute lung injury. N Engl J 
Med. June 15, 2006;354(24):2564-2575.

	 195.	 Jerome EH, Bonsignore MR, Albertine KH, et al. Timing of 
corticosteroid treatment. Effect of lung lymph dynamics in air 
injury in awake sheep. Am Rev Respir Dis. October 1990;142(4): 
872-879.

	 196.	Bessereau J, Genotelle N, Chabbaut C, et al. Long-term out-
come of iatrogenic gas embolism. Intensive Care Medicine. 
2010;36(7):1180-1187.

	 197.	Godeau B, Schaeffer A, Bachir D, et al. Bronchoalveolar lavage 
in adult sickle cell patients with acute chest syndrome: value for 
diagnostic assessment of fat embolism. Am J Respir Crit Care 
Med. May 1996;153(5):1691-1696.

	 198.	Schmid A, Tzur A, Leshko L, Krieger BP. Silicone embolism 
syndrome: a case report, review of the literature, and com-
parison with fat embolism syndrome. Chest. June 2005;127(6): 
2276-2281.

	 199.	Fabian TC, Hoots AV, Stanford DS, Patterson CR, Mangiante EC.  
Fat embolism syndrome: prospective evaluation in 92 fracture 
patients. Crit Care Med. January 1990;18(1):42-46.

	 200.	Hulman G. Pathogenesis of non-traumatic fat embolism. Lancet. 
June 18, 1988;1(8599):1366-1367.

	 201.	Christie J, Robinson CM, Pell AC, McBirnie J, Burnett R. 
Transcardiac echocardiography during invasive intramedullary 
procedures. J Bone Joint Surg Br. May 1995;77(3):450-455.

	 202.	Pell AC, Hughes D, Keating J, Christie J, Busuttil A, Sutherland 
GR. Brief report: fulminating fat embolism syndrome caused by 
paradoxical embolism through a patent foramen ovale. N Engl J 
Med. September 23, 1993;329(13):926-929.

	 203.	Byrick RJ, Mullen JB, Mazer CD, Guest CB. Transpulmonary 
systemic fat embolism. Studies in mongrel dogs after cemented 
arthroplasty. Am J Respir Crit Care Med. November 1994;150(5 
pt 1):1416-1422.

	 204.	Vedrinne JM, Guillaume C, Gagnieu MC, Gratadour P, Fleuret C,  
Motin J. Bronchoalveolar lavage in trauma patients for diagno-
sis of fat embolism syndrome. Chest. November 1992;102(5): 
1323-1327.

	 205.	Gitin TA, Seidel T, Cera PJ, Glidewell OJ, Smith JL. Pulmonary 
microvascular fat: the significance? Crit Care Med. May 
1993;21(5):673-677.

	 206.	Bone LB, Johnson KD, Weigelt J, Scheinberg R. Early versus 
delayed stabilization of femoral fractures. A prospective ran-
domized study. J Bone Joint Surg Am. March 1989;71(3):336-
340.

	 207.	 Johnson KD, Cadambi A, Seibert GB. Incidence of adult respira-
tory distress syndrome in patients with multiple musculoskel-
etal injuries: effect of early operative stabilization of fractures.  
J Trauma. May 1985;25(5):375-384.

	 208.	Behrman SW, Fabian TC, Kudsk KA, Taylor JC. Improved out-
come with femur fractures: early vs. delayed fixation. J Trauma. 
July 1990;30(7):792-797; discussion 797-798.

	 209.	Pitto RP, Hamer H, Fabiani R, Radespiel-Troeger M, Koessler 
M. Prophylaxis against fat and bone-marrow embolism during 
total hip arthroplasty reduces the incidence of postoperative 
deep-vein thrombosis: a controlled, randomized clinical trial.  
J Bone Joint Surg Am. January 2002;84-A(1):39-48.

	 210.	Kallenbach J, Lewis M, Zaltzman M, Feldman C, Orford A, Zwi 
S. “Low-dose” corticosteroid prophylaxis against fat embolism. 
J Trauma. October 1987;27(10):1173-1176.

	 211.	Lindeque BG, Schoeman HS, Dommisse GF, Boeyens MC, Vlok 
AL. Fat embolism and the fat embolism syndrome. A double-
blind therapeutic study. J Bone Joint Surg Br. January 1987;69(1): 
128-131.

	 212.	Schonfeld SA, Ploysongsang Y, DiLisio R, et al. Fat embolism 
prophylaxis with corticosteroids. A prospective study in high-
risk patients. Ann Intern Med. October 1983;99(4):438-443.

	 213.	Kubota T, Ebina T, Tonosaki M, Ishihara H, Matsuki A. Rapid 
improvement of respiratory symptoms associated with fat 
embolism by high-dose methylpredonisolone: a case report.  
J Anesth. 2003;17(3):186-189.

Section03-O-ref.indd   7 1/20/2015   7:10:28 AM

http://www.myuptodate.com


This page intentionally left blank 

http://www.myuptodate.com


Chapter 40

REFERENCES

	 1.	 Imazio M, Bobbio M, Cecchi E, et al. Colchicine in addition 
to conventional therapy for acute pericarditis: results of the 
Colchicine for acute Pericarditis (COPE) trial. Circulation. 
2005;112:2012-2016.

	 2.	Lotrionte M, Biondi-Zoccai G, Imazio M, et al. International 
collaborative systematic review of controlled clinical trials on 
pharmacologic treatments for acute pericarditis and its recur-
rences. Am Heart J. 2010;160(4):662-670.

	 3.	 Imazio M, Bobbio M, Cecchi E, et al. Colchicine as first-
choice therapy for recurrent pericarditis: results of the CORE 
(Colchicine for REcurrent pericarditis) Trial. Arch Intern Med. 
2005;165:1987-1991.

	 4.	Spodick DH. Acute cardiac tamponade. N Eng J Med. 
2003;349:684-690.

	 5.	Shabetai R. The pathophysiology of cardiac tamponade. 
Cardiovasc Clin. 1976;7(3):67-89.

	 6.	Antman EM, Cargill V, Grossman W. Low-pressure cardiac 
tamponade. Ann Intern Med. 1979;91(3):403-406.

	 7.	Armstrong WF, Schilt BF, Helper DJ, Dillon JC, Feigenbaum H. 
Diastolic collapse of the right ventricle with cardiac tampon-
ade: an echocardiographic study. Circulation. June 1982;65(7): 
1491-1496.

	 8.	Burstow DJ, Oh JK, Bailey KR, Seward JB, Tajik AJ. Cardiac 
tamponade: characteristic Doppler observations. Mayo Clin 
Proc. 1989;64:312-324.

	 9.	Tsang TS, Freeman WK, Sinak LJ, Seward JB. 
Echocardiographically guided pericardiocentesis: evolution and 
state-of- the-art technique. Mayo Clin Proc. 1998;73(7):647.

	 10.	 Isselbacher EM, Cigarroa JE, Eagle KA. Cardiac tamponade 
complicating proximal aortic dissection. Is pericardiocentesis 
harmful? Circulation. November 1994;90(5):2375-2378.

	 11.	Ha JW, Oh JK, Ling LH, Nishimura RA, Seward JB, Tajik AJ. 
Annulus paradoxus: transmitral flow velocity to mitral annular 
velocity ratio is inversely proportional to pulmonary capillary 

wedge pressure in patients with constrictive pericarditis.  
Circulation. 2001;104:976-978.

	 12.	Santamore WP, Bartlett R, Van Buren SJ, Dowd MK,  
Kutcher MA. Ventricular coupling in constrictive pericarditis. 
Circulation. 1986;74:597-602.

	 13.	Hurrell DG, Nishimura RA, Higano ST, et al. Value of dynamic 
respiratory changes in left and right ventricular pressures for 
the diagnosis of constrictive pericarditis. Circulation. 1996;93: 
2007-2013.

	 14.	Talreja DR, Nishimura RA, Oh JK, Holmes DR. Constrictive 
pericarditis in the modern era: novel criteria for diagnosis 
in the cardiac catheterization laboratory. J Am Coll Cardiol. 
2008;51:315-319.

	 15.	Ha JW, Oh JK, Schaff HV, et al. Impact of left ventricular func-
tion on immediate and long-term outcomes after pericardi-
ectomy in constrictive pericarditis. J Thorac Cardiovasc Surg. 
2008;136(5):1136.

	 16.	Chowdhury UK, Subramaniam GK, Kumar AS, et al. 
Pericardiectomy for constrictive pericarditis: a clinical, echo-
cardiographic, and hemodynamic evaluation of two surgical 
techniques. Ann Thorac Surg. 2006:81(2):522.

	 17.	Bertog SC, Thambidorai SK, Parakh K, et al. Constrictive peri-
carditis: etiology and cause-specific survival after pericardiec-
tomy. J Am Coll Cardiol. 2004;43(8):1445.

	 18.	Cameron J, Oesterle SN, Baldwin JC, Hancock EW. The 
etiologic spectrum of constrictive pericarditis. Am Heart J. 
1987;113:354-360.

	 19.	Haley JH, Tajik AJ, Danielson GK, Schaff HV, Mulvagh SL,  
Oh JK. Transient constrictive pericarditis: causes and natural 
history. J Am Coll Cardiol. 2004;43(2):271-275.

	 20.	Sagrista-Sauleda J, Angel J, Sanchez A, Permanyer-Miralda G, 
Soler-Soler J. Effusive-constrictive pericarditis. N Engl J Med. 
2004;350:469-475.

Section03-O-ref.indd   1 1/20/2015   7:10:28 AM

http://www.myuptodate.com


This page intentionally left blank 

http://www.myuptodate.com


Chapter 41

REFERENCES

	 1.	Nkomo VT, Gardin JM, Skelton TN, Gottdiener JS, Scott CG,  
Enriquez-Sarano M. Burden of valvular heart diseases: a  
population-based study. Lancet. 2006;16;368(9540):1005-1011.

	 2.	 Iung B, Baron G, Tornos P, et al. Valvular heart disease in 
the community: a European experience. Curr Probl Cardiol. 
2007;32:609-661.

	 3.	Selzer A. Changing aspects of the natural history of valvular 
aortic stenosis. N Engl J Med. 1987;317:92.

	 4.	Roberts WC. The congenitally bicuspid aortic valve. A study of 
85 autopsy cases. Am J Cardiol. 1970;26:72.

	 5.	Bonow RO, Carabello BA, Chatterjee K, et al. 2008 Focused 
update incorporated into the ACC/AHA 2006 guidelines 
for the management of patients with valvular heart disease: 
a report of the American College of Cardiology/American 
Heart Association Task Force on Practice Guidelines (Writing 
Committee to Revise the 1998 Guidelines for the Management 
of Patients With Valvular Heart Disease). Circulation. 
2008;118(15):e523-e661.

	 6.	Gorlin R, Gorlin SG. Hydraulic formula for calculation of the 
area of the stenotic mitral valve, other cardiac valves, and cen-
tral circulatory shunts. Am Heart J. 1951;41:1.

	 7.	Malouf J, Le Tourneau T, Pellikka P, et al. Aortic valve stenosis 
in community medical practice: determinants of outcome and 
implications for aortic valve replacement. J Thorac Cardiovasc 
Surg. 2012;144(6):1421-1427.

	 8.	Connolly HM, Oh JK, Schaff HV, et al. Severe aortic stenosis 
with low transvalvular gradient and severe left ventricular 
dysfunction:result of aortic valve replacement in 52 patients. 
Circulation. 2000;101(16):1940-1946.

	 9.	Hachicha Z, Dumesnil JG, Bogaty P, Pibarot P. Paradoxical 
low-flow, low-gradient severe aortic stenosis despite preserved 
ejection fraction is associated with higher afterload and reduced 
survival. Circulation. June 5, 2007;115(22):2856-2864. Epub 
2007 May 28.

	 10.	Torsher LC, Shub C, Rettke SR, Brown DL. Risk of patients 
with severe aortic stenosis undergoing noncardiac surgery. Am 
J Cardiol. February 15, 1998;81(4):448-452.

	 11.	Carabello BA. Clinical practice. Aortic stenosis. N Engl J Med. 
February 28, 2002 ;346(9):677-682.

	 12.	Nishimura RA, Grantham JA, Connolly HM, Schaff HV, Higano 
ST, Holmes DR Jr. Low-output, low-gradient aortic stenosis in 
patients with depressed left ventricular systolic function: the 

clinical utility of the dobutamine challenge in the catheteriza-
tion laboratory. Circulation. 2002;106(7):809-813.

	 13.	Laissy JP, Messika-Zeitoun D, Serfaty JM, et al. Comprehensive 
evaluation of preoperative patients with aortic valve stenosis: 
usefulness of cardiac multidetector computed tomography. 
Heart. 2007;93(9):1121-1125.

	 14.	Messika-Zeitoun D, Serfaty JM, Brochet E, et al. Multimodal 
assessment of the aortic annulus diameter: implications for 
transcatheter aortic valve implantation. J Am Coll Cardiol. 
January 19, 2010;55(3):186-194.

	 15.	Goldman L, Caldera DL, Nussbaum SR, et al. Multifactorial 
index of cardiac risk in noncardiac surgical procedures. N Engl 
J Med. 1977;297:845.

	 16.	Khot UN, Novaro GM, Popovic ZB, et al. Nitroprusside in 
critically ill patients with left ventricular dysfunction and aortic 
stenosis. N Engl J Med. 2003;348:1756-1763.

	 17.	Leon MB, Smith CR, Mack M, et al. Transcatheter aortic-valve 
implantation for aortic stenosis in patients who cannot undergo 
surgery. N Engl J Med. October 21, 2010;363(17):1597-1607.

	 18.	Hara H, Pedersen WR, Ladich E, et al. Percutaneous bal-
loon aortic valvuloplasty revisited: time for a renaissance? 
Circulation. 2007;115(12):e334

	 19.	Moreno PR, Jang I-K, Newell JB, et al. The role of percutaneous 
aortic balloon valvuloplasty in patients with cardiogenic shock 
and critical aortic stenosis. J Am Coll Cardiol. 1994;23:1071.

	 20.	Roth RB, Palacios IF, Block PC. Percutaneous aortic balloon 
valvuloplasty: its role in the management of patients with aortic 
stenosis requiring major noncardiac surgery. J Am Coll Cardiol. 
1989;13:1039.

	 21.	Zoghbi WA, Enriquez-Sarano M, Foster E, et al. Recom
mendations for evaluation of the severity of native valvular 
regurgitation with two-dimensional and Doppler echocardiog-
raphy. J Am Soc Echocardiography. 2003;16(7):777-802.

	 22.	Nienaber CA, von Kodolitsch Y, Nicolas V, et al. The diagnosis 
of thoracic aortic dissection by noninvasive imaging proce-
dures. N Engl J Med. 1993;328:1.

	 23.	Mann T, McLaurin L, Grossman W, et al. Assessing the hemo-
dynamic severity of acute aortic regurgitation due to infective 
endocarditis. N Engl J Med. 1975;293:108.

	 24.	Aranki SF, Santini F, Adams DH, et al. Aortic valve endocarditis. 
Determinants of early survival and late morbidity. Circulation. 
1994;90(pt 2):II-175.

Section03-O-ref.indd   1 1/20/2015   7:10:28 AM

http://www.myuptodate.com


References2

	 25.	Miller RR, Vismara LA, DeMaria AN, et al. Afterload reduc-
tion therapy with nitroprusside in severe aortic regurgitation: 
improved cardiac performance and reduced regurgitant vol-
ume. Am J Cardiol. 1976;38:564.

	 26.	Scognamiglio R, Rahimtoola SH, Fasoli G, Nistri S, Dalla VS. 
Nifedipine in asymptomatic patients with severe aortic regur-
gitation and normal left ventricular function. N Engl J Med. 
1994;331:689-694.

	 27.	Evangelista A, Tornos P, Sambola A, Permanyer-Miralda G, 
Soler-Soler J. Long-term vasodilator therapy in patients with 
severe aortic regurgitation. N Engl J Med. 2005;353:1342-1349.

	 28.	Nishimura RA, Rihal CS, Tajik AJ, Holmes DR Jr. Accurate 
measurement of the transmitral gradient in patients with mitral 
stenosis: a simultaneous catheterization and Doppler echocar-
diographic study. J Am Coll Cardiol. July 1994;24(1):152-158.

	 29.	Nishimura RA, Holmes DR Jr, Reeder GS. Efficacy of percu-
taneous mitral balloon valvuloplasty with the inoue balloon. 
Mayo Clin Proc. March 1991;66(3):276-282.

	 30.	Enriquez-Sarano M, Akins CW, Vahanian A. Mitral regurgita-
tion. Lancet. April 18, 2009;373(9672):1382-1394.

	 31.	Yiu SF, Enriquez-Sarano M, Tribouilloy C, Seward JB, Tajik AJ. 
Determinants of the degree of functional mitral regurgitation 
in patients with systolic left ventricular dysfunction: a quanti-
tative clinical study. Circulation. September 19, 2000;102(12): 
1400-1406.

	 32.	Ling LH, Enriquez-Sarano M, Seward JB, et al. Clinical out-
come of mitral regurgitation due to flail leaflet. N Engl J Med. 
November 7, 1996;335(19):1417-1423.

	 33.	Ross J. Afterload mismatch in aortic and mitral valve disease: 
implications for surgical therapy. J Am Coll Cardiol. 1985;5:811.

	 34.	Zile MR. Chronic aortic and mitral regurgitation. Choosing 
the optimal time for surgical correction. Cardiology Clin. 
1991;9:239.

	 35.	van Son JA, Danielson GK, Schaff HV, Miller FA Jr. Traumatic 
tricuspid valve insufficiency. Experience in thirteen patients.  
J Thorac Cardiovasc Surg. November 1994;108(5):893-898.

	 36.	Messica-Zeitoun D, Thomson H, Bellamy M, et al. Medical and 
surgical outcome of tricuspid regurgitation caused by flail leaf-
lets. J Thorac Cardiovasc Surg. 2004;128:296-302.

	 37.	Cipriano PR, Billingham ME, Oyer PE, et al. Calcification of 
porcine prosthetic heart valves: a radiographic and light micro-
scopic study. Circulation. 1982;66:1100.

	 38.	Sugimoto JT, Karp RB. Homografts and cryopreserved valves. 
In: Crawford FA, ed. Cardiac Surgery: Current Heart Valve 
Prostheses. Vol 1. Philadelphia, PA: Hanley & Belfus; 1987:295.

	 39.	O’Gara PT, Haldar SM. Infective endocarditis. In: Fuster V, 
Walsh RA, Harrington RA, eds. Hurst’s The Heart. 13th ed. New 
York: McGraw-Hill; 2011:chap 86.

	 40.	 Ivert TSA, Dismukes WE, Cobbs CG, et al. Prosthetic valve 
endocarditis. Circulation. 1984;69:223.

	 41.	Wilson W, Taubert KA, Gewitz M, et al. Prevention of infective 
endocarditis: guidelines from the American Heart Association: 
a guideline from the American Heart Association Rheumatic 
Fever, Endocarditis, and Kawasaki Disease Committee, Council 
on Cardiovascular Disease in the Young, and the Council on 
Clinical Cardiology, Council on Cardiovascular Surgery and 
Anesthesia, and the Quality of Care and Outcomes Research 
Interdisciplinary Working Group. Circulation. October 9, 
2007;116(15):1736-1754.

Section03-O-ref.indd   2 1/20/2015   7:10:29 AM

http://www.myuptodate.com


Chapter 42

REFERENCES

	 1.	Sorensen HR, Olsen H. Ruptured and dissecting aneurysms of 
the aorta. Incidence and prospects of surgery. Acta Chir Scand. 
1964;128:644-650.

	 2.	Wheat MW Jr. Acute dissection of the aorta. Cardiovasc Clin. 
1987;17(3):241-262.

	 3.	Tsai TT, Trimarchi S, Nienaber CA. Acute aortic dissection: 
perspectives from the international registry of acute aortic 
dissection (IRAD). Eur J Vasc Endovasc Surg. 2009;37(2): 
149-159.

	 4.	Nienaber CA, Eagle KA. Aortic dissection: new frontiers in 
diagnosis and management: Part I: from etiology to diagnostic 
strategies. Circulation. 2003;108(5):628-635.

	 5.	Larson EW, Edwards WD. Risk factors for aortic dissection: a 
necropsy study of 161 cases. Am J Cardiol. 1984;53(6):849-855.

	 6.	Fedak PW, de Sa MP, Verma S, et al. Vascular matrix remod-
eling in patients with bicuspid aortic valve malformations: 
implications for aortic dilatation. J Thorac Cardiovasc Surg. 
2003;126(3):797-806.

	 7.	DeSanctis RW, Doroghazi RM, Austen WG, Buckley MJ. Aortic 
dissection. N Engl J Med. 1987;317(17):1060-1067.

	 8.	Golledge J, Eagle KA. Acute aortic dissection. Lancet. 
2008;372(9632):55-66.

	 9.	Reece T, Green G, Kron I. Cardiac surgery in the adult. In: Cohn L,  
ed. Aortic dissection. New York: McGraw-Hill; 2008:1195-1222.

	 10.	Onitsuka S, Akashi H, Tayama K, et al. Long-term outcome and 
prognostic predictors of medically treated acute type B aortic 
dissections. Ann Thorac Surg. 2004;78(4):1268-1273.

	 11.	Eggebrecht H, Baumgart D, Herold U, et al. Interventional man-
agement of aortic dissection. Herz. 2002;27(6):539-547.

	 12.	Greenberg RK, Haulon S, Khwaja J, Fulton G, Ouriel K. 
Contemporary management of acute aortic dissection. J 
Endovasc Ther. 2003;10(3):476-485.

	 13.	Shimono T, Kato N, Yasuda F, et al. Transluminal stent-graft 
placements for the treatments of acute onset and chronic aortic 
dissections. Circulation. 2002;106(12 suppl 1):I241-I247.

	 14.	Shimizu H, Yoshino H, Udagawa H, et al. Prognosis of aortic 
intramural hemorrhage compared with classic aortic dissection. 
Am J Cardiol. 2000;85(6):792-795, A10.

	 15.	Kitai T, Kaji S, Yamamuro A, et al. Clinical outcomes of medi-
cal therapy and timely operation in initially diagnosed type a 
aortic intramural hematoma: a 20-year experience. Circulation. 
2009;120(11 suppl):S292-S298.

	 16.	Song JK, Yim JH, Ahn JM, et al. Outcomes of patients 
with acute type a aortic intramural hematoma. Circulation. 
2009;120(21):2046-2052.

	 17.	Estrera A, Miller C III, Lee TY, et al. Acute type A intra-
mural hematoma: analysis of current management strategy. 
Circulation. 2009;120(11 suppl):S287-S291.

	 18.	Sueyoshi E, Matsuoka Y, Sakamoto I, Uetani M, Hayashi K, 
Narimatsu M. Fate of intramural hematoma of the aorta: CT 
evaluation. J Comput Assist Tomogr. 1997;21(6):931-938.

	 19.	Kang DH, Song JK, Song MG, et al. Clinical and echocardio-
graphic outcomes of aortic intramural hemorrhage compared 
with acute aortic dissection. Am J Cardiol. 1998;81(2):202-206.

	 20.	Nishigami K, Tsuchiya T, Shono H, Horibata Y, Honda T. 
Disappearance of aortic intramural hematoma and its sig-
nificance to the prognosis. Circulation. 2000;102(19 suppl 3): 
III243-III247.

	 21.	Evangelista A, Mukherjee D, Mehta RH, et al. Acute intramural 
hematoma of the aorta: a mystery in evolution. Circulation. 
2005;111(8):1063-1070.

	 22.	Erbel R, Alfonso F, Boileau C, et al. Diagnosis and management 
of aortic dissection. Eur Heart J. 2001;22(18):1642-1681.

	 23.	Sundt TM. Intramural hematoma and penetrating aortic ulcer. 
Curr Opin Cardiol. 2007;22(6):504-509.

	 24.	Anagnostopoulos CE, Prabhakar MJ, Kittle CF. Aortic dissections 
and dissecting aneurysms. Am J Cardiol. 1972;30(3):263-273.

	 25.	Rosman HS, Patel S, Borzak S, Paone G, Retter K. Quality 
of history taking in patients with aortic dissection. Chest. 
1998;114(3):793-795.

	 26.	Tsai TT, Bossone E, Isselbacher EM, et al. Clinical characteris-
tics of hypotension in patients with acute aortic dissection. Am 
J Cardiol. 2005;95(1):48-52.

	 27.	Hiratzka LF, Bakris GL, Beckman JA, et al. 2010 ACCF/AHA/
AATS/ACR/ASA/SCA/SCAI/SIR/STS/SVM guidelines for the 
diagnosis and management of patients with thoracic aortic dis-
ease: a report of the american college of cardiology foundation/
american heart association task force on practice guidelines, 
american association for thoracic surgery, american college of 
radiology, american stroke association, society of cardiovas-
cular anesthesiologists, society for cardiovascular angiography 
and interventions, society of interventional radiology, soci-
ety of thoracic surgeons, and society for vascular medicine. 
Circulation. 2010;121(13):e266-e369.

Section03-O-ref.indd   1 1/20/2015   7:10:29 AM

http://www.myuptodate.com


References2

	 28.	Gilon D, Mehta RH, Oh JK, et al. Characteristics and in-hospital 
outcomes of patients with cardiac tamponade complicating type 
A acute aortic dissection. Am J Cardiol. 2009;103(7):1029-1031.

	 29.	Cambria RP, Brewster DC, Gertler J, et al. Vascular complica-
tions associated with spontaneous aortic dissection. J Vasc Surg. 
1988;7(2):199-209.

	 30.	Hirst AE Jr, Johns VJ Jr, Kime SW Jr. Dissecting aneurysm 
of the aorta: a review of 505 cases. Medicine (Baltimore). 
1958;37(3):217-279.

	 31.	Heinemann MK, Buehner B, Schaefers HJ, Jurmann MJ, Laas J, 
Borst HG. Malperfusion of the thoracoabdominal vasculature 
in aortic dissection. J Card Surg. 1994;9(6):748-55; discussion 
755-757.

	 32.	Thorsen MK, San Dretto MA, Lawson TL, Foley WD, Smith DF, 
Berland LL. Dissecting aortic aneurysms: accuracy of computed 
tomographic diagnosis. Radiology. 1983;148(3):773-777.

	 33.	Sommer T, Fehske W, Holzknecht N, et al. Aortic dissection: 
a comparative study of diagnosis with spiral CT, multiplanar 
transesophageal echocardiography, and MR imaging. Radiology. 
1996;199(2):347-352.

	 34.	Erbel R, Engberding R, Daniel W, Roelandt J, Visser C, 
Rennollet H. Echocardiography in diagnosis of aortic dissec-
tion. Lancet. 1989;1(8636):457-461.

	 35.	Bansal RC, Chandrasekaran K, Ayala K, Smith DC. Frequency 
and explanation of false negative diagnosis of aortic dissection 
by aortography and transesophageal echocardiography. J Am 
Coll Cardiol. 1995;25(6):1393-1401.

	 36.	Nienaber CA, von Kodolitsch Y, Nicolas V, et al. The diagnosis 
of thoracic aortic dissection by noninvasive imaging proce-
dures. N Engl J Med. 1993;328(1):1-9.

	 37.	Wechsler RJ, Kotler MN, Steiner RM. Multimodality approach 
to thoracic aortic dissection. Cardiovasc Clin. 1986;17(1): 
385-408.

	 38.	Hagan PG, Nienaber CA, Isselbacher EM, et al. The interna-
tional registry of acute aortic dissection (IRAD): new insights 
into an old disease. JAMA. 2000;283(7):897-903.

	 39.	Schertler T, Glucker T, Wildermuth S, Jungius KP, Marincek 
B, Boehm T. Comparison of retrospectively ECG-gated and 
nongated MDCT of the chest in an emergency setting regarding 
workflow, image quality, and diagnostic certainty. Emerg Radiol. 
2005;12(1-2):19-29.

	 40.	Hayter RG, Rhea JT, Small A, Tafazoli FS, Novelline RA. 
Suspected aortic dissection and other aortic disorders: multi-
detector row CT in 373 cases in the emergency setting. 
Radiology. 2006;238(3):841-852.

	 41.	Khandheria BK, Tajik AJ, Taylor CL, et al. Aortic dissec-
tion: review of value and limitations of two-dimensional 
echocardiography in a six-year experience. J Am Soc 
Echocardiogr. 1989;2(1):17-24.

	 42.	Evangelista A, Avegliano G, Aguilar R, et al. Impact of contrast-
enhanced echocardiography on the diagnostic algorithm of 
acute aortic dissection. Eur Heart J. 2010;31(4):472-479.

	 43.	Cecconi M, Chirillo F, Costantini C, et al. The role of transtho-
racic echocardiography in the diagnosis and management of 
acute type A aortic syndrome. Am Heart J. 2012;163(1):112-118.

	 44.	Evangelista A, Garcia-del-Castillo H, Gonzalez-Alujas T, et al. 
Diagnosis of ascending aortic dissection by transesophageal 
echocardiography: utility of M-mode in recognizing artifacts.  
J Am Coll Cardiol. 1996;27(1):102-107.

	 45.	Keren A, Kim CB, Hu BS, et al. Accuracy of biplane and multi-
plane transesophageal echocardiography in diagnosis of typical 
acute aortic dissection and intramural hematoma. J Am Coll 
Cardiol. 1996;28(3):627-636.

	 46.	Erbel R, Oelert H, Meyer J, et al. Effect of medical and surgical 
therapy on aortic dissection evaluated by transesophageal echo-
cardiography. Implications for prognosis and therapy. The euro-
pean cooperative study group on echocardiography. Circulation. 
1993;87(5):1604-1615.

	 47.	Chirillo F, Cavallini C, Longhini C, et al. Comparative diagnos-
tic value of transesophageal echocardiography and retrograde 
aortography in the evaluation of thoracic aortic dissection. Am 
J Cardiol. 1994;74(6):590-595.

	 48.	Agricola E, Slavich M, Bertoglio L, et al. The role of contrast 
enhanced transesophageal echocardiography in the diagnosis and 
in the morphological and functional characterization of acute 
aortic syndromes. Int J Cardiovasc Imaging. 2014;30(1):31-38.

	 49.	Pearson AC, Castello R, Labovitz AJ. Safety and utility of trans-
esophageal echocardiography in the critically ill patient. Am 
Heart J. 1990;119(5):1083-1089.

	 50.	Silverman JM, Raissi S, Tyszka JM, Trento A, Herfkens RJ. 
Phase-contrast cine MR angiography detection of thoracic 
aortic dissection. Int J Card Imaging. 2000;16(6):461-470.

	 51.	Hartnell GG. Imaging of aortic aneurysms and dissection: CT 
and MRI. J Thorac Imaging. 2001;16(1):35-46.

	 52.	Liu Q, Lu JP, Wang F, Wang L, Tian JM. Three-dimensional 
contrast-enhanced MR angiography of aortic dissection: a pic-
torial essay. Radiographics. 2007;27(5):1311-1321.

	 53.	Miller DC, Mitchell RS, Oyer PE, Stinson EB, Jamieson SW, 
Shumway NE. Independent determinants of operative mortality 
for patients with aortic dissections. Circulation. 1984;70(3, pt 
2):I153-I164.

	 54.	Estrera AL, Huynh TT, Porat EE, Miller CC III, Smith JJ, Safi 
HJ. Is acute type A aortic dissection a true surgical emergency? 
Semin Vasc Surg. 2002;15(2):75-82.

	 55.	Lange RA, Hillis LD. Cardiovascular complications of cocaine 
use. N Engl J Med. 2001;345(5):351-358.

	 56.	McCord J, Jneid H, Hollander JE, et al. Management of 
cocaine-associated chest pain and myocardial infarction: a 
scientific statement from the american heart association acute 
cardiac care committee of the council on clinical cardiology. 
Circulation. 2008;117(14):1897-1907.

	 57.	Neri E, Toscano T, Massetti M, et al. Operation for acute type 
A aortic dissection in octogenarians: is it justified? J Thorac 
Cardiovasc Surg. 2001;121(2):259-267.

	 58.	Fann JI, Sarris GE, Miller DC, et al. Surgical management 
of acute aortic dissection complicated by stroke. Circulation. 
1989;80(3, pt 1):I257-1263.

	 59.	Svensson LG, Kouchoukos NT, Miller DC, et al. Expert con-
sensus document on the treatment of descending thoracic 
aortic disease using endovascular stent-grafts. Ann Thorac Surg. 
2008;85(suppl 1):S1-S41.

	 60.	Kwolek CJ, Watkins MT. The INvestigation of STEnt grafts in 
aortic dissection (INSTEAD) trial: the need for ongoing analy-
sis. Circulation. 2009;120(25):2513-2514.

	 61.	Lombardi JV, Cambria RP, Nienaber CA, et al. Prospective mul-
ticenter clinical trial (STABLE) on the endovascular treatment 
of complicated type B aortic dissection using a composite device 
design. J Vasc Surg. 2012;55(3):629.e2-640.e2.

Section03-O-ref.indd   2 1/20/2015   7:10:29 AM

http://www.myuptodate.com


References 3

	 62.	Bachet J. Acute type A aortic dissection: can we dramatically 
reduce the surgical mortality? Ann Thorac Surg. 2002;73(3): 
701-703.

	 63.	Graham JM, Stinnett DM. Operative management of acute aor-
tic arch dissection using profound hypothermia and circulatory 
arrest. Ann Thorac Surg. 1987;44(2):192-198.

	 64.	Bachet J, Guilmet D, Goudot B, et al. Cold cerebroplegia. A new 
technique of cerebral protection during operations on the trans-
verse aortic arch. J Thorac Cardiovasc Surg. 1991;102(1):85-93; 
discussion 93-94.

	 65.	Bachet J, Teodori G, Goudot B, et al. Replacement of the trans-
verse aortic arch during emergency operations for type A acute 
aortic dissection. report of 26 cases. J Thorac Cardiovasc Surg. 
1988;96(6):878-886.

	 66.	Deville C, Roques X, Fernandez G, Laborde N, Baudet E, Fontan F.  
Should circulatory arrest with deep hypothermia be revised in 
aortic arch surgery? Eur J Cardiothorac Surg. 1988;2(3):185-191.

	 67.	Coselli JS. Retrograde cerebral perfusion via a superior vena 
caval cannula for aortic arch aneurysm operations. Ann Thorac 
Surg. 1994;57(6):1668-1669.

	 68.	Bavaria JE, Woo YJ, Hall RA, Wahl PM, Acker MA, Gardner TJ.  
Circulatory management with retrograde cerebral perfusion 
for acute type A aortic dissection. Circulation. 1996;94(suppl 
9):II173-II176.

	 69.	Koster JK Jr, Cohn LH, Mee RB, Collins JJ Jr. Late results of 
operation for acute aortic dissection producing aortic insuf-
ficiency. Ann Thorac Surg. 1978;26(5):461-467.

	 70.	Crawford ES, Coselli JS, Svensson LG, Safi HJ, Hess KR. Diffuse 
aneurysmal disease (chronic aortic dissection, marfan, and 
mega aorta syndromes) and multiple aneurysm. treatment by 
subtotal and total aortic replacement emphasizing the elephant 
trunk operation. Ann Surg. 1990;211(5):521-537.

	 71.	Crawford ES, Svensson LG, Hess KR, et al. A prospective 
randomized study of cerebrospinal fluid drainage to prevent 
paraplegia after high-risk surgery on the thoracoabdominal 
aorta. J Vasc Surg. 1991;13(1):36-45; discussion 45-46.

	 72.	Borst HG, Jurmann M, Buhner B, Laas J. Risk of replacement 
of descending aorta with a standardized left heart bypass tech-
nique. J Thorac Cardiovasc Surg. 1994;107(1):126-132; discus-
sion 132-133.

	 73.	Safi HJ, Bartoli S, Hess KR, et al. Neurologic deficit in patients at 
high risk with thoracoabdominal aortic aneurysms: the role of 
cerebral spinal fluid drainage and distal aortic perfusion. J Vasc 
Surg. 1994;20(3):434-444; discussion 442-443.

	 74.	 Jex RK, Schaff HV, Piehler JM, et al. Early and late results fol-
lowing repair of dissections of the descending thoracic aorta.  
J Vasc Surg. 1986;3(2):226-237.

	 75.	Luciani GB, Mazzucco A. Aortic insufficiency after surgical 
repair of acute type a aortic dissection: incidence, indications 
for reoperation and medical management. J Heart Valve Dis. 
2001;10(1):12-18.

	 76.	Parker JD, Golledge J. Outcome of endovascular treatment of 
acute type B aortic dissection. Ann Thorac Surg. 2008;86(5): 
1707-1712.

	 77.	Doroghazi RM, Slater EE, DeSanctis RW, Buckley MJ, Austen 
WG, Rosenthal S. Long-term survival of patients with treated 
aortic dissection. J Am Coll Cardiol. 1984;3(4):1026-1034.

	 78.	DeBakey ME, McCollum CH, Crawford ES, et al. Dissection 
and dissecting aneurysms of the aorta: twenty-year follow-up of 
five hundred twenty-seven patients treated surgically. Surgery. 
1982;92(6):1118-1134.

	 79.	Nordon IM, Hinchliffe RJ, Loftus IM, Morgan RA, Thompson 
MM. Management of acute aortic syndrome and chronic aortic 
dissection. Cardiovasc Intervent Radiol. 2011;34(5):890-902.

	 80.	Davies RR, Goldstein LJ, Coady MA, et al. Yearly rupture or 
dissection rates for thoracic aortic aneurysms: simple prediction 
based on size. Ann Thorac Surg. 2002;73(1):17-27; discussion 
27-28.

	 81.	 Januzzi JL, Movsowitz HD, Choi J, Abernethy WB, Isselbacher 
EM. Significance of recurrent pain in acute type B aortic dissec-
tion. Am J Cardiol. 2001;87(7):930-933.

Section03-O-ref.indd   3 1/20/2015   7:10:29 AM

http://www.myuptodate.com


This page intentionally left blank 

http://www.myuptodate.com


PART 4

Pulmonary Disorders

section04.indd   369 1/23/2015   2:18:39 PM

http://www.myuptodate.com


PART 4: Pulmonary Disorders370

The Pathophysiology and 
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Acute Respiratory Failure
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43
C H A P T E R

KEY POINTS

•• Type I respiratory failure, characterized by severe, oxygen-refractory 
hypoxemia, is caused by a portion of the total pulmonary blood flow  
(Q̇s/Q̇t) traversing the lung without picking up oxygen due to 
airspace filling.

•• When blood transport of oxygen is inadequate, treatment includes 
optimizing cardiac output, hemoglobin concentration, and arterial 
saturation, and lowering oxygen consumption.

•• 	Optimizing does not mean maximizing, and the end point of each 
therapeutic approach is the least intervention achieving the goal of 
that treatment and needs to be selected for the individual patient.

•• 	Type II respiratory failure is characterized by alveolar hypoventilation 
and increased PCO2, caused by loss of CNS drive, impaired neuromus-
cular competence, excessive dead space, or increased mechanical load.

•• Type III respiratory failure typically occurs in the perioperative period 
when factors that reduce functional residual capacity combine with 
causes of increased closing volume to produce progressive atelectasis.

•• 	Type IV respiratory failure ensues when the circulation fails and 
resolves when shock is corrected, as long as one of the other types 
of respiratory failure has not supervened.

•• Liberation from mechanical ventilation is enhanced by identifying 
and correcting the many factors contributing to increased respira-
tory load and decreased neuromuscular competence.

Respiratory failure (RF) is diagnosed when the patient loses the ability 
to ventilate adequately or to provide sufficient oxygen to the blood and 
systemic organs. Urgent resuscitation of the patient requires airway con-
trol, ventilator management, and stabilization of the circulation, while 
effective ongoing care for the patient with RF necessitates a differential 
diagnosis and therapeutic plan derived from an informed clinical and 
laboratory examination supplemented by the results of special ICU 
interventions. Recent advances in ICU management and monitoring 
technology facilitate early detection of the pathophysiology of vital 
functions, with the potential for prevention and early titration of therapy 
for the patient’s continual improvement. The purpose of this chapter is 
to provide an informed, practical approach to integrating established 
concepts of pathophysiology with conventional clinical skills. This 
chapter does not provide a course in pulmonary physiology nor a com-
prehensive review of how to treat RF. Rather, it attempts to provide a 
conceptual framework of principles useful in approaching the patient 
with RF, first by discussing an approach to tissue hypoxia, and then 
by describing the mechanisms causing four types of RF, showing how 
correcting each derangement allows the patient to resume spontaneous 
breathing effected by respiratory muscles that are not fatigued.

AN APPROACH TO INADEQUATE BLOOD TRANSPORT 
OF OXYGEN
Randomized controlled trials have confirmed the importance of aggres-
sive early resuscitation in the face of inadequate oxygen delivery 
(shock),1 Measurement of Q̇O2 and V̇O2 in critically ill subjects prior 

to initial resuscitation demonstrates increases in V̇O2 in response to 
augmentation of severely reduced Q̇O2, indicating that oxygen supply 
dependence plays a role in early sepsis prior to initial resuscitation.2,3 
Following initial resuscitation, however, a subset of patients demonstrate 
what appears to be ongoing evidence of inadequate oxygen delivery to 
peripheral tissues as evidenced by the presence of lactic acidosis despite 
adequate resuscitation.4 While early trials using flow directed pulmo-
nary artery catheters suggested that V̇O2 was supply dependent (see 
below),5-7 subsequent studies demonstrated that this apparent supply 
dependence was an artifact of covariant measurements.8,9

Patients with RF are susceptible to anaerobic metabolism, either because 
they deliver inadequate O2 to their systemic organs or because their tis-
sues develop an abnormal inability to extract oxygen from the blood.10 
During air breathing, arterialized blood leaves the normal alveoli with a 
partial pressure of oxygen (PaO2) of about 100 mm Hg. When the hemo-
globin concentration is 15 g/dL, arterial O2 content (CaO2) is about 20 mL 
per 100 mL blood on the fully saturated hemoglobin and about 0.3 mL  
in physical solution. Accordingly, a cardiac output (Q̇t) of 5.0 L/min  
transports approximately 1000 mL/min of O2 to the tissues (transport 
of oxygen; Q̇O2). There, tissue metabolism (oxygen consumption; V̇O2) 
extracts 250 mL/min, so 5.0 L/min of mixed venous blood returns 
to the lungs with 750 mL/min of O2, or a mixed venous O2 content  
(Cv 

–
O2) of 15 mL per 100 mL blood. Accordingly, the normal extraction 

fraction [EF = V̇O2/Q̇O2 = (CaO2 − Cv–O2
)/CaO2 ] is 0.25. Because this O2 

content corresponds to 75% O2 saturation (15/20), mixed venous PO2 
(Pv–O2) is 40 mm Hg, as determined by the oxyhemoglobin dissociation 
curve for normal venous pH, partial pressure of carbon dioxide (PCO2), 
and temperature. Figure 43-1 plots the relationships between V̇O2 (left 
ordinate) and EF (right ordinate) with Q̇O2 (abscissa) as continuous lines.

In many patients with RF, the O2 transport to the tissues is reduced by 
abnormally low cardiac output, hemoglobin, or O2 saturation. Consider 
the effects of acute myocardial injury or hypovolemia that reduces Q̇t 
to 2.5 L/min and Q̇O2 to 500 mL/min. To maintain the V̇O2 necessary 
for aerobic metabolism, the tissues must extract 250 mL/min from half 
the blood flow, so Cv–O2 decreases to 10 mL O2 per 100 mL blood and 

FIGURE 43-1.  Oxygen consumption (V̇O2, left ordinate) depends on oxygen delivery (Q̇O2, 
abscissa) when low Q̇O2 exceeds the limits of tissue oxygen extraction (EF, right ordinate). In 
patients with normal metabolism (V̇O2 = 250 mL/min), V̇O2 is maintained as Q̇O2 is progressively 
decreased from 1000 to 400 mL/min (continuous line drawn through x's), due to a progressive 
increase in EF (continuous hyperbolic line drawn through closed circles). Below this critical Q̇O2 
(Q̇O2C), V̇O2 decreases due to anaerobic metabolism, leading to lactic acidemia because tissue O2 
extraction cannot compensate for the low Q̇O2 indicated by the dotted line departing from con-
tinuous hyperbolic EF line at the critical extraction fraction (EFc = 0.6). When V̇O2 is increased 
(interrupted lines drawn through closed circles) by several common manifestations of critical 
illness (eg, work of breathing, burns, fever, sepsis, and trauma), EF is increased at each value 
of Q̇O2, and supply dependence of O2 consumption begins at a value of Q̇O2 greater than for the 
patient with normal V̇O2 despite normal EFc = 0.6. Accordingly, Q̇O2 must increase with V̇O2 to 
maintain aerobic metabolism, or V̇O2 must be reduced. See text for discussion.
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EF increases to 0.50. Because this value corresponds to 50% saturation 
(10/20) of the normal hemoglobin concentration, Pv–O2 is 27 mm Hg. 
When cardiac output is returned toward normal with vasoactive drug or 
volume therapy, Pv–O2 rises again. In another patient with normal cardiac 
output (5 L/min) but severe arterial hypoxemia (PaO2 = 40 mm Hg, O2 
saturation = 75%, CaO2 = 15 mL O2/100 mL blood), Cv–O2 must decrease 
to 10 mL per 100 mL blood to provide the tissues with 250 mL/min  
of O2; again, Pv–O2 decreases to 27 mm Hg. When cardiac output increases 
in response to hypoxia, Pv–O2 increases again. In a third patient with 
normal Q̇t and PaO2 but with reduced concentration of hemoglobin 
(7.5 g/100 mL blood), CaO2 is reduced to 10 mL per 100 mL blood. 
Accordingly, Cv–O2 and Pv–O2 must decrease to 5 mL per 100 mL blood and  
27 mm Hg, respectively, to maintain aerobic metabolism, and these 
venous values increase again with greater cardiac output or hemoglobin 
concentration. In each case, V̇O2 was maintained as Q̇O2 decreased, creat-
ing the horizontal continuous line in Figure 43-1 indicating that V̇O2 is 
independent of O2 delivery in this range; V̇O2 was constant because EF 
increased in the hyperbolic manner indicated by the continuous line 
relating EF to Q̇O2.

These considerations illustrate that one end point of reduced O2 
transport in the blood is reduced Pv–O2. Since Pv–O2 approximates the PO2 
adjacent to the exchange vessels in the tissues, it is the driving pressure 
for O2 diffusion from the capillaries to the metabolizing cells. When Pv–O2  
falls too low, insufficient O2 diffuses to maintain aerobic metabolism, 
and the cells begin to produce lactic acid as the end point of anaero-
bic metabolism.11 This is illustrated in Figure 43-1 by the decrease in 
V̇O2 as Q̇O2 is reduced below 400 mL/min; this supply dependency of 
V̇O2 occurs when EF exceeds 0.6 and tissue O2 extraction can no lon-
ger increase along the hyperbolic continuous line relating EF to Q̇O2. 
Accordingly, reduced Pv–O2 and increased serum lactate (or falling pH 
with unchanged partial pressure of arterial carbon dioxide [PaCO2]) 
are indications of tissue hypoxia. This improves with therapy increas-
ing CaO2 (by increasing hemoglobin or O2 saturation) and increasing  
cardiac output. In many critically ill patients, two or three of these 
factors reducing O2 transport to the tissues coexist, so attention to 
optimizing all these (Q̇t, hemoglobin concentration, and O2 saturation) 
is reasonable in the hypoxic patient. This description of the effects of 
diminished Q̇O2 on Pv–O2 and hence the utility of Pv–O2 as a monitor of the 
adequacy of Q̇O2 helps one understand the benefits of early goal-directed 
therapy guided by this measurement in the treatment of patients with 
shock1 (see Chap. 64).

■■ OPTIMIZING Q̇O2

Of course, optimizing does not mean maximizing, and the end point of 
each therapeutic approach needs to be selected for the individual patient. 
Patients with low cardiac output due to heart disease may not tolerate 
infusions of packed erythrocytes even though their tissue hypoxia is 
made worse by concurrent anemia. Yet, thoughtful integration of packed 
cells within the therapy of plasma volume reduction may prevent anaer-
obic metabolism at a time when cardiac output cannot be increased to 
adequate levels. This use of PRBC in stabilization is not meant to ignore 
the study on restrictive use of PRBC by the Canadian Critical Care Trials 
Group.12 However, significant differences in outcomes in this trial were 
seen only in patients with APACHE scores of <20 and may not apply to 
individuals where Q̇O2 is severely impaired. Additionally administration 
of packed red blood cells may have additional adverse consequences 
such as immunosuppression.13,14

In other patients with severe arterial hypoxemia and O2 desaturation 
due to acute hypoxemic RF, tissue hypoxia may be relieved by increasing 
cardiac output and hematocrit. Yet this is often associated with higher 
central blood volume and pulmonary vascular pressures that increase 
pulmonary vascular leakage unless vasoactive drugs, diuretics, and fluid 
restriction are used concurrently. Again, thoughtful integration of the 
three approaches to therapy of tissue hypoxia provides the optimal level 
of circulating hemoglobin and cardiac output while reducing rather than 

aggravating the pulmonary edema. Some patients with chronic severe 
anemia (eg, chronic renal failure) become acutely ill with low cardiac 
output and/or hypoxemic RF. Their tissue hypoxia is often ameliorated 
by prompt, transient increases in their hemoglobin concentration with-
out circulatory overload, as by plasmapheresis. Yet the institution of 
this therapy, like the others mentioned above, has complications that 
must be weighed against the likely benefit in that patient at that time. 
Accordingly, this approach to therapy of reduced blood O2 transport 
implements early each of the three major interventions (Q̇t, hematocrit, 
and arterial oxygen saturation [SaO2]) in a combination best suited to the 
condition of each patient.1,11

Dissolved O2 contributes a very small amount to Q̇O2. Yet, in critical 
hypoxemia, raising the fraction of inspired oxygen (FiO2) to maximal val-
ues may be effective.11 Consider again the patient with acute myocardial 
infarction without lung disease in whom low cardiac output has lowered 
Pv–O2 to 27 mm Hg during air breathing. Even though the hemoglobin 
is fully saturated, CaO2 may be increased by 1.7 mL per 100 mL blood 
when PaO2 is increased to 650 mm Hg by ventilation with O2. Then Cv–O2 
increases from 10 to 11.7 mL O2 per 100 mL blood, raising mixed venous 
saturations to 58% and Pv–O2 to about 34 mm Hg; of course, if anaerobic 
metabolism existed before oxygen therapy, Cv–O2 may not increase as 
much as CaO2 because V̇O2 increases with oxygen. These changes tend 
to diminish tissue hypoxia and the adverse consequences of anaero-
bic metabolism by an amount equivalent to that achieved by a 1 g% 
increase in hemoglobin or a 0.2 L/min increase in cardiac output and 
so complement a combined approach to hypoxia.11 Increasing FiO2 may 
be affected by nasal prongs to deliver O2 at 1 to 5 L/min (FiO2 0.21-0.4),  
by rebreathing masks (FiO2 0.21-0.6), or by head tent (FiO2 0.21-0.8). 
The ranges of FiO2 are to indicate that all methods frequently give no O2 
enrichment due to inadequate delivery to the patient (lower limit), and 
that the amount of O2 delivered is often less than expected (upper limit), 
even when the O2 delivery system is working properly (Table 43-1).

■■ REDUCING V̇O2

With its attendant risks, tracheal intubation ensures delivery of the 
highest possible FiO2 and allows another approach to therapy of tissue 
hypoxia, namely to reduce V̇O2 (Table 43-2). Normally, the work of 
breathing is very low, but in patients with acute hypoxemic RF and its 
associated tachypnea and lung stiffness, V̇O2 of the respiratory muscles 
alone can approach 100 mL/min.15 Increased work of breathing may 
result in high V̇O2 in other patients with other causes of restriction such 
as morbid obesity16 (see Chap. 130). This is illustrated by the interrupted 

  TABLE 43-1   � Intratracheal Oxygen Concentrations (%) Attained Using Various  
Delivery Systems

Oxygen Delivery System Intended FiO2 

Tracheal O
2
 Concentration

Quiet Breathing Hyperventilating

Nasal prongs

  3 L/min 22.4 22.7

  10 L/min 46.2 30.5

  15 L/min 60.9 36.2

Face mask

  10 L/min 60 53.4 41.0

  15 L/min 100 68.1 50.2

Venturi mask

  4 L/min 28 24.2 21.4

  8 L/min 40 36.4 29.4

Adapted with permission from Gibson RL, Comer PB, Beckham RW, et al. Actual tracheal concentrations 
with commonly used oxygen equipment. Anesthesiology. January 1976;44(1):71-73.

section04.indd   371 1/23/2015   2:18:41 PM

http://www.myuptodate.com


PART 4: Pulmonary Disorders372

lines in Figure 43-1 showing that supply dependence of V̇O2 occurs at a 
high level of Q̇O2 when V̇O2 is increased (approximately 450 mL/min) by 
common concomitants of critical illness, even when the tissue ability to 
extract O2 is normal. Normally, cardiac output increases with V̇O2, as in 
exercise, to keep Cv–O2 and Cv–O2 close to their resting values. Yet consider 
the effects of such work of breathing in the common circumstance of 
cardiogenic pulmonary edema when cardiac output may not increase 
much above 5.0 L/min. Then Cv–O2 must fall toward 5 mL O2 per 100 mL 
of blood to deliver the total V̇O2 of 450 mL/min so that Pv–O2 approaches 
22 mm Hg, a level associated with tissue hypoxia and anaerobic metabo-
lism. Relaxation of the respiratory muscles and positive pressure ventila-
tion reduce V̇O2 to 250 mL/min and raise Pv–O2 to normal with no change 
in cardiac output.15

Another effect on tissue hypoxia in patients already ventilated is to 
reduce V̇O2 by cooling the febrile hypoxic patient.17 Consider the patient 
with pneumonia causing PaO2 of 40 mm Hg (CaO2 = 15 mL/dL). Then 
reduction of V̇O2 from 500 to 250 mL/min by sedation, muscle relax-
ation, and cooling from 40°C to 37°C raises Cv–O2 from 5 to 10 mL O2 per 
100 mL of blood. This increase in mixed venous saturation from 25% to 
50% would increase Pv–O2 from 22 to 27 mm Hg in normothermic blood. 
The left shift of the oxyhemoglobin dissociation curve between 40°C 
and 37°C does not limit oxygen extraction in canine studies of the limits 
of aerobic metabolism,18 so cooling the febrile patient may be enough to 
relieve tissue hypoxia in critical situations.

■■ DETECTING ANAEROBIC METABOLISM IN RESPIRATORY FAILURE
To illustrate how several clinical interventions have a beneficial effect on 
tissue hypoxia, this discussion emphasized how Pv–O2 tracks the changes in 
Q̇O2. Yet the value of Pv–O2 at the onset of anaerobic metabolism might vary 
widely as a result of the Q̇O2/V̇O2 variance among peripheral tissues.19,20  
This is especially true in the resuscitated septic patient when very high 
Q̇t and Q̇O2 are associated with very high values of Pv–O2 and lactic acido-
sis. To the extent that such lactic acidosis arises from anaerobic metabo-
lism, the rise in Pv–O2 with increased Q̇O2 in the septic patient confounds 
the utility of Pv–O2 as a marker of tissue hypoxia. Furthermore, lactic 
acidosis at high levels of oxygen transport does not necessarily signal 
pathologic supply dependence of oxygen utilization; rather, the high O2 
demands of critical illness may exceed even normal extraction limits 
from the apparently high but insufficient O2 transport.

An important observation complicating this problem is that lactic  
acidosis when Q̇O2 is high does not necessarily indicate anaerobic 
metabolism, but instead accelerated aerobic glycolysis associated with 
sepsis-related disturbance of important glycolytic enzymes.21,22 Clinical 
and experimental studies demonstrate that progressive reduction in 
Q̇O2 due to hypovolemic or cardiogenic shock is associated with lactic 
acidemia having a high lactate-to-pyruvate ratio (L/P); yet, in septic 
shock, the frequently observed lactic acidemia, even at high levels of 
Q̇O2, is not associated with an increased L/P ratio, for the pyruvate levels 
have risen in proportion to the lactate levels.23 These observations 
raise the possibility that metabolic utilization of tissue protein stores 
in septic shock produces abundant pyruvate in excess of that required 

for generation of high-energy adenosine triphosphate (ATP) bonds 
through aerobic glycolysis; then excess pyruvate circulates in normal 
equilibrium with excess lactate, and clinicians mistake this lactic 
acidosis for anaerobic metabolism. Alternatively, the appearance of 
elevated L/P ratios in the presence of lactic acidosis may be explained 
by recent studies demonstrating that hypoxia increases the expression 
of pyruvate dehydrogenase kinase (PDK) in mitochondria through 
the effect of hypoxia-inducible factor (HIF).24 This has the effect of 
blocking entry of pyruvate into the TCA cycle, and in concert with 
increased activity of lactate dehydrogenase (also regulated by HIF) 
elevating levels of both pyruvate and lactate. This altered regulation 
may persist even after the initial hypoxic stimulus is removed follow-
ing resuscitation.24,25

To the extent that pathologic supply dependence does not occur in 
patients,26,27 and that the lactic acidosis of sepsis is not anaerobic, the 
critical care practice of maximizing cardiac output and Q̇O2 confers no 
benefit on oxygen utilization. Even in the apparent absence of sepsis, 
the value of Pv–O2

 at the onset of anaerobic metabolism varies widely, and 
some organs may be anaerobic when Pv–O2 and Q̇O2 are not worrisome.28  
Accordingly, measuring and following changes in Pv–O2 and venous 
saturation in conjunction with acid-base status and lactic acid measure-
ments allow deductions concerning the effects of altered Q̇O2 on V̇O2 and 
aerobic metabolism, but these are nonspecific and subject to errors and 
uncertainties. It seems reasonable to ensure sufficient Q̇O2 to provide a 
normal Pv–O2 in septic patients without maximizing Q̇O2 to treat hypo-
thetical tissue O2 extraction defects,26,27 except where measurement of 
organ acidosis demonstrates improvement with increased Q̇O2.28

A MECHANISTIC APPROACH TO RESPIRATORY FAILURE

■■ HYPOXEMIC VERSUS VENTILATORY FAILURE
A descriptive survey of patients requiring mechanical ventilation for RF 
reveals four patterns of pathophysiology, each having a predominant 
mechanism (Table 43-3). Intrapulmonary shunt (Q̇s/Q̇t) causes hypox-
emia refractory to O2 therapy despite hyperventilation and reduced 
PaCO2 in type I or acute hypoxemic respiratory failure (AHRF).29 Primary  
failure of alveolar ventilation (V̇a) leads to CO2 retention and arterial 
hypercapnia associated with reduced PaO2; this hypoxemia corrects 
easily with O2 therapy in type II or ventilatory failure.30 Figure 43-2 
illustrates the different mechanisms for these two common abnormali-
ties in pulmonary O2 exchange.

■■ ABNORMALITIES IN PULMONARY GAS EXCHANGE
It is helpful to recall that the cause of hypercapnia (inadequate V̇a) 
is often independent of the cause of hypoxemia, so the treatment for 
hypercapnia (raising V̇a) is different from the treatment for hypox-
emia (raise FiO2, positive end-expiratory pressure [PEEP]). When CNS 
depression of the drive to breathe or loss of neuromuscular coupling (see  
Chap. 54) reduces minute ventilation (V̇e), the CO2 produced at rest each 
minute (V̇CO2 = 200 mL/min) is added to the reduced V̇a (normally about 
4 L/min), raising the alveolar and arterial partial pressures (P) of CO2 
(PaCO2 = PaCO2 = k × V̇CO2/V̇a = 0.863 mm Hg/L/mL × (200 mL/min/ 
4.0 L/min), or about 40 mm Hg). Mild alveolar hypoxia develops as 
the required oxygen uptake (V̇O2) is absorbed from the reduced V̇a 
(PaO2 = PiO2 − PaCO2/R, where PaO2 = FiO2 × (Pbar − PH2O) and R = 
V̇cO2/V̇O2), so the consequent arterial hypoxemia is corrected with small 
increments in inspired oxygen fraction (FiO2). In diseases characterized 
by airflow obstruction30-32 or lung restriction,33 V̇a is reduced despite 
normal or increased V̇e because the dead space:tidal volume ratio 
[Vds/Vt = (PaCO2 − PeCO2)/PaCO2] is increased when large numbers of 
poorly perfused alveoli are excessively ventilated (high V̇a/Q̇ units).  
Accordingly, when a patient requires an abnormally large V̇e to  
maintain a normal PaCO2, the causes are an abnormally increased V̇CO2, 
increased Vds/Vt, or both. Hypoxemia develops with airflow obstruc-
tion or lung restriction when other alveoli are poorly ventilated in 

  TABLE 43-2    Oxygen Cost (V̇O2) of Breathing and Fever in 20 Critically III Patients

Breathing (Mean ± SD)15 Fever (Mean ± SD)17

Mode  V̇O2 Body Temperature  V̇O2 

CPAP 255 ± 92 39.4°C ± 0.8°C 359 ± 65

AC/MR 209 ± 79 37.0°C ± 0.5°C 295 ± 57

V̇O2 resp 46 ± 21 V̇O2/°C 27.5 ± 8.1

AC/MR, assist-control mode with muscle relaxation (full mechanical ventilation); °C, body temperature 
in degrees centigrade; CPAP, continuous positive airway pressure (spontaneous breathing); V̇O2, oxygen 
consumption (mL/min) by spirometer (Deltatrac); V̇O2 resp, O2 cost of breathing equals CPAP − AC/MR; 
V̇O2/°C, the change in V̇O2 per °C change in body temperature.
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relation to their perfusion (low V̇a/Q̇ units), and the hypoxemia is made 
worse by low mixed venous oxygen content30-33 (see Chap. 52); again, 
modest increments in FiO2 correct this hypoxemia (see Fig. 43-2A). By 
contrast, even an FiO2 of 1.0 cannot fully correct the hypoxemia induced 
by increased Q̇s/Q̇t (see Fig. 43-2B), and this refractory hypoxemia of 
AHRF is often associated with increased V̇e and V̇a and so decreased 
PaCO2

1 (see Chap. 52).

■■ ABNORMALITIES IN RESPIRATORY MECHANICS
These two classic types of RF have distinctly different abnormalities in 
the mechanics of breathing (Fig. 43-3), while they share mechanisms 

leading to respiratory muscle dysfunction and fatigue. The schematic 
illustration of the normal respiratory system (see Fig. 43-3A) indicates 
that spontaneous respiration is effected by the pressure (ΔP) generated 
by inspiratory muscles to expand the lung and chest wall (ΔV) against 
their elastance and to cause inspiratory flow (V̇i) past the airways resis-
tance (R). When R is increased in acute-on-chronic respiratory failure 
(ACRF) or in status asthmaticus,34 the P required to breathe often 
exceeds the strength of the respiratory muscles, resulting in fatigue of 
the muscles. When such a patient is mechanically ventilated using a 
volume-controlled mode, the peak pressure (Ppeak) generated at the 
airway opening increases well above the normal value (about 20 cm H2O 

FIGURE 43-2.  Schematic illustration showing the effects of oxygen therapy on arterial PO2 (PaO2) in two conditions: (A) acute airflow obstruction and (B) airspace flooding with acute hypoxemic 
respiratory failure (AHRF). Each panel depicts a two-compartment lung in which each airspace is perfused by half the mixed venous blood with a Pv-O2 of 27 mm Hg while breathing room air, which 
has a fractional concentration of oxygen in the inspired gas (FiO2) of 0.21. Acute airflow obstruction causes severe hypoxemia that is relatively easily corrected by breathing supplementary oxygen, 
but hypoxemia in AHRF is much more refractory to oxygen administration and so requires adjunctive therapies. A. Because the airspace distal to the obstruction is so poorly ventilated, all its inspired 
oxygen is absorbed and alveolar PO2 values (PaO2) approach mixed venous PO2 values (27 mm Hg). By contrast, because alveolar PO2 in the well-ventilated alveolus is considerably higher (100 mm Hg), 
its effluent blood becomes fully saturated (oxygen saturation [SO2] = 100%); when this blood mixes with an equal amount of effluent blood from the obstructed unit (SO2 = 50%), the resulting 
arterial blood (SO2 = 75%) has a very low PaO2 (40 mm Hg). Raising FiO2 to 0.4 (PO2 = 280 mm Hg) increases both the amount of oxygen ventilating the obstructed unit and the PaO2 (55  mm Hg). 
Accordingly, effluent blood from the obstructed airspace (SO2 = 90%) mixes with fully saturated blood from the well-ventilated alveolus, which also contains more dissolved oxygen, causing arterial 
SO2 to approach 100% and arterial PO2 to approach 100 mm Hg. Note that this increased arterial oxygen transport is associated with increased mixed venous PO2 (27-40 mm Hg). B. During room air 
breathing, the oxygen exchange is as described in A, because half the mixed venous blood traverses the flooded airspace from which no oxygen can be absorbed; accordingly, arterial PO2 is 40 mm Hg 
and mixed venous PO2 is 27 mm Hg. Raising FiO2 to 1.0 increases the dissolved oxygen content in the fully saturated blood exiting the well-ventilated alveolus by about 2 mL/dL (because alveolar PO2 
increases from 100 to 660 mm Hg), but oxygen is still not absorbed from the flooded airspace. Accordingly, arterial PO2 increases slightly (40-50 mm Hg), and the increased O

2
 delivery allows mixed 

venous PO2 to increase slightly (27-32 mm Hg).

A

12

BVery low VA/Q
Acute airflow obstruction

PIO2
 140          280

PVO2

27          32
PVO2

27          32
PVO2

27          40
PVO2

27          40ū

PAO2

27          55
PAO2

27          32
PAO2

100          240

PaO2
  40          50PaO2

  40          100

PAO2

100          660

QS/QT Acute hypoxemic
respiratory failure
PIO2

 140          700

  TABLE 43-3    Mechanistic Approach to Respiratory Failure

Mechanism

Type I, Acute Hypoxemic Type II, Ventilatory Type III, Perioperative Type IV, Shock

Q̇s/Q̇t V̇a Atelectasis Hypoperfusion

Etiology Airspace flooding 1.	 CNS drive 1.	 FRC 1.	 Cardiogenic

2.	 N-M coupling 2.	 CV 2.	 Hypovolemic

3.	 Work/dead space 3.	 Septic

Clinical Description 1.	 ARDS 1.	 Overdose/CNS injury 1.	 Supine/obese, ascites/peritonitis 1.	 Myocardial infarct, pulmonary hypertension

2.	 Cardiogenic pulmonary edema 2.	 �Myasthenia gravis, polyradiculitis/ 
ALS, botulism/curare

2.	 �Age/smoking, fluid overload, 
bronchospasm, airway secretions

2.	 Hemorrhage, dehydration, tamponade

3.	 Pneumonia 3.	 �Asthma/COPD, pulmonary fibrosis, 
kyphoscoliosis

ALS, amyotrophic lateral sclerosis; ARDS, acute respiratory distress syndrome; CNS, central nervous system; COPD, chronic obstructive pulmonary disease; CV, cardiovascular; FRC, functional residual capacity; N-M, 
neuromuscular; Q̇s/Q̇t, intrapulmonary shunt; V̇a, alveolar ventilation.
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in Fig. 43-3B, upper left) to 60 cm H2O (Fig. 43-3B, lower right); yet end-
inspiratory occlusion allows the airway pressure to return to the normal 
elastic pressure (Pel = 10 cm H2O in these same panels) demonstrated 
by the plateau observed on the displayed waveforms, confirming that 
the resistive pressure (Pr = Ppeak − Pel) has increased fivefold from 
the normal Pr value of 10 cm H2O. By contrast, when airspaces become 
flooded with edema, pus, or blood in AHRF, the tidal volume is deliv-
ered to a smaller number of aerated alveoli, overdistending them to 
increase Pel and Ppeak.35,36 In the lower left panel of Figure 43-3B, Ppeak 
is increased to 60 cm H2O because end-inspiratory occlusion pressure 
has increased to 50 cm H2O; in this instance of increased elastance,  
Pr = (Ppeak − Pel) is normal. This large increase in the ventilator  
pressure mirrors the increased load on the respiratory muscles during 
spontaneous breathing; combined with the tachypnea, O2 desaturation, 
and acidosis in AHRF, this leads to respiratory muscle fatigue.35-37

■■ CLINICAL PRESENTATION AND TREATMENT GOALS
These mechanical and lung gas-exchange distinctions between AHRF 
and ventilatory failure are paralleled by substantial differences in the 
clinical description and presentation of patients with type I and type II 
RF (Table 43-3). In the second type, decreased V̇a is caused by reduced 
drive to breathe (eg, drug overdoses or head injuries), or by reduced 
coupling of the adequate or increased drive to breathe to the respiratory 
muscles (eg, myasthenia gravis, Guillain-Barré syndrome, amyotrophic 
lateral sclerosis, botulism, or muscle-relaxing drugs); often the clinical 
and radiologic examinations of the chest are normal in these patients 
(see Chap. 87). Alveolar hypoventilation also occurs commonly in respi-
ratory diseases characterized by airflow obstruction and wasted ventila-
tion; PaCO2 increases despite increased CNS drive to breathe, adequate 
neuromuscular coupling, and increased total ventilation (eg, status asth-
maticus, ACRF, or restrictive pulmonary disease). Wheezing, accessory 
muscle use, and hyperinflated lungs are common clinical and radiologic 

features in ACRF and asthma30,31,38,39 (see Chap. 54), while crackles and 
typical interstitial shadows without consolidated airspaces are observed 
in patients with RF due to pulmonary fibrosis.33 The clinical presentation 
of each of these categories of hypoventilating patients contrasts mark-
edly with that of patients presenting with type I AHRF, where cyanosis, 
tachypnea, and refractory hypoxemia lead to early identification of 
airspace flooding by physical and radiologic examinations (see Chap. 52).  
The differential diagnosis of the airspace flooding leading to Q̇s/Q̇t  
includes cardiogenic or permeability pulmonary edema,35 pneumonia,40 
and lung hemorrhage,41 each having specific etiologies and therapy.

While specific diagnostic and treatment plans are being implemented, 
goals of supportive therapy for types I and II RF are quite different. 
Therapy for patients with AHRF includes four objectives: (1) stabilization  
of the patient on the ventilator with minimal respiratory work, (2) 
ventilation with low tidal volume strategy (eg, 6 mL/kg predicted 
body weight),42 (3) addition of PEEP in order to effect a 90% satura-
tion of an adequate circulating hemoglobin on a nontoxic FiO2,43 and  
(4) cardiovascular management to reduce airspace edema by seeking the 
lowest pulmonary vascular pressures compatible with an adequate car-
diac output and oxygen transport to the peripheral tissues (see Chap. 31  
for further discussion).44 Each of these goals of management of type I 
AHRF differs from the goals of management of type II ventilatory fail-
ure, where the patients with depressed CNS drive or reduced neuromus-
cular coupling receive adequate ventilation and require minimal oxygen 
supplementation with careful attention to preventing atelectasis and cor-
recting hypoperfusion until the abnormal neurologic condition resolves; 
the patients requiring ventilation for airflow obstruction are supported 
with bronchodilator therapy and ventilator settings that minimize 
intrinsic PEEP until the airways resistance is reduced sufficiently for the 
respiratory muscles to achieve adequate ventilation independent from 
the ventilator (see Chap. 54 for further discussion).52 One reason for 
identifying the causes of increased respiratory load is to view liberation 
from mechanical ventilation for patients with type I or type II RF as the  

FIGURE 43-3.  A. Schematic depicts the mechanical characteristics of the respiratory system. Inspiratory flow (V̇i) is delivered through an airway with resistance (R) to a two-compartment 
lung model, the units of which have elastance (E) and are distended by the delivered volume (V). During positive pressure ventilation, lung distention raises the pressure between the lungs and 
the chest wall (pleural pressure; Ppl) to increase the volume of the chest wall, in part by pushing the diaphragm downward (see piston at the floor of the thorax) to raise the abdominal pres-
sure (Pab); during a spontaneous breath, the respiratory muscles (P) pull the piston down to lower Ppl and inspire V across R. In either case, ΔP = the elastic pressure (Pel = V × E) plus the 
resistive pressure (Pr = V̇i × R). B. Schematic of pressure waveforms from the display of a mechanical ventilator illustrating the measurement of respiratory elastic pressure (Pel) and resistive 
pressures (Pr) by means of an end-inspiratory pause hold and a calculation of E and R. The upper panels illustrate normal respiratory mechanics (E = 20 mL/cm H2O, R = 10 cm H2O/L/s) for a 
normal tidal volume and flow rate (left ) and for a large tidal volume and flow rate (right). The lower panels illustrate abnormal elastance (left E = 100 cm/L) and abnormal resistance (right, 
R = 50 cm H2O/L/s ). See text for discussion.
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mirror image of the cause of RF (ie, a systematic approach to reverse 
factors increasing the respiratory load and decreasing the respiratory 
muscle strength) (Table 43-4).

■■ PERIOPERATIVE RESPIRATORY FAILURE
The physician frequently encounters patients in the perioperative period 
who are unusually susceptible to atelectasis as a primary mechanism 
causing type III or perioperative RF.45,46 In general, abnormal abdomi-
nal mechanics reduce the end-expired lung volume (↓FRC)47-49 below 
the increased closing volume (↑CV) in these patients,47,50,51 leading to 
progressive collapse of dependent lung units (see Table 43-3). The end 
result can be type I AHRF, or type II ventilatory RF, or both. Yet iden-
tification of atelectasis as a distinct mechanism leading to this third 
type of RF can be harnessed to prevent lung collapse by reducing the 
adverse effects of common clinical circumstances promoting reduc-
tion in FRC, and of those conditions promoting abnormal airways 
closure at increased lung volume. Because many of these mechanisms 
are shared by patients with type I or type II RF, implementation of 
approaches to minimize atelectasis should be a part of the management 
of all patients with RF.

The principles of preventing or reversing type III perioperative RF 
are listed in Table 43-4. Bedside nurses in the ICU turn the patient 
from side to side every 1 to 2 hours; during this time, they provide vig-
orous chest physiotherapy with pummeling, chest vibration, and endo-
tracheal suction. In patients vulnerable to atelectasis, a fourth position 
30° to 45° upright is helpful by reducing the load imposed by the abdo-
men; also, the addition of sighs, noninvasive ventilation (eg, CPAP or 
bilevel positive airway pressure) returns the end-expired lung volume 
to a position above the patient’s closing volume.50 Special attention to 
the treatment of incisional or abdominal pain (eg, epidural anesthesia 
or transcutaneous electrical nerve stimulation) and to minimization of 
the intra-abdominal pressure of ascites or tight bandages helps prevent 
atelectasis.48,42 When lobe or lung collapse is detected by physical or 
radiologic examination, an early, aggressive approach to reexpansion 
includes placing the patient in the lateral decubitus position with the 
collapsed lobe uppermost for vigorous pummeling and suctioning, 
and then increasing the tidal volume progressively to a pressure limit 
of 40 cm H2O with end inspiratory pauses. Reexpansion often occurs 
within 10 minutes and is signaled by a fall in the Pel associated with 
the normal tidal volume at the end of the reexpansion maneuver; 
if this reexpansion is not confirmed radiologically, repeating these 
maneuvers after bronchoscopy to clear endobronchial obstructions 
is reasonable. Once reexpansion has occurred, the implementation of 
increased levels of PEEP and/or sighs often prevents further episodes 
of atelectasis. Discontinuation of smoking at least 6 weeks prior to 
elective operations reduces bronchorrhea and atelectasis,53 and avoid-
ing overhydration in perioperative patients especially vulnerable to 
atelectasis reduces this problem.

■■ HYPOPERFUSION STATES CAUSE TYPE IV RESPIRATORY FAILURE
A significant number of ventilated patients fall outside the categories of 
type I, II, or III RF. These are the patients who have been intubated and 
stabilized with ventilatory support during resuscitation from a hypo-
perfusion state, so type IV RF is most commonly due to cardiogenic, 
hypovolemic, or septic shock without associated pulmonary problems 
(see Chap. 31). The appropriate rationale for ventilator therapy in these 
patients who are frequently tachypneic with erratic respiratory pat-
terns is to stabilize gas exchange and minimize the steal of a limited 
cardiac output by the working respiratory muscles until the mechanism 
for the hypoperfusion state is identified and corrected.37,54,55 Note that  
liberation from the ventilator of the patient with type IV RF is simple: 
When shock is corrected, the patient resumes spontaneous breathing 
and is extubated. Note further that when patients with type I, II, or III 
RF suffer a concurrent hypoperfusion state, the causes of reduced blood 
flow, hypotension, anemia, acidosis, and sepsis need identification and 
correction as part of the liberation process (see Table 43-4). Accordingly,  

  TABLE 43-4    Liberation of the Patient From Mechanical Ventilation

Type I: AHRF

  Reduce edema production

  Enhance edema clearance

  Treat pneumonia

  Drain pleural effusions

  Stabilize chest wall

  Minimize dead space

Type II: Airflow obstruction

  Hypoxemia—give O
2

  Reverse sedation

  Bronchodilation

  Clear bronchial secretions

  Treat bronchial infection

  Pneumothorax—chest tube

  Fractured ribs—nerve block

  Decrease intrinsic PEEP

  Allow bicarbonate accumulation

  Reduce CO
2
 production

  Correct malnutrition

Type III: Perioperative respiratory failure

  Posturize and pummel

  Ventilate 45° upright

  Treat incisional/abdominal pain

  Drain ascites

  Reexpand atelectasis early

  Stop smoking 6 weeks preoperatively

  Avoid overhydration

Type IV: Shock

  Hypoperfusion

  Hypotension

  Anemia

  Hypoxia

  Sepsis

  Fever

  Acidosis

  Electrolytes (K+, Ca2+, Mg2+, PO
4
2 −)

  Protein-calorie nutrition

Common confounding conditions

  Neuromuscular disease

  Muscle-relaxing drugs

  Coma, sedation

  Cerebrovascular accident

  Subclinical status epilepticus

  Hypothyroidism

  Phrenic nerve paralysis

Respiratory muscle fatigue

Respiratory muscle exercise program

  Tone

  Power

  Coordination

  Animation and mobilization
AHRF, acute hypoxemic respiratory failure; PEEP, positive end-expiratory pressure.
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the physician managing RF frequently employs the principles of 
diagnosis and management of hypoperfusion states, as discussed in the 
next section.

RESPIRATORY MUSCLE EXERCISE  
AND FATIGUE IN RESPIRATORY FAILURE
The respiratory muscles share with other major muscle groups of the 
body the characteristic that excessive work leads to fatigue.37,56,57 This 
concept seems to explain why patients with severe airflow obstruc-
tion or airspace flooding ultimately stop breathing, and why patients 
requiring mechanical ventilation for these and other causes of RF are 
unable to breathe independent from the ventilator until the load on 
their respiratory muscles is reduced, the respiratory muscles become 
stronger, or both. Note, however, that while this is a useful paradigm 
with which to manage patients with RF, it is exceedingly difficult to 
identify fatigue under clinical conditions. Nonetheless, as a rough guide, 
spontaneous ventilation can be sustained indefinitely when the effort of 
each spontaneous breath is less than one-third the maximal respiratory 
effort achievable.56,57 In normal patients, the maximum negative inspi-
ratory pressure (MIP) measured at FRC exceeds 100 cm H2O, whereas 
the work of spontaneous breathing is less than 10 cm H2O, providing 
considerable respiratory muscle reserve before the conditions of fatigue 
are approached. In contrast, patients with acute RF frequently have val-
ues of MIP <30 cm H2O, while the load on the respiratory muscles, as 
measured by the pressure generated by the ventilator during each breath, 
exceeds 30 cm H2O.34-36 Such values predict that the patient’s respiratory 
muscles will fatigue quickly if spontaneous ventilation were required, 
a hypothesis easily confirmed in such patients who breathe rapidly 
and insufficiently when taken off the ventilator.58 Another measure of 
maximum respiratory effort in the conscious patient is vital capacity 
(VC). As a rough guideline, when VC is three times the tidal volume 
(Vt) required to maintain eucapnia and normal pH, respiratory muscle 
fatigue is unlikely. A corresponding alternate measure of respiratory 
load is the minute ventilation required to maintain normal PaCO2 and 
pH. Factors that increase CO2 production, dead space, or metabolic 
acidosis necessarily increase this ventilation and so promote respiratory 
muscle fatigue. Such fatigue is often signaled by increased respiratory 
rate (RR >35 breaths per minute), by paradoxical respiratory motion 
(the abdomen moves in with inspiration as the fatigued diaphragm is 
pulled craniad by the negative pleural pressure), and by the patient’s 
unexplained somnolence or decreased responsiveness.37,57 Accordingly, 
evaluation of the patient’s ability to resume spontaneous ventilation 
includes measurements of MIP, VC, Vt, RR, and V̇e, as well as direct 
observation of the respiratory motions during a period of spontaneous 
breathing59,60 (see Chap. 60).

■■ RESTING FATIGUED RESPIRATORY MUSCLES
Current evidence and common sense suggest that the treatment for 
respiratory muscle fatigue is respiratory muscle rest, a strategy that 
must be balanced in nearly all patients against a thoughtful respiratory 
exercise program. The timing of the move from respiratory muscle rest 
to an exercise program is not currently guided by objective criteria 
identifying fatigue. Accordingly, many physicians confronted with this 
problem develop empirical guidelines as to the likely presence of respi-
ratory muscles fatigue integrated with the type of early ventilator man-
agement necessary for the patient’s overall condition. For example, the 
cardiovascular stability and optimal ventilator management of patients 
with type I AHRF are frequently enhanced by respiratory muscle rest 
during the first 6 hours after elective intubation for severe hypoxemia. 
During this time, the acutely depleted glycogen stores of the resting 
respiratory muscle are repleted, and the accumulated lactic acid or 
other metabolites associated with fatigue are washed out54,55,61; then the 
patient is ready to move to a respiratory exercise program. By contrast, 
the patient with ACRF who has developed respiratory muscle fatigue 
over a longer period of time may require up to 72 hours of respiratory 

muscle rest before resuming an exercise program free from fatigue. 
Note that many patients being managed for respiratory muscle rest by 
mechanical ventilation actually may be working as hard as or harder 
than during spontaneous ventilation by breathing actively against the 
ventilator.62 This is easily detected by clinical examination coupled 
with observation of the airway pressure, which should rise at the start 
of each ventilated breath. In many patients, the airway pressure stays 
at or below zero during inspiration, indicating active inspiration by 
the patient; the amount and duration of inspiratory effort often can 
be assessed by the fall in central venous or pulmonary artery pressure 
with each inspiration. Alternatively esophageal manometry can be used 
to estimate pleural pressure changes leading to unrewarded respiratory 
efforts.63 When respiratory rest is indicated, it can be achieved in these 
circumstances by increasing the inspiratory flow rate, by increasing the 
minute ventilation, or, occasionally if these measures of eliminating the 
patient’s respiratory effort are inadequate, by sedating and paralyzing 
the patient to ensure respiratory rest.56

■■ EXERCISING RESTED RESPIRATORY MUSCLES
As soon as the patient with RF is stabilized on the ventilator, the physi-
cian should make a decision whether to rest the fatigued respiratory 
muscles or to institute a program of respiratory muscle exercise in those 
patients in whom fatigue is neither evident nor expected. The objective 
of the respiratory exercise program is to increase the tone, power, and 
coordination of the respiratory muscles.37,64 The efficacy of each pro-
gram in increasing tone and power is evaluated by the daily MIP and VC  
measurements and daily spontaneous breathing trials. Coordination is 
evaluated by bedside observation confirming that the patient’s respira-
tory efforts interact with the ventilator in a manner that is comfortable 
for the patient. Here the goal is to adjust the ventilator such that the  
patient receives a breath on demand at a volume and frequency within 
the ranges expected for that patient off the ventilator. Several differ-
ent modes of ventilation seek to achieve these goals of increased tone, 
power, and coordination during the liberation process, and each is 
described in detail in Chaps. 49 and 50.

■■ LIBERATING THE PATIENT FROM MECHANICAL VENTILATION
This aggressive approach attempts to liberate the patients as soon as 
possible from mechanical ventilation by using the mode as an exer-
cise program. Then ventilator mode becomes a thoughtful part of a  
larger program addressing about 50 correctable factors constraining the 
patient’s freedom to breathe (Table 43-4). This effective approach to lib-
erating patients from the ventilator measures and attempts to increase the  
values of MIP and VC while simultaneously measuring and reducing 
the respiratory load.64,65 Table 43-4 lists correctable factors to reduce 
the respiratory muscle load. As a general rule, these are the abnormal 
respiratory mechanics associated with the several types of acute RF.  
Table 43-4 lists correctable factors increasing respiratory muscle 
strength, first in the context of those many disturbances of the circu-
lation or internal environment most common to patients with type 
IV RF. Attempting to liberate patients with hypoperfusion states or 
hypotension is almost never successful. Correction of these hemody-
namic variables complements the correction of anemia, hypoxemia, 
and acidosis to provide dramatic increases in the objectively measured 
respiratory muscle strength by MIP and VC. Similarly, attempting to 
liberate patients who are septic or have body temperatures >38.5°C is 
often unsuccessful. While these systemic abnormalities are being cor-
rected, it is also helpful to initiate adequate daily protein-calorie nutri-
tion utilizing protein (0.8 g/kg) and nonprotein calories (about 30 kcal/g 
of protein), of which calories 20% to 50% should be supplied as lipid.66 
Elemental malnutrition is corrected by adjustments of serum potassium, 
calcium, magnesium, and phosphate levels; severe abnormalities of each 
of these electrolytes is sufficient to cause respiratory muscle fatigue,67,68 
so modest abnormalities in the patient already weakened by critical ill-
ness may converge to make the patient weaker than necessary. When 
all other factors are corrected but the patient remains weak, it is helpful 
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to exclude clinical conditions that occasionally cause reduced respira-
tory muscle strength. Neuromuscular disease, muscle-relaxing drugs,69 
steroids,70 sedatives and opiates, coma, and intercurrent cerebrovascular 
accidents cause obscure reductions in respiratory muscle strength.71 
Though uncommon, some overlooked causes of inadequate respiratory 
muscle function are sub-clinical status epilepticus, hypothyroidism, and 
paralysis of the phrenic nerve on one or both sides after cardiac surgery 
or other thoracic trauma.64,65

While strategies to accelerate liberation from the ventilator often 
focus on diaphragmatic and respiratory muscle function, decondition-
ing and neuromuscular weakness is a phenomenon that affects the entire 
patient in critical illness.71 Recent studies have demonstrated that early 
rehabilitation and mobilization of the entire patient by means of bedside 
physical and occupational therapy resulted in an increase in ventilator-
free days.72 These data suggest that early mobilization of the patient once 
hemodynamically stable may aid in liberating the patient from mechani-
cal ventilation.
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KEY POINTS

•• Many patients with ventilatory failure can be successfully managed 
with noninvasive positive pressure ventilation (NIPPV).

•• NIPPV improves gas exchange, reduces the work of breathing, and 
relieves dyspnea.

•• Patients most likely to benefit include those with acute hypercapnic 
exacerbations of chronic obstructive pulmonary disease (COPD) 
or hypercapnic forms of acute cardiogenic pulmonary edema.

•• In selected patients with acute hypoxemic nonhypercapnic respi-
ratory failure, NIPPV may obviate the need for endotracheal 
intubation. Selection may require exclusion of patients with hemo-
dynamic instability, central neurologic dysfunction, or inability to 
protect the upper airway.

•• In severely hypoxemic patients, undiscerning use of NIPPV may 
inappropriately delay intubation. In these patients, the decision to 
switch to endotracheal intubation should be made in the first hours.

•• The use of NIPPV to treat postextubation respiratory distress has not 
been found to be superior to conventional management. Preventive 
use of NIV in selected group of patients may, however, be useful.

•• The first hour on NIPPV is important in predicting the outcome 
and requires experience from clinicians and to spend time at the 
bedside with the patient.

•• A favorable response to NIPPV is usually apparent within the first 
2 hours. Absence of improvements in dyspnea, respiratory rate, and 
gas exchange in this period strongly suggests a need for endotra-
cheal intubation.

•• Typical settings in a patient with COPD include pressure sup-
port of 10 to 15 cm H2O above a positive end-expiratory pressure 
(PEEP) of 5 cm H2O.

•• In appropriately selected patients, NIPPV allows a shorter hos-
pital stay and produces better outcomes than does endotracheal 
mechanical ventilation.

Noninvasive positive pressure ventilation (NIPPV) has emerged as a 
valuable tool in the treatment of acute respiratory failure (ARF). NIPPV 
can substantially reduce the need for endotracheal intubation (ETI) and 
mechanical ventilation (MV). In selected patients, the benefits of NIPPV 
include decreased rates of adverse events associated with MV, shorter 
time spent in the intensive care unit (ICU) and hospital, and lower 
mortality rates. Patients with hypercapnic forms of ARF are most likely 
to benefit, but NIPPV may also improve outcomes of carefully selected 
patients with hypoxemic respiratory failure. This chapter reviews the 
evidence supporting NIPPV use in patients with ARF.

RATIONALE AND OBJECTIVE
When MV was first developed for widespread clinical use during the polio-
myelitis epidemic, attention focused on replacing the failing respiratory 
muscles by a perithoracic pump. This led to the development of the “iron 
lung,” the first form of noninvasive ventilation, which saved many lives.1,2 
Nevertheless, the device was cumbersome and impeded patient care. In addi-
tion, the iron lung proved of limited efficacy in the treatment of parenchymal 
lung disease. Thus delivery of mechanical assistance through an endotracheal 
tube that provided access to the lower airway was considered a significant 
advance, and positive pressure ventilation became the standard for MV.

C H A P T E R
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Soon after the introduction of endotracheal MV, many complications 
of positive pressure ventilation were identified.3,4 These complications 
were found to be common and generated concern about the invasiveness 
of MV. ETI itself has been implicated in a large number of complications. 
Of these, some are directly related to the procedure, such as cardiac 
arrest following ETI and laryngeal or tracheal injury leading to long-
term sequelae. Others are ascribable to the fact that the endotracheal 
tube bypasses the barrier of the upper airway: An important example 
is nosocomial pneumonia, which carries its own risk of morbidity and 
mortality. Other complications are indirectly related to ETI, such as 
the need for sedation, which often prolongs weaning and duration of 
MV. These major safety considerations prompted efforts to develop 
noninvasive methods for delivering positive pressure ventilation. Thus, 
in patients with ARF, the main goal of NIPPV is to provide ventilatory 
assistance while lowering the risk of adverse events by reducing the need 
for invasive MV. Convincing evidence that NIPPV diminishes the risk of 
infectious complications has been obtained not only from randomized 
controlled trials and meta-analysis, but also from multivariate analyses 
of large cohort studies and case-control studies, all of which show sub-
stantial decreases in all categories of nosocomial infection.5-7 NIPPV is 
indeed associated with a reduction in the overall invasiveness of patient 
management: Sedation is not given or at low levels, and the use of central 
venous lines, urinary catheters, and other invasive devices is consider-
ably reduced, as compared to patients receiving endotracheal MV.8

Another important factor in promoting the use of NIPPV is the 
growing number of patients who are either unwilling to accept ETI or 
considered poor candidates for endotracheal MV because of their fragile 
underlying health status.9,10 In these patients, NIPPV can offer a chance 
of recovery with a low risk of complications. Last, by postponing ETI, 
NIPPV may provide a window of opportunity for the physician, family, 
and patient to make informed decisions about the goals of therapy in 
patients treated with palliative care.11

■■ EPIDEMIOLOGY
The use of NIPPV in the acute setting has increased markedly since the 
first small case-series were published in the last decade of the 20th cen-
tury.12,13 Three multicenter international observational studies on the use 
of MV applied in the ICU have been performed in 1998, 2004, and 2010 
by Esteban and colleagues in which 5.183, 4.968, and 8151 consecutive 
patients receiving MV over a 1 or 2 months period were evaluated, 
respectively.14-16 The surveys showed that the use of NIPPV progressively 

increased from less than 5% to around 15% of all admitted patients in 
the ICUs, with a constant success rate and therefore a higher number of 
patients avoiding the need for intubation. A greater number of patients 
with chronic obstructive pulmonary disease (COPD) or heart failure 
were also successfully treated with NIPPV out of the ICU. A limitation of 
these studies is that only patients who received MV in the ICU for longer 
than 12 hours were included. Thus, some patients treated with NIPPV 
for a shorter period and/or outside the ICU may have been excluded as 
well as patients treated outside the ICU.

Similar observational studies performed in France in 1997, 2002, 
and 2011,17-19 respectively, showed a major increase in NIPPV use as 
a first-line ventilation support for all ICU patients requiring mechani-
cal ventilatory support (16%, 24%, and 31%; p <0.0001). Importantly, 
when comparing the three periods, a significant increase of NIPPV 
as first-line therapy (52% vs 35%; p <0.0001) was observed among 
those patients who were not intubated before or at ICU admission. The 
French survey published in 200618 indicated that Pressure Support was 
the most usual ventilatory mode (83%) during NIPPV (CPAP—8% and 
assist-control ventilation 7%). The last French observational19 study still 
showed a continuing increase in the overall use of NIPPV but interest-
ingly, with a slight but significant decrease of its use in case of hypox-
emic respiratory failure.

Although these results cannot be extrapolated to all ICUs worldwide, 
they indicate strong trends toward increasing use of NIPPV in ICU 
patients with a variety of conditions, and they also reflect the current 
approach trying to reduce the invasiveness of ICU management.

The progressive interest regarding NIPPV use can be evidenced by 
the number of articles concerning NIPPV published in the medical 
literature. Figure 44-1 illustrates the number of references concerning 
NIPPV and acute illness published in PUBMED over the years, using 
the keywords “noninvasive mechanical ventilation” or “noninvasive 
mechanical ventilation” or “NIPPV” and “acute respiratory failure.”

Despite the growing interest regarding NIPPV use in acute critical situa-
tions, great care should be taken to identify patients who will most benefit 
from NIPPV, especially those with acute-on-chronic respiratory failure 
and acute cardiogenic edema.20 It is also essential to identify the patients 
who require immediate or rapid ETI, since delaying this procedure may 
reduce the chances of recovery, especially, in the subgroup with acute 
de novo respiratory failure (free of chronic lung disease, suffering from 
community-acquired pneumonia, gastric content aspiration, atelectasis, 
and mild acute respiratory distress syndrome [ARDS]). In these patients, 
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FIGURE 44-1.  Evolution of the number of published references in PUBMED regarding noninvasive mechanical ventilation associated to acute respiratory failure over the time.
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NIPPV failure has been shown to be independently associated with death 
in a observational study.20

■■ EQUIPMENT
Several types of ventilators can be used to deliver NIPPV to patients 
with ARF. Turbine ventilators specifically designed for NIPPV have been 
specifically developed to work with leaks, but standard ICU ventilators 
and transport ventilators can be used as well especially when they have 
dedicated software. Turbine ventilators designed for NIPPV deliver two 
levels of positive airway pressure synchronized on patient’s effort (flow 
or pressure trigger) or time triggered, reproducing pressure support 
ventilation or pressure control ventilation plus PEEP.21

Α distinguishing feature of turbine ventilators is the compensation for air 
leakage, which is the main cause of patient-ventilator asynchrony during 
NIPPV.22 Indeed, as much as 43% of patients receiving NIPPV with venti-
lators without NIV modes manifest patient-ventilator asynchrony, mainly 
attributed to leakage.23 Expiratory leaks can be falsely interpreted as patient 
efforts leading to autocycling. Inspiratory leaks, by hampering flow rate 
deceleration, prevent the ventilator from recognizing the end of patient’s 
effort. This can cause prolonged insufflation, triggering delay and, if exces-
sive, ineffective efforts. Notably, the level of support during NIPPV tends to 
exacerbate the incidence and severity of leakage-related asynchrony.

ICU ventilators initially manufactured to function without leaks were 
subsequently equipped with a special adaptive algorithm, as well as some 
modern transport ventilators, referred to as the NIV mode, designed 
to mitigate the impact of leaks. Bench comparisons assessing in vitro 
ventilator performance suggest that both turbine ventilators specially 
designed for NIPPV and late-generation standard ICU ventilators 
equipped with NIV modes are satisfactory for delivering NIPPV to ICU 
patients with severe dyspnea.21,22,24-26 In a clinical study, the activation of 
the NIPPV algorithm in modern ICU ventilators significantly reduced 
the incidence of all types of asynchronies associated with leaks and this 
effect was more pronounced at higher levels of pressure support.27 ICU 
ventilators, transport ventilators, and NIPPV-dedicated turbine venti-
lators have been compared in terms of patient-ventilator asynchrony 
in the presence of leaks. Dedicated NIPPV ventilators ensured better 
patient-ventilator synchronization than ICU and transport ventilators, 
even after NIV algorithm activation. The algorithm ameliorated trig-
gering and cycling synchronization albeit in a heterogeneous manner 
among ventilators.28 Turbine ventilators were, in general, much better 
at avoiding autocycling. No outcome data, however, like NIV success 
or failure, have been shown to be associated with specific asynchronies. 
Therefore, if an ICU ventilator is used it seems of good common sense 
to use the dedicated NIV algorithm.

Adequate patient monitoring may be essential to assess patient-
ventilator interaction, to detect leaks, and to fine-tune pressure levels. 
Careful observation of the airway pressure and flow-time curves on the 
ventilator screen can detect patient-ventilator asynchronies which, if 
adequately corrected, might fasten PaCO2 normalization and accelerate 
patient’s adaptation.29 Whether this also ensures higher NIPPV success 
rates remain to be determined.

Airway gas conditioning, that is, the warming and humidification 
of the inspired gas, constitutes a physiological procedure performed by 
the human airway during normal breathing. When the upper airway is 
bypassed, as during invasive MV, it is indispensable to artificially heat 
and humidify gas prior to delivery. During NIPPV, gas is transferred 
to the alveoli through the mouth and nose, but the normal airway gas 
conditioning mechanisms can be defeated in case of high flow of the 
inspired air, high inspiratory airway pressure settings, high inspired 
oxygen fraction for turbines. All these factors contribute to the necessity 
of artificial heating and humidification during NIPPV. Other associated 
effects including structural and functional damage to the nasal mucosa, 
high nasal airway resistance, increased work of breathing, poor patient 
tolerance, and difficult intubation in case of NIPPV failure reinforce 
these requirements regarding gas delivery during NIPPV sessions.30,31 
ICU ventilators provide much lower level of humidity compared to  

turbine or piston NIPPV ventilators due to the exclusive use of dry 
gases.30 In this case gas humidification is mandatory. Two types of 
humidification systems can be used to overcome the problem: heated 
humidifiers (HH) or heated and moisture exchanger filters (HME).

Firm recommendations cannot be made between the two systems, but 
the humidification ability of HME is reduced in the presence of leaks31 
and their internal volume imposes an additional workload on the patient 
by generating CO2 rebreathing. In patients with hypercapnic respiratory 
failure, this can diminish the effectiveness of NIPPV in reducing blood 
CO2 levels and correcting respiratory acidosis.32,33 Leaks, however, may 
markedly reduce the importance of this problem by washing the circuit 
from CO2 contaminated gas. A similar problem of CO2 rebreathing 
occurs when turbine ventilators (using ambient room air), equipped 
with a one-line circuit, are used with the minimal level of PEEP allowed 
on these ventilators.34,35 The expiratory flow generated to create the 
PEEP level is indeed used to flush the exhaled CO2 from the circuit. 
With low PEEP levels, high minute ventilation, and/or a high respiratory 
rate, this can have adverse clinical effects that may require addition of a 
nonrebreathing valve to the circuit.

The interface used to connect the patient to the ventilator is usually 
a full face mask covering both the nose and the mouth. Although nasal 
interfaces are available, their use in ICU patients frequently results in 
major leakage through the mouth that diminishes the effectiveness of 
NIPPV and promotes patient-ventilator asynchrony and discomfort.36,37 
Full face masks could be either oronasal or total face masks, both 
appearing similar in terms of efficacy and patient tolerance.38 Full face 
masks are responsible for unwanted effects including skin breakdown 
over the nose, conjunctivitis related to leakage of air directed toward the 
eyes, rebreathing, claustrophobia, and overall discomfort.13,39

These problems prompted efforts to design improved interfaces. The 
first improvement consisted in varying the pressure sites on the face to 
achieve better tolerance during prolonged use, and subsequently much 
larger masks enclosing the entire face or head were developed.40,41 Use of 
a helmet has been suggested, primarily for patients with acute hypoxemic 
respiratory failure.42-44 Because helmets may induce more rebreathing 
than other masks, they may be less suitable for patients with hypercap-
nic respiratory failure. The helmet probably improves patient comfort 
and tolerance, at the price, however, of decreased effectiveness in CO2 
clearance and possibly respiratory muscles unloading.45 It was shown, 
however, that the helmet required higher pressures than conventional 
masks to reproduce the same efficacy.46 A good clinical tolerance is crucial 
to successful NIPPV. In their large observational survey, Carlucci and 
colleagues identified two independent predictors of failure: the severity 
score (as assessed by the Simplified Acute Physiology Score (SAPS II) 
and clinical tolerance.17 Interestingly, clinical physiologic studies with 
integral masks compared to standard full face masks seem to indicate 
comparable efficacy in terms of respiratory muscle unloading, suggesting 
that the theoretical risk of rebreathing associated with the large internal 
volume may be small or nonexistent in clinical practice.47,48

■■ ACUTE EXACERBATION OF CHRONIC RESPIRATORY FAILURE
Numerous studies concerning NIPPV have been performed in patients 
with obstructive pulmonary disease, and the prevalence of COPD is high 
and increasing. NIPPV has demonstrated over the years important posi-
tive clinical results for treatment of acute exacerbations of COPD.13,49-53 
A Cochrane database review54 showed a decrease in mortality, a reduced 
need for intubation, less treatment failure, faster clinical improvement, 
as well as reduction in treatment complications and length of hospital 
stay associated with NIPPV in this indication.
Pathophysiology:  Exacerbation of COPD is a common cause of admis-
sion to the hospital and ICU. In addition to worsening of dyspnea 
and acute bronchitis symptoms, rapid and shallow breathing with 
hypoxemia and hypercapnia are usually present and can lead to the 
development of right ventricular failure and encephalopathy. The 
pathophysiologic pathway involves an inability of the respiratory sys-
tem to maintain adequate alveolar ventilation in the presence of major 
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abnormalities in respiratory mechanics despite a high stimulation of 
the respiratory centers. This can be modified by NIPPV, which allows 
the patient to take larger volumes with less effort, thus reversing the 
clinical abnormalities resulting from hypoxemia, hypercapnia, and 
acidosis.49,55 At baseline, the transdiaphragmatic pressure generated 
by  these patients can be considerably higher than normal and rep-
resents a high percentage of their maximal diaphragmatic force, a 
situation that carries a major risk of respiratory muscle fatigue.49,56,57 
The main role of NIPPV is to offer the patient a way to increase the 
tidal volume at a lower work level. The use of ventilatory modalities 
working in synchrony with the patient’s efforts allows larger breaths 
to be taken with less effort. As a result of the increased alveolar ven-
tilation, arterial partial carbon dioxide pressure (PaCO2) and pH val-
ues improve, and this in turn reduces the patient’s ventilatory drive, 
thereby lowering the respiratory rate and improving the dyspnea.

Clinical Evidence:  An international consensus conference58 published 
in 2001 has recommended that NIPPV should be considered as a first-
line treatment in patients with acute COPD exacerbation and, more 
recently, different national guidelines advocated this practice.59,60 
The Global Initiative for Chronic Obstructive Lung Disease (GOLD) 
in 2013, reinforced the importance of NIPPV when treating COPD 
exacerbations with a high level of evidence (Evidence A) based on 
its considerable rate of success (80%–85%) in this clinical situation.61

The first evidence that NIPPV markedly reduced the need for ETI 
came from case-control series reported in 1990.49 Subsequently, several 
prospective randomized trials confirmed that NIPPV reduced the need 
for ETI and the rate of complications, shortened the length of stay, and 
improved survival in patients with COPD.50,52,53,62-65 Studies conducted 
in the United Kingdom established that NIPPV was also effective in 
non-ICU settings.50,65 In the largest ICU study reported to date, Brochard 
and colleagues randomized 85 patients with COPD to treatment with 
or without face mask pressure-support ventilation.52 The ETI rate was 
74% in the controls given standard medical treatment and 26% in the 
NIPPV group. Benefits in the NIPPV group included a decreased rate of 
complications during the ICU stay, a shorter length of hospital stay and, 
more importantly, a significant reduction in mortality (from 29% to 9%). 
The overall decrease in mortality was ascribable to reductions in the 
need for ETI and in various ICU-related complications. In the United 
Kingdom, Plant and colleagues conducted a prospective multicenter 
randomized trial comparing standard therapy alone (control group) to 
NIPPV in 236 COPD patients admitted to general respiratory wards for 
ARF.65 Treatment failure (defined as fulfillment of criteria for ARF) was 
more common in the control group (27%) than in the NIPPV group 
(15%), and NIPPV was associated with a lower in-hospital mortality 
rate. Because of admission policies in the United Kingdom, patients who 
failed NIPPV were not routinely transferred to the ICU.

These studies made clear that early NIPPV to prevent further deterio-
ration need to be an important component of the first-line therapy for 
COPD exacerbation.66

A recent database67 analyzed 7,511,267 admissions for acute exacerba-
tions of COPD in the United States from 1998 to 2008, of which 612,650 
(8.1%) required respiratory support. The authors showed an increase 
in the use of NIPPV (from 1.0% to 4.5% of all admissions) and a 42% 
decline in invasive MV (from 6.0% to 3.5% of all admissions). Intubation 
and in-hospital mortality have declined during this period. By 2008, 
NIPPV was used more frequently than invasive MV as the first-line 
therapy for acute exacerbations of COPD.

Whether the results of randomized controlled trials entirely apply to 
everyday ICU practice must be evaluated. This is particularly important 
with NIPPV, since there is a learning curve, as shown at least in two 
studies. In a single-center study by Carlucci and colleagues, the NIPPV 
success rate remained stable over the study period, but the patients 
treated with NIPPV during the last few years of the study period had 
more severe disease with higher PaCO2 levels and lower pH values.68 
In fact, progressively, more severe exacerbations could be treated with 
NIPPV out of the ICU. In an 8-year study performed in a French 

university referral hospital, it was found that NIPPV use increased grad
ually, in lockstep with a decline in conventional treatment with ETI.69 
In  parallel with this gradual increase in NIPPV use, the nosocomial 
infection and mortality rates have significantly diminished.

Attention should be paid when using NIPPV in the most severely 
affected patients, such as those with an arterial pH <7.30 on admission,65 
especially outside the ICU, if the staff is not experienced in NIPPV appli-
cation and not aware of its limitations. A very low pH, marked mental sta-
tus alterations at NIPPV initiation, presence of comorbidities, and a high 
severity score are associated with early NIPPV failure17 or late secondary 
failure after an initial improvement.70 Several of these factors seem to 
indicate that a longer time from onset of the exacerbation to NIPPV ini-
tiation may reduce the likelihood of success. Every effort should be made 
to deliver NIPPV early, and close monitoring is in order when NIPPV is 
started late, a situation where NIPPV is less effective.71

Some controversies exist concerning the use of NIPPV to treat 
patients with hypercapnic encephalopathy due to ARF associated with 
COPD exacerbation. Several observational studies showed positive 
clinical results72,73; however, caution might be taken when applying 
NIPPV in patients with altered level of consciousness.74 Close monitor-
ing is mandatory and any delay in consciousness improvement should 
be interpreted as NIPPV failure and lead to prompt intubation.

The need for invasive MV after NIPPV failure in acute COPD exac-
erbations represents a challenging context and this subgroup of patients 
has a relatively high mortality rate and a greater length of hospital stay, 
as shown in a large observational study.67 Patients requiring invasive 
MV after NIPPV failure had 61% greater odds of death compared with 
patients directly placed on invasive MV (95% CI, 24%-109%) and 677% 
greater odds of death compared with a patient treated with NIPPV suc-
cess without transition to invasive MV (95% CI, 475%-948%).

In conclusion, NIPPV offers many advantages over invasive MV to 
treat exacerbations of COPD and there is strong evidence that NIPPV is 
cost effective, being both more efficient and cheaper compared to stan-
dard therapy alone during the treatment of these group of patients.75,76

Long-Term Survival:  A few studies have suggested that NIPPV use 
may be associated with higher 1-year survival rates, as compared 
to standard ICU therapy or invasive MV.71,77-79 Although these stud-
ies have a number of methodological flaws, the consistency of their 
results suggests an interesting benefit of NIPPV. Some authors argue 
for continuing home NIPPV after exacerbations. One of the benefits 
could be a reduction of the readmission rate, as suggested in one small 
randomized controlled trial.80,81

Other Forms of Chronic Respiratory Failure:  All forms of acute-on-
chronic ventilatory failure share several common pathophysiologic 
pathways, although major differences also exist. NIPPV may be 
slightly less effective in patients with chronic restrictive lung dis-
ease than in patients with COPD in the acute phase, but it remains  
an interesting option to propose, especially when compliance is  
still preserved.82

Negative Pressure Ventilation:  This technique is available in very few 
centers in the world. In acute exacerbations of COPD, it seems to 
provide better outcomes than conventional invasive MV and may be 
similar to face mask NIPPV.83-85

Location:  During the last decade, health care providers became 
increasingly confident in applying NIPPV, since, contrasting with 
invasive MV, it can be realized outside the ICU, freeing up ICU beds. 
The study by Plant and associates cited above was performed in respi-
ratory wards, where the staff received 8 hours of training over the 
3 months preceding the study.65

The feasibility of treating patients with COPD out of the ICU has been 
demonstrated, but an appropriate training of the ward staff is necessary. 
NIPPV usage will probably continue to increase outside the ICU in the 
coming years, since now NIPPV is largely available in several medical 
services. Hence, some hospitals have created special nursing units to 
assist NIPPV delivery, located commonly next to the ICU.86
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Helium-Oxygen Mixture:  The use of a helium-oxygen mixture for 
NIPPV has received much enthusiasm due to the physical properties 
of helium gas in reducing resistance by promoting a more laminar 
flow profile, with early promising results when a helium-oxygen 
mixture was used for COPD exacerbations.87,88 Relatively large recent 
clinical trials have evaluated patients with known or suspected COPD 
and acute dyspnea, hypercapnia, and several signs of decompensation. 
Unfortunately, these studies were unable to demonstrate a significant 
clinical benefit when a helium-oxygen mixture compared to conven-
tional gas mixture for NIPPV was applied.89,90 One possible reason 
for these nonpositive results is that the rate of ETI has progressively 
declined in the groups treated with air-oxygen mixtures, making more 
difficult to evidence a difference in favor of helium.

■■ CARDIOGENIC PULMONARY EDEMA
Pathophysiology:  Continuous positive airway pressure (CPAP) and 
NIPPV elevates intrathoracic pressure, decreases shunting, and 
improves arterial oxygenation and dyspnea in patients with cardio-
genic pulmonary edema (CPE). Interestingly, NIPPV can both sub-
stantially lessen the work of breathing and improve cardiovascular 
function by decreasing the left ventricular afterload in nonpreload-
dependent patients91 and also reducing the right and left ventricular 
preload.92 Most patients with CPE improve rapidly under medical 
therapy. A few, however, develop severe respiratory distress and/or 
refractory hypoxemia/hypercapnia and require ventilatory support 
until the medical treatment starts to work. This is particularly com-
mon in elderly patients, who may also have a mild degree of associ-
ated chronic bronchitis.93,94 Several NIPPV modalities have been used 
successfully, with the mainly goal being to avoid ETI and or hasten the 
improvement provided by medical therapy.

Clinical Evidence:  Positive pressure applied at the mouth was already 
shown in the 1930s to improve patients’ dyspnea in case of CPE.95 
Evidence of therapeutic efficacy of positive pressure use during acute 
CPE was also shown in 1985, by Räsänen et al96 randomized 40 patients 
with acute CPE and respiratory failure to conventional therapy or 
CPAP of 10 cm H2O administered by face mask. The interventional 
group showed a better improvement of gas exchange, a decrease of 
respiratory work, and a tendency for less intubation rate. Subsequently, 
other randomized trials comparing either CPAP or pressure support 
plus PEEP (PSV and PEEP) to standard therapy found similar benefits 
with the two techniques in terms of arterial blood gases and breathing 
rate improvement. Both NIPPV modes used in the emergency depart-
ment or in the ICU significantly reduced the rate of ETI.94,97-99

Recently published guidelines100 recommended NIPPV use in patients 
with acute CPE, dyspnea, and respiratory rate >20 breaths/min to 
improve clinical symptoms. Nevertheless, attention should be paid in 
patients with low blood pressure (systolic blood pressure <85 mm Hg), 
vomiting, altered level of consciousness, and suspected pneumothorax. In 
more recent European guidelines, the level of evidence (level B-class IIa) 
for NIPPV use to treat acute CPE100 was lower than that formerly 
recommended.101

This decrease in the level of recommendations was mainly due to the 
publication of the 3CPO trial,102 the larger clinical multicenter, controlled 
study performed in the emergency department, which evaluated the 
possible benefits of NIPPV use in acute CPE. Patients admitted with a 
clinical diagnosis of acute CPE, chest radiography of pulmonary edema, 
respiratory rate >20 breaths/min, and pH <7.35 were randomized to 
conventional pharmacological therapy plus NIPPV (CPAP or PSV and 
PEEP) or standard oxygen therapy. The study included 1069  patients 
and it showed that NIPPV was associated with higher reduction in 
dyspnea, heart rate, and earlier resolution of metabolic abnormalities 
than standard oxygen therapy. Intubation rates, 7 and 30 days mortality 
rates (9.8% vs 9.5%, and 16.4% vs 15.2%) were similar in the control and 
NIPPV groups, respectively. It should be noticed that a high incidence of 
crossover (15%) was observed in the oxygen group, as a rescue therapy, 
and consequently without this cross over possibility, a much higher rate 

of intubation might have been observed in the oxygen group. This study 
has other limitations. Severely ill patients, who required “lifesaving or 
emergency intervention” were excluded and could have benefited from 
NIPPV, patients had mild hypoxemia and a very low intubation rate (3%) 
was observed in this study.

A more recent multicenter clinical trial103 evaluated the potential 
clinical benefit of CPAP use, with 7.5 to 10  cm H2O, when initiated 
out-of-hospital setting and continued in-hospital ICU to treat acute 
CPE compared to oxygen therapy at 15 L/min in the control group. Two 
hundred and seven patients were included over 3 years. The CPAP inter-
vention group demonstrated significantly better and faster resolution of 
clinical symptoms as well as a lower presence of intubation criteria and 
a tendency for a lower death rate at day 7 although this last parameter 
was not statistically different.
CPAP or PSV and PEEP  CPAP is often considered cheaper and easier to apply 
in clinical practice compared with PSV and PEEP. One trial104 suggested 
that acute myocardial infarction was more common with PSV and PEEP 
than CPAP but this has not been subsequently confirmed. This differ-
ence was probably ascribable to randomization bias but it invites caution in 
patients with coronary heart disease.99,105,106 One study compared intra-
venous bolus therapy of high-doses of nitrates to a more conventional 
medical therapy plus NIPPV.107 High-dose nitrate bolus therapy was far 
more effective clinically than NIPPV and resulted in better outcomes. 
These studies draw attention to the vulnerability of patients with CPE, 
particularly those with coronary heart disease and to the fact that 
NIPPV cannot replace adequate medical therapy.98,105

In some small studies, NIPPV was more effective regarding improve-
ment in physiologic parameters92 or faster to improve respiratory fail-
ure108 compared to CPAP in patients with acute CPE, but no difference 
regarding mortality rate or tracheal intubation was demonstrated.

The 3CPO trial102 also compared both modes of NIPPV and clinical 
outcomes were similar in both groups, including mortality and intuba-
tion rates, myocardial infarction, mean length of hospital stay, and clini-
cal changes at 1 hour after start of treatment. Similar results comparing 
both modes of NIPPV were observed in another clinical study.109

It is important to draw attention to the fact that most of the studies 
indicating benefits of CPAP or PSV and PEEP included patients who, 
on average, had marked hypercapnia and acidosis indicating acute frank 
ventilatory failure.94,98,99,105 A relatively large multicenter study conducted 
by Nava and colleagues in patients with pulmonary edema found major 
benefits of NIPPV only in the subgroup of hypercapnic patients, with no 
significant benefits in terms of ETI rate or outcome in the overall popu-
lation that included both hypercapnic and nonhypercapnic patients.110

In sum, NIPPV use during CPE seems an important treatment that 
could reduce mortality, especially in the subgroup presented with hyper-
capnia. The conventional medical therapy remains the cornerstone, and 
NIPPV, whether it is performed with CPAP or PSV and PEEP, should be 
associated as soon as possible to medical therapy when treating patients 
with CPE.

■■ HYPOXEMIC RESPIRATORY FAILURE
Pathophysiology:  Applying PEEP at the airway opening has been 
shown to increase functional residual capacity and to improve respi-
ratory mechanics and gas exchange in patients with acute hypoxemic 
respiratory failure.111 These findings led physicians to use CPAP as a 
means of preventing clinical deterioration and reducing the need for 
ETI.98,112 Nevertheless, some physiological and clinical results do not 
support the use of CPAP even in mild forms of ARDS,113 and better 
clinical outcomes have been reported with the combined use of PSV 
and PEEP.8,114,115 In patients with severe hypoxemia, ventilatory sup-
port should be able to relieve the dyspnea, improve oxygenation, and 
decrease the patient’s effort to breathe. Combined PEEP and PSV are 
needed to achieve these goals.

The compromise between setting PEEP and pressure support level 
during NIPPV use may be challenging, since the total pressure deliv-
ered by the ventilator is often limited to avoid inducing excessive 
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leakage, which would make NIPPV administration difficult and patient-
ventilator synchrony poor. At the opposite, insufficient pressure may 
translate into unsatisfactory inspiratory muscle unloading. Low PEEP 
levels can be insufficient to improve oxygenation, whereas high levels 
of PEEP may promote adverse hemodynamic effects and limit the pres-
sure support level. In a physiologic study realized in 10 patients with 
mild ARDS, L’Her and coworkers116 confirmed the limited efficacy of 
CPAP alone in lessening the work of breathing. The addition of pressure 
support was necessary to reduce the neuromuscular drive, significantly 
unload the inspiratory muscles and improve dyspnea, whereas effects on 
oxygenation were dependent on the PEEP level.

Clinical Evidence

CPAP  A clinical investigation published in 2000 evaluated whether face 
mask CPAP produced physiologic benefits and reduced the need for 
ETI in patients with acute hypoxemic nonhypercapnic respiratory insuf-
ficiency (arterial oxygen tension/inspired oxygen fraction [PaO2/FiO2]  
<300 mm Hg).113 Despite an early favorable physiologic response to 
CPAP in terms of comfort and oxygenation, no differences were found 
in the need for ETI, in-hospital mortality, or length of ICU stay. In addi-
tion, the use of CPAP was associated with a higher rate of complications 
including stress ulcer bleeding and cardiac arrest at the time of ETI. 
Therefore, CPAP alone cannot be recommended as a means of avoiding 
ETI in patients with mild to severe ARDS. Its use should be limited to a 
short initial period when no other method is available.

PSV and PEEP  Until the end of the 1990s, the most convincing successes 
with NIPPV had been obtained in patients with acute respiratory acido-
sis in whom hypoxemia was not the main reason for respiratory failure. 
An early randomized controlled trial by Wysocki and colleagues found 
no benefit of NIPPV in patients with no previous history of chronic lung 
disease, except in the subgroup of patients who developed acute hyper-
capnia.117 In the following years, NIPPV has been shown to be beneficial 
in carefully selected patients with a variety of patterns of hypoxemic 
respiratory failure,8,64,114,115,118-121 reducing the need for ETI and improv-
ing outcomes.120,122-124 Patient selection generally excluded patients who 
have shock, neurologic disorders with a need for upper airway protec-
tion, respiratory arrest, a poor cooperation, or other concomitant organ 
failure. In a randomized controlled study by Antonelli and coworkers, 
NIPPV using PSV and PEEP was highly beneficial and associated with 
less adverse effects compared to conventional mechanical ventilation, 
in hypoxemic patients (PaO2/FiO2 <200 mm Hg). These patients were 
free from COPD, hemodynamic instability, or neurologic impairment, 
and were randomized when they reached predefined criteria for ETI.115 
Improvements in oxygenation were similar with the noninvasive and 
the invasive approach. Despite a 30% failure rate, patients treated with 
NIPPV had overall shorter durations of ventilation and ICU stays and 
experienced fewer complications. This study demonstrated that NIPPV 
could be effective in selected patients with hypoxemic respiratory failure 
without hemodynamic or mental impairment. Others randomized con-
trolled trials confirmed this beneficial effect.114,121 The study by Ferrer 
et al121 compared oxygen therapy versus NIPPV in 105 patients admitted to 
the ICUs of three hospitals for acute nonhypercapnic hypoxemic respiratory 
failure due to community-acquired pneumonia, ARDS, CPE, or other dis-
eases. NIPPV use decreased the need for ETI (25% vs 52%), the incidence 
of septic shock, and the ICU mortality rate (18% vs 39%) and increased the 
cumulative 90-day survival rate, indicating that NIPPV could be effective in 
avoiding ETI and improving survival in hypoxemic situations. It is impor-
tant to use the technique in cooperative patients without hemodynamic 
instability, major respiratory secretions, or other organ failures.

A recent small prospective, multicenter, randomized controlled trial125 
included 40 patients whose diagnosis was mild ARDS. Half of patients 
included had pulmonary infection as the reason for ARDS, and they were 
allocated either to PSV and PEEP ventilation (NIPPV group) or high-
concentration oxygen therapy (control group). Less patients required intu-
bation and were intubated in the NIPPV group compared to control group 
and NIPPV use was associated with a lower number of organ failures.

Great care should be utilized when applying NIPPV to hypox-
emic patients because of possible downsides of the technique.20,113 
An international survey126 evaluated NIPPV practice as a first-line 
therapy in early ARDS patients. They found that a higher SAPS II and  
PaO2/FiO2 ≤175 mm Hg 1 hour after initiation of NPPV were indepen-
dently associated with NIPPV failure. This survey showed that NIPPV 
use avoided ETI in no more than 50% of patients even in experienced 
centers highlighting that a low number of patients with more severe 
forms of ARDS can be successfully treated with NIPPV (31%), and that 
close monitoring is crucial when using this technique as a first-line 
therapy in patients with ARDS.

Other studies, described very high rates of NIPPV failure in patients 
with pneumonia and severe hypoxemia.118,127-129 Several signals, there-
fore, indicate that NIPPV should be applied with caution in patients 
with severe community-acquired pneumonia. If employed, this treat-
ment should not delay intubation when clinical signs and symptoms 
warn for impending NIPPV failure.130

In sum, which subgroup of hypoxemic patients will really benefit  
with NIPPV use with minimizing its potential risks is still a field for 
investigation. The following categories of patients have been more spe-
cifically studied.

■■ SUBGROUPS
Immunocompromised Patients:  In immunocompromised patients any 
intervention reducing the infection risk may significantly improve the 
short-term prognosis. Therefore, as the decreased rate of infectious 
complications is one significant benefit of NIPPV,6,7,69 its use seems par-
ticularly attractive in this population.8,120,122,124 Several trials have shown 
major benefits of NIPPV as a preventive measure during episodes of 
acute hypoxemic respiratory failure in solid organ-transplant patients 
or in patients with severe immunosuppression, particularly related to 
hematologic malignancies and neutropenia.8,120,122 Significant reduc-
tions in ETI use, infectious complications, length of stay, and 
mortality occurred with NIPPV. Similarly, patients experiencing 
Pneumocystis carinii pneumonia during the course of HIV infection 
seem to benefit from NIPPV, as suggested in a case-control study by 
Confalonieri and associates.124 In a study by Squadrone et al, patients 
with hematological malignancy presenting early signs of respiratory 
dysfunction of noninfectious etiology were randomized while still  
in  the hematology ward to receive either CPAP ventilation as a 
preventive measure or standard oxygen therapy. CPAP ventilation 
substantially decreased the ICU admission rate, the subsequent intu-
bation rates, the hospital mortality, and hospital- and ICU-free days, 
as well as episodes of pneumonia and sepsis.131 Notwithstanding the 
methodological limitations of this study (unblinded, small sample 
size, single center study), these results are promising and need confir-
mation in future trials.

In the immunocompromised population NIPPV failure is associated 
with a mortality of more than 70%.132,133 Careful patient selection and 
early initiation of NIPPV are therefore of utmost importance for mini-
mizing the possibility of intubation and maximizing patients benefits.133

■■ PREOXYGENATION BEFORE INTUBATION
Baillard et al134 evaluated 53 patients who required ETI due to ARF 
and significant hypoxemia (PaO2 <100 mm Hg under a high FiO2 mask). 
The patients were allocated to 3 minutes preoxygenation, before ETI, 
performed by a nonrebreathing bag-valve mask (control group), or 
PSV and PEEP (NIPPV group) used as a preoxygenation method. 
Compared to the control group, the NIPPV group showed a statistically 
significant improvement in pulse oximetry and PaO2 levels and a lower 
number of patients had a pulse oximetry (SpO2) below 80% during the 
ETI procedure (7% vs 46%, respectively); in no patient NIV had to be 
interrupted due to intolerance of this technique suggesting the safety of 
this approach in this specific situation. A recent review135 considers that 
NIPPV should be used for preoxygenation and ventilation in patients 
who cannot get SpO2 greater than 93% to 95% with high FiO2.
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■■ POSTOPERATIVE RESPIRATORY FAILURE
Several studies looked at the use of NIPPV after surgery.123,136-139 In many 
of them, the prophylactic or therapeutic application of NIV improved 
arterial blood gases and lowered the risk of intubation albeit without 
any effect on patient outcomes.139 Auriant et al conducted a randomized 
controlled trial in patients who experienced respiratory distress after 
lung resection.123 Because reintubation shortly after lung surgery carries 
a very grim prognosis, avoiding ETI in this situation is an important 
goal. NIPPV was indeed associated with lower ETI rates and higher hos-
pital survival. An uncontrolled study also suggested a beneficial effect of 
NIPPV in patients with ARF after bilateral lung transplantation.137 Thus, 
NIPPV seems useful in preventing reintubation after lung surgery.

Besides lung surgery, hypoxemia is also frequent following abdomi-
nal surgery with 8% to 10% of patients finally requiring intubation and 
invasive MV.138 In this setting, CPAP ventilation may be valuable in 
attenuating the effects of atelectasis on lung function and preventing fur-
ther deterioration. Squadrone and coworkers demonstrated that prompt 
implementation of CPAP in patients developing hypoxemia after major 
abdominal elective surgery averted respiratory deterioration and signifi-
cantly reduced the incidence of ETI in comparison to standard oxygen 
treatment.138 Days spent in ICU and the rate of infectious complications 
decreased accordingly. Overall, a preventive use of NIPPV (CPAP or 
PSV and PEEP) seems very attractive in this population.

■■ POSTEXTUBATION RESPIRATORY FAILURE
Approximately, 10% to 20% of critically ill patients fulfilling all weaning 
criteria and succeeding a weaning trial will fail extubation and NIPPV 
has been proposed as a way to avert this event.140,141 The physiological 
rationale for this approach in patients with COPD was well demon-
strated by Vitacca and coworkers who showed equivalent values of the 
work of breathing under the same ventilatory support delivered before 
extubation or as NIPPV after extubation.142

Several studies addressed the role of NIPPV in preventing reintubation 
with unequivocal results.143,144 Clinical data suggest that if postextubation 
respiratory failure develops, delivering NIPPV treatment at this stage is 
often futile and, instead, may delay reintubation and increase mortality, 
as suggested by a large multicenter trial of Esteban and associates.144,145 
By contrast, early or preemptive delivery of NIPPV after extubation to 
prevent subsequent respiratory failure may be useful depending on the 
population tested. In patients selected to be at high risk of extubation 
failure, NIPPV was demonstrated to prevent postextubation respiratory 
failure and reintubation in several trials. A survival benefit was also dem-
onstrated in the subgroup of patients who were hypercapnic during the 
weaning test.146,147 Intubation rates and mortality have been shown to be 
reduced in other group of at-risk patients, older than 65 years old and with 
cardiac or respiratory comorbidities.143,148 These beneficial effects are not 
observed if NIPPV is applied routinely in all extubated patients as shown 
by Su and coworkers149 who randomized 406 unselected patients to either 
NIPPV or supplemental O2 mask, early following their extubation. In line 
with previous observations,150 both treatment strategies were equivalent in 
terms of reintubation or mortality rates.149 In conclusion, the determinants 
of NIPPV success in the postextubation period are (1) judicious selection 
of patient population. Patients with risk factors for reintubation—notably 
underlying respiratory disease and/or hypercapnia during the weaning 
test—are more likely to benefit, (2) prompt application of NIPPV imme-
diately after extubation and prior to respiratory failure development, and 
(3) close patient monitoring to minimize delays in ETI, if needed.

■■ WEANING
A number of patients with COPD require ETI because they fail NIPPV, 
have a contraindication to NIPPV (such as a need for surgery), or 
exhibit criteria for immediate ETI. When there is a need for prolonged 
ventilatory assistance, these patients can be switched to NIPPV after a 
few days of ETI to reduce the time with a tube in the trachea.151,152 This 
approach was examined in several trials with contradictory results.151-155 
Extubation and times with ETI were usually hastened. However, this was 

not consistently translated into hospital and ICU stay and mortality rate 
reduction.151,153 No difference compared to standard weaning process 
was reported in several studies.152,154 Similarly, mechanical ventilation–
associated complications, notably pneumonia and sepsis, were either 
reduced151,153,154 or remained unaffected by this strategy.152 In the most 
recent multicenter trial, extubation followed by NIPPV or extubation 
followed by standard oxygen therapy was identical with respect to wean-
ing success and reintubation.155 Based on the current evidence, NIPPV 
cannot be proposed as an alternative to standard weaning process.

■■ PATIENTS WHO SHOULD NOT BE INTUBATED
Several reports have described the effects of NIPPV in patients with 
ARF who were poor candidates for ETI because of advanced age, debili-
tation, or a “do-not-intubate and/or -resuscitate” order.9,10,156-158 Palliative 
NIPPV has been proved feasible and well tolerated with an overall 
survival rate of 50% to 70%, depending on the patient population.158 
Nonetheless, when it comes to severely impaired patients, the great 
concern is not to exchange life prolongation with patient’s physical and 
psychological disposition. Recently, in a large observational multicenter 
trial, Azoulay and coworkers assessed patients’ mortality, health-related 
quality of life and patients’ and relatives’ signs of anxiety, depression, 
and posttraumatic stress at 90 days. The results were compared between 
patients receiving NIPPV in the context of a do-not-intubate order ver-
sus patients with no treatment limitation decisions.19 Hospital mortality 
in the do-not-intubate group was 46% but, interestingly, there was no 
decline at 90 days in health-related quality of life and no differences 
between the two groups in terms of patients’ and their relatives’ mental 
health, anxiety, depression, or posttraumatic stress disorder. One obvi-
ous limitation is that quality of life could only be assessed in survivors 
but according to these results, NIPPV seems a meaningful option in 
critically ill patients in whom ETI is not deemed valuable.

■■ PATIENTS WITH SEVERE ACUTE ASTHMA
Few studies indicate that NIPPV can be used in asthmatic patients. Two 
cohort studies found beneficial short-term effects of NIPPV in asthmatic 
patients whose condition was deteriorating despite medical therapy.159,160

In a recent trial,161 all patients treated for acute asthma received intra-
venous corticosteroid therapy and were subsequently randomized in 
three groups: (a) a group in which NIPPV was applied with a pressure 
support level of 4 cm H2O and a PEEP of 6 cm H2O, (b) a group where 
PSV and PEEP during NIPPV were 6 and 8 cm H2O, respectively, and 
(c) a third group treated only with oxygen. A greater reduction in dyspnea 
was observed in the NIPPV groups compared to the control group. The 
second NIPPV group (high pressure level group) demonstrated a signifi-
cant improvement in the forced expired volume in one second (FEV1) 
compared to the control group. A benefit in clinical outcome could not 
be demonstrated possibly due to the small number of patients.

■■ NEW MODES OF VENTILATION
Several studies used a very physiologically sound ventilatory mode known 
as proportional-assist ventilation, which is designed to improve the 
adjustment of ventilatory support to the patient’s needs.162-165 In several 
comparative studies with pressure-support ventilation in one of the arms, 
the efficacy of the two techniques seemed similar, although very few 
patients required ETI. Studies in patients with greater disease severity are 
needed. A prospective randomized trial by Fernandez-Vivas and associ-
ates in 117 patients with mixed causes of ARF again showed no difference 
in clinical outcomes between NIPPV delivered with pressure support or 
with proportional-assist ventilation.165 Subjective comfort was better with 
proportional-assist ventilation, and intolerance was less common. Leaks, 
however, make the settings of this mode particularly difficult during NIV.

■■ FIBEROPTIC BRONCHOSCOPY
Several studies have demonstrated that fiberoptic bronchoscopy can be 
performed under NIPPV (CPAP for hypoxemic patients or pressure 
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support plus PEEP),166-168 and that this approach is not only safe but also 
results in better tolerance of the procedure and reduces complication 
rates and the subsequent need for ETI.168,169

■■ TRAUMA
Respiratory failure following trauma is not a classical indication for 
NIPPV. In one study addressing this issue, NIPPV compared to stan-
dard oxygen therapy, significantly averted intubation in patients with 
trauma-related hypoxemia and reduced hospital stay.170 Multivariate 
analysis highlighted NIPPV as the only factor independently associated 
with reduced intubation rate. Pneumothorax, pneumonia or sepsis rates 
were not influenced by this intervention. Independent to these favorable 
results, larger multicenter trials are required to better clarify the role of 
NIPPV in this field.

CONCLUSION
NIPPV has the ability to improve physiological parameters such as 
respiratory rate, relieve dyspnea, reduce the invasiveness of patient 
management, and finally to bring important benefits in important 
clinical outcomes like reducing ICU and hospital stay and decreasing 
morbidity and mortality. These results are mostly well demonstrated 
in patients with acute-on-chronic respiratory failure and acute CPE, 
but they can also be obtained in other groups of selected populations: 
cooperative patients with acute hypoxemic ARF due to pneumonia and 
no other organ failures, immunocompromised patients, or patients with 
treatment limitations. NIPPV may also be useful during the postextuba-
tion process as a preventive tool in some patients, during the weaning 
process or in periprocedure phases, like during fiberoptic bronchoscopy 
or before ETI with positive results.

It is crucial to carefully analyze which patient will benefit by NIPPV use 
and think whether NIPPV can also be deleterious by postponing ETI. The 
first hours of NIPPV use are important to estimate this risk and an experi-
enced health professional is mandatory at the bedside during this period.

REFERENCES
Complete references available online at www.mhprofessional.com/hall

KEY REFERENCES

•• Antonelli M, Conti G, Bufi M, et al. Noninvasive ventilation for treat-
ment of acute respiratory failure in patients undergoing solid organ 
transplantation: a randomized trial. JAMA. 2000;283:235-2341.

•• Antonelli M, Conti G, Rocco M, et al. A comparison of noninva-
sive positive-pressure ventilation and conventional mechanical 
ventilation in patients with acute respiratory failure. N Engl J Med. 
1998;339:429-435.

•• Azoulay E, Kouatchet A, Jaber S, et al. Noninvasive mechani-
cal ventilation in patients having declined tracheal intubation. 
Intensive Care Med. 2013;39:292-301.

•• Brochard L, Mancebo J, Wysocki M, et al. Noninvasive ventilation 
for acute exacerbations of chronic obstructive pulmonary disease. 
N Engl J Med. 1995;333:817-822.

•• Esteban A, Frutos-Vivar F, Ferguson ND, et al. Noninvasive posi-
tive-pressure ventilation for respiratory failure after extubation. N 
Engl J Med. 2004;350:2452-2460.

•• Ferrer M, Sellares J, Valencia M, et al. Non-invasive ventilation after 
extubation in hypercapnic patients with chronic respiratory dis-
orders: randomised controlled trial. Lancet. 2009;374:1082-1088.

•• Ferrer M, Valencia M, Nicolas JM, Bernadich O, Badia JR, Torres 
A. Early noninvasive ventilation averts extubation failure in 
patients at risk: a randomized trial. Am J Respir Crit Care Med. 
2006;173:164-170.

•• Gray A, Goodacre S, Newby DE, Masson M, Sampson F, Nicholl J. 
Noninvasive ventilation in acute cardiogenic pulmonary edema. N 
Engl J Med. 2008;359:142-151.

•• Hilbert G, Gruson D, Vargas F, et al. Noninvasive ventilation in 
immunosuppressed patients with pulmonary infiltrates, fever, and 
acute respiratory failure. N Engl J Med. 2001;344:481-487.

•• Plant PK, Owen JL, Elliott MW. Early use of non-invasive ventila-
tion for acute exacerbations of chronic obstructive pulmonary 
disease on general respiratory wards: a multicentre randomised 
controlled trial. Lancet. 2000;355:1931-1935.

Airway Management
Michael F. O’Connor
David B. Glick45

C H A P T E R

KEY POINTS

•• The choice between noninvasive ventilation via mask versus ventila-
tion via translaryngeal tracheal intubation is an increasingly critical 
branch point in the management of patients with respiratory failure.

•• Shock, a failed trial of extubation, inability to protect and maintain 
one’s own airway, need for larger minute ventilations or larger 
transpulmonary pressures, and transport of an unstable patient all 
remain indications for tracheal intubation.

•• Assessment and adequate preparation of the patient prior to intu-
bation are crucial to ensuring successful and safe intubation.

•• Awake tracheal intubation with topical anesthesia remains the 
preferred technique, although skilled operators can perform rapid 
sequence induction and intubation with a high degree of success. 
General anesthesia and paralysis are associated with substantial 
risks in critically ill, hemodynamically unstable patients.

•• The appropriate timing of tracheostomy remains poorly defined. 
Improved endotracheal tubes allow for prolonged intubation with 
a low risk of associated traumatic injury.

•• Percutaneous tracheostomy and conventional tracheostomy are 
increasingly performed at the bedside to minimize the hazards asso-
ciated with transporting a critically ill patient to an operating room.

Tracheal intubation remains one of the most common and important 
procedures performed in the intensive care unit (ICU). When done 
well, tracheal intubation can be a lifesaving procedure. When done 
poorly, it may initiate a cascade of events that can lead directly or 
indirectly to trauma, severe complications, and death. The widespread 
adoption of noninvasive ventilation in the management of patients with 
type II acute-on-chronic respiratory failure (ACRF) and high-pressure 
pulmonary edema has created a population of patients who have failed 
moderate levels of ventilatory support and require emergent airway 
management (see Chap. 44). It is imperative that those who manage 
the airways in these patients have a high degree of knowledge, skill, 
and comfort in managing patients with little physiologic reserve. In 
addition, it is imperative that ICU physicians have knowledge and 
understanding of the indications for tracheal intubation, the assessment 
of the patient for tracheal intubation, the devices and techniques avail-
able for tracheal intubation, and the consequences and complications 
of tracheal intubation.1
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INDICATIONS FOR INTUBATION
The decision about whether to intubate a critically ill patient requires 
that a practitioner at the bedside synthesize all of the information they 
have at their disposal about a patient, compare it to their institutional 
practice patterns and resources, and decide how to proceed. These deci-
sions are rarely clear-cut; reasonable practitioners can arrive at different 
decisions in identical circumstances. Patients who require intubation 
as part of the initial management of their respiratory failure include 
but are not limited to those with cardiopulmonary arrest, respiratory 
arrest, acute respiratory distress syndrome (ARDS) of almost any cause, 
and any patient who is unlikely to respond to noninvasive ventilation 
(Table 45-1). The decision to intubate a patient after noninvasive venti-
lation is even more difficult to make. Triggers to convert to an invasive 
airway include progressive hypercapnia in spite of adequate levels of 
support (such as a patient with sleep apnea who is worsening on biphasic 
positive airway pressure [BIPAP]), unacceptably high airway pressure 
on noninvasive ventilation, hypoxemia that persists in spite of moderate 
levels of continuous positive airway pressure (CPAP) and high fraction 
of inspired oxygen (FiO2), diminishing mental status, patterns of respi-
ration that suggest evolving respiratory muscle fatigue or impending 
respiratory arrest, and unfavorable anatomy (which is present at the start 
of treatment, or which evolves) (Table 45-2).

In patients with airway compromise, two decisions need to be made 
at the time the patient is evaluated: (1) Does this patient require an 
artificial airway? and (2) Does this patient require a tracheostomy? It 
may be difficult or impossible to translaryngeally intubate the trachea 
in patients with an unstable cervical spine, airway tumor, unfavorable 
anatomy, or significant facial trauma. Preparation for tracheostomy 
should occur concurrently with preparation for translaryngeal tracheal 
intubation in such high-risk patients.

The decision to intubate patients in cardiopulmonary arrest is a simple 
one, as intubation is the safest and most effective way to both ensure 
adequate ventilation in these patients and to protect their airway. The  
goal of intubating the trachea in the patient in shock is to decrease  
the proportion of cardiac output devoted to perfusing respiratory 
muscles, allowing this blood flow to be diverted to other vital organs.

  TABLE 45-1    Indications for Tracheal Intubation

Airway support

  Diminished mental status or decreased ability to maintain airway and clear secretions

  Compromised airway anatomy

  Diminished airway reflexes, full stomach, or fluctuating consciousness

  Requirement for sedation where airway control may be difficult to establish

  Pharyngeal instability

Pulmonary disease

  Acute respiratory distress syndrome

 � High-pressure pulmonary edema unlikely to respond to noninvasive ventilation, or 
which has not responded to a reasonable trial of noninvasive ventilation

  Hypoventilation (including central nervous system causes and weakness)

  Hypercapneic respiratory failure that has failed noninvasive ventilation

  Failed trial of extubation

  Forseeable protracted course of respiratory failure

Circulatory

  Cardiopulmonary arrest

  Shock 

Other situations

  Elevated intracranial pressure requiring hyperventilation (increasingly rare)

  Transport to less monitored situations

ASSESSING THE PATIENT PRIOR TO INTUBATION
All patients being evaluated for tracheal intubation should be treated with 
the highest FiO2 available. Oxygen saturation, blood pressure, heart rate, 
electrocardiography (ECG), and the frequency and strength of respiration 
should be closely monitored. Blood gas analysis may be helpful in facilitat-
ing the decision to intubate the patient, but has been largely supplanted by 
pulse oximetry, which is also essential for monitoring during intubation.

Patients requiring urgent intubation benefit from an expeditious 
but thorough assessment of their underlying medical conditions and 
airway anatomy (Tables 45-3 and 45-4). The possibility of increased 

  TABLE 45-3    Medical Evaluation for Intubation

Neurologic factors

  Elevated intracranial pressure

  Presence of intracranial bleeding, arteriovenous malformation, or aneurysm

  Cervical spine disease

Cardiovascular factors

  Ischemia

  Hypovolemia

  Myocardial infarction (especially within the past 6 months)

  Cardiomyopathy

  Dysrhythmias

Drug allergies

Pulmonary factors

  Severity of hypoxemia, airway obstruction, or lung restriction

Aspiration risk

  Nothing by mouth (NPO) status

  Morbid obesity

  Impaired gastric emptying or gastroparesis

  Ileus

  Obstruction

  Pregnancy

Coagulation factors

  Thrombocytopenia

  Anticoagulant therapy

  Coagulopathy 

  Recent or anticipated therapy with thrombolytics

Contraindications to succinylcholine

  Major burn within the past year

  Crush injuries

  Stroke or spinal cord injury resulting in denervation of a significant portion of the body

  Malignant hyperthermia

  Hyperkalemia

  TABLE 45-2   � Indications for Converting Noninvasive Ventilation to Intubation  
and Mechanical Ventilation

Patient inability to tolerate noninvasive ventilation

Unfavorable anatomy and poor mask fit or large leak

Progressive hypercapnia in spite of adequate levels of support (typically over 1 hour)

Requirement for unacceptably high airway pressure (typically total delivered pressures 
>20 cm H

2
O)

Hypoxemia in spite of appropriate levels of continuous positive airway pressure and high FiO2

Diminished mental status and inability to protect the airway

Respiratory pattern consistent with evolving fatigue or impending respiratory arrest
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Patients with acute hypoxemic respiratory failure are usually hypoxemic 
in spite of a high FiO2, and frequently desaturate further during airway 
manipulation. Patients with type II respiratory failure may become 
hypoxemic, hypercapneic, or both during airway manipulation. The 
more severe the lung disease, the less likely it is that ventilation with a 
mask or laryngeal mask airway (LMA) will be successful. Patients with 
severe pulmonary edema or severe bronchospasm generally cannot be 
ventilated successfully with a mask or LMA because the pressures and 
flows required to maintain an acceptable minute ventilation cannot be 
generated with these systems.

Manipulation of the airway in the ICU is accompanied by a substantial 
risk of aspiration. Unlike patients undergoing airway instrumentation in 
an elective setting, such as the bronchoscopy suite or operating room, 
patients in the ICU typically are at high risk of aspiration. Stomach 
contents may include enteral feedings, blood (from gastrointestinal 
hemorrhage), acid, and bacteria. Conditions that decrease emptying, 
such as diabetic gastroparesis, morbid obesity, and perhaps critical 
illness itself, require management as if the patient has a full stomach, 
even during elective airway management. For these reasons, cricoid 
pressure (the Sellick maneuver) should be performed whenever possible 
on patients undergoing tracheal intubation in the ICU.1,3-5

The presence of a coagulopathy is a relative contraindication to nasal 
intubation. Techniques that are associated with a risk of bleeding, such 
as transtracheal injection of anesthesia, superior laryngeal nerve blocks, 
and retrograde intubation techniques are also relatively contraindicated 
when the patient is coagulopathic.

Finally, contraindications to the use of succinylcholine (see Table 45-3), 
the most commonly used muscle relaxant for airway management in the 
ICU, should be considered prior to any airway manipulation.

A variety of anatomic conditions are associated with increased dif-
ficulty of intubation by rigid laryngoscopy (see Table 45-4).6 A history 
of difficult intubation is perhaps one of the most important but least 
available elements of a patient’s history. The presence of many anatomic 
conditions makes attempts at rigid laryngoscopy and intubation in 
the awake or asleep patient more difficult. This in turn increases the 
attractiveness of techniques that allow for the patient to be awake and 
spontaneously breathing, and/or that do not require direct laryngoscopy, 
such as fiberoptic intubation, videolaryngoscopy, blind nasal intubation, 
and techniques that utilize an intubating laryngeal airway. Patients with 
severely compromised airway anatomy may be best managed by either 
awake fiberoptic intubation or tracheostomy. When a difficult airway 
is anticipated, it is best to have equipment for performing a tracheo
stomy immediately available, and physicians skilled at performing the 
procedure at hand.

intracranial pressure (ICP) or increased risk of intracranial hemor-
rhage is important to ascertain, since the presence of elevated ICP 
changes the emphasis in airway management from the maintenance 
of an adequate airway to the avoidance of further increases in ICP. 
Whereas most airway manipulation in the ICU can be done safely 
with patients awake, patients with elevated ICP and increased risk of 
intracranial hemorrhage (from unstable arteriovenous malformations 
or aneurysms) are best managed with intravenous general anesthesia 
for intubation. Laryngoscopy and tracheal intubation reliably produce 
myocardial ischemia in patients with coronary artery disease. Adequate 
anesthesia—topical and intravenous—can attenuate or prevent the 
myocardial ischemia associated with laryngoscopy and intubation. 
Inadequate anesthesia can also elicit ischemia and associated arrhyth-
mias. Unfortunately, the use of intravenous agents in this setting is 
fraught with hazard. While too little intravenous agent can be associ-
ated with ischemia, too much can cause hypotension, ischemia, hypo-
perfusion of vital organs, and a decreased rate of redistribution of the 
offending agent, prolonging its cardiovascular effects. Thus, the risks 
and benefits of using intravenous agents must be carefully balanced and 
it is often best to avoid using them in these patients.

Intubation and positive pressure ventilation (PPV) will magnify 
the shock associated with intravascular hypovolemia. In hypovolemic 
patients, reflex sympathetic tone usually decreases venous capaci-
tance, increases mean systemic pressure, and maintains venous return. 
Administration of sedative or anesthetic agents blunts this physiologic 
compensation. Following intubation, the hypoxic driven rise in sym-
pathetic tone is removed, further decreasing peripheral vascular tone 
and lowering the patient’s blood pressure. PPV increases intrathoracic 
pressure and therefore decreases the pressure gradient driving venous 
return. Singly, or in combination, these effects can substantially reduce 
venous return, blood pressure, and tissue perfusion.2 The factors that 
can lead to postintubation hemodynamic instability are summarized 
in Table 45-5. In the setting of suspected hypovolemia, intravascular 
volume expansion may be desirable before intubation. In any case, prep-
aration for rapid volume infusion should be made prior to intubation.

Patients with respiratory failure require thoughtful assessment of 
their shunt, V/Q mismatch, and risk for bronchospasm prior to airway 
manipulation. The more severe their pathology, the more rapidly they 
will become hypoxic or hypercarbic during airway manipulation. 

  TABLE 45-4    Anatomic Evaluation for Intubation

Obesity

Pregnancy

Short neck

Large tongue

Inadequate mouth opening or temporomandibular joint dysfunction

Small or recessed mandible (short thyromental distance)

Limited flexion at the base of the neck or extension at the base of the skull

Cervical instability

Prominent incisors

Dentures

Loose teeth

Tumor (eg, adenoma, carcinoma, or abscess)

Large epiglottis

Lingual tonsil hyperplasia

Copious secretions or blood

Trauma

History of prior intubations

Mallampati 3 and 4

Lip bite test

  TABLE 45-5    Factors Contributing to Postintubation Hemodynamic Instability

Anesthesia medications (sedatives, narcotics, muscle relaxants)

Other vasoactive medications (β-blockers, vasodilators, vasoconstrictors)

Sympathetic and/or parasympathetic surges

Absence of negative intrathoracic pressure that accompanies the loss of spontaneous respirations

Positive pressure ventilation

Positive end-expiratory pressure (PEEP)

Auto-PEEP

Relief of hypercarbic and hypoxic driven sympathetic activation

Decreased patient activity/agitation

Comorbid pathologies

Relative intravascular depletion (shock states)

Preload-dependent states

Hypoxia-related hemodynamic deterioration

Hyperkalemia-induced deterioration (caused by succinylcholine’s effect on the Na+/K+ ATPase)

Modified with permission from Mort TC. Complications of emergency tracheal intubation: hemodynamic 
alterations-Part I. J Intensive Care Med. May-June 2007;22(3):157-165.
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EQUIPMENT
In spite of the vast array of available equipment, most tracheal intuba-
tions can be accomplished using a very small subset of the equipment 
and a very simple checklist (Table 45-6). A cart that is fully stocked 

  TABLE 45-6    Equipment List for Intubation

Cardiac arrest

  Two laryngoscopes with functioning lights (ideally one with a short handle)

  Macintosh no. 3 and 4 and Miller no. 3 blades

  Small, medium, and large face masks

 � Laryngeal airways (eg, laryngeal mask airway [LMA], cuffed oropharyngeal airway 
[COPA], Proseal™, Combitube)

  Suction with Yankauer tip

  6.5, 7.0, 7.5, 8.0, 8.5, and 9.0 mm endotracheal tubes with cuffs checked

  Malleable metal stylet

  10-mL syringe for inflation of endotracheal tube cuff

  Oxygen supply

  Ambubag or other circuit (eg, Mapleson D) to ventilate patient

  Stethoscope

  Gloves and eye protection

  Portable end-tidal CO
2
 monitoring device (eg, EZ-Cap™, capnograph)

  Cricothyroidotomy kit

Urgent and elective intubation

  Functioning IV line

  Monitors: pulse oximeter, blood pressure, electrocardiograph

  Resuscitation cart

  Drugs

    Atropine

    IV lidocaine

    Ephedrine

    Epinephrine

    Glycopyrrolate

  Succinylcholine

    Rocuronium

    Topical anesthetics (lidocaine jelly, benzocaine spray)

    Topical phenylephrine spray

  Controlled substances

    Propofol

    Thiopental

    Etomidate

    Midazolam

    Fentanyl

    Ketamine

  Tape

  Magill forceps

  Size 7, 8, 9, and 10 oral airways

  28, 30, 32, and 34 French nasal trumpets

  Full variety of endotracheal tubes, including 7.0 and 8.0 mm

    Endotrol tubes, armored tubes

  Fiberoptic bronchoscope

  Videolaryngoscope

  Jet ventilator

with all of the equipment required to manage a difficult airway should 
be available to airway managers, but need not be brought to the bedside 
of every patient in crisis.7

Ideally, bags or boxes containing the equipment on the basic list 
for cardiac arrest are readily available to airway managers and can be 
brought by them to any situation in which they may be asked to manage 
an airway. The more complete equipment set for urgent and elective 
intubation can be kept in a cart stocked specifically for this purpose. 
Equipment should be checked at least daily and should be stored so 
that it is readily accessible. It is important that the equipment is checked 
by the person who will use it. This procedure ensures that the airway 
manager can focus on the patient during airway manipulation, and is 
not distracted by equipment failures, equipment checks, or preparation.

■■ PHARMACOLOGIC PREPARATION AND USE
The goals of pharmacologic preparation of the patient include creat-
ing conditions that allow safe intubation, providing relief from the 
discomfort and hemodynamic consequences associated with airway 
manipulation and tracheal intubation, and decreasing the hormonal 
and neurologic consequences of the procedure. The spectrum of phar-
macologic preparation ranges from topical anesthesia to intravenous 
general anesthesia. In the hands of experienced operators, most airway 
manipulations can be accomplished with topical anesthesia alone. 
Intravenous general anesthesia is indicated in the setting of elevated ICP 
and favorable airway anatomy (Table 45-7). There are many institu-
tions where an intravenous general anesthetic is routinely administered 
for all emergency tracheal intubations, but this practice is not without 
significant risks. The majority of the literature suggests that the use of 
intravenous general anesthesia to facilitate airway management may be 
associated with a higher rate of failure and need for emergency trache-
ostomy/cricothyroidotomy, especially in less experienced hands. So the 
risks of giving a general anesthetic based on the patient’s airway anatomy 
and physical status and the experience of the airway manager must be 
weighed against the advantages of potentially improved airway visual-
ization prior to proceeding with a general anesthetic.

Patients who require urgent intubation benefit from pharmacologic 
preparation when circumstances allow. The administration of 0.2 mg IV 
glycopyrrolate will dry the mouth and facilitate direct laryngoscopy or 
fiberoptic laryngoscopy. The oropharynx can be anesthetized topically 
with 4% lidocaine spray, followed by approximately 1 to 2 mL of 2% to 
5% lidocaine jelly or ointment on an oral airway of appropriate size for 
the patient. The central channel of the oral airway can also be used to  
direct topical anesthetic at the vocal cords. The use of lidocaine for  
topical anesthesia is preferable to benzocaine, as the latter can cause 
methemoglobinemia. Care should be taken to avoid giving high doses 

  TABLE 45-7   � Steps for Tracheal Intubation in the Presence of Elevated 
Intracranial Pressure and an Anatomically Favorable Airway

	 1.	 Administer 1 mg vecuronium or pancuronium (if available).

	 2.	 Preoxygenate for 3 minutes.

	 3.	 Apply cricoid pressure.

	 4.	 Administer 0.03 mg/kg midazolam (if available).

	 5.	 Administer 1-2 μg/kg fentanyl (if available).

	 6.	 Administer 100 mg lidocaine (optional, but generally desirable).

	 7.	 Administer 3-5 mg/kg thiopental or 2 mg/kg propofol.

	 8.	 Administer 1.5 mg/kg succinylcholine or 0.2 mg/kg vecuronium or 1 mg/kg rocuronium.

	 9.	 Hyperventilate for 45 seconds with Ambu bag/mask following succinylcholine admin-
istration, or for 2 minutes following vecuronium administration.

	10.	 Perform laryngoscopy/intubation.

	11.	 Confirm intubation with auscultation or capnography.

	12.	 Elevate head of bed and ventilate to goals for patient.
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(>6 mg/kg) of lidocaine for topical anesthesia, since lidocaine is readily 
absorbed by the mucosa of the pharynx and symptoms of local anesthe-
sia toxicity can develop above this dose. Some practitioners routinely 
perform transtracheal or superior laryngeal nerve blocks to facilitate 
awake intubation, but these procedures add little to topical anesthesia 
of the proximal airway, and can cause significant bleeding in coagulo-
pathic patients. In addition, topical/local anesthesia schemes that avoid 
anesthetizing the trachea have several advantages in the ICU setting. 
They allow the patient to retain some ability to protect from aspiration, 
and they also allow confirmation of tracheal intubation when the patient 
coughs in response to introduction of the tube into the trachea.

The use of intravenous agents to facilitate tracheal intubation in 
the ICU can be hazardous. The degree of hypovolemia, myocardial 
dysfunction, and shock that often exists in these patients is difficult to 
ascertain prior to manipulating the airway in an urgent situation. Doses 
of intravenous agents that are well tolerated or even subtherapeutic in 
healthy patients can precipitate respiratory arrest or circulatory collapse 
in critically ill patients, converting a serious situation into a desperate 
one. Intravenous lidocaine in a dose of 100 mg is frequently sufficient to 
induce general anesthesia in patients with shock. The use of intravenous 
agents such as midazolam, fentanyl, thiopental, etomidate, propofol,  
and ketamine should be restricted to experienced practitioners. When 
indicated, these agents may be used to either titrate up to an acceptable 
level of sedation (which will be accompanied by a corresponding decline 
in both hemodynamics and minute ventilation, with associated worsen-
ing of hypoxia and hypercapnia), or to deliberately induce a brief period 
of general anesthesia.

■■ MUSCLE RELAXANTS AND AIRWAY MANAGEMENT 
IN THE INTENSIVE CARE UNIT

The use of muscle relaxants to facilitate airway management in the ICU 
remains controversial. Although these agents are routinely administered 
to facilitate airway management in the operating room, their use in ICU 
patients is probably not essential. The use of intravenous induction agents 
to initiate general anesthesia is motivated by the desire to produce intubat-
ing conditions quickly and to minimize unpleasant recall. Most patients 
undergoing elective surgery tolerate the hemodynamic consequences of 
intravenous anesthetic agents well and can be readily oxygenated and 
ventilated with a bag and mask. When anesthesiologists are confronted 
with patients who have abnormal airway anatomy or who may be impos-
sible to oxygenate or ventilate with a bag and mask, they typically opt 
for awake intubation strategies, as outlined in this chapter. Muscle relax-
ants, including succinylcholine, vecuronium, mivacurium, rocuronium, 
and cisatracurium should be used only by those who are experienced 
in managing the airway with an Ambu bag and mask, and who are 
thoroughly versed in techniques used to manage the difficult airway. The 
reason for this stipulation is that once these agents are administered, it is 
imperative that a definitive airway is obtained within minutes. Attempts 
at ventilating most patients in respiratory failure with an Ambu bag and 
mask are often difficult and frequently futile, since the decreased compli-
ance of the lungs and/or increased airway resistance makes it difficult 
to maintain adequate minute ventilation. This is especially likely to be 
an issue when a “rapid sequence” intubation is planned for a patient in 
whom there are concerns about aspiration since with this technique there 
is no effort to ensure that bag-mask ventilation will be possible prior to 
administering the muscle relaxant. Among muscle relaxants available  
to facilitate airway management, succinylcholine remains the agent of 
first choice in ICU and ER patients for whom it is not contraindicated.8

There is an established literature supporting the use of intravenous 
anesthetic agents and muscle relaxants to facilitate airway management 
in both the field and the emergency department.9-19 This literature 
suggests that the use of intravenous agents can both improve intubat-
ing conditions and cause hypotension, and that brain-injured trauma 
patients have worse outcomes.20,21 Airway management utilizing muscle 
relaxants in these reports is associated with a success rate in the range 
of 94% to 99%, with 1% of patients requiring a surgical airway of 

some kind. At first glance, this appears to be conspicuous success, but 
compared to airway management in the operating room, it is a very high 
rate of failure, and a very high rate of requirement for a surgical airway. 
No doubt some of the need for surgical airways in these patients is a 
consequence of their pathology, their anatomy, and the circumstances 
surrounding their airway management. Nevertheless, it seems plausible 
if not certain that the requirement for a surgical airway in some of these 
patients is a consequence of the use of either intravenous anesthetics or 
muscle relaxants as part of their airway management.

PROCEDURES FOR INTUBATION
Compared to the operating room environment, arterial oxygen desatu-
ration occurs quite rapidly in most patients undergoing intubation in 
the ICU, even if the patient has been preoxygenated with 100% oxygen. 
Factors that contribute to desaturation include an increased alveolar-
arterial gradient, decreased functional residual capacity (FRC), and 
increased metabolic rate. Accordingly, all patients undergoing airway 
management in the ICU should be preoxygenated.

The presence and help of well-trained assistants increases safety and 
success of intubation. Assistants might include other physicians, ICU 
nurses, respiratory therapists, and others trained in airway management 
and routinely engaged in the bedside care of critically ill patients. Ideally, 
the person managing the airway in the ICU has several helpers, one to help 
position the patient and apply cricoid pressure, one to hand off equipment, 
and one to monitor the patient and administer IV drugs as necessary.

Patients in cardiopulmonary arrest are relatively straightforward to 
intubate, as they are typically unconscious and flaccid. No drug therapy 
is necessary to facilitate airway management in these patients. Direct 
laryngoscopy should be attempted immediately, and the largest possible 
endotracheal tube (ETT) should be inserted into the trachea. Many 
patients will have aspirated oral secretions or gastric contents prior to or 
after their cardiopulmonary arrest, and the necessity of suctioning using 
a rigid catheter (Yankauer) to achieve adequate visualization should be 
anticipated. Patients receiving cardiopulmonary resuscitation (CPR) 
may not deliver much carbon dioxide to their lungs, and attempts to 
confirm endotracheal intubation with CO2 monitors should anticipate 
this possibility. In these instances, the use of other techniques such as 
the Ambu Tubechek Esophageal Intubation Detector bulb (Ambu Inc, 
Denmark) to rule out esophageal intubation may be necessary. The 
ability to detect carbon dioxide in the exhaled gases of such patients is 
an accepted sign of the recovery of a spontaneous circulation. Cervical 
instability is the only coexisting condition that requires serious con-
sideration during the intubation of a patient receiving CPR. All other 
medical and anatomic considerations are secondary in this situation.

In the past few years, there have been several clinical studies that have 
demonstrated an association between nasal intubation and the evolution 
of sinusitis, and between sinusitis and the development of ventilator-
associated pneumonia (VAP) (see Chap. 59). Given this, it is probably 
the case that the oral route of intubation is preferable in most critically ill 
patients. Nasal intubation may still be desirable in a select population of 
patients with normal immunity, normal coagulation status, and relative 
contraindications to oral intubation.

■■ OROTRACHEAL INTUBATION
Advantages of oral intubation include the requirement for less equipment 
(a laryngoscope), less trauma and bleeding, a lower incidence of sinus-
itis and VAP, and a high success rate independent of patient respiratory 
effort.22,23 The disadvantages of oral intubation include the substantial stim-
ulus associated with direct laryngoscopy, risk of dental and cervical trauma, 
difficulty securing the tube, difficulty of maintaining oral hygiene, and 
the occasional problem of a patient biting the tube. In addition, patients 
must generally be supine to undergo orotracheal intubation. Orotracheal 
intubation is far more difficult to accomplish than it appears to the casual 
observer, especially in the less-than-ideal conditions that are typical of 
airway management in the ICU.
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Usually patients can be successfully intubated with topical anesthesia 
alone. Most patients will benefit from treatment with 0.2 mg of glyco-
pyrrolate as a drying agent, and topical anesthesia using a combination 
of lidocaine spray (4%) and jelly (2%-5%). Topical anesthesia usually 
begins with spraying the oropharynx with lidocaine, obtaining as much 
coverage of the oro- and hypopharynx as possible to obliterate the gag 
reflex. An appropriately sized oral airway (9 mm is a good default) is 
then covered with lidocaine ointment or jelly and inserted into the 
pharynx. The patient is instructed to suck on the airway. Lidocaine can 
also be sprayed through the oral airway directly toward the larynx. The 
importance of the oral airway as a mechanism to administer topical lido-
caine requires emphasis, as it is the quality of the hypopharyngeal anes-
thesia that allows direct laryngoscopy to be performed. An adequately 
prepared patient will permit placement of a laryngoscope blade or even 
a more uncomfortable device such as an intubating LMA. Once the 
operator is assured that the airway has been adequately prepared, laryn-
goscopy (direct or fiberoptic) is performed, and intubation is attempted. 
Direct laryngoscopy in adults is usually performed using a Macintosh 
no. 3 or 4 blade, although straight blade designs (such as the Miller) are 
popular with some operators. The curved blades are generally easier to 
use, but the straight blades may be more useful in the event of difficulty 
obtaining an adequate view. It is desirable for those who manage airways 
in the ICU to be comfortable with both designs. Although circumstances 
are frequently less than ideal, the operator should do everything possible 
to ensure successful laryngoscopy. If possible, the headboard of the bed 
should be removed, and the bed moved away from the wall. The patient 
should be positioned in the sniffing position using pillows and rolled 
blankets as necessary. Failure to adequately position the patient is a 
common cause of repeated intubation attempts in the ICU setting. Once 
the patient has been intubated, it is imperative that the airway manager 
holds the tube firmly in place until the tube has been secured. Oral 
ETTs must be secured at least with tape; they may be wired to secure 
teeth in circumstances in which the use of tape is undesirable or impos-
sible. Importantly, the pressure in the cuff of the tracheal tube should be 
maintained at 20 to 22 cm H2O from the time it is inserted to minimize 
the risk of VAP.24

Successful tracheal intubation can be confirmed by a variety of tech-
niques in the spontaneously breathing patient, including the appearance 
of humidified gases in the tube, audible breath sounds at the end of 
the tube, breath sounds synchronous with Ambu bag ventilation, and 
carbon dioxide detected via capnography or capnometry.

■■ NASOTRACHEAL INTUBATION
The disadvantages of nasal intubation are the increased risk of associated 
purulent sinusitis, VAP, and bleeding.25,26 Advantages of nasal intuba-
tion include ease of securing the tube, free access to the mouth, greater 
stability relative to oral intubation, and absence of biting-associated 
obstruction. Nasal intubation can be accomplished with the head in a 
neutral position (or in traction) and with the patient sitting upright in 
bed. Nasally intubated patients are less likely to self-extubate than orally 
intubated patients.27,28 Blind nasal and fiberoptic nasal intubation are 
readily accomplished in spontaneously breathing patients with air hunger. 
Besides the risks of sinusitis, VAP, and bleeding other disadvantages 
include the greater length of the ETT and trauma to the nasal mucosa, 
septum, and turbinates. Relative contraindications to nasal intubation 
include coagulopathy, compromised immune function, and suspected or 
known skull-base trauma.

Nasal intubation can be performed blindly, with direct laryngoscopy, 
or fiberoptically. Larger-bore tubes, such as 8.0 mm ETTs, should be 
used in nasal intubation, as they can be inserted as readily as smaller 
tubes in most patients, present substantially less resistance to air move-
ment than do smaller tubes, and are large enough to allow fiberoptic 
bronchoscopy to be performed.29

Nasal intubation can be successfully performed without sedation, pro-
vided that adequate topical anesthesia is used. Many experienced operators 
prepare both nares simultaneously, so if an anatomic complication arises 

in attempts to use the first one, the second one can be used without delay. 
Those who desire to vasoconstrict the nasal mucosa prior to manipulating 
it can do so with 0.5% phenylephrine spray.30 Topical anesthesia such as 
4% lidocaine can then be sprayed into both nostrils. Following this step, a 
nasal trumpet lubricated with 2% lidocaine jelly is introduced into one of 
the nares. Successful introduction of the trumpet confirms the presence 
of a patent passage adequate to allow an ETT to be passed. If the operator 
encounters any difficulty in passing the nasal trumpet, the attempt to intu-
bate the trachea through that nostril should be abandoned. Once the trum-
pet is successfully inserted, lidocaine is then sprayed through the trumpet 
onto the vocal cords. It is best to use ETTs intended for use in the nose 
(such as the Endotrol™ tube) when performing nasal tracheal intubation, as 
conventional tubes may be too short and too rigid to be used safely for this 
purpose. The ETT is lubricated with 2% lidocaine jelly and passed into the 
nasopharynx. If any resistance is encountered as the tube is advanced, 
the operator should stop immediately. Attempts to advance the tube past 
substantial resistance are associated with mucosal tears, polypectomies, 
turbinatectomies, crushed and perforated nasal septa, and tunneling of the 
ETT underneath the mucosa, all of which can be associated with exuberant 
bleeding and other major complications. If fiberoptic intubation is planned, 
the bronchoscope is introduced through the tube into the nasopharynx 
and is advanced into the trachea. The bronchoscope is used as a stylet to 
advance the ETT into the trachea. Tracheal intubation can be confirmed by 
observing the carina and presence of tracheal rings beyond the tip of the 
ETT. If the plan is to perform nasal intubation under direct laryngeal visu-
alization with a rigid laryngoscope, the oropharynx should be anesthetized 
concurrently with the nose. Direct laryngoscopy is then performed, and a 
Magill forceps may be used to guide the tube into the trachea. If blind nasal 
intubation is planned, then the ETT is advanced slowly, with inspiration, 
while the operator listens at the end of the tube for breath sounds. As the 
end of the tube gets close to the glottis, the breath sounds become louder. 
The tube is advanced into the trachea while the patient is instructed to take 
a deep breath. The sensation of the tube popping through the cords fol-
lowed by efforts at a cough by the patient suggest successful introduction of 
the tube into the trachea. The disappearance of breath sounds suggests that 
the esophagus has been intubated. If this occurs, the tube should be with-
drawn until breath sounds are heard again. The patient’s head should then 
be repositioned and another attempt made to pass the ETT. If an Endotrol™ 
tube is being used, tension should be applied to the ring to redirect the tip 
of the tube more anteriorly before another attempt is made.

■■ FIBEROPTIC INTUBATION
Fiberoptic tracheal intubation is increasingly performed in critical care 
units.7 There are a variety of explanations for this, including the prolif-
eration of fiberoptic bronchoscopes, increased familiarity and comfort 
with their use, and increased recognition of their utility as the technique 
of first choice in the patient with an anticipated difficult airway. Because 
the technique can be made difficult or impossible by the presence of 
blood or secretions, it requires meticulous preparation of the airway with 
drying agents, suctioning of secretions, and careful avoidance of any 
trauma, which might cause bleeding. The technique is most successfully 
performed in awake patients, because their airway muscle tone maintains 
airway patency, which is important for good viewing conditions.31

Preparation for performing fiberoptic intubation consists of warming 
the ETT, if possible, to soften it and make it easier to advance through the 
vocal cords. The ETT is then placed on the fiberoptic scope in position to 
be slid forward when the scope is advanced into the trachea. The airway 
is prepared with topical anesthesia as discussed previously. Specialized 
oral airways, such as the Ovassapian airway are very useful, as they keep 
the tube midline, displace the tongue anteriorly, and prevent biting on the 
bronchoscope (Fig. 45-1). For optimal viewing conditions, it is imperative 
that a competent assistant either provide a vigorous jaw thrust or pull on 
the tongue, delivering it anteriorly. The fiberoptic bronchoscope is then 
passed through the vocal cords and down to the level of the midtrachea. 
The tube is then threaded into the trachea, over the scope with a smooth 
twisting motion. Tracheal intubation is confirmed with the bronchoscope 
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as it is withdrawn from the trachea. The distance from the carina to the 
tip of the tube is determined by measuring how far the bronchoscope 
must be withdrawn from the carina before the tip of the tube becomes 
visible. Difficulty advancing the tube is usually from the tube catching on 
laryngeal structures, and can be corrected by pulling the tube back and 
advancing with a gentle twisting motion. Rarely, the tube may be too large 
for the glottic opening, requiring the bronchoscope to be withdrawn and a 
smaller tube to be placed instead. Of note, cricoid pressure may decrease 
the time and difficulty of fiberoptic intubation.31

The technique for nasal fiberoptic intubation is similar in most 
regards. Most operators will introduce the ETT through the nose and into 
the nasopharynx, thus proving patency of the nare and allowing the tube 
to be used as a guide through the nose for the bronchoscope. Viewing 
conditions for the nasal approach are also improved by either the jaw 
thrust or the tongue-tug, especially in unconscious or sedated patients.

■■ INTUBATING WITH A LARYNGEAL MASK AIRWAY
LMAs in their various forms have become a critical component of airway 
management, especially in difficult-to-mask ventilate and difficult-to-
intubate patients (Fig. 45-2).32 A variety of LMAs (eg, the classic, Fastrach™, 
Supreme™, and ProSeal™) have been designed to facilitate ventilation and 
intubation under the most difficult conditions. As with most airway man-
agement skills, the use of such devices appears to be deceptively easy and 
unskilled practitioners will have a high rate of failure.33,34

The intubating LMA is designed to facilitate tracheal intubation with 
a large size ETT. It has a rigid anatomically curved tube made of stainless 
steel with a standard 15-mm connector, and an epiglottic elevating bar 
(EEB). The caudal end of the EEB is not fixed, allowing it to elevate the 
epiglottis when an ETT is passed through the aperture. The tube is large 
enough to accept a cuffed 8-mm ETT, and is short enough to ensure pas-
sage of the ETT cuff beyond the vocal cords. The Fastrach is fitted with a 
rigid handle to facilitate one-handed insertion, removal, and adjustment 
of the device’s position.

The device permits single-handed insertion from any position without 
moving the head and neck from a neutral position and without placing 
fingers in the mouth. Ventilation and oxygenation may be continued 
during intubation attempts, lessening the likelihood of desaturation. 
Prior to insertion of the LMA-Fastrach, the cuff should be tightly 
deflated using a syringe so that it forms a smooth spoon shape without 
any wrinkles on the distal edge. Lubricant is applied to the posterior 
surface of the LMA before insertion. The cuff is inflated with 20, 30, or 
40 mL of air for size 3, 4, or 5 LMAs, respectively.

The application of cricoid pressure reduces the chances of successfully 
positioning the LMA and intubating the trachea by 30%.35 For this reason, 
and because LMAs do not protect against aspiration, the intubating LMA 

FIGURE 45-1.  Ovassapian fiberoptic intubating airway. It keeps the tongue forward and 
the fiberscope midline, provides open air space in the hypopharynx, protects the fiberscope 
from the patient’s bite, and is removed from the mouth without disconnecting the endotra-
cheal tube adapter.

is more properly used as a rescue device than an approach of first choice 
in any ICU patient who may have a full stomach. In the settings of upper 
airway bleeding or copious secretions and failed rigid laryngoscopy, it is 
reasonable to attempt to use an intubating LMA.

■■ THE DIFFICULT AIRWAY
The difficult airway is far more commonly encountered in the ICU and 
emergency room than in the operating room. Under these emergent 
conditions of airway management, multiple attempts at laryngoscopy are 
common (25%-35%), and between 0.5% and 2% of patients require a sur-
gical airway. Copious secretions and inadequate positioning are common 
obstacles encountered in the ICU, but not in the operating room. The 
American Society of Anesthesiologists’ Difficult Airway Algorithm 
outlines the options available to practitioners faced with a difficult 
airway (Fig. 45-3).32 Choices for proceeding include ventilate with the 
bag and mask, summon help in the form of another operator, reposition, 
attempt laryngoscopy with a different blade, and apply other techniques 
as appropriate. Ideally, a competent assistant will ventilate the patient 
with an Ambu bag as the operator prepares for their next attempt to 
secure the airway. If the patient can be adequately oxygenated with mask 
ventilation, then the operator has a variety of options for how to proceed. 
Changing the operator or laryngoscope blade will sometimes permit 
successful intubation where previous attempts have failed. Straight 
blades, such as the Miller blade, are especially useful in patients with  
prominent maxillary teeth, a small mandible, an anterior larynx, a floppy 
epiglottis, or trismus.

LMAs are useful as a bridge to oxygenate patients who cannot be intu-
bated, but cannot be counted on to do so in the presence of abnormal 
lung mechanics or very abnormal anatomy.36

Care must be taken when using classic LMAs in such situations; a 
malpositioned LMA can insufflate the esophagus and increase the risk of 
aspiration. Even when properly inserted, ventilation pressures over 20 cm 
H2O can cause both leaks and esophageal and gastric insufflation. The 
LMA-ProSeal™ is a better option than a classic LMA under these conditions.

The LMA-ProSeal™ is an advanced form of the classic LMA and has 
four components: cuff, inflation line with pilot balloon, airway tube, 
and drain tube (see Fig. 45-2). The drain tube communicates with the 
esophageal inlet and permits blind insertion of gastric tubes for venting 
of the stomach. The LMA-ProSeal introducer is provided to aid inser-
tion of the LMA-ProSeal without the need to place fingers in the mouth. 
The technique of LMA-ProSeal placement with the introducer is similar 
to LMA-Fastrach placement.

The features of the LMA-ProSeal provide more patient manage-
ment options. While the classic LMA may be used with low-pressure 
PPV, the LMA-ProSeal has been designed for use with PPV at higher 
airway pressures. The drain tube will direct any regurgitated fluid to 
the outside, avoiding aspiration of gastric contents; however, it is not as 
effective as an ETT in preventing aspiration.

Another alternative for management of the difficult airway that has 
become increasingly popular over the past 5 years involves the use of vide-
olaryngoscopes. These devices (eg, the GlideScope™, Airtraq™, and Pentax 
AWS™) are generally similar in overall shape to classic rigid laryngoscopes, 
but have a video camera near the blade tip. The camera transmits images of 
the glottic structures to a screen on the handle of the device or to a remote 
monitor. Compared to conventional rigid laryngoscopy, this allows the air-
way manager to “see around corners” using a relatively rigid device. This is 
advantageous when a straight line from the upper incisors to the vocal cords 
cannot be achieved with standard laryngoscopy. These devices can thus be 
successfully used in situations where classic rigid laryngoscopy fails. They 
can also be successfully employed in clinical situations where copious blood 
or secretions would make classic fiber optic approaches difficult or impos-
sible. Some of these devices are less rigid and less bulky than others, making 
them more useful in some settings (eg, awake airway management, trismus) 
than others. Videolaryngoscopes also permit visualization without requir-
ing extension of the neck, which is advantageous in patients with cervical 
trauma or other contraindications to extension of the atlantooccipital joint.
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FIGURE 45-2.  A. Classic laryngeal mask airway is available in eight sizes (1, 1½, 2, 2½, 3, 4, 5, and 6) that can be used in patients ranging from neonates to large adults. Its role in difficult 
or failed face mask ventilation is well established, and it has multiple applications in the American Society of Anesthesiologists’ Practice Guidelines for Management of the Difficult Airway algo-
rithm published in 1993 and revised in 2013. B. LMA-ProSeal™ is an advanced version of the classic LMA with more airway management options. It provides higher seal pressure and therefore 
is more suitable for positive pressure ventilation. The drain tube communicates with the upper esophagus and permits passage of a nasogastric tube and decompression of the stomach, which 
is very valuable in patients with failed intubation and a distended stomach. C. Intubating LMA (Fastrach™) is available in sizes 3, 4, and 5, and is designed to facilitate tracheal intubation with 
endotracheal tubes up to 8-mm inside diameter. Intubation can be performed blindly or in case of difficulty with the help of flexible bronchoscopy. Like the classic LMA, the Fastrach™ establishes 
ventilation when face mask ventilation has failed, and permits oxygenation and ventilation during intubation, which is useful when large amounts of secretions and blood are present in the 
airway following failed intubation attempts. (Courtesy of LMA North America, Inc.)
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1. Assess the likelihood and clinical impact of basic management problems:
        • Difficulty with patient cooperation or consent
        • Difficult mask ventilation
        • Difficult supraglottic airway placement
        • Difficult laryngoscopy
        • Difficult intubation
        • Difficult surgical airway access

2. Actively pursue opportunities to deliver supplemental oxygen throughout the process of difficult airway
         management.

3. Consider the relative merits and feasibility of basic management choices:

       • Awake intubation vs intubation after induction of general anesthesia
       • Non invasive technique vs invasive techniques for the initial approach to intubation
       • Video-assisted laryngoscopy as an initial approach to intubation
       • Preservation vs ablation of spontaneous ventilation

4. Develop primary and alternative strategies:

FIGURE 45-3.  The American Society of Anesthesiologists’ Difficult Airway Algorithm provides a simple general guideline for management of an anticipated or unanticipated difficult airway. 
*Confirm ventilation, tracheal intubation, or LMA placement with exhaled CO

2
. (a) Other options include (but are not limited to) surgery utilizing face mask or LMA anesthesia, local anesthesia 

infiltration, or regional nerve blockade. Pursuit of these options usually implies that mask ventilation will not be problematic. Therefore, these options may be of limited value if this step in the 
algorithm has been reached via the emergency pathway. (b) Invasive airway access includes surgical or percutaneous tracheostomy or cricothyrotomy. (c) Alternative noninvasive approaches to 
difficult intubation include (but are not limited to) use of different laryngoscope blades, LMA as an intubation conduit (with or without fiberoptic guidance), fiberoptic intubation, intubating 
stylet or tube changer, light wand, retrograde intubation, and blind oral or nasal intubation. (d) Consider repreparation of the patient for awake intubation or canceling surgery. (e) Options for 
emergency noninvasive airway ventilation include (but are not limited to) rigid bronchoscopy, esophageal-tracheal combitube ventilation, or transtracheal jet ventilation. (Reproduced with 
permission from American Society of Anesthesiologists Task Force on Management of the Difficult Airway, Apfelbaum JL, Hagberg CA, Caplan RA, et al. Practice guidelines for management of the 
difficult airway. An updated report by the American Society of Anesthesiologists Task Force on Management of the Difficult Airway. Anesthesiology. February 2013;118(2):251-270.)

If the patient cannot be either intubated or oxygenated with less inva-
sive means, then a surgical airway is indicated. This decision cannot be 
made lightly, as emergency surgical airways (such as tracheostomy) have 
a complication rate of 30%.37 Tracheostomy is preferable to cricothyroid-
otomy, but requires the timely availability of both skilled personnel and 
appropriate equipment. Tracheostomy provides a large-bore cuffed air-
way that both protects against aspiration and can be used for mechanical 
ventilation. A wide variety of kits are commercially available for these 
procedures, and are preferable to ad hoc kits because they contain all 
of the necessary equipment and supplies, are sterile, and have a variety 

of training aids. Individuals who anticipate the possibility of using such 
kits as part of their airway management practice should obtain training 
in their use. Needle cricothyroidotomy and jet ventilation is an approach 
preferred by some airway managers when attempts to ventilate and 
secure an airway via laryngoscopy fail.38

■■ CHANGING THE ENDOTRACHEAL TUBE
Changing the ETT is frequently more hazardous than original inser-
tion, because the patient may have evolved significant facial and airway 
edema, and may require both very high FiO2 and positive end-expiratory 
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pressure (PEEP). The most common indications for changing ETTs 
include failure of the cuff to retain volume and pressure, occlusion of the 
tube by inspissated secretions and clots, and the requirement for a differ-
ent tube than the one originally inserted (eg, one of a larger diameter, or 
a different type such as a single- rather than a double-lumen tube). Tube 
changes motivated by complete occlusion or cuff rupture in the face of 
high PEEP may be dire emergencies; most other ETT changes are not.

Practitioners called on to change an ETT have the advantage that the 
patient already has an artificial airway, and hence the ease or difficulty 
of obtaining an airway has been discovered at least once for the patient. 
If laryngoscopy was easily accomplished before, and the patient’s airway 
anatomy has not changed appreciably (eg, as a result of edema), many 
practitioners elect to perform ETT changes with direct laryngoscopy 
under deep sedation and paralysis. This practice is safe when the old 
tube is withdrawn simultaneously with the introduction of the new tube 
into the trachea. Many operators prefer to perform ETT changes with 
the patient breathing spontaneously, reasoning that attempts at ventila-
tion by the patient will delay the onset of hypoxia and hypercarbia in the 
event of difficulty in inserting the new airway. Withdrawing the old 
tube prior to attempting laryngoscopy, or when the view is difficult, can 
produce a cannot-intubate, cannot-ventilate situation, which can quickly 
become a crisis.

A variety of semirigid catheters are available for use as tube chang-
ers. Although they can be helpful in difficult circumstances, they can 
become dislodged from the trachea, and in some cases it is impossible 
to thread the new tube over them. Tube changers may be best used in 
combination with direct laryngoscopy when the anatomy is challeng-
ing. Tube changers with a central lumen may be used to attempt to jet 
ventilate patients in the event that a more permanent airway cannot be 
established immediately. In patients with substantial facial and neck 
edema or burns, several assistants will be required for successful tube 
changes. Fiberoptic-guided exchange of tracheal tubes requires both 
excellent preparation of the airway (including treatment with drying 
agents such as glycopyrrolate and aggressive suctioning), and a high 
degree of skill by the operator, but can produce success where most or 
all other approaches would yield failure.39

In addition to their use for tube exchanges, tube changers can also 
play an important role when extubating the patient with a known or 
suspected difficult airway. If a patient is extubated over a tube changer, it 
can be left in place and used either to facilitate reintubation or to provide 
jet ventilation to the lungs until a more satisfactory means of providing 
oxygenation can be established.40

PHYSIOLOGIC CHANGES ASSOCIATED WITH 
INTUBATION AND MECHANICAL VENTILATION
Tracheal intubation has a range of important physiologic consequences. 
These are not complications of the procedure per se, but are consequences 
of the presence of an artificial airway and mechanical ventilation.

Tracheal intubation and the institution of PPV can cause a variety of 
changes in circulatory physiology. Laryngoscopy and tracheal intubation 
are frequently accompanied by hypertension and tachycardia.

ETTs may cause an increase in airway resistance. An 8.0-mm ETT 
causes a 20% increase in airway resistance in the normal airway, all of it in 
the central airways and nonresponsive to therapy with inhaled broncho-
dilators. Smaller tubes have exponentially higher resistances.41 A 7.0-mm  
ETT has twice the resistance of an 8.0-mm tube, whereas a 9.0-mm tube 
has one-third the resistance of an 8.0-mm tube. The airways resistance 
associated with a particular tube increases as inspissated secretions accu-
mulate in the tube, decreasing its diameter and increasing the turbulence of 
flow. Tracheal intubation can also precipitate bronchospasm in susceptible 
individuals, which can further increase airways resistance.

Hypotension frequently follows successful tracheal intubation and 
mechanical ventilation, and has many contributing factors.42 First, 
these usually entail a change in mean intrathoracic pressures from large 
negative pressures to large positive pressures, with a corresponding fall 

in venous return and cardiac output. Mechanical ventilation is also 
frequently associated with a resolution of hypoxia, hypercapnia, and 
dyspnea, and a proportionate decline in circulating catecholamines.43 In 
addition, patients with obstructive lung disease can develop high levels 
of auto-PEEP very quickly during vigorous ventilation with an Ambu 
bag, which can be associated with hypotension.44,45 Finally, high levels of 
PEEP can increase the pulmonary vascular resistance, with an associated 
shift of the interventricular septum into the left ventricle and decreased 
stroke volumes46,47 (see Table 45-5).

COMPLICATIONS
Airway manipulation in critically ill patients is a necessarily hazardous 
undertaking (Table 45-8). Death, circulatory collapse, arrhythmias, 
hypoxia, airway trauma, aspiration, and failed intubation can all occur, 
even when the airway is managed flawlessly.

Right mainstem intubation is a common consequence of intubation 
in the ICU. It can be avoided in many cases by taping tubes at 23 cm at 
the lip in males and 21 cm at the lip in females of average stature (using 

  TABLE 45-8    Complications of Intubation

Immediate

  Right mainstem intubation

  Esophageal intubation

  Gastric aspiration

  Dental injury, tooth aspiration

  Mucosal laceration or tear

  Hypertension/tachycardia

  Myocardial ischemia

  Elevated intracranial pressure

  Hypotension

  Arrhythmias

    Ventricular premature beats

    Ventricular tachycardia

    Ventricular fibrillation

    Atrial fibrillation

    Bradycardia (in young patients)

  Bronchospasm

  Vocal cord trauma

  Dislocation of arytenoid cartilage

  Pain

Chronic

  Serous or purulent otitis

  Sinusitis

  Mucosal ulceration

  Necrosis of lip or nose

  Granulomas

  Dental damage from biting

  Tracheal mucosal injury

  Tracheoesophageal fistula, tracheo-innominate fistula

  Laryngeal stricture

  Vocal cord synechiae/paralysis

  Tracheomalacia, cricoarytenoid edema, subluxation and fracture

  Tracheal stenosis
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the average tooth-to-carina distance, which is 28 cm in the average male 
and 24 cm in the average female).48 Tooth-to-carina distance varies; a 
tube taped at 24 cm at the lip might be in perfect position for the average 
180-cm male, but might not even be in the trachea of a very tall patient. 
Correct positioning of the ETT is difficult to verify clinically and requires 
fiberoptic bronchoscopy or a chest radiograph for confirmation.49,50

In spite of assertions that it should never happen, esophageal intu-
bation remains an inevitable complication of airway management. In 
theory, it should be quickly recognized and the offending tube removed 
expeditiously. In practice, it will occur in circumstances in which 
auscultation of the breath sounds is difficult and where endotracheal 
intubation cannot be confirmed with capnography, including patients 
with severe bronchospasm (especially children), and in adults in full 
cardiopulmonary arrest.51

Gastric aspiration that occurs around the time of intubation in the 
ICU can cause pneumonia and precipitate ARDS; it occurs approxi-
mately 4% of the time.11 In less controlled settings, such as in trauma 
patients, aspiration may occur in up to 30% of patients around the time 
they are intubated.52 The application of cricoid pressure and manipula-
tion of the airway with the patient awake are the two most effective 
strategies to avoid this problem.

A variety of tissue injuries are associated with airway management in 
the ICU setting.53-56 These injuries are more likely to occur in uncoop-
erative patients, seizing patients, and patients with anatomically difficult 
airways.57 Dental injury and tooth fragment aspiration remain compli-
cations of airway management. Tracheal and esophageal lacerations can 
also occur. At least some bleeding is likely to occur in coagulopathic 
patients and in patients with friable tissues. The vocal cords and ary-
tenoid cartilages can also be traumatized during intubation. Prolonged 
tracheal intubation can also impair swallowing, which increases the risk 
of aspiration in these patients after extubation.58 Residual muscle paraly-
sis is an important risk factor for aspiration in perioperative patients, 
and perhaps in critically ill patients as well.59

A variety of cardiac complications may occur around the time of 
airway manipulation. Myocardial ischemia can be precipitated by 
the stress response to airway interventions. The amount of ischemia 
precipitated can be minimized with adequate topical anesthesia and 
by matching the sedation given to the degree of stimulation created. 
Ventricular premature beats are a common consequence of the stress 
response in the setting of airway instrumentation. Ventricular tachycar-
dia and ventricular fibrillation can occur in patients susceptible to these 
arrhythmias. Bradycardia can also occur, particularly in young patients 
with high vagal tone.

Death occurs around the time of endotracheal intubation in approxi-
mately 3% of critically ill patients.11 In some patients, issues of airway 
management will contribute to the sequence of events that result in 
death; nevertheless, an expeditious intubation averts death in the vast 
majority of patients.

TRACHEOSTOMY
The role of tracheostomy continues to evolve in critically ill patients. The 
improved design of ETTs and careful attention to sedation has minimized 
the traumatic consequences of prolonged intubation, making transla-
ryngeal intubation for weeks both safe and tractable. On the other hand, 
improved techniques for performing tracheostomy and the increasing 
ability to perform a tracheostomy at the bedside have made tracheostomy 
safer and more available than it has been previously. In spite of these 
improvements, tracheostomy continues to have immediate and long-
term complications that intensivists must be prepared to manage.

■■ INDICATIONS FOR TRACHEOSTOMY
The least controversial indication for tracheostomy is upper airway 
obstruction, especially long-term or permanent airway obstruction. 
Tracheostomy is also widely accepted as preferable to transglottic intuba-
tion for long-term mechanical ventilation. Tracheostomy is also indicated 

when a patient will be unable to clear their airway secretions for a long 
period of time. Finally, tracheostomy is frequently used to facilitate 
liberation from mechanical ventilation.

Tracheostomy has several benefits in patients who will require long-
term mechanical ventilation. It allows easier and safer access to the 
mouth, which allows improved oral hygiene. It is substantially more 
comfortable than translaryngeal intubation, so the need for both anal-
gesics and sedation may be significantly reduced. Specially designed 
tracheostomy tubes allow for speech and even normal eating in patients 
who are either continuously or intermittently ventilated. There was 
a time when patients underwent tracheostomy after only very brief 
periods of translaryngeal intubation and mechanical ventilation (eg, 
7-10 days). In contemporary practice, the decision to perform a trache-
ostomy on a patient should not be motivated as much by the time that 
has already elapsed on mechanical ventilation as by the amount of time 
it can be foreseen that they will require mechanical ventilation. If the 
patient will obviously require ventilation for the coming weeks, then it 
is quite reasonable to perform a tracheostomy for both their safety and 
comfort.60,61 Patients at high risk for the complications of translaryngeal 
intubation, such as diabetics, may benefit from earlier tracheostomy.

Tracheostomy has the great benefit of reducing the dead space in the 
ventilation circuitry, resulting in substantially greater alveolar ventila-
tion for any given minute ventilation. This benefit may be of critical 
importance in patients whose strength is very closely matched to their 
requirement for minute ventilation, and who might not otherwise be 
easy to liberate from the ventilator. The ease of reinstituting mechanical 
ventilation, and the wide bore and short length of tracheostomy tubes 
are also of benefit in these circumstances.

■■ PERCUTANEOUS VERSUS SURGICAL TRACHEOSTOMY
There is a large and growing literature that clearly demonstrates that 
percutaneous and surgical tracheostomy are equally successful and safe 
in competent hands.62-64 Interestingly, the sum of the patients in all of 
the prospective studies published thus far is less than 600, limiting the 
statistical power of inferences about rare complications, such as death, 
pneumothorax, and posterior tracheal wall perforation, but certainly 
allowing the conclusion that the success rates and overall complica-
tion rates of the two procedures are very similar. Mortality of either 
procedure is now less than 1%, which is significantly lower than that 
reported in older literature. When performed at the bedside in the ICU, 
both percutaneous and surgical tracheostomies are significantly less 
expensive and easier to arrange than a tracheostomy in the operating 
room. The difference in cost between the two procedures performed at 
the bedside is small, and likely to be outweighed by other institutional 
factors and considerations.

A variety of techniques for percutaneous tracheostomy have been 
described and are in widespread use. Briefly, after appropriate sedation, 
the patient’s neck is extended to open the tracheal interspaces. The skin 
over tracheal interspaces below the cricoid cartilage is then anesthe-
tized, prepped with an appropriate cleansing agent, and draped in sterile 
fashion. A 2-cm horizontal incision is made, and the strap muscles of 
the neck are bluntly dissected along the midline down to the trachea. 
The existing tracheal tube is then withdrawn to a position just below the 
vocal cords. A needle is then inserted into the trachea (usually under 
bronchoscopic guidance), and a wire threaded into the tracheal lumen. 
The tract is then mechanically dilated, and an appropriately sized tube 
inserted into the trachea. Commercially available kits are now available 
that replace multiple dilators with a single dilator (eg, Blue Rhino PDT™ 
from Cook Critical Care, Bloomington, IN), which may save time and 
reduce the risk of the procedure as well. Two of the advantages of the 
percutaneous technique are the minimal sharp dissection involved, and 
the use of dilation to create the tract for the tracheostomy tube, both of 
which limit the bleeding associated with the procedure.

The literature about percutaneous tracheostomy clearly documents 
that it can be accomplished successfully and safely in the hands of 
competent practitioners. Some techniques incorporate bronchoscopic 

section04.indd   394 1/23/2015   2:18:55 PM

http://www.myuptodate.com


CHAPTER 45: Airway Management 395

guidance, incurring additional expense, time delay, and need for 
additional operators to provide some increase in the safety of the 
procedure. Although simultaneous bronchoscopy is advocated by 
some authorities, many more experienced operators rarely if ever use a 
bronchoscope to facilitate the procedure. The speed with which percu-
taneous tracheostomy without the use of a bronchoscope can be accom-
plished is impressive, making it attractive as a procedure to emergently 
secure the obstructed airway in institutions with readily available kits 
and highly skilled operators. Morbid obesity and previous tracheostomy 
are frequently cited contraindications to percutaneous tracheostomy, 
but there are case series that suggest that the procedure can be per-
formed safely in select patients with these diagnoses, as well.65,66 There 
is no doubt that as with any other procedural skill, there is and will be 
significant variation across practitioners and institutions, which makes 
rigid prescriptions about percutaneous tracheostomy inappropriate.

■■ MINITRACHEOSTOMY
Minitracheostomy is a procedure that is sometimes performed in select 
critically ill patients to facilitate clearance of bronchial secretions.67 
Minitrach™ allows repeated suctioning of the trachea below the cords 
without passing a tube through them at the cost of undergoing the 
procedure (which is generally performed at the bedside) with its atten-
dant complications. The procedure itself is very similar to that described 
for percutaneous tracheostomy, except that it does not require significant 
dilation of the track to the trachea, and it does not result in an airway. 
Minitracheostomy has been demonstrated to reduce the incidence of 
radiographic collapse, but has not otherwise been proven to improve 
outcomes.68,69 Minitracheostomy is commonly done at a few centers, 
rarely done at most, and never done at others. This is unlikely to change 
unless studies demonstrating more dramatic benefit to the procedure 
are published.

■■ COMPLICATIONS OF TRACHEOSTOMY
The immediate complications of tracheostomy include hemorrhage, 
malpositioning of the tracheostomy tube, and pneumothorax/pneumo-
mediastinum. Hemorrhage can occur as a consequence of bleeding from 
subcutaneous vessels, neck veins, and the thyroid gland. Most postoper-
ative bleeding is venous in origin, and it may take hours for a noticeable 
hematoma to form. A hematoma in the neck can compress the trachea 
or cause it to deviate, resulting in increased airway pressures, a sensa-
tion of dyspnea on the part of the patient, and hypoventilation. Airway 
obstruction caused by a hematoma is best treated by decompression/
evacuation, as all other therapies will fail to interrupt the cascade of 
events leading to deterioration and will allow the underlying process 
to progress.

Rarely, tracheostomy tubes may be placed into tissue planes in the neck 
anterior to the trachea instead of in the trachea. Monitoring end-tidal 
carbon dioxide concentrations after the tube is inserted is now routine at 
most institutions, and will aid in the timely recognition of this problem, 
allowing it to be quickly corrected. Tracheal positioning of the trache-
ostomy tube can also be verified with successful passage of a suction 
catheter through the appliance, auscultation, or fiberoptic bronchoscopy.

Pneumothorax and pneumomediastinum are consequences of inva-
sion of these tissue planes, which can extend superiorly into the neck in 
some patients (particularly those with chronic obstructive pulmonary 
disease or on high amounts of PEEP). These complications are more 
likely to occur in situations in which the anatomy is difficult, such as 
patients with morbid obesity, previous neck surgery, or goiter. These 
complications are usually recognized on the routine chest radiograph 
taken postoperatively in these patients to confirm adequate positioning 
of the new tracheostomy tube.

■■ LONG-TERM COMPLICATIONS OF TRACHEOSTOMY
Tracheostomy tubes are frequently left in patients for months and occa-
sionally years. This situation puts the patient at risk of complications  

due to chronic irritation or erosion of the trachea, including tracheo-
esophageal fistula, tracheo-innominate fistula, tracheomalacia, and 
tracheal stenosis.

The absence of a large epidemiologic database, the heterogeneity of 
patient populations undergoing tracheostomy in the ICU, and the high 
mortality in some patient populations that undergo the procedure make 
discussion of the long-term complications of tracheostomy difficult.70 
Tracheal stenosis is diagnosed in 40% to 60% of patients who have 
undergone tracheostomy, but it is unclear if this is a complication of 
their tracheostomy or their prior transglottic tracheal intubation.71,72 The 
high cuff pressures thought to be the major cause of the tissue injury 
that drives this process are more likely to be present during the early, 
acute phase of critical illness, when high airway pressures are present.73 
On the other hand, the disruption of the tracheal cartilages caused by 
the presence of the tracheostomy tube may lead to instability, which 
may in turn cause tissue injury, which may be worsened by the immune 
response to both the tracheostomy tube and the purulent secretions that 
contaminate its tract. Given this, it is unsurprising that a majority of the 
tracheal stenoses attributed to tracheostomy occur at the level of entry 
into the trachea.

Tracheo-innominate fistula occurs in less than 1% of patients, 
typically within 1 month of undergoing insertion of a low-lying tracheo- 
stomy. Either the tip of the tube or its cuff erodes through the anterior 
wall of the trachea and into the vessel, causing life-threatening bleed-
ing, which requires immediate surgical repair. Significant bleeding 
from the fistula is often preceded by a relatively mild herald bleed. 
Tracheoesophageal fistula occurs via the same mechanism, but entails 
erosion through the posterior wall of the trachea into the esophagus. 
Tracheoesophageal fistula is frequently difficult to diagnose, as it can 
present as recurrent pneumonia in a ventilated patient. Other more 
obvious symptoms include cuff leak refractory to inflation, aspiration 
of large quantities of tube feeds in spite of an appropriately inflated 
tracheostomy cuff, and gastric distention with large quantities of air. 
The diagnosis of a tracheoesophageal fistula can be established with 
either barium swallow or computed tomography scan. Treatment is 
usually surgical, although a variety of stents have been employed as 
an alternative.74

TEACHING AIRWAY MANAGEMENT SKILLS
The place to learn airway management skills is the operating room, 
not the ICU. Basic airway management skills, although apparently very 
simple, in fact take a great deal of time and experience to master. These 
basics are best learned in an environment in which patients will gener-
ally have normal anatomy, circulation, and lung mechanics. Elective 
procedures in the operating room present ideal opportunities to learn 
the basics of mask ventilation, laryngoscopy, fiberoptic laryngoscopy, 
nasal intubation, and insertion of LMAs. Outpatient bronchoscopies 
present excellent opportunities to learn how to adequately topically 
anesthetize the nasopharynx and oropharynx. Literature from a wide 
variety of fields supports the contention that most practitioners tasked 
with managing the airway are either inadequately trained, or will 
predictably benefit from more training.75,76 Once the basics of airway 
management have been mastered in the elective setting, they can be 
applied to airway management in the ICU under adequate supervi-
sion. Attempts to teach the basics of airway management at the bedside 
in  the ICU should be discouraged, as critically ill patients do not 
tolerate the high rates of failure that typically occur as practitioners 
learn these skills. Participating in airway management workshops 
and the practice of various airway management techniques in models 
and simulators is extremely valuable, especially for procedures such 
as fiberoptic bronchoscopy, which requires hours of practice to attain 
facility manipulating the bronchoscope. The wide variety of issues that 
skillful practitioners must take into account at the bedside or consider 
as they undertake the airway management of ICU patients are given 
in Table 45-9.
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  TABLE 45-9    Bedside Considerations

	 1.	 Save the brain.

	 2.	 Save the circulation.

	 3.	 A spontaneously breathing patient has at least one vital sign; an apneic patient  
may soon have none.

	 4.	 Mask ventilation is better than esophageal intubation.

	 5.	 The worst time for a patient to aspirate is when it is time to intubate.

	 6.	 If you do not give any IV anesthetics, the CODE cannot be blamed on you.

	 7.	 The patient who asks for a tube needs one.

	 8.	 A patient who does not mind a tube needs one.

	 9.	 The best procedure for a patient may be the one that you know how to do best.

	10.	 The place to learn basic airway management skills is the operating room, not the ICU.
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C H A P T E R

KEY POINTS

•• In critically ill patients, tracheostomy is most commonly per-
formed to facilitate delivery of prolonged mechanical ventilation. 
Less frequently, it may be performed for relief of upper airway 
obstruction or for management of chronic pulmonary secretions.

•• The most compelling reason to perform tracheostomy for patients 
requiring prolonged mechanical ventilation is to improve patient 
comfort and decrease sedation requirements.

•• The available evidence base suggests that performing tracheos-
tomy early in patients expected to require prolonged mechanical 
ventilation does not reduce mortality, rates of ventilator-associated 
pneumonia, or duration of intensive care unit admission.

•• Surgical tracheostomy and percutaneous dilational tracheostomy 
(PDT) have comparable complication rates, but PDT is often more 
convenient and requires less resources to perform.

•• Cricothyroidotomy, rather than tracheostomy, should be the surgi-
cal airway of choice in emergency situations, except in the unusual 
case of subglottic obstruction.

•• In cases of accidental tracheostomy tube dislodgement occurring 
before a mature tract has formed, blind attempts at reinserting the 
tracheostomy tube risk creating a false passage anterior to the tra-
chea. Endotracheal intubation from above is the safest method of 
airway control in the early posttracheostomy period (eg, <7 days).

INTRODUCTION
Tracheostomy has become one of the most commonly performed proce-
dures in the intensive care unit (ICU), yet there still exists considerable 
uncertainty regarding its preferred technique, indications, and timing. 
Between 6% and 20% of patients requiring mechanical ventilation will 
receive a tracheostomy,1-3 including a large proportion of patients requir-
ing prolonged mechanical ventilation, accounting for up to one-third 
of all ventilator days.4,5 The use of the procedure also appears to have 
increased over time,6 possibly due to the emergence of percutaneous 
dilational tracheostomy, which has made the procedure more conve-
nient to perform at the bedside.7 Determining and refining the appro-
priate indications for tracheostomy are likely to become increasingly 
important as more patients survive the acute phase of critical illness and 
as pressures increase on critical care providers to facilitate patient flow 
through critical care areas.

INDICATIONS FOR TRACHEOSTOMY
Tracheostomy may be considered for a variety of different situations 
in critically ill patients, but the underlying rationale for the procedure 
may be simplified to three general indications (Table 46-1). The first 
is to establish or maintain a patent airway in a patient who has upper 
airway obstruction or who is incapable of adequate airway protection. 
The second is to assist with the delivery of positive pressure ventilation 
in patients with respiratory failure, in an effort to facilitate weaning 
from mechanical ventilation by reducing dead space and decreasing 
airway resistance, or to reduce sedative requirements by providing a 
more comfortable conduit to receive mechanical ventilation. The third 
is to facilitate clearing of secretions in patients with a need for ongoing 
pulmonary toilet.
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Although the decision to perform a tracheostomy is most straight-
forward as an emergency treatment of upper airway obstruction, this 
indication is uncommon. By far the most common reason patients in the 
ICU will receive a tracheostomy is to assist with the delivery of mechani-
cal ventilation, especially among those expected to require mechanical 
ventilation for a prolonged time or in anticipation of difficult weaning. 
However, predicting which patients will require mechanical ventilation 
of sufficient duration to justify the risks of the procedure is often dif-
ficult (see later), and many of the anticipated benefits of performing 
tracheostomy for these patients have not been confirmed.

BENEFITS AND RISKS OF TRACHEOSTOMY
For patients who receive tracheostomy because they are expected to 
require prolonged mechanical ventilation, the risks and benefits of the 
procedure must be compared to those of prolonged endotracheal intu-
bation. As with most surgical procedures, there are risks of both short- 
and long-term complications from tracheostomy. In the short term, the 
most serious risks include loss of the airway, bleeding, and damage to 
nearby structures such as the esophagus, pleura, and recurrent laryn-
geal nerves.8 Longer-term complications may include infection, skin 
or cartilage necrosis, tracheo-innominate fistula, tracheomalacia, and 
tracheal stenosis.9 Other complications that are important yet more 
difficult to quantify include problems with cosmesis and body image as 
well as potentially a greater need for long-term care and higher caregiver 
requirements.2 The exact incidence of complications does depend to 
some extent on the technique selected: surgical tracheostomy or percu-
taneous dilational tracheostomy (Table 46-2).

Many potential benefits have been claimed for performing tracheos-
tomy in patients expected to require prolonged endotracheal intubation. 
Most notable of these is a belief that the procedure will decrease the 
duration of mechanical ventilation and, consequently, shorten the dura-
tion of ICU stay. Tracheostomy does allow for greater flexibility in wean-
ing patients from the mechanical ventilator. The decreased dead space 
and, more importantly, the decreased resistance of the shorter trache-
ostomy tube10 allow for the patient to be entirely disconnected from the 
ventilator and breathing unsupported, without the need for extubation 
and reintubation. Whether these physiological and practical advantages 
actually translate to a shortened duration of mechanical ventilation or 
ICU stay remains controversial (see later).

Most critical care practitioners agree that tracheostomy provides a 
more comfortable conduit for mechanical ventilation than endotracheal 
intubation.11-13 This may allow for a reduction in sedation requirements, 
and thus facilitate weaning from the ventilator and allow for earlier 

  TABLE 46-1    Selected Examples of Indications for Tracheostomy

Airway Obstruction

Prolonged Respiratory 
Failure and Mechanical 
Ventilation

Excessive Secretions/
Impaired Cough

Trau�ma
•	 Head and neck trauma
•	 Facial/inhalational burns
•	 Traumatic brain injury
Persistent decreased level of 
consciousness

Airway infections
•	 Epiglottitis
•	 Head and neck abscess
Airway neoplasms

Anaphylaxis

Vocal cord paralysis

Congenital airway abnormalities

ARDS

COPD

Pulmonary fibrosis

Neuromuscular disease

Chest wall restrictive 
disease

Chronic pulmonary 
infections
•	 Cystic fibrosis
•	 Other bronchiectasis
•	 Chronic bronchitis
Neurological injury
•	 Traumatic brain injury
•	 Anoxic brain injury
•	 Spinal cord injury

These examples are provided for illustrative purposes only, and are not intended to represent a complete list.

mobilization and a greater degree of patient participation in care, such 
as physiotherapy. However, the potential of tracheostomy for decreasing 
sedation requirements has not been consistently observed.11,13 This may 
be in part due to the evolving evidence base emphasizing the benefits of 
daily awakening to minimizing sedative infusions in all patients receiv-
ing mechanical ventilation, causing differences in sedation require-
ments previously noted with tracheostomy to be minimized.14 Other 
less quantifiable variables such as improved lip reading and better oral 
care may further improve the comfort of tracheostomy. Furthermore, in 
the longer term, patients with tracheostomy do have the potential for 
swallowing and for speech; though in general this is not possible until 
positive pressure ventilation is no longer required.

Compared to endotracheal intubation, tracheostomy does provide 
an airway that is less easily dislodged.15 This is particularly true once a 
mature tract has formed which enables relatively easy and safe replace-
ment of a dislodged tracheostomy tube. Once a mature tract has formed, 
this allows for greater confidence with mobilization and physiotherapy 
as well as the potential transfer to a level of care without immediate 
access to personnel with advanced airway skills.

In the past, endotracheal intubation has been implicated as a con-
tributor to airway complications such as tracheal and laryngeal stenosis. 
The prevention of subglottic stenosis has been cited as a major reason 
to avoid prolonged endotracheal intubation in ICU patients and to per-
form tracheostomy after a certain duration of mechanical ventilation.16 
The actual incidence of airway trauma from endotracheal intubation is 
likely low17 now that high volume, low pressure cuffs are standard on 
endotracheal tubes. Tracheostomy tubes have also been associated with 
tracheal stenosis attributed to cuff insufflation, tracheal trauma and 
granulomas from the tube tip, and long-term stenosis at the tracheotomy 

  TABLE 46-2    Complications of Tracheostomy

Estimated Incidence, %

Surgical Tracheostomy
Percutaneous Dilational 
Tracheostomy

Intraprocedural

  Paratracheal insertion 0-10 0-4

  Loss of airway 0-4 0-8

  Posterior tracheal wall injury <0.01 0-13

  Hypoxia 0-8 0-25

  Intratracheal fire <1 Not applicable

  Death <0.01 <0.01

Early Postprocedural

  Hemorrhage

    Minor 11-80 10-20

    Major 0-7 0-4

  Pneumothorax 0-4 0-4

  Subcutaneous emphysema 0-11 0-5

  Accidental decannulation 0-15 0-5

  Stoma infection 0-63 0-10

Late Postprocedural

  Tracheal stenosis 11-63 7-27

  Tracheomalacia 0-8 0-7

  Tracheoesophageal fistula <1 <1

  Tracheo-innominate fistula <1 <1

  Delayed stoma closure 10-54 0-39

  Cosmetic deformity 5-40 0-20

Estimates vary widely based on those reported in the literature, and are adapted from references.8,9,73
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site after decannulation.17 Patients with prolonged intubations likely do 
benefit from removing the endotracheal tube to reduce oropharyngeal 
and laryngeal damage, but whether this offsets the potential tracheal 
complications of tracheostomy is unclear.18 We suggest that patients 
with evidence of oral or pharyngeal ulceration and who are expected 
to require prolonged mechanical ventilation should be considered for 
conversion to tracheostomy.

There is some evidence from small trials19 that tracheostomy may 
reduce the incidence of ventilator-associated pneumonia (VAP) in ICU 
patients requiring prolonged mechanical ventilation,20 but these patients 
were not systematically screened for the development of VAP. The 
posited mechanisms through which this advantage might be realized 
include better oral care, more effective suctioning, and improved glottic 
compliance, resulting in less pooled secretions in the trachea. Recently, 
a well-designed large trial from Italy evaluated the impact of tracheo
stomy timing on the incidence of VAP among patients from 12 Italian 
ICUs with ongoing severe respiratory failure 24 hours after intubation.21 
Of 600 patients studied, 419 did not significantly improve or worsen 
according to standardized criteria evaluated 48 hours after enrollment. 
These patients were randomized to receive percutaneous tracheostomy 
after 6 to 8 days (early group) or after 13 to 15 days (late group) of laryn-
geal intubation. Monitoring for VAP was standardized and assessed by 
blinded adjudicators in an effort to minimize ascertainment bias. There 
was a statistically nonsignificant trend toward a reduction in VAP with 
early tracheostomy. However, even if this trend were real (and the trial 
was underpowered to confirm it), the clinical benefit would appear 
small; earlier tracheostomy was not associated with reductions in mor-
tality (at 28 days or 1 year) or hospital length of stay.

TIMING OF TRACHEOSTOMY
The optimal timing of tracheostomy for patients that are antici-
pated to have ongoing ventilator dependence remains controversial. 
After a prolonged period of mechanical ventilation, the benefits of 
tracheostomy—in particular increased comfort and ease of connect-
ing and disconnecting from the ventilator—will presumably start to 
outweigh the risks of the procedure. Numerous studies have attempted 
to elucidate whether performing tracheostomy earlier in a patient’s ICU 
stay confers other benefits, particularly considering time to successful 
liberation from mechanical ventilation and mortality. Unfortunately, 
study of the subject has been difficult for a number of reasons. 
Retrospective studies are confounded by indication bias and survivor 
treatment bias. Randomized trials have also been problematic, mainly 
because accurate prediction of which patients will require prolonged 
ventilation has proven to be extremely difficult.22 The enrollment of 
patients into studies has also been limited by physicians’ fixed percep-
tions of the benefits of tracheostomy.13,23

A number of important studies of “early” versus “late” tracheo
stomy have been published in the last decade. In 2005, a meta-analysis 
summarized five randomized and quasi-randomized trials published 
between 1990 and 2004 and involving a total of 406 patients with diverse 
conditions including trauma, head injury, medical, surgical and burn 
patients.20 A significant degree of heterogeneity also existed across these 
studies for definitions of “early” versus “late” tracheostomy. Overall, no 
difference was observed in mortality or rate of VAP. However, a signifi-
cant decrease in duration of mechanical ventilation and ICU length of 
stay was observed for early tracheostomy (defined as <7 days). This 
meta-analysis was limited by the relatively small number of patients and 
small number of trials included.

Since publication of this meta-analysis, several large trials have been 
attempted. A trial conducted in France sought to randomize 468 patients 
but was terminated because of low enrollment after randomizing  
123 patients from 25 ICUs.13 Patients that were predicted by their phy
sicians to require prolonged mechanical ventilation (>7 days) were ran-
domized to receive early tracheostomy (within 4 days) versus prolonged 
translaryngeal intubation (with tracheostomy permitted after 14 days).13  

The study detected no difference between groups for mortality, VAP 
rate, duration of mechanical ventilation or amount of sedative medica-
tions required, but was likely underpowered to detect clinically impor-
tant differences.23 Interestingly, only one quarter (16 of 62) patients that 
were randomized to receive prolonged intubation subsequently received 
a tracheostomy after 14 days. The authors did attempt to quantify the 
comfort of early tracheostomy, noting greater comfort in patients receiv-
ing early tracheostomy in the two-thirds of surviving patients that could 
complete follow-up.

The recent Italian trial of tracheostomy timing has already been dis-
cussed.21 No significant differences in mortality or VAP were observed 
comparing the early versus late tracheostomy groups. The duration of 
mechanical ventilation and, hence, ICU stay were shortened, but there 
were no changes in hospital length of stay or other long-term outcome 
measures. Notably, more patients were subjected to the risk of tracheo
stomy by an early tracheostomy strategy, with little quantifiable benefit.22

A recent United Kingdom multicenter randomized trial was con-
cluded in 2009 but has not yet been published. This trial (TRACMAN) is 
the largest conducted to date and enrolled 909 general ICU patients that 
were predicted to require greater than 7 days of mechanical ventilation.24 
Patients were randomized to receive early tracheostomy (within 4 days) 
or late tracheostomy (after >10 days). The majority (93%) of patients in 
the early tracheostomy group received a tracheostomy compared with 
less than half (45%) of the late group. There were no significant differ-
ences in 30 day mortality, ICU or hospital length of stay or antimicrobial 
use (although rates of VAP were not measured). There was decreased 
use of sedative medications in patients in the early tracheostomy group. 
This decreased use of sedation, although statistically significant, is of 
questionable clinical significance considering that ICU length of stay 
was unaltered in the early tracheostomy group.

A unifying theme of these recent trials of earlier tracheostomy is that 
accurately predicting which patients will actually require prolonged 
mechanical ventilation is difficult and susceptible to cognitive biases 
and uncertainty, even in the most rigorously conducted trials. A strategy 
of performing early tracheostomy will inevitably involve performing 
more tracheostomies than are necessary, since many of the patients 
receiving the procedure would be liberated from mechanical ventilation  
without the procedure simply by waiting longer. Interestingly, the trials 
have been inconsistent in detecting differences in sedative requirements 
comparing early and late tracheostomy strategies, suggesting that seda-
tion use in modern ICUs may be minimized even among endotracheally 
intubated patients by providing sedation vacations and protocolized 
care.25 Similarly, other putative benefits of early tracheostomy may be 
minimized in the future as general ICU care improves, including adop-
tion of standardized weaning protocols and VAP prevention bundles.

The available studies examining the optimal timing of tracheostomy 
have typically included a broad sampling of ICU patients predicted 
to require prolonged mechanical ventilation, with a preponderance of 
primary respiratory failure patients. It still remains to be elucidated 
whether subpopulations exist, which may derive more benefit from early 
tracheostomy. A recent trial found no benefit to earlier tracheostomy for 
cardiac surgery patients that were expected to require prolonged mechan-
ical ventilation.26 Neurosurgical patients may have a prolonged need for 
airway protection, but require little in the way of ventilator support, and 
these patients might therefore be liberated from mechanical ventilation 
immediately after tracheostomy. One trial did demonstrate earlier lib-
eration from mechanical ventilation in head injured patients with early 
tracheostomy, but detected no differences in rates of VAP or mortality.27 
Studying the timing of tracheostomy in these patient subgroups poses 
other challenges, for example, correctly predicting which patients will 
be unable to protect their airway after extubation.28 Furthermore, per-
forming early tracheostomy on patients with severe brain injury will be 
undesirable for patients that are expected to die of their brain injury, 
and discussions of the risks and benefits of tracheostomy may only serve 
to complicate discussions of withdrawal of life-sustaining treatment in 
patients with a predicted poor functional recovery.
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TECHNIQUE OF TRACHEOSTOMY

■■ GENERAL CONSIDERATIONS
The tracheostomy procedure inevitably leads to an interruption in 
delivery of positive-end expiratory pressure (PEEP). This loss of PEEP 
can lead to important derecruitment of lung segments and atelectasis 
and resultant desaturation and hypoxemia, especially among patients 
with severe respiratory failure. We therefore recommend deferring or 
postponing the procedure among patients requiring greater than 10 cm 
H2O of PEEP, or among patients that have demonstrated oxygen desatu-
ration with minor changes to their current levels of PEEP or fraction of 
inspired oxygen.

Serious bleeding during the procedure is uncommon, but any impor-
tant coagulopathies or thrombocytopenia should be corrected. Loss of 
airway is also uncommon, but the procedure should only be performed 
in the presence of individuals with advanced airway skills, and when 
performing tracheostomy at the bedside, arrangements should be in 
place to accommodate the need for an operating room and surgical 
expertise in the event of an airway emergency. Finally, tracheostomy is 
contraindicated in patients with unstable cervical spine injuries.

■■ SELECTION OF TECHNIQUE
Practitioners generally must select between performing a standard, 
surgical tracheostomy or a percutaneous dilational tracheostomy. Both 
techniques may be performed either at the bedside in the ICU or in the 
operating room, although the most common practice is for percutaneous 
dilational tracheostomy to be performed in the ICU and surgical trache-
ostomy to be performed in the operating room.7 Percutaneous dilational 
tracheostomy performed in the ICU is appealing for a number of reasons, 
in particular decreased costs and increased convenience29; the expense  
of operating room time and personnel are eliminated, delays while 
awaiting operating room availability are avoided, and the patient is not sub-
jected to the risks of transportation from the ICU to the operating room.

The ability to perform percutaneous dilational tracheostomy depends 
on the ability to palpate surface landmarks and caution should be exer-
cised when considering the procedure for patients with distorted neck 
anatomy, morbid obesity, or a previous neck incision. While serious 
bleeding is rarely encountered, when it does occur it can be more dif-
ficult to control because of the more limited visibility obtained at per-
cutaneous dilational tracheostomy compared to surgical tracheostomy. 
Patients with a history of cervical spine injuries are also likely better 
treated with surgical tracheostomy because of the pressure on the neck 
required to pass the dilator during the percutaneous approach. Also, the 
inability to hyperextend the neck may limit the identification of land-
marks during percutaneous dilational tracheostomy.

The reported overall risk of procedural complications with the two 
approaches has been similar in large cohort studies. However, in most 
of these studies, patients considered to be at higher risk received surgi-
cal tracheostomies. There is likely a greater risk of postoperative stomal 
infection,7,30 and of significant postoperative bleeding with surgical 
tracheostomy31 compared to percutaneous tracheostomy. There are little 
data available comparing the long-term outcomes of the two approaches, 
including rates of airway complications such as tracheal stenosis.

Percutaneous dilational tracheostomy does introduce a set of compli-
cations that were formerly extremely rare with surgical tracheostomy. 
Most notable amongst these are damage to the posterior tracheal wall 
potentially resulting in tracheoesophageal fistula,32 and creation of a 
false passage by placement of the tracheostomy tube anterior or adjacent 
to the trachea.33 The risk of both of these complications can be mini-
mized by performing percutaneous dilational tracheostomy under direct 
bronchoscopic vision.34 Although percutaneous dilational tracheostomy 
without bronchoscopy is described in the literature and practiced in 
some centers,35 it is our view that percutaneous dilational tracheostomy 
should always be performed under direct bronchoscopic visualization. 
The use of ultrasound to help further delineate neck anatomy before 

the procedure has recently been described, but whether this will lead to 
reduced complications is uncertain.36,37

■■ TECHNIQUE OF SURGICAL TRACHEOSTOMY
The patient is positioned supine, with both arms tucked at the sides. If 
possible, a roll should be placed transversely beneath the shoulders to 
extend the neck, and a doughnut should be used to support the head. 
Positioning the patient in reverse Trendelenburg position may help to 
decrease any venous bleeding encountered. The sternal notch and cricoid 
cartilage are then palpated and marked. The incision is made horizontally 
midway between these two landmarks. Infiltration with local anesthetic 
containing epinephrine prior to incision may help to reduce skin-edge 
bleeding. Some authors favor a vertical incision, particularly in patients 
whose landmarks are difficult to palpate, or in emergency situations, stat-
ing that greater flexibility is maintained and that bleeding is minimized 
by remaining in the avascular midline. However, the cosmetic result of 
a vertical neck incision is less acceptable. The subcutaneous tissues and 
platysma are divided until the strap muscles are identified. These are 
divided vertically in the midline and the straps retracted laterally. At this 
point, the thyroid isthmus is generally identified overlying the trachea. 
Depending on the exposure, the isthmus may be retracted either cephalad 
or caudad or, most commonly, dissected off the underlying trachea and 
divided between ties. With the trachea now exposed, the tracheal rings 
are palpated and the second to fourth ring is selected for the tracheotomy. 
Stay sutures are placed on either side of the tracheotomy site to facilitate 
retraction of the trachea. At this point it is important to ensure complete 
hemostasis, as the surgical field will be obscured once the tracheotomy 
tube is inserted.38 The tracheostomy tube should be prepared at this point, 
and the cuff tested. The anesthesiologist then deflates the cuff of the 
endotracheal tube and the tracheotomy incision is made. A blade should 
be used, as the use of electrocautery risks an endotracheal fire with high 
fractions of inspired oxygen.39 There are numerous conformations of tra-
cheotomy incisions described. A vertical incision in the tracheal midline 
works well and has a lower risk of tracheal cartilaginous complications 
compared to flaps.40 A horizontal incision between tracheal rings also has 
a low incidence of cartilage damage. The Bjork flap is a trapdoor-like flap 
of anterior tracheal wall which may be sewn to the skin or superficial tis-
sues to help create a mature tract in case of accidental tube dislodgement. 
However, in addition to a greater degree of cartilage removed, which may 
increase the incidence of tracheal stenosis, the flap itself may serve as a 
means of tracheal or stomal obstruction if the tube needs early replace-
ment.41 Once the tracheotomy incision is made, the endotracheal tube is 
withdrawn under direct vision to a point just above the tracheotomy. The 
tracheostomy tube is then inserted and the cuff inflated. Proper position-
ing is ensured by direct visualization of the tube placement as well as by 
the return of carbon dioxide once hooked up to the anesthetic machine. 
The stay sutures in the trachea are left in place and can be secured to the 
patient’s chest to allow for anterior traction on the trachea in case of tube 
dislodgement. The skin is loosely approximated around the tracheostomy 
tube. The tracheostomy tube itself may be secured to the skin with sutures 
or secured only with the tracheostomy tube ties.

■■ TECHNIQUE OF PERCUTANEOUS DILATIONAL TRACHEOSTOMY
Several techniques are described in the literature for performing per-
cutaneous tracheostomy. The most common technique employed in 
North America today is based on the dilational method, which Ciaglia 
described in 1985.42 Ciaglia performed the technique using sequential 
nephrostomy dilators, whereas today a single dilator has now been widely 
adopted (described below).43 Other techniques of percutaneous tracheo
stomy include Fantoni’s translaryngeal method,44 where the guidewire is 
retrieved through the endotracheal tube and a tracheostomy tube passed 
retrograde through the larynx and out through the anterior tracheal wall. 
This technique was devised to protect the posterior wall of the trachea 
from the sometimes substantial posterior force required with percu-
taneous dilational tracheostomy, but is a more complex procedure to 
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perform.45 Other devices are available that dilate via a screwing motion, 
again to theoretically reduce the amount of posterior force required. 
These devices may still result in a greater incidence of posterior wall 
injury, however.46 The Griggs’ guidewire dilating forceps is a sharp-tipped 
forceps which is threaded over a percutaneously introduced guidewire 
and used to dilate the pretracheal tissues and anterior tracheal wall.47 
Overall, the incidence of complications of Griggs’ technique appears 
similar to Ciaglia’s,48,49 although the potential for over-dilation of the tra-
cheal stoma and an increased risk of hemorrhage have been described.50

The Ciaglia technique is performed with the patient positioned supine 
and with the neck in extension using a roll behind the scapulae. The cri-
coid ring and sternal notch are identified. The area of the skin incision is 
infiltrated with local anesthetic containing epinephrine. A 2- to 3-cm skin 
incision is made horizontally or vertically midway between the cricoid 
ring and the sternal notch. Our preference is to do a certain amount of 
blunt dissection with a mosquito clamp at this point, to separate the pre-
tracheal tissues in the midline and allow a more accurate palpation of the 
tracheal rings. At this point, the endotracheal tube is loosened from its ties 
and the flexible bronchoscope introduced. Under direct bronchoscopic 
vision the endotracheal tube is withdrawn to a position just above where 
the tracheostomy will be performed. Palpation of the anterior tracheal 
wall with the tip of a clamp or with a finger helps to identify the appropri-
ate level. Transillumination with the bronchoscope is also a useful method 
to identify when the tip of the endotracheal tube has been withdrawn to 
beyond the skin incision. At this point the endotracheal tube is generally 
sitting just at the level of the vocal cords and a major cuff leak may ensue. 
Patients may experience interruptions in the applied level of positive 
end-expiratory pressure (PEEP) at this point, which occasionally requires 
that the procedure be abandoned. The trachea is entered with the access 
needle between the 2nd and 4th tracheal rings. Bronchoscopic visualiza-
tion of this step in particular is recommended to avoid posterior wall 
injury. The guidewire is advanced caudad down the trachea. The needle 
is withdrawn and the dilator is advanced into the trachea, through the 
anterior tracheal wall. Once dilation is complete, the tracheostomy tube, 
mounted on a tapered introducer, is advanced under direct bronchoscopic 
vision into the trachea. The introducer and guidewire are removed and the 
tracheostomy tube position verified with end-tidal CO2 detection and via 
bronchoscopy through the tracheostomy itself. The cuff is then inflated 
and the tracheostomy tube secured in place.

■■ EMERGENCY CRICOTHYROIDOTOMY AND TRACHEOSTOMY
Critically ill patients who require establishment or maintenance of a 
patent airway and who cannot be endotracheally intubated require an 
emergency surgical airway. Most of the time, this should be a crico-
thyroidotomy, achieved either by percutaneous Seldinger technique 
or open surgical incision. The cricothyroid membrane is generally an 
easily palpable landmark and is located very superficially in the neck, 
with essentially no overlying structures. This makes cricothyroidotomy 
a much safer emergency surgical airway than tracheostomy. Most crico-
thyroidotomies will require conversion to a formal tracheostomy in an 
urgent, but not emergent, manner. Conversion to tracheotomy allows for 
use of a larger tube, with consequently lower airway resistance, greater 
comfort, and likely decreased laryngeal and subglottic complications.51,52 
Emergency tracheostomy (instead of cricothyroidotomy) is very rarely 
indicated. Patients with trauma or tumour obstructing the larynx and 
cricoid ring or the subglottic trachea may require urgent tracheostomy. 
Ideally, this procedure is performed under local anesthetic and with the 
patient breathing spontaneously.

MANAGEMENT OF TRACHEOSTOMIES

■■ MANAGEMENT OF SELECTED COMPLICATIONS
In the early postprocedural period, a mature tract will not yet have formed 
between the tracheal stoma and the skin incision, and dislodgement of the 
tracheostomy tube can result in obscuration of the tracheotomy incision 

as tissue planes within the neck shift in relation to one another. Blindly 
replacing the tracheostomy tube in these situations risks the creation of 
a false passage, subcutaneous emphysema and increased difficulty with 
subsequent attempts to replace the tube, complications that have all been 
associated with case fatalities. After surgical tracheostomy, replacement 
of a dislodged tube may sometimes be facilitated by anterior traction 
on the trachea with the stay sutures that are often left in situ. However, 
the safest method of achieving an airway in a patient with a dislodged, 
fresh tracheostomy is to reintubate via the oropharynx or nasopharynx 
using an endotracheal tube. The tracheal stoma can then be covered 
with an occlusive dressing and the tracheostomy tube replaced in a 
more controlled setting. Permanent tracheostomies, generally created in 
conjunction with operative procedures such as laryngectomy, are most 
often formed by marsupializing the tracheal mucosa to the skin, thus 
providing a reliable passage for replacement of the tracheostomy tube 
even in the first few days postprocedure, since intubation from above 
would obviously be an impossibility.

A more mature tract typically forms by 7 days, and so the first tube 
change is generally delayed until at least 1 week after creation of the tra-
cheostomy. There is little evidence to suggest that routine tracheostomy 
tube changes are helpful, but removal and reinsertion is often required 
due to a complication, such as cuff rupture, or when changing to a differ-
ent type or size of tracheostomy tube. Anticipated difficult tube changes 
are ideally performed by the physician who initially performed the tra-
cheostomy procedure and with personnel and equipment available for 
endotracheal intubation. We recommend that tracheostomy tube changes 
be facilitated with an airway exchange catheter or other tube (such as a 
nasogastric tube), used as a stent to guide the reinsertion.

One of the most commonly encountered complications of tracheos-
tomy is tube obstruction by mucus, blood, or tissue. Most tracheosto-
mies will have an inner cannula that can be emergently removed in these 
situations, restoring airway patency. The cannula can then be replaced 
without risking a complete tracheostomy tube change. All patients with 
tracheostomies having inner cannulas should have replacement cannu-
las easily accessible; we routinely tape a replacement cannula to the wall 
behind the patient’s bed.

The formation of a tracheo-innominate fistula (TIF) is a dreaded but 
rare complication, with reported rates ranging from 0.1% to 1% of surgi-
cal tracheostomies.53 The incidence of TIF from percutaneous dilational 
tracheostomy is likely similar. Although a low-lying neck tracheostomy 
incision has been implicated in the causation of TIF, leading to direct 
erosion of the angled portion of the tracheostomy tube into the innomi-
nate artery, TIF more commonly occurs from erosion of the tracheal 
tube tip or cuff through the anterior tracheal wall.54 Erosion from the 
cuff or tip of the tracheostomy tube may occur even with a standard 2nd 
or 3rd ring tracheotomy. Poor fit of the tracheal tube may be a contribut-
ing factor, resulting in excessive pressure on the tracheal wall. Patients 
with previous neck irradiation or significant stomal site infections are 
also likely at increased risk for this complication. The presentation of 
TIF is most often delayed, occurring at least 72 hours postprocedure, 
as it depends on erosion of the tube through the tracheal wall, rather 
than direct trauma to the innominate artery. TIF can also develop as a 
very late complication, with cases being described up to several years 
postprocedure, but the majority of cases (70%) will manifest in the first 
3 weeks.55 In contrast, early posttracheostomy bleeding is generally the 
result of local trauma to veins, smaller arteries or the thyroid gland.

TIF typically presents as either peristomal bleeding or hemoptysis. 
Notably, up to half of patients with TIF will have a self-limited sentinel 
bleed prior to the development of massive hemorrhage.55 Management 
of TIF depends on the hemodynamic and respiratory stability of the 
patient. A patient who has had a sentinel bleed can be investigated with 
bronchoscopy or possibly with angiography or computed tomogra-
phy angiography. Bronchoscopy may help to identify other sources of 
hemorrhage, such as granulation tissue, as well as assessing the degree 
of pulmonary soiling. If suspicion of TIF is high, bronchoscopic exami-
nation should occur in the operating room with resources available  
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to both manage the airway and surgically control the innominate 
artery via sternotomy. In patients with active ongoing hemorrhage the 
priorities must be to protect the airway and prevent pulmonary soiling 
and hypoxemia, and to control the bleeding source by direct pressure. 
Overinflating the tracheostomy tube cuff may help to tamponade the 
bleeding and is a useful first manoeuvre. In patients with ongoing hem-
orrhage despite overinflation, the tracheostomy tube may need to be 
removed to allow endotracheal intubation with a small diameter tube, 
with the cuff positioned distal to the site of hemorrhage. With the airway 
now protected, the innominate artery may be compressed with direct 
digital pressure either from inside the trachea or by blunt dissection in 
the pretracheal plane.56 Surgical intervention most commonly consists of 
ligation of the proximate innominate artery. Repair or reconstruction in 
a contaminated field risks the recurrence of bleeding due to suture line 
erosion. Neurologic sequellae of innominate artery ligation are report-
edly rare, due to preserved intracranial collateral flow.57 Repair of TIF 
with endovascular stent grafting is reported, although the long-term 
patency of this technique remains unproven.58

■■ SELECTION OF TRACHEOSTOMY TUBE
A wide variety of tracheal tubes are available. The most fundamental 
distinction between different types of tracheostomy tubes is cuffed and 
uncuffed tubes. A cuffed tube is required for positive pressure ventila-
tion in the majority of ICU patients, although some chronic tracheo
stomy patients may be ventilated with cuffless tubes.59 The majority of 
modern tracheostomy tube cuffs are high-volume low pressure cuffs 
similar to those on endotracheal tubes. There are also some high-volume 
foam cuffs that may allow better conformation to an unusually shaped 
tracheal wall in some patients. When a deflatable cuff is inflated, the 
intracuff pressure should be checked regularly and maintained between 
20 and 25 mm Hg. Pressures lower than 18 mm Hg risk creating folds in 
the cuff and increasing the risk of aspiration,60 whereas pressures greater 
than 25 mm Hg may exceed tracheal capillary perfusion pressure and 
result in tracheal necrosis and stenosis.61 Once a patient is liberated from 
the mechanical ventilator and breathing spontaneously, the cuff may be 
deflated. A deflated cuff provides less protection against aspiration, but 
cuff deflation whenever possible is an important safety measure prior 
to a patient being transferred to a ward with less monitoring and lower 
nurse to patient ratios. A patient with an inflated cuff will be at risk 
of complete airway obstruction should the tracheostomy tube become 
obstructed with secretions, whereas this risk is reduced with cuff defla-
tion. Patients who have been tolerating cuff deflation for some time 
often have their tube exchanged for a cuffless tracheostomy tube. The  
absence of a cuff further reduces the resistance to airflow around  
the tracheostomy tube and allows for greater ease in weaning from the  
tracheostomy, and can also allow for normal speech (air can pass 
through the larynx) and can improve swallowing function by decreasing 
pressure on the esophagus.

Tracheostomy tubes also come in a variety of sizes. The inner and 
outer diameters of the tracheostomy tube are frequently used to describe 
tracheostomy tube size. Initially, the largest suitable tracheostomy tube 
size should be inserted, to lower airway resistance and facilitate wean-
ing from the mechanical ventilator as well as to reduce the chance 
of obstruction from secretions. The tracheostomy tube may then be 
gradually downsized to allow greater airflow around the tracheostomy 
and through the native airway. Tracheostomies performed for secretion 
clearance only are more often smaller tubes to allow continued breathing 
around the tube.

Most tracheostomy tubes will have a removable inner cannula. The 
inner cannula can be removed and either cleaned or replaced should 
obstruction with blood, mucus, or a foreign object occur. This allows for 
the maintenance of a widely patent tracheostomy without the risk of a 
complete tube change. The downside of having an inner cannula is that 
the inner diameter of the cannulated tracheostomy tube is smaller for 
any given outer diameter, potentially resulting in more airway resistance, 
but this is largely outweighed by the safety considerations.

The other dimensions of a tracheostomy tube that are important to 
consider are its proximal and distal lengths. Patients with thick necks 
may require extra proximal length to ensure good fit. Use of a standard 
length tracheostomy tube in these patients may result in a higher risk of 
tube dislodgement or obstruction at the tube tip, due to impingement 
of the tube on the tracheal wall. Conversely, extra distal length may be 
useful for bypassing areas of obstruction or distorted anatomy within the 
trachea.62 Some tracheostomy tubes are constructed of wire-reinforced 
flexible plastic and have an adjustable flange, allowing for the proximal 
and distal lengths to be varied in individual patients.

Fenestrated tracheostomy tubes are typically reserved for patients that 
have been liberated from mechanical ventilation. These tubes have extra 
openings allowing for airflow not only around the tracheostomy but 
through it as well, resulting in decreased resistance to airflow through 
the native airway and larynx, thereby promoting speech. Fenestrated 
tubes are mostly used to evaluate whether a patient has sufficient 
respiratory muscle function to breathe through the native airway while 
preparing for possible decannulation. Eventually, the fenestrated tubes 
can be capped or “corked,” allowing patients to breathe entirely through 
their native airway. Most fenestrated tubes come with two inner can-
nulas: one fenestrated and the other nonfenestrated which may need to 
be placed if a return to positive pressure ventilation applied through the 
tracheostomy proves necessary.

WEANING FROM TRACHEOSTOMY  
AND DECANNULATION
Clearly, the original condition that led to the decision to place the tra-
cheostomy should have resolved before decannulation, or removal of the 
tracheostomy tube, is considered. In cases of upper airway obstruction, 
this may require documentation of resolution and airway patency by 
fiberoptic laryngoscopy. Most patients who have received a tracheo
stomy for prolonged mechanical ventilation may be decannulated 
once they demonstrate sufficient respiratory reserve to breathe around 
a capped fenestrated tracheostomy tube. Patients must also have an  
effective cough and the ability to achieve adequate pulmonary toilet, 
although in some cases both the effectiveness of the cough mechanism 
and the amount of secretions will be improved by the removal of the 
tracheostomy tube.63 Heffner64 proposed a checklist of conditions to be 
assessed in patients being considered for decannulation:

•• Has the upper airway obstruction resolved?
•• Is mechanical ventilation no longer required?
•• Are airway secretions controlled?
•• Is aspiration nonexistent or minimal and well tolerated?
•• Does the patient have an effective cough?

Generally, once a patient is liberated from mechanical ventilation 
the cuff may be deflated. This is soon followed by a change to a cuffless 
tube once it is clear that the patient is succeeding without mechanical 
ventilation and aspiration is not an ongoing issue. Often the tracheo
stomy will be downsized to a smaller tube at this tube change, with the 
possible insertion of a fenestrated tube as well. The smaller, uncuffed, 
fenestrated tube provides the lowest degree of airflow resistance.65 As 
long as the patient tolerates the slightly increased work of breathing, the 
tracheostomy tube may be occluded (capped) and decannulated once it 
is clear that they have sufficient reserve to breathe around the tracheos-
tomy tube. Patients must also have a manageable amount of secretions 
and a strong enough cough to be able to clear their secretions into the 
oropharynx. Some patients will require the prolonged presence of a 
small, uncuffed tracheostomy tube to assist in clearance of secretions, 
which may be capped the majority of the time.

A patient who demonstrates the inability to breathe around an 
occluded tracheostomy tube can still be considered for a smaller tube or 
insertion of a fenestrated tube if this has not already been accomplished. 
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≥ 3T ≤ 50% ≥ 48 hours
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-  And low risk of macro -aspiration (absence of:
    uncontrolled ongoing vomiting, uncorrected tracheal-esophageal
    �stula, uncontrolled gastrointestinal bleeding or any clinically
    relevant pathology)
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-   And low risk of macro-aspiration1

≥ 2 ≤ 25 MP  IN 24
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≥ 3T ≤ 50% ≥ 7 days
    in SITU

-   ≥ 48 hours o� positive pressure ventilation
-   And able to expectorate secretions
-   And no adventitious sounds with digital occlusion2

≥ 3 Suctioned
≤ every 4 hours

≥ 8T ≤ 50% ≥ 24 hours
    in SITU

-   Corked 48 hours continously
-   And able to expectorate secretions
-   And strong cough and phonation
-   And no further surgery planned

≥ 3 ≤ Q 4 H ≥ 9 ≤ 50% ≥ 3 days
    in SITU

FIGURE 46-1.  Example of an algorithm to guide decisions to deflate the tracheostomy cuff and to proceed toward tracheostomy decannulation. Legend: Cough, score on subjective cough scale 
(1 = unable to cough secretions through tracheostomy; 2 = able to cough secretions up to tracheostomy but unable to expectorate beyond tube; 3 = able to expectorate secretions beyond trache-
ostomy tube); Cuff, inflatable cuff on tracheostomy tube; FiO2, fraction of inspired oxygen; GCS, Glasgow Coma Scale from 1 to 15, but scored from 1T to 10T when unable to score verbal component 
in patients with tracheostomy; MP, subjective mucopurulence score, calculated by summing the hourly secretion count that is recorded on patient’s flowsheet (range 0 to 3; increasing scores indicate 
greater amount of secretions); Time since tube last changed, time since tracheostomy tube first inserted or last changed. Notes: 1. Consideration should be given at this stage to consultation by a speech 
and language pathologist to assess safety of swallowing and assist with speech. 2. Patients who have adventitious breath sounds or who are unable to breath during digital occlusion of a dispos-
able cuffless fenestrated tracheostomy tube should be evaluated with laryngoscopy and/or bronchoscopy prior to continuing with the decannulation pathway. 3. We recommend first implementing 
intermittent trials of corking of the tracheostomy tube prior to continuous corking of the tube. (This algorithm is adapted with permission from one developed at Sunnybrook Health Sciences Centre 
by Ryan Smith RT and Martin Chapman, MD.  It is provided for informational purposes only, and site-specific and patient factors should be considered before adapting for use in other settings.)
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These patients should also undergo laryngoscopy and bronchoscopy to 
identify areas of stenosis, granulation tissue, or tracheomalacia, which 
may be contributing to airway obstruction around or above the trache-
ostomy tube.66

The actual process of decannulation is very straightforward. The 
tube is simply removed and the tracheostomy site is covered with an 
occlusive dressing. However, we recommend that all elective decan-
nulations be treated with the same degree of caution as an inadvertent 
or premature decannulation, with suitable personnel and resources 
present to manage an obstructed airway or respiratory distress, if nec-
essary. Figure 46-1 describes our suggested algorithm for proceeding 
to tracheostomy decannulation. The actual tracheostomy tract will 
start to close by 24 to 48 hours after removal of the tube. A small per-
centage of patients will have a persistent tracheocutaneous fistula after 
decannulation. This can be treated by excision of the tract and primary 
closure of the wound.

SPEECH AND SWALLOWING
Conventional endotracheal tubes generally do not permit any form 
of vocal communication or swallowing. However, for patients having 
a prolonged need for an artificial airway, tracheostomy does offer the 
potential for both speech and swallowing. Both are obviously important 
contributors to quality of life.

Normal speech is possible with adequate flow and pressure through 
the larynx. This is most often accomplished when the patient is liber-
ated from mechanical ventilation and the tracheostomy cuff is deflated. 
Insertion of a smaller tracheostomy tube, a cuffless tube, or a fenestrated 
tube will all typically increase airflow through the larynx. Speech can 
then be accomplished by intermittent tracheostomy tube occlusion, 
most expediently delivered with a finger. A one-way valve (such as a 
Passy-Muir valve) may be fitted to the tracheostomy of a patient breath-
ing spontaneously; this one-way valve provides occlusion of the tracheo
stomy tube during exhalation.67 However, these valve devices generally 
increase the resistance to expiration and therefore may be poorly toler-
ated in patients with significant upper airway stenosis. The one-way 
valve may help a patient to cough more effectively because higher airway 
pressures can be generated, but patients with excessive secretions can be 
at risk of worsened secretion clearance because the tracheostomy tube 
becomes effectively occluded during coughing.

In less common situations, a patient that requires ongoing mechani-
cal ventilation but who is able to tolerate intermittent or continuous 
cuff deflation may be also able to speak while on the ventilator through 
the use of a one-way valve placed in line with the ventilator circuit. 
Manipulations of the ventilator settings, such as increasing PEEP in the 
circuit, may also help provide airflow preferentially through the native 
airway to allow speech.68 Caution must be exercised that inappropriate 
ventilator cycling does not occur with these maneuvers. Tracheostomy 
tubes are also available that have a cannula providing flow into the upper 
airway which may allow very weak speech even with the tracheostomy 
cuff inflated.69

Although a patient with a tracheostomy should theoretically be able to 
eat and swallow because the esophagus remains patent and oropharynx 
remains clear of tubes, there is still a high incidence of swallowing dys-
function and aspiration in patients with tracheostomy.70,71 Some of this 
dysfunction may be attributable to prior endotracheal intubation, but 
the presence of a tracheostomy tube also interferes with normal mecha-
nisms to ensure glottis closure during deglutination.72 A tracheostomy 
tube may lead to a degree of functional obstruction of the esophagus, 
particularly with larger tubes and while the cuff remains inflated. 
Careful selection of patients for possible oral intake, with assessment 
by a speech-language pathologist, likely assisted by studies such as 
video barium swallow, is critical to ensure safe feeding. Patients who are 
deemed to be at risk for impaired swallowing and aspiration may require 
placement of a more permanent feeding tube, such as a percutaneous 
endoscopic gastrostomy (PEG) tube.

AREAS OF CONTINUED CONTROVERSY  
AND FUTURE STUDY
Tracheostomy—and in particular tracheostomy timing—has been 
extensively studied in ICU patients for its effect on traditional mea-
sures associated with good ICU outcomes, such as a shorter duration 
of mechanical ventilation, fewer pneumonias and decreased mortality. 
To date, there is little convincing evidence that these outcomes are sig-
nificantly altered by performing tracheostomy earlier in patients that 
are anticipated to require prolonged mechanical ventilation. Arguably, 
the greatest benefit of tracheostomy is to improve patient comfort. In 
patients who are at risk for recurrent airway obstruction or inadequate 
pulmonary toilet, tracheostomy may also facilitate patient transfer out 
of the ICU in a safe and expedient manner. However, these potential 
benefits must be weighed against the risk of complications occurring 
in patients that are already critically ill. Future research is required to 
further refine the most appropriate patient populations and indications 
for tracheostomy in the ICU, and these studies should focus on patient-
centered outcomes rather than simply on costs or ICU length of stay.
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Upper Airway Obstruction
Brian K. Gehlbach
John P. Kress47

C H A P T E R

KEY POINTS

•• Suspected upper airway obstruction (UAO) constitutes a medical 
emergency. The immediate bedside consultation of a clinician 
experienced in the management of this condition is indicated.

•• The initial evaluation of UAO is focused on determining the sever-
ity and suspected site of the obstruction. Arterial desaturation is 
a late manifestation; better indicators of severity include stridor, 
poor air movement, accessory muscle use, abnormal mentation or 
agitation, tachycardia, hypertension, and pulsus paradoxus.

•• Infections represent important causes of oropharyngeal and hypo-
pharyngeal UAO and include Ludwig angina, peritonsillar abscess, 
and infections of the retropharyngeal and lateral pharyngeal  
spaces. Otolaryngology consultation is indicated. Depending on 
the initial site of infection, spread to other critical sites (eg, the 
mediastinum) may occur.

•• While intubation is not always required in adults with epiglottitis, 
management in an ICU is mandatory, and intubation equipment 
and a tracheostomy tray should be at the bedside.

•• Bacterial infections of the larynx are life-threatening. Causative 
organisms include Staphylococcus aureus, Streptococcus pneu-
moniae, Haemophilus influenzae, and Corynebacterium diphtheriae.

•• Laryngospasm and laryngeal edema are important causes of 
postextubation stridor. Prophylactic corticosteroids may be 
effective at preventing this phenomenon in high-risk patients. 
A reasonable approach is to administer methylprednisolone 
20 mg IV q4h beginning 12 to 24 hours prior to planned extu-
bation and continued until the tube is removed. Patients with 
postextubation stridor from laryngeal edema may be treated 
with a short (eg, 24 hours) course of corticosteroids.

•• Long-term intubation may result in a variety of problems related 
to the upper airway, including endotracheal tube obstruction from 
secretions, vocal cord injury, subglottic stenosis, and tracheal stenosis.

•• Risk factors for foreign body aspiration in adults include dimin-
ished level of consciousness; impaired swallowing mechanism or 
diminished upper airway sensation as a result of neuromuscular 
disorder, prior cerebrovascular accident, or advanced age; and 
inability to chew food properly because of poor dentition.

•• All suspected traumatic laryngeal injuries should be evaluated 
promptly to reduce the immediate risk of UAO, as well as to pre-
vent long-term sequelae such as subglottic stenosis.

•• Early laryngoscopic examination of the upper airway is crucial in 
the evaluation of burn patients with suspected inhalation injury. 
The risk of UAO increases throughout the first 24 hours.

•• Functional upper airway obstruction may occur in patients who 
exhibit abnormal glottic closure during inspiration and/or expira-
tion. There is a high risk of coincident asthma, complicating the 
evaluation of such patients.

•• Angioedema may result from allergy, hereditary or acquired disor-
ders of the complement cascade, direct release of histamine from 
mast cells from nonallergic mechanisms (eg, opiates), and from 
angiotensin-converting enzyme inhibitors.

•• Angioedema from angiotensin-converting enzyme inhibitors may 
occur at any time during the course of therapy.

•• Helium-oxygen mixtures reduce the density-dependent pressure 
required to drive airflow across obstructing upper airway lesions, 
and may stabilize patients with UAO pending definitive therapy.

•• Prompt evaluation and management of suspected UAO may pre-
vent subsequent complications including cardiac arrest, anoxic 
brain injury, and negative pressure pulmonary edema.

There are few medical conditions that are as rapidly and predictably 
lethal as the loss of upper airway patency. Because of the relative infre-
quency with which upper airway obstruction (UAO) is encountered by 
most physicians, opportunities to acquire significant clinical experience 
are limited. This, combined with the frequently subtle presentation of 
upper airway obstruction and the clinician’s inability to visualize the 
upper airway in its entire extent through routine physical examina-
tion, may hamper diagnosis of this condition until a crisis results. 
This chapter describes an approach to diagnosing and treating UAO 
as it presents in adults. While certain infections of the head, neck, and 
upper respiratory tract are considered here as they relate to UAO, the 
specific approach to their management is considered in greater detail in  
Chap. 73. A high index of suspicion for UAO, combined with early 
consultation of anesthesia and otolaryngology services, is critical to the 
successful management of this condition.

ANATOMY OF THE UPPER AIRWAY
The upper airway comprises air-conducting passages that begin at 
the mouth or nose and end at the mainstem carina.1,2 The thoracic 
inlet divides the upper airway into the intrathoracic and extrathoracic 
airways. The extrathoracic airways are further divided into the naso-
pharynx, oropharynx, hypopharynx, larynx, and extrathoracic trachea. 
Air inspired through the nose passes through the nasal cavities and 
enters the nasopharynx after exiting the nose by way of the posterior 
nares. Airflow proceeds inferiorly through the nasopharynx, passes 
posterior to the soft palate, and enters the oropharynx. Closure of the 
soft palate allows inspiration of air through the mouth. Air passes infe-
riorly through the oropharynx to the hypopharynx, which begins just 
superior to the hyoid bone, and passes the epiglottis, thereby entering 
the larynx.

The larynx is constructed of a cartilaginous skeleton consisting of 
the thyroid, cricoid, and arytenoid cartilages (Fig. 47-1). This skele-
ton surrounds the vocal cords, the movements of which are controlled 
by the intrinsic muscles of the larynx, with their innervation arising 
from the left and right branches of the recurrent laryngeal nerve. An 
exception to this rule is the innervation of the cricothyroid muscle, 
which arises from the superior laryngeal nerve. This nerve also 
supplies sensation to the epiglottis and vestibular folds (false cords), 
which lie superior to the true vocal cords. The larynx is divided into 
the supraglottic portion, the glottis, and the subglottic portion. The 
glottis contains the structures within the plane of the true vocal cords 
and is located at the midpoint of the thyroid cartilage. The supraglot-
tic region extends from the epiglottis to just above the true vocal 
cords, while the subglottic region lies between the vocal cords and the 
lower border of the cricoid cartilage.

The trachea lies between the inferior border of the cricoid cartilage 
and the main carina, and is 10 to 13 cm in length in adults. The extra-
thoracic trachea is typically 2 to 4 cm long, and comprises the segment 
that lies between the cricoid cartilage and the thoracic inlet. The  
normal trachea has roughly the same coronal as sagittal diameter. Normal 
coronal tracheal diameter is 13 to 25 mm in men and 10 to 21 mm  
in women.

This chapter focuses on disorders of the extrathoracic upper airway 
because of this region’s greater importance to the topic of UAO.
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FIGURE 47-1.  Laryngeal anatomy. (Reproduced with permission from http://www.
wesnorman.com/lesson11.htm. Sagittal Section Through Larynx. Author Wesley Norman, PhD, DSc.)

PATHOPHYSIOLOGY OF UPPER AIRWAY OBSTRUCTION
While obstruction may occur at any point in the upper airway, laryngeal 
obstruction is most problematic because the airway is narrowest at this 
point. The glottis is the narrowest region in adults, while the subglottic 
region is the narrowest in infants. The basis for which seemingly minor 
reductions in the cross-sectional area of the upper airway have impor-
tant effects on airflow is presented below.

Alveolar ventilation is accomplished through the bulk flow of fresh gas 
down to the terminal bronchioles, at which point the cross-sectional area 
of the airways becomes so large that the forward velocity of gas molecules 
becomes negligible, and diffusive flow occurs.3 Prior to this point airflow 
may be laminar, transitional, or turbulent. Laminar flow consists of orderly 
streams of gas arranged in lines parallel to the airway. At higher flow rates 
and at branch points flow may become transitional, with gas eddies that 
break away from the parallel streams. Turbulent flow is the most disorga-
nized pattern, and occurs at high flow rates. The Reynolds number (Re) is 
a dimensionless number that derives from the ratio of inertial to viscous 
forces and allows prediction of whether flow will be laminar or not:

Re = 2rvd/μ

where r is the radius of the tube, v is the average gas velocity, d is the gas 
density, and μ is the gas viscosity. Values less than 2000 predict laminar 
flow, values between 2000 and 4000 predict transitional flow, and values 

greater than 4000 predict turbulent flow. The driving pressure for laminar 
flow is proportional to the flow rate and inversely related to the fourth 
power of the radius, among other factors. Thus a relatively minor decrease 
in the radius of a tube like the upper airway causes a large increase in the 
driving pressure necessary to achieve the same flow rate. Turbulent flow 
as occurs in a rough tube like the larynx and trachea requires greater 
driving pressure than laminar flow, being proportional to the density of 
the gas and the square of the flow rate. Inhalation of a low-density gas 
such as helium therefore decreases the driving pressure required for air-
flow through two mechanisms: reducing the Reynolds number, thereby 
increasing the proportion of flow that is laminar; and decreasing the 
density-dependent driving pressure where turbulent flow exists.4

The clinical implications of these principles are as follows: (1) Upper 
airway obstructing lesions, once symptomatic, can progress rapidly to a 
crisis, with relatively small increases in size leading to proportionately 
greater increases in the work of breathing; (2) the inhalation of a low-
density gas mixture such as helium-oxygen decreases the driving pres-
sure required for a given airflow. Helium-oxygen mixtures therefore may 
act to stabilize the airway in marginally compensated patients, bridging 
the patient toward definitive treatment of the upper airway obstruction.

Upper airway obstructing lesions may limit inspiratory flow, expi-
ratory flow, or both, depending on the site and nature of the lesion. 
Flow-volume loops obtained by spirometry are useful for understanding 
the physiology of different sites of upper airway obstruction.5

■■ VARIABLE EXTRATHORACIC OBSTRUCTION
During normal inspiration the intrathoracic airways dilate, while the 
extrathoracic airways tend to collapse as the increase in gas velocity 
causes a fall in intraluminal pressure (Bernoulli effect). As gas veloc-
ity increases past an obstructing lesion, this effect is increased, causing 
dynamic collapse of the nonrigid airway and flow limitation, with a 
reduction in peak inspiratory flow and a flattening of the inspiratory 
limb of the flow volume loop. In contrast, during forced expiration the 
intraluminal pressure is positive relative to the atmosphere, preserving 
expiratory flow. These lesions occur above the thoracic inlet and include 
bilateral vocal cord paralysis, paradoxical movement of the vocal cords, 
and tracheomalacia of the extrathoracic airway.

■■ VARIABLE INTRATHORACIC OBSTRUCTION
During forced expiration the intrathoracic airways have a tendency to nar-
row as a result of airway compression and the Bernoulli effect. This leads to 
a reduction in peak expiratory flow and a flattening of the expiratory limb 
of the flow volume loop. Inspiratory flow, in contrast, is preserved as lung 
expansion increases the radius of the airway at the site of the obstructing 
lesion. Common causes of variable intrathoracic obstruction include low 
tracheal tumors and tracheomalacia of the intrathoracic airway.6

■■ FIXED UPPER AIRWAY OBSTRUCTION
Fixed upper airway obstruction occurs when airflow at the site of obstruc-
tion is insensitive to the effects of the respiratory cycle because the lesion 
imparts rigidity to the walls of the affected area. Affected patients have 
reductions in peak inspiratory and expiratory flow, while the flow volume 
loop depicts flattening of the inspiratory and expiratory limbs. Examples 
of this disorder include subglottic stenosis and some tumors.

CLINICAL PRESENTATION AND INITIAL EVALUATION
Patients presenting with upper airway obstruction may complain of a vari-
ety of symptoms including hoarseness, stridor, hemoptysis, dysphagia, ody-
nophagia, drooling, and swelling of the neck or face. Dyspnea is typically 
exacerbated by exercise, and in the case of certain diseases—for example,  
anterior mediastinal tumors—by the supine position. In many cases prior 
evaluations have yielded a diagnosis of asthma or chronic obstructive 
pulmonary disease. While certain disorders such as epiglottitis have very 
acute presentations, at times symptoms have developed so insidiously that 
the patient has habituated to the condition, and has few or no complaints.
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If time permits, initial evaluation should include a history of the 
present illness, focusing on the duration of symptoms and any associ-
ated oropharyngeal, gastrointestinal, or constitutional symptoms, along 
with a history of prior upper aerodigestive tract disorders, recent dental 
problems or procedures, and smoking. Physical examination is directed 
toward localizing the site of the lesion. Inspiratory stridor generally indi-
cates a lesion at or above the level of the glottis, while biphasic stridor 
(stridor present during both inspiration and expiration), which is usu-
ally higher in pitch, suggests a lesion at the subglottic or tracheal level. 
The presence of stridor indicates a severe degree of narrowing, typically 
to ≤6 mm. Supraglottic lesions may cause a muffling of the voice, while 
oral abscesses may cause a “hot potato voice” (ie, the speech of someone 
who has a hot potato in his mouth). Hoarseness accompanies unilateral 
vocal cord paralysis. An oral examination should be performed, unless 
epiglottitis is suspected and skilled airway personnel are not present. 
The submental and submandibular regions should be palpated, along 
with the neck and cervical and supraclavicular lymph nodes.

The first priority in encountering a patient with suspected UAO is to 
determine the severity of obstruction. When the obstruction is severe 
and loss of the airway is feared, the airway should be secured by an 
experienced operator. Arterial desaturation is an extremely late sign of 
UAO in the patient with normal lungs, and often heralds a catastrophe. 
This is illustrated by the difficulty normal, untrained individuals have in 
achieving arterial desaturation during breath holding. Similarly, arterial 
blood gases provide little information beyond that obtained through 
the bedside assessment of an experienced clinician. Better indicators of 
severe airway obstruction include stridor, poor air movement, accessory 
muscle use, abnormal mentation or agitation, tachycardia, hypertension, 
and pulsus paradoxus. All patients with newly diagnosed UAO of more 
than trivial severity should be monitored in an ICU until treatment can 
be initiated or clinical stability can be determined.

If UAO is suspected but there is no immediate risk of losing the air-
way, further evaluation may employ a range of techniques, depending on 
the suspected diagnosis. Spirometry is useful in the elective evaluation 
of subacute to chronic UAO; however, because the airway must be nar-
rowed to ≤8 mm in order to affect the flow volume loop, spirometry is 
relatively insensitive. Inspection of the flow volume loop for flattening of 
the inspiratory or expiratory limb is the most reliable spirometric indi-
cation of UAO, particularly when done by an experienced reader. Poor 
effort may mimic UAO but is suggested by poor reproducibility of the 
loops and by the technician’s subjective assessment of inadequate patient 
effort. In such cases it is necessary to either repeat the tests or consider an 
alternative diagnostic approach if the patient appears unable to provide 
high quality loops. Spirometry may fail to detect even significant degrees 
of UAO in patients with severe chronic obstructive pulmonary disease.

Plain chest radiographs may demonstrate tracheal deviation from 
masses arising in the mediastinum or neck. Lateral neck films may 
suggest the diagnosis of croup or epiglottitis. Computed tomography 
(CT) is extremely useful in evaluating suspected tumors of the upper 
airway, and in characterizing the extent of upper airway soft tissue 
infections. Three-dimensional reconstruction is useful in identifying 
fixed anatomic abnormalities of the upper airway, such as tracheal ste-
nosis, and in following the response to therapy.7 However, dynamically 
determined disorders such as tracheomalacia generally require direct 
visualization.

Endoscopic evaluation may be flexible or rigid. Rigid endoscopy is useful 
in the management of suspected foreign body aspiration. Flexible endos-
copy may be performed via the oropharyngeal or nasopharyngeal route.

CAUSES OF UPPER AIRWAY OBSTRUCTION

■■ NASAL AND PHARYNGEAL CAUSES
Benign and malignant masses of the nose and nasopharynx constitute 
important sources of morbidity, and occasionally, mortality. However, 
because ventilation can usually be maintained via the oropharyngeal 
route in these cases, they will not be discussed here.

■■ OROPHARYNGEAL CAUSES
Infectious Causes:  Infectious etiologies represent relatively common 
causes of upper airway obstructing lesions. Ludwig angina is a deep neck 
infection of the submandibular space of frequently odontogenic origin 
that commonly begins as a cellulitis but may progress to a fasciitis and 
subsequently to a true abscess.8 The source of infection is usually a second 
or third mandibular molar tooth, with causative organisms representing 
typical oral flora: viridans group streptococci, staphylococci, and anaer-
obes. Mixed aerobic and anaerobic infections are typical, mandating  
broad spectrum coverage. Methicillin-resistant Staphylococcus auerus 
(MRSA) infection should be considered as a potential pathogen in 
communities with a high prevalence of MRSA colonization, or when 
the patient is immunocompromised or has other risk factors for this 
infection. Gram-negative and multi-drug resistant organisms including 
Pseudomonas aeruginosa and the extended-spectrum β-lactamase-
producing Enterobacteriaceae should be considered as potential 
etiologies in patients with risk factors for altered oral flora: neutropenia, 
diabetes mellitus, or other immunocompromised state, recent antibiotic 
use or hospitalization, residence in a nursing home or chronic care 
facility, or postoperative infection. Airway obstruction may result from  
elevation and posterior displacement of the tongue and supraglottic 
edema. The infection may extend to the lateral and retropharyngeal 
spaces, and subsequently along the carotid sheath and to the mediastinum.

Affected patients present with dysphagia, neck swelling (“bull neck”) 
and stiffness, trismus, drooling, and brawny induration of the floor of the 
mouth. Occasionally, crepitus of the submandibular area is present. Tooth 
pain or a history of recent tooth extraction is usual, but not invariable. 
While not all patients with Ludwig angina need to undergo endotracheal 
intubation or tracheostomy, the decision to observe the airway rather 
than secure it should not be made lightly, and should be made after 
consultation with an otolaryngologist. If intubation is deemed necessary, 
placement via a flexible fiberoptic approach may be useful in decreas-
ing the risk of laryngospasm during the procedure. Treatment consists 
of antibiotic therapy, and in some patients, surgical decompression  
and drainage. Obviously, any infected teeth should be extracted. The 
mainstays of management of Ludwig angina—airway protection, broad-
spectrum antibiotic use, and surgical decompression—have reduced the 
mortality from this disease to below 10%.

Lymphatic drainage from the oropharynx, teeth, maxillary sinuses, 
and ears passes through the retropharyngeal space, predisposing it to 
infections from the ear, nose, and throat.9 While the retropharyngeal 
space itself contains no vital structures, infection may extend from this 
space into the mediastinum or epidural space, or provoke atlantoaxial 
dislocation. Whereas this condition usually follows an upper respiratory 
tract infection, pharyngitis, or otitis media in children, in adults the 
more common antecedent problems are odontogenic infection or pro-
cedures, or oral trauma. Patients present with throat and neck pain, and 
may have drooling or symptoms of upper airway obstruction. On occa-
sion, infection may spread to the retropharyngeal space from the prever-
tebral space, such as with tuberculosis of the spine (Pott disease). The 
diagnosis may be made through a lateral neck radiograph; however, CT 
is advisable for helping define the boundaries of infection. Importantly, 
physical examination may fail to reveal any posterior pharyngeal swell-
ing, highlighting the need for a high index of suspicion for this condition 
and further investigation via endoscopy or imaging. Treatment consists 
of antibiotics directed at oral flora (streptococci, staphylococci, anaer-
obes, and in some patients, gram-negative organisms), airway stabiliza-
tion, and surgical exploration.

Because the lateral pharyngeal space is bounded by the retropha-
ryngeal and submandibular spaces, it serves as a means of transmit-
ting infections from diverse sources, as suggested previously. Potential 
complications include involvement of the carotid sheath with potential 
carotid artery rupture, suppurative jugular thrombophlebitis, and the 
development of Horner syndrome or palsies of cranial nerves IX-XII.10 
Again, infections in this space are typically treated with a combination 
of antibiotics and surgical drainage.
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Peritonsillar abscesses are located between the tonsil and the supe-
rior constrictor muscle of the pharynx. Affected patients are typically 
young adults and have a history of prior tonsillitis; not surprisingly, 
Streptococcus species are most commonly isolated, frequently along 
with other oral organisms. Presenting symptoms include sore throat, 
trismus, and voice change. Physical signs include trismus, uvular devia-
tion, and inferior displacement of the superior pole of the tonsil on the 
affected side.11 Despite the prevalence of this disorder, there are several 
aspects of management that remain controversial.12 While steroids are 
occasionally administered to patients with peritonsillar abscess, there 
are no good studies to support or refute their efficacy. Contemporary 
surgical approaches tend to favor needle aspiration and incision and 
drainage over immediate tonsillectomy. Complications of this disease 
include UAO and, rarely, thrombophlebitis of the internal jugular vein, 
a condition known as Lemierre syndrome. This condition is usually 
associated with Fusobacterium necrophorum, but other oral flora may 
be responsible. Bacteremia and septic emboli may result. The role of 
anticoagulation in Lemierre syndrome is controversial.

Occasionally, tonsillar enlargement from infectious mononucleosis 
may be so significant as to obstruct the airway. Management consists of 
close observation of the airway in a monitored setting, and the admin-
istration of corticosteroids.
Other Causes:  Angioedema from a variety of causes can involve the 
tongue and hypopharynx and threaten airway patency both above and at 
the level of the larynx. This disorder is discussed below along with other 
disorders of the larynx. Stevens-Johnson syndrome and toxic epidermal 
necrolysis are rare vesiculobullous diseases that involve the skin and 
mucous membranes. Affected patients may develop bullae and edema 
of the upper airway mucosa, leading to obstruction. Causes typically 
include medications (with antibiotics, nonsteroidal anti-inflammatory 
medications, and anticonvulsants frequently being implicated), infec-
tions, and malignancies. Depending on their location, facial fractures 
may lead to UAO through local swelling and a loss of support for the 
tongue and/or facial skeleton. Cancers of the head and neck are impor-
tant causes of upper airway obstruction and may present with associated 
infections, potentially obscuring the diagnosis. While oral neoplasms 
are common, patients typically, although not invariably, present for 
evaluation before the airway can be compromised. Obstructive sleep 
apnea is a form of chronic UAO that is exhibited only during sleep, and 
is considered in greater detail in Chap. 130.

■■ LARYNGEAL CAUSES
Infectious Causes:  Supraglottitis, or infection of the supraglottic por-
tion of the larynx, may cause life-threatening UAO primarily through 
involvement of the epiglottis. Vaccination against Haemophilus influ-
enzae has successfully decreased the number of cases of epiglottitis in 
children caused by this organism. As a result, adults comprise a greater 
proportion of all cases of epiglottitis. In addition to H influenzae, 
Streptococcus pneumoniae, Staphylococcus aureus, Haemophilus parain-
fluenzae, group A streptococci, viruses, anaerobes, and fungi all have 
been implicated as causes of epiglottitis. Because many physicians who 
treat adults will work a lifetime without seeing a single patient with the 
acute onset of sore throat go on to develop UAO, the diagnosis may be 
missed. The classic presentation is that of a patient sitting upright and 
leaning forward, drooling; however, these signs may not be present 
initially. An additional clue is the rapid onset and severity of odyno-
phagia. Many, but not all, patients have a muffled or “hot potato” voice, 
and signs of toxicity, such as fever and tachycardia, may be present. 
Otolaryngology and anesthesiology consultation should be obtained if 
the diagnosis is suspected, while an oral examination should be per-
formed extremely carefully, if at all. The approach to diagnosis depends 
on the patient’s overall clinical status. While lateral films of the neck may 
reveal the diagnosis, a negative examination does not exclude epiglot-
titis. A fiberoptic examination can often be performed carefully via the 
nasopharyngeal route, but should be performed only by a person expe-
rienced in treating this problem, preferably a seasoned otolaryngologist 

or anesthesiologist. Visualization of a swollen, cherry-red epiglottis con-
firms the diagnosis. This examination is preferentially performed in the 
operating room, or at a minimum with all necessary airway personnel 
and equipment available. Although many adults with epiglottitis may be 
managed with antibiotics and observation in the ICU,13 the potential for 
acute airway obstruction should always be considered to be extremely 
high.14,15 A tracheostomy tray should be at the bedside, and all relevant 
airway personnel—anesthesia as well as otolaryngology—should be 
alerted to the patient’s condition and location. At no time should the 
patient be sent unaccompanied to another location in the hospital. 
While blood cultures may on occasion reveal the etiology, in most 
cases the specific organism is not identified, and antibiotic treatment is 
empirical. The response to treatment is typically prompt.

Infections of the larynx may be caused by viruses, bacteria, or fungi. 
Laryngotracheitis in children (croup) is usually caused by a viral 
infection, and UAO may result. While viral infections of the larynx 
are rarely serious in adults, bacterial laryngotracheitis can be life-
threatening. Because the causative organisms include Staphylococcus 
aureus, Streptococcus pneumoniae, and Haemophilus influenzae, pneu-
monia may be present as well. Corynebacterium diphtheriae should be 
considered in the differential diagnosis despite the infrequency with 
which it is currently encountered in the United States. In particular, 
nonimmunized persons and those individuals returning from countries 
with high rates of infection are at risk. Diphtheria commonly presents 
initially as tonsillitis and pharyngitis. Subsequent spread inferiorly may 
cause laryngitis, although occasionally the larynx is the only site of 
involvement. Clinical manifestations include fever, sore throat, malaise, 
headache, and vomiting. Physical examination may reveal a tenacious 
gray or black membrane overlying involved sites, and cervical lymph-
adenopathy may be present. Delays in treatment increase the likelihood 
of systemic complications from circulating toxin, such as myocarditis, 
neuritis, and nephritis. Death occurs in 5% to 10% of cases, either from 
systemic effects of diphtheria toxin or from UAO, the latter occurring 
more commonly in infants. Treatment includes antibiotics and equine 
antitoxin, which can be obtained through the Centers for Disease 
Control and Prevention. Sensitivity to horse serum should be assessed 
prior to administration of the antitoxin, and desensitization should be 
performed as necessary. Because infection does not ensure immunity, 
immunization is indicated after recovery.

Fungal laryngotracheitis may be caused by Candida albicans, histo-
plasmosis, blastomycosis, and coccidioidomycosis. In addition to fever 
and sore throat, affected patients may develop dyspnea and voice change 
from vocal cord nodules and/or vocal cord fixation. The diagnostic 
approach depends on the presentation, as other sites of involvement—
for example, pulmonary infiltrates—may be present. Respiratory pap-
illomatosis is caused by human papillomavirus types 6 and 11, and 
is manifested by multiple—sometimes innumerable—papules in the 
larynx and trachea.
Iatrogenic and Traumatic Causes 
Related to Endotracheal Intubation  A variety of upper airway problems can 
follow endotracheal intubation and are listed in Table 47-1. Several of 
these problems merit further discussion here. Laryngospasm consists 
of uncontrolled glottic closure, and respiratory distress with inability 
to ventilate the patient may result. It can be provoked by a variety of 
stimuli, including stimulation of the glottic aperture and/or superior 
laryngeal nerve during intubation, medications including general anes-
thetics and opioids, and the presence of secretions or blood in the upper 
airway. Careful suctioning of the mouth and endotracheal tube prior to 
extubation may reduce the likelihood of laryngospasm after extubation, 
in addition to improving pulmonary toilet. When laryngospasm occurs, 
mask ventilation with 100% oxygen should be performed along with jaw 
thrust and chin lift. If the laryngospasm fails to break and ventilation is 
not possible, the short-acting paralytic succinylcholine may be adminis-
tered followed by mask ventilation or endotracheal intubation. It should 
be emphasized that in the ICU, laryngeal edema is a much more likely 
cause of postextubation stridor than laryngospasm.
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Long-term endotracheal intubation may cause a variety of injuries to 
the upper airway. Fortunately, current endotracheal tube cuffs have a 
higher volume and lower pressure than were used a number of years ago, 
decreasing problems related to long-term intubation. Whether or not an 
individual patient will develop subglottic or tracheal stenosis is difficult to  
predict. While duration of intubation has been shown in some studies  
to be correlated with laryngeal or tracheal stenosis, the relationship is 
not strong. Similarly, while increased tube caliber, frequency of inser-
tion, the severity of respiratory failure, female gender, and the presence 
of diabetes or immunocompromise have all been suggested as exac-
erbating factors, the data on this topic are inconsistent. As mentioned 
previously, the possibility of subglottic or tracheal stenosis should be 
considered when encountering breathless patients who have undergone 
long-term intubation previously. In such cases, the diagnosis of UAO 
may easily be overlooked. Voice change and stridor are clues to the diag-
nosis. CT of the upper airway with three-dimensional reconstruction 
can be very useful in such cases, if patient stability permits.

Obstruction of the endotracheal tube from secretions may be unrec-
ognized until it progresses to a point at which ventilation becomes 
impossible. More subtle presentations may delay liberation from 
mechanical ventilation by causing the patient to perform poorly during 
spontaneous breathing trials. Interestingly, luminal narrowing of the 
endotracheal tube cannot be predicted based on its duration of use.16 
Theoretically, tube obstruction may be prevented through frequent 
suctioning and adequate humidification, particularly when copious and 
viscous secretions are present. The development of obstructed respira-
tory system mechanics—a high peak to plateau airway pressure gradi-
ent—in a patient without a history of obstructive lung disease, or in the 
absence of wheezing, suggests the diagnosis. While difficulty passing 
a suction catheter is highly suggestive, we have removed endotracheal 
tubes that are nearly completely occluded through which a suction cath-
eter was able to be passed. If time permits, bronchoscopic examination 
quickly establishes the diagnosis. Chapter 49 outlines the approach to 
high-peak airway pressures in further detail; here, we stress that prompt 
removal of the endotracheal tube, with manual mask ventilation of the 
patient while awaiting reintubation, can be lifesaving.

Postextubation stridor from laryngeal edema complicates the course 
of a substantial minority of critically ill patients, despite the use of low-
pressure, high-volume endotracheal tubes. The reported incidence of 

this phenomenon varies widely, ranging from as low as 3% to as high as 
30%, although most patients with postextubation stridor do not require 
reintubation.17 Women, patients with relatively large tubes and/or  
small tracheas, and patients with cuff leak volumes <110 mL are at 
increased risk.18 Analyses of multiple studies of the use of corticosteroids 
for the prevention of complications from laryngeal edema indicate that 
single-dose regimens are ineffective for this purpose, while multiple-
dose regimens administered to high-risk patients 12 to 24 hours prior 
to extubation appear to be effective and well tolerated.17,18 Based upon 
the available evidence, it is reasonable to administer a short course of 
parenteral steroids beginning 12 to 24 hours prior to planned extubation 
in high-risk patients. Patients with a diagnosis of postextubation stridor 
are typically treated with various combinations of parenteral steroids, 
nebulized racemic epinephrine, and helium-oxygen mixtures, although 
firm evidence to support these approaches are lacking.
Other Traumatic Injuries  Aspirated foreign bodies lodge in the upper airway 
much less commonly in adults than in children.19 Still, asphyxiation may 
follow foreign body aspiration in adults, while large objects aspirated 
into the esophagus can occasionally obstruct the upper airway. Risk 
factors in adults include diminished level of consciousness; impaired 
swallowing mechanism or diminished upper airway sensation as a result 
of neuromuscular disorder, prior cerebrovascular accident, or advanced 
age; and inability to chew food properly because of poor dentition. Food 
particles and medical or dental appliances are most frequently aspirated. 
Symptoms include cough and dyspnea, and stridor may be present. Chest 
radiography or lateral films of the neck may reveal the diagnosis. In the 
case of impending respiratory arrest, the Heimlich maneuver may be life-
saving. Otherwise, the patient should undergo endoscopy in most cases 
with a rigid endoscope. Flexible fiberoptic endoscopy is generally inad-
visable for foreign body removal because the airway cannot be protected 
if the object lodges in the glottis during removal; however, experienced 
operators may elect to attempt removal in carefully selected patients.

Upper airway injury may result from inhalation of toxic chemicals, or 
more commonly from thermal injury. Upper airway burn injury should 
be suspected whenever a patient has survived a fire or explosion in an 
enclosed space, and when chemicals or plastics have burned. Physical 
examination findings that suggest the presence of upper airway injury 
include the presence of burns or soot on the face, singed nasal hairs, 
erythema of the oropharynx, and hoarse voice. Sometimes the external 
signs are relatively mild despite significant inhalation injury. Thus any 
patient suspected of incurring inhalation injury should undergo fiber-
optic laryngoscopy. Affected patients may experience life-threatening 
UAO from airway edema and mucosal sloughing anytime from initial 
presentation to 24 hours later. In addition, upper airway edema may be 
exacerbated by the considerable amount of fluids required to resuscitate 
patients with extensive burns.20 When the airway needs to be secured, 
endotracheal intubation is preferred over tracheostomy because of the 
higher incidence of tracheal stenosis associated with the latter therapy 
when performed in burn patients. Because corticosteroids increase the 
incidence of infectious complications and may increase mortality when 
administered to burn patients, we do not recommend their use here.

Traumatic neck injury may directly injure the larynx. Such an injury 
should be suspected whenever there are ecchymoses or tenderness over 
the thyroid or cricoid cartilages. In addition to pain, patients may have 
stridor, hoarseness, and hemoptysis. Cervical spine injury should be 
excluded, while endotracheal intubation must be done with care to avoid 
exacerbating any existing injury. Stabilization of the neck and avoidance 
of neck extension during airway manipulation are mandatory. In a crisis, 
tracheostomy may be necessary to establish an airway. The evaluation 
and treatment of laryngeal injury is beyond the scope of this review.

There are a number of iatrogenic causes of UAO. A hematoma in 
the neck may cause UAO through direct compression, as may rarely 
occur following surgery. Inadvertent carotid artery puncture during 
central line placement may cause a rapidly expanding hematoma with 
airway compromise, particularly if the patient has a bleeding diathesis. 
Recurrent laryngeal nerve injury may occur during neck dissection or 

  TABLE 47-1    Upper Airway Problems Related to Endotracheal Intubation

Related to Insertion

  Epistaxis (with nasotracheal intubation)

  Tooth avulsion and aspiration

  Hypopharyngeal trauma

  Laryngospasm (either from airway manipulation or medications)

  Laryngeal or tracheal trauma or tear

  Vocal cord paralysis and/or arytenoid dislocation

Related to Intubation

  Endotracheal tube obstruction from secretions or kinking

  Vocal cord injury: edema, ulceration, granuloma, and paralysis possible

  Laryngomalacia from ischemic cuff injury

  Subglottic stenosis

  Tracheal stenosis

Related to Extubation

  Excess secretions

  Residual sedation

  Laryngospasm

  Unmasking of coexisting laryngeal edema or other upper airway disorder
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cardiac surgery and cause vocal cord paralysis. While unilateral vocal 
cord paralysis does not by itself embarrass respiration because the con-
tralateral cord has full mobility, bilateral vocal cord paralysis typically 
requires surgery.

■■ MISCELLANEOUS CAUSES
Functional UAO may result from abnormal closure of the vocal cords 
during inspiration, expiration, or both, a condition referred to as vocal 
cord dysfunction or paradoxical vocal fold motion. Affected patients 
often have a history of difficult-to-control asthma. We have witnessed 
patients with this condition who exhibit significant pulsus paradoxus 
and respiratory acidosis during attacks mimicking status asthmaticus. 
Physical examination is revealing in that stridor is heard. Similarly, 
if the patient is intubated for this (unsuspected and isolated) condi-
tion, the respiratory system mechanics are normal, and wheezing is 
not heard. Complicating the diagnosis of vocal cord dysfunction is the 
fact that a significant portion of patients with this condition also have 
asthma, which may be severe.21 Spirometry may show flattening of the 
inspiratory limb of the flow volume loop, indicating a variable extra-
thoracic obstruction. The diagnosis is confirmed when laryngoscopy 
reveals abnormal vocal cord closure, particularly during inspiration. 
Unfortunately, both spirometry and laryngoscopy may be normal, par-
ticularly between attacks, and frequently the diagnosis must be made 
on clinical grounds. Potential triggers are numerous and include envi-
ronmental stimuli such as cold air, smoke, or fumes; gastroesophageal 
reflux; laryngopharyngeal reflux; exercise; and stressful situations and/
or anxiety. A loss of regulation of normal reflexes controlling the laryn-
geal muscles has been postulated.22 Treatment involves speech therapy 
and treatment of any underlying triggers. It is increasingly recognized 
that abnormal vocal cord function may complicate the course of many 
patients with difficult-to-control asthma.23

Neoplasms are important causes of laryngeal obstruction, with squa-
mous cell carcinoma being the most common malignancy of the larynx. 
Risk factors include tobacco and alcohol use, and patients may present 
with hoarseness or hemoptysis.24 The diagnosis is typically established 
through a combination of direct visualization and CT. The evaluation 
and management of tumors of the head and neck is beyond the scope 
of this review.

As mentioned previously, bilateral vocal cord paralysis invariably 
results in UAO, although the presentation is often delayed. Previous thy-
roidectomy is often responsible for the condition, although malignancy, 
neck irradiation, neck trauma, and prior intubation are additional causes.

Several systemic diseases are associated with upper airway obstructing 
lesions.25 Airway involvement in Wegener granulomatosis is common, 
although frequently subclinical. Manifestations include ulcerations, 
mass lesions from proliferating granulation tissue, and circumferential 
narrowing, particularly in the subglottic region. Treatment typically 
involves a combination of immunosuppression—usually prednisone and 
cyclophosphamide—and surgery. Tracheostomy is frequently necessary 
when subglottic stenosis is severe.

Rheumatoid arthritis presents several potential problems where the 
upper airway is concerned. Arthritis of the temporomandibular joint 
may limit the degree to which the mouth can be opened, frustrating 
attempts at oral intubation. Cervical spine arthritis, particularly of 
the atlantoaxial joint, should be considered a serious impediment to 
manipulation of the cervical spine. In particular, neck extension may 
lead to catastrophic cervical spinal cord injury when significant atlanto-
axial disease is present. When patients with rheumatoid arthritis develop 
hoarseness, vocal cord nodules or cricoarytenoiditis are frequently 
responsible. The latter is often associated with significant pain. Over 
time, the vocal cords may fuse in the midline.26 While treatment with 
systemic and intralesional corticosteroids is the rule, surgical removal of 
the arytenoids or tracheostomy may be necessary. Of note, cricoaryte-
noiditis occurs infrequently in patients with systemic lupus erythemato-
sus, although in affected patients the presentation is more acute, and the 
response to steroid therapy is more gratifying.27

While pulmonary involvement in sarcoidosis is extremely common, 
laryngeal disease is relatively rare. When present, it is usually the supra-
glottic region that is affected, and on occasion upper airway patency 
may be threatened. Treatment includes a combination of intralesional 
and systemic steroids. Relapsing polychondritis is manifest as recurrent 
inflammation of the cartilages of the ears, nose, larynx, trachea, and 
joints. Half of affected patients have respiratory tract involvement. UAO 
may result initially from airway edema, subsequently from increased 
collapsibility from dissolution of cartilage, and later from fibrosis and 
fixed stenosis. Amyloidosis affecting the larynx and trachea is rare, and 
presents as firm nodules that may coalesce and cause UAO.
Angioedema:  Angioedema is a typically intense, painless swelling of a 
localized body area caused by leakage of plasma into the affected tissues, 
and preferentially involving the face, tongue, larynx, gastrointestinal 
tract, and extremities. Except in the case of angiotensin-converting 
enzyme inhibitor–associated angioedema, this leakage typically derives 
either from mast cell–stimulated histamine release or from activation of 
the complement system. Mast cell histamine release may occur following 
IgE-mediated hypersensitivity reactions such as those due to severe food 
allergies, as well as in response to certain substances—such as codeine, 
aspirin, and iodinated contrast media—that directly stimulate histamine 
release. Treatment of histamine-mediated angioedema includes hista-
mine blockade (both H1- and H2-receptor blockers are given), cortico-
steroids, and if the airway is compromised or hemodynamic instability 
is present, epinephrine.

There are several diseases of the complement cascade that result in 
angioedema. They can be generally classified according to whether they 
are hereditary or acquired. Hereditary angioedema (HAE) is an auto-
somal dominant disease characterized by recurrent episodes of angio-
edema of the skin, upper airway, and gastrointestinal tract.28 Attacks 
may be provoked by dental surgery, general anesthesia, or stress. The 
diagnosis should be considered in individuals with recurrent episodes of 
angioedema without urticaria, when there is a family history of angio-
edema, whenever unexplained laryngeal edema is present, or when there 
is a history of recurrent nausea and vomiting of unexplained etiology. 
Type I HAE is the most common form and is caused by decreased pro-
duction of C1 esterase inhibitor. Patients with type II HAE have func-
tionally impaired C1 esterase inhibitors. Type III HAE is rare and occurs 
only in women and is associated with normal C1 inhibitor levels and 
function. Corticosteroids, antihistamines, and epinephrine are generally 
considered to be ineffective in acute attacks in patients with HAE, but 
should not be withheld until the diagnosis is secured. This condition has 
seen an increase in available therapies in recent years. Plasma derived C1 
inhibitor is first-line therapy for acute attacks of angioedema, with many 
decades of use in Europe establishing its efficacy and safety, and with the 
preparation relatively recently becoming available in the United States. 
There now exist two additional targeted therapies: ecallantide, an inhibi-
tor of kallikrein, and icatibant, a bradykinin receptor antagonist.29,30 
Rigorous data comparing these three therapies are lacking. Strategies for 
preventing attacks commonly involve attenuated androgens, antifibri-
nolytic agents, and C1 inhibitor therapy and vary depending on disease 
severity and whether a provocative stimulus is anticipated. Solvent/
detergent treated plasma or fresh frozen plasma may be considered prior 
to major procedures or intubation if plasma derived C1 inhibitor is not 
available, but carry small theoretical risks of infection and paradoxical 
worsening of angioedema. Patients suspected to have HAE should be 
referred to clinicians with experience in treating this condition.

Acquired angioedema (AAE) is associated with autoimmune disor-
ders, lymphoproliferative diseases, various carcinomas, and a number 
of chronic infections such as those caused by human immunodeficiency 
virus and hepatitis B and C viruses. Affected patients have circulating 
antibodies directed either against specific immunoglobulins expressed 
on B cells or against C1 esterase inhibitor. Plasma-derived C1 inhibitor 
has been shown to be efficacious in this condition but some patients 
become unresponsive to this therapy over time.31 Some patients expe-
rience recurrent angioedema, yet have no known cause. Most such 
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patients also have urticaria. The evaluation of these patients is beyond 
the scope of this review.
Angioedema due to Angiotensin-Converting Enzyme Inhibitors  Angioedema occurs in a 
small fraction (0.1%-0.5%) of patients receiving angiotensin-converting 
enzyme (ACE) inhibitors. Still, because of the widespread use of these 
agents, a significant percentage of all cases of UAO are caused by ACE 
inhibitors. Attacks typically occur shortly after initiation of therapy, but 
may occur years later. The angioedema seems to respond poorly if at 
all to treatment with corticosteroids, antihistamines, and epinephrine; 
although studies demonstrating the efficacy of these agents are lack-
ing, they are frequently administered anyway. The pathophysiology is 
unclear; although accumulation of bradykinin has been implicated as 
the cause, the occurrence of angioedema in some patients who have been 
switched from ACE inhibitors to angiotensin receptor antagonists, which 
do not inhibit the catabolism of bradykinin, raises questions about the 
mechanisms by which each agent causes angioedema.32 Based on limited 
evidence, it appears that for patients with a risk of angioedema attributed 
to an ACE inhibitor that the risk of subsequent angioedema while taking 
an angiotensin receptor blocker is between 2% and 17%.33 We therefore 
believe that angiotensin receptor antagonists should be used in patients 
who have had a prior episode of angioedema attributed to ACEI therapy 
only when there is no other reasonable alternative.

TREATMENT OF UPPER AIRWAY OBSTRUCTION
The most important aspect of managing a patient with suspected UAO 
is to immediately summon to the bedside a clinician experienced in 
the management of such patients. Once a significant UAO has been 
diagnosed, early involvement of anesthesia and otolaryngology services 
is crucial. The approach to management varies considerably depending 
on the site, severity, and tempo of UAO; while patients with slowly pro-
gressive or easily treatable causes of UAO may be managed expectantly, 
signs of impending respiratory arrest dictate that the airway be secured 
immediately. The presence of an experienced clinician is also important 
in ensuring that inappropriately aggressive interventions do not take 
place, such as attempts at intubation by an inexperienced operator with 
inadequate equipment and backup. In such cases, attempts to secure 
the airway may in fact precipitate a catastrophe. Because each patient 
requires an individual approach to management, making explicit recom-
mendations is difficult. Following is a discussion of available techniques 
for treating patients with UAO.

■■ GENERAL STABILIZING MEASURES
If the patient has normal mentation and is able to speak, attempts can be 
made at stabilizing a severe UAO with noninvasive means pending defin-
itive treatment. Because the pressure required to drive airflow across the 
upper airway depends in part on the density of the gas, the inhalation of a 
low-density inert gas such as helium in combination with oxygen has the 
effect of reducing the work of breathing. In fact, helium-oxygen mixtures 
have been shown to decrease the transdiaphragmatic pressure swings and 
the pressure-time index of the diaphragm, as well as improve comfort, 
in a group of patients with postextubation stridor.34 The proportion of 
inhaled gas that can be administered as helium is obviously limited by 
the need to maintain an adequate arterial saturation. On the other hand, 
mixtures comprising less than 70% helium are of little to no benefit.

The value of noninvasive positive pressure ventilation in patients with 
UAO is uncertain. This therapy may help maintain airway patency and  
airflow by serving as a pneumatic “splint,” stabilizing ventilation  
and averting a potentially hazardous intubation.35 On the other hand, 
the decision to defer intubation in favor of noninvasive ventilation may 
allow the UAO an opportunity to progress to a point at which intubation 
becomes more difficult, if not impossible. Similarly, the use of noninva-
sive ventilation is inadvisable when the UAO is critical and expected to 
progress (eg, in the case of a rapidly progressive upper airway infection 
or tumor awaiting definitive therapy, such as surgery or radiation). 
Perhaps the best use of noninvasive ventilation is in the stabilization of 

the patient with UAO while the relevant airway personnel and equip-
ment are assembled. This approach may serve to “buy time” while a con-
sensus is reached among the medical team—anesthesia, otolaryngology, 
and the critical care service—as to the best approach to monitoring and 
potentially securing the airway.

■■ SECURING THE AIRWAY
The unconscious patient with UAO who is unable to be ventilated 
should first undergo a head-tilt or jaw thrust maneuver to advance the 
mandible and relieve any obstruction from the tongue base in the hypo-
pharynx. In patients with suspected cervical spine injury, the jaw thrust 
may be performed without the head-tilt maneuver. Placement of an oral 
airway also facilitates ventilation when the UAO is proximal. If these 
measures are unsuccessful, the obstruction is likely to be more distal.

The manner in which the airway is secured depends not only upon 
the tempo of illness and the location of the UAO but upon the experi-
ence and preferences of the airway operator. As a general rule, awake 
fiberoptic intubation by an experienced operator is the procedure of 
choice when the UAO is known to be severe and progressive and when 
time permits. A variety of devices and techniques are available for this 
procedure, including simple video laryngoscopy and devices that com-
bine both video and rigid laryngoscopic approaches. In situations in 
which the glottis cannot be well visualized, a variety of supralaryngeal 
airways are available for placement (see Chap. 45). These devices should 
not be used when there is known hypopharyngeal or esophageal pathol-
ogy, or when time permits an attempt to secure the airway by an expe-
rienced otolaryngologist or anesthesiologist. Depending on the level 
of obstruction, ventilation may still not be possible despite successful 
insertion of such devices, a situation that may be rapidly lethal.

If the airway cannot be effectively secured with an endotracheal tube, 
a surgical airway is indicated. Emergency cricothyrotomy is performed 
by first making a 1-cm horizontal incision just above the superior border 
of the cricoid, which can be found 2 to 3 cm below the thyroid notch.36 
The cricothyroid membrane is then slit in the midline with the blade 
directed inferiorly so as to avoid damaging the vocal cords. If the blade is  
passed too deeply, entry into the esophagus is possible. The hole is then 
widened with a blunt instrument to allow passage of a small tube or can-
nula for ventilation. Complications include vocal cord injury, esophageal 
perforation, and later, subglottic stenosis. While jet ventilation via nee-
dle cricothyrotomy utilizing a 14-gauge angiocath may allow adequate 
ventilation of the patient pending definitive therapy, the frequency of 
complications is high and operator experience with this technique is 
typically limited.

It cannot be overemphasized that, time permitting, the optimal 
approach to securing an obstructed upper airway is best determined 
through a multidisciplinary approach involving the critical care team, 
anesthesia, and otolaryngology. Available techniques for securing the 
airway are discussed in greater detail in Chap. 45.

■■ THE DECISION TO EXTUBATE
Deciding when to extubate a patient with an UAO is often difficult. The 
presence of the endotracheal tube makes an assessment of upper airway 
patency difficult. Sometimes improvement in the UAO is suggested by 
the overall clinical course; for example, if a patient was intubated for a 
borderline indication in the setting of a soft tissue infection, a signifi-
cant reduction in facial and neck swelling may indicate that the UAO 
has improved to the point where extubation is safe. Similarly, complete 
resolution of lip, tongue, and hypopharyngeal swelling from angioedema 
is often accompanied by resolution of laryngeal edema. However, care 
must be taken in such circumstances. It is frequently useful to perform 
a “cuff leak” test. After scrupulous oral and endotracheal suction, the 
endotracheal tube cuff is deflated. If a patient is unable to pass air 
around the tube, its removal may not be tolerated, particularly if the 
tube is small (ie, 6.0 or 6.5 mm). When the patency of the airway is in 
question, it is useful to pass a tube changer through the endotracheal 
tube prior to its removal. The tube changer is usually well tolerated by 
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the patient and facilitates reintubation over the tube changer if required. 
Careful consultation with anesthesia and otolaryngology services prior 
to making a decision to extubate is important, and all necessary equip-
ment and personnel should be at the bedside in marginal cases.

Some studies have suggested that quantification of the cuff leak, 
either by volume or by percentage of total tidal volume, may predict 
the occurrence of postextubation stridor in patients not intubated for 
UAO.18 Because the rate of reintubation in such cases is frequently low, 
it remains unclear whether this practice should be applied to all endotra-
cheal tube removals, particularly if it results in more patients remaining 
intubated for longer periods, or on a case-by-case basis (eg, the patient 
intubated for a known UAO).

COMPLICATIONS OF UPPER AIRWAY OBSTRUCTION
Short of cardiac arrest, the most feared complication of UAO is anoxic 
brain injury. Negative-pressure pulmonary edema may also occur.37 
This condition typically occurs in patients with severe UAO, in whom 
several mechanisms act synergistically to promote its development. 
First, the patient generates extremely negative pleural pressures during 
inspiration attempting to overcome the UAO. This promotes venous 
return and a shift of the interventricular septum to the left, decreasing 
left ventricular preload. At the same time, left ventricular afterload is 
dramatically increased by the fall in intrathoracic pressure, as well as 
by catecholamine-induced systemic hypertension. These events cause a 
transfer of blood volume from the systemic to the pulmonary circula-
tion. Here, pulmonary capillary transmural pressure is elevated because 
of reduced interstitial pressure and possibly elevated capillary pressure, 
the latter from increased blood volume and pulmonary vascular tone 
from hypercapnia and hypoxia. This rise in capillary transmural pres-
sure causes pulmonary edema. On occasion, the edema fluid in such 
patients has been noted to be pink or blood-tinged, possibly from red 
blood cell leakage caused by high transmural pressures across disrupted 
alveolar-capillary membranes. A recent animal model suggests that 
pulmonary edema following upper airway obstruction may be due in 
part to acute lung injury,38 helping to explain cases in which the clinical 
resolution of pulmonary edema and hypoxemia was prolonged.
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Ventilator Waveforms: 
Clinical Interpretation
Gregory A. Schmidt

48
C H A P T E R

KEY POINTS

•• �Pressure and flow waveforms reveal a wealth of information 
regarding the patient’s physiologic derangement.

•• �Distinguishing the contributions of resistive and elastic pressures 
allows tailoring and monitoring of therapy.

•• AutoPEEP should be sought in all mechanically ventilated patients.
•• �Ventilator waveforms show how adequately the physician has 

accommodated the ventilator to the patient.
•• Patient effort confounds interpretation of pressures and flows.
•• �Attention to ventilator waveforms can improve the accuracy of 

hemodynamic interpretation and is essential for judging the valid-
ity of dynamic predictors of fluid-responsiveness.

Intensive care ventilators generate tidal ventilation by applying to the 
endotracheal tube or mask a pressure higher than the alveolar pressure. 
This is true whether the mode of ventilation is volume-preset (volume 
assist-control [ACV], synchronized intermittent mandatory ventilation 
[SIMV]); pressure-preset (pressure support ventilation [PSV], pressure-
control ventilation [PCV]); or more complex modes (pressure-regulated 
volume control [PRVC], proportional assist ventilation [PAV], air-
way pressure release ventilation [APRV], volume support ventilation 
[VSV]). The capability to display waveforms turns modern ventilators 
into sophisticated probes of the patients’ respiratory mechanics and of 
patient-ventilator interaction. Respiratory system mechanics and wave-
form analysis should be integrated into routine ventilator management 
of the critically ill patient. The fundamental aims are to (1) determine 
the nature of the mechanical derangement of the respiratory system; 
(2) assay the response to therapy and time; (3) reveal autoPEEP; and 
(4) determine the patient-ventilator interaction to guide adjustment of 
ventilator settings. In addition, respiratory muscle activity must be con-
sidered when measuring hemodynamic pressures such as the pulmo-
nary artery occlusion pressure (wedge pressure, Ppw) or the right atrial 
pressure (Pra), since these pressures are determined at end-expiration 
or when judging the validity of dynamic fluid-responsiveness predictors 
(such as pulse- or stroke-volume variation), since these depend on a pas-
sively ventilated patient. The timepoint of end-expiration, as well as the 
presence of inspiratory and expiratory effort (both of which can greatly 
confound interpretation of hemodynamic pressures) can be readily dis-
cerned by analyzing ventilator waveforms.
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It is easiest to derive clinically useful information about the patient’s 
respiratory system when volume-preset modes such as ACV or SIMV 
are used. At least when the patient is passive, the pressure at the air-
way opening (Pao) and the pressure versus time waveform reflect the 
mechanical properties of the respiratory system, yielding valuable 
clinical information. During pressure-preset modes, such as pressure-
support ventilation (PSV) and pressure-control ventilation (PCV), some 
information can be derived from the flow versus time waveform, but 
this information is generally less readily interpreted than that obtained 
during volume-preset ventilation. Below we review the determinants 
of the pressure and flow versus time waveforms during volume-preset, 
then pressure-preset, ventilation, including how to recognize and quan-
titate autoPEEP as well as a method for using this information to adjust 
the ventilator. Volume-pressure loops are reviewed in terms of how 
they may aid management of the patient with acute lung injury (ALI) 
or acute respiratory distress syndrome (ARDS) but we also review the 
simpler use of the stress index for this same purpose. The potentially 
confounding effect of patient effort on the pressure and flow waveforms 
is discussed. Finally, examples of problems revealed through careful 
interpretation of waveforms are presented.

PRESSURE AT THE AIRWAY OPENING

■■ VOLUME-PRESET MODES
Gas is driven to and from the lung by a pressure difference between 
alveolus and airway opening. The majority of adult patients are venti-
lated, at least initially, with a volume-preset mode (ie, ACV or IMV),1 
allowing ready determination of the respiratory system mechanics. 
When a muscle-relaxed patient is mechanically ventilated at constant 
inspiratory flow, the inspiratory Pao consists of three components: one 
to drive gas across the inspiratory resistance, the second to expand the 
alveoli against the elastic recoil of the lungs and chest wall, and the third 
equal to the alveolar pressure present before inspiratory flow begins 
(PEEP or autoPEEP) (Fig. 48-1).

Pao = Pres + Pel + Total PEEP or

Pao = FlowI × Rrs + DV × Ers + Total PEEP

where Pao is the airway opening pressure, Pres is the resistive pressure 
component, Pel (Pel = Pplat − Total PEEP) is the elastic pressure term, 
Rrs is inspiratory resistance, ΔV is the increment in lung volume, Ers is 
elastance of the respiratory system, and Total PEEP is applied PEEP or 
autoPEEP, whichever is higher.

Diagnostic and therapeutic information can be gleaned by distin-
guishing the individual components of the peak Pao (Ppeak), as follows. 

FIGURE 48-1.  During constant flow, volume-preset ventilation of a passive patient, 
Pao is composed of resistive and elastic elements, the latter consisting of the end-expiratory 
pressure (PEEP or autoPEEP) and a component proportional to the change in volume and the 
respiratory system compliance. The second breath includes an inspiratory pause allowing 
determination of the components of Pao.
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First, PEEP is set on the ventilator and this value can be used when 
autoPEEP is absent. AutoPEEP is present, however, in most ventilated 
critically ill patients,2 and methods for quantitating it are described 
below. The Ppeak can be apportioned between its two remaining com-
ponents, Pres and Pel, by stopping flow (end-inspiratory pause3) and 
allowing the Pres term to fall to 0. When flow is 0, Pao drops to a lower 
Pplat. Then:

Pres = Ppeak – Pplat

The final component (Pel = Pplat − Total PEEP) is proportional to the 
elastance of the respiratory system and the tidal volume.

At normal inspiratory flow rates in the range of 1 L/s, Pres is typically 
between 4 and 10 cm H2O. Elevated Pres is found with high inspiratory 
flow or increased inspiratory resistance. At constant flow, a rise in Pres 
may indicate, for example, increased bronchospasm or partial endo-
tracheal tube obstruction. Conversely, falling Pres may correspond to 
a response to bronchodilators. Because the Pres depends on ventilator 
flow rate, as well as inspiratory resistance, when interpreting its value, 
one must be careful to take the set flow rate into consideration. The most 
dramatic example of potential error in this regard is when the inspiratory 
flow is set to a decelerating profile (Fig. 48-2). Since Pel = ΔV × Ers,  
elevated Pel indicates excessive tidal volume or increased elastic  
recoil of the lungs or chest wall, as in pulmonary fibrosis, acute lung 

60 A B

Flow
(lpm)

Pao
(cm H2O)

−60
40

5

FIGURE 48-2.  This is a passive patient with modest airflow obstruction ventilated with a volume-preset mode and square wave flow (panel A) at 60 lpm or decelerating flow (panel B) 
beginning at 60 lpm. A 0.4-second end-inspiratory pause is set in order to allow determination of Pplat. Notice that there is a significant difference between Ppeak and Pplat (40-22) during 
square wave ventilation but not during decelerating flow (27-22) because flow is so low during the later parts of the breath.
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injury, or abdominal compartment syndrome. Respiratory system static 
compliance (Crs) is the inverse of Ers:

Crs = DV/Pel

normally about 70 mL/cm H2O.
When the tidal volume is a typical 400 mL, Pel should be only about 

6 cm H2O (400 mL/70 mL/cm H2O). Thus a ventilated healthy patient 
should have a Ppk of roughly 16 consisting of Pres (5 cm H2O), Pel (6 cm 
H2O), and applied PEEP (5 cm H2O). Oftentimes the cause of ventilatory 
failure has not been determined by the time of endotracheal intuba-
tion. If the Ppeak is not increased in a passive, ventilated patient, the 
physician should suspect impaired drive, neuromuscular weakness, or a  
transient, now resolved, problem (eg, upper airway obstruction bypassed 
by the endotracheal tube) as the cause for ventilatory failure. When the 
Ppeak is high, partitioning its components into the resistive pressure 
(Pres), the elastic pressure (Pel), and PEEP can aid the physician to nar-
row the differential diagnosis (Fig. 48-3; Table 48-1).

90
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0

Pressure-time

Flow-timel/s Flow-time

cm H2O s

−1.2

FIGURE 48-3.  Both patients have elevated airway pressures. A brief pause inserted at 
end-inspiration reveals a striking difference between the two records: the left-hand tracing 
shows that Pao falls dramatically when flow is stopped, indicating elevated Pres (this patient 
had status asthmaticus); the right-hand tracing shows that Pao falls quite modestly, since Pel 
is elevated (this patient had a massively distended abdomen and abdominal compartment 
syndrome). Note also that expiratory flow differs substantially between the two, with low and 
prolonged expiratory flow in the left hand tracing.

  TABLE 48-1    Differential Diagnosis of Elevated Peak Airway Pressure

Increased Pres Increase Pel Increased Total PEEP

High flow High tidal volume High applied PEEP

Bronchospasm Chest wall AutoPEEP

COPD   Kyphoscoliosis Expiratory limb malfunction

Secretions   Rib deformity

Kinked or obstructed tubing   Pleural disease

Airway edema   Obesity

Airway tumor/mass   Abdominal distention

Airway foreign body Lung

  Interstitial lung disease

  Lung resection

  Atelectasis

  Pulmonary edema

  Pneumonia

  Mainstem intubation

FIGURE 48-4.  Flow and pressure waveforms during PCV, showing the typical linear fall in 
flow through the breath. The pressure tracing merely reflects the ventilator settings as pressure 
cycles between PI

 (32 cm H
2
O) and PEEP (14 cm H

2
O).
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FIGURE 48-5.  These waveforms of flow and pressure demonstrate the effect during 
pressure-regulated volume control mode of increasing the target tidal volume. Over the course of 
several breaths, pressure gradually rises, driving more flow and increasing the tidal volume, until 
the new tidal volume is reached.

0

Flow-timel/s s

Pressure-timecm H2O s

−1.1

40

0 15

15

1.1

In addition, such analysis may allow therapy to be tailored specifi-
cally to the cause of ventilatory failure. For example, in a patient with 
COPD and congestive heart failure who fails extubation following 
colon resection, bronchodilators will not be helpful if Pres is normal and 
autoPEEP is zero. Similarly, if autoPEEP is greatly elevated, measures to 
decompress the abdomen are not likely to get the patient off of the ventilator.

■■ PRESSURE-PRESET MODES
The inspiratory pressure waveform during pressure-preset modes,  
such as PSV and PCV, reflects ventilator settings only and reveals  
nothing of the respiratory system physiology. These waveforms serve 
mostly to reveal the current ventilator settings as a snapshot (Fig. 48-4) 
or to demonstrate the impact of certain complex modes on ventilator 
actions (Fig. 48-5).
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■■ EXPIRATORY PRESSURE
During either volume-preset or pressure-preset ventilation, analyzing 
the expiratory pressure [Paw(ex)] is substantially less useful than the 
inspiratory pressure, since Paw(ex) is largely determined by characteris-
tics of the mechanical ventilator, not the patient.

Paw(ex) = PEEP + FlowE × Rexlimb

where PEEP is the applied PEEP (not autoPEEP), FlowE is expiratory flow 
rate, and Rexlimb is the resistance of the expiratory limb of the ventilator. 
It is important to realize that Paw(ex) does not reflect expiratory alveo-
lar pressure or autoPEEP, and relates to the patient’s respiratory system  
only indirectly through the expiratory flow. Although some ventilators 
display inspiratory and expiratory pressure-volume plots, only the inspi-
ratory segment gives useful information about the patient.

FLOW WAVEFORMS

■■ EXPIRATORY FLOW
Expiratory flow depends largely on patient features, such as end-inspiratory 
lung volume, lung elastic recoil, and characteristics of the airways, rather 
than ventilator settings. For this reason, expiratory waveforms can be ana-
lyzed without respect to mode of ventilation. Look again at Figure 48-3. 
Notice the striking difference in the expiratory flow between these two 
patients, the first having airflow obstruction, the second restriction.

The most valuable information to come from the expiratory flow 
tracing is evidence suggesting airflow obstruction, signaled by low or 
prolonged expiratory flow, often with flow at end-expiration. In addi-
tion, there may be two distinct components to the expiratory flow decay, 
rather than a single exponential one (Fig. 48-6), in patients with airflow 
obstruction.

■■ INSPIRATORY FLOW

Pressure-Preset Modes:  It is more difficult to infer the mechanical prop-
erties of the respiratory system during pressure-preset ventilation than 
when using constant-flow, volume-preset ventilation, because flow (and, 
therefore, Pres) is continuously changing. Information regarding the 
combined respiratory resistance and elastance can be gained by examin-
ing the slope of the inspiratory flow waveform (Fig. 48-7). Assuming 
a passive patient, during PCV the flow falls throughout inspiration as 
the rising alveolar pressure reduces the driving pressure for flow (since 

the Pao is maintained constant by the ventilator). The rate of fall of the 
flow is related to how fast Palv rises, itself a function of the mechanical 
properties of the respiratory system. Thus resistance and compliance 
can be calculated from slope of the flow decay,4 but this is not measured 
readily at the bedside. Further, because the information it contains lumps 
features of elastance and resistance, it may be useful to turn patients from 
PCV to ACV periodically to determine the respiratory mechanics.

Flow may or may not terminate before end-inspiration depending on 
the inspiratory time (Ti) and the time-constant of the respiratory system 
(Fig. 48-8). If inspiratory flow terminates in a passive patient, the peak 

FIGURE 48-7.  These two passive patients were ventilated with identical settings on 
PCV. The patient shown on the left had reduced lung compliance but normal airways while 
the patient on the right had normal compliance and increased airways resistance. The slope 
of the flow waveform reveals these mechanical differences. Note that flow ceases completely 
in the first patient (arrow) well before the ventilator cycles to the expiratory pressure.
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FIGURE 48-8.  Pressure control ventilation as T
I
 is progressively increased. The first two 

breaths are characterized by short T
I
 and cessation of inspiratory flow well before Palv and P

I
 

are equal. Expiratory flow ceases just before the subsequent breaths, showing that the lung 
has returned to functional residual capacity. Increasing T

I
 (2nd pair of breaths) lengthens the 

time of flow (thereby increasing tidal volume) but shortens T
E
 sufficiently that there is now 

flow at end-expiration (ie, there is dynamic hyperinflation or autoPEEP). The final pair of 
breaths shows end-inspiratory cessation of flow (indicating that P

I
 = Palv), but now T

E
 is so 

short that dynamic hyperinflation worsens.

FIGURE 48-6.  Flow waveform in a patient with emphysema. The initial expiratory flow is 
quite high, but quickly falls off to a much lower (and abnormally low) flow rate, persisting until the 
next breath. These two components reflect initial airway collapse at the onset of expiration (high 
flow) followed by much lower flow driven by the reduced elastic recoil of the emphysematous lung.
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alveolar pressure equals the ventilator PI. Flow waveform displays facili-
tate adjustments of TI and respiratory rate as discussed below.

When patients are breathing spontaneously on PSV, thereby deter-
mining their own TI and rate, waveform analysis aids the identification 
of patient-ventilator asynchrony. This may be especially important 
during noninvasive ventilation (NIV). Common problems during NIV 
include failure of the ventilator to recognize the onset of patient inspira-
tion (generally due to autoPEEP, as described below) and excessive TI 
(related to respiratory mechanics and the threshold at which inspiratory 
pressure switches off).5

Volume-Preset Modes:  During ACV and SIMV, flow is set by the physician 
either directly or indirectly through the choice of minute ventilation and 
rate. Flow may also be altered by changes in rise time, inspiratory plateau, 
inspiratory to expiratory ratios, and other settings, depending on the 
particular ventilator in use. Flow waveforms can reveal the effects on flow  
of other setting changes, as discussed below, and also whether the  
flow profile (square, decelerating, or sine) has been inadvertently changed.

THE OBSTRUCTED PATIENT

■■ CLUES IN THE WAVEFORMS
The waveform indications of increased respiratory resistance are  
(1) increased Pres when an end-inspiratory pause has been set; (2) a high 
shoulder on the early portion of the Pao versus time tracing (Fig. 48-9); 
(3) low and prolonged expiratory flow, often with persistent flow at end-
expiration (Fig. 48-10); (4) the presence of two components to the expi-
ratory waveform (indicating early airway collapse as in Fig. 48-6); and 
(5) scooping of the expiratory flow-volume curve. Significant increases 
in airway resistance are often associated with the presence of autoPEEP, 
especially when large minute ventilations are given, as described below.

Determining AutoPEEP:  The autoPEEP effect occurs when there is insuf-
ficient time for the respiratory system to return to functional residual 
capacity by end-expiration.6,7 Short expiratory times, high minute  
volumes, and increased expiratory resistance contribute to autoPEEP, 
but all of these need not be present. AutoPEEP is present in the majority 
of ventilated patients with asthma and COPD (and in many during spon-
taneous breathing),8 but is also seen in ARDS and other settings with  
high minute ventilations.2 In many regards autoPEEP acts like PEEP to 

impede venous return, heighten the risk of barotrauma, and improve 
oxygenation. In addition, autoPEEP increases the work of breathing 
and impairs the patient’s ability to trigger the ventilator. For these rea-
sons, it is imperative to monitor routinely the presence and amount of  
autoPEEP in mechanically ventilated patients.

AutoPEEP is present when the expiratory flow tracing reveals persis-
tent end-expiratory flow (see Fig. 48-10). Additionally, when the Pres 
is lower than the height of the early step change in the Pao waveform, 
autoPEEP is likely to be present. Several methods for quantifying 
autoPEEP are available, but the one typically used clinically is the end-
expiratory port occlusion method.6 Modern ventilators facilitate this 
determination by providing an expiratory pause function. This method 
will not provide accurate estimation of autoPEEP if there is a leak in the 
tubing or around the endotracheal tube cuff, there is gas flow into the 
circuit during expiration (as during continuous nebulization of broncho-
dilators), or the patient is not fully passive during the maneuver. In one 
survey of ventilated patients, quantitation of autoPEEP was possible by 
the end-expiratory port occlusion technique in only one-third, because 
patient effort confounded the airway pressure.2 Serial measurement 
of autoPEEP may give information regarding the obstructed patient’s 
response to bronchodilator therapy (if minute ventilation is constant).9

Using Peep to Ease Triggering:  AutoPEEP presents an inspiratory thresh-
old load to the spontaneously breathing patient, as discussed in Chap. 54.10  
The work of breathing due to this inspiratory threshold load is roughly 
equal in magnitude to the excessive resistive work of breathing in 
patients with COPD exacerbations,11 contributing to distress even when 
on the ventilator. Thus therapy should be directed at reducing autoPEEP 
when it is present. Meanwhile, PEEP can be applied externally, greatly 
easing the effort required to trigger the breath. In intubated patients 
with acute-on-chronic respiratory failure, continuous positive airway 
pressure (CPAP) has been demonstrated to reduce the work of breathing  
by nearly 50%.12 In patients with COPD and acute respiratory failure, 
nasal CPAP immediately improves respiratory rate, sensation of dys-
pnea, and the PCO2.13 The amount of autoPEEP is largely independent 
of the set PEEP, since the airways of obstructed patients behave more 
like Starling resistors than like Ohmic resistors, much as the rate of flow 
of water over a waterfall is unrelated to how far the water will fall into 
the pool below (Fig. 48-11). As long as the set PEEP is not higher than 

Flow-time Flow-time

Pressure-time Pressure-time

FIGURE 48-9.  These two patients had elevated Ppeak to a similar degree but for differing 
reasons. The left-hand patient had airflow obstruction and an elevated Ppeak – Pplat, whereas 
the right-hand patient had a normal Ppeak – Pplat but an elevated Pplat (signaling abnormal 
respiratory system compliance). The Pao versus time waveform changes slope at different 
pressures (arrows). The difference in pressure between PEEP and this “knee” is roughly equal 
to the Ppeak to Pplat difference.
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FIGURE 48-10.  AutoPEEP determined by the end-expiratory port occlusion technique. 
At the time a breath is due, the ventilator closes the inspiratory and expiratory ports and 
withholds the expected breath. The Pao during expiration of the 2nd breath reflects the set 
PEEP (here zero) until the 3rd breath is due, when the pressure suddenly rises, reflecting end-
expiratory Palv, the autoPEEP pressure. This patient has 10 cm H

2
O autoPEEP. The presence of 

autoPEEP (but not its magnitude) is signaled by the presence of flow at end-expiration.
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roughly 75% of the autoPEEP, there is little effect on Palv, expiratory 
flow, or the magnitude of autoPEEP,14 although there are occasional 
exceptions.15

Effects of Therapy:  A reduction in airways resistance or a response to 
bronchodilators may be signaled by (1) reduced Pres (and lower Ppeak); 
(2) reduced autoPEEP9; and (3) a more normal expiratory flow-volume 
curve. Expiratory peak flow often does not increase with bronchodila-
tors, however, because the lowered alveolar pressure (less autoPEEP) 
reduces the driving pressure for exhalation.

Effect of Patient Effort:  Flow and pressure waveforms are generally easy 
to analyze when patients are fully passive. On the other hand, an active 
patient presents numerous challenges and pitfalls. The discussion above 
always assumed a passive patient, but this is often not the case, especially 
in an era of lower tidal volumes and lighter sedation.

Inspiratory Effort Preceding Machine Inspiration:  The inspiratory thresh-
old load presented by autoPEEP sometimes leads to a striking delay 
between the initiation of the patient’s inspiratory effort and the onset of 
machine inspiration, sometimes consisting of several hundred millisec-
onds (Fig. 48-12). This delay, which signals the presence of autoPEEP, is 
often shortened markedly by the addition of externally applied PEEP, a 
feature that may aid the setting of PEEP in obstructed patients.

Effort During Machine Inspiration:  It has long been known that patients 
perform inspiratory work throughout an assist control breath.16 With 
modern ventilator management shifted to greater patient effort, lower 
tidal volumes, less sedation, and only rare use of therapeutic paralysis, 
most patients exhibit effort on most ventilator breaths, no matter the 
mode of ventilation. This effort may not be obvious despite careful 
examination of the patient unless measures of intrathoracic pres-
sure (esophageal, central venous, or wedge pressures) are available. 
Inspiratory effort may alter Pao (volume-preset breaths), inspiratory 
flow (pressure-preset breaths), or expiratory flow (any mode). Effort 
at the end of a volume-preset breath will affect the Ppeak and Pplat, 
making determination of respiratory system mechanics unreliable. The 
magnitude of this problem is illustrated in Figure 48-13, where the 
degree of patient effort is hidden until therapeutic paralysis reveals it. 
Some patients have extremely high drive, despite being connected to  
a ventilator. They may desire inspiratory flow rates much higher than  
are typically ordered (often in excess of 100 L/min). Since inspiratory 

flow is set by the physician and ventilator during typical volume-preset 
ventilation, no amount of patient effort can raise the flow (unless the venti-
lator allows the patient to override the settings). The effect of this is that 
Pao may not become positive during the breath or may even become 
negative (since the Pao reflects the competition between the ventila-
tor, tending to raise Pao, and the patient, tending to lower it). If Pao is 
not positive during inspiration, the ventilator is not doing work on the  
patient. That is, the patient’s work of breathing would be no lower if  
the ventilator were disconnected. In extreme circumstances, the ventila-
tor may even impede respiration. This represents a fundamental problem 

FIGURE 48-11.  This is the same patient shown in Figure 48-10, this time showing the measurement of autoPEEP while the applied PEEP is 7 cm H2
O (left panel) or 0 cm H

2
O (right panel). 

The measured autoPEEP (10 cm H
2
O is identical).
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FIGURE 48-12.  The pressure waveform in this patient shows a significant fall in Pao 
preceding each breath by several hundred milliseconds and lasting until the ventilator delivers 
a breath. This long delay was due to the difficulty experienced by the patient in overcoming a 
large amount of autoPEEP. A casual inspection of the flow tracing might lead one to conclude 
that autoPEEP was not present (since flow near end-expiration is zero), but flow has ceased 
only because the patient is making inspiratory effort. On other breaths (not shown) the patient 
failed to trigger at all, even while lowering Pao and stopping expiratory flow completely.
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of ACV and SIMV: the greater the patient demand, the lower the Pao. 
One of the advantages of pressure-preset modes is that Pao is main-
tained, no matter how high the flow required, and these modes may 
be more comfortable for the patient with high drive (see Fig. 48-14). It 
would even be sensible to augment pressure when the patient effort is 
high, and this rationale underlies PAV (see Chap. 50). Of course, meeting 
the patient’s flow demand may run counter to other goals, such as the 
desire to limit tidal volume in the interest of lung protection.

Clues to patient effort are often available from the airway pressure 
tracing when using a volume-preset mode, such as concavity of the 
rise in Pao, variability of Ppeak, and a dip in Pao before inspiration, 
indicating a triggering effort (Fig. 48-15). Since every breath of a pas-
sive patient should produce identical flow and pressure waveforms, an 
important clue to effort is simply a lack of uniformity of breaths.

Effort Persisting After Machine Inspiration:  One of the paradoxes of 
mechanical ventilation is that the patient’s desired inspiratory duration 
(neural TI) may bear no relationship to the ventilator inspiratory time 
(mechanical TI). Mechanical TI is set by the physician, either directly 
(as with PCV) or indirectly (ACV, SIMV), whereas neural TI depends 
on arterial blood gases, the gas exchange efficiency of the lung, the 

impact of sedatives, and other central nervous system/patient features. 
In the usual setting, the patient desires a longer TI than is set so that the 
patient’s inspiratory effort persists, even while the ventilator has cycled to 
expiration. When neural and mechanical TI’s are dissimilar, patients may 
be uncomfortable. Pressure support ventilation goes far toward solving 
this problem by switching off when inspiratory flow falls, since reduced 
flow often correlates with the end of neural inspiration. In contrast, many 
patients ventilated with PCV or volume-preset modes rely on happenstance 
or sedatives to accommodate their neural TI to the machine TI (Fig. 48-16).

Postinspiratory effort can be recognized as loss of the usually rapid 
initial expiratory flow, as illustrated in Figure 48-16, or by double- (or 

FIGURE 48-13.  This patient had respiratory failure due to septic shock. Despite ACV at a 
high minute ventilation, the patient continued to work hard to breathe, lowering Pao during 
inspiration below the set PEEP level (left panel). Notice that Pao only rises at the termination 
of inspiration. Following therapeutic paralysis (right panel), Ppk rises to 40 cm H

2
O. The differ-

ence in Pao before and after paralysis reflects the very high work of breathing of this patient.
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FIGURE 48-14.  This shows Pao as a function of patient effort during various modes 
of ventilation. Pressure-preset modes deliver a fixed pressure, whatever the effort, whereas 
volume preset (constant flow) modes, like ACV and IMV produce ever less pressure with 
increasing effort. IMV forces the patient to work even harder, since not all breaths are sup-
ported. PAV responds to increasing patient demand by augmenting flow.

FIGURE 48-15.  Signs of patient effort during constant flow, volume-preset ventilation 
include concavity of the Pao versus time waveform during inspiration; a drop in Pao before the 
breath indicating triggering; and variability in the height of the Ppeak. Notice the first breath shows 
marked concavity, the 2nd reveals obvious triggering, and during the third the patient is passive.
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FIGURE 48-16.  Volume assist-control ventilation with a machine T
I
 of 0.7 second. Notice 

that expiratory flow does not follow the first breath until after a substantial delay because 
the patient is still contracting the inspiratory muscles. Only after a total neural T

I
 of about 

1.2 seconds does the patient turn off the inspiratory muscles and begin to exhale. The same 
phenomenon is seen after the 2nd breath, but this time the patient’s continued inspiratory 
effort is sufficient to double-trigger the ventilator.
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triple-) triggering. The patient shown in Figure 48-17 was being ven-
tilated with a lung-protective tidal volume (6 mL/kg ideal body weight 
[IBW]) for acute respiratory distress syndrome. Every breath actually 
consists of a double-triggered breath: exhaled VT alternated between 
2 mL/kg and 10 mL/kg showing that this patient was probably not 
receiving lung-protective ventilation, despite the set tidal volume, and 
this problem may not be rare.17 Ventilator TI can be lengthened during 
volume-preset modes by increasing tidal volume (although this may 
conflict with lung protective goals, see Chap. 51) or by reducing inspi-
ratory flow (although this may prompt the patient to exert even more 
inspiratory effort). In one recent study of patients with ARDS exhibiting 
frequent double-triggering, pressure support was more effective than 
increased sedation in abolishing this asynchrony, but this allowed the 
possibility of increased tidal volume.18

A separate phenomenon is additional attempts to trigger the venti-
lator during expiration (Fig. 48-18). This is quite common, generally 
when there is autoPEEP and especially during PSV at high levels, and its 
clinical significance is not known.19 When ventilator-dependent patients 
were subjected to increasing degrees of ventilator assistance (and 
demonstrated reduced inspiratory pressure-time product), the rate of 
ineffective triggering rose even while the total respiratory rate fell.20 It is 
probably valuable to consider the impact of PVA in light of the patient’s 
respiratory drive. When drive is high, PVA should be addressed by 
manipulation of the ventilator to improve the patient-ventilator interac-
tion. If drive is low, however, PVA may simply indicate unloading of the 
respiratory system and no changes in ventilator settings are indicated.21

Expiratory Effort:  Patients may recruit expiratory muscles during 
machine inspiration or expiration. Expiratory effort during machine 
inspiration may raise Pao during ACV or SIMV, even setting off the 
pressure alarm, and reduce tidal volume on any mode. Expiratory effort 
at end-inspiration occasionally raises Pplat artifactually. For this reason, 
it is prudent to view the waveform whenever measuring plateau pressure 
in order to confirm that there is a true plateau.

A more common problem is expiratory muscle recruitment through-
out expiration, even to end-expiration, as is often seen in patients with 
severe airflow obstruction. Measured values of autoPEEP may be artifac-
tually elevated by expiratory effort22 (as may hemodynamic pressures, as 
discussed below). Further, such abdominal muscle recruitment should 
be recognized because it invalidates most dynamic fluid-responsiveness 
predictors, since these rely on a passive patient.

PATIENT VENTILATOR ASYNCHRONY

■■ VENTILATION VIA ENDOTRACHEAL TUBE OR TRACHEOSTOMY
Patients vary greatly in their breathing pattern and desire for flow, 
tidal volume, rate, and TI. Any particular initial ventilator settings are 
unlikely to coincide with the individual patient’s needs. Thus the initial 
settings should be considered a first approximation. Then, taking into 
account the patient ventilator interaction, as judged by subjective patient 
comfort and waveform displays of flow and pressure, the settings can be 
tailored to the individual patient. At times, only modest adjustment will 
improve patient ventilator synchrony or patient comfort (Fig. 48-19). 
The beneficial impact of such changes may be evident not just in the 
flow and pressure waveforms, but in hemodynamic waveforms as well 
(Fig. 48-20).

A stepwise approach to adjusting the ventilator to the patient during 
volume-preset ventilation involves changing (1) tidal volume, (2) rate,  
(3) inspiratory flow rate, (4) TI, itself a consequence of tidal volume and 
flow rate, and (5) PEEP to counter autoPEEP. Rarely, rise time may require 
consideration, as discussed below. For patients on PCV, the steps are to 
change (1) PI, (2) TI, (3) rate, and (4) PEEP. An example of this process 
is shown in Figure 48-21. Of course, any of these adjustments can cause 
problems or create conflict with other goals of ventilation. For example, 
raising rate (say to match a patient’s high drive) may cause undesired 
autoPEEP or hypocapnia. Or raising tidal volume to lengthen machine TI 
may violate lung protective goals. Often, additional sedation is required 
to accommodate the patient to the ventilator but this is appropriate only 
after steps have been taken to accommodate the ventilator to the patient.

■■ THE NONINVASIVELY VENTILATED PATIENT
During NIV, the patient and ventilator are coupled less tightly than 
when an endotracheal tube or tracheostomy is used. That is, the patient 
and ventilator are more easily asynchronous during NIV and it is even 
more important to carefully adapt ventilator to patient in order to 
improve the success of NIV.21

Two mechanisms of patient-ventilator asynchrony (PVA) are com-
mon. The first is failure of the patient to lower sufficiently the proximal 
airway pressure (mask pressure) to be able to trigger, due to the presence 

FIGURE 48-18.  Patient with airflow obstruction ventilated with ACV. Notice the brief reduc-
tions in expiratory flow between the two ventilator breaths, both signaling failed attempts by the 
patient to trigger the ventilator. The presence of autoPEEP contributes to the difficulty in triggering.
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FIGURE 48-17.  Patient with ARDS, ventilated with lung-protective settings of tidal 
volume 6 mL/kg IBW. Notice that every breath actually consists of two stacked breaths, effec-
tively doubling the tidal volume, since only a trivial amount of each initial breath is exhaled 
before the next breath is triggered.
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FIGURE 48-19.  This patient was being ventilated for severe sepsis, yet Pao (top panel) was only slightly and inconsistently above PEEP during inspiration, indicating substantial patient 
effort. Increasing inspiratory flow rate modestly and raising the rate (at the same tidal volume) changed the pressure waveform greatly (3rd panel). Now all breaths are identical, each complex 
is convex upward, and there are no signs of triggering (ie, the patient appears passive).
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FIGURE 48-20.  Central venous pressure tracings in the patient shown in Figure 48-19. Notice the periodic falls in pressure (coinciding with inspiration) in the top panel (before ventilator 
adjustment), which are replaced by positive deflections following ventilator adjustment (showing that pleural pressure is rising during inspiration in this now passive patient).
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of airflow obstruction. Adjusting the threshold for triggering PSV to off 
can reduce the work of breathing.5

Displays of inspiratory and expiratory flows can be very valuable in 
detecting PVA and further assist the intensivist in modifying the mask 
or ventilator to improve synchrony and comfort. Carefully observing 
the patient-ventilator interaction and modifying the settings accord-
ingly requires substantial time in the first hour on the part of the 
MD-respiratory therapist-nurse team.

WAVEFORMS TO FACILITATE LUNG-PROTECTION  
IN ARDS
Some intensivists have recommended adjusting the ventilator based on 
the inspiratory volume-pressure (VP) curve.23 Specifically, the upper end 
of the curve is examined for an upper inflection point (UIP), thought to 
signify alveolar overdistention (Fig. 48-22). If an UIP is present the tidal 
volume should be reduced, according to this view. The bottom part of 
the curve can be examined by attempting to identify a lower inflection 
point (LIP), which may indicate harmful recruitment and de-recruit-
ment during ventilation (Fig. 48-23). One must take care to reduce the 
inspiratory flow rate to a low level (eg, 15 lpm or 0.25 lps) when display-
ing the VP curve in order to avoid a flow-related artifact. If the flow rate 
is not reduced, the VP curve appears to show a LIP regardless of whether 
there is alveolar recruitment (Fig. 48-24).
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FIGURE 48-21.  The settings on PCV are adjusted during ventilation of a passive, hypercapnic 
patient. The top two waveforms show flow and pressure with initial settings of P

I
 = 20; PEEP = 5;  

f = 10; T
I
 = 1.5 seconds. Note that flow ceases before the end of the set T

I
 (arrow A), indicating that  

T
I
 is set too long for this patient. The next two panels show T

I
 reduced to 1.2 seconds to match the 

patient’s mechanics. Now expiratory flow ceases (arrow B) well before the subsequent breath, 
indicating that the rate can be raised without causing autoPEEP. The final two panels show the 
flow and pressure waveforms after the rate is raised from 10 to 22. Any further increase in rate 
will create some degree of autoPEEP.
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FIGURE 48-22.  During a slow inspiration, the Pao reflects mostly the respiratory system 
compliance. The falling slope of the inspiratory limb once the volume exceeds about 550 mL 
indicates alveolar overdistention. There is no LIP in this patient on 10 cm H

2
O PEEP.
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FIGURE 48-23.  A pressure volume loop during ACV, zero PEEP, and very low flow (12 L/min), 
showing a clear change in slope of the volume versus pressure loop (a lower “inflection point”).

of autoPEEP, as discussed above. Adding PEEP is helpful to improve syn-
chrony, but it is not generally practical to measure the amount of autoP-
EEP in these patients, due to their effort. Rather, the clinician must adjust 
the machine PEEP upward while assessing the patient’s triggering effort. 
This modification can be greatly aided by the analysis of flow and pressure 
waveform displays. We begin routinely with the PEEP set at 2 or 3 cm H2O 
and find that maximal benefit is reached between 4 and 10 cm H2O.

The second common mechanism for PVA is failure of the ventilator 
to switch off due to the more gradual fall in flow that is characteristic 
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It is technically simpler to judge the stress index, a measure of the lin-
earity of the pressure-time waveform during inspiration24 (Fig. 48-25). 
The stress index relies on two assumptions: that flow is constant during 
inspiration (and this is guaranteed by the ventilator) and that inspiratory 
resistance does not change during tidal ventilation (and this is largely 
true). In this case, airway pressure should rise quite linearly as long as 
respiratory system compliance does not change. Deviations from linearity  
imply that compliance is increasing (stress index <1), suggesting tidal 
recruitment and a need for more PEEP, or that compliance is decreas-
ing (stress index >1), suggesting lung overdistention and a need for a 

500
Volume-pressureml cm H2O

40

FIGURE 48-24.  Several volume pressure loops are superimposed while the inspiratory 
flow rate is reduced from 60 L/min (largest loop) to 45 to 30 L/min and finally to 12 L/min. 
Notice that what appears to be a LIP moves leftward and becomes progressively less evident 
as flow is reduced, showing that this is not a LIP but rather and artifact of the changing flow 
early in the breath.

smaller tidal volume or less PEEP. In a small patient study, adjusting 
the ventilator according to the stress index reduced overdistention and 
measures of lung inflammation when compared with ARDSnet strategy-
guided ventilation.25

There are problems with using VP curves or the stress index to guide 
ventilator management in patients with ALI and ARDS. First, these 
methods depend on a passive patient. Second, the presence of an LIP 
(or stress index <1) may not correlate with recruitment and derecruit-
ment.26 Most importantly, these approaches have not been shown to 
improve meaningful outcomes, despite the theoretical elegance.

VENTILATOR WAVEFORMS  
AND HEMODYNAMIC INTERPRETATION
Respiratory muscle activity greatly affects intrathoracic pressure, which 
alters measured hemodynamic values. By convention, hemodynamic 
values such as Pra and Ppw are measured at end-expiration since the 
respiratory muscles are most likely to be passive at end-expiration. It can 
be quite difficult to determine the point of end-expiration from a hemo-
dynamic tracing, mostly because of respiratory activity (Fig. 48-26). 
This can lead to incorrect measurement of important pressures, perhaps 
prompting incorrect treatments. Further, dynamic fluid-responsiveness 
predictors such as pulse pressure-, stroke volume-, or inferior vena caval 
diameter-variation depend on the pleural pressure changes expected in 
passively ventilated patients. When patients are breathing actively, these 
predictors are generally less accurate or even misleading. In the mod-
ern era of low tidal volume ventilation, reduced reliance on sedatives, 
and sparing use of therapeutic paralysis, effort is more the rule than 
the exception.

End-expiration can often be detected in the hemodynamic waveforms 
by paying attention to inspiratory to expiratory ratios, the nature of 
the respiratory rise in pressure (which differs between the ventilator-
induced rise in the passive patient and the spontaneous expiratory rise 
in the active patient), and the abruptness of the falls in pressure, as  

FIGURE 48-25.  During mechanical ventilation of these passive patients with constant inspiratory flow, pressure should rise linearly (after the initial flow-related rise) as seen in the middle 
panel, indicating a stress index (SI) of 1 (linear rise). In contrast, the first panel shows a pressure rise that is convex upward (SI <1). Notice the departure from linearity, especially early in the 
breath at a time when tidal recruitment might be expected. In the third panel, pressure rises linearly for the initial portion of the breath, but then rises more than expected later, becoming 
concave upward (SI >1). This departure from linearity shows that respiratory system compliance is falling late in the breath, possibly signaling overdistention.
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FIGURE 48-26.  Wedge pressure (Ppw) tracing in this ventilated patient who was making strong respiratory efforts. Since the Ppw varies from 20 to −5 cm H
2
O, reading the tracing properly 

(at end-expiration) is vitally important. If this patient were passive, one would expect the end-expiratory pressure to be roughly −5 cm H
2
O, but then the I:E ratio would be 2:1 (inverse ratio 

ventilation), the fall in pressure during (presumed) expiration is too abrupt, and the (presumed) inspiratory pressure should continue to rise (rather than plateauing) throughout the breath. 
Instead, this ventilated patient is quite active and pulls the Ppw down during inspiration. The end-expiratory pressure is 15 cm H

2
O.
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FIGURE 48-27.  The least equivocal method for identifying end-expiration on a vascular waveform is to display simultaneously the vascular pressure (here the CVP; top waveform) and the 
Pao (PRS; bottom waveform). A point 200 ms before Pao rises (signaling inspiration) generally precedes the patient’s inspiratory effort and is a good marker for end-expiration. Because the CVP 
varies during respiration in this patient, selecting end-expiration reproducibly is essential to getting reliable pressures. Here the CVP is 10 cm H

2
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discussed in Figure 48-26. Additional confidence can be gained at the 
bedside by examining the patient and ventilator while simultaneously 
displaying the hemodynamic tracing in question. Perhaps the simplest 
and most accurate approach, however, is to connect the ventilator cir-
cuit to a pressure transducer and display this on the same timescale as 

the hemodynamic waveform. End-expiration is readily identified on 
the ventilator pressure waveform (Fig. 48-27). One then moves 200 ms 
earlier on the timescale (since patient effort begins before machine 
inspiration, especially in the patient with autoPEEP, as discussed above) 
and measures the hemodynamic pressure there.
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UNUSUAL PROBLEMS REVEALED  
BY WAVEFORM ANALYSIS
Modern ventilators allow remarkable control over many aspects of ven-
tilation beyond those related to tidal volume, rate, and PEEP. The ability 
to adjust flow profiles, flow rates, and rise times gives the intensivist 
tools for improving patient-ventilator synchrony and patient comfort. At 
the same time, however, changing some of these parameters has unantic-
ipated consequences, many of which are revealed by comparing flow or 
pressure waveforms before and after the intervention. For example, the 
first set of pressure and flow tracings shown in Figure 48-28 were seen 
in a patient ventilated with ACV and a rise time of 10% (meaning that 
10% of the total respiratory cycle is devoted toward raising flow toward 
its peak value). Pressure does not rise above the PEEP value for the first 
two-thirds of the breath. The basis for this is readily evident from the 
flow tracing, which shows that flow is positive, but excruciatingly slow, 
for the first two-thirds of the breath. Flow is maintained low because the 
ventilator is not allowed to give the peak flow until 10% of the respira-
tory cycle has elapsed. If the patient tries to get more flow before this 
time, the ventilator simply throttles flow down further. Obviously, this is 
counterproductive, forcing the patient to work excessively and futile. Yet 
no alarm will sound: the only clue to this problem is found in the venti-
lator waveforms. When the rise time was set appropriately (Fig. 48-28), 
patient effort was reduced as the ventilator took on more of the burden 
of the work of breathing.

Lengthening the rise time also affects peak flow since, as the percent 
of time at peak flow is reduced, the amount of flow must be raised in 
order to keep TI constant (Fig. 48-29). Therefore, changing rise time 
can alter Ppeak, potentially confounding assessment of the respiratory 
system mechanics or response to therapy.
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FIGURE 48-28.  This patient was ventilated with ACV and a rise time of 10% (left panel). 
Notice that inspiratory flow and pressure are very low for the first two-thirds of the breath, 
then both rise abruptly. This occurs because the patient had increased drive and tried to pull 
inspiratory flow higher than that allowed if the rise time was to remain at 10%. The ventilator 
resists the patient’s effort until finally allowing adequate flow once the 10% time has passed. 
This same phenomenon was apparent (although less dramatic) when the rise time was set at 
the default value of 5% (not shown). The right hand panel shows the same patient once the 
rise time was reduced to 1%. Notice that Pao rises sooner, flow is constant through the breath, 
and the ventilator is performing more work (although the patient is still not passive).

Many ventilators are provided with an option during volume-preset 
modes to give constant flow (the standard approach) or a decelerating 
(or sine wave) flow profile. Although the decelerating flow profile most 
mimics the flow pattern seen with PSV and PCV, there is no evidence 
that this pattern is either better or more comfortable than constant flow. 
The decelerating profile is most often selected when Pao is very high 
and there is concern for barotrauma. The effect of this is to lower Ppeak 
since, at end-inspiration, when lung recoil is greatest, flow is much 
reduced. Yet an unavoidable consequence of lowering the flow late in the 
breath is that TI is lengthened (and TE shortened). This almost always 
serves to cause or exacerbate autoPEEP (see Fig. 48-2). We strongly dis-
courage the use of any flow profile other than square.

Even when inspiratory flow is kept constant throughout the breath, 
lowering its value can have a marked impact on autoPEEP (Fig. 48-30). 
There are few reasons to ever ventilate a patient with the inspiratory flow 
set lower than 50 L/min (0.83 L/s).

FIGURE 48-29.  During ACV, the rise time was raised from 1% to 10%. Notice that peak 
airway pressure rises measurably despite no change in the patient’s mechanics or tidal volume.
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FIGURE 48-30.  During ACV, the inspiratory flow was reduced from 1 to 0.5 L/s. Notice 
that Ppeak falls with the 2nd breath (as does Pres), but then begins to rise again by the 3rd 
breath. This occurs because the shortened T
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 worsens autoPEEP, raising the Ppeak again. This 

process will continue to raise the autoPEEP for several breaths until Palv rises sufficiently to 
drive the full tidal volume out during the shorter T

E
.

0

50
cm H2O

−1.2

0

1.2
l/s Flow-time

Pressure-time s

s

6

6

section04.indd   423 1/23/2015   2:19:17 PM

http://www.myuptodate.com


PART 4: Pulmonary Disorders424

REFERENCES
Complete references available online at www.mhprofessional.com/hall

KEY REFERENCES

•• Coussa, ML, Guérin C, Eissa NT, et al. Partitioning of work of 
breathing in mechanically ventilated COPD patients. J Appl 
Physiol. 1993;75:1711-1719.

•• Grasso S, Stripoli T, de Michele M, et al. ARDSnet ventilatory pro-
tocol and alveolar hyperinflation: role of positive end-expiratory 
pressure. Am J Respir Crit Care Med. 2007;176:761-767.

•• Marini JJ, Capps JS, Culver BH. The inspiratory work of breathing 
during assisted mechanical ventilation. Chest. 1985;87:612-618.

•• Nassar BS, Collett ND, Schmidt GA. The flow-time waveform 
predicts respiratory system resistance and compliance. J Crit Care. 
2012;27:418.e7-418.e14.

•• Pepe PE, Marini JJ. Occult positive end-expiratory pressure in 
mechanically ventilated patients with airflow obstruction. Am Rev 
Respir Dis. 1982;126:166-170.

•• Pohlman MC, McCallister KE, Schweickert WD, et al. Excessive 
tidal volume from breath stacking during lung-protective ventila-
tion for acute lung injury. Crit Care Med. 2008;36:3019-3023.

•• Ranieri VM, Zhang H, Mascia L, et al. Pressure-time curve pre-
dicts minimally injurious ventilatory strategy in an isolated rat 
lung model. Anesthesiology. 2000;93:1320-1328.

•• Tuxen DV. Detrimental effects of positive end-expiratory pressure 
during controlled mechanical ventilation of patients with severe 
airflow obstruction. Am Rev Respir Dis. 1989;140:5-9.

Management of the 
Ventilated Patient
Gregory A. Schmidt
Jesse B. Hall

49
C H A P T E R

Regardless of the underlying process leading to mechanical venti
lation, several principles guide ventilator settings and associated 
management. This chapter emphasizes preventing complications by 
using the “ventilator bundle”; avoiding lung injury (through overdis-
tention or autoPEEP); limiting ventilator-induced diaphragm dysfunc-
tion (VIDD); understanding cardiopulmonary interactions; choosing 
modes and settings in relation to the underlying cause of respiratory 
failure; ensuring synchrony between patient and ventilator; and 
responding to crises.

Other chapters of this book are complementary to the information 
presented here. The pathophysiology of respiratory failure is broadly 
reviewed in Chap. 43; monitoring respiratory system waveforms of pres-
sure and flow is delineated in Chap. 48; noninvasive ventilation is cov-
ered in Chap. 44; ventilator-induced lung injury is discussed in Chap. 51;  
and finally, several chapters (eg, Chap. 52, Acute Respiratory Distress 
Syndrome; Chap. 54, Acute on Chronic Respiratory Failure; Chap. 55,  
Status Asthmaticus; Chap. 58, Restrictive Disease of the Respiratory System) 
discuss ventilatory support for specific problems.

PREVENTION: THE “VENTILATOR BUNDLE”
Mechanically ventilated patients are at risk for numerous complica-
tions related to the presence of the endotracheal tube, most notably 
ventilator-associated pneumonia (VAP), as well as adverse consequences 
of sedatives, paralytics, and immobilization. In response, the Institute for 
Healthcare Improvement promulgated the concept of “bundles,” a struc-
tured set of processes that, when performed collectively and reliably, 
improve outcomes (head of bed elevation; daily sedative interruption 
and readiness assessment; and steps to prevent venous thromboembo-
lism and gastrointestinal hemorrhage). Ideally, these are evidence-based 
interventions but, in actual fact, include tactics with an uncertain impact 
on VAP. Effective preventive measures are more fully discussed in 
Chaps. 3, 4, 5, and 22, but are briefly summarized here.

Noninvasive ventilation should be used in appropriate candidates, 
since this reduces the risk of VAP in COPD patients1 and perhaps those 
in an immunocompromised state.2 For intubated patients, the head of 
the bed should be elevated to 30° to 45°. This intervention may3 or may 
not4 be effective in reducing VAP, but has the virtues of being simple, 
inexpensive, and logical, since much VAP is thought to arise from 
aspiration of gastric contents. Ventilator tubing should be changed 
only when the tubing is visibly soiled or malfunctioning, rather than 
on a time-based schedule.5 Sedative use should be limited and patients 
should be allowed to wake up daily, as discussed below and in Chap. 22.  
Ideally, the “wake-up” should be coordinated with a spontaneous 
breathing trial (SBT) to judge readiness for extubation.6 Prophylaxis 
against venous thromboembolism is indicated in most patients. Oral 
care with chlorhexidine is probably effective.7 There is no consensus 
regarding the effectiveness of selective decontamination of the diges-
tive tract, subglottic suctioning, or avoidance of antiacid therapies for 
prevention of VAP.

KEY POINTS

•• �Effective preventive measures in ventilated patients include raising the 
head of the bed, employing measures to prevent venous thromboem-
bolism, avoiding unnecessary changes of the ventilator circuit, reduc-
ing the amount of sedation, and providing oral care with chlorhexidine.

•• �Even patients with normal lungs may benefit from limited tidal 
volumes to reduce the risk of ventilator-induced lung injury caus-
ing progression to acute respiratory distress syndrome.

•• �Critical illness and mechanical ventilation combine to impair 
strength of respiratory muscles and produce atrophy. This ten-
dency can be reduced by setting the ventilator in a way as to pre-
serve inspiratory muscle contraction.

•• �Whenever the adequacy of oxygen exchange is in question, the 
initial fraction of inspired oxygen (FiO2) should be 1.0; this will be 
diagnostic as well as therapeutic, since failure to achieve full arterial 
hemoglobin saturation identifies a significant right-to-left shunt.

•• �The choice of ventilator mode is relatively unimportant: more 
relevant is to use the ventilator with full understanding of the 
principles of lung protection, ventilator-induced diaphragm dys-
function, autoPEEP, and patient-ventilator synchrony.

•• �The patient with severe airflow obstruction often develops hypo-
perfusion after institution of positive-pressure ventilation as a result 
of autoPEEP; this responds to temporary cessation of ventilation 
and vigorous volume resuscitation, while measures are employed to 
reduce airflow obstruction and reduce the total minute ventilation.

•• �The patient with acute hypoxemic respiratory failure (AHRF) 
resulting from pulmonary edema benefits from lung-protective 
ventilation (6 mL/kg ideal body weight and rate approximately 30 
breaths/min). The initial FiO2 of 1.0 can be lowered to nontoxic 
levels by raising positive end-expiratory pressure (PEEP), guided 
by pulse oximetry or measures of recruitment.

section04.indd   424 1/23/2015   2:19:17 PM

http://www.mhprofessional.com/hall
http://www.myuptodate.com


CHAPTER 49: Management of the Ventilated Patient 425

VENTILATOR-INDUCED LUNG INJURY
When the lungs of patients with the acute respiratory distress syn-
drome (ARDS) are distended excessively, through high tidal volumes 
or high positive end-expiratory pressure (PEEP), injury follows. Local 
pulmonary inflammation ensues, including areas of previously healthy 
lung, and systemic inflammation is seen,8 potentially causing distant 
organ failures. Increasing evidence suggests that ventilated patients with 
normal lungs (having central nervous system failure, eg, or undergoing 
surgery) may also be at risk when large (12 mL/kg) tidal volumes are 
used9,10 (see Chap. 51). In light of these findings, tidal volume should 
probably be limited also in these patients as discussed more fully below.

VENTILATOR-INDUCED DIAPHRAGM DYSFUNCTION
Like skeletal muscles, the diaphragm suffers atrophy and contractile 
dysfunction during critical illness and mechanical ventilation, termed 
VIDD.11,12 This occurs acutely, worsens progressively, and is associated 
with prolonged ventilation and risk of death.13 Muscle protein synthesis 
is inhibited and multiple pathways of self-destruction are up-regulated.14 
Also like in peripheral muscle, active contraction (ie, active breathing) 
can effectively modify the degree of catabolism, helping to maintain 
contractile function. This has potentially important implications for 
selection of mode, adjustment of settings based on patient-ventilator 
interaction, role for sedation and SBTs, and endpoints for ventilator 
settings. For example, these findings regarding VIDD suggest that the 
ventilator should generally be set so as to encourage patient triggering, 
rather than passivity (unless profound shock or hypoxemia prevents 
this). Further, adjusting ventilator settings to achieve a modest degree 
of patient effort should perhaps override alternative strategies, such 
as those based on standard protocols or relying on arterial blood gas 
analysis. It is also interesting to speculate to what degree daily sedative 
interruption, spontaneous breathing trials, and noninvasive ventilation 
exert their beneficial effects through reductions in VIDD.

CARDIOPULMONARY INTERACTIONS
Cardiopulmonary interactions describe the complex, and mutually 
important, relationships between respiration (and mechanical venti-
lation) and the circulation, largely because these systems are deeply 
intertwined within the thorax. Circulatory abnormalities and treatments 
have implications for lung function. At the same time, lung injury, venti-
lation, and PEEP can support or cripple the circulation.

Mechanical ventilation affects the circulation through cyclic changes 
in the pleural pressure (Ppl), direct effects on the pulmonary circulation 
and right ventricular afterload, and indirect consequences of altered gas 
exchange and work of breathing. In contrast to spontaneous breathing 
when the Ppl falls during inspiration, mechanical ventilation tends to 
make Ppl rise. Following institution of or changes in mechanical ventila-
tion, the increment in Ppl relates to patient effort (both inspiratory and 
expiratory), tidal volume, chest wall compliance, and the magnitude of 
any alveolar recruitment. Higher tidal volumes and a stiffer chest wall 
produce greater changes in Ppl and accordingly greater effects on the 
circulation. PEEP has a similar impact, except that the degree of Ppl 
augmentation depends on the magnitude of PEEP, the lung and chest 
wall compliances, and whether lung is recruited or not: more recruit-
ment causes a greater change in Ppl. The dominant circulatory impact 
of ventilation tends to be mediated through changes in Ppl (since this 
largely determines the juxtacardiac pressure), most notably by reduc-
ing right ventricular preload. Impaired right heart filling accounts for 
much of the hemodynamic depression of positive pressure ventilation 
and PEEP, although right ventricular afterload plays a role in some, 
especially those with severe ARDS.15 Modes of ventilation that preserve 
spontaneous breathing dampen the rise in average pleural pressure and 
may be associated with less circulatory depression.

Ventilation can support the circulation, too, by raising left ventricular 
preload, reducing afterload, and easing the work of breathing. Similarly, 

withdrawing ventilation or PEEP can challenge the circulation, espe-
cially in those with severe left ventricular dysfunction, impeding libera-
tion from the ventilator.16

CHOOSING A VENTILATOR MODE
Technological innovations have provided a plethora of modes by which 
a patient can be mechanically ventilated. These have been developed 
with the hope of improving gas exchange, patient comfort, or speed of 
return to spontaneous ventilation. Aside from minor subtleties, how-
ever, nearly all modes allow full rest of the patient, on the one hand, or 
substantial exercise, on the other, while providing a suitable foundation 
for maintaining gas exchange and protecting the lung. Thus, in the great 
majority of patients, choice of mode is merely a matter of patient or phy-
sician preference. Noninvasive ventilation should be considered before 
intubation and ventilation in many patients who are hemodynamically 
stable and do not require an artificial airway, especially those with acute-
on-chronic respiratory failure, postoperative respiratory failure, and 
cardiogenic pulmonary edema. Management of the patient ventilated 
noninvasively is discussed thoroughly in Chap. 44.

Choosing a ventilatory mode and settings appropriate for each 
individual patient depends not only on the physician’s goals (rest vs 
exercise; lung protection; limitation of autoPEEP; gas exchange), but 
also on knowledge of the mechanical properties of the patient’s respira-
tory system. Determining respiratory system mechanics is an integral 
part of ventilator management and a routine component of examina-
tion of the critically ill patient, discussed fully in Chap. 48 (Ventilator 
Waveforms). The intensivist can combine clinical information, chest 
radiography, lung ultrasound, and respiratory system mechanical prop-
erties to categorize the patient into one of four prototypes: (1) normal 
gas exchange and mechanics; (2) significant airflow obstruction (as in 
status asthmaticus or acute exacerbations of COPD); (3) ARDS; and  
(4) restriction of lung or chest wall. Appropriate initial ventilator settings 
and subsequent adjustments for each of these four states are discussed 
later in this chapter.

If full rest of the respiratory muscles is desired, it is incumbent on the 
physician to ensure that this is indeed achieved. Although some patients 
are fully passive while being ventilated (those with deep sedation,  
some forms of coma, metabolic alkalosis, sleep-disordered breathing), 
most patients will make active respiratory efforts, even on volume 
assist-control ventilation (VACV),17 at times performing extraordinary 
amounts of work. Unintended patient effort can be difficult to rec-
ognize but, aside from obvious patient effort, may be signaled by an 
inspiratory fall in intrathoracic pressure (as noted on a central venous 
or pulmonary artery pressure tracings or with an esophageal balloon), 
by triggering of the ventilator, or by a careful analysis of real-time 
flow and pressure waveforms, discussed more fully in Chap. 48. When 
there is evidence of unwanted patient effort, ventilator adjustments, 
psychological measures, pharmacologic sedation, and therapeutic 
paralysis can be useful. Ventilator strategies to reduce the patient’s 
work of breathing include increasing the minute ventilation to reduce 
PaCO2 (although this may run counter to other goals of ventilation, 
especially in patients with ARDS or severe obstruction), increasing 
the inspiratory flow rate, and changing the mode to pressure-targeted 
ventilation, as in pressure-support ventilation (PSV) mode or pressure 
assist-control ventilation (PACV).

For most patients, however, some degree of triggering and work are 
desired because this is likely to reduce the degree of VIDD as described 
above. If some work of breathing on the patient’s part is desired, this can 
be achieved through any of the existing ventilatory modes. The amount 
of work done may be highly variable, however, and depends on the spe-
cific mode, the settings chosen within each mode, and the interaction 
between the patient and the ventilator. A recurring question during the 
time when a patient can carry some of the work of breathing is, “Can 
this patient breathe without ventilatory assistance?” This issue is more 
fully developed in Chap. 60, Liberation From Mechanical Ventilation.
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■■ PRESSURE-TARGETED VERSUS VOLUME-TARGETED  
MODES OF VENTILATION

The terminology describing modes of ventilation can be very confusing 
and may vary from one company’s ventilator to another. In this chapter, 
we refer to volume-targeted modes as those in which the physician sets 
a desired tidal volume that the ventilator delivers, using whatever pres-
sure is required, and pressure-targeted modes, in which the physician 
sets a desired pressure that the ventilator maintains, delivering a volume 
that depends on the settings, respiratory mechanics, and patient effort. 
Some modern modes (dual control modes, see below) attempt to blend 
pressure and volume targets. Few studies have compared modes directly 
except with respect to comfort, a measure generally favoring pressure-
targeted modes. At the same time, comparative trials are plagued by 
the details of settings and these are often dissimilar between modes 
(biasing the study) or are not sufficiently specified in the methods. 
For this reason, modes are often chosen based on preference, personal 
experience, or institutional practice, rather than on evidence relating to 
meaningful outcomes.

The differences between volume-targeted and pressure-targeted modes 
are fewer than often appreciated, since volume and pressure are related 
through the mechanical properties of the respiratory system, most 
notably the respiratory system compliance (Crs). For example, a passive 
patient with a static Crs of 50 mL/cm H2O ventilated on VACV at a tidal 
volume of 500 cc with no PEEP (or autoPEEP) will have a plateau airway 
pressure (Pplat; see Chap. 48) of about 10 cm H2O, whereas the same 
patient ventilated on PACV at 10 cm H2O can be expected to have a tidal 
volume (VT) close to 500 cc. The difference to the patient between these 
modes may be quite trivial, often amounting to small differences in inspi-
ratory flow profile. Thus, while physicians’ comfort level with volume- 
targeted and pressure-targeted modes may be very different, the modes 
can be similar because they are tied to each other through the patient’s Crs.

■■ CONVENTIONAL MODES OF VENTILATION
In the following descriptions, each mode is first illustrated for a passive 
patient, such as following muscle paralysis, and then for the more com-
mon situation in which the patient plays an active role in ventilation. On 
some ventilators tidal volume (VT) can be selected by the physician or 
respiratory therapist, whereas on others a minute ventilation and respi-
ratory rate (f) are chosen, secondarily determining the VT. Similarly, 
on some machines an inspiratory flow rate (V̇) is selected, whereas on 
others V̇ depends on the ratio of inspiratory time to total respiratory 
cycle time (TI/TT) and f; on inspiratory-expiratory (I:E) ratio and f; or 
on rise-time and other parameters.

Pressure-Targeted Modes:  In pressure-targeted modes, a fixed inspira-
tory pressure (PI) is applied to the patient, whatever the resulting VT. 
Depending on the particular ventilator, the physician may have to spec-
ify the actual level of PI or, alternatively, the increment in pressure over 
the expiratory pressure (PEEP). Ventilators designed primarily for non-
invasive ventilation often require setting PI and PEEP independently, 
while most ICU ventilators require setting the PEEP and an inspiratory 
pressure increment. For example, the following settings are identi-
cal: 1. PI = 20 cm H2O; PEEP = 5 cm H2O (noninvasive ventilator); or  
2. Pressure increment (eg, “pressure-support” or “pressure-control”) = 
15 cm H2O; PEEP = 5 cm H2O. In this chapter, we will specify inspiratory 
(PI) and expiratory (PEEP) pressures to avoid confusion.

In pressure-targeted modes, the VT is predictable (again, passive 
patient) when the Crs is known:

VT = (PI − PEEP) × Crs

assuming time for equilibration between PI and alveolar pressure (Palv) 
and the absence of autoPEEP (both of these assumptions are often not 
true in patients in the ICU; see below).

Compared with volume-targeted modes, a potential advantage of 
pressure-targeted ventilation is greater physician control over the maxi-
mal alveolar pressure (PI) in passive patients, although it should be 

emphasized that a “safe” maximal alveolar pressure is not known. Further, 
when patients are active, PI does not represent the transpulmonary pres-
sure, meaning that gross overdistention of lung is possible on pressure-
targeted modes despite modest ventilator pressures. In addition, the same 
reduction in maximal alveolar pressure can be achieved using volume-
targeted modes, simply by limiting tidal volume, as has been shown in 
ALI/ARDS patients.18 Nevertheless, pressure-targeted modes make such 
a lung protection strategy easier to carry out by dispensing with the need 
to repeatedly determine Pplat and periodically adjust the VT.

Pressure-targeted modes also allow the patient greater control over 
inspiratory flow rate and therefore potentially increased comfort. On 
the other hand, during lung protective ventilation, pressure modes 
(including pressure-regulated volume control, see below) did not reduce 
work of breathing compared to volume assist-control and did not allow 
precise control of tidal volume.19 A disadvantage of pressure-targeted 
modes is that changes in respiratory system mechanics (eg, increased 
airflow resistance or lung stiffness) or patient effort may decrease 
the minute ventilation, necessitating alarms for adequate ventilation. 
Also, the mechanics cannot be determined readily and partitioned as 
described in Chap. 48 without switching modes, inserting an esophageal 
balloon, or using more complex algorithms.20

Pressure Assist-Control Ventilation (PACV)  In the passive patient, ventilation 
is determined by f, the inspiratory pressure increment (PI − PEEP), 
inspiratory to expiratory (I:E) ratio, and Crs. In patients without severe 
obstruction given a sufficiently long TI, there is equilibration between 
the ventilator-determined PI and Palv so that inspiratory flow ceases 
(Fig. 49-1A). In this situation, tidal volume is highly predictable, based 
on PI (= Palv) and the mechanical properties of the respiratory system 
(Crs). In the presence of severe obstruction or if TI is too short to allow 
equilibration between ventilator and alveoli, VT will fall below that pre-
dicted based on PI and Crs (see Fig. 49-1A). One of the advantages of 
PACV is that it may facilitate ventilation with a lung protective strategy. 
For example, alveolar overdistention can be prevented by ensuring that 
Palv never exceeds some threshold value (this is often taken to be 30 cm 
H2O, but a truly safe level is unknown) by simply setting PI (alternatively, 
PEEP + PSV) to the desired upper limit. Inspiratory activity can raise 
the transpulmonary pressure well above a safe level, despite a modest PI, 
threatening lung protection. During PACV, TI and f are set by the physi-
cian and may not approximate the patient’s desired TI and f.

When the patient is active, the tidal volume reflects patient effort 
and the patient may trigger additional breaths. When the patient makes 
inspiratory efforts synchronized with machine inspiration, the tidal 
volume is generally greater than that predicted from the Crs and PI 
and may exceed targets for lung-protection. However, dyssynchrony or 
expiratory effort during machine inspiration may reduce VT below that 
otherwise expected. Special care must be taken to adjust TI to the indi-
vidual patient (Fig. 49-2); otherwise, heavy sedation is typically needed. 
When unphysiologic settings are intentionally chosen, as when the physi-
cian desires an unusually long TI (TI longer than TE results in inverse ratio 
ventilation, IRV), deep sedation or therapeutic paralysis is often given.
Pressure-Support Ventilation (PSV)  The patient must trigger the ventilator in 
order to activate this mode, so PSV is not applied to passive patients. 
Ventilation is determined by PI − PEEP, patient-determined f, patient 
effort, and the patient’s mechanics. Once a breath is triggered, the venti-
lator attempts to maintain PI using whatever flow is necessary to achieve 
this. Eventually, flow begins to fall due to cessation of the patient’s inspi-
ratory effort combined with increasing elastic recoil of the respiratory 
system as lung volume rises. The ventilator maintains PI until inspiratory 
flow falls an arbitrary amount (eg, to 20% of initial flow) or below an 
absolute flow rate (set by default or user-configured).

It is useful to first consider what happens if the patient were to trig-
ger the ventilator and then remain passive (an artificial situation). Tidal 
volume would be determined by PI and the (largely static) mechanical 
properties of the respiratory system, as during PACV (see Fig. 49-1B). 
More typically, the patient makes an effort throughout inspiration, 
in which case VT is determined, in part, by the degree of effort (see 
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Volume-Targeted Modes:  During volume-targeted ventilation, a volume 
is delivered to the patient whatever the pressure required (within the 
limits of the high pressure alarm). The physician generally also sets 
an inspiratory flow rate (indirectly determining the TI) as well as f. In 
volume-targeted modes, the Pplat is predictable (again, passive patient) 
when the Crs is known:

Pplat = VT/Crs + PEEP

where PEEP includes also autoPEEP.
Compared with pressure-targeted modes, a potential advantage of 

volume-targeted ventilation is greater control over the total minute 
ventilation, since VT does not depend on potentially changing patient 
effort or respiratory system mechanical properties. Also, it is easy to 
characterize the respiratory system mechanics by measuring Ppk and 
Pplat, thereby helping to follow the patient’s progress or response to 
therapies.

Fig.  49-1B). At a constant minute ventilation the patient’s work of 
breathing can be increased by lowering PI and can increase inadvertently 
if respiratory system mechanics change despite no change in ventilator 
settings. Respiratory system mechanical parameters cannot be deter-
mined readily on this mode because the ventilator and patient contribu-
tions to VT and V̇ are not distinguishable from analysis of the ventilator 
airway opening pressure (Pao); accordingly, the important measure-
ments of Pplat, Ppk minus Pplat, and autoPEEP are measured during a 
brief daily switch from pressure-support to VACV at the corresponding 
values of VT, V̇, and I:E observed during PSV.

A potential advantage of PSV is improved patient comfort. An impor-
tant caution about PSV is that it can account for a large fraction of total 
minute ventilation, even when set at rather low levels, as in patients with 
normal respiratory system mechanics. For example, in a patient with 
myasthenia gravis, 10 cm H2O of PSV may represent full mechanical 
ventilation. A “successful” spontaneous breathing trial on these settings 
should not be used to judge the patient’s readiness for extubation.

FIGURE 49-1.  A. Pressure-control ventilation of a muscle-relaxed patient showing the effects of changed inspiratory resistance. The left-hand panel shows a pressure-control breath with 
normal resistance, during which P

I
 equilibrates with Palv before the inspiratory cycle is terminated (left arrow), flow ceases, and tidal volume can be predicted from the P

I
 and Cst (V

T
 = Cst × 

P
I
 − PEEP). In the right-hand panel, inspiratory resistance is elevated. Note that at the same P

I
, inspiratory flow is reduced, the tidal volume is not reached until the inspiratory phase is terminated 

(right arrow), and the tidal volume (solid line) falls below that predicted by Cst and P
I
 − PEEP (dotted line). Pao is airway opening pressure; V̇ is flow; V is volume. B. Pressure-support ventilation. 

When a breath is triggered Pao rises to the set level (P
I
) with flow and V

T
 depending on the P

I
 − PEEP, respiratory system mechanics, and patient effort. The first breath shown represents a patient 

who triggers the ventilator and then remains fully passive (a hypothetical circumstance used here for contrast with the usual patient efforts shown in the next two breaths). As long as there is no 
significant airflow obstruction, V

T
 nearly reaches the volume that would be predicted based on the compliance of the respiratory system (V

T
 = Crs * P

I
 − PEEP). During the middle breath shown, 

the patient makes a moderate but prolonged inspiratory effort. The Pao remains at the set inspiratory level as long as patient effort maintains flow, and a much longer T
I
 and V

T
 result. In the final 

breath, a more powerful but briefer inspiratory effort is made, shortening the T
I
 but generating a larger V

T
 than during the passive breath. Pao is airway opening pressure; V̇ is flow; and V is volume. 

C. Airway opening pressure (Pao) and lung volume (V) during VACV ventilation of a patient who is periodically triggering the ventilator. The second breath was set to be delivered at the time 
marked by the second arrow; instead, the patient lowers the Pao, triggering the ventilator at the time marked by the first arrow, thereby increasing the respiratory rate above the default value, 
decreasing the expiratory time (T

E
), and increasing the I:E ratio. D. Airway opening pressure (Pao), flow (V̇) and lung volume (V) during SIMV. Breath 1 (a mandatory breath) is not triggered by the 

patient, who remains fully passive. V and V̇ are determined by the ventilator, while the Pao reflects the passive mechanical characteristics of the respiratory system. The shaded rectangle near the 
second breath denotes the interval during which the ventilator is programmed to synchronize with the patient’s inspiratory effort, delivering the mandatory breath slightly ahead of schedule. At 
the end of this time interval (arrow), a mandatory breath would have been delivered (dotted tracing) if the patient had not triggered the ventilator. The synchronized breath (breath 2) has the 
same volume and flow as a mandatory breath. The Pao may not be the same as during a passive breath because of continued patient effort throughout inspiration. The third breath (3) is initi-
ated before the synchronization interval at x and is therefore not assisted. Flow and tidal volume are totally determined by the patient’s effort and mechanics. These breaths are typically shorter 
and smaller (as indicated) than the mandatory breaths. When the patient fails to trigger another breath within the next synchronization window, another mandatory breath (4) is delivered.
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(see Fig. 49-1D). If this triggering effort comes in a brief, defined inter-
val before the next mandatory breath is due, the ventilator will deliver 
the mandatory breath ahead of schedule in order to synchronize (SIMV) 
with the patient’s inspiratory effort. If a breath is initiated outside the 
synchronization window, VT, V̇, and I:E are determined by patient effort 
and respiratory system mechanics (see Fig. 49-1D), not by ventila-
tor settings. The spontaneous breaths tend to be of small volume, as 
depicted in Figure 49-1D, and are highly variable from breath to breath. 
The SIMV mode has been used historically to gradually augment the 
patient’s work of breathing by lowering the mandatory breath f (or VT),  
driving the patient to breathe more rapidly in order to maintain ade-
quate ventilation, but this approach appears to prolong “weaning.”23,24 
Although this mode continues to be used widely (typically with added 
PSV), there is little rationale for it and SIMV is falling out of favor.

Mixed Modes:  Some ventilators allow combinations of modes, most 
commonly SIMV plus PSV. There is little reason to use such a hybrid 
mode, although some physicians use the SIMV mode as a means to add 
sighs to PSV, an option not otherwise generally available. Since SIMV 
plus PSV guarantees some backup minute ventilation (which PSV does 
not), this mode combination may have value in occasional patients at 
high risk for abrupt deterioration in central drive.

Dual-Control Modes:  The sophisticated microprocessors included with 
modern ventilators allow remarkably complex modes of ventilation. 
These modes typically try to meld the best features of volume- and 
pressure-targeted modes. Some cause a switch of modes between breaths 
(eg, pressure-regulated volume control, PRVC; volume support, VSV) or 
within a breath (eg, volume-assured pressure support, VAPS). In general,  
these modes are complex and their effects may vary greatly depending 
on the details of the patient’s effort. None have been shown safer nor 
more useful than more conventional modes. The greatest problem with 
such newer modes is that they are very complex, the algorithm describ-
ing their function is not usually understood by practitioners, and they 
change during a breath, or from breath to breath, depending on patient 
effort, sometimes in ways that can provoke unanticipated effects.
Pressure-Regulated Volume Control (PRVC)  This is a pressure-targeted mode with a 
set TI (ie, it is time-cycled) in which the ventilator compares the VT with 
a physician-set tidal volume and automatically and gradually adjusts PI 
of subsequent breaths in order to deliver the desired VT. A downside of 
PRVC is that as patient effort increases, the ventilator reduces support. 
Further, tidal volume is not controlled as precisely as with a volume-
targeted mode.19 Proponents argue that this mode provides the benefits 
of pressure-targeted modes, while at the same time guaranteeing VT, but 
any benefits have not been demonstrated.
Volume Support (VSV)  Volume support is a pressure-targeted mode in which 
PI is automatically varied to gradually bring VT in line with the desired 
VT over several breaths, differing from PRVC in that TI is not set but, 
rather, depends on patient effort as in PSV. It is unknown whether this 
mode speeds or impedes weaning.
Volume-Assured Pressure Support (VAPS)  This mode begins as PSV but, if a 
desired VT is not met, the ventilator switches to VACV within the same 
breath in order to guarantee VT. As with many dual-control modes, the 
physician delegates decision-making to the ventilator. Complex adjust-
ments and their potentially detrimental effects on the patient may come 
into play at any time of day or night, depending on changes in mechani-
cal properties of the respiratory system, the patient’s level of conscious-
ness, comfort, or neuromuscular competence.

Continuous Positive Airway Pressure (CPAP):  Continuous positive airway  
pressure is not a mode of ventilation but rather a means of raising 
functional residual capacity while allowing the patient to breathe spon-
taneously. This approach is frequently used when assessing the patient’s 
ability to breathe without ventilatory assistance. Advantages of CPAP 
over T-piece breathing is that oxygenation may be improved, ventilator 
alarms (such as low minute ventilation and apnea) remain in place, the 
patient’s spontaneous tidal volumes and rate can be easily read from  

Volume Assist-Control Ventilation (VACV)  The set parameters of the volume assist-
control mode are the inspiratory flow rate (V̇), frequency (f), and tidal 
volume (VT). (On some ventilators, one must set the total minute venti-
lation and rate, thereby determining tidal volume and indirectly deter-
mining V̇). In the passive patient, the ventilator delivers f [f = 60 s/(TI + 
TE)] equal breaths per minute, each of VT volume. VT and V̇ determine 
the inspiratory time (TI), expiratory time (TE), and the inspiratory-
expiratory (I:E) ratio. Pplat is related to the VT and the compliance of 
the respiratory system, whereas Ppk-Pplat includes contributions from 
V̇ and inspiratory resistance (see Fig. 49-1C).

The active patient can trigger extra breaths by exerting an inspiratory 
effort exceeding the preset trigger sensitivity, each at the set VT and 
V̇, and thereby change TI, TE, and I:E ratio and (potentially) create or 
increase autoPEEP. Typically, each patient will display a preferred rate 
for a given VT and will trigger all breaths when the controlled ventila-
tor frequency is set a few breaths per minute below the patient’s rate; 
in this way, the control rate serves as an adequate support should the 
patient stop initiating breaths. When high inspiratory effort continues 
during the ventilator-delivered breath, the patient may trigger a second, 
superimposed (“stacked”) breath (rarely, a third as well). The total tidal 
volume of this breath is determined by the point in the first breath at 
which the second was triggered, so the total VT can range from the set 
VT to twice VT.

21

Typically, the patient performs inspiratory work during a VACV 
breath.22 This may not be obvious despite careful examination of the 
patient unless measures of intrathoracic pressure (esophageal pressure, 
central venous pressure) are available, or the inspiratory pressure wave-
form is examined carefully (Chap. 48). Effort at the end of the breath will 
affect the Ppk and Pplat, making determination of respiratory system 
mechanics unreliable. Lowering f at the same VT generally has no effect 
on work of breathing (in contrast to SIMV, discussed below) when the 
patient is initiating all breaths.
Synchronized Intermittent Mandatory Ventilation (SIMV)  In the passive patient, inter-
mittent mandatory ventilation (IMV) cannot be distinguished from con-
trolled ventilation in the VACV mode. Ventilation is determined by the 
mandatory f, VT, and V̇. However, if the patient is not truly passive, he or 
she may perform respiratory work during the mandatory breaths. More 
to the point of the SIMV mode, the patient can trigger additional breaths 

FIGURE 49-2.  The effect of changing T
I
 on ventilation in the passive patient during PACV. 

As T
I
 is raised from an initial value of 0.5 second (first two breaths) to 1.0 second (middle 

breaths) to 1.5 seconds (last breaths) tidal volume increases; T
E
 falls so much that autoPEEP is 

created (once T
I
 reaches 1.0 second); and end-inspiratory Palv rises (signaled by the lower flow 

at end-inspiration—essentially zero at T
I
 1.5 seconds).
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the ventilator panel, and the work of breathing is reduced if autoPEEP 
is present.25,26 A potentially misleading feature of some ventilators is that 
the display may show the mode as “CPAP” when it actually is PSV. This 
could lead health care providers to draw erroneous conclusions about 
the patient’s ability to sustain spontaneous ventilation.

■■ EFFECT OF INSPIRATORY FLOW PROFILE
On most ventilators the physician can choose one of several inspira-
tory waveforms, most commonly square or decelerating. The ratio-
nale for the use of decelerating flow is to improve the distribution 
of ventilation and to minimize Ppk. Peak pressures are indeed lower 
because maximal flow (and therefore, flow-related pressure) occurs 
early in the breath when lung volume (and elastic recoil pressure) is 
minimal, while near the end of the breath lung volume is maximal but 
flow is minimal. However, an inescapable consequence of the overall 
lower V̇ (assuming equal peak inspiratory V̇ and a passive patient) is a 
shorter TE. Thus, in patients who are obstructed or have high minute 
ventilations (those in whom a decelerating flow pattern will most 
reduce Ppk), autoPEEP is likely to be caused or increased (Fig. 49-3). 
Although the relative contributions of Ppk and PEEP (or autoPEEP) 
to barotrauma risk are not clearly defined, it seems likely that, in most 
patients, barotrauma risk will be worsened with a decelerating profile 
rather than improved. A sine waveform similarly lowers Ppk while 
shortening expiratory time.

When a square waveform is used, the flow-related pressure near end-
inspiration is nearly the same as at the beginning of the breath and adds 
to the elastic recoil pressure to give a higher Ppk than during sine-wave 
or decelerating flow. However, this higher Ppk is largely borne by the 
robust proximal airways, not the alveoli; by contrast, greater autoPEEP 
means greater Palv and risk of alveolar disruption. Since the peak pres-
sure is visibly lowered by decelerating and sine-wave profiles, while 
increased autoPEEP is typically occult, such flow patterns can be insidi-
ously threatening. Accordingly, we believe that there is little reason to 
use anything other than the conventional square-wave inspiratory flow 
profile. When a decelerating flow profile is used, autoPEEP should be 
measured diligently and the hidden complexities of this phenomenon 
made clear to all caring for the patient.

FIGURE 49-3.  Effect of flow profile on Pao and I:E ratio in a patient with status asthmati-
cus during volume assist-control or mandatory IMV breaths. The left-hand tracings show the 
typical high Ppk and slow expiratory flow of a patient with severe obstruction ventilated with 
a square-wave inspiratory flow profile. Note that expiratory flow just reaches zero before the 
next breath is delivered. The Ppk can be dramatically reduced by changing to a decelerating 
flow profile (right-hand tracing), since much of the high Pao is flow related. However, in order 
to deliver the same tidal volume at the now lower mean inspiratory flow, the inspiratory time 
(TI

) must increase. At the same respiratory rate, the expiratory time (T
E
) falls, increasing the 

I:E ratio. With the now shortened T
E
, there is insufficient time for the respiratory system to 

reach FRC, expiratory flow is still detected at the onset of inspiratory flow (a), and autoPEEP is 
present. Therefore, the lower (but not “improved”) Pao comes at the cost of new (or higher) 
autoPEEP and a higher mean alveolar pressure. Pao is airway opening pressure, V̇ is flow.
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A peak inspiratory flow rate (V̇) of 1 L/s (60 L/min) is a common initial  
setting, but this may require adjustment upward (for patient comfort 
or to lengthen expiratory time) or downward. Increased V̇ may have a 
stimulatory effect on respiratory rate in active patients,27 paradoxically 
shortening TE, although the impact on respiratory rate and work of 
breathing after the first few seconds has not been studied. Lowering the 
peak V̇ will reduce Ppk when there is significant resistance to airflow but 
in this setting will usually worsen autoPEEP, as described above. One 
often overlooked adverse consequence of setting peak V̇ at less than the 
patient wishes is that the patient will actively inspire against the ventilator,  
increasing the respiratory work.

■■ TRIGGERED SENSITIVITY
In modes that allow the patient to trigger extra breaths, either Pao must 
be drawn below a preset threshold (pressure-triggering) or flow must be 
inspired from the circuit (flow-triggering) in order to initiate the breath. 
Flow triggering has been reported to reduce the work of breathing below 
that using conventional demand valves,28 but this is not seen consis-
tently. Further, flow-triggering does not solve the problem of triggering 
when autoPEEP is present (Fig. 49-4). In several instances we have seen 
physicians suspect machine malfunction and even change the ventilator 
when they are confronted with an obviously struggling patient seem-
ingly unable to get a breath despite a “minimal” trigger threshold. The 
solution for this problem is to eliminate the cause for autoPEEP, sedate 
the patient, or use externally applied PEEP to counterbalance the autoP-
EEP (which only occasionally increases autoPEEP, risking barotrauma 
and hypotension)29-31 (see Chap. 54). Alternatively, one can use neurally 
adjusted ventilatory assist (NAVA) to better synchronize patient and 
ventilator, both for breath initiation and termination.32

■■ UNCONVENTIONAL VENTILATORY MODES
Airway Pressure-Release Ventilation:  Airway pressure-release ventilation 
(APRV) consists of continuous positive airway pressure (CPAP) that is 
intermittently released to allow a brief expiratory interval, producing a 
form of inverse ratio ventilation.33 It has been applied to patients with 
acute lung injury34 and has proven effective in maintaining oxygenation 

FIGURE 49-4.  Effect of autoPEEP on triggering. The lower tracings of airway opening (Pao) 
and alveolar pressure (Palv) represent a patient who is triggering volume-targeted ventilator 
breaths and who does not have autoPEEP. The upper tracing shows a patient similarly ventilated 
and with the same triggered sensitivity (−2 cm H

2
O) but who has 4 cm H

2
O of autoPEEP. The 

patient without autoPEEP must lower his or her Palv by x (about 2 cm H
2
O) in order to lower the 

Pao by the same amount, triggering a breath. In contrast, the patient with autoPEEP must lower 
his or her Palv by y (about 4 cm H

2
O) before he or she has any impact on Pao and then by a further 

2 cm H
2
O to trigger the ventilator. In the patient with autoPEEP, the total reduction in Palv (z) 

required to trigger the ventilator rises as autoPEEP rises and is occult. In the extreme, autoPEEP 
may be so elevated that a weak patient is unable to trigger the ventilator despite great effort.
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and assisting ventilation. Thus it is typically used as a rescue mode for 
the patient with refractory hypoxemia due to severe ARDS. Two con-
cerns have arisen. First, tidal volumes are generally much higher than 
6 mL/kg, suggesting that APRV may overdistend the lung. A further  
concern relates to the fact that since the lung cycles tidally below rather 
than above the volume determined by CPAP, this mode probably 
encourages repeated recruitment and derecruitment of flooded and 
collapsed alveoli. Although this point is controversial, the weight of evi-
dence suggests that APRV may amplify ventilator-induced lung injury 
and worsen outcomes.35,36

Proportional-Assist Ventilation:  Proportional-assist ventilation is 
intended only for spontaneously breathing patients. The goal of this 
novel mode is to attempt to normalize the relationship between patient 
effort and the resulting ventilatory consequences.37,38 The ventilator 
adjusts PI in proportion to patient effort both throughout any given 
breath and from breath to breath. This allows the patient to modulate his 
or her breathing pattern and total ventilation. This is implemented by 
monitoring instantaneous V̇ and volume (V) of gas from the ventilator 
to the patient and varying the PI as follows:

PI = f1 × V + f2 × V̇

where f1 and f2 are selectable functions of volume (elastic assist) and 
flow (resistive assist), values which can be estimated from the patient’s 
respiratory mechanics. Potential advantages of this method are greater 
patient comfort, lower Ppk, and enhancement of the patient’s reflex and 
behavioral respiratory control mechanisms. On the other hand, PAV can 
amplify instabilities in the patient’s breathing rhythm, as in the common 
instance of periodic (Cheynes-Stokes) respiration.

High-Frequency Ventilation (HFV):  Several modes of ventilation have in 
common the use of tidal volumes smaller than the dead space volume. 
Gas exchange does not occur through convection as during conven-
tional ventilation but through bulk flow, Taylor diffusion, molecular 
diffusion, nonconvective mixing, and possibly other mechanisms. These 
modes include high-frequency oscillatory ventilation (HFOV) and high-
frequency jet ventilation (HFJV). Theoretical benefits of HFV include 
lower risk of barotrauma due to smaller tidal excursions, improved 
gas exchange through a more uniform distribution of ventilation, and 
improved healing of bronchopleural fistulas. Two trials in patients with 
ARDS have shown that, compared with conventional ventilation (using 
or encouraging 6 mL/kg), HFOV does not reduce39 and may increase40 
mortality.

MANAGEMENT OF THE PATIENT

■■ INITIAL VENTILATOR SETTINGS
Initial ventilator settings depend on the goals of ventilation (eg, full respi-
ratory muscle rest vs partial exercise), the patient’s respiratory system  
mechanics, and minute ventilation needs. Although each critically ill 
patient presents myriad challenges, it is possible to identify four subsets 
of ventilated patients: (1) the patient with normal lung mechanics and 
gas exchange, (2) the patient with predominant airflow obstruction, (3) 
the patient with acute hypoxemic respiratory failure, and (4) the patient 
with restrictive lung or chest wall disease. Specific recommendations 
regarding ventilator settings are detailed more fully in Chap. 52 (Acute 
Lung Injury and the Acute Respiratory Distress Syndrome), Chap. 54 
(Acute-on-Chronic Respiratory Failure), Chap. 55 (Status Asthmaticus), 
and Chap. 58 (Restrictive Disease of the Respiratory System) but are 
reviewed here briefly, along with guidelines for ventilating patients with 
normal respiratory system mechanics.

In all patients the initial FiO2 should usually be 0.5 to 1.0 to ensure ade-
quate oxygenation, although usually it can be lowered within minutes  
when guided by pulse oximetry and, in the appropriate setting, applying 
PEEP. In the first minutes following institution of mechanical ventilation, 
the physician should remain alert for several common problems. These 

include, most notably, airway malposition, aspiration, and hypotension. 
Positive-pressure ventilation may reduce cardiac output, especially in 
patients with a low mean systemic pressure (eg, hypovolemia, venodilating 
drugs, decreased sympathetic tone from sedating drugs, neuromuscular 
disease) or a very high ventilation-related pleural pressure (eg, chest wall 
restriction, large amounts of PEEP, or obstruction causing autoPEEP). If 
hypotension occurs, autoPEEP should be sought and intravascular volume 
should be expanded rapidly while steps are taken to lower the pleural 
pressure (smaller tidal volumes, less minute ventilation). Meanwhile the  
FiO2 should be raised to 100%. If these steps do not rapidly restore  
the circulation, another complicating event (pneumothorax, myocardial 
ischemia) should be considered.

The Patient With Normal Respiratory Mechanics and Gas Exchange:  Patients 
with normal lung mechanics and gas exchange can require mechani-
cal ventilation (1) because of loss of central drive to breathe (eg, drug 
overdose or structural injury to the brainstem), (2) because of neu-
romuscular weakness (eg, high cervical cord injury, acute idiopathic 
myelitis, myasthenia gravis), (3) as an adjunctive therapy in the treat-
ment of shock,41,42 or (4) in order to achieve hyperventilation (eg, in 
the treatment of elevated intracranial pressure following head trauma). 
Especially if the patient is as risk for ARDS, and perhaps even if  
not, tidal volumes (VACV mode) in the range of 6 to 8 mL/kg seem pru-
dent, along with FiO2 of 0.5, respiratory rate around 20 breaths per minute,  
inspiratory flow rate of 50 to 60 L/min, and PEEP of 5 to 8 cm H2O. 
Alternatively, if the patient has sufficient drive and is not profoundly weak, 
PSV can be used. The level of pressure support is adjusted (usually to  
the range of 10 to 20 cm H2O above PEEP) to bring the respiratory rate 
down into the low twenties, usually corresponding to tidal volumes of 
about 450 cc. It is important to realize that PSV is mechanically sup-
ported but entirely spontaneous, with no machine “backup,” unless 
mixed with a mode such as SIMV. Thus hypoventilation may occur 
despite use of PSV if there is further deterioration of muscle strength or 
blunting of drive by disease or drugs. If gas exchange is entirely normal, 
the FiO2 likely can be lowered further based on pulse oximetry or arterial 
blood gas determinations. However, since right mainstem intubation, 
aspiration, and bronchospasm are relatively common complications of 
intubation, it is wise to initiate ventilation with the FiO2 at 0.5 or higher. 
Should hyperventilation be desired, the initial respiratory rate should be 
increased above 20, guided by capnography or blood gas analysis.

Soon after the initiation of ventilation, airway pressure and flow 
waveforms should be inspected for evidence of patient-ventilator dys-
synchrony or undesired patient effort (see Chap. 48). If the goal of 
ventilation is full rest, the patient’s drive often can be suppressed by 
increasing the inspiratory flow rate, frequency, or tidal volume. If such 
adjustments do not diminish breathing effort, despite hypocapnia, seda-
tion may be necessary. If this does not abolish inspiratory efforts and full 
rest is essential (as in shock), muscle paralysis can be considered.

Patients With Dominant Airflow Obstruction:  Two general types of 
patients come to mechanical ventilation for significant airflow obstruc-
tion; those with status asthmaticus (see Chap. 55) and those with exac-
erbations of chronic airflow obstruction (see Chap. 54). Rare alternative 
causes are inhalation injury or central airway lesions, such as tumor or 
foreign body, not bypassed with the endotracheal tube. In isolated upper 
airway injuries, assessment of the extent of damage is often possible by 
bronchoscopy shortly before or at the time of intubation.

Status Asthmaticus:  Because the gas exchange abnormalities of airflow 
obstruction are largely limited to ventilation-perfusion mismatch, an 
FiO2 of 0.5 suffices in the majority of patients.43 Requirements for a 
higher FiO2 should prompt a search for an alveolar filling process or for 
lobar atelectasis. We have had success ventilating these patients with 
PSV, setting PI at 25 to 30 cm H2O (also with PEEP of 5 cm H2O). Since 
these patients are typically anxious, we often give narcotics to suppress 
drive, an approach that, when combined with high-level PSV, often leads 
to an unusual but stable pattern of breathing: tidal volumes greater than 

section04.indd   430 1/23/2015   2:19:20 PM

http://www.myuptodate.com


CHAPTER 49: Management of the Ventilated Patient 431

900 mL, f = 3 − 7. This approach appears to minimize autoPEEP by allow-
ing such a long TE and patients are remarkably comfortable. Alternatively, 
ventilation can be initiated using the VACV mode with a normal tidal 
volume (5-7 mL/kg) and respiratory rate of 12 to 15 breaths per minute.  
A peak flow of 60 L/min is recommended, and higher flow rates do little 
to increase expiratory time. For example, if the VT is 500, the RR 15, and 
the V̇ 60 L/min, the expiratory time is 3.5 seconds. Raising V̇ (dramati-
cally) to 120 L/min increases the expiratory time to only 3.75 seconds, 
a trivial improvement. In contrast, a small reduction in respiratory rate 
to 14 breaths per minute increases the expiratory time to 3.8 seconds. 
This example serves to emphasize not only the relative lack of benefit 
of raising the flow rate but also the importance of minimizing minute 
ventilation when the goal is to reduce autoPEEP. Finally, if the patient 
is triggering the ventilator, it is essential that some PEEP be added 
to reduce the work of triggering. This does not generally worsen the 
hyperinflation as long as PEEP is not higher than about 85% of the 
autoPEEP.44-46 Ventilatory goals are (1) to minimize alveolar overdisten-
tion (keep Pplat <30) and (2) to minimize dynamic hyperinflation (keep 
autoPEEP <10 cm H2O or end-inspiratory lung volume <20 mL/kg), a 
strategy that largely prevents barotrauma.47 Reducing minute ventilation 
to achieve these goals generally causes the PCO2 to rise above 40 mm Hg,  
often to 70 mm Hg or higher. Although this requires sedation, such 
permissive hypercapnia is quite well tolerated except in patients with 
increased intracranial pressure and perhaps in those with ventricular 
dysfunction or pulmonary hypertension.

Since peak proximal airway pressure is so high in this patient group, 
upper-limit alarms of 75 cm H2O (sometimes higher) are often required 
when using volume-targeted modes. Changes in flow that have little 
effect in the patient without airflow obstruction can have a dramatic 
impact in obstructed patients. Specifically, reducing the inspiratory flow 
or changing to a decelerating flow profile reduces the airway pressures 
and the amount of ventilator alarming but, by prolonging inspiration, 
worsens autoPEEP. While the ventilator looks “better,” the patient is 
worse, but this is only recognized if autoPEEP is regularly sought or if 
the expiratory flow profile is examined (see Fig. 49-3).

Acute-on-Chronic Respiratory Failure:  Acute-on-chronic respiratory failure 
(ACRF) is a term used to describe exacerbations of chronic ventilatory 
failure usually occurring in patients with chronic obstructive pulmonary 
disease (COPD)48 (see Chap. 54). Many of these patients are successfully 
(and preferably) ventilated noninvasively (see Chap. 44). When intu-
bated, they are found to have relatively smaller increases in inspiratory 
resistance (compared to asthma), their expiratory flow limitation arising 
largely from loss of elastic recoil.49 As a consequence, in the patient with 
COPD peak airway pressures tend to be only modestly elevated (eg, 
30 cm H2O), yet autoPEEP and its consequences are common. At the 
time of intubation, hypoperfusion is common, as manifested by tachy-
cardia and relative hypotension, and typically responds to briefly ceasing 
ventilation combined with fluid loading.

Since the patient typically has an underlying compensated respira-
tory acidosis, excessive ventilation risks severe respiratory alkalosis 
and, over time, bicarbonate wasting by the kidney. Initial ventilator 
settings of a tidal volume of 5 to 7 mL/kg and a respiratory rate of 16 to 
24 breaths per minute, with a VACV mode minimize the risk of produc-
ing complications of severe dynamic hyperinflation. Since gas exchange 
abnormalities are primarily those of ventilation-perfusion mismatch, 
supplemental oxygen in the range of an FiO2 of 0.4 should achieve better 
than 90% saturation of arterial hemoglobin. Indeed, gas exchange 
abnormalities requiring an FiO2 greater than 0.5 should prompt a search 
for complicating alveolar filling processes, such as left ventricular failure 
with pulmonary edema, pneumonia, or lobar collapse. Inspiratory flow 
rates may be adjusted for patient comfort but usually are in the range of 
50 to 60 L/min. PEEP should be used in this phase when the patient is 
triggering the ventilator since autoPEEP is universally present.

Examination of airway pressure and flow waveforms can be very 
helpful in identifying patient-ventilator dyssynchrony and suggesting 

strategies for improving the ventilator settings (Fig. 49-5). Some patients 
show autoPEEP-induced triggering difficulty, as discussed in Chap. 
54 and in Figure 49-4.50 Frequently, adding extrinsic PEEP to nearly 
counterbalance the autoPEEP dramatically improves the patient’s com-
fort.51 An alternative approach is to increase minute ventilation to drive 
down the PCO2, but this will worsen autoPEEP and waste bicarbonate. 
Moreover, full passivity of respiratory muscles is not desired as this may 
contribute to VIDD. If the patient continues to make significant inspira-
tory efforts—especially if these efforts are ineffective in actually trigger-
ing a machine breath or generating a tidal volume—judicious sedation  
is in order.

Patients With Acute Hypoxemic Respiratory Failure:  Acute hypoxemic 
respiratory failure (AHRF) is caused by alveolar filling with blood, pus, 
or edema, the end results of which are impaired lung mechanics and 
gas exchange (see Chap. 43). The gas exchange impairment results from 
intrapulmonary shunt that is largely refractory to oxygen therapy. In acute 
respiratory distress syndrome (ARDS; Chap. 52), the significantly reduced 
FRC due to alveolar flooding and collapse leaves many fewer alveoli to 
accept the tidal volume, making the lung appear stiff and dramatically 
increasing the work of breathing. The ARDS lung should be viewed as 
a small lung, however, rather than a stiff lung. In line with this current 
conception of ARDS, it is now clearly established that excessive disten-
tion of the ARDS lung compounds lung injury and may induce systemic 
inflammation.52 Ventilatory strategies have evolved markedly in the past 
decade, changing clinical practice and generating tremendous excitement.

The goals of ventilation are to reduce shunt, avoid toxic concentra-
tions of oxygen, and choose ventilator settings that do not amplify lung 
damage. The initial FiO2 should be 1.0 in view of the typically extreme 
hypoxemia. PEEP is indicated in patients with diffuse lung lesions but 
may not be helpful in patients with focal infiltrates, such as lobar pneu-
monia. In patients with ARDS, PEEP should be instituted immediately, 
beginning with 15 cm H2O, then rapidly adjusted based on oxygenation 
or measures of recruitment. There is an increasing trend to rely on 
higher values of PEEP than necessary for oxygenation in order to reduce 
the prospect of VILI, but this remains controversial.53 The tidal volume 
should be 6 mL/kg (of ideal body weight, IBW) on VACV, since higher 
tidal volumes are associated with greater mortality.18 There is little doubt 

FIGURE 49-5.  Signs of patient effort during volume-targeted ventilation (volume assist-
control [VACV] or intermittent mandatory ventilation [IMV] breaths). In the two breaths of 
equal tidal volume shown, the left tracing represents a muscle-relaxed patient, while the other 
breath shows a patient making inspiratory effort. The change in esophageal pressure (Peso) is 
shown in the bottom tracings. Signs of patient effort in the airway pressure tracing include a 
fall in pressure at the airway opening (Pao) just before the VACV or synchronized IMV breath 
(triggering, a), a concave upward rise in Pao during inspiration (b), and a peak airway pressure 
that is less than it would be if the patient made no effort (c). During the triggered breath, Peso 
(as an indicator of the pleural pressure) remains more negative than baseline throughout the 
breath and even after end inspiration (arrow at d).
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that lung protection can be achieved using pressure-targeted ventilation, 
for example as practiced in the Lung Open Ventilation Trial.54 Whatever 
the mode, the respiratory rate should be set at 24 to 36 breaths per 
minute as long as there is no autoPEEP. An occasional consequence of 
lung protective ventilation is hypercapnia. This approach of preferring 
hypercapnia to alveolar overdistention (“permissive hypercapnia”) is 
discussed further in Chaps. 51 and 55.55,56

The Patient With Restriction of the Lungs or Chest Wall:  A number of 
restrictive diseases of the lungs or chest wall can lead to respiratory 
failure, especially when there is a superimposed ventilatory challenge 
(eg, pneumonia). These conditions are fully discussed in Chaps. 58, 86, 
and 114 and include lung disease (eg, advanced pulmonary fibrosis or 
late-stage ARDS), abdominal disease (eg, massive ascites), and other 
chest wall abnormalities (eg, kyphoscoliosis). Here only the ventilator 
management is described.

Small tidal volumes (5-7 mL/kg) and rapid rates (18-24 breaths per 
minute) are especially important in order to minimize the hemodynamic 
consequences of positive-pressure ventilation and to reduce the likelihood 
of barotrauma. The FiO2 is usually determined by the degree of alveolar 
filling or collapse, if any. Rarely, we have encountered patients with enor-
mous restrictive loads from intraabdominal catastrophes (eg, massive  
intraperitoneal bleeding) who have a large intrapulmonary shunt yet lack 
signs of alveolar flooding on the chest radiograph. We speculate that in 
such patients large numbers of alveolar units may be subserved by air-
ways forced below their closing volume throughout tidal ventilation so 
that these nonventilated alveoli comprise a large intrapulmonary shunt 
(see Chap. 114). Reversible contributors to restriction (eg, circumferen-
tial burn eschar, tense ascites) should be identified and treated.

The high alveolar pressures typically generated in these patients may 
lead to increased physiologic dead space (when Palv exceeds the pul-
monary artery pressure), especially when large tidal volumes are used. 
When the restrictive abnormality involves the chest wall (including the 
abdomen), the large ventilation-induced rise in pleural pressure has 
the potential to compromise cardiac output. This in turn will lower the 
mixed venous PO2 and, in the setting of V̇/Q̇ mismatch or shunt, the PaO2  
as well. If the physician responds to this falling PaO2 by augmenting 
PEEP or increasing the minute ventilation, further circulatory compro-
mise ensues. A potentially catastrophic cycle of worsening gas exchange, 
increasing ventilator settings, and progressive shock is begun. This 
circumstance must be recognized, since the treatment is to reduce dead 
space (eg, by lowering minute ventilation or correcting hypovolemia).

■■ PATIENT-VENTILATOR SYNCHRONY
Initial ventilator settings should be reassessed promptly to assess their 
appropriateness for the individual patient. Such fine-tuning of the ven-
tilator often means the difference between a patient who is comfortable 
on the ventilator or who continues to perform fatiguing efforts, leading 
to deep sedation or therapeutic paralysis. Assessing the patient-venti-
lator interaction requires substantial skill and experience. In part, the 
adequacy of ventilator settings is judged by the appearance of the patient 
(comfortable versus diaphoretic and fighting) and waveform analysis 
and, much less so, arterial blood gas analysis.

The intensivist should ensure that the patient and ventilator are syn-
chronized, that is, that each attempt by the patient to trigger the ventila-
tor generates a breath. The most common situation in which the patient 
fails to trigger breaths occurs in severe obstruction when autoPEEP is 
present (Fig. 49-4). This is recognized at the bedside when the patient 
makes obvious efforts that fail to produce a breath. Using waveforms, 
these ineffective efforts cause a temporary slowing of expiratory flow, 
sometimes halting it completely (Fig. 49-6).

■■ RESPONSE TO “CRISES” IN THE VENTILATED PATIENT
A vast array of sudden and potentially catastrophic changes in clinical 
condition can occur in the course of mechanical ventilation (Table 49-1). 
We will focus on high- and low-pressure alarms, worsened oxygenation, 

and hypercapnia. Whenever the function of the ventilator or the position 
and patency of the airway are in question, the patient should be removed 
from the ventilator and hand-bagged with 100% oxygen. This point is 
extremely important, since this maneuver immediately circumvents the 
ventilator (and any malfunction of it), provides the clinician with a direct 

  TABLE 49-1    Ventilator Crises

Increased Peak Airway Pressure

  Endotracheal tube obstruction, kink, malposition

  Airway obstruction (eg, bronchospasm, mucous plug)

  Reduced lung compliance (eg, pulmonary edema)

  Reduced chest wall/abdomen compliance (eg, pneumothorax, abdominal distention)

  Patient effort, agitation (eg, coughing, biting, fighting)

Reduced Oxygen Saturation

  Ventilator/mixer malfunction

  Endotracheal tube malposition, leak

  New lung derangement (eg, atelectasis, aspiration, edema)

 � New cardiovascular derangement (eg, shock, pulmonary embolism, fall in hemoglobin 
concentration)

  Increased oxygen consumption

  Change in body position, increasing shunt

Rising PCO2

  Ventilator malfunction

  Endotracheal tube malfunction, leak

  New patient mechanical derangement (eg, bronchospasm, edema)

  Increased dead space

  Increased CO
2
 production

Patient Distress

  Pain, discomfort unrelated to the ventilator or respiratory

  system (eg, myocardial ischemia)

  Endotracheal tube malposition

  Rising work of breathing

  Rising PCO2 (see above)

  Oxyhemoglobin desaturation (see above)

  Shock, pulmonary embolism

  Inadequate sedation

  Alcohol or other drug, withdrawal

FIGURE 49-6.  Ventilation of an obstructed patient with VACV or IMV. A failed attempt to 
trigger can be detected in the expiratory flow waveform, where the expiratory flow briefly ceases 
(due to the patient’s inspiratory effort) but the effort is insufficient to initiate a breath. Often the 
patient can be seen to make obvious inspiratory efforts between ventilator breaths. V̇ is flow.
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assessment of respiratory system mechanics, and focuses attention on the 
patient and not the machine.

High-Pressure Alarm:  Aside from alarm or gauge malfunction, increased 
airway pressure indicates obstruction of the airway, obstruction to gas 
flow through the ventilator circuit, patient effort against the ventilator, 
or a change in the mechanics of the respiratory system. If manual bag 
ventilation is difficult, a suction catheter should be passed immediately 
through the endotracheal tube. If the catheter cannot be advanced 25 cm 
or more, obstruction of the airway is likely. If repositioning of the head 
does not relieve kinking, and if the patient is not biting the airway, 
reintubation is necessary. If the patient is biting an endotracheal tube, 
a bite block should be placed, or if this cannot be done, a short-acting 
neuromuscular blocking drug should be administered.

If the airway is patent yet manual ventilation is difficult and the 
patient is struggling, a sedative should be given. If the patient is now easy 
to ventilate (implicating vigorous respiratory muscle activity), the cause 
of the patient’s distress should be sought. Possibilities include hypox-
emia, hypercapnia, shock, or a new central nervous system process.

If ventilation remains difficult after deep sedation or muscle paralysis 
of a patient with a patent endotracheal tube, a new lower airway, pleural, 
lung, or chest wall process should be sought. Auscultation and bedside 
ultrasound often identify pneumothorax, collapse, or consolidation. 
Early portable chest radiography confirms these diagnoses or identifies 
an alternative cause of the crisis. Placing the patient back on the ventila-
tor and measuring peak and plateau pressures as well as autoPEEP will 
further delineate the problem, as described above.

Low-Pressure Alarm:  Low-pressure alarms signal machine malfunction, 
a leak, or inspiratory effort by the patient (usually obvious). Large persis-
tent leaks can occur within the ventilator itself, in the inspiratory limb, 
at the connection to the Y-adaptor and endotracheal tube, around the 
endotracheal tube cuff, or through a bronchopleural fistula. If normal 
resistance to ventilation is noted during manual ventilation, the prob-
lem lies with the ventilator or tubing. If hand-bagging reveals minimal 
resistance, an endotracheal tube cuff leak is likely. This can be confirmed 
by listening over the neck or by placing a hand over the mouth. A large 
bronchopleural fistula can be identified by inspection of the chest tube 
and pleural drainage system.

Worsened Oxygenation:  When a patient develops hypoxemia, sufficient 
oxygen should be given immediately to return the saturation to 88%. 
However, this must be followed by a search for the cause of deteriora-
tion. Of course, progression of the primary cause of respiratory failure 
(ARDS, pneumonia, lung hemorrhage) will impair gas exchange, but 
this should not be assumed to be the case. Also possible is a new lesion 
(eg, nosocomial pneumonia, pneumothorax), which may be identified 
by physical examination, ultrasound, or chest radiograph. However, a 
systematic approach is useful to identify the myriad (including nonpul-
monary) causes of hypoxemia.

From a pathophysiologic perspective, new hypoxemia implies a 
reduced FiO2 (including ventilator malfunction), hypoventilation, ven-
tilation-perfusion mismatching, shunt, or a fall in the mixed venous 
oxygen saturation. Hypoventilation is usually obvious, being signaled 
by hypercapnia, and does not cause oxygen-refractory hypoxemia. 
Ventilation-perfusion mismatch typically causes mild hypoxemia that 
is easily corrected with supplemental oxygen. Bronchospasm, airway 
secretions, and airway plugging are common contributors in intubated 
patients. The combination of worsened ventilation-perfusion match-
ing and an increase in dead space should prompt consideration of 
pulmonary embolism. Most often, when new hypoxemia develops in a 
mechanically ventilated patient, shunt or a fall in mixed venous oxygen-
ation can be found. A new shunt (eg, pulmonary edema, pneumonia, or 
atelectasis) typically can be found on the chest radiograph, while mixed 
venous desaturation is detected by analyzing a venous blood sample or 
performing venous oximetry. The causes of venous desaturation include 
reduced cardiac output or hemoglobin concentration or increased 

systemic oxygen consumption. These nonpulmonary causes of hypox-
emia are particularly common in patients with severe shunt lung disease 
and may herald life-threatening crises (eg, pneumothorax).

Hypercapnia:  A rising PaCO2 often elicits a change in the ventilator orders 
(increased frequency or tidal volume). However, a pathophysiologic 
approach is useful here too. From the equation for PaCO2:

 PaCO2 = (VCO2 × k)/[VT × f × (1 − VD/VT)]

Where VCO2 is carbon dioxide production; k is a constant; and VD is 
the dead space, it can be seen that in addition to a fall in minute ventila-
tion, rising CO2 production (eg, fever, shivering, agitation) or increasing 
dead space (eg, hypovolemia, pulmonary embolism, PEEP) may account 
for new hypercapnia. Responding to hypercapnia by simply raising the 
minute ventilation is dangerous because causes of increased VCO2 and 
dead space may be important to diagnose in their own right. In addi-
tion, augmenting minute ventilation has the potential to (paradoxically) 
decrease alveolar ventilation if the increase in VT or f worsens dead space 
(such as when autoPEEP is present). Indeed, in this setting, the PaCO2 
may rise when minute ventilation is increased and fall when minute 
ventilation is reduced. These issues are further discussed in Chap. 55.

■■ LIBERATION OF THE PATIENT FROM MECHANICAL VENTILATION
We refer to the discontinuation of mechanical ventilation not as wean-
ing (which implies the withdrawal of a nurturing life-support system) 
but rather as liberation (connoting freedom from a confining, noxious, 
and dangerous circumstance).57 Since liberation from the ventilator is 
fully discussed in Chap. 60, we make here only a few points relevant to 
all ventilated patients. Patients recover the ability to breathe spontane-
ously because central drive is regained, neuromuscular competence is 
restored, or respiratory system load is reduced. Once these are achieved, 
the ventilator is no longer needed. Gradual adjustments of IMV rates or 
pressure-support levels that are too slow for the patient’s needs simply 
serve to prolong the duration of mechanical ventilation, as shown in 
large trials of weaning strategies.23,24 On the other hand, if drive, strength, 
and load are not repaired, no amount of ventilator technology will allow 
the patient to breathe on his or her own. Most often, when physi-
cians believe they are “weaning” the patient, they are simply allowing  
time for their other therapies to treat the respiratory failure; ventilator 
changes are prescribed coincidentally but are irrelevant. Accordingly, 
effective liberation of each patient begins at intubation and stabiliza-
tion on the ventilator, with the measurement of respiratory mechanics 
to assist in evaluating the reversible features of the patient’s abnormally 
increased load; as soon as is clinically relevant, the respiratory muscle 
strength is evaluated for reversible causes of weakness; and frequent 
attempts are made to identify the earliest point at which the patient has 
regained the capacity to breathe.
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50
C H A P T E R

KEY POINTS

•• �Mechanical ventilators are support devices, not therapeutic devices. 
The clinical goal is thus to support gas exchange without causing harm.

•• �A number of challenges face clinicians in providing safe and effec-
tive mechanical ventilatory support. Two of the most important are  
(1) supporting gas exchange without causing injury from applied 
pressure or FiO2; (2) providing comfortable interactive support as 
the lung recovers.

•• �Innovations need to focus on addressing clinical challenges. 
Moreover, to be accepted as “standard of care,” an innovation must 
be shown to improve an important clinical outcome.

•• �Recent innovations focusing on supporting gas exchange in a “lung 
protective” fashion include airway pressure release ventilation, 
high frequency ventilation, and adaptive support ventilation.

•• �Recent innovations focusing on improving patient-ventilator 
synchrony include various feedback controls on variable flow-
pressure-targeted breaths, proportional assist ventilation, and 
neutrally adjusted ventilatory assistance.

•• �While all of these innovations have conceptual appeal and support-
ing observational data, none as yet have convincing randomized 
control trial data demonstrating improved clinical outcomes.

INTRODUCTION
The overarching goal of positive pressure mechanical ventilation is to 
provide adequate gas exchange support while not causing harm. Indeed, 
positive pressure mechanical ventilators are only support technologies, 
not therapeutic technologies. As such they cannot be expected to “cure” 
disease; they can only “buy time” for other therapies (including the 
patient’s own defenses) to work.

Conventional approaches to positive pressure ventilation involve 
applying ventilatory patterns mimicking normal through either masks 
or artificial airways. This is usually done with modes of support incor-
porating assist/control breath triggering mechanisms, gas delivery 
patterns governed by either a set flow or pressure, and breath cycling 
based on either a set volume, a set inspiratory time or a set flow. Often 
this support includes positive end expiratory pressure (PEEP) and 
supplemental oxygen. In recent decades a number of novel or uncon-
ventional approaches to providing mechanical ventilatory support have 
been introduced. For these to be considered of value, however, it would 
seem reasonable that they address important clinical challenges and be 
shown to improve important clinical outcomes (eg, mortality, duration 
of ventilation, sedation needs, complications). The remainder of this 
chapter will focus on challenges facing clinicians in providing mechani-
cal ventilatory support and assess several novel approaches introduced 
over the last two decades in the context of these challenges.

CLINICAL CHALLENGES FACING CLINICIANS 
PROVIDING MECHANICAL VENTILATORY SUPPORT

■■ VENTILATOR INDUCED LUNG INJURY
Probably the most important challenge facing clinicians providing 
mechanical ventilatory support today is managing the balance between 
providing adequate gas exchange and avoiding lung injury associated 
with positive airway pressure and oxygen exposure. On the one hand, 
patients in respiratory failure need adequate tissue oxygenation and acid/
base balance; on the other hand, the lungs are fragile structures easily 
injured by excessive stretch, alveolar collapse-reopening and high oxygen 
exposure. This challenge is made more difficult by the fact that lung 
injury is usually heterogeneous and thus what may benefit gas exchange 
in one region (eg, higher pressure) may cause worse injury in another.1

Lung injury from mechanical ventilatory support is often termed 
ventilator associated lung injury, or more commonly, ventilator-induced 
lung injury (VILI).2-7 Pathologically, VILI resembles in many ways the 
inflammatory response seen in other forms of acute lung injury and  
the acute respiratory distress syndrome (ALI/ARDS).2,3 The principal 
cause of VILI is alveolar injury induced by alveolar overstretch at end 
inspiration (overdistension), extended periods of tidal breath delivery 
above normal physiologic values, and cyclic atelectasis-recruitment that 
occur during positive pressure ventilation (Fig. 50-1).2-7 In general, the 

FIGURE 50-1.  Ventilator-induced lung injury during positive pressure ventilation comes 
from several factors. Depicted is the sigmoidal-shaped pressure-volume relationship seen in 
the acutely injured lung. Injury can occur from end inspiratory overdistention (upper right 
region), repetitive excessive tidal breath delivery (middle region), and repetitive collapse-
reopening of alveolar units (lower left region).
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risk for VILI increases as end inspiratory transpulmonary pressures 
exceed 30 to 35 cm H2O, as tidal volumes exceed 8 to 10 mL/kg (ideal 
body weight), and as regions of repetitive alveolar opening-closing 
develop.2-12 Other ventilatory pattern factors may also be involved in 
the development of VILI. These include frequency of stretch13 and the 
acceleration/velocity of stretch.14

Importantly, VILI is associated with cytokine release4-6 and bacterial 
translocation.15 These are often implicated as important contributors 
to the systemic inflammatory response with multiorgan dysfunction 
that results in VILI associated mortality. The incidence of VILI has 
been reported to be as high as 24% of patients who are receiving 
mechanical ventilation for reasons other than ALI/ARDS although 
estimates widely vary.5,7,16

Another conceptual source of injury during mechanical ventilatory 
support is oxygen toxicity. Oxygen concentrations approaching 100% 
are known to cause oxidant injuries in airways and lung parenchyma.17 
A “safe” oxygen concentration or duration of exposure is not clear in 
sick humans, however, since most of the data supporting the concept 
of oxygen toxicity comes from animals. Most consensus groups have 
argued that FiO2 values less than 0.4 are safe for prolonged periods of 
time and that FiO2 values of greater than 0.80 should be avoided if at 
all possible.18

■■ VENTILATOR DISCONTINUATION PROCESS—PATIENT  
VENTILATOR SYNCHRONY

A second major challenge facing clinicians, providing mechanical ven-
tilatory, is to ensure that the duration of mechanical ventilation is kept 
to a minimum. The shorter the duration of mechanical support, the less 
is the risk for VILI, infections, airway injury, delirium, and respiratory 
muscle atrophy.19-23 This challenge involves both vigilance in assessing 
the need for continued support every day as well as in providing com-
fortable support that promotes normal muscle function and minimizes 
the need for sedation.19

The available evidence strongly supports the routine (daily) assess-
ment of the need for continued ventilatory support through the use of 
spontaneous breathing trials (SBTs) in patients recovering from acute 
respiratory failure.19 In those patients deemed to still require continued 
support after the SBT assessment, the available evidence would further 
suggest that this support be provided as patient triggered interactive 
support aimed at promoting comfortable respiratory muscle activity that 
avoids both fatigue and disuse atrophy.19-23

Comfortable interactive support requires clinician optimizing all 
three phases of breath delivery: breath triggering, flow delivery, and 
cycling. In general, patient ventilator synchrony is best assessed by clini-
cal observations and by analyzing the airway pressure graphic over time. 
Clinical signs of dyssynchrony are tachypnea, dyspnea, diaphoresis, and 
tachycardia and the patient is often described as “fighting” the ventila-
tor. Graphically, trigger dyssynchrony is a manifestation of excessive 
negative airway pressure signals preceding breath triggering or absence 
of any flow delivery in response to observed effort. Flow dyssynchrony 
is manifest by the airway pressure graphic during flow delivery being 
pulled (or “sucked”) downward during inspiration (Fig. 50-2; left panel). 
Cycle dyssynchrony is manifest by continued patient effort and some-
times double triggering if the cycle is too early. Cycle dyssynchrony can 
also manifest as rises in airway pressure from expiratory muscle activity 
if the cycle is too long.

Conventional strategies to optimize synchrony during breath trig-
gering, flow delivery and cycling include a number of options. Optimal 
breath triggering involves assisted breath trigger sensitivity be as sensi-
tive and responsive as possible without autocycling.24 In patients with 
flow limited airways and resulting intrinsic PEEP, judicious amounts of 
applied PEEP can reduce the imposed trigger load (PEEPi).25 Optimizing 
flow synchrony when using set flow modes (eg, volume assist control or 
volume-targeted SIMV) involves careful selection of flow magnitude and 
pattern. Indeed, flow synchrony is often easier to achieve with pressure-
targeted modes (eg, pressure assist control, pressure-targeted SIMV, or 

pressure support) because of the adjustable flow features of these modes 
(Fig. 50-2; right panel).26,27 Finally, cycle synchrony requires proper 
setting of the target volume and inspiratory time.

NOVEL STRATEGIES ADDRESSING THE CHALLENGE 
OF BALANCING GAS EXCHANGE VERSUS VILI

■■ AIRWAY PRESSURE RELEASE VENTILATION
Airway pressure release ventilation (APRV, also known as “Bi-level,” 
“Bi-phasic,” and “BiPAP” among other trade names) is a time-cycled, 
pressure-targeted form of ventilatory support.28-31 APRV is actually a 
variation of pressure-targeted SIMV that allows spontaneous breathing 
(with or without pressure support) to occur during both the inflation 
and deflation phases. APRV differs from conventional pressure-targeted 
SIMV in the inspiratory:expiratory (I:E) timing. Specifically, conven-
tional pressure-targeted SIMV uses a “physiologic” inspiratory time 
with I:E ratio less than 1:1. Spontaneous breaths thus occur during the 
expiratory phase. In contrast, APRV uses a prolonged inspiratory time 
producing so called inverse ratio ventilation (IRV with I:E ratios of up 
to 4 or 5:1). Spontaneous breaths thus now occur during this prolonged 
inflation period.

The putative advantages of this approach are similar to those of other 
long inspiratory time (IRV) strategies.28-33 Specifically, the long inflation 
phase recruits the more slowly filling alveoli and raises mean airway 
pressure without increasing tidal volume or applied PEEP (although 
intrinsic PEEP can develop with short expiratory or deflation periods).  
Unlike older IRV strategies that required paralysis, however, the addi-
tional spontaneous efforts during lung inflation may enhance both 
recruitment and cardiac filling as compared to other controlled forms of 
support.28 Although IRV strategies are usually reserved for very severe 
forms of respiratory failure in which airway pressures and FiO2 levels 
are approaching potentially injurious levels, the recruitment potential 
associated with APRV may prompt consideration of its use in less severe 
forms of lung injury.

APRV is generally set up to provide tidal breaths (inflations) of 6 to 
8 mL/kg (ideal body weight) and set breathing rates to control PCO2 and 
pH. The expiratory (deflation) time setting is controversial. Although 
the IRV pattern requires a short expiratory time, whether consequent 
intrinsic PEEP is desirable (and if so, how much) is often debated.31

FIGURE 50-2.  Graphical depictions of flow synchrony and dyssynchrony. Plotted are flow 
(upper panel), volume (middle panel), and pressure (lower panel). In the left example, set flow 
is inadequate for patient demand and the airway pressure graphic is literally “sucked” downward 
by the flow-starved patient (solid arrow). In the right example, a pressure-targeted, variable 
flow breath is provided delivering the same tidal volume. Because the flow adjusts to demand 
(broken arrow), synchrony is improved and the airway pressure graphic retains its upright shape.
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Good gas exchange, often with lower maximal airway pressures than 
control ventilation, has been demonstrated with APRV in several small 
observational clinical trials.28-31,34 However, the end inspiratory lung dis-
tention in APRV may not be necessarily less than that provided during 
other forms of support (and, indeed, it could be substantially higher) 
since spontaneous tidal volumes added to lung volume occur while the 
lung is inflated with the APRV set pressure.

Several randomized controlled trials have been done with APRV. The 
first of these appeared to show an outcome benefit to APRV but is dif-
ficult to interpret as the control strategy required three days of paralysis 
and it seemed to markedly worsen gas exchange.29 A later trial compared 
APRV to a more conventional SIMV strategy and showed no difference 
in outcome.30 The most recent trial compared APRV to ARDS Network 
low tidal volume ventilation in 64 patients with trauma induced ALI 
ARDS.34 In this study, there were no significant differences in any of the 
clinical outcomes. Specifically ventilator days, ICU length of stay, and 
mortality were all comparable regardless of mode. Finally, an interesting 
reanalysis of the data base of a very large ventilator usage survey was 
recently published.35 In this data base, 234 subjects were identified who 
were receiving APRV. A case control group of matched patients based on 
a propensity score and who were receiving assist-control ventilation were 
also identified. Comparing the APRV group with this matched assist 
control group found no differences in mortality, ventilator free days, or 
length of stay. Taken together these studies would suggest that APRV, 
while a physiologically interesting mode, has not been shown as yet to 
improve meaningful clinical outcomes in patients with severe ARDS.

■■ HIGH-FREQUENCY OSCILLATORY VENTILATION
High-frequency oscillatory ventilation (HFOV) uses very high breath-
ing frequencies (120-900 breaths per minute [bpm] in the adult) coupled 
with very small tidal volumes (usually less than anatomic dead space 
and often <1 mL/kg at the alveolar level) to provide gas exchange in the 
lungs.36,37 Gas transport up and down the tracheobronchial tree under 
these seemingly unphysiologic conditions involves such mechanisms as 
Taylor dispersion, coaxial flows and augmented diffusion.37 The actual 
device to deliver HFOV in adults uses a to-and-fro piston mechanism 
to literally vibrate a fresh bias flow of gas delivered at or near the tip of 
the endotracheal tube. Indeed, because HFOV supplies substantial mean 
airway pressures but applies very little pressure or volume fluctuations in 
the alveolus, it is sometimes termed “CPAP with a wiggle.”

The putative advantages to HFOV are twofold. First, the very small 
alveolar tidal pressure swings minimize cyclical overdistension and 
derecruitment.36 Second, a high mean airway pressure can also pre-
vent derecruitment. Interestingly, mean pressures used during HFOV 
are often reported to exceed the 30 to 35 cm H2O threshold employed 
during conventional ventilation.38-40 The reason this is possible may be 
explained by alveolar membrane expansion, which could occur when a 
slowly applied constant pressure is applied rather than the cyclical brief 
tidal pressures of conventional ventilation.41

In the adult, common initial settings are a frequency of 300 bpm and 
a mean pressure of 5 cm H2O above the previous conventional ventila-
tion settings.39,40 Oxygenation is largely controlled by the mean pressure 
setting and the FiO2. CO2 clearance is largely controlled by the “power 
setting” which controls the oscillatory pressure amplitude. Ironically, 
lower frequencies favor enhanced CO2 clearance, largely because slower 
frequencies allow larger volume changes with the applied oscillatory 
power setting.

Clinical experience with various high-frequency ventilation techniques 
has been most extensive in the neonatal and pediatric populations.42,43 
From these studies, a general consensus has arisen that high-frequency 
ventilation appears to improve long-term clinical outcomes in these 
patients.

Adult experience is less with high-frequency techniques as only 
recently have HFOV devices been available to adequately support gas 
exchange in this setting. In 2010, the McMaster University Evidence 
Based Medicine Group updated a meta-analysis of HFOV in ARDS.40 

They analyzed eight clinical trials of HFOV in patients with ARDS. 
This population included some pediatric patients who met the criteria 
for ARDS. In this analysis, six of the eight studies applied HFOV within  
48 hours of intubation and in five of the eight studies the ARDS Network 
low tidal volume strategy was used as the control group. Four hundred 
nineteen patients were included in these studies. The resulting meta-
analysis showed that HFOV produced a significant reduction in mortality 
with a risk ratio of 0.77 and a 95% confidence interval range from 0.61 to 
0.98. This certainly suggests that there may be a role for HFOV in severe 
respiratory failure from ARDS. While these results were encouraging, 
both Canadian and British trials were recently completed and reported.  
These trials had randomized patients with ARDS to either HFOV or a 
standard approach. Neither trial showed a benefit with HFOV and one 
was terminated early because of harm related to HFOV (see Chap. 52).

A variation on high-frequency ventilation is high-frequency per-
cussive ventilation (HFPV)—a technique that uses high-frequency 
pressure pulses superimposed on a conventional ventilation pattern. 
This technique is thought to do two things: First, the high-frequency 
pulsations may enhance gas mixing and thus gas exchange. Second, 
the high-frequency pulses may enhance secretion clearance. Indeed, 
it is this latter application that has driven its popularity in burn units 
where supporters claim improved pulmonary toilet in patients with 
airway burns. One of the few randomized trials with this technique was 
reported in 2010.44 This study was conducted in a military burn unit 
where 62 patients were randomized to HFPV or a conventional lung 
protective ventilator strategy. Approximately one-third of the patients 
had significant inhalational injuries. Although the HFPV group met gas 
exchange goals more readily, the ultimate outcomes in terms of survival, 
ventilator free days and hospital length of stay were not statistically dif-
ferent. HFPV thus remains an attractive theoretical adjunct in patients, 
especially those with severe airway injuries, but evidence supporting 
improved outcomes from its use remains minimal.

■■ ADAPTIVE SUPPORT VENTILATION
Adaptive support ventilation (ASV) is an assist-control, pressure-targeted, 
time-cycled mode of ventilation that automatically sets the frequency-tidal 
volume pattern according to respiratory system mechanics in order to 
minimize the ventilator work.45-52 Conceptually, this minimal ventilator 
work may translate into minimal stretching forces on the lungs, which 
may, in turn, reduce VILI.

ASV calculates minimal work settings by first measuring respiratory 
system mechanics using several “test breaths.” It then uses a measure-
ment of the expiratory time constants (RCe = resistance × compliance) 
to ensure an inspiratory time of at least one RCe and an expiratory time 
of at least three RCes. These data are then inserted into the following 
formula to calculate the frequency associated with minimal work for a 
given alveolar ventilation:

where RC is the respiratory time constant, VA and VD are alveolar ven-
tilation and dead space ventilation respectively, and a is a constant that 
depends on the flow waveform. Boundary rules exist to prevent exces-
sive (runaway) settings. Clinicians must set the desired minute ventila-
tion and the proportion of that minute ventilation that the machine is 
to supply. Ideal body weight also can be used to calculate the desired 
minute ventilation based on metabolic demands and predicted dead 
space. Clinicians also must set the PEEP and FiO2.

ASV as a pure control mode has been evaluated in a number of 
ways. Initial lung model testing48 demonstrated that the ASV algorithm 
responded properly to abrupt changes in lung mechanics. Several early 
clinical studies have compared initial ASV settings with traditional 
clinician-selected settings and have found that ASV tends to select a 
lower tidal volume and faster rate (and thus lower inspiratory pressures) 
than do clinicians.48-51 Two other early studies suggest that ASV also 
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appropriately adapts to changes in patient position and double- to single-
lung anesthesia.48-54 One other study suggested that the I:E algorithm 
of ASV produced less air trapping in patients with chronic obstructive 
pulmonary disease (COPD).52 Longer-duration clinical studies with ASV 
have shown that the algorithm provided adequate ventilator support in 
anesthetized patients,48-51 as well as in patients with respiratory failure.55

More recent evaluations of ASV have focused on its ability to provide 
appropriate lung protective small tidal volumes. Indeed, when respira-
tory system compliance is poor, the ASV algorithm supplies a protective 
low tidal volume ventilator pattern similar to that recommended by the 
ARDS Network.47 Problems arise, however, when respiratory system 
compliance is less deranged (eg, patients with milder forms of acute lung 
injury). Under these conditions, the ASV algorithm tends to deliver tidal 
volumes often in excess of 10 mL/kg ideal body weight.56 The clinical 
significance of this is unknown but the potential harm from this should 
be considered by clinicians wishing to use this mode.

NOVEL MODES ADDRESSING IMPROVED PATIENT 
VENTILATOR INTERACTIONS

■■ VOLUME FEEDBACK CONTROL OF PRESSURE-TARGETED BREATHS
As noted previously, pressure-targeted breaths with variable flow fea-
tures often synchronize with patient flow demands better than fixed 
flow, volume-targeted breaths (Fig. 50-2). A drawback to pressure tar-
geting, however, is that a tidal volume cannot be guaranteed. This may 
be particularly important if the patient’s respiratory drive is variable 
and/or lung mechanics are unstable such that a desired minute ventila-
tion or tidal volume target (eg, 6-8 mL/kg ideal body weight) cannot be 
reliably achieved.

Over the last two decades, a number of engineering innovations 
have attempted to combine features of pressure- and flow-targeted 
breaths by producing feedback algorithms that allow some control 
of volume with pressure targeting. The most common approach is to 
use a measured volume input to manipulate the applied pressure level 
of subsequent pressure-targeted breaths.57-62 When these breaths are 
exclusively supplied with time cycling, the mode is commonly referred 
to as pressure-regulated volume control (PRVC) although there are a 
number of proprietary names (eg, Autoflow, VC+, Adaptive Pressure 
Ventilation). When these breaths are supplied exclusively with patient 
triggered, flow cycling characteristics, the mode is commonly referred to 
as volume support (VS). Some ventilators will switch between these two 
breath types depending on the number of patient efforts. Both animal 
and human studies have shown that these feedback algorithms breaths 
function as designed.60-64

Conceptually, the assist-control, time-cycled PRVC mode could be a 
useful tool in providing more synchronous lung protective ventilation. 
Specifically, a tidal volume target of 6 to 8 mL/kg could be selected and 
the ventilator would then automatically adjust the applied inspiratory 
pressure (with its synchronous variable flow feature) to the airway. 
Indeed, a number of clinical observational studies have demonstrated 
that this can be done.65,66 However, one study found that while these 
feedback breaths did provide a more reliable small tidal volume ventila-
tory pattern than pure pressure assist control, in a minority of patients, 
up to 14% of tidal volumes were above the desired target value.66 
Whether this variability is an acceptable tradeoff to improved comfort 
during lung protective ventilation needs further study.

The patient-triggered, flow-cycled, volume-feedback mode VS has 
been evaluated primarily during the ventilator withdrawal process. 
Theoretically, the VS mode could be used to automatically reduce 
applied inspiratory pressure as the patient’s ability to breathe improved. 
Conversely, inspiratory pressure would increase if patient effort dimin-
ished or respiratory system mechanics worsened. These responses have 
been demonstrated in several small studies, often involving the rapidly 
recovering (eg, postoperative) patient.67-70 A common finding in these 
studies is that the VS mode required fewer ventilator manipulations. 
Unfortunately, the simplicity of the VS mode may produce problems.71 

For instance, if the clinician set volume is excessive for patient demand, 
a recovering patient may not attempt to take over the work of breathing 
for that volume and thus support reduction and weaning may not prog-
ress. In addition, if the pressure level increases in an attempt to maintain 
an inappropriately high set tidal volume in the patient with airflow 
obstruction, intrinsic PEEP (PEEPi) may result. On the other hand, a 
patient may receive inadequate support if the clinician set tidal volume is 
not adequate for patient demand. Under these conditions, a patient will 
perform excessive work to maintain a patient desired tidal volume all the 
while the inspiratory pressure is being reduced because volume exceeds 
the clinician setting. Clinicians need to be aware of the behavior of VS 
under a variety of circumstances to properly use this mode.

■■ ENHANCEMENTS ON VOLUME FEEDBACK CONTROL 
OF PRESSURE-TARGETED BREATHS

Airway occlusion pressure (P0.1),
72 oxygen saturation (Spo2),

68-70 and end 
tidal CO2 concentrations73,74 have been incorporated into PRVC and VS 
mode-control algorithms to adjust either the target VT or the breath-
delivery pattern. The one system that is commercially available uses end 
tidal CO2 and respiratory rate along with the tidal volume to adjust the 
applied inspiratory pressure.74 Known by the proprietary trade name 
SmartCare (Maquet systems), the computerized feedback system attempts 
to find an inspiratory pressure that maintains the respiratory rate and 
tidal volume in a clinician set “comfort zone.” The end tidal CO2 serves as 
a backup signal to ensure adequate ventilation is occurring. The system 
is designed to wean the inspiratory pressure to as low a level as possible 
within these boundaries and then alert the clinician to perform a sponta-
neous breathing trial (SBT) when this pressure reaches 9 cm H2O.

A number of small observational trials have been done showing that 
the SmartCare system did indeed keep patients in the clinician selected 
“comfort zone” for 95% of the time.73,74 In a larger randomized clinical 
trial, this approach appeared to remove ventilator support quicker than 
“physician-controlled” weaning.75 Unfortunately, this control group did 
not have a protocolized SBT approach and thus may have had support 
removal delayed. Moreover, a subsequent trial was unable to duplicate 
the superiority of this automated feedback approach.76 Even if it is not 
superior, however, an automated system that is “just as good” as clini-
cians could have applications in settings with rapidly recovering patients 
or low availability of clinicians to make frequent assessments.

When patient efforts occur during the ASV mode described above, 
the control algorithm continues to try to conform to the minimal work 
tidal volume considerations above and in that sense resembles the feed-
back features of VS.77 However, the ASV feedback control is more com-
plex than VS in that respiratory system resistance, compliance (and the 
resulting time constant) modulate the tidal volume target. A number of 
studies have evaluated ASV in patients being weaned from mechanical 
ventilation.55,78-83 In general, these studies showed that ASV safely pro-
vided adequate ventilator support and had similar (or faster) weaning 
times as compared with various SIMV and SIMV + PS protocols. These 
studies also generally showed fewer ventilator manipulations with ASV. 
Larger trials in patients with different forms of lung injury clearly are 
needed to establish the appropriateness of the ASV algorithms in facili-
tating ventilator withdrawal.

Proportional Assist Ventilation:  Proportional assist ventilation (PAV) is a 
novel approach to assisted ventilation that uses a clinician set “gain” on 
patient-generated flow and volume.84,85 PAV uses intermittent controlled 
“test breaths” to calculate resistance and compliance. It can then use 
measured flow and volume to calculate both resistive and elastic work. 
The clinician is required to set a desired proportion of the total work that 
should be performed by the ventilator. The ventilator then measures the 
patient flow and volume demand with each breath and adds both pres-
sure and flow to provide the selected proportion of the breathing work. 
PAV has been compared to power steering on an automobile, an analogy 
that has much truth. Like PAV, power steering reduces the work to turn 
the wheels but does not automatically steer the car—the driver must  
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control the car’s ultimate direction just as the patient ultimately  
must control the magnitude of the breath and the timing of the breath-
ing pattern.

With PAV, the greater the patient effort, the greater the delivered pres-
sure, flow, and volume. This is in contrast with volume assist where flow 
and volume are not affected by effort and where, in fact, applied pressure 
may be “pulled down” by effort. PAV also contrasts with pressure assist/
support where flow and volume are affected by effort but pressure is not 
(Fig. 50-3).

Because PAV requires sensors in the ventilator circuitry to measure 
patient effort, it is susceptible to the same sensor performance and 
intrinsic PEEP issues that affect breath triggering in other assisted 
modes.24 Also like conventional assisted modes, the clinician must 
set PEEP and FiO2. Finally, breath termination (cycling) is much like 
pressure support and is determined by a clinician adjustable percentage 
of maximal inspiratory flow.

PAV has been shown in multiple studies to perform as designed.86-88 
These studies have also shown that safety mechanisms to prevent exces-
sive pressures (“runaway”) are effective. These studies also emphasize 
the importance of having appropriate alarms and backup positive pres-
sure modes since PAV provides minimal support with small efforts and 
no support if effort ceases. Thus PAV must be used with caution in 
patients with unreliable respiratory drives (eg, neurological disorders, 
fluctuating sedation/opioid use).

Clinical studies have compared PAV to other forms of assisted venti-
lation and it has been found to be useful in terms of muscle unloading 
and patient comfort.85-88 However, consensus on what level of support 
to begin with and how it should be subsequently manipulated does not 
exist. Some argue to start at a high level and wean as tolerated while 
others point out that maintaining a constant level coupled to regular 
SBTs makes the most sense. Whether PAV improves meaningful clinical 
outcomes (eg, sedation needs, shorter needs for mechanical ventilation) 
remains to be determined.

Neurally Adjusted Ventilatory Assistance:  Neurally adjusted ventilatory 
assistance (NAVA) utilizes a diaphragmatic EMG signal to trigger, 
govern flow, and cycle ventilatory assistance.89,90 The EMG sensor is an 
array of electrodes mounted on an esophageal catheter that is positioned 
in the esophagus at the level of the diaphragm. Ventilator breath trigger-
ing is thus virtually simultaneous with the onset of phrenic nerve excita-
tion of the inspiratory muscles and breath cycling is tightly linked to the 
cessation of inspiratory muscle contraction. Flow delivery is driven by 
the intensity of the EMG signal (Electrical Activity of the Diaphragm or 
EADi) and the clinician sets an mL/mV gain factor.

Like PAV, NAVA depends exclusively on patient effort for timing, 
intensity, and duration of the breath. Thus, like PAV, clinicians must set 
appropriate alarms and backup positive pressure ventilation, especially 
for patients with unreliable respiratory drives. Also like PAV, clinicians 
must set PEEP and FiO2.

Small clinical studies have demonstrated improved trigger and cycle 
synchrony with NAVA compared to conventional assisted modes.89-93 
However, consensus on what level of support to begin with and how 
it should be subsequently manipulated does not exist. Like PAV, some 
argue to start at a high level and wean as tolerated while others point 
out that maintaining a constant level of support coupled with regular 
SBTs makes the most sense. Also like PAV, data demonstrating improved 
outcomes (eg, duration of mechanical ventilation, sedation needs) are 
lacking. Another concern with NAVA is the expense associated with the 
EMG sensor.

CONCLUSIONS
As noted at the beginning of this chapter, the overarching goal of posi-
tive pressure mechanical ventilation is to provide adequate gas exchange 
support while not causing harm. Clinicians face important challenges 
every day in providing mechanical ventilatory support. Two of the most 
important of these challenges are balancing adequate gas exchange with 
the risk of VILI in acute respiratory failure; and ensuring patient com-
fort during interactive support in the recovery period. Over the last two 
decades a number of novel approaches have been introduced that may 
help clinicians address these challenges. While all of these approaches 
have conceptual appeal, most still await good clinical outcome data to 
justify their widespread use.

FIGURE 50-3.  Comparison of proportional assist ventilation (PAV), pressure support ventilation (PSV), and volume assist control (VACV) during stimulation of the respiratory drive using 
inhaled CO

2
 administration. Plotted are CO

2
 concentrations (upper panel), airway pressure (middle panel), and volume (bottom panel). Each mode is depicted before and after CO

2
 administration. 

Note in the right examples, VACV delivers no additional volume during increased demand and thus the airway pressure graphic is pulled downward by patient effort. In the middle examples, 
PSV provides additional volume with a constant airway pressure during increased demand. In the left examples, PAV provides both additional volume and additional pressure during increased 
demand.
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KEY POINTS

•• �Ventilator-induced lung injury (VILI) may occur with both lung 
volumes that lead to overdistention of lung units (volutrauma) or 
with low distending pressures that allow the lung to be recruited 
and derecruited (atelectrauma).

•• �VILI may cause injury in previously healthy regions of lung, and 
may also lead to multiorgan dysfunction.

•• �To reduce the risk of VILI, limitation of end-inspiratory stretch using 
low tidal volumes ∼6 mL/kg and limiting plateau pressure (Pplat) 
<30 cm H2O should be used in treating most patients with acute lung 
injury (ALI) or acute respiratory distress syndrome (ARDS). Higher 
Pplat may be used in patients with poorly compliant chest walls.

•• �The appropriate level of positive end-expiratory pressure remains 
to be determined, but levels of PEEP that minimize atelectasis may 
be beneficial.

•• �Permissive hypoventilation (hypercapnia) may be a necessary 
component of a lung-protective ventilator strategy.

•• �The penetrance of lung-protective ventilation strategies into clini-
cal practice is improving.

There is consistent and convincing evidence that mechanical ventilation, 
particularly in the setting of lung injury, can contribute to functional 
and structural alterations in the lung. The experimental evidence has 
also led to the notion that mechanical ventilation not only perpetuates 
lung injury, but also contributes to both the morbidity and mortality of 
the acute respiratory distress syndrome (ARDS). Concern surrounding 
ventilator-induced lung injury (VILI) culminated in a consensus con-
ference in 1993 that recommended (based solely on studies in animal 
models of ARDS) tidal volumes be limited to the range of 5 to 7 mL/kg 
and plateau pressures less than 35 cm H2O.1 It would be 8 years until the 
recommendations of the consensus group were affirmed by a random-
ized controlled trial demonstrating that a lung-protective strategy led to 
a decrease in mortality in patients with acute lung injury.2 After initial 
hesitations about the incorporation of these concepts into widespread 
clinical practice,3 lower tidal volumes and higher levels of positive end-
expiratory pressure (PEEP) are being used widely to minimize VILI.4,5

The objectives of this chapter are to review current concepts of VILI 
and provide the rationale for lung-protective ventilation strategies. 
Since most studies evaluating VILI have focused on ARDS, the relevant 
features of ARDS as it pertains to VILI will be reviewed first. Then, 
the concept of lung-protective ventilation strategies will be discussed, 
and pertinent studies evaluating these newer strategies in patients with 
ARDS will be presented. Recommendations based on current clinical 
evidence, and when this is lacking best experimental evidence, will also 
be presented (Table 51-1).

ACUTE RESPIRATORY DISTRESS SYNDROME
ARDS is characterized by endothelial and epithelial cellular injury. This 
loss of integrity of the alveolar-capillary membrane results in high-
permeability pulmonary edema and formation of hyaline membranes. 
Injury to type II pneumocytes also occurs, along with alterations in 
surfactant function. Although plain chest radiographs suggest that lung 
damage is uniformly distributed, thoracic computed tomographic (CT) 

  TABLE 51-1   � Goals of Mechanical Ventilation Modified to Reduce the Risk 
of Ventilator-Induced Lung Injury

Oxygenation

  Maintain PaO2 between 60 and 80 mm Hg or maintain oxygen saturation between 88% and 95%.

  Ensure adequate oxygen delivery

Avoid overdistention

  Limit tidal volumes to 6 mL/kg PBW

 � Limit plateau pressure to <30 cm H
2
O. Consider higher plateau pressure in presence of 

high chest wall elastance (ie, pleural effusion, obesity, increased abdominal pressure)

Recruitment maneuvers

  Recruitment maneuver after each disconnection from the ventilator in patients with severe ARDS.

Positive end-expiratory pressure

 � Use higher PEEP levels (ie >10 cm H
2
O) only in ARDS; these may be more effective in 

patients who have potential for recruitment.

Ventilation

  Allow increased PaCO2 if required to minimize Vt and Pplat

  Accept pH as low as ∼7.2, if not contraindicated (eg, traumatic brain injury)
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examination of the thorax of patients with ARDS has demonstrated that 
the airspace disease is patchy,6,7 with marked heterogeneity and regional 
differences in lung injury. Regions of lung with airspace disease are jux-
taposed to adjacent areas with normal-appearing alveoli. In addition, an 
exaggerated vertical gradient of lung inflation has been demonstrated 
in ARDS, with compression of alveoli and a decrease in aerated lung as 
one progresses from nondependent to more dependent lung regions.8 
As emphasized by Mead and coworkers in the early 1970s, it is likely 
this degree of heterogeneity of the lung injury that makes the lung 
particularly susceptible to the effects of ventilator-induced injury.9 The 
heterogeneity of the injury is also responsible for the decrease in lung 
compliance that characterizes ARDS. It is worth emphasizing that this 
loss of compliance is due to a functional reduction in alveolar units and 
not due to the development of “stiff ” lungs. Indeed the recognition that 
ARDS is characterized by a loss of functional lung units with preserva-
tion of other alveoli resulting in normal lung specific lung compliance 
is central to the current notion of lung-protection strategies.10 In many 
respects owing to the reduction in effective lung volume, the 70-kg adult 
patient with ARDS must be treated, from the pulmonary point of view, 
as a 30-kg pediatric patient. Consequently the use of traditional tidal 
volumes of 10 to 15 mL/kg (700-900 mL in our 70-kg patient) would be 
inappropriate and will result in overdistention of lung units with rela-
tively normal compliance.

The need to modify the approach to mechanical ventilation in ARDS 
is further emphasized by three decades of investigations that demon-
strate that overdistention of lung units may itself lead to lung injury 
identical to that seen in ARDS. ARDS is also a syndrome characterized 
by inflammation of the lung with various cytokines and other mediators 
thought to play a major role. In recent years, there has been a large body 
of evidence indicating that mechanical ventilation may have an impact 
on this aspect of the pathophysiology of ARDS, and indeed there is the 
suggestion that the improvement in mortality with lung-protective strat-
egies may be partly due to a reduction in release of various mediators 
by these strategies.

VENTILATOR-INDUCED LUNG INJURY

■■ MACROSCOPIC INJURY
•• Macroscopic injury caused by mechanical ventilation is termed baro-

trauma. The severity of lung injury and excessive inflation pressures 
associated with high transpulmonary pressures appear to be risk factors. 
In clinical practice, plateau pressure (Pplat) is often used as a surrogate of 
transpulmonary pressure (Ptp) to assess the propensity for development 
of VILI. However, Pplat can be very misleading as a surrogate for Ptp in 
view of range of different chest wall compliances in ventilated patients.

Recent evidence suggests that mechanical ventilation may have both 
regional and systemic effects. VILI may be broadly classified into macro-
scopic and microscopic injury (Table 51-2). Macroscopic injury consists of 
what has been classically described as barotrauma. Pneumothorax, pneu-
momediastinum, pneumoperitoneum, and subcutaneous emphysema are 
recognized complications of mechanical ventilation, and are character-
ized by the presence of extraalveolar air.11 Gattinoni and coworkers have 
described the appearance of bullae and cystic parenchymal lesions located 
predominantly in the dependent (dorsal) lung regions.6 These lesions are 
often occult and are not readily detected on plain chest radiographs.

Macroscopic barotrauma correlates with a variety of factors. In a ret-
rospective study in 139 intubated patients, barotrauma occurred in 34 
patients.12 Peak airway pressure, level of PEEP, tidal volume, and minute 
ventilation correlated with the development of barotrauma. However, in 
a subsequent prospective study of 168 patients over a 1-year period, only 
the presence of ARDS was associated with the development of baro-
trauma.12,13 The relationship of PEEP to the development of extraalveolar 
air is inconsistent.13,14 Patients with severe underlying lung disease often 
require higher levels of PEEP to maintain oxygenation, and it is possible 
that it is the underlying lung disease in such patients that explains the 

correlation between air leaks and PEEP levels. Eisner and colleagues, 
using data from the ARDS Network trial, reported that higher PEEP was 
associated with an increased risk of barotrauma (relative risk = 1.5; 95% 
confidence interval [CI] 0.98-2.3).15 More recently however, two multi-
center clinical trials failed to demonstrate an association between higher 
PEEP levels and barotrauma.16,17 Whether patient-ventilator interaction 
may lead to barotrauma is suggested by a recent clinical trial testing the 
efficacy of the neuromuscular blocking agent (NMBA), cisatracurium in 
severe ARDS patients. The probability of death at 90 days and incidence 
of pneumothorax were less in the NMBA group.18 Ideally, these results 
should to be confirmed in future trials. Of particular importance, seda-
tion and paralysis are risk factors for the development of muscular weak-
ness and prolonged ventilator dependence in ARDS.19-21

There is also evidence that increased blood flow through the lungs 
can lead to greater VILI manifest by severe hemorrhage, increased 
filtration coefficient, and heavier lungs.22 Injury to conducting airways 
could also potentially lead to an increase in regional airways resistance, 
with resultant gas trapping and progressive downstream regional lung 
distention. Regions of local superinfection and resultant inflammation 
may intensify bronchiolar injury. Goldstein and associates used a piglet 
model and found cystic lung changes and areas of bronchiolectasis in 
animals that received intrabronchial inoculation with Escherichia coli.23 
The importance of bronchiolectasis in the pathogenesis of VILI is fur-
ther highlighted by observations that dead space (a potential prognostic 
marker in ARDS24) correlated with the presence and severity of bronchio-
lar injury and dilation.25 In summary, macroscopic lung injury represents 
a continuum from airspace enlargement through interstitial emphysema 
and eventually to radiographically apparent extraalveolar air.

■■ MICROSCOPIC INJURY
•• Numerous animal and human studies demonstrate that in otherwise 

healthy lungs mechanical ventilation with large tidal volumes may 
initiate lung inflammation and may lead to development of acute lung 

  TABLE 51-2    The Scope of Ventilator-Induced Lung Injury

Oxygen toxicity

Tracheal and upper airway injury

  Macroscopic

    Pneumothorax

    Pneumomediastinum

    Pneumopericardium

    Pneumoperitoneum

    Subcutaneous emphysema

    Parenchymal emphysema

    Cystic lung spaces

  Microscopic

    Regional

      Epithelial/endothelial activation (inflammatory mediators release) and injury

   �   Damage to the alveolar-capillary barrier and vascular permeability decreases 
alveolar fluid clearance

      Surfactant dysfunction

      Bronchiolar injury

      Leukocytes sequestration and activation

      Fibrosis (late phase of ARDS)

    Biotrauma

    Systemic

      Multisystem organ dysfunction
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injury (ALI)/ARDS. Moreover, in established ARDS, tidal volume 
reduction associated with the application of PEEP attenuates these 
phenomena.

Shortly after the institution of invasive positive pressure ventilation, 
the development of lung damage was observed in animals ventilated 
for prolonged periods. The term “respirator lung” was coined to 
describe the functional and histologic features.26 In 1974, Webb and 
Tierney graphically illustrated the deleterious effects of mechanical 
ventilation in rats using varying levels of peak airway pressure and 
PEEP.27 Animals ventilated using low peak airway pressures (14 cm 
H2O and no PEEP) had no pathologic or physiologic changes. In con-
trast, rats ventilated with peak pressures of 30 cm H2O and no PEEP 
had perivascular edema and alveolar edema. These findings were mag-
nified in rats ventilated with peak pressures of 45 cm H2O. Alveolar 
and perivascular edema developed, along with severe hypoxemia, 
decreased dynamic compliance, and obvious gross anatomic changes 
(Fig. 51-1). Interestingly, rats ventilated using 10 cm H2O of PEEP and 
peak pressures of 45 cm H2O had no alveolar edema (see Fig. 51-1, 
center). This latter finding led to the concept of a protective effect of 
PEEP, which will be discussed later.

Subsequent investigations have demonstrated that mechanical ven-
tilation, even at modest airway pressures, is capable of producing 
functional impairment of the lung with loss of integrity of the alveolar-
capillary barrier, surfactant dysfunction, and parenchymal damage that 
mimics the histologic appearance of ARDS. These observations have 
led investigators to speculate that mechanical ventilation itself could be 
contributing to the lung injury, morbidity, and mortality in patients with 
acute respiratory failure.

Numerous human studies demonstrate that mechanical ventilation 
with large tidal volumes is capable of inciting lung inflammation and 
may lead to the development of ALI/ARDS.28,29 Patients with underlying 
lung disease are particularly prone to the development of macroscopic 
barotrauma. Asthma, chronic obstructive pulmonary disease (COPD), 
and pneumonia have all been identified as risk factors.12

■■ HIGH AIRWAY PRESSURES/LARGE TIDAL VOLUMES AND LUNG INJURY
•• Transpulmonary pressure—the pressure difference between the alve-

oli and the pleural space is the effective alveolar distending pressure 
and is the pressure most closely related to the development of VILI.

•• Plateau pressure is often used as a surrogate for transpulmonary pres-
sure with the requisite that the chest wall elastance be near normal, 
and respiratory muscles are relaxed.

•• Large tidal volumes inducing overdistension of aerated lung regions 
causes VILI.

•• Tidal hyperinflation could occur in a subset of ARDS patients even 
with tidal volumes less than 6 mL/kg.

High airway pressures in and of themselves do not produce alveolar 
disruption. Trumpet players repetitively generate large airway pressure, 
up to 150 cm H2O, without pulmonary sequelae.30 The critical factor 
causing injury is lung overdistention, and hence the term—volutrauma. 
Increased lung stretch is best assessed in the pressure domain by the 
transpulmonary pressure (alveolar minus pleural pressure). Trumpet 
players generate such high airway pressures by generating high pleural 
pressures and alveolar pressures such that the transpulmonary pres-
sure is not elevated. In critically ill patients, undergoing volume control 
mechanical ventilation, peak inspiratory pressure (PIP) is often used at 
the bedside as a surrogate for the degree of lung inflation. However, PIP 
is dependent on the resistive pressure drop arising from flow across the 
endotracheal tube and conducting airways, and is also dependent on 
the compliance of the respiratory system. Consequently, increased PIP 
may not be indicative of overdistension; plateau pressure obtained after 
occlusion of the airway following inspiration reflects alveolar pressure, 
but does not directly reflect pleural pressure due to the pressure dissi-
pated in distending the chest wall and thus is not an accurate surrogate 
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FIGURE 51-1.  Illustration of recruitable versus nonrecruitable lung using CT imaging of 
the chest. A. The frequency distribution of the overall study group according to the percentage 
of potentially recruitable lung (expressed as the percentage of total lung weight). The per-
centage of potentially recruitable lung was defined as the proportion of lung tissue in which 
aeration was restored at airway pressures between 5 and 45 cm H

2
O. B. CT slices obtained 2 cm 

above the dome of the diaphragm at airway pressures of 5 (left) and 45 (right) cm H
2
O from a 

patient with a lower percentage of potentially recruitable lung. The percentage of potentially 
recruitable lung was 4%, and the proportion of consolidated lung tissue was 33% of the total 
lung weight. C. CT slices obtained 2 cm above the dome of the diaphragm at airway pres-
sures of 5 (left) and 45 (right) cm H

2
O from a patient in the group with a higher percentage 

of potentially recruitable lung. The percentage of potentially recruitable lung was 37%, and 
the proportion of consolidated lung tissue was 27% of the total lung weight. (Modified with 
permission from Gattinoni L, et al. Lung recruitment in patients with the acute respiratory 
distress syndrome. N Engl J Med. April 27, 2006;354(17):1775-1786.)

of lung distension, becoming less accurate in patients with stiff chest walls 
(eg, patients with ascites). Patients with hypoxic respiratory failure are 
commonly ventilated with very high inspiratory pressures, which may 
produce transpulmonary pressures >20 to 25 cm H2O, values occurring 
at TLC,11 and hence lead to overdistention of lung units and lung injury.

Direct evidence for volutrauma stems from several observations. 
Open-chest animals whose lungs were ventilated with peak pressures 
of 15 cm H2O for 15 minutes had an 850% increase in their filtration 
coefficient. In contrast, the filtration coefficients of closed-chest ani-
mals increased by 31% with a PIP of 30 cm H2O, and by 450% with a 
PIP of 45 cm H2O. Animals in which lung expansion was limited did 
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not develop lung edema during ventilation, even with peak airway pres-
sures up to 45 cm H2O. The concept of volutrauma as opposed to a pure 
airway pressure-related effect was further supported in a study that com-
pared the development of edema using negative-pressure ventilation and 
high tidal volumes, to that using PPV to achieve similar tidal volumes.31 
The amount of edema obtained using negative-pressure ventilation was 
comparable to that in the animals ventilated with PPV at the same tidal 
volumes. These studies first established the importance of lung inflation, 
and second they demonstrated a dose-response relationship, with larger 
transpulmonary pressures and tidal volumes producing an increased 
lung injury and edema.32 In a very illustrative histologic study using 
electron microscopy, overdistention of the lung increased the number 
of endothelial and epithelial breaks and contributed to rupture of the 
blood-gas barrier and separation of the epithelium from its underlying 
basement membrane (Fig. 51-2).139

In humans, the risk of lung overdistention may vary from patient to 
patient. CT scan studies classified ARDS into focal (36% of patients), 
diffuse (23%), and patchy (41%), based on the pattern of distribution of 
loss of aeration.33-35 A different response to recruitment and overdisten-
sion was seen across the different lung CT morphologies. Focal disease 

as compared to diffuse loss of aeration morphology was associated 
with a greater risk of overdistension.36 Recent studies of ARDS patients 
showed that limiting tidal volume to <6 mL/kg predicted body weight 
(PBW) and plateau pressure to <30 cm H2O may not be sufficient to 
limit VILI in patients who have a larger nonaerated compartment, as 
demonstrated by lung CT.37 Finally although a relationship between 
decreasing mortality as Pplat declines from high to low levels appears to 
exist, a safe Pplat threshold value has not been established.

A mechanical ventilation strategy that incorporates decreased tidal 
volumes and minute ventilation is often accompanied by increased 
PaCO2 and in this context is termed permissive hypercapnia. Permissive 
hypercapnia does not represent a method of mechanical ventila-
tion per se; rather, it is the consequence of a strategy that limits lung 
volume excursions to minimize alveolar overdistention and hence VILI. 
Hickling and associates described the use of a pressure-limited strategy 
and permissive hypercapnia in an uncontrolled study in which they 
showed that ARDS patients treated with permissive hypercapnia had a 
lower mortality than would have been predicted from the APACHE II 
score.38,39 These were landmark studies, but used historical controls, the 
method of ventilation was not well defined, and efforts were made con-
currently to limit oxygen toxicity. Therefore, these studies suggested, but 
did not conclusively prove, that a pressure-limited strategy and disregard 
for the partial arterial pressure of carbon dioxide (PaCO2) improved out-
come. Importantly, serious side effects of an elevation of PaCO2 were not 
observed in either study.

The physiologic consequences of hypercapnia and respiratory aci-
dosis have been reviewed extensively.40,41 At present, the only absolute 
contraindication to a rise in PaCO2 is increased intracranial pressure, 
although acute hypercarbia may have adverse effects on the fetus. Indeed 
it has been postulated that hypercapnia may attenuate the severity of 
ALI.41-44 Hypercapnic acidosis has been shown to attenuate protein leak-
age, lung edema, lung lavage inflammatory mediators, and lung injury 
score, and preserve oxygenation and lung compliance in several models 
of lung injury.1,44-46

In summary, there is persuasive experimental evidence to support the 
concept of lung overdistention as a major component of VILI. Studies 
have demonstrated a dose-response relationship, in which both higher 
inflation pressures and tidal volumes administered over progressively 
longer periods of time produce a graded severity of lung injury. Second, 
VILI has been demonstrated in many animal models, negating the pos-
sibility that these observations were due to a species-specific effect.

■■ THE ROLE OF END-EXPIRATORY LUNG VOLUME
•• Ventilation of lungs with atelectatic regions can induce damage in 

nonatelectatic regions.
•• Atelectasis is associated with ultrastructural cellular damage and activa-

tion of the intracellular signaling pathway associated with lung injury.
•• PEEP has a number of effects: (1) increases the functional residual 

capacity (FRC) or end-expiratory lung volume (EELV) after lung injury 
(alveolar recruitment). (2) Partially aerated lung units or those that col-
lapse at the end of a tidal breath may be kept patent during the entire 
respiratory cycle (prevents derecruitment). (3) lung units that are already 
aerated may be overdistended (overinflation). Both derecruitment and 
overinflation may contribute to VILI and should be minimized.

•• PEEP-induced alveolar recruitment is quite variable among ALI/
ARDS patients.

•• PEEP may induce hyperinflation in a subset of ARDS patient despite 
the use of tidal volumes under 6 mL/kg.

•• Application of adequate levels of PEEP may be beneficial in patients 
who have a demonstrable high percentage of recruitable lung.

The precise impact of PEEP on VILI is controversial and likely 
multifactorial. The application of PEEP is known to have effects on 
distribution of lung water, pulmonary hemodynamics, and (pulmonary) 

FIGURE 51-2.  Scanning electron micrographs illustrating disruptions of the blood-gas 
barrier in rabbit lungs perfused at 20 cm H

2
O transpulmonary pressure and 52.5 cm H

2
O capillary 

transmural pressure. Examples of both endothelial (A) and epithelial stress failure (B) are shown. 
A. Adjacent capillaries with several areas of complete rupture of the blood-gas barrier (arrows) 
can be seen at various angles relative to the capillary axis; they have resulted in red blood cells 
and proteinaceous material accumulating on the alveolar surface. B. Round rupture involving 
only the epithelial layer (arrow). (Reproduced with permission from Fu Z, et al. High lung volume 
increases stress failure in pulmonary capillaries. J Appl Physiol. Jul y 1992;73(1):123-133.)

A

B
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respiratory system compliance.35,47,48 In addition to lung overdistention, 
ventilation at low lung volumes may also lead to lung injury.

In patients with ARDS, providing PEEP may have one of four effects 
on the state of lung inflation. First, lung units that are already aerated 
may become overdistended, which could contribute to VILI (overdisten-
sion). Second, partially aerated lung units or those that collapse at the 
end of a tidal breath may be kept patent during the entire respiratory 
cycle (prevents derecruitment). Third, previously closed alveoli may be 
recruited, leading to an increase in functional lung and resulting in an 
increase in total lung compliance (alveolar recruitment). Fourth, in the 
absence of adequate levels of PEEP, VILI is associated with distal airway 
injury in both atelectatic and nonatelectatic lung regions (prevents distal 
airways injury). The latter two points deserve further emphasis.

To understand the physiological effects of PEEP on the lung and respi-
ratory system, it is useful to consider the respiratory system pressure-
volume (P-V) curve, which plots changes in volume versus changes in 
pressure. At the beginning of the lung inflation, a lower inflection point 
(LIP) has been described in patients with ARDS, reflecting the point 
where there is a rapid increase in volume in response to the incremental 
change in pressure.49 However, using this point to set PEEP has problems, 
as a unique value of PEEP corresponding the pressure at which all alveoli 
will be opened does not exist. Rather there is a progressive increase in 
alveolar patency until the upper inflection point (UIP) is reached. At 
this point overinflation of alveoli predominates. Examination of the 
pressure-volume curve, however, does not inform the observer about 
regional differences in lung inflation where regional overinflation of 
alveoli in some regions may occur even if the UIP is not reached.

This variability in PEEP-mediated lung recruitment was demonstrated 
by Gattinoni et al. Patients with ALI/ARDS underwent CT scans after 
random application of different levels of PEEP (5, 15 cm H2O random)50 
(Fig. 51-2). The percentage of potentially recruitable lung varied widely 
among these patients corresponding to an absolute weight of 217 ± 
232 g of recruitable lung tissue.50 In addition to the observed variabil-
ity in recruitable lung volume, PEEP may recruit new lung units and/
or merely overdistend those already open. Therefore, a sophisticated 
and tailored ventilation strategy to limit the deleterious consequences 
of excessive PEEP is required. Grasso et al demonstrated that ARDS 
patients with CT-scan evidence of focal loss of aeration developed alveo-
lar overdistension and release of inflammatory mediators when they 
were ventilated using the PEEP/FiO2 table from the ARDSNet study.51 
The extent to which this influenced the failure of the trials of higher 
PEEP and lung recruitment in ARDS remains speculative.52 Low PEEP 
levels associated with low-tidal-volume ventilation have been recog-
nized to be deleterious as well. In ARDS patients, a high percentage of 
potentially recruitable lung seems to be an independent risk factor for 
mortality. Therefore in this subgroup of patients the beneficial impact 
of reducing atelectasis by increasing PEEP prevails over the effects of 
increasing alveolar strain and overinflation.53

The relative importance of maintaining airway patency and using 
relatively high levels of PEEP is emphasized by several studies suggest-
ing lung underdistension may be as injurious as lung overdistension 
and may contribute to the development of VILI. In animal studies, 
ventilation with zero PEEP or at levels of PEEP that did not produce 
adequate lung recruitment has been shown to cause respiratory and 
membranous bronchiolar injury, a reduction in lung compliance, and 
hyaline membrane formation.54,55 In theory, ventilation at low lung 
volumes causes repetitive opening and closure of alveoli. This in turn 
may lead to the development of shear stress along the bronchial and 
alveolar walls. Repetitive stress is known to disrupt surfactant and may 
disrupt epithelial structures contributing to stress failure of the alveolar-
capillary barrier. Several recent in vivo and ex vivo animal studies have 
attempted to clarify the deleterious effects of atelectatic regions, which 
could be associated with insufficient levels of PEEP.56,57 The presence 
of atelectatic regions is associated with damage to distal airways of 
atelectatic and predominantly nonatelectatic alveoli as demonstrated by 
higher histological damage, myeloperoxidase protein expression, and 

localization of inflammatory cytokines mRNA expression.56 Moreover, 
in an isolated lung injury model it has been demonstrated that lungs 
ventilated with 6 mL/kg and low levels of PEEP had more ultrastructural 
evidence of cell damage possibly through mitogen-activated protein 
kinase (MAPK)–mediated pathway compared to those ventilated with 
higher PEEP levels.57 In addition to serving as a purely mechanical stent, 
PEEP may keep alveoli patent by preserving surfactant function, and in 
so doing may reduce surface tension and in turn reduce the tendency of 
alveoli to close.58,59

PEEP may also potentially improve gas exchange and lung mechan-
ics by redistributing lung water from the alveolar to the extraalveolar 
interstitial space.60 Finally, PEEP has also significant hemodynamic 
effects and typically results in a reduction in ventricular preload and a 
reduction in cardiac output. Dreyfuss and Saumon postulated that the 
benefits of PEEP in ARDS stem from its effect on pulmonary perfusion, 
and demonstrated that the reduction of lung edema produced by PEEP 
was negated when dopamine was administered to keep arterial blood 
pressure constant.31

In summary, in patients with ARDS, PEEP may improve lung com-
pliance and oxygenation by recruiting alveoli and maintaining patency 
throughout the respiratory cycle (Fig. 51-3). Furthermore, a ventilation 
strategy that fails to optimize end-expiratory volume with PEEP may 
contribute to VILI through the development of shear stress during 
repetitive opening and closing of lung units. It is also clear that atelec-
tasis and inhomogeneity of alveolar patency can have adverse effects on 
lung and cardiac function. Consequently, the notion of best PEEP needs 
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FIGURE 51-3.  The sigmoidal shape of the pressure-volume curve of the respiratory 
system in a patient with ARDS. The outlines across the top of the graph indicate the relative 
state of inflation of alveoli. At airway pressures above the upper inflection point C (30 cm H

2
O), 

the curve flattens as the limits of lung compliance are reached, and there is progressive over-
distention of alveoli. Airway pressures below the lower inflection point B are also associated 
with lower compliance and result in alveolar collapse. A typical ventilation strategy using 15 cm 
H

2
O of PEEP and a PIP of 40 cm H

2
O (points B to D) would lead to repetitive inflation above the 

upper inflection point, and potentially to disruption of alveoli and the alveolar-capillary barrier 
(see text). A strategy that attempts to reduce lung distention by reducing PIP (points A to C) 
would still lead to repetitive opening and closure of alveoli (also associated with lung injury). 
An optimal ventilation strategy should consider both the lower and upper inflection points of 
the pressure-volume curve (points B to C). Note also that for the same driving pressure (the seg-
ments from A to B, B to C, or C to D), a change in pressure from points B to C is associated with 
the largest change in lung volume. Thus an optimal ventilation strategy should aim for volume 
excursions along the steepest portion of the pressure-volume curve (maximal compliance).
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to be extended to include an EELV that will minimize lung injury and 
optimize cardiac performance. Finally as ARDS is not a static process, 
the optimum level of PEEP will vary over time, demanding that the level 
of PEEP be regularly reviewed in a given patient.

■■ BIOTRAUMA
•• The release of various mediators by mechanical ventilation is termed 

“biotrauma” and may contribute to both lung and distal organ injury.
•• VILI induces a selective activation of genes, mainly inflammatory 

and related transcription factors.
•• Vascular permeability increases and alveolar fluid clearance impair-

ment are associated with VILI edema formation.
•• A synergistic interaction contributing to lung injury exists between 

mechanical stress and biological process such as the innate immune 
response to infections and coagulation.

Mechanical ventilation is able to cause the release of numerous medi-
ators and to stimulate the innate immune response, a process that has 
been termed biotrauma.61 The notion of biotrauma initially stemmed 
from in vivo and ex vivo studies in animal models and more recently 
has been confirmed in humans. However, as emphasized in a recent 
review, it is important to differentiate the effects of cellular stretch or 
shear stress induced necrosis from true mechanotransduction, in which 
intracellular signaling occurs.62 Potentially all the structural cells of the  
lung can participate and are capable of initiating and perpetuating 
the lung injury induced by mechanical ventilation. The first step of this 
interplay is the sensing of the mechanical stimulus by the cells. Several 
studies have focused on the role of cellular mechanosensors in the con-
version of a mechanical stimulus into intracellular activation pathways, 
which in turn modulate regional cellular responses involved in inflam-
mation, cell survival, and repair. Several studies focused on the role of 
integrins, stretch-activated ion channels, and the cytoskeleton itself as 
“mechanosensors.” In an isolated not injured rat model, Tremblay et 
al demonstrated that an injurious ventilation strategy (zero PEEP, high 
tidal volume, or both) had a dramatic influence on lung inflammatory 
mediators release (TNF-α, IL-1 β, IL-6, and MIP-2).63 Moreover, this 
injurious ventilatory strategy was associated with increased expression 
of transcription nuclear factor such as c-fos.63

Parker et al, in an isolated perfused rat lung model, prevented the 
increase in vascular permeability, induced by high-stress mechanical 
ventilation, by using gadolinium, an inhibitor of endothelial stretch-
activated cation channels.64 Since these studies, mechanical ventilation 
causing both overdistention (volutrauma) and underdistention (atelec-
trauma)65,66 have been shown to cause the regional production of a vari-
ety of proinflammatory mediators including several chemokines capable 
of recruiting leukocytes—further increasing lung damage.65,67-73 Active 
endothelial response to mechanical strain and shear stress has also been 
demonstrated.74,75 Rapid onset of increased capillary permeability result-
ing from tensile failure and signal transduction events in endothelial 
cells such as calcium entry and phosphorylation of junctional proteins 
is known to precede the acute effects of proinflammatory cytokines.75-78 
The resultant protein leak and edema may aid in augmenting the 
inflammatory response and subsequent injury. VILI seems to impair 
cAMP-dependent alveolar fluid clearance by impairing nitric oxide 
production.79 In this regard, augmenting signaling pathways aimed at 
increasing the intracellular levels of cAMP and Na-K pump activity may 
be useful in attenuating lung edema and inflammation.80

Resident alveolar macrophages (the front line cells of the innate immune 
system) are activated by mechanical stress and contribute to the produc-
tion of IL-8, metalloproteinase-9, and the translocation of nuclear factor 
kB (NF-kB).73 Depletion of alveolar macrophages in rats with liposomal 
clodronate significantly decreased permeability and pulmonary edema 
following high-stress mechanical ventilation.81 Moreover, neutrophil acti-
vation plays a role in lung vascular permeability changes. Interestingly the 
blockade of the PMN chemokine receptor 2 (CXCR2) with its ligand on 

resident neutrophils was demonstrated to attenuate VILI.67 Of further 
interest, there is growing body of evidence for a synergistic interaction 
between mechanical stress and whole bacteria or bacterial products, 
which may exacerbate lung injury.82 Moderate-tidal-volume mechani-
cal ventilation was able to increase lung injury only when applied to 
lungs previously challenged with LPS.83 Macrophages under high-stress 
mechanical ventilation may amplify the endotoxin recognition pathway. 
Alveolar macrophages collected after large Vt ventilation revealed a 
20-fold increase in LPS-induced TNF-release and increasing expres-
sion of CD14 on its surface compared with those collected after small 
Vt ventilation, whereas TNF was undetectable without LPS stimula-
tion.84 Altemeier et al expanded upon these results and demonstrated 
that mechanical ventilation further increased the expression of genes 
induced by LPS.85 Moreover, mechanical ventilation acts synergistically 
with whole bacteria such as Staphylococcus aureus and appears capable 
of increasing not only the severity of lung injury but also adversely 
affecting distal organ function such as the liver and kidneys.86

In ALI/ARDS patients, activation of coagulation and attenuation of 
fibrinolysis have been described and support the notion of an interac-
tion between inflammation and coagulation.87 Recently in a rat model of 
pneumonia Haitsma et al demonstrated that injurious mechanical venti-
lation significantly increased the pulmonary and systemic procoagulant 
response as demonstrated by an increase of the levels of thrombin-
antithrombin complexes and impairment of fibrinolysis as evidenced 
by an increase in the concentration of plasminogen activator inhibitor-1  
(a key inhibitor of fibrinolysis).88

■■ DECOMPARTMENTALIZATION
•• The decompartmentalization of local inflammatory response induced 

by injurious mechanical ventilation may play an important role in 
initiating and propagating a systemic inflammatory response leading 
to multiple organ dysfunction syndrome (MODS).

Damage to the alveolar-capillary barrier from mechanical ventilation 
may be central to several important pathophysiologic mechanisms in the 
development of VILI. First, loss of membrane integrity is key to the devel-
opment of the pulmonary edema and hyaline membrane formation—the 
hallmarks of ARDS. The loss of barrier function may also allow for entry 
of inflammatory cells into the lung, in turn promoting the perturbation 
of lung structure and function. The loss of the integrity of the alveolar-
capillary membrane has been proposed to be central to the spread of lung 
inflammation (partially produced by mechanical injury) to nonpulmo-
nary organs, and thus may lead to their subsequent dysfunction.89

Although there is no definitive evidence demonstrating that media-
tors generated in the lung can cause MODS in humans, injurious 
ventilatory strategies can lead to release of a number of factors that 
could theoretically could impact MODS, including bacteria, bacterial 
products, or circulating proapoptotic factors.90-92 Although by defini-
tion severe hypoxemia is a clinical hallmark of ARDS, MOF and sepsis 
are the leading causes of death in ARDS patients receiving mechanical 
ventilation. Moreover, MOF is the terminal irreversible condition pro-
ceeded by a sustained overwhelming systemic inflammatory response.

Several studies have demonstrated an increase in filtration coefficient 
during mechanical ventilation.93,94 This effect is thought to be due to 
a reduction in the integrity of the alveolar-capillary barrier. During 
mechanical ventilation, injury has been demonstrated to occur to both 
the epithelial and endothelial membranes. Both edema and injury to the 
alveolar-capillary barrier can develop rapidly, with transient alterations in 
filtration coefficient occurring in animals ventilated for only 2 minutes.95

Recent evidence suggests that translocation of proteins may occur 
from lung to the circulation. Using a rat model of VILI, Chiumello 
et al96 demonstrated that high-tidal-volume ventilation and low levels of 
PEEP were associated with release of cytokines into the systemic circula-
tion, whereas Haitsma et al demonstrated that increased lung vascular 
permeability was associated with an increase of cytokines into the lung 
deriving from systemic circulation. Imai and associates92 demonstrated 
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that serum from rabbits that were ventilated with an injurious ventilation 
strategy was capable of increasing the rate of apoptosis of cultured epi-
thelial cells from the kidney and villi of the small intestine. Functionally, 
this correlated with biochemical evidence of worsened renal function 
when intact animals were studied.

That distal organ injury in humans may be mediated by mechanical 
ventilation is supported by three observations. First, studies in humans 
have shown that an injurious ventilator strategy leads to an increase in 
circulating cytokine levels. Ranieri and coworkers randomized 44 patients 
to receive either mechanical ventilation to maintain normal blood gases 
(n = 19) or a lung-protective strategy attentive to both lung distention 
and maintenance of an adequate EELV.72 Despite similar levels of circu-
lating cytokines at baseline, patients in the lung-protective strategy group 
had reduced plasma concentrations of IL-6, soluble TNF-α receptor 75, 
and IL-1 receptor antagonist. In a subsequent analysis, levels of soluble 
serum Fas ligand (shown to induce apoptosis in human epithelial cells in 
vitro97,98) and creatinine were found to be elevated in the controls.92 These 
clinical observations were also validated in the multicenter ARDSNet trial 
where lower levels of IL-6 plasma concentrations were found in the inter-
vention arm treated with lung volume reduction.2,99,100

LUNG-PROTECTIVE STRATEGIES: DO NO HARM

•• CT scan analysis providing regional information of lung aeration is 
the gold standard to assess alveolar overinflation and opening/closing; 
unfortunately it is not a bedside tool useful for clinical practice.

•• Tidal volume to maintain Pplat <30 cm H2O (ARMA study) and 
tidal volumes of 6 mL/kg PBW have been associated with reduced 
mortality in ARDS.

•• Atelectrauma may be counterbalanced by adequate levels of PEEP. 
When applying higher levels of PEEP, the potential benefit of avoid-
ing atelectrauma may be eclipsed by the risk of overdistension.

•• New lung imaging techniques (ie, electrical impedence tomography 
[EIT]) available at the bedside may be useful in the near future in 
determining an appropriate protective ventilation strategy.

Traditionally, the goals of mechanical ventilation have been to main-
tain adequate arterial oxygenation, normocarbia and maintain normal 
blood pH. To achieve these goals, patients with acute respiratory failure 
were often ventilated using strategies consisting of variable levels of 
PEEP and oxygen, and Vt of ∼10 to 15 mL/kg. Based on the forgoing 
discussion, adopting such a strategy may be theoretically deleterious. 
The principal objectives of a lung-protective strategy are to limit alveo-
lar distention and maintain alveolar patency. Indeed there is mount-
ing evidence to support the notion that a lung-protective strategy be 
implemented early in the course of respiratory failure to prevent the 
development of VILI. Recent evidence from a meta-analysis suggested 
beneficial effects of protective mechanical ventilation with low tidal 
volume in patients who did not have ARDS at the onset of mechanical 
ventilation. The analysis included 2822 patients in the ICU or operating 
room with a median duration of mechanical ventilation of 7 hours, and 
demonstrated that 4.2% in the low-tidal-volume strategy went on to 
develop ARDS, compared to 12.7% in the high-tidal-volume ventilation 
strategy. Of interest, the protective ventilation strategy was also associ-
ated with lower rates of pulmonary infection and atelectasis, as well as 
mortality.101

There are several potential strategies, not mutually exclusive, to minimize 
alveolar overdistention and derecruitment. The first strategy was based on 
the ARDSNet study, which achieved a 22% reduction in mortality using a 
tidal volume of 6 mL/kg PBW and maintaining plateau pressure <30 cm 
H2O.2 A better estimation of alveolar distending pressure may result from 
transpulmonary pressure (Ptp) calculated as the difference between pla-
teau pressure (Pplat) and esophageal pressure (Pes). Moreover, Ptp may 
guide PEEP setting in combination with limiting tidal volume. Using this 
approach, Talmor et al randomized ARDS patients to two ventilatory 
strategies.102 One group was managed according to Ptp measurements with 

Ptp maintained between 0 and 10 cm H2O at end expiration. In the control 
group PEEP was set according to a fixed PEEP/FiO2 combination table. In 
both groups Vt was 6 mL/kg PBW. The study stopped early because the 
patients treated with the Ptp ventilatory strategy had better oxygenation, 
and respiratory mechanics compared to controls.102 Moreover, although not 
the primary endpoint of the study, 28-day mortality in the patients treated 
with the esophageal pressure–guided approach tended to be lower (17% vs 
39%).102 Whether to use esophageal pressure measurements to guide venti-
lator strategy requires further investigation.

Another approach described above is to use the P-V curve to set PEEP. 
There are a number of concerns about using this approach.103,104 The use 
of PEEP a few cm H2O above the LIP does not ensure that the lung is 
recruited; indeed recruitment takes place over the entire steep portion 
of the P-V curve.105-107 Additionally, the UIP may indicate the comple-
tion of recruitment, rather than the development of overdistension.107 
Moreover, some authors argued that a decremental PEEP trial107 or the 
deflation limb analysis of the P-V curve108 could be better to set properly 
the PEEP. The physiological concept underling this strategy is that after 
opening the lung with inspiration near to total lung capacity, higher 
PEEP level makes end-expiratory alveolar inflation more homogeneous. 
Ultimately, in a busy clinical environment, the use of P-V curves analysis 
may not be safe or practical.

An alternative approach is the analysis of the dynamic airway opening 
pressure/time (P/t) profile during constant-flow inflation.109,110 In studies 
in humans and animals a downward concavity on the P/t profile during 
constant flow inflation corresponded to a static P-V curve with a distinct 
LIP, a continuous increase in compliance (ie, progressive recruitment 
with inflating volume), and lung CT scan evidence of atelectrauma.109,110 
On the other hand, an upward concavity on the P/t profile during con-
stant flow inflation corresponded to a static P-V curve with a distinct 
UIP, a continuous reduction in compliance (ie, progressive overdisten-
sion with inflating volume), and lung CT scan signs of overinflation.109,110 
Based on these results, the authors suggested that analysis of the shape of 
the P/t curve during constant flow inflation could be a useful tool to set a 
protective ventilatory strategy at the bedside. There are insufficient data 
to recommend this approach in routine clinical practice.

In the future, various imaging techniques may prove useful in set-
ting ventilatory strategy. Electrical impedance tomography (EIT)111,112 
is a noninvasive, radiation-free, bedside imaging tool that can provide 
anatomical and functional images of the lung. EIT assessment is based 
on the concept that different components of tissues, extracellular water, 
air, bone, have different electrical impedance.113,114 In practice, high-
frequency and low-amplitude electrical currents from electrodes around 
the chest are generated and their relative impedances are determined 
and provide a breath-by-breath imaging of the lung.113,114 Using this 
method, it may be possible to monitor dynamically overinflation and 
opening and closing phenomena bedside in each patient. Ongoing 
refinements in this method and improvement in image resolution may 
make this a useful research and clinical tool.

■■ CLINICAL TRIALS
•• Low tidal volume (Vt 6 mL/kg) pressure limited (Pplat <30 cm H2O) 

protective ventilation in the ARMA study2 was associated with an 
improvement in mortality.

•• Higher PEEP levels in conjunction with low tidal volume pressure 
limited (Pplat <30 cm H2O) protective ventilation failed to demon-
strate superiority compared to lower PEEP in ALI, but based on a 
meta-analysis, higher PEEP levels appear to be protective in severe 
ARDS (P/F <200).

•• In life-threatening severe ARDS, high-frequency oscillatory ventilation 
(HFOV), prone position ventilation, and extracorporeal lung–assist 
devices may be viable adjuncts to conventional mechanical ventilation.

Based on the foregoing discussions, several controlled clinical trials have 
evaluated the effects of lung-protective strategies in ARDS (Table 51-3). 
Initial randomized clinical trials evaluating the effect of lower tidal 
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  TABLE 51-3    Clinical Trials Evaluating the Effects of Different Lung-Protective Strategies Using Conventional Mechanical Ventilation on Outcome in Acute Respiratory Distress Syndrome

Tidal Volumes, mL/kg PEEP, cm H
2
O Recruitment

Study Intervention Used Intervention Control Intervention Control Intervention Control Outcome

Amato (n = 53)101 Low stretch, lung open; using 
P-V curvea

Not reported Goal <6 Not reported Goal >12 Not reported P-Flex Not reported P-Flex Yes None A, B, D

Brochard (n = 116)113 Low stretch 7.1 ± 1.3 (day 1) 10.3 ± 1.7 (day 1) 10.6 ± 3.2 (day 2) 10.8 ± 2.7 (day 2) None None No differences

Stewart (n = 120)115 Low stretch 7.2 ± 0.8 (day 3) 10.8 ± 1.0 (day 3) 8.7 ± 3.6 (day 3) 8.4 ± 3.8 (day 3) None None No differences

Brower (n = 52)114 Low stretch 7.3 ± 0.1 (day 5) 10.2 ± 0.1 (day 5) 8 (day 3) 8 (day 3) None None No differences

ARDS Network (n = 861)2 Low stretch 6.2 ± 0.8 (day 3) 11.8 ± 0.8 (day 3) 9.2 ± 3.6 (day 3) 8.6 ± 4.2 (day 3) None None A, C

ALVEOLI (n = 550) stopped 
early119

Low stretch, lung open 5.8 ± 1 (day 3) 6.1 ± 1.1 (day 3) Goal of 2-6 cm H
2
O > controls Same as ARDSNet trial Yes None No differences in mortality; 

unpublished

Villar (n = 103) stopped early  
for efficacy102

Low stretch, open lung using 
P-V curve

7.1 ± 0.9 (day 3) 10.0 ± 1 (day 3) PEEP 2 cm H
2
O above LIP PEEP > 5 cm H

2
O None None A

LOVS trial (n = 983)16 Low stretch, lung open; present 
PEEP levels depending on FiO2

6.9 ± 1.5 (day 3) 6.7 ± 1.5 (day 3) High PEEP/FiO2 combination table 
with Pplat < 40 cm H

2
O

Same as ARDSNet trial Yes None No differences in mortality

EXPRESS trial (n = 768)17 Low stretch, open lung 6.2 ± 0.5 (day 3) 6.2 ± 0.6 (day 3) Plateau pressure between 28 and 
30 cm H

2
O

Values between 5 and 
9 cm H

2
O

Allowed but not 
recommended

Allowed but not 
recommended

No difference in mortality. B. 
High PEEP reduced organ failure

PEEP, positive end-expiratory pressure; FiO2, fraction of inspired oxygen.
aPEEP was adjusted in the intervention arm to 2 to 4 cm H

2
O greater than the lower inflection point (P-Flex). 

A = Reduction in mortality compared to conventional group. B = Improvement in physiological parameters (oxygenation and compliance). C = Reduction in inflammatory mediators. D = Reduction in barotrauma.
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volumes on outcome were disappointing.115-117 There was even a sug-
gestion that tidal volume restriction was harmful, as it was  associated 
with a greater use of neuromuscular blockers, a greater need for dialysis 
(perhaps related to the lower pH from a higher PaCO2), and a trend 
toward higher mortality. In the study by Stewart and associates, the 
mortality in the tidal volume restriction arm was 50% compared to 
the control arm mortality of 47%, while in the study by Brochard and 
colleagues, the mortality was 47% and 39%, respectively.115,117 However, 
the NIH-sponsored multicenter study of patients with ARDS (ARMA) 
has confirmed many of the earlier animal studies and clinical trials.2 
In this trial, patients were randomized to receive either “conventional” 
tidal volumes (12 mL/kg PBW; Vt  was reduced for Pplat >50 cm H2O), 
or a lower Vt (4-6 mL/kg PBW, and maintenance of Pplat between 25 
and 30 cm H2O). The trial was stopped early after an interim analysis 
demonstrated a survival benefit in the group with low Vt. Mortality was 
reduced by 9% from 40% in the conventional arm to 31% in the low Vt 
arm (CI 2.4%-15.3% difference between the groups). The benefit of a 
lung-protection strategy seemed to be independent of the severity of 
the lung compliance at baseline. In addition to a mortality effect, the 
number of days alive and free of mechanical ventilation was higher in 
the intervention arm. The degree of benefit did not appear to be related 
to the underlying risk factor for ARDS.118 Interestingly, the plasma IL-6 
concentration was decreased compared to the control group, supporting 
the notion that a lung-protection strategy achieved its benefit through a 
reduction in the systemic release of inflammatory mediators and reduc-
tion in severity of multiple system organ failure.

Following the trial, concerns regarding the safety of the ventilation 
trials conducted in patients with ARDS was raised. In a review of the 
controlled trials of mechanical ventilation in ARDS, Eichacker and 
associates presented the argument that 12 mL/kg PBW was potentially 
excessive, and that the use of this Vt as the reference intervention 
was inappropriate, placing patients in the control arm at risk.119 The 
authors argued that there should have been a control group that better 
reflected “conventional” treatment. What tidal volume this control group  
would have actually been managed with is speculative. The reader is 
referred to an excellent review of the controversy and its consequences 
by Steinbrook.120 Although this controversy has raised important 
discussions regarding the use of a “one-size-fits-all” approach to 
mechanical ventilation the ARDSNet strategy for ventilation of ARDS 
patients remains the accepted standard to which all other clinical trials 
are compared.

In addition to lung overdistention, VILI also incorporates the concept 
that underdistension of alveolar units can also lead to injury. Several 
clinical trials have been conducted in the past decade to evaluate the 
effects of an “open-lung” approach to patients with ARDS. In two 
randomized studies, Amato and colleagues, and Villar and colleagues 
examined the effect of a multifaceted strategy that (1) minimized tidal 
volume, (2) recruited alveoli through a sustained inflation, (3) used a 
level of PEEP above the closing pressure of the lung, and (4) utilized 
a pressure-volume curve to define the optimum lung volume and 
PEEP.103,104 Consequently, the specific effects of maintaining alveolar 
patency cannot be determined from this trial. Nonetheless, using this 
strategy they demonstrated a reduction in mortality. However, the major 
criticism of these studies is that the control groups were significantly 
disadvantaged by a protocol that allowed for significant overventilation, 
and that the observed results may not have been due to a benefit in the 
treatment arm, but rather a detrimental outcome in the control group.

The ARDS Network performed a second large clinical trial comparing 
lower versus higher levels of PEEP (the ALVEOLI study).121 The trial was 
stopped early for futility. One limitation of this study was that the mean 
age of the high PEEP arm was higher (54 ± 17 vs 49 ± 17; p <0.05), 
the mean PaO2/FiO2 was lower (151 ± 67 vs 165 ± 77; p <0.05), and 
there was a trend to higher APACHE III scores, at baseline. A second 
limitation was that the effectiveness of the PEEP levels in preventing 
atelectrauma was not assessed.52 Thus, the optimal level of PEEP and 
the best method used to set PEEP have not been definitively established.

The Lung Open Ventilation (LOV)16 clinical trial was conducted pur-
suing an “open-lung” ventilation strategy characterized by high levels of 
PEEP using a fixed PEEP/FiO2 combination table. The PEEP values were 
slightly higher compared to those of the previous ALVEOLI study. The 
conventional arm received levels of PEEP comparable to the ARMA 
study. At the end of the study, 985 patients were enrolled; 85% had 
severe lung injury (P/F ratio <200). The study failed to demonstrate any 
difference in mortality in the two groups (36.4% and 40.4% in the treat-
ment and control groups, respectively). Moreover, the two study groups 
differed only for the rescue therapy and death for refractory hypoxemia 
rates, which were less in the LOV—high PEEP group.

A national French multicenter randomized control trial (EXPRESS 
study)17 addressed the superiority of an open-lung approach compared 
to a protective ventilation strategy limiting only tidal volume. In the 
interventional arm of the study, PEEP was titrated to the highest value 
possible keeping Pplat <28 to 30 cm H2O. In the control arm, PEEP was 
set between 5 and 9 cm H2O. In both groups Vt was <6 mL/kg PBW. 
After enrolling 768 patients, the study failed to demonstrate a significant 
difference in hospital, 28-day and 60-day mortality. However, patients 
ventilated with higher PEEP levels had significantly more ventilator-free 
days and organ failure–free days. Interestingly patients with the more 
severe lung injury (P/F <200) ventilated with higher PEEP tended to 
have lower 28-day mortality compared to patients treated with lower 
PEEP. The authors suggested that in clinical practice, PEEP should be 
cautiously applied to mild forms of ALI and that higher levels of PEEP 
be considered only for patients with more severe lung injury. This 
impression was corroborated from the results of a robust meta-analysis 
that incorporated trials (from 1996 to January 2010) comparing higher 
versus lower levels of PEEP. The meta-analysis concluded that there is 
no difference in mortality applying lower versus higher levels of PEEP 
in all ALI patients. However, in a subgroup of ARDS patients with more 
severe forms of lung injury, edema and atelectasis, there may be a benefit 
from higher levels of PEEP.122

Moreover, higher PEEP levels and lung recruitment maneuvers asso-
ciated with reduced Vt seem to be beneficial also in clinical condition 
different from ARDS such as in the care of potential organs donor. In 
a recent RCT, including 118 potential organ donors, Mascia et al dem-
onstrated that protective ventilation (Vt 6-8 mL/kg) and higher PEEP 
(8-10 cm H2O) compared to conventional ventilation (Vt 10-12 mL/kg) 
and lower PEEP (3-5 cm H2O) resulted in a markedly higher number of 
eligible and harvested lungs.123

RESCUE THERAPIES FOR LIFE-THREATENING  
HYPOXIA MINIMIZING VILI
An alternative method to recruiting the lung is to ventilate patients while 
they are in the prone position. This strategy basically uses gravity to 
recruit the lung and improve ventilation perfusion matching. Prone posi-
tioning has been demonstrated to improve oxygenation,124-126 and decrease 
the incidence of VAP in patients with acute hypoxic respiratory failure.125 
However, none of the studies demonstrated that this approach improved 
mortality. In the most recent clinical trial, prone ventilation was associated 
with a nonsignificant decrease (37.8% vs 46.1%) in 28-day mortality in 
the subgroup of patients with severe hypoxemia.126 This finding led to the 
conduct of a larger clinical trial in patients with severe respiratory failure. 
The results of this study are pending at the time of writing. At present, 
however, there are conflicting results as to whether prone ventilation 
may be beneficial in reducing ARDS mortality based on the most recent 
meta-analysis.127,128 Suffice to say that expert opinion recommends prone 
ventilation as rescue therapy in severe respiratory failure (as indicated by 
PaO2/FiO2 <100) after maximization of conventional therapy.129

Compared to conventional mechanical ventilation, high-frequency 
oscillation ventilation (HFOV) is theoretically an ideal modality to 
minimize VILI. This ventilation strategy embraces many of the prin-
ciples of lung protection, as it delivers extremely small tidal volumes 
around a relatively high mean airway pressure, at high respiratory 
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frequencies (∼3-15 Hz), so as to avoid tidal overstretch and recruitment/
derecruitment. Preliminary studies in children130 and adults131 appeared 
to support these theoretical advantages and suggested that HFO was at 
least as safe as conventional ventilator strategies and that it was effective 
in improving oxygenation. However, these studies were hampered by 
their small size and the fact that the control groups likely did not repre-
sent the current standard of care, namely Vt <6 mL/kg PBW. In the face 
of persuasive biological rationale and promising preliminary trials,132 the 
results of the OSCILLATE and OSCAR trials were surprising and disap-
pointing.133,134 Both trials compared HFO to a lung-protective strategy 
that employed low tidal volume and higher PEEP levels to fully recruit 
the lung. In the UK study, 398 patients were randomized to HFO and  
397 patients to a conventional lung-protective strategy. There was no dif-
ference in mortality between the two groups. Death at 30 days occurred 
in 42% in the HFO group compared to 41% in the conventional ventila-
tion group (p = 0.85). The OSCILLATE study was stopped early after 548 
(of a planned 1200) patients because of excess mortality in the HFO arm. 
In-hospital mortality was 47% in the HFO group compared to 35% in 
the control group (relative risk of death with HFO, 1.33; 95% confidence 
interval, 1.09-1.64; p = 0.005) (Fig. 51-4).133 The cause of this excess 
mortality remains speculative but may be related to higher rates of seda-
tion, or hemodynamic instability in the HFO group. Ninety-one percent  
of patients in the HFO arm received vasoactive drugs compared to 84% 
in the conventional and received them for a longer duration (5 vs 3 days;  
p = 0.01). At present HFO (as applied in these two studies) cannot be rec-
ommended as a routine strategy to treat patients with ARDS. Although 
not addressed in the study, the extent to which HFO should be used to 
treat refractory hypoxemia is also placed into question. In both trials 
patients in the HFO arm had improved oxygenation compared to the 
conventional strategy. Additionally in OSCILLATE more patients in the 
control arm experienced refractory hypoxemia and 11% of them crossed 
over to HFO for refractory hypoxemia. Despite this, however, the death 
rates due to refractory hypoxemia were not different between groups.

In patients with advanced hypoxemic and hypercapnic respiratory 
failure, extracorporeal lung support (ECLS) techniques including extracor-
poreal membrane oxygenation (ECMO) have been used. These therapies 
are typically applied to ARDS patients with refractory and life-threatening 
hypoxemia. The objective is to overcome severe hypoxemia and respiratory 
acidosis, while keeping the lung fully at rest. To facilitate this goal different 
venoarterial or venous-venous (with a pump) or arterial-venous (pump-
less) shunts have been used. Proponents of ECLS advocate that this method 
may represent an ideal strategy of lung protection because tidal volumes 
and PEEP can be adjusted to the optimum settings for maintaining lung 
integrity without any adverse consequence to gas exchange. Despite earlier 
negative trials,135,136 the results of the CESAR study, suggested a benefit of 

ECLS.137 In this trial, 180 patients were randomized to receive venous-
venous ECMO or conventional ventilation. Patients randomized to ECLS 
were transferred to and treated in a single reference center. Of the patients 
transferred, 25% did not receive ECMO (improved or died shortly after 
transfer). The group that were transferred to the center of excellence had 
better 6 months survival compared to control patients who were treated in 
regional hospitals where the “best practice” for mechanical ventilation was 
left to the discretion of the treating physicians. The trial has been criticized 
because all of the ECMO patients went to a specialized center, whereas the 
control group were treated in multiple nonspecialized hospitals. As the side 
effects of various types of ECMO are decreasing, this mode of gas exchange 
may prove to be very useful.

SUMMARY
Theoretical considerations and experimental data support the notion that 
the goals of ventilation must incorporate a lung-protective strategy (see 
Table 51-1). The low-tidal-volume ARDSNet trial demonstrated a reduction 
in mortality with the implementation of a lung-protective strategy. Given 
the complex nature of ARDS, it is likely that a multifaceted strategy that 
incorporates several principles of VILI will need to be adopted. Limiting 
tidal volume may only be a component of a lung-protective strategy. There 
is evolving evidence for the use of higher levels of PEEP than have been 
used in the past, but this evidence is not as strong as the evidence in sup-
port of minimizing end-inspiratory lung stretch. Further research on the 
effects of mechanical ventilation on regional and distal cellular signaling, 
apoptosis, and distal organ injury is needed, incorporating recent advances 
in genomic and proteomic methods.138 The delivery of genes focusing on 
the key pathophysiologic mechanisms of VILI may be feasible. Another 
approach on the other end of the spectrum is the use of approaches that 
remove ventilation completely with the use of extracorporeal support. 
Which of these modalities will ultimately be used will depend on the results 
of appropriate, high-quality clinical studies.
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FIGURE 51-4.  Probability of survival from the day of randomization to day 60 in the high-
frequency oscillation and control groups. (Reproduced with permission from Ferguson ND, et al. 
High-frequency oscillation in early acute respiratory distress syndrome. N Engl J Med. February 28, 
2013;368(9):795-805.)
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C H A P T E R

Severe arterial hypoxemia that is resistant to supplemental oxygen is 
a common reason for admission to the ICU. This form of respiratory 
failure, termed acute hypoxemic respiratory failure (AHRF), arises from 
widespread flooding or collapse of alveoli. As a result, a substantial frac-
tion of mixed venous blood traverses nonventilated alveoli (ie, alveoli 
with ventilation-perfusion ratio of 0). This in turn results in a large 
right-to-left intrapulmonary shunt (Fig. 52-1). In addition to its adverse 
effects on oxygenation, fluid that accumulates in alveoli and interstitial 
tissues increases lung stiffness, which decreases lung compliance. This 
imposes a larger mechanical load on the patient’s respiratory system, 

KEY POINTS

•• Acute lung injury (ALI) and its more severe form, the acute respiratory 
distress syndrome (ARDS), are common causes of acute hypoxemic 
respiratory failure (AHRF). The 2012 Berlin Definition eliminated 
the term ALI; however, this term remains common to older literature.

•• Both ALI and ARDS are characterized by hypoxemia that is resistant 
to oxygen therapy; this is due to widespread alveolar filling or collapse.

•• Initial therapy for all patients with ALI and ARDS should be 
supplemental oxygen; failure to achieve 95% arterial saturation or 
greater confirms the presence of a large right-to-left shunt.

•• Most patients with ALI and ARDS require ventilatory support 
because their AHRF is typically severe and may be prolonged.

•• If a patient with severe hypoxemia as indicated by arterial blood 
gas analysis has a clear chest radiograph, consider a possible error 
(eg, incorrect fractional inspired oxygen [FiO2] or arterial oxygen 
tension [PaO2]); in such situations, also consider the possibility 
of other types of right-to-left shunts (eg, intracardiac shunts or 
pulmonary arteriovenous malformations) or the continued perfu-
sion of an unventilated or poorly ventilated lung (eg, due to acute 
mucous plugging of one main bronchus).

•• The acute phase of ALI and ARDS is characterized by an exuda-
tive alveolar flooding due to pulmonary capillary leak and by 
extensive alveolar collapse due to loss of normal surfactant activ-
ity; while interventions directed at modulating inflammatory or 
other pathways of lung injury, optimizing alveolar fluid clearance, 
or restoring surfactant function hold theoretical promise, at pres-
ent no specific pharmacologic therapy has been shown to improve 
outcomes; currently one should provide lung-protective mechani-
cal ventilation and other supportive care while identifying and 
treating the precipitating causes of ALI or ARDS.

•• Lung-protective ventilation of patients with ALI and ARDS should 
use a strategy with low tidal volumes and limits to end-inspiratory 
pressure (ie, plateau pressures [Pplat]), to reduce the risk of ventilator-
induced lung injury (VILI); such a strategy gives higher priority to 
the goal of decreasing the risk of VILI by limiting end-inspiratory 
lung volume and pressure than the traditional goal of keeping arterial 
carbon dioxide tension (PCO2) and pH in the normal range.

•• The target for oxygenation should be a PaO2 between 55 and 80 mm Hg  
(88%-95% saturation); one should achieve this by adjusting FiO2 and 
positive end-expiratory pressure (PEEP) with the goal of decreasing 
FiO2 to 0.5 to 0.6 (or less), concentrations that are less concerning for 
pulmonary oxygen toxicity. However, despite this recommendation, 
it should be noted that the safety of a permissive hypoxemia approach 
on nonpulmonary organ function has not been demonstrated.

•• In general, the ventilatory strategy should start with a tidal volume 
of 6 mL/kg of predicted body weight (PBW) and with a Pplat target 
that does not exceed 30 cm H2O; if Pplat exceeds 30 cm H2O with a 
6 mL/kg PBW tidal volume, the latter should be decreased to 5 mL/
kg PBW; if Pplat still exceeds 30 cm H2O, tidal volume should be 
further decreased to 4 mL/kg PBW.

•• When changing to low-tidal-volume ventilation, one should 
increase the respiratory rate (RR) up to 35/min to maintain min-
ute ventilation; the target for ventilation should be a pH of 7.30 to 

7.45; if the pH is between 7.15 and 7.29, if the pH remains <7.15 
with RR of 35/min and NaHCO3 is considered or given, one can 
increase the tidal volume in 1-mL/kg PBW increments until pH 
exceeds 7.15 (ie, the Pplat target may be exceeded).

•• The use of a recruitment maneuver (eg, 30 cm H2O for 30 seconds 
or 40 cm H2O for 40 seconds), coupled with an increase in posi-
tive end-expiratory pressure (PEEP) to maintain the recruitment 
achieved, should be considered in patients with refractory hypox-
emia; however, clinicians should be vigilant for the development of 
barotrauma or hypotension as a consequence of the maneuver, and 
the trial should be ceased if either complication develops.

•• During assisted ventilation, one should use analgesia and/or 
sedation at the lowest doses required to synchronize the patient’s 
respiratory efforts with the ventilator and to decrease oxygen 
consumption (V̇O2); one may also need to induce muscle paralysis 
by use of neuromuscular blocking agents (NMBA) and recent 
evidence suggests that early NMBA use in severe ARDS may be 
associated with improved outcomes.

•• The use of a “dry” fluid management strategy should be consid-
ered given evidence that this approach improves lung function 
and shortens duration of mechanical ventilation and intensive care 
unit stays without increased nonpulmonary organ dysfunction in 
the short term; however, this approach generally lowers cardiac 
output and the question has been raised if its use may be associ-
ated with long-term cognitive impairment.

•• If one uses a “dry” fluid management strategy, one should be 
guided by daily and cumulative net intake and output volumes 
and laboratory indices of hypovolemia (blood urea nitrogen 
[BUN]:creatinine ratio and serum total bicarbonate) while moni-
toring for adequate urine output (>0.5 mL/kg PBW/h), effective 
circulation (by physical signs), or invasive measurements (ie, 
mixed [or superior vena caval] venous cooximetry), adequate per-
fusing pressure (ie, mean arterial pressure [MAP] ≥60 mm Hg), 
and electrolyte abnormalities (serum sodium and potassium).

•• The use of a pulmonary artery catheter (PAC) to guide therapy, 
compared to a central venous catheter (CVC), is associated with 
more complications and increased costs without a demonstrable 
benefit in outcomes; the PAC is not recommended for routine use 
in the management of patients with ALI and ARDS.

•• Late-phase or fibroproliferative-phase ARDS (corresponding to 
persistent ARDS of 1-week duration or more) is characterized by 
subacute inflammation, proliferation of alveolar lining cells and 
interstitial cells, and varying degrees of fibrosis.

•• In severe late-phase ARDS, a prolonged course of high-dose methyl-
prednisolone sodium succinate (MPSS) can improve gas exchange and 
mechanics in some patients; however, use of MPSS increases the risk of 
diffuse weakness that may be prolonged; results from one RCT found 
that MPSS administration when added to a low-tidal-volume ventila-
tion strategy that limited Pplat as described above did not significantly 
improve mortality at 60 days (or ICU or hospital lengths of stay).

•• In refractory ARDS, the use of extracorporeal life support at experi-
enced centers, as a means to temporarily support cardiopulmonary 
function and minimize VILI and oxygen toxicity, may improve survival.
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resulting in an increased elastic work of breathing. Without treatment with 
supplementary oxygen and assisted ventilation, the gas exchange derange-
ment and abnormal lung mechanics can result in progressive hypoxemia, 
respiratory muscle fatigue, and eventual respiratory arrest and death.

This chapter describes two traditional notable forms of AHRF: acute 
lung injury (ALI) and its more severe subgroup, the acute respiratory dis-
tress syndrome (ARDS) (Fig. 52-2). Though the term ALI has been elim-
inated in the 2012 Berlin definition of ARDS, its use is seen frequently 
in older literature (see below). ALI and ARDS affect up to an estimated 
190,000 patients each year in the United States alone.1,2 Despite recent 
advances in ventilatory management and improvements in nonrespira-
tory supportive ICU care, the mortality rate remains high (eg, ∼25% to 
over 50%, depending on the characteristics of the population studied 
and the ventilatory strategy utilized).2-9

The overall goal of this chapter is to provide a comprehensive and 
updated clinical approach to ALI and ARDS that is evidence-based  
and grounded in current concepts of pathogenesis and pathophysiology.  
Objectives include (1) to present the definitions, epidemiology, and 
precipitating causes of ALI and ARDS; (2) to describe efforts to predict 
the development of ALI and ARDS and to prevent its development;  
(3) to describe the pathogenesis and pathophysiology of ALI and ARDS; 
(4) to describe the differential diagnosis of ALI and ARDS and clinical 
approaches to distinguish among various causes of AHRF; (5) to review 
the current status of treatment for ALI and ARDS and their precipitating 
causes; (6) to provide current recommendations for ventilatory manage-
ment of ALI and ARDS; (7) to review so-called “salvage” therapies for 
refractory ARDS. The last objective includes a detailed description of 
the low-tidal-volume ventilatory strategy used by the ARDS Clinical 
Trials Network (ARDSNet) investigators in the clinical trials spon-
sored by the National Heart, Lung, and Blood Institute (NHLBI) of the 
National Institutes of Health (NIH).3,4

DESCRIPTION AND DEFINITIONS OF ALI AND ARDS
ARDS was initially described in 1967 by Ashbaugh and coauthors as a 
syndrome characterized by the acute onset of dyspnea, severe hypox-
emia, diffuse lung infiltrates, and decreased compliance of the respira-
tory system.10 Following this initial report, different authors utilized 
varying definitions that incorporated the elements of acute timing of 
onset, hypoxemia, radiographic infiltrates, and absence of overt clinical 
congestive heart failure.11-15 In 1988, Murray and coauthors proposed 
using a Lung Injury Score (LIS), in part to take into account the effects 
of respiratory system compliance and the pressures delivered using the 
mechanical ventilator.14 The LIS combined elements of severity of chest 
radiograph infiltrates, hypoxemia, respiratory system compliance, and 
amount of administered positive end-expiratory pressure (PEEP) on the 
mechanical ventilator.14

■■ AMERICAN EUROPEAN CONSENSUS CONFERENCE DEFINITIONS
In 1994, the first American European Consensus Conference (AECC) 
published these consensus-derived definitions of ALI and ARDS: 
acute onset, bilateral pulmonary infiltrates on chest radiograph con-
sistent with pulmonary edema, poor systemic oxygenation, and the 
absence of evidence of left atrial hypertension as a means to discrimi-
nate permeability pulmonary edema from predominantly hydrostatic 
pulmonary edema (Table 52-1).16 The ratio of arterial oxygen tension 
(PaO2) to the fraction of inspired oxygen (FiO2), PaO2 : FiO2, was chosen 
to reflect the degree of hypoxemia even when measured at different 
FiO2.17 The syndrome was named ALI when this ratio is ≤300 and 
ARDS when ≤200. The AECC coined the term acute lung injury in 
order to identify patients who are early in the course of their ARDS 
and those who may have a form of AHRF that is milder than ARDS. 
The AECC definitions of ALI and ARDS were intentionally broad 
in order to encompass different types of AHRF occurring in a wide  
variety of settings. Most patients with ALI progress to ARDS, prompt-
ing some to use the term “ALI/ARDS” to describe all patients with a  
PaO2  :  FiO2 ratio ≤300 who also meet the other AECC criteria (see 
Table 52-1).

Several clinical trials have used these standardized definitions of 
ALI and ARDS to specify the trial’s inclusion criteria for their study 
populations.3,4,8 Using the AECC definition of ALI and ARDS in these 
and other clinical trials contributes to the comparability of their study 
populations and facilitates generalizability of their results. For example, 
in order for clinicians to extrapolate the results of a trial to their own 
patients, they must first be reasonably sure that their patients resemble 
those in the clinical trial. This requires that they meet the same inclu-
sion criteria for ALI or ARDS as those used in the clinical trial. However, 
having the same inclusion criteria is necessary but not sufficient, since 
the clinician must also take into account the exclusion criteria used  
in the clinical trial to assess comparability.

FIGURE 52-1.  Diagram of a two-compartment model of lung perfusion and ventilation 
demonstrating the basis for failure of oxygenation in ALI and ARDS. When large portions of the 
lung are nonventilated owing to alveolar collapse or flooding (hatched area), blood flow to these 
units with mixed venous PO2(Pv 

–
O2)(Pv 

–
O2) of 40 mm Hg and content of 15 vol% is effectively shunted 

through the lungs without being resaturated. Thus despite a high concentration of supplemental 
oxygen (100% in this example) and a high alveolar PO2 in ventilated units, these blood flows mix in 
accord with their oxygen contents (ie, the resulting left atrial blood has an oxygen content that is 
the weighted mean of the oxygen content of the shunted and non-shunted blood). In this example 
of a 50% shunt, the left atrial and systemic arteries have an arterial PO2 of 60 mm Hg. CaO2, arterial 
oxygen content; CO2, capillary oxygen content; Cv –O2, mixed venous oxygen content; Pa, alveolar 
pressure; Pv–O2, arterial oxygen pressure; PaO2, partial pressure of oxygen in the mixed venous blood.
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FIGURE 52-2.  Schematic representation of the traditional relationships among acute 
hypoxemic respiratory failure (AHRF), acute lung injury (ALI), and the acute respiratory dis-
tress syndrome (ARDS). Note that ALI is a more severe subgroup of AHRF and that ARDS is a 
more severe form of ALI. The more recent Berlin definition of ARDS categorizes ARDS as mild, 
moderate, and severe.24
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■■ VALIDITY AND RELIABILITY OF AECC DEFINITIONS
Despite standardization, these definitions have not been formally vali-
dated beyond their face validity. In addition, problems remain with the 
reliability of the various components of the definitions.1 For example, 
interpretation of chest radiographs can be inaccurate and variable 
among different observers.18,19 However, formal training sessions can 
improve this variability.19 Likewise, the PaO2 : FiO2 criterion also suffers 
from variability since it can be influenced by the level of PEEP used 
in mechanical ventilation and other transient factors, such as airway 
secretions or inadequate sedation. For example, higher PEEP generally 
increases PaO2 at a given FiO2. This in turn may raise a patient’s PaO2 : FiO2 
>300 so that the patient no longer meets the inclusion criteria for ALI. 
Conversely, in the absence of PEEP a PaO2 : FiO2 <300 may reflect the 
presence of simple basilar atelectasis rather than ALI or ARDS. In such a 
case, adding PEEP may recruit enough atelectatic lung to raise PaO2 : FiO2 
>300, so that the patient no longer meets this criterion for ALI.20

Finally, exclusion of congestive heart failure (left atrial hypertension) 
also presents problems with reliability. Diagnostic criteria for left atrial 
hypertension on purely clinical grounds can be inaccurate.1,21 Insertion 
of a pulmonary artery catheter for this purpose may also be inconclu-
sive since the pulmonary capillary wedge pressure (Ppw) may be higher 
than 18 mm Hg due to intravascular volume loading (eg, in patients 
with shock), rather than due to congestive heart failure.21 In a recent 
clinical trial, 29% of the ALI subjects enrolled had a Ppw in excess 
of 18 mm Hg; importantly, only 3% of these subjects had a depressed 
cardiac index.22 Conversely, many patients with hydrostatic pulmonary 
edema due to congestive heart failure and high left atrial pressures may 
have normal pulmonary artery occlusion pressures by the time the cath-
eter is inserted and measurements taken.23 Together, the evidence dem-
onstrates that a hydrostatic pressure gradient is present in many ALI 
patients, which contributes to the development of pulmonary edema.

The need for further refinement of the reliability and validity of defini-
tions of ALI and ARDS prompted an international expert panel endorsed 
by multiple societies to convene in 2011 to revise the definition. The results 
of the revised, consensus draft definition for ARDS, known as “The Berlin 
Definition,” were the following: (1) the radiographic elements of the AECC 
definition were retained, (2) the timing of ARDS was clarified to occur 
within 1 week of an acute insult, (3) the Ppw criteria was removed and, 
acknowledging that left atrial hypertension may coexist with ARDS, it 
was stipulated that the etiology of pulmonary edema not be due to hydro-
static pulmonary edema exclusively, and (4) the terminology ALI was 
removed and ARDS was categorized into one of three mutually exclusive 
categories of hypoxemia severity, being mild (200 < PaO2 : FiO2 ≤ 300 with 
PEEP at a minimum of 5), moderate (100 < PaO2 : FiO2 ≤ 200), and severe  
(PaO2 : FiO2 ≤ 100).24 In the remaining chapter, we use the traditional ALI 
and ARDS terminology as the evidence which is presented is based pre-
dominantly on the AECC criteria.

EPIDEMIOLOGY

■■ INCIDENCE
Inconsistent definitions for ALI and ARDS in large databases of diagnoses 
for hospital admissions or complications, variations in the application of 
the AECC definition in different studies, and variations in different at-risk 
populations (such as sepsis, trauma, surgeries, and bone marrow trans-
plants) previously hampered obtaining accurate estimates of the incidence 
of ALI and ARDS. More recent studies have used data from the ARDSNet 
clinical trials and regional cohort studies to arrive at estimates in the United 
States in the range of 25 to 79 cases per 100,000 person-years.1,2,25,26 A recent 
epidemiologic study based out of Olmstead County, Minnesota, found 
that ARDS incidence decreased from 82 to 39 per 100,000 person-years 
between 2001 and 2008.26 The authors hypothesized that improvements in 
health care delivery (eg, use of lower tidal volumes and less blood transfu-
sions in at-risk patients) contributed to the reduced incidence26 and efforts 
are underway to determine whether a bundle of ALI prevention strategies 
can reduce the risk of ALI development in at-risk patients.

Based on these estimates of incidence, the number of patients with 
ALI and ARDS in the United States each year is estimated to be between 
53,000 and 190,000. If one assumes a short-term mortality of ∼30% to 
40%, the annual number of deaths in the United States directly attribut-
able to ALI and ARDS is between 16,000 and 74,500. These estimates 
of attributable mortality are greater than from the acquired immune 
deficiency syndrome (AIDS), asthma, or cervical cancer.1,2

These estimates also highlight that more than 100,000 patients will sur-
vive ALI each year. As described in Chap. 15, many of these ALI survivors 
will suffer from long-term physical and neuropsychological impairment, 
decreased quality of life, and their long-term mortality is affected.27-31 
Collectively, the incidence, case-fatality, and long-term consequences 
demonstrate the important public health impact of ALI and ARDS.

■■ PRECIPITATING CAUSES
ALI and ARDS can be considered to be a “final common pathway” reac-
tion of the lung to a large variety of precipitating causes. Some authors have 
classified these causes as representing direct (pulmonary) or indirect (extra-
pulmonary or systemic) injury to the lung32,33 (Table 52-2). Although the 
methodology for applying these labels is not standardized and thus may 
be inconsistent between studies, this construct may have pathogenetic and 
pathophysiologic underpinnings since indirect causes may have different 
mechanisms of injury to the lung compared to direct causes.34

Not all patients with these precipitating conditions develop ALI/
ARDS. Indeed, the frequency of ALI/ARDS is quite variable. Depending 
on the precipitating cause, and the population studied, it ranges from 
∼5% to 40%.32-37 If patients have more than one of these precipitating 

  TABLE 52-2   � Examples of Direct and Indirect Precipitating Causes of Acute Lung 
Injury (ALI) and the Acute Respiratory Distress Syndrome (ARDS)

Direct Precipitating Cause Indirect Precipitating Causea

Aspiration of gastric contents Acute pancreatitis

Bacterial pneumonia (eg, Legionnaire disease) Blood product transfusions with 
transfusion-related acute lung injury (TRALI)

Chest trauma with lung contusion Post-cardiopulmonary bypass

Near-drowning Primary graft failure of lung transplantation

Pneumonia due to Pneumocystis jiroveci Severe sepsis and septic shock

Toxic inhalations (eg, smoke inhalation, 
inhaled crack cocaine [“crack” lung])

Toxic ingestions (eg, aspirin, tricyclic 
antidepressants)

Viral pneumonia (eg, influenza, the severe 
acute respiratory syndrome [SARS])

Trauma with multiple fractures and  
fat-emboli syndrome

aIn indirect or systemic mechanisms of lung injury, the lung injury results from deleterious effects on the 
alveolar capillary endothelium by inflammatory or other mediators delivered via the pulmonary circulation.

  TABLE 52-1   � American European Consensus Conference Criteria for Acute Lung 
Injury (ALI) and the Acute Respiratory Distress Syndrome (ARDS)

Clinical Variable Criteria for ALI Criteria for ARDS

Onset Acute Acute

Hypoxemia PaO2/FiO2 ≤300 mm Hg PaO2/FiO2 ≤200 mm Hg

Chest radiograph Bilateral infiltrates consistent with 
pulmonary edema

Bilateral infiltrates consistent 
with pulmonary edema

Noncardiac cause No clinical evidence of left atrial 
hypertension or, if measured, 
pulmonary artery occlusion 
pressure ≤18 mm Hg

No clinical evidence of left atrial 
hypertension or, if measured, 
pulmonary artery occlusion 
pressure ≤18 mm Hg

Reproduced with permission from Bernard GR, Reines HD, Brigham KL, et al: The American European consensus 
conference on ARDS: definitions, mechanisms, relevant outcomes and clinical trials coordination. Am J Resp Crit Care 
Med. 1994 Mar;149(3 Pt 1):818-824. This document was published in 1994. Certain aspects of this document may 
be out of date and caution should be used when applying the information in clinical practice and other usages.
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causes, they are at an even higher increased risk for development of 
ALI or ARDS. On average, ALI develops early in the course of the 
hospitalization in at-risk patients. In two, large multicenter observa-
tional cohort studies, ALI developed on average by hospital day 2 and 
the vast majority within 4 days.35,36 Patients with a direct injury to the 
lung developed ALI on average 3 days earlier than patients with an 
indirect injury.35

■■ RISK FACTORS FOR THE DEVELOPMENT OF ALI 
AND ARDS AND PREDICTION MODELS

Why certain individuals with the same precipitating cause develop ALI 
and ARDS while others do not is unknown. Some of this differential risk 
can be attributed to other acquired risk factors, such as chronic alcohol-
ism.37 In addition, certain individuals may have an inherent predisposition 
to developing ALI or ARDS while others may have inherent protections 
against ALI or ARDS. These considerations are discussed below.

ALI and ARDS arise from diverse populations. Within these popula-
tions, specific clinical variables may affect both the risk of ARDS and 
ultimate outcomes if ARDS develops.34-36,38,39 Clinical variables and 
outcomes associated with an increased risk of ARDS include chronic 
alcohol abuse37; lack of diabetes40; hypoproteinemia41; age and gender13; 
severity of injury and illness as measured by injury severity score (ISS) 
or Acute Physiology and Chronic Health Evaluation (APACHE) score13; 
and possibly cigarette smoking.42 The mechanistic underpinnings of 
these associations are the subject of ongoing research. Furthermore, 
processes of care, including transfusion of blood products13,43 and initial 
ventilator settings (eg, tidal volumes greater than 6.5 mL/kg PBW),44,45 
have been associated with an increased risk of ALI development. These 
observations highlight the influence of the heterogeneity of a diverse 
source population and diverse processes that impact on the development 
of ALI and ARDS.

Based on the identified predisposing conditions and risk modifiers 
for the development of ALI, a recent study validated a Lung Injury 
Prediction Score (LIPS) to identify patients at high risk for the develop-
ment of ALI.36 The LIPS has the potential to be used clinically to identify 
at-risk patients and prevention strategies directed at the at-risk popula-
tion identified are warranted.

Human studies aimed at investigating genetic or molecular mecha-
nisms that predispose or protect individuals from developing ALI 
and ARDS must take into account the effects of these population and 
environmental differences. The initial investigations into genetic deter-
minants of ALI have been promising, including the first successful 
genome-wide association study, which identified a genetic variant that 
demonstrates the role of cell-matrix interactions in ALI development,46 
yet as detailed in several recent reviews, few associations have been 
replicated.47-49 To date, the novel genetic variants that appear to alter ALI 
risk relate to inflammation and the immune response, the endothelium, 
the epithelium, and lipid metabolism.49-54

■■ DETERMINANTS OF ARDS OUTCOME
Clinical variables associated with increased mortality among patients with 
ALI and ARDS include advanced age, gender, race, low PaO2 : FiO2, high 
plateau pressure (ie, low compliance), extent of pulmonary infiltrates, 
chronic liver disease, nonpulmonary organ dysfunction, sepsis, severity of 
illness, hypoproteinemia, and length of hospitalization prior to ARDS.4,55-61 
In addition, magnitude of the dead space fraction has been identified as a 
risk factor for mortality, possibly indicating the importance of loss of the 
pulmonary vascular bed in disease severity.62

Different precipitating causes of ALI and ARDS carry different 
prognoses. For example, trauma-associated ALI or ARDS has a better 
prognosis than other causes, even after adjustment is made for other 
baseline variables such as age.57 Sepsis-associated ALI, due in part to 
the severity of illness at presentation and coexisting comorbidities, has a 
worse prognosis.58 Although response to some therapeutic interventions 
in ALI or ARDS varies according to direct or indirect cause of lung 
injury,33,63 low-tidal-volume ventilation is equally efficacious in both of 
these subgroups.64

Despite recent advances in therapy, the mortality rates reported in clini-
cal trials in the past decade have ranged from ∼25% to more than 50%.3-9,22 
The lowest mortality rates have been achieved with low-tidal-volume venti-
lation, which also limited end-inspiratory (plateau) pressure.3,4,22 Although 
no recent studies have explicitly examined the cause of death in nonsurvi-
vors, previously the majority of deaths were found to be due to multiorgan 
failure or sepsis, while progressive respiratory failure accounted for a small 
minority of deaths (eg, ∼15%).65,66

ALI and ARDS impact the health and lives of survivors beyond the 
ICU. Long-term physical, neuropsychiatric, and cognitive impairments 
in ALI survivors are common and are associated with reduced quality 
of life (see Chap. 15).27-31,67-70 In the aggregate, these deficits are extreme 
examples of the post-intensive care syndrome, and they represent an 
important aspect of the impact of ARDS.

PATHOLOGY AND PATHOPHYSIOLOGY
It can be useful to distinguish between the early phases of lung injury and 
subsequent events, as the early phases are characterized by exuberant infla
mmation and the later phases by repair and fibrotic mechanisms.38,71,72  
By light microscopy, the early appearance is of interstitial and alveo-
lar edema, capillary congestion, and intra-alveolar hemorrhage with 
minimal evidence of cellular injury (Fig. 52-3). By electron micros-
copy, changes of endothelial cell swelling, widening of intercellular 
junctions, increased numbers of pinocytotic vesicles, and disruption and 
denudation of the basement membrane are prominent. Inflammatory 
cell infiltration of the lung interstitium may be seen (particularly in 
ARDS complicating sepsis or trauma) as well as neutrophil sequestra-
tion in alveolar capillaries. During this early exudative phase of diffuse 
alveolar damage (DAD), pulmonary edema and its clinical effects are 
most pronounced (see Fig. 52-3). It is also a time when manipulations 
to decrease the rate of edemagenesis are most likely to have an impact 
as discussed below.

Over the ensuing days, hyaline membrane formation in the alveolar 
spaces becomes prominent. Hyaline membranes contain condensed 
fibrin and plasma proteins. Intra-alveolar activation of the coagulation 
system results in the formation of the fibrin, while plasma proteins are 
deposited in the alveolar space as part of the inflammatory exudate that 
leaks across the alveolar-capillary membrane. Inflammatory cells become 
more numerous within the lung interstitium. As the process of DAD 

FIGURE 52-3.  A schematic representation showing the time course of evolution of the 
acute respiratory distress syndrome (ARDS). During the early or exudative phase, the lesion is 
characterized by a pulmonary capillary leak with interstitial and alveolar edema and hemor-
rhage, followed by hyaline membrane formation. Within as short a period of time as 7 to 10 
days, a proliferative phase may appear with marked interstitial and alveolar inflammation 
and cellular proliferation, which is followed by fibrosis and disordered healing (see text for 
discussion). (Reproduced with permission from Katzenstein AA, Askin FB. Surgical Pathology of 
Non-Neoplastic Lung Diseases. 2nd ed. Philadelphia, PA: Saunders; 1990.)
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progresses, there is extensive necrosis of type I alveolar epithelial cells. If 
the patient with ARDS does not recover or die during the first week, they 
may have a prolonged course of illness, termed late-phase ARDS.

The later phase of ARDS is dominated by disordered healing. This can 
occur as early as 7 to 10 days after initial injury and may eventually result 
in extensive pulmonary fibrosis. This has been termed the proliferative 
or fibroproliferative phase. Type II alveolar cells proliferate along alveolar 
septae and the alveolar walls; fibroblasts and myofibroblasts become 
more numerous. Evidence of lung flooding is less prominent and may be 
minimal at this point. Changes in the clinical manifestations of ALI and 
ARDS parallel the changes in pathology. One study found that patients 

in late-phase ARDS typically had a large dead space fraction, a high 
minute ventilation requirement, progressive pulmonary hypertension, 
slightly improved intrapulmonary shunt that is less responsive to PEEP, 
and a further reduction in lung compliance.73

PATHOGENESIS
A number of closely interrelated pathophysiologic mechanisms and sys-
tems contribute to the development of ARDS (Fig. 52-4). Dysregulated 
inflammation, excess oxygen radicals, activation of coagulation and 
impaired fibrinolysis, platelet and immune cell activation, and loss of 

FIGURE 52-4.  Schematic representation of the alveolus under normal conditions (left-hand side) and during development of acute lung injury (ALI) and the acute respiratory distress syndrome 
(ARDS) (right-hand side). In the acute phase of the syndrome (right-hand side), there is sloughing of both the bronchial and alveolar epithelial cells, with the formation of protein-rich hyaline 
membranes on the denuded basement membrane. Neutrophils are shown adhering to the injured capillary endothelium and marginating through the interstitium into the air space, which is 
filled with protein-rich edema fluid. In the air space, an alveolar macrophage is secreting cytokines such as interleukins-1, -6, -8, and -10 (IL-1, 6, 8, and 10), and tumor necrosis factor-α (TNF-α), 
which act locally to stimulate chemotaxis and activate neutrophils. Macrophages also secrete other cytokines, including interleukins-1, -6, and -10. Interleukin-1 can also stimulate the produc-
tion of extracellular matrix by fibroblasts. Neutrophils can release oxidants, proteases, leukotrienes, and other proinflammatory molecules, such as platelet-activating factor (PAF). A number of 
anti-inflammatory mediators are also present in the alveolar milieu, including interleukin-1–receptor antagonist, soluble tumor necrosis factor receptor, autoantibodies against interleukin-8, and 
cytokines such as interleukins-10 and -11 (not shown). The influx of protein-rich edema fluid into the alveolus has led to the inactivation of surfactant. MIF denotes macrophage inhibitory factor. 
(Reproduced with permission from Ware LB, Matthay MA. The acute respiratory distress syndrome. N Engl J Med. May 4, 2000;342(18):1334-1349.)
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alveolar barrier integrity are central mechanisms in the pathogenesis of 
ARDS.34,38,39,74-76 In addition to ongoing inflammation and oxidation, fac-
tors specific to apoptosis, edema fluid resolution, fibrosis, and repair are 
likely to be important in the resolving and late phases of ARDS.34,38,39,74,76

■■ DYSREGULATED INFLAMMATION
ARDS develops after both systemic inflammatory insults and directly as 
a result of pulmonary infections and injury. Inflammatory mechanisms, 
when properly regulated, are important to containment and healing 
from insults such as pneumonia, aspiration, and systemic infection and 
injury. However, for reasons that are incompletely understood, in ARDS 
these same mechanisms become dysregulated, leading to pulmonary 
accumulation of immune cells and platelets, unopposed oxidant injury 
to lung tissues, enhanced coagulation and impaired fibrinolysis, and 
disruption of the normal function of the alveolar-capillary membrane.

This early response to tissue damage or pathogens leads to early 
release of inflammatory cytokines and chemokines by resident lung 
cells, including dendritic cells. Two of the major early proinflammatory 
cytokines are tumor necrosis factor-α (TNF-α) and interleukin-1 (IL-1),  
both of whose production can be increased by hypoxia.77-79 These cytokines 
have similar effects in initiating and propagating inflammation.77,80-83 Their 
actions include (1) recruitment, differentiation, amplification, and local-
ization of macrophages to the lung parenchyma; (2) stimulation of other 
inflammatory cytokines such as interleukins-6 and -8 (IL-6 and IL-8); 
and (3) adherence of neutrophils to endothelium (see Fig. 52-4).77,84-86  
Both BAL and plasma fluids consistently have been reported to contain 
elevated levels of TNF-α and IL-1 in ARDS patients.87-91 Macrophages 
that have been stimulated by TNF-α and IL-1, in turn produce IL-6, 
which has diverse functions. Like TNF-α and IL-1, persistently elevated 
IL-6 levels have been associated with an increased risk of death in ARDS 
patients.92 In addition, in the ARDSNet ARMA trial the lung-protective 
treatment arm that had decreased mortality showed a greater attenu-
ation in inflammatory cytokines (IL-6) and chemokines (IL-8) com-
pared to the higher-tidal-volume arm.3,93

Recently, it has been increasingly recognized that innate immune mech-
anisms in response to pathogens or tissue damage are key to this early 
inflammatory response. Innate immune pattern recognition receptors that 
are either localized in the cell membrane (eg, Toll-like receptors, TLRs) 
or in the cytoplasm (eg, Nod-like receptors, NLRs) can become activated 
in the early stages in ARDS. Both danger- and pathogen-associated 
molecular pattern (DAMPs and PAMPs) recognition play an important 
role.94,95 Stimuli for activation of these pathways include bacterial and viral 
pathogens,96 lysosomal disruption,97 neutrophil- or mitochondria-derived 
reactive oxygen species (ROS),98,99 and cell apoptosis.99,100 Activation of 
these pathways can lead to formation of inflammasomes, which are proin-
flammatory macromolecular complexes that activate caspase-1, resulting 
in IL-1β and IL-18 release.101 Inflammasome activation has been demon-
strated in clinical studies, solidifying the key role in ARDS pathogenesis. 
Furthermore, recent studies suggest that an imbalance between IL-1β 
and the IL-1 receptor antagonist (IL1-RA) is important in ARDS risk and 
outcome.102 Genetic regulation of this pathway is likewise implicated in 
ARDS pathophysiology.53

Stimulated dendritic cells and tissue macrophages in the lung also pro-
duce IL-23, which in turn induces production of interleukin-17 (IL-17)  
by T-helper cells. IL-17A is the original member of what is now the 
IL-17 family of cytokines.103 IL-17 is the major product of TH17 cells, 
which are a helper T-cell subtype characterized by enhanced inflamma-
tory response, particularly in mucosal immunity and lung injury.104-106 
IL-17A is thought to have pleiotropic effects; however, promotion of 
neutrophil chemotaxis is dominant.107 Neutrophil migration into the 
airspaces is evident in the early histopathology of ARDS and is further 
mediated by IL-8 and intercellular adhesion molecules (eg, intercellular 
adhesion molecule-1 [ICAM]).108,109 BAL fluid of subjects with ARDS 
reveals a predominance of neutrophils.110 Conversely, recovery is associ-
ated with resolution of neutrophilia.111 Normally, neutrophils become 
apoptotic and are then removed by macrophages. Impaired neutrophil 

apoptosis may be an important mechanism in ARDS,112 and elevated 
levels of granulocyte-macrophage colony-stimulating factor (GM-CSF) 
may play a role in this mechanism.113-115

Neutrophils act on pathogens through intracellular and extracellular 
mechanisms, including phagocytosis, degranulation of toxic proteins 
contained in neutrophils granules, and the formation of neutrophil 
extracellular traps (NETs).116 NETs are composed of a core DNA element 
that affixes histones and contents of neutrophils granules. Neutrophil 
degranulation and NET formation are intended to immobilize and 
destroy pathogens; however, these mechanisms can lead to substantial 
tissue damage in ARDS. Recently, NETs have been shown to be key 
mediators of transfusion associated ALI.117

■■ OXIDANT INJURY
Neutrophils in the alveolar and interstitial spaces may result in lung 
injury due to neutrophil-mediated release of reactive oxygen spe-
cies (ROS) and resulting oxidant stress. Oxidant stress refers to an 
imbalance between endogenously produced oxidants and endogenous 
antioxidants. Products of oxidant stress include superoxide, hydroxyl 
radicals, and peroxynitrite.118 Although some levels of ROS may be 
important in normal homeostasis, ROS are highly unstable and react 
quickly with surrounding proteins, DNA, and lipids, resulting in 
molecular damage.118

A widely held hypothesis is that excessive oxidant stress contributes 
to the pathogenesis of ALI.119-126 ROS can be generated by neutro-
phils (polymorphonuclear [PMN] cells),119,121,127 or by the pulmonary 
endothelium.128,129 Both PMN-mediated and endothelial generation of 
ROS may be important to initiation and development of lung injury. 
Evidence from clinical studies supporting excess ROS in ALI and ARDS 
include findings of increased hydrogen peroxide in exhaled breath of 
ARDS patients130,131; decreased levels of glutathione in lung lavage fluids 
of ARDS patients132,133; increased nitrotyrosine and chlorotyrosine in 
lavage fluids of ARDS patients134; increased lipid peroxidation products 
in plasma135,136; increased protein carbonyl levels137; increased plasma 
hypoxanthine138; increased levels of nitrated fibrinogen in the plasma 
of ALI/ARDS patients139; and increased serum ferritin levels in ARDS 
patients compared with at-risk patients.140,141 Although some of these 
findings may be nonspecific for ARDS,74 taken together, they make a 
strong case for the role of oxidant stress in the pathogenesis of ARDS. 
In addition, evidence of higher levels of oxidant stress in nonsurvivors 
of ARDS is illustrated by lower levels of plasma thiol groups,142 and 
higher levels of hydrogen peroxide in urine of ARDS patients who are 
nonsurvivors.143

■■ COAGULATION AND IMPAIRED FIBRINOLYSIS
The histopathology of the early exudative phase of ARDS is notable for 
diffuse alveolar fibrin deposition in the form of hyaline membranes 
(see Fig. 52-3).71,72,109,144,145 In addition, a shift in the procoagulant and 
anticoagulant balance to favor coagulation has been demonstrated in 
the BAL fluid of patients with ARDS.146-150 Furthermore, there are likely 
important links between the coagulation system activation and activa-
tion of the inflammatory system. For example, TNF-α and IL-1 can act 
synergistically to produce a procoagulant state through effects on tissue  
factor, thrombomodulin, and plasminogen activator inhibitor151-153 and 
there exists an independent relationship between markers of inflam-
mation, neutrophil migration, and coagulation and fibrinolysis and 
mortality in ALI patients.154 Although prior studies found plasma  
protein C levels are decreased in ALI155 and decreased levels are asso-
ciated with worse outcomes,156 a small randomized trial of activated 
protein C for use in patients with ALI did not appear to improve  
outcomes.157 Furthermore, in 2011, activated protein C was withdrawn 
from the market for patients with severe sepsis after a large trial failed 
to demonstrate efficacy.158 Despite strong scientific rationale, interven-
tions aimed at correcting abnormalities in coagulation and fibrinolysis 
in critically ill patients have not improved outcomes to date, although 
further research is warranted.
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■■ ALVEOLAR-CAPILLARY MEMBRANE INJURY AND DISRUPTION
Dysregulated inflammation and direct injury can lead to disruption 
of the alveolar-capillary membrane. Several key mediators of endo-
thelial permeability, inflammation, and angiogenesis have been sug-
gested in ARDS pathogenesis. For example, angiopoietin-2 (Ang-2)  
and vascular endothelial growth factor (VEGF) are mediators of 
endothelial permeability and angiogenesis. Ang-2 expression inhibits 
angiopoietin-1, an endothelial stabilizing factor. Increased levels of 
Ang-2 have been associated with the development of ALI and adverse 
outcomes in those who develop ALI159 and variation in the ANGPT2 
alters risk of development of ALI.160 As a marker of endothelial injury, 
von Willebrand factor antigen (vWF) predicted the development of 
ALI in several at-risk populations,161,162 although these findings have 
not been replicated consistently. Likewise, a recent study suggests that 
lower levels of endocan, a proteoglycan expressed by endothelial cells, 
may be associated with development of trauma-associated ALI as 
the protective effect of endocan to inhibit leukocyte recruitment via 
ICAM-1 may be reduced.163

Furthermore, recent research into alveolar barrier integrity suggests 
several additional mechanisms with potential therapeutic targets. 
Recent evidence supports a role of the balance between angiotensin-
converting enzymes 1 and 2, in modulating inflammatory lung injury in 
pulmonary and systemic infections.164,165 Vascular endothelial cadherin 
(VE-cadherin) is a junction protein that is involved in maintenance 
of barrier integrity in lung microvessels.166 Instability in complexes of 
VE-cadherin and catenin may affect capillary leak and inflammatory 
cell extravasation.167,168 The recently recognized Robo4/Slit signaling 
system is expressed on endothelial cells and serves to stabilize the 
endothelial barrier in the lung. A member of this system, Slit2N reduces 
permeability in microvascular endothelial cells caused by inflammatory 
cytokines, influenza, and sepsis.169 Sphingosine-1-phosphate (S1P) is a 
lipid present in high concentrations in plasma that binds to receptors on 
endothelial cells to enhance pulmonary endothelial barrier integrity in 
a variety of pathogenic conditions.170,171 Future research into the regula-
tion of different S1P receptors during the time course of lung injury  
is necessary.172

FIBROSIS, RESOLUTION, AND REPAIR MECHANISMS
Although there is considerable temporal overlap of the exudative and 
inflammatory phases (see Fig. 52-3), the later phases of ARDS are 
characterized by accumulation of matrix and cells in the interstitial 
and alveolar spaces, contributing to disruption of the alveolar architec-
ture.71,72 Recovery from ARDS requires resolution of this phase of the 
tissue injury–repair spectrum to restore the normal lung architecture. 
Clinical studies of ARDS patients indicate that the alveolus is repaired 
under concurrent and ongoing inflammation.78 Soluble collagen precur-
sor, type III procollagen peptide, in the edema fluid of early ARDS can 
differentiate between subjects who will have longer or shorter courses 
of ARDS and fibroblast mitogenic activity in BAL fluid is lower in sur-
vivors of ARDS than nonsurvivors,173 suggesting that fibroproliferation 
begins early in the course of lung injury.174,175

An orchestrated balance of different growth factors, cytokines, and 
chemokines occurs in the fibroproliferative and reparative phases of 
ALI.74,176 A variety of animal, basic, and clinical studies have dem-
onstrated the importance of transforming growth factor-β (TGF-β) 
to fibroproliferation in the lung.177,178 A key step in fibroproliferation 
involves the activation of TGF-β from its latent form. This can be 
accomplished through interaction with a variety of mediators, includ-
ing matrix metalloproteinases (MMPs), thrombospondin, plasmin, 
acid environments, α2-macroglobulin, and ROS.177 In addition, TGF-β 
has extensive interactions with inflammatory cytokines, chemokines, 
and interferon-γ in regulating fibrosis. Leptin, a protein secreted by 
adipose tissue that decreases hunger through a signal to the brain, is 
also an inflammatory mediator that has been implicated in fibrogenesis. 
Recently, leptin resistance was identified as a potential protective factor 

for the development of ALI and an explanation for the observed associa-
tion between diabetes and decreased risk for ALI resistance.179

Other important modulators of the remodeling of fibrosis include 
matrix and cell surface proteoglycans and glycosaminoglycans180-182; 
matricellular proteins that affect cell adhesion183,184; matrix metallopro-
teases185; and the balance of coagulation and fibrinolysis (particularly 
through the actions of plasminogen activator inhibitor-1 [PAI-1]).137 
The interplay of these mediators with the potential for targeted therapies 
is the focus of current investigations.

In addition to remodeling of fibrosis, resolution of lung injury in 
the ARDS patient requires several overlapping reparative mechanisms, 
including deactivation and clearance of inflammatory cells from the 
alveolar space, repair of the epithelial barrier, and resorption of edema 
fluid. For the most part, these mechanisms are occurring during over
lapping time intervals as the injured lung attempts to repair and restore 
its physiological state.

Resolution of inflammation requires local production of counterregu-
latory inhibitory molecules of the inflammatory response (including 
TLR, NOD, cytokine inhibitors). Molecules important in the resolution 
phase are produced locally and include lipoxins, resolvins, and D-series 
prostaglandins, among others.186 An important part of this process 
involves clearance of apoptotic neutrophils and other inflammatory 
debris from the alveolar space my alveolar macrophages.187 Regulatory  
T cells play a key role in this process, forming an “immune synapse” with 
alveolar macrophages to help orchestrate the process.188

Recovery of the alveolar epithelium requires repopulation of the 
alveolus with type I epithelial cells. At baseline, the human lung has 
little cell turn over compared to some organ systems; however, the lung 
can rapidly regenerate new cells after injury.189 Epithelial cells may arise 
from differentiation of Type II pneumocytes, or from recently described 
human lung stem cells.189,190 Recovery of epithelial cells may require 
epithelial-mesenchymal interaction with triggering of developmental 
pathways, such as Wnt signaling pathways.189

Additionally, epithelial protection and recovery have recently been 
shown to rely on interactions with innate lymphoid cell (ILC) popula-
tions, which are similar to CD4+ T-helper cells and play critical roles 
in antipathogen immunity, regulation of inflammation, and promotion 
of wound healing and tissue repair at barrier surfaces.190-199 Recently, 
ILC2 cells have been shown to have a major role in maintaining alveolar 
homeostasis during injury response in the lung.200 In the presence of 
pathogens, IL-33 and IL-25 induce lineage negative ILC2 cells to pro-
duce amphiregulin, which binds to the EGFR receptor to protect epithe-
lium from damage by maintaining barrier function, enhancing epithelial 
growth and repair, and maintaining oxygenation.200

■■ ALVEOLAR EDEMA CLEARANCE
Considerable evidence supports the role of active transport of sodium 
and water by the pulmonary epithelium as a means to remove pul-
monary edema from alveoli.201 This process appears to be regulated 
by epithelial sodium channels predominantly on alveolar type I cells, 
potentially stimulated by catecholamines.202,203 Furthermore, the direc-
tional flow of fluid across the alveolus may be altered in conditions of 
hypoxia,204,205 as well as by reactive nitrogen and oxygen species.206

There is considerable evidence of epithelial injury and dysfunction 
in clinical ARDS. Biomarkers of epithelial injury have demonstrated 
association with clinical ARDS risk and/or outcome including surfac-
tant proteins,207,208 Clara cell protein secreted by the epithelial Clara 
cell,209 and the receptor for advanced glycation end products (RAGE).210 
Clinical studies in ventilated patients have illustrated impaired fluid 
transport in ARDS when compared with hydrostatic pulmonary 
edema.38,211,212 In addition, subjects who upregulate alveolar fluid 
clearance have a lower hospital mortality.212,213 However, a recent trial 
designed to augment the rate of alveolar edema clearance through the 
use of β-adrenergic receptor agonists was terminated early due to futility,  
indicating that restoration of the epithelial cell barrier is essential to 
fluid resorption.214
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APPROACH TO DIAGNOSIS OF ALI AND ARDS

■■ CLINICAL PRESENTATION AND DIFFERENTIAL DIAGNOSIS
AHRF has many etiologies besides ALI and ARDS (Table 52-3). 
However, the bedside appearance of patients with various forms of AHRF 
is remarkably similar. Marked tachypnea and dyspnea are invariably 
present. Physical examination reveals diffuse crackles in cases of cardio-
genic pulmonary edema and focal findings of consolidation in cases of 
lobar pneumonia. Cardiogenic pulmonary edema may be accompanied 
by evidence of airflow obstruction, including wheezing and hypercap-
nia.215 The presence of crackles, a radiologic appearance of high-pressure 
edema (see below), and hypoxemia refractory to oxygen therapy, all 
suggest cardiogenic pulmonary edema as the primary process. Cough 
and purulent sputum are hallmarks of infectious processes, while copious 
clear or pink-colored airway secretions result from fulminant (“flash”) 
cardiogenic pulmonary edema.

Distressed patients with AHRF typically have initial room air arte-
rial blood gas results with PaO2 in the 30 to 55 mm Hg range and pulse 
oximetry less than 85% of arterial O2 saturation. If supplemental oxygen 
by mask or cannula raises arterial saturation to above 95%, a large intra-
pulmonary shunt is unlikely. Other causes of respiratory distress should 
then be considered, including airways disease, pulmonary embolus, or 
severe metabolic acidosis. Failure to achieve >95% saturation of arterial 
blood with supplemental oxygen indicates the presence of a large right-
to-left shunt. The specific process should be investigated via physical 
examination and chest radiograph. In the rare instances that the chest 
radiograph is entirely clear of alveolar infiltrates, one should consider 
that the blood gas data are erroneous, that there is an anatomic right-
to-left shunt at another site (eg, pulmonary arteriovenous malforma-
tions or intracardiac shunt), or that there is continued perfusion of an 
unventilated lung due to recent complete or nearly complete occlusion of 
its main bronchus (but before the lung has collapsed due to absorption 
atelectasis) (see Table 52-3).

The differential diagnosis of ALI and ARDS (ie, AHRF with diffuse 
pulmonary infiltrates consistent with pulmonary edema in the absence 
of a cardiac etiology) includes a variety of disorders and etiologies. 
Identifying the etiologies of the diffuse infiltrates is important because 
specific treatments exist for several of these conditions (eg, acute eosino-
philic pneumonia or diffuse alveolar hemorrhage). Table 52-4 lists the 
major clinical and diagnostic characteristics of these disorders.

Clinical Setting:  The clinical setting in which the disorder develops can 
provide important diagnostic information. Cardiogenic edema is most 
often accompanied by systolic left ventricular or valvular dysfunction, 
and the abnormal heart sounds and murmurs associated with each 
should be sought. Electrocardiographic (ECG) and serum enzyme evi-
dence of ischemia should be considered and suggest an obvious cause 
for cardiogenic edema. Review of intravascular volume administration 
often will supply information suggesting the explanation for pulmonary 
edema in patients with left ventricular or renal dysfunction.

ALI and ARDS commonly arise in a typical clinical context (see 
Table  52-2). Sepsis, pneumonia, trauma, transfusion of blood prod-
ucts, and acid aspiration account for the majority of cases of ALI and 
ARDS.3,4,13,38 Less common causes include pancreatitis, near-drowning,  
leukoagglutination reactions, lung infections with viral agents or 
Pneumocystis jiroveci, fat embolism syndrome, and drug toxicities.38

Chest Radiograph:  The chest radiograph is a simple and widely available 
test used to assess patients with AHRF. Unfortunately, the accuracy of 
the routine radiograph in distinguishing hydrostatic from increased 
permeability edema is not high.216,217 Criteria that have been suggested 
to support a diagnosis of hydrostatic edema include increased heart size, 
increased width of the vascular pedicle, vascular redistribution toward 
upper lobes, septal lines, and a centrifugal pattern of spread with a peri-
hilar bat’s-wing distribution of the edema. The lack of these findings and 
patchy peripheral infiltrates that extend to the lateral lung margins sug-
gest ARDS. However, all these signs overlap, and in the best of hands this 
test is unlikely to yield better than a 60% to 80% accuracy of diagnosis 
when applied without other diagnostic tools.216

Echocardiography:  Echocardiography is a useful noninvasive diagnostic 
tool to obtain information regarding cardiovascular function218,219 and 
may provide useful diagnostic and/or therapeutic information in ALI 
patients.220 Left ventricular dilation, regional or global wall motion 
abnormalities, and substantial mitral regurgitation on Doppler imaging 
support a diagnosis of cardiogenic edema. A heart with echocardio-
graphically normal dimensions and function (both systolic and dia-
stolic) in a patient with pulmonary edema suggests pulmonary vascular 
leakage, although prior ventricular or valvular dysfunction with inter-
current resolution of the high pulmonary vascular pressures predispos-
ing to cardiogenic edema must be kept in mind.

In patients with ALI, pulmonary vascular dysfunction, as measured 
by transpulmonary gradient or pulmonary vascular resistance index 
derived from pulmonary artery catheter data, is common and predictive 
of mortality.221 However, isolated echocardiography-derived measures of 
pulmonary vascular dysfunction (eg, pulmonary artery systolic pressure, 
cardiac index) have not been found to be predictive of mortality,221,222 
Tricuspid annular plane systolic excursion, a echocardiography-derived 
measure of right ventricular ejection fraction, may prove to be a useful 
prognostic tool in ALI patients. Using contrast-enhanced echocardiog-
raphy, a prospective study found that moderate to large shunting occurs 
across a patent foramen ovale in approximately 20% of ARDS patients 
and oxygenation was less responsive to increased PEEP in patients with 
evidence of intracardiac shunting.220

Pulmonary Artery Catheterization:  Between its development in 1970 and 
2006, when the NIH NHLBI ARDSNet clinical trial was published that 
found that pulmonary artery catheterization (PAC)–guided therapy was 
associated with increased complications without clinical benefit,22 PAC 
was frequently performed in patients with pulmonary edema.223-225 Even 
before the results of the trial were published, based on prior studies  
suggesting that the technology itself and/or misinterpretation of the 
information provided led to worse patient outcomes,226,227 PAC use had 
substantially decreased.228

At present, PAC-guided therapy cannot be recommended as a routine 
procedure in patients with ALI/ARDS given increased complications 
and increased cost without a proven benefit.22,229 Furthermore, with 
increased use, availability, and experience with echocardiography and 

  TABLE 52-3    Differential Diagnosis of Acute Hypoxemic Respiratory Failure (AHRF)

•	 ALI or ARDS

•	 Acute (or “flash”) cardiogenic pulmonary edema

•	 Bilateral aspiration pneumonia

•	 Lobar atelectasis of both lower lobes

•	 Severe unilateral lower lobe atelectasis, especially when patient is receiving vasodila-
tors, such as intravenous nitrates, calcium channel blockers, or sodium nitroprusside, 
that blunt hypoxic vasoconstriction

•	 Acute loss of ventilation to one lung due to complete or near-complete obstruction of its 
main stem bronchus (eg, due to a mucous plug or blood clot)

•	 Loss of ventilation to one or both lungs due to large pneumothorax/pneumothoraces

•	 Loss of ventilation to one or both lungs due to large pleural effusion(s)

•	 Diffuse alveolar hemorrhage, especially in patients post-bone marrow transplantation

•	 Massive pulmonary embolus

•	 Acute opening of a patent foramen ovale in patients with preexisting pulmonary hypertension

ALI, acute lung injury; ARDS, acute respiratory distress syndrome.

Reproduced with permission from Christie JD, Schmidt G, Lanken PN: Acute respiratory distress 
syndrome, ACP Smart Medicine, Philadelphia:American College of Physicians, July 2004.  
http://smartmedicine.acponline.org/content.aspx?gbosid=234.
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  TABLE 52-4    Differential Diagnosis of Acute Lung Injury (ALI) and Acute Respiratory Distress Syndrome (ARDS)

Disorder Characteristics Comment

Pulmonary edema due to left 
heart failure

History of cardiac disease, enlarged heart on chest radiograph, third heart 
sound (S

3
)

Rapid improvement with diuresis and/or afterload reduction

Noncardiogenic pulmonary 
edema

History of one or more precipitating causes (see Table 38-2), crackles absent or 
not prominent, normal cardiac size on chest radiograph

Usual etiology for ALI and ARDS: Rarely some patients with ALI or 
ARDS have no obvious precipitating cause

Diffuse alveolar 
hemorrhage (DAH)

Often associated with autoimmune diseases (eg, vasculitis) or following bone 
marrow transplantation; often patients do not have bloody sputum; renal disease 
or other evidence of systemic vasculitis may be present; hemosiderin-laden mac-
rophages in bronchoalveolar lavage (BAL) fluid can confirm diagnosis of DAH; may 
respond to apheresis, corticosteroids, or cyclophosphamide, depending on etiology

May meet diagnostic criteria for ARDS, but has different 
pathophysiology and management

Acute eosinophilic pneumonia Cough, fever, pleuritic chest pain, and myalgia are often present; patients often 
do not have peripheral blood eosinophilia, but generally have >15% eosino-
phils in BAL fluid; usually responds rapidly to high-dose corticosteroid therapy

May meet diagnostic criteria for ARDS, but has different 
pathophysiology and management

Lupus pneumonitis Usually associated with active lupus; may respond to high-dose corticosteroid 
therapy or cyclophosphamide

May meet diagnostic criteria for ARDS, but has different 
pathophysiology and management

Acute interstitial 
pneumonia (AIP)

Slower onset than ARDS (over 4-6 weeks) with progressive course; however, it 
may present in an advanced state, mimicking ARDS

Associated with >90% mortality; AIP includes Hamman-Rich 
syndrome

Pulmonary alveolar  
proteinosis (PAP)

Slower onset than ARDS (over 2-12 months) with progressive course; can be 
treated with whole lung lavage

Characteristic “crazy paving” pattern on high-resolution computed  
tomography scan

Bronchiolitis obliterans organiz-
ing pneumonia (BOOP) or crypto-
genic organizing pneumonia

May be precipitated by viral syndrome; slower onset than ARDS (over >2 
weeks) with progressive course; however, it may present in an advanced state, 
mimicking ARDS; may respond to high-dose corticosteroid therapy

Hypersensitivity pneumonitis Typically slower onset than ARDS (over weeks) with progressive course; how-
ever, it may present in an advanced state, mimicking ARDS; may respond to 
high-dose corticosteroid therapy and removal from offending agent

Leukemic infiltration May be rapid in onset during active disease states; usually leukemia is clinically 
apparent

Drug-induced pulmonary edema 
and pneumonitis

May follow use of heroin, other opioids, overdose of aspirin, tricyclic antide-
pressants, or exposure to paraquat

May progress to overt ARDS

Acute major pulmonary  
embolus (PE)

Occurs acutely, occasionally accompanied by severe hypoxemia that may be 
resistant to O2

 therapy like ARDS, and by hypotension, requiring pressors, 
mimicking ARDS with sepsis; patients typically have risk factors for acute PE 
and may not have common precipitating causes of ARDS

Chest radiograph in ARDS should have bilateral infiltrates consistent 
with pulmonary edema; chest radiograph in acute major PE may have 
unilateral or no infiltrates; acute major PE needs a confirmatory study 
(eg, pulmonary angiogram)

Sarcoidosis The onset is not acute, but its clinical recognition may be; oxygenation is often 
impaired and the chest radiograph can be diffusely abnormal

Historical features and the frequent presence of hilar adenopathy in 
sarcoidosis usually eliminate confusion with ARDS

Interstitial pulmonary fibrosis The onset is not acute, but its clinical recognition may be; oxygenation is often 
impaired and the chest radiograph can be diffusely abnormal

Prior chest radiographs and a history of chronic and progressive dyspnea 
characterize the collection of diseases causing interstitial pulmonary fibrosis

Reproduced with permission from Christie JD, Schmidt G, Lanken PN: Acute respiratory distress syndrome, ACP Smart Medicine, Philadelphia:American College of Physicians, July 2004.  
http://smartmedicine.acponline.org/content.aspx?gbosid=234.

alternative means to assess for fluid responsiveness (eg, passive straight 
leg raise test), and less experience with interpretation of the PAC, it is 
recommended that clinicians use noninvasive methods to address spe-
cific questions regarding ventricular function, the adequacy of volume 
resuscitation, and the adequacy of cardiac output and oxygen saturation 
of mixed venous blood.

Furthermore, as noted previously, the specific Ppw that the AECC defi-
nition (see Table 52-1) used as the criterion to distinguish noncardiogenic 
from cardiogenic pulmonary edema was an arbitrary decision based on 
physiologic experiments, tradition, and volume resuscitation practices 
circa 1992, and nearly one in three patients with ALI will have a Ppw 
that exceeds the 18 mm Hg threshold.22 In the mechanically ventilated 
patient with normal lung function and serum oncotic pressure, cardio-
genic edema is typically associated with a Ppw of 28 mm Hg or above.230 
However, lower plasma oncotic pressure (eg, due to hypoalbuminemia) 
will result in pulmonary edema at lower intravascular pressure values.231

■■ Bronchoalveolar Lavage
Acute eosinophilic pneumonia is a rare disorder that is characterized 
by diffuse AHRF due to eosinophilic infiltrates in the lungs.232,233 It 

is notable for its responsiveness to corticosteroid therapy. When the 
precipitating cause for ARDS is unclear, it is recommended to perform 
a bronchoalveolar lavage and measure the percentage of eosinophils in 
the lavage fluid.232 Lavages can generally be done safely in many patients 
with ALI and ARDS except those with the lowest values of PaO2 : FiO2 or 
hemodynamic instability.234,235

Likewise, a bedside bronchoscopy with BAL can be diagnostic  
for diffuse alveolar hemorrhage (DAH) or identifying a causative 
microbiologic organism. In the former case, the bronchoscopy may 
or may not reveal fresh blood in the trachea and major bronchi. 
However, BAL generally produces a bloody return, which may deepen 
in red color as the lavage continues. DAH occurs commonly in the 
first week or two post-bone marrow transplantation.236,237 DAH also 
occurs in association with a variety of vasculitic disorders. These 
include Goodpasture syndrome, Wegener granulomatosis, systemic 
lupus erythematosus, and antiphospholipid antibody syndrome (see 
Chap. 126).238-243 Finally, DAH may also result from inhalation of crack 
cocaine.238 For this cause of DAH, careful history taking and sending 
the patient’s urine for toxicology analysis for cocaine may help deter-
mine the etiology.
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APPROACH TO TREATMENT OF PATIENTS  
WITH ALI AND ARDS

■■ TREAT THE PRECIPITATING CAUSE OF ALI AND ARDS  
AND OTHER SERIOUS COMORBIDITIES

A key early step in treating patients with ALI and ARDS is to identify and 
treat the precipitating cause or causes of the ALI and ARDS as well as any 
other serious and life-threatening comorbidities (Fig. 52-5). The ventila-
tory and other supportive management of ALI and ARDS is inadequate 
if not accompanied by aggressive attempts at diagnosis and treatment 
of the precipitating cause(s) (Table 52-2). Because ARDS is a syndrome  
based on nonspecific radiographic and physiologic criteria (Table 52-1), 
making the diagnosis of ALI or ARDS is not equivalent to diagnosing the 
patient’s underlying problem. Not appreciating this seemingly obvious fact 
will delay diagnostic procedures in these patients and may delay therapy 
of a potentially treatable underlying disorder (Table 52-5).

For example, although appropriate supportive therapy may transiently 
stabilize a patient with ARDS due to sepsis from an abdominal abscess, if 
clinicians delay performing diagnostic tests such as abdominal CT scan 
or ultrasonography of the biliary tract in a timely manner, the underlying  
source of sepsis will go undiagnosed and the patient will eventually 
deteriorate. Likewise, the timely start of empiric antimicrobial therapy in 
patients with ALI or ARDS associated with severe sepsis or septic shock 
is as important as a timely diagnostic workup (see Chaps. 61 and 62). 
Finally, if the precipitating cause of ALI and ARDS is unclear, one should 
consider performing early fiberoptic bronchoscopy to obtain bronchoal-
veolar lavage for cytologic and microbiologic analyses, or in selected 
cases, surgical lung biopsy.

■■ VENTILATOR MANAGEMENT OF RESPIRATORY ABNORMALITIES
Maintaining Adequate Arterial Oxygenation:  The hallmark respiratory 
abnormality of ALI and ARDS is hypoxemia that is resistant to oxygen 
therapy. This is due to the presence of a large right-to-left intrapulmo-
nary shunt arising from fluid-filled and collapsed alveoli (see Fig. 52-1). 
Maintaining adequate arterial oxygenation is a goal given high priority by 

  TABLE 52-5   � Treatable Precipitating Causes of Acute Lung Injury (ALI) and 
Acute Respiratory Distress Syndrome (ARDS)

Infectious etiologies

Bacterial or other sepsis responsive to antimicrobial therapy

Diffuse bacterial pneumonias (eg, Legionella species)

Diffuse viral pneumonias (eg, cytomegalovirus, influenza A)

Diffuse fungal pneumonias (eg, Candida and Cryptococcus species)

Pneumocystis jiroveci (carinii) pneumonia

Other diffuse lung infections (eg, miliary tuberculosis)

Noninfectious etiologies

Diffuse alveolar hemorrhage post-bone marrow transplant

Diffuse alveolar hemorrhage due to vasculitis (eg, Goodpasture syndrome)

Acute eosinophilic pneumonia

Lupus pneumonitis

Toxic drug reactions (eg, aspirin, nitrofurantoin)

Patient at risk
to develop ARDS

(Predisposing condition present)

Patient develops ARDS 

Use lung-protective ventilation
(see Table 52-9) 

Death
Rehabilitation

and
recovery

Consider adjunct therapies (see Table 52-12)
Consider salvage therapies in patients with severe,

refractory ARDS (see Table 52-13)

Treat precipitating cause(s) of ARDS and other serious
comorbidities

Provide best-evidence supportive care

Minimize risk for ALI development
- Head of bed > 30° to prevent aspiration
- Minimize transfusions
- Use low tidal volumes (lung-protective ventilation
   strategy) to minimize ventilator induced lung injury

FIGURE 52-5.  Schematic summary of approach to patients at risk for ARDS development and treatment of patients with ARDS.
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both traditional and more recent approaches to ventilator management, 
as noted below. One should use sufficient PEEP to reduce the right- 
to-left shunt to oxygenate the patient. By this approach, clinicians should 
be able to avoid prolonged exposure of such patients to potentially toxic 
concentrations of high inspired oxygen (eg, FiO2 of 0.7 and above). PEEP  
improves arterial oxygenation, primarily by recruiting collapsed and 
partially fluid-filled alveoli and thereby increasing the functional residual  
capacity (FRC) at end expiration.244,245 PEEP redistributes alveolar fluid 
into the interstitium,246 which should also improve oxygenation.

Noninvasive Ventilation:  Assisted ventilation is generally provided via an 
endotracheal tube, but in selected cases noninvasive ventilation (NIV) 
may be successful247,248 (see Chap. 44). Although NIV seems to be useful 
in respiratory failure in immunocompromised hosts,247 the failure rate 
approaches 50% in such instances.249 As such, it is generally not a good 
choice for most patients with ALI and ARDS and caution is advised if 
it is attempted. This is because ARDS typically has a long course and is 
often associated with hemodynamic instability, coma, and multiorgan 
system failure (including ileus).250

Comparison of Traditional and Current Approaches to Ventilator Management 

Goals and Priorities of the Traditional Approach  The traditional approach to ventilator 
management of patients with ALI and ARDS gave high priority to these 
goals: (1) to maintain arterial O2 saturation (O2 saturation) above 88% to 
90% to provide for adequate tissue oxygenation while trying to minimize 
lung injury due to high concentrations of inspired oxygen (oxygen tox-
icity); (2) to provide sufficient ventilation to keep arterial pH and PaO2 
within normal limits251 (Fig. 52-6).

To achieve the first goal, clinicians applied various levels of PEEP. This 
use of PEEP was first described in the initial description of ARDS by 
Ashbaugh and coworkers in 1967.10 Clinicians increased levels of PEEP 
in order to decrease FiO2 to below 70% while monitoring for adverse 
circulatory effects of PEEP.252 Since arterial oxygenation was found to 
be determined in part by mean airway pressure, they also used relatively 
large tidal volumes of 10 to 15 mL/kg. These were double to triple spon-
taneous tidal volumes, which are of the order of 5 mL/kg. Both the use 
of PEEP and traditional large tidal volumes (delivered at high flow rates) 
generally result in relatively high peak and Pplat in patients with ALI or 
ARDS, whose lungs typically have decreased compliance.

To achieve the second goal, clinicians ventilated patients with ALI and  
ARDS with relatively large tidal volumes of 10 to 15 mL/kg at high respi-
ratory rates if needed. The resulting high minute ventilation was needed 
to produce a normal alveolar ventilation, because patients with ALI and 
ARDS typically have increased physiologic dead space and elevated dead 

space:tidal volume ratios (Vds : Vt) (eg, up to 75%).253,254 In some cases, 
patients were exposed to high peak and end-inspiratory pressures due to 
the large tidal volumes in order to maintain normal arterial blood PCO2 
and pH. Clinicians also used large tidal volumes and high inspiratory 
flow rates as a supplement to sedation to decrease patient discomfort 
while receiving assisted ventilation.

For example, if a patient with ARDS had a normal CO2 production  
(eg, 200 mL/min), and a normal Vds : Vt of 0.3, then a minute ventila-
tion of ~7 L/min is needed to keep the patient’s PaCO2 at 40 mm Hg.226 
However, when the patient’s Vds : Vt increases, then additional minute 
ventilation is needed to keep PaCO2 at 40 mm Hg. In this example, 14 L/min  
of minute ventilation is needed if the Vds : Vt is 0.66, and 18 L/min is 
needed if the Vds : Vt is 0.75,255 both of which occur in patients with 
ARDS.253,254 For a patient with a predicted (lean) body weight of 60  kg, 
one can easily achieve a minute ventilation of 18 L/min with tidal 
volumes of 600 to 900 mL at rates of 20 to 30 per minute.
Goals and Priorities of Lung-Protective Approach  The lung-protective approach to 
ventilator management has the same goal for oxygenation as the tra-
ditional approach (ie, to maintain an arterial saturation greater than  
88%-90%). However, it gives higher priority to protection from ventila-
tor-induced lung injury (VILI) (see Chap. 51) than to normalization of 
arterial PCO2 and pH.251 The lung-protective approach’s goal to decrease 
risk of VILI often conflicts with the traditional approach’s goal to provide 
a high minute ventilation to keep arterial pH and PCO2 within normal  
limits (see Fig. 52-6). This conflict arises since the current lung-
protective approach reduces the risk of VILI by decreasing the size of 
the tidal volume from the traditional 10 to 15 mL/kg body weight to 
tidal volumes of 4 to 6 mL/kg predicted body weight (PBW). Even with 
respiratory rates up to 35/min, such low tidal volumes will limit the 
resultant minute ventilation. This may result in a degree of permissive 
hypercapnia in some patients with ALI and ARDS.

For example, for a 60-kg PBW patient, a tidal volume of 6 mL/kg PBW 
(360 mL) with a respiratory rate of 35/min produces a minute ventilation 
of only 12.6 L. If one needs to reduce the tidal volume for the same 60-kg 
PBW patient to 4 mL/kg PBW (240 mL), in order to keep the Pplat from 
exceeding the threshold of 30 cm H2O, at the same respiratory rate of 35/min  
it provides only 8.4 L of minute ventilation. It is likely that a patient with 
ARDS ventilated with tidal volumes of 4 to 6 mL/kg PBW has a Vds : Vt  
of 0.66 or greater. This is due to the combined effects of an increased 
physiologic dead space in ARDS253,254 and the fact that ventilating with 
a lower tidal volume ventilation decreases the denominator of the 
patient’s Vds : Vt. If the patient had a Vds : Vt of 0.66, low tidal volume 
ventilation, which provides 8.4 to 12.6 L/min, will result in permissive 
hypercapnia since, as described above, 14 L/min is needed to main-
tain this patient’s PaCO2 at 40 mm Hg. For example, for a patient with a  
Vds : Vt of 0.66, a minute ventilation of 12.6 L/min would result in a PaCO2 
of ∼45 mm Hg, while 8.4 L/min of minute ventilation would result in a 
PaCO2 of ∼65 mm Hg.255

Decreasing the Risk of Ventilator-Induced Lung Injury  The important change in 
priority of the lung-protective approach of ventilator management of 
patients with ALI and ARDS compared to the traditional approach is the 
result of a remarkable confluence of two lines of scientific research that 
culminated in a landmark confirmatory randomized controlled clinical 
trial (RCT)3 (Fig. 52-7). The first line of basic research initially studied 
effects of mechanical forces (high pressure or high volume or both) in 
animal models of lung injury and then extended these observations to 
isolated lungs in situ or in vitro, and eventually to isolated lung cells. The 
second line of research involved careful clinical observations of patients 
with ALI and ARDS that examined the effects of systematic changes in 
selected ventilatory parameters with their physiologic effects and radio-
graphic changes.244

Basic Research Related to Ventilator-Induced Lung Injury:  Although Chap. 51  
provides a more comprehensive description of this research, review of 
some of the early reports may prove useful since it specifically relates 
to this chapter’s recommendations for ventilating patients with ALI and 

FIGURE 52-6.  Schematic illustration that demonstrates how traditional and lung-
protective approaches to mechanical ventilation of patients with ARDS have different priorities. 
The traditional approach gives higher priority to keeping arterial pH and PaCO2 normal (and 
possibly to keeping the patient more comfortable) than the lung-protective approach, which 
gives higher priority to prevention of ventilator-induced lung injury (VILI). Plateau pressure = 
static end-inspiratory pressure in the alveoli.

Priority of lung
Protective ventilatory

approach
1) To decrease the risk
    of ventilator-induced
     lung injury (VILI)

Increase tidal volume
and plateau pressure

Decrease tidal volume
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Priority of traditional
ventilatory approach

1) To maintain arterial
    pH and PaCO2

    within normal limits
2) To improve patient
    comfort during
     assisted ventilation
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ARDS. In 1974, Webb and Tierney reported that mechanical ventilation 
using large tidal volumes and high inflation pressures could cause a fatal 
lung injury (similar morphologically to ARDS) in rats with otherwise 
normal lungs.256 In 1985, Dreyfuss and colleagues257 reproduced these 
experiments and carefully studied the changes that occurred within 
the lung. They observed that the injury that occurred was morphologi-
cally and pathophysiologically similar to ARDS and hypothesized that 
mechanical ventilation with large tidal volumes or high inflation pres-
sures might exacerbate or perpetuate the lung injury in patients suffer-
ing from ARDS. Two major questions were raised by this early work: Did 
high inflation pressures or large-tidal-volume excursions cause the lung 
injury? Did PEEP worsen or attenuate this injury?

Dreyfuss and associates258 then designed a set of experiments to 
answer these questions. They studied animals with normal lungs  
subjected only to varied protocols of mechanical ventilation. Some 
were ventilated with high pressures and large tidal volumes. Others 
had chest banding to limit chest wall and tidal volume–induced lung 
excursion during ventilation at high airway pressures. Another group 
was subjected to negative-pressure ventilation to assess the effect of 
large-tidal-volume excursions in the absence of high airway pressures. 
PEEP (10 cm H2O) was applied to the lungs of some animals undergoing 
high-pressure/large-tidal-volume ventilation. Finally, control animals 
were ventilated using parameters typical of conventional ventilation. 
These investigators found that large tidal volumes were associated with 

lung injury, but that high inflation pressure in the absence of large-tidal-
volume excursion was not. Surprisingly, PEEP had the effect of limiting 
the injury that occurred in animals ventilated with large tidal volumes 
and high pressures. The application of PEEP not only preserved gas 
exchange, but also prevented the morphologic progression of the lesion 
caused by this pattern of ventilation. These observations have been veri-
fied in larger animals259-262 (see Chap. 51 for more details).

A summary of these and subsequent animal experiments indicated 
that (1) high-tidal-volume ventilation results in a lung injury morpho-
logically similar to ARDS in humans, (2) PEEP is protective to some 
degree against this injury, (3) high-tidal-volume ventilation can also 
result in multiorgan system failure in otherwise healthy animals,263,264 
and (4) high-tidal-volume ventilation results in the release of inflamma-
tory cells and proinflammatory cytokines.265,266

Clinical Research Utilizing Lung Imaging  The second parallel line of research, noted  
above, studied patients with ARDS by use of CT scans (see Fig. 52-7). 
The initial observations indicated that despite a homogeneous “white-
out” pattern of diffuse pulmonary edema infiltrates on chest radiographs 
of patients with ALI and ARDS, the CT scans of the same patients often 
proved the infiltrates to have remarkable heterogeneity.245,267 Based on 
strata of Hounsfield units to define different densities, the lung in ARDS 
could be partitioned into various compartments: nonaerated, poorly 
aerated, and normally aerated.244 Moreover, these compartments could 
be tracked before and after PEEP was added or subtracted and before 
and after tidal volumes of different sizes were delivered to the lung.

The end result was a reconceptualization of the mechanical changes 
in the ARDS lung.244 The traditional interpretation was that the stiffness 
of lungs and chest wall (ie, the respiratory system) in ARDS (eg, low  
static compliances of 20 to 40 mL/cm H2O with normal range of  
50-100 mL/cm H2O) represented many alveoli with similarly low spe-
cific compliances (ie, essentially a single compartment in terms of its 
mechanical properties). Instead, studies using CT scans and their patho-
physiologic correlations indicated that a more accurate picture is that 
the lung in ARDS is multicompartmental and that there is a small part 
of the ARDS lung that has relatively normal compliance. Gattinoni and 
coworkers coined the term “baby lung” when referring to this compart-
ment and its vulnerability to overdistension.244 In this revised conception 
of the acutely injured lung, some alveoli are normally compliant and 
vulnerable to overdistension while others are flooded or collapsed. The 
loss of functional alveoli necessitates that the tidal volume be distributed 
to far fewer aerated alveoli than in a healthy lung. Indeed, the apparent 
stiffness of the lungs of ARDS patients is regarded as the result of a small 
fraction of the lung containing relatively normal alveoli that becomes 
stiff as those alveoli reach their limits of distension, rather than due to 
generalized parenchymal “stiffness.”

Based on the consistent results from the animal and in vitro studies 
referred to above and the insights provided by the results of the CT scans, 
it was hypothesized that traditional tidal volumes (eg, 10-15 mL/kg)  
caused overdistension of alveoli in the lungs of patients with ALI and 
ARDS. This in turn not only resulted in exacerbation and perpetuation of 
their lung injury, but also, through the possible release of proinflamma-
tory cytokines and other mechanisms, possibly contributed to the devel-
opment and worsening of multiorgan system dysfunction and failure.

Intersection of Basic and Clinical Research  The intersection of these two lines of 
research, one basic and one clinical, resulted in two hypotheses of how 
patients with ALI and ARDS should be ventilated (see Fig. 52-7). First, 
the end-inspiratory lung volume should be limited to avoid alveolar 
overdistension (so-called “volutrauma”) and second, sufficient PEEP 
should be applied so as to prevent cycles of end-expiratory derecruit-
ment followed by inspiratory recruitment (Chap. 51 discusses the basis 
for both of these ventilatory recommendations in detail).

The next step was to test these hypotheses in prospective RCTs (see 
Fig. 52-7). Four large multicenter RCTs were conducted (Table 52-6). Three  
RCTs tested lower- versus higher-tidal-volume strategies.3,8,9 The fourth RCT 
tested a multifactorial lung-protective strategy (including lower tidal volume,  

ARDSNet large randomized
clinical trial in ALI/ARDS

Lower-tidal-volume ventilatory
strategy

vs
Higher-tidal-volume ventilatory

strategy

Basic research
(Animals and in vitro)

High-tidal-volume ventilation
causes acute lung injury
PEEP exerts a protective effect
on ventilator-induced lung
injury

Clinical research
(CT scans correlated with

respiratory mechanics)
Lung is non homogeneous
Compartment of aerated alveoli
(the “baby lung”) is subject to
overdistension

ARDSNet randomized clinical
trial results

Lower-tidal-volume ventilatory
strategy had a 22% relative decrease
in mortality vs higher-tidal-volume

ventilatory strategy
(p = 0.007)

Recommendation
Use ARDSNet lung-protective

ventilatory strategy as the
standard approach for ALI and

ARDS in clinical practice and
 in future clinical trials

FIGURE 52-7.  Schematic illustration of the confluence of basic and clinical research that 
resulted in a large randomized clinical trial by investigators in the NHLBI ARDS Clinical Trials 
Network (ARDSNet).3 This trial showed that a lower-tidal-volume ventilatory strategy was superior 
to a traditional-tidal-volume ventilatory strategy. As such, it confirmed that the hypothesis of ven-
tilator-induced lung injury was important in the augmentation of the lung injury in ARDS. It also 
established that a lung-protective ventilatory strategy should be generally used to treat patients 
with ARDS. Finally, until there is new evidence to suggest otherwise, the ARDSNet lung-protective 
protocol is recommended as the standard approach in clinical practice and future clinical trials.
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higher PEEP based on static pressure-volume curves of the respiratory  
system, and recruitment maneuvers) against conventional ventilation.7

The strategies tested were based on interpretations of the static 
pressure-volume (P-V) curve of the respiratory system in ARDS (Fig. 52-8). 
The curve in Figure 52-8 has a lower inflection point (LIP) and an upper 
inflection point (UIP). One of the RCTs used such curves, which were 
obtained by use of a super-syringe on paralyzed patients, to set PEEP above 

the LIP in the group receiving the lung-protective strategy,7 but examina-
tion of the schematicized curve in Figure 52-8 can be useful for understand-
ing the strategies for trying to prevent VILI used in all four of the RCTs.

It was hypothesized that the LIP indicated the point at which most 
of the collapsed or partially fluid-filled alveoli in the lung became 
recruited.268,269 At pressures higher than the LIP these recruited alveoli 
exhibited near-normal specific compliance. It was also hypothesized 

  TABLE 52-6    Phase III Randomized Controlled Clinical Trials Using Lung-Protective Strategies

Authors Year Published (Years of Enrollment) Number of Subjects Enrolled
Mortality in Lower-Tidal-
Volume Group

Mortality in Higher- Tidal-
volume Group p-Value

Amato et al7 1998 (1990-1995) 53 38%a (45%)b 71%a (71%)b <0.0001 (0.37)

Brochard et al8 1998 (1994-1996) 116 46.5%c 37.9%c 0.39

Stewart et al9 1998 (1995-1996) 120 50.0%d 47%d 0.72

ARDSNet3,e 2000 (1996-1999) 861 31.0%f 39.8%f 0.007
aMortality at 28 days.
bAs of hospital discharge.
cMortality at 60 days.
dMortality at hospital discharge (up to ~100 days in hospital).
eNHLBI Acute Respiratory Distress Syndrome Clinical Trials Network.
fMortality before discharge to home without assisted ventilation or as of 180 days, whichever occurred first.

FIGURE 52-8.  A. Schematic inspiratory static pressure-volume (P-V) curve of the respiratory system (lung and chest wall combined) in ARDS with a lower inflection point (LIP) at ~14 cm 
H

2
O and an upper inflection point (UIP) at ∼35 cm H

2
O. The abscissa is recoil pressure of the respiratory system and the ordinate is lung volume above functional residual capacity (FRC). B. Same 

static P-V as in A, plus a dynamic P-V curve of 600 mL tidal volume starting at PEEP = 0, which is below the LIP. This tidal volume results in a plateau pressure of 25 cm H
2
O, which is below the 

UIP. Static compliance (Cstat = ΔV/ΔP = 600 mL/25 cm H
2
O) is 24 mL/cm H

2
O. C. PEEP of 15 cm H

2
O has moved the starting point for the 600 mL tidal volume up the static P-V curve to a new 

FRC (open arrow), which is just above the LIP. The tidal volume results in a plateau pressure of 27.5 cm H
2
O (closed arrow), which is well below the UIP. Cstat (ΔV/ΔP = 600 mL/12.5 cm H

2
O) 

is increased to 48 mL/cm H
2
O, compared to B. D. Dynamic P-V curve of a 1000-mL tidal volume, starting at 14 cm H

2
O PEEP, results in a plateau pressure of 38 cm H

2
O (closed arrow). Note the 

decrease in Cstat (ΔV/ΔP = 1000 mL/24 cm H
2
O = 41.7 mL/cm H

2
O) compared to Cstat derived from the tidal volume of 600 mL in C. The 1000-mL tidal volume’s plateau pressure exceeds 

the UIP, which implies overdistension and is believed to put the lung at risk for ventilator-induced lung injury (see text). (Reproduced with permission from Lanken PN. Acute respiratory distress 
syndrome. In: Lanken PN, Hanson CW III, Manaker S, eds. The Intensive Care Unit Manual. Philadelphia, PA: WB Saunders; 2001:824.)
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  TABLE 52-7    Comparison of PaCO2, Arterial pH, and Tidal Volume in Phase III Randomized Controlled Clinical Trials Using Lung-Protective Strategies

Authors Group Tidal Volumea on Study Day 1 (mL/kg) PaCO2 (mm Hg) Arterial pH

Amato et al7 Lower tidal volume ~6 mL/kg 55.0 ± 1.2b 7.25 ± 0.01b

Amato et al7 Higher tidal volume ~12 mL/kg 33.2 ± 1.7b 7.40 ± 0.01b

Brochard et al8 Lower tidal volume 7.1 ± 1.3 59.5 ± 15.0c N/A

Brochard et al8 Higher tidal volume 10.3 ± 1.7 41.3 ± 7.6c N/A

Stewart et al9 Lower tidal volume 7.0 ± 0.7 54.4 ± 18.8d (28-116) 7.29d (6.99-7.49)

Stewart et al9 Higher tidal volume 10.7 ± 1.4 45.7 ± 9.8d (29-72) 7.34d (7.08-7.51) 

ARDSNet3,e Lower tidal volume 6.2 ± 0.9 40 ± 10c 7.38 ± 0.08c 

ARDSNet3 Higher tidal volume 11.8 ± 0.8 35. ± 8c 7.41 ± 0.07c

aTidal volumes are given as milliliters per kilogram of body weight, but each study used a different method for calculating body weight: Amato and coworkers used actual body weight, but expressed the results only as mil-
liliters.7 Brochard and associates used “actual weight minus the estimated weight gain due to water and salt retention.”8 Stewart371 and the ARDSNet researchers3 used body weight predicted by two different equations.222

bValues over the first 36 hours of the study.
cValues of PaCO2 on study day 1.
dMaximal value of PaCO2 during the study; the corresponding arterial pH is the value at the time of the maximal PaCO2.
eNHLBI Acute Respiratory Distress Syndrome Clinical Trials Network.

Values are given as mean ± standard deviation unless otherwise indicated; values in parentheses are the range.

that the UIP represented the point above which the ventilated alveoli 
in the lung were overdistended, with a resulting low specific compli-
ance of aerated but overdistended alveoli. Based on such P-V curves, it  
was suggested that PEEP above LIP should prevent the recruitment-
derecruitment cycles of alveoli, and as such prevent the lung injury 
resulting from these cycles (“atelectrauma” [see Chap. 51]). Based on this 
interpretation, tidal volumes that resulted in end-inspiratory (plateau 
pressures) below the UIP should decrease alveolar overdistension and 
thus prevent VILI from this cause.

However, despite the attractiveness of this interpretation of the static 
pressure-volume curve, subsequent reports indicate that the situation is 
more complex and that recruitment of alveoli in experimental models and 
in patients with ALI and ARDS extends beyond the pressure at the LIP 
and continues over a wide range of airway pressures up to 45 cm H2O.270-272

NHLBI ARDS Clinical Trials Network Low-Tidal-Volume Ventilatory Strategy Clinical Trial  The 
NHLBI ARDS Clinical Trials Network conducted the landmark RCT 
that demonstrated the efficacy of lung-protective ventilation (rep-
resented by low-tidal-volume ventilation) in patients with ALI and 
ARDS.3 This ARDSNet RCT compared a ventilator strategy with lower 
tidal volumes designed to limit stretch of the lungs during mechanical 
ventilation with a strategy that utilized traditional larger tidal volumes. 
The randomized clinical trial enrolled 861 patients at multiple centers. 
Briefly, one study arm received a tidal volume of 6 mL/kg PBW if the 
Pplat did not exceed 30 cm H2O, and tidal volumes of 4 or 5 mL/kg PBW 
if Pplat did exceed 30 cm H2O (see Table 52-9 for complete details of the 
protocol of this arm). The other arm received tidal volumes of 12 mL/kg 
PBW if the Pplat did not exceed 50 cm H2O, and tidal volumes as low as 
4 mL/kg PBW if the Pplat did exceed 50 cm H2O. There was a 9% abso-
lute mortality reduction (22% relative mortality reduction) in the group 
receiving the lower-tidal-volume ventilation strategy (see Table 52-6). 
This corresponds to a number needed to treat of ∼11 patients in order to 
prevent one death. Importantly, plasma levels of IL-6 were lower among 
the 6-mL/kg group, as were the number of organ-failure-free days, indi-
cating that the lower tidal volume strategy was associated with a faster 
clearance and/or reduced release of IL-6, a proinflammatory cytokine, 
from the plasma, and less organ dysfunction.

This ARDSNet RCT differed from two prior, smaller studies that 
showed no apparent benefit to the lower-tidal-volume strategies8,9 (see 
Tables 52-6 and 52-7). These differences may have been due to chance 
alone since the earlier studies were of limited sample size, with an associ-
ated lack of statistical power to detect this degree of difference in mor-
tality. Other possible reasons for these differences include the fact that 
the ARDSNet RCT used smaller tidal volumes in the low-tidal-volume  

group than the others (see Table 52-7). In addition, the protocols dif-
fered in how they dealt with respiratory acidosis due to lower tidal 
volumes and permissive hypercapnia. Related to respiratory acidosis, 
the ARDSNet RCT protocol required increases in ventilator rate as 
the tidal volume was initially decreased, or if the pH fell below normal 
limits. In addition, bicarbonate infusions were allowed, although this 
was infrequently required based on the reported on-study variables. In 
the other two earlier RCTs, similar respiratory rate increases were not 
mandated. Possibly as a result of these differences in protocols, there 
were smaller differences in PaCO2 and arterial pH between study groups 
in the ARDSNet RCT compared to the other two RCTs (see Table 52-7).

Although the ARDSNet RCT was subsequently criticized for its 
design in relying on strict ventilator protocols for the higher-tidal-
volume group,273,274 the ARDSNet lower-tidal-volume ventilatory strat-
egy has become accepted as the basis for standard recommended 
ventilator management of ALI/ARDS patients. This is based both on 
the results of the ARDSNet RCT, but also on the plethora of basic and 
clinical studies, as described above and in Chap. 51, relating to VILI 
that support its hypothetical mode of efficacy. Furthermore, based on a 
recent meta-analysis that demonstrated that a lower-tidal-volume ven-
tilatory strategy in patients without ALI/ARDS resulted in a decrease in 
ALI/ARDS development and a decrease in mortality,45 lung-protective 
ventilation should be considered in all at-risk patients.
Using Higher Levels of PEEP to Decrease the Risk of VILI  There is controversy about whether 
higher-than-traditional levels of PEEP can decrease the risk of VILI in 
patients with ALI and ARDS. In addition, if higher PEEP is effective against 
VILI, the question of what level of PEEP should be used clinically remains. 
When the pressure-volume relationship is measured in patients with ARDS, 
the LIP (see Fig. 52-8) is in the range of 8 to 15 cm H2O.7 In an earlier CT 
study of patients with ARDS,269,275 the amount of reopening-collapsing tissue 
became insignificant only when PEEP reached 20 cm H2O (although the 
greatest reduction was seen between 10 and 15 cm H2O of PEEP).

However, as noted above, more recent animal and human studies have 
shown that the LIP is not the originally hypothesized simple threshold 
above which no further recruitment occurs. Instead, recruitment con-
tinues from below the LIP to inflation pressures of 45 cm H2O.270,271 In 
other words, there is a broad “inflection zone” from 0 to 45 cm H2O over 
which there is ongoing recruitment with progressively higher PEEP. The 
implication of these findings is that preventing cycles of recruitment 
and derecruitment in most of the alveoli necessitates that many open 
alveoli will be overdistended. Hence, prevention of injury to alveoli from 
cycles of recruitment-derecruitment will increase the risk of VILI from 
overdistention (Fig. 52-9).
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Clinical Studies of Higher PEEP Ventilator Strategies  Proponents of a high-PEEP 
strategy (also called “open-lung” strategy) were encouraged by a rela-
tively small but statistically significant RCT performed by Amato and 
colleagues and published in 19987 (see Table 52-6). As noted above, in 
this RCT the group of subjects with ARDS in the “open-lung” arm were 
treated by a combination of three interventions: (1) a low-tidal-volume 
ventilatory strategy, (2) higher-than-traditional levels of PEEP as dictated 
by the patient’s LIP as described below, and (3) recruitment maneuvers. 
The control group of subjects was treated by a conventional ventilatory 
strategy for the participating ICUs, which did not include any of the  
three interventions of the open-lung group and was not protocolized. 
In this study, the higher level of PEEP was determined by using a super 
syringe to derive a static pressure-volume curve on paralyzed subjects 
at the start of the study. From inspection of the static pressure-volume 
curve, the LIP (see Fig. 52-8) was identified and the PEEP was set at  
2 cm H2O above the LIP. If a sharp LIP could not be determined on the 
pressure-volume curve, then the PEEP was set empirically at 16 cm H2O.7

Although this study found that the group receiving the open-lung 
approach had significantly lower mortality than the group receiving 

conventional ventilation (see Table 52-6), it was unclear which interven-
tion or combination of interventions was responsible for the observed 
improvement. Was the lower mortality due to the low-tidal-volume 
ventilatory strategy, the higher-than-traditional levels of PEEP, or the 
recruitment maneuvers, or a combination of two or all three?

To try to answer these questions, which had also been raised in an 
earlier report by Amato and colleagues,276 the NHLBI ARDSNet investi-
gators decided to study one intervention at a time in separate RCTs. As 
noted above, the first ARDSNet RCT compared a lower-tidal-volume 
ventilatory strategy to a strategy using traditional tidal volumes.3 This 
RCT found a significant decrease in mortality in the group treated 
with the lower-tidal-volume ventilatory strategy (see Table 52-6). After 
completion of this RCT, the ARDSNet investigators conducted a second 
RCT (ALVEOLI) to try to answer the question: When used in addition 
to the lower-tidal-volume strategy of ventilation, do higher PEEP levels 
improve survival?

The results of the ALVEOLI study4 are presented in Table 52-8. In 
summary, ALVEOLI found that mortality rates were similar in those 
treated with higher and traditional levels of PEEP despite significant 
increases in PaO2 : FiO2. The higher-PEEP group had a higher mean 
plateau pressure despite a lower mean tidal volume (see Table 52-8). 
Although hypothetical, it is possible that the benefits of the higher 
PEEP in reducing the ALI due to shear stress created by recruitment- 
derecruitment were negated by its adverse effects, such as worsening 
lung injury by overdistension (see Fig. 52-9). Two subsequent RCTs 
have confirmed that higher levels of PEEP consistently improve oxy-
genation without deriving a mortality benefit in patients with ALI and 
ARDS.277,278 A recent meta-analysis of the three trials found no overall 
benefit; however, in-hospital mortality was significantly lower in the 
higher PEEP arm in the subgroup of patients with ARDS at baseline 
(34.1% vs 39.1%), suggesting that the risk to benefit profile may favor 
the use of higher levels of PEEP in more severe cases.279

Recommended Core Ventilator Management:  As the core ventilator 
management strategy for ALI and ARDS, it is recommended that 
clinicians use the low-tidal-volume ventilatory strategy (“ARDSNet 
lung-protective strategy”) that the ARDSNet investigators showed to 
be superior to a traditional-tidal-volume strategy (Table 52-9). Because 
this strategy that used traditional levels of PEEP was shown to yield sim-
ilar outcomes compared to using higher PEEP levels4 (see Table 52-8), 
it is recommended to use the same combinations of PEEP and FiO2 
that were an integral part of the ventilator protocol for the lower-tidal-
volume strategy in patients with ALI and ARDS. In addition, consid-
eration of higher PEEP levels should be given for patients with severe 
ARDS, for example, P/F <150 mm Hg on at least 10 cm H2O of PEEP 
(see Table  52-9). Clinicians should be cautious in utilizing the lung-
protective ventilation protocol strictly for patients with ALI and ARDS 
who have conditions for which respiratory acidosis due to permissive 
hypercapnia are contraindicated (Tables 52-10 and 52-11).

FIGURE 52-9.  Schematic diagram illustrating the conflicting priorities of higher- and 
lower-PEEP ventilator approaches and their hypothetical associated effects. Studies that use a 
higher PEEP approach may combine the higher PEEP with recruitment maneuvers, which are 
sustained inflations (eg, 35-40 cm H

2
O of CPAP for 30 seconds or more4,7). For a given low tidal 

volume, using a higher PEEP will result in a higher plateau (end-inspiratory) pressure than 
using a lower PEEP. Hypothetically, this higher plateau pressure, which represents the static 
end-inspiratory distending pressure in open alveoli, may increase the risk of ventilator-induced 
lung injury due to overdistension (see text and Chap. 51 for details).
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  TABLE 52-8    ARDSNeta Clinical Trial of Lower Versus Higher Levels of PEEP in Patients With Acute Lung Injury (ALI) or Acute Respiratory Distress Syndrome (ARDS)

Group
Number of Subjects 
Enrolled PEEPb (cm H

2
O) PaO2 : FiO2 Ratioc

Plateau Pressurec 
(cm H

2
O)

Tidal Volumec (mL/kg 
Predicted Body Weight) Mortalityd (95% CIf)

Adjusted Mortalitye 
(95% CIf)

Lower PEEP 273 8.3 ± 3.2 169 ± 69 24 ± 6 6.1 ± 1.1 24.9% (19.8%-30.0%) 27.5% (23.0%-31.9%)

Higher PEEP 276 13.2 ± 3.5 206 ± 76 26 ± 7 5.8 ± 1.0 27.5% (22.3%-32.8%) 25.1% (20.7%-29.5%)

p value <0.001 <0.01 <0.05 <0.05 0.48 0.47
aNHLBI Acute Respiratory Distress Syndrome Clinical Trials Network.
bMeans (±SD) over the first 4 days after randomization.
cMeans (±SD) on study day 3.
dMortality before discharge to home without assisted ventilation or as of 60 days, whichever occurred first.
eMortality adjusted for imbalances in baseline variables by multivariable modeling.4

f95% Confidence interval.

Data from The National Heart, Lung, and Blood Institute ARDS Clinical Trials Network: higher versus lower positive end-expiratory pressures in patients with the acute respiratory distress syndrome. N Engl J Med. 
July 22, 2004;351(4):327-336.
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  TABLE 52-11    Contraindications to Permissive Hypercapnia and Respiratory Acidosis

Increased intracranial pressure from any cause (trauma, mass lesion, malignant hypertension)

Acute cerebrovascular disorders (eg, stroke)

Acute or chronic myocardial ischemia

Severe pulmonary hypertension

Right ventricular failure

Uncorrected severe metabolic acidosis

Sickle-cell anemia

Tricyclic antidepressant overdose

Patients taking β-blockers

Pregnancy (potential for decreased fetal blood flow due to vasodilatation-induced steal 
syndrome; in addition, shift to the right of the oxygen dissociation curve may decrease 
maternal-fetal oxygen gradient)

  TABLE 52-12   � Adjuncts to Consider in Addition to Low-Tidal-Volume 
Ventilation for Treatment of Acute Lung Injury (ALI) and Acute 
Respiratory Distress Syndrome (ARDS)

Conservative (“dry”) fluid management strategy

Early physical therapy

Early neuromuscular blocking agents (cisatracurium besylate)

Permissive hypercapnia

Prone positioning

Recruitment maneuvers

In addition to this core ventilator management, some clinicians 
use various interventions as adjuncts (Table 52-12). Finally, clinicians 
may choose to use alternative ventilatory strategies whose efficacy is 
unproven (eg, so-called salvage therapies for patients in dire clinical 
circumstances such as airway pressure-release ventilation or bilevel) 
(Table 52-13).

Adjuncts to Core Ventilator Management  Clinicians may use one or more inter-
ventions as adjuncts to “customize” the recommended core ventilator 
management to try to improve pulmonary physiology and otherwise 
benefit individual patients (see Table 52-13). Most of these adjuncts 
hold the possibility of benefit based on extrapolation from animal or 
clinical research that generally uses physiologic end points as sug-
gestions of efficacy. However, it is inaccurate to extrapolate from an 
improvement in physiologic outcomes to efficacy in terms of clinically 
meaningful outcomes (eg, survival or days of mechanical ventilation). 
For example, in the first ARDSNet RCT, the lower-tidal-volume group 
had better survival than the higher-tidal-volume group, despite hav-
ing lower mean values for PaO2 : FiO2.3 Furthermore, the safety of these 
adjuncts is generally uncertain. Clinicians who want to use high-level 
evidence to guide care of patients with ALI and ARDS should be warned 
that to date, save for a conservative fluid-management strategy, the use 
of neuromuscular blockade in early severe ARDS, and prone position-
ing for severe ARDS, all of the following adjuncts fall short of that level 
of scientific evidence.
Conservative (“Dry”) Fluid Management  The rationale for restricting fluids in ALI 
and ARDS suggests that if edemagenesis could be diminished early after 
the lung injury, the duration of potentially dangerous ventilator, PEEP, 
and oxygen therapy could be reduced and outcome conceivably improved. 
In this regard, it is interesting that most patients with ARDS do not die 
during the early phase of disease as a consequence of severe hypoxemia, 
but rather over days to weeks, frequently with evidence of hyperme-
tabolism, nosocomial infection, and multiple organ system failure.73,74  
On the other hand, some have argued that maximizing oxygen delivery 

  TABLE 52-9    NIH NHLBI ARDS Network Low-Tidal-Volume Ventilation Strategy

Part I. Ventilator setup and adjustment

	1.	 Calculate ideal body weight (IBW).a

	2.	� Use assist/control mode and set initial tidal volume (VT) to 8 mL/kg IBW (if baseline  
VT >8 mL/kg).

	3.	 Reduce VT by 1-mL/kg intervals every 2 hours until VT = 6 mL/kg IBW.

	4.	 Set initial rate to approximate baseline minute ventilation (but not >35 bpm).

	5.	 Adjust VT and respiratory rate (RR) to achieve pH and plateau pressure (Pplat) goals listed below.

	6.	� Set the inspiratory flow rate above patient demand (usually >80 L/min); adjust flow 
rate to achieve goal of inspiratory:expiratory ratio of 1:1.0-1.3

Part II. Oxygenation goal: PaO2=55-80 mm Hg or SpO2= 88%-95%

	1.	 Use these incremental FiO2 -PEEP combinations to achieve oxygenation goal:

FiO2 0.3 0.4 0.4 0.5 0.5 0.6 0.7 0.7

PEEP 5 5 8 8 10 10 10 12

FiO2 0.7 0.8 0.9 0.9 0.9 1.0 1.0 1.0

PEEP 14 14 14 16 18 20 22 24

Part III. Plateau pressure (Pplat) Goal: = 30 cm H
2
O

	1.	� Check Pplat (use 0.5-s inspiratory pause), SpO2, total RR, VT, and arterial blood gases 
(ABG) (if available) at least every 4 hours and after each change in PEEP or VT.

	2.	 If Pplat >30 cm H
2
O, decrease VT by 1-mL/kg steps (minimum 4 mL/kg IBW).

	3.	� If Pplat <25 cm H
2
O and VT <6 mL/kg, increase VT by 1 mL/kg until Pplat >25 cm 

H
2
O or VT = 6 mL/kg.

	4.	� If Pplat <30 cm H
2
O and breath stacking occurs, one may increase VT in 1-mL/kg IBW 

increments (to a maximum of 8 mL/kg) as long as Pplat <30 cm H
2
O.

Part IV. pH Goal: 7.30-7.45

Acidosis management: pH <7.30

	1.	� If pH = 7.15 −7.30, increase RR until pH >7.30 or PaCO2 <25 mm Hg (maximum  
RR = 35); if RR = 35 and PaCO2 <25 mm Hg, may give NaHCO

3
.

	2.	� If pH <7.15 and NaHCO
3
 considered or infused, VT may be increased in 1-mL/kg steps 

until pH >7.15 (Pplat goal may be exceeded).

Alkalosis management: pH >7.45: Decrease RR if possible.
aMale IBW = 50 + 2.3 (height [inches] − 60); female IBW = 45.5 + 2.3 (height [inches] − 60). ABG,  
arterial blood gas; SpO2, oxygen saturation by pulse oximetry.

From the NIH NHLBI ARDS Network (complete protocol is available at www.ardsnet.org).

Reproduced with permission from Lanken PN. Acute respiratory distress syndrome. In: Lanken PN, 
Hanson CW III, Manaker S, eds. The Intensive Care Unit Manual. Philadelphia, PA: WB Saunders; 2001:828.

  TABLE 52-10    Effects of Permissive Hypercapnia and Respiratory Acidosis

Hemodynamic effects

Activation of sympathetic nervous system and catechol secretion, normally resulting in 
increased heart rate and stroke volume with peripheral vasodilatation

Impaired myocardial contractility and worse congestive heart failure

Coronary vasodilation and potential for vasodilation-induced steal resulting in less blood 
flow to ischemic myocardium

Pulmonary arteriolar vasoconstriction, potentiating hypoxic pulmonary vasoconstriction

Rightward shift of the oxygen dissociation curve with potential for less loading of O
2
 at the 

alveolar level and arterial desaturation

Effects on the central nervous system

Increased cerebral blood flow due to arterial hypertension and cerebral vasodilatation 
(vasodilatation may be lost in areas subject to trauma or ischemia)

Cerebral vasodilation and potential vasodilation-induced steal resulting in less blood flow 
to ischemic regions of the brain

Increases intracranial pressure

Data from Feihl F, Perret C. Permissive hypercapnia: how permissive should we be? Am J Respir Crit Care 
Med. December 1994;150(6 pt 1):1722-1737.
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(so-called “supercharging”) to peripheral tissues is a necessary strategy 
in critically ill patients such as those with sepsis and ARDS, and advo-
cate approaches such as volume loading to achieve this goal.280,281 This 
latter position has fallen out of favor because the oxygen extraction 
defect purported to exist in patients with sepsis and ARDS now seems 
to have been artifactual, or at least not clinically relevant.282,283 Moreover, 
controlled clinical trials of such goal-oriented hemodynamic therapy 
showed no improvement in survival284 or worse survival.285 In patients 
with ALI and ARDS, the consequence of an approach of maximizing 
oxygen delivery could be escalating requirements for mechanical ven-
tilation, oxygen, and PEEP. To the extent that intensity and duration of 
supportive therapy are major determinants of complications and organ 
dysfunctions, the net result could be detrimental.

Several retrospective or noninterventional studies have reported data 
showing a correlation between survival and net diuresis or reduction in 
Ppw.286-288 Prospective data collection has also demonstrated that titration 
of therapy to minimize extravascular lung water in patients with ARDS 
results in decreased ventilator and ICU days.289 A small clinical trial 
designed to restore the oncotic pressure gradient and reduce the hydro-
static pressure gradient through the coadministration of albumin and 
diuresis achieved a negative fluid balance and improved oxygenation.290

NHLBI ARDS Clinical Trials Network Comparison of Two Fluid-Management Strategies  To 
test the optimal fluid-management strategy in patients with ALI, the 
ARDSNet investigators conducted the Fluid and Catheter Treatment 
Trial (FACTT).291 FACTT randomized 1000 patients to one of two fluid-
management strategies over 7 days. In a two-by-two factorial design, 
subjects were simultaneously randomized to a strategy guided by the 
use of a PAC or CVC. The fluid-management study assessed the risks 
and benefits of a conservative fluid-management strategy, titrated to 
intravascular pressure goal through the use of diuretics, compared to a 
liberal fluid-management strategy.

The study protocol aimed for a central venous pressure (CVP) of less 
than 4 mm Hg in the conservative-strategy group and a CVP of 10 to 
14 mm Hg in the liberal-strategy group. The conservative-strategy arm 
experienced higher oncotic pressures and lower intravascular pressures, 
but to a lesser extent than the protocol specified. The preenrollment CVP 
of the study population was 12 mm Hg and was reduced to a CVP of less 
than 9 by day 7 in the conservative-strategy arm. By study day 7, the 
liberal-strategy group had a CVP in a similar range to the preenrollment 
CVP. The liberal-strategy group was on average 7 L of fluid net posi-
tive by day 7, compared to net even in the conservative-strategy group. 
Compared to prior studies,3,4,287 the cumulative fluid balance observed 
in the liberal-strategy group appeared to reflect standard practice. The 
conservative fluid-management strategy resulted in improved oxygen-
ation, shorter duration of mechanical ventilation (three fewer days in 
survivors), and ICU length of stay (two more ICU-free days), without an 
increase in nonpulmonary organ dysfunction in the short term. There 
was no significant difference by fluid-management strategy in regard to 
60-day mortality. However, a recent study of a small sample of long-term 
survivors from FACTT found a signal that enrollment in the conserva-
tive fluid-management strategy was associated with long-term cognitive 
impairment.28 This observation requires confirmation as there was no 
clear pathophysiologic mechanism to explain the observation.

If one uses a conservative fluid-management strategy aiming to 
improve lung function and decrease the duration of mechanical ventila-
tion, the clinician’s attention should be focused on the parameters of 
organ function that should be followed in all critically ill patients (eg, 
mental status, urine output and concentration, circulatory adequacy, 
and metabolic evidence of anaerobic metabolism) to ensure that 
intravascular pressure is reduced safely. The aim of such an approach 
is to find the lowest intravascular pressure compatible with adequate 
functioning of the circulatory system, recognizing that FACTT subjects 
enrolled in the conservative-strategy arm were titrated on average to 
a CVP between 8 and 9 mm Hg. Furosemide is often used to achieve 
diuresis and net negative fluid balance. Preload can be reduced in part 
by meticulous attention to limit all extraneous fluid administration.

Importantly, it is often difficult to identify end inspiration in many 
patients with ALI or ARDS to measure intravascular pressure. This is 
especially problematic if patients are spontaneously breathing while 
receiving assisted ventilation. To improve accuracy in making routine 
measurements of intravascular pressures, it is recommended that the  
airway pressure be transduced and its transducer’s output be printed 
simultaneously with the pressure tracing. The transduced airway pressure 
tracing clearly identifies the start of inspiration by the start of its positive 
deflection in patients who are not assisting the ventilator. Likewise the 
airway pressure tracing also easily identifies the start of an assisted breath 
by the occurrence of the associated negative pressure deflection. This 
simple change can significantly decrease interobserver variability.292

Neuromuscular Blockade  The use of neuromuscular blockade in patients with 
ALI and ARDS is common and controversial. In the ARDSNet ALVEOLI 
trial, 25% of patients were receiving neuromuscular blocking agents 
(NMBA) at enrollment,293 and the prevalence of use may be even higher.294 
NMBA are usually administered for a short period of time (1-2 days), 
although use beyond 72 hours is not uncommon.293,294 The use of NMBA 
remains controversial due to the perceived risk that their use is associated 
with neuromuscular weakness.295-297 Due to confounding by inclusion of 
patients with sepsis and coadministration of corticosteroids, which have 
been identified as independent risk factors for neuromuscular weakness, 
and inconsistent results, it remains unclear whether NMBA are a risk 
factor for neuromuscular weakness.295-297 Based on a small trial that found 
that NMBA use for 48 hours in ARDS was associated with improved 
oxygenation and a trend toward improved mortality,298 Papazian and 
colleagues conducted a multicenter randomized controlled trial of cisa-
tracurium use for 48 hours in severe ARDS.299 The early use of NMBA 
was found to be associated with more ventilator-free days and improved 
90-day survival after adjustment for covariates, without an increase 
in neuromuscular weakness as measured by physical examination.299 
However, the mechanism through which these benefits were achieved 
remains largely speculative. Several hypotheses for the observed benefit 
of NMBA use include that NMBA use may improve respiratory mechan-
ics, may facilitate ventilator synchrony to permit lung-protective ventila-
tion, may decrease oxygen consumption, and cisatracurium may exert 
beneficial anti-inflammatory effects. Alternatively, because it is conceiv-
able that the protocolization of a sedative strategy to mimic the paralyzed 
state to permit blinding may have been detrimental to subjects enrolled in 
the placebo arm, it seems reasonable to see the results confirmed before 
adopting the interventions of the treatment arm in usual clinical practice.
Permissive Hypercapnia  Traditionally physicians have attempted to ventilate 
patients to a normal arterial PCO2 (see Fig. 52-6). In patients with severe 
lung disease, however, this arbitrary goal has a mechanical cost: the 
probable amplification of lung injury (ie, VILI). Increasing evidence 
points to the safety and efficacy of allowing the arterial PCO2 to rise 
above 40 mm Hg when used in combination with a ventilatory strategy 
that uses low tidal volumes and low plateau pressures. When patients 
with ALI and ARDS are ventilated with volume- and pressure-limited 
ventilation as described above, the mean PaCO2 may rise modestly (into 
the low 40s mm Hg) or higher (into the mid-to-high 50s mm Hg) with 
corresponding falls in arterial pH (see Table 52-7). Occasional patients 
may have a PaCO2 above 100 mm Hg300,301 (see Table 52-7).

  TABLE 52-13   � Salvage Interventions for Patients With Severe Hypoxemia in 
Acute Respiratory Distress Syndrome (ARDS)

Tracheal gas insufflation (TGI)

Pressure-controlled inverted ratio ventilation (PC-IRV)

Extracorporeal membrane oxygenation (ECMO)

High-frequency oscillatory ventilation (HFOV)

Inhaled nitric oxide (NO) or inhaled prostacyclin (epoprostenol)

Corticosteroids
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Respiratory acidosis has many physiologic effects, including cellular  
metabolic dysfunction, depression of myocardial contractility, coronary 
vasodilation, systemic vasodilation, pulmonary vasoconstriction, 
enhanced hypoxic pulmonary vasoconstriction, cerebral vasodilation, 
increased intracranial pressure, and renal vasoconstriction, among  
others302,303 (see Table 52-10). Yet even very high levels of PCO2 seem 
remarkably well tolerated by adequately sedated patients. Perhaps this 
is related to highly efficient and rapidly acting cellular compensatory 
mechanisms that tend to defend intracellular pH. Because respiratory 
acidosis raises intracranial pressure, permissive hypercapnia should not 
be used in patients with cerebral edema, trauma, or space-occupying 
lesions. This and other contraindications are listed in Table 52-11.
Prone Positioning  Multiple studies have shown that about two-thirds of 
patients with ARDS exhibit improved oxygenation with prone position-
ing (“proned”).304-307 Hypotheses offered to explain the improvement 
in oxygenation include (1) increased FRC, (2) change in regional dia-
phragm motion, (3) redistribution of perfusion, and (4) better clearance 
of secretions.308 FRC has been shown to be increased in the prone posi-
tion in intubated, mechanically ventilated patients without lung injury 
who are undergoing general anesthesia for surgery.309 Animal models 
of ventilation-perfusion distribution have suggested that gravity has far 
less influence on the distribution of perfusion in the prone position, and 
that the distribution of blood flow to regions of the lung is relatively 
unaffected by the change from the supine to the prone position.310 This, 
coupled with the observation that turning to the prone position is associ-
ated with a migration of the edema fluid to the dependent portions of the 
lung (as demonstrated by CT scan), has suggested to some investigators 
that ventilation-perfusion relationships might be favorably altered by 
the prone position.311 In patients managed in the prone position, special 
attention is necessary to prevent pressure injury to the nose, face, eyes, 
and ears, and to ensure maintenance and patency of the endotracheal 
tube and central venous catheters. Pressure on the eye could lead to 
retinal ischemia, especially in hypotensive patients. Some patients expe-
rience cardiac arrhythmias or hemodynamic instability on being turned.

These considerations led to a large clinical trial performed by 
Gattinoni and colleagues.307 In this study, subjects were placed in the 
prone position for 6 or more hours daily for 10 days. The results, 
published in 2001, revealed that although oxygenation was transiently 
improved, prone positioning offered no survival advantage over routine 
supine positioning.307 Further post hoc analyses indicated that a patient’s 
response to prone positioning may have prognostic value. Patients 
whose PaCO2 fell by 1 mm Hg or more when placed in the prone position 
had a lower mortality rate than those whose PaCO2 didn’t fall or rose 
(mortality of 35.1% vs mortality of 52.2%).312

Based on the rationale that prone positioning may have a role in 
severe ARDS, when combined with lower-tidal-volume ventilation (see 
Table 52-9), and using prolonged proning sessions early in the course 
of ARDS, a recent trial was conducted which demonstrated a significant 
survival benefit.313 In this multicenter trial, 466 patients with severe 
ARDS (P/F <150 mm Hg) were randomized to traditional, supine ven-
tilation or prone-positioning sessions for a minimum of 16 hours on a 
daily basis until oxygenation improved (P/F ≥150 mm Hg). The use of 
early prone positioning resulted in significantly reduced 28-day (16.0% 
vs 32.8% in the supine arm of the study, p <0.001) and 90-day mortality 
(23.6% vs 41.0%, p <0.001), without an increased risk of complications. 
Based on these recent findings, we support the recommendation that 
prone positioning be prioritized as a salvage therapy for severe ARDS314 
and recommend the consideration of its use early in severe ARDS in 
experienced centers.
Recruitment Maneuvers  Recruitment maneuvers evolved from traditional 
“sighs,” which are extra-large breaths of the order of two or three  
normal-sized tidal volume breaths. Sighs normally occur 4 to 10 times 
per hour and increase the surfactant’s surface-tension-lowering proper-
ties, thus stabilizing small alveoli and resisting atelectasis.

Recruitment maneuvers were part of the “open-lung” strategy in the clin-
ical trial of low-tidal-volume ventilation by Amato et al7 (see Tables 52-6 

and 52-7). In the Amato trial, recruitment maneuvers consisted of applica-
tion of continuous positive airway pressure (CPAP) of 35 to 40 cm H2O for 
30-second periods. Others have advocated longer periods at the same or 
higher airway pressures.314 The justification for recruitment maneuvers is 
to “recruit” or open totally or partially collapsed alveoli, which then would 
be kept inflated during expiration by a higher level of PEEP.314

Evidence is lacking that recruitment maneuvers alone improve clini-
cally significant outcomes such as mortality or ventilator-free days. Most 
studies of recruitment maneuvers have used physiologic end points, 
such as improvement in oxygenation. The ARDSNet studied recruit-
ment maneuvers as a substudy of 96 subjects in the higher-PEEP group 
in the ALVEOLI study315 (see Table 52-8). There were no clinically rel-
evant improvements in arterial saturation, but complications occurred, 
such as transient hypotension and slight drops in arterial saturation 
during the recruitment maneuver. Other studies have shown more 
consistent improvement in oxygenation after recruitment maneuvers if 
relatively low levels of PEEP were being used,316-318 if larger tidal volumes 
were used,319 or if the patients are paralyzed.320

Given the lack of controlled clinical trials that demonstrate efficacy 
in clinically relevant end points and the potential adverse effects, 
we reserve the use of recruitment maneuvers for cases of refractory 
hypoxemia or cases of desaturation due to acute derecruitment that 
responds well to re-expansion. Furthermore, because they exceed the 
threshold of 30 cm H2O used in the ARDSNet clinical trial that showed 
improved survival, and the lack of studies that demonstrate improved 
outcomes,321-323 routine use of “sighs” are not recommended.
Salvage Interventions  When treating subjects with severe ARDS, some 
clinicians may try unproven interventions if the patient is deteriorating 
with severe hypoxemia (eg, PaO2 <45-50 mm Hg) or needing an FiO2 of 
0.9 or more to maintain PaO2 above 55 mm Hg. These may be referred 
to as “salvage” interventions. These clinicians justify their use of these 
interventions on two grounds: (1) the dire condition of the patient 
and (2) a hope of clinical efficacy. The latter is based on results from 
basic science studies suggesting a reasonable rationale, from their use  
in animal models, and from clinical usage that showed improvements in 
certain physiologic parameters (eg, PaO2 : FiO2).

Despite the failure to improve survival in phase III clinical trials  
of patients with ALI/ARDS who were not necessarily in such dire 
straits, these clinicians may feel ethically obligated through the “Rule of 
Rescue”324 to provide an intervention that may help as long as the risk is 
acceptable. Because of expense, lack of proven efficacy, and potential for 
harm, we do not advocate routine use of any of these “salvage interven-
tions.” Rather, we support a management strategy guided by evidence and 
including active observation of critically ill patients with ARDS. We urge 
those who advocate for their use to conduct clinical trials in the targeted 
population of patients with severe ARDS to assess their safety and efficacy.

Nonetheless, when there are severe problems with oxygenation in an 
otherwise salvageable patient, some clinicians will want to utilize certain 
adjunctive therapies. It is important to realize that these therapies should 
not distract caregivers from the fundamentals of good critical care, includ-
ing nutrition, aspiration precautions, hygiene and prevention of nosoco-
mial infections, appropriate sedation practices, and careful vigilance for 
complications of critical care.
Tracheal Gas Insufflation  Tracheal gas insufflation (TGI) involves introducing 
fresh gas near the carina through a modified endotracheal tube. This 
added flow washes CO2-rich gas out of the trachea (and, through turbu-
lence, out of smaller airways as well), reducing anatomic dead space.325 
The PaCO2-reducing effect of TGI is lessened by ALI/ARDS, but this is 
partially counterbalanced by the higher PaCO2 values used during permis-
sive hypercapnia.326 In patients with ARDS, TGI with 100% humidified 
oxygen, delivered throughout the respiratory cycle at a flow of 4 L/min,  
successfully lowered PCO2 from 108 to 84 mm Hg.327 Potential risks of 
TGI include tracheal erosion, oxygen toxicity related to the unknown 
FiO2, hemodynamic compromise or barotrauma due to the occult pres-
ence of auto-PEEP, and a larger tidal volume than the ventilator is set to 
deliver (ie, potentially increasing the risk of VILI).
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Inhaled Nitric Oxide and Inhaled Prostacyclin (Epoprostenol)  Since Roissant and 
colleagues published their initial experience using inhaled nitric oxide 
as a therapy for ARDS, there has been a rapid expansion of interest 
and literature in this field.328-333 Given via inhalation, NO has several 
potentially salutary effects in ARDS. It selectively vasodilates pulmo-
nary capillaries and arterioles that subserve ventilated alveoli, diverting 
blood flow to these alveoli (and away from areas of shunting). The 
vasodilating effect, signaled by a fall in pulmonary artery pressure and 
pulmonary vascular resistance, appears maximal at very low concentra-
tions (0.1 ppm) in patients with ARDS.332 The beneficial effects on oxy-
genation take place at somewhat higher inspired concentrations of NO 
(1-10 ppm).332 The rapid inactivation of NO via hemoglobin binding 
prevents unwanted systemic hemodynamic side effects, but also man-
dates the continuous delivery of gas to the ventilator circuit. Thus, if 
continuous delivery of NO is interrupted (eg, during patient transport 
or due to supply exhaustion), precipitous and life-threatening hypox-
emia and right-sided heart failure may occur.334 A recent large clinical 
trial compared the use of NO to placebo in subjects with ALI not due 
to sepsis, with no other organ failures.335 The trial showed no benefit 
in survival with use of NO despite some patients having a transient 
improvement in oxygenation. Trials in other subgroups of ALI may be 
the focus of future investigations, but there is no consensus evidence 
for routine use of NO in ALI.

Even as a salvage intervention, inhaled NO is unattractive since there 
is a reasonable alternative available at much less expense. Whereas the 
cost of inhaled NO for 1 day is in the thousands of dollars, the daily 
cost of inhaled prostacyclin (epoprostenol) is in the hundreds of dollars. 
Inhaled prostacyclin, although less well studied, appears to provide the 
same degree of improvement in oxygenation in a majority of patients 
with ALI and ARDS at much less expense.336-339

Corticosteroids  Although it is commonly accepted that steroids have little 
or no role to play in treating the early acute phase of ARDS,340,341 their 
role in later phases remains controversial. A number of anecdotal reports 
and small series have suggested that high-dose corticosteroids may be of 
some benefit during the proliferative phase of ARDS.342-344 The rationale 
behind this therapy is that much of the scarring that occurs during this 
phase of the illness is a consequence of unattentuated inflammation that 
can cause severe damage to the affected alveoli.345 There is an obvious 
risk, however, of administering an immunosuppressant to already debili-
tated patients who are still in an environment in which they are exposed 
to multiple resistant organisms (and frequently have multiple indwell-
ing appliances), as well as a potential risk for long-term neuromuscular 
sequelae. The NHLBI ARDSNet conducted a double-blind RCT (Late 
Steroid Rescue Study or LaSRS) designed to evaluate the benefits and 
risks of this therapy in 180 patients with ARDS lasting 7 to 21 days. The 
study found that high-dose methylprednisolone succinate (MPSS) was 
associated with improved oxygenation, increased shock-free days and 
ventilator-free days, but there was no difference in 60-day or 180-day 
mortality.346 MPSS was not associated with an increased rate of infec-
tious complications; however, it was associated with an increased rate of 
neuromuscular weakness and, in the subgroup of patients enrolled 14 or 
more days after ALI onset, MPSS was associated with increased 60-day 
and 180-day mortality. As such, corticosteroids should not be routinely 
used in either phase of ARDS.
Pressure-Control Ventilation and Inverse-Ratio Ventilation  Pressure-control ventila-
tion (PCV) is favored by some clinicians because it limits the maximal 
peak airway pressure. It also limits static end-inspiratory or alveolar 
pressure. However, some intensivists and respiratory care providers may 
not appreciate what that limit is. For example, if a patient with ARDS is 
being ventilated with PCV with an inspiratory pressure of 30 cm H2O 
and PEEP of 10 cm H2O, then the total end-inspiratory pressure is the 
sum of 30 cm H2O and 10 cm H2O, or 40 cm H2O (Fig. 52-10). Some cli-
nicians may mistakenly believe that the alveoli are being exposed to only 
30 cm H2O, and thus do not decrease the inspiratory pressure such that 
the end-inspiratory pressure does not exceed 30 cm H2O, the threshold 
used in the pivotal ARDSNet study.3

Although one could possibly mimic the tidal volumes and end-
inspiratory pressures that were used in the ARDSNet low-tidal-volume 
ventilatory strategy (see Table 52-9), it would be challenging. It is pos-
sible that the low tidal volume per se in the ARDSNet trial was a factor in 
decreasing the mortality, apart from the benefits of keeping the plateau 
pressures limited to 30 cm H2O or less.

Inverse ratio ventilation (IRV) entails the use of prolonged inspira-
tory times (inspiratory:expiratory ratio >1) with either a volume-cycled 
or pressure-cycled mode of mechanical ventilation (see Fig. 52-10). A 
subset of patients with hypoxia refractory to conventional modes of 
mechanical ventilation responded to IRV.347,348 Unfortunately, there is 
no way to prospectively identify which patients will respond to IRV, 
and the uniform use of deep sedation and neuromuscular blockade 
to permit tolerability347 may offset its physiologic benefits. The exact 
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FIGURE 52-10.  Schematic pressure, flow, and volume waveforms during pressure control 
ventilation (PCV) with applied PEEP. A. The inspiratory-to-expiratory (I:E) time is about 1:2. The 
pressure waveform resembles pressure support mode with the patient triggering each breath, but 
with a marked decelerating flow pattern. The applied PEEP increases the functional residual capac-
ity (FRC) by about 500 mL (PEEP-induced ΔFRC). B. In pressure-controlled inverse ratio ventilation 
(PC-IRV), the I:E time is “reversed,” with I > E. Because of this, the next breath starts before expira-
tory flow has returned to zero (open arrows), resulting in auto-PEEP and dynamic hyperinflation of 
about 300 mL. The latter is in addition to the increased FRC due to the applied PEEP (PEEP-induced 
ΔFRC). The patient is not initiating any breaths. E, expiration; I, inspiration; PEEP, positive end-
expiratory pressure; Pprox, pressure at the proximal end of the endotracheal tube. (Reproduced 
with permission from Lanken PN. Acute respiratory distress syndrome. In: Lanken PN, Hanson 
CW III, Manaker S, eds. The Intensive Care Unit Manual. Philadelphia, PA: WB Saunders; 2001:829.)
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mechanisms by which IRV improves gas exchange in some patients 
with ARDS remain obscure, but are believed to involve both alveolar 
recruitment at lower airway pressures and more optimal distribution of 
ventilation.349,350 Although it is tempting to attribute the beneficial effect 
of IRV to intrinsic PEEP, anecdotal reports have excluded intrinsic PEEP 
or gas trapping as the mechanism by which gas exchange improves in 
at least some patients.350 An important caution when using this mode 
is that both auto-PEEP and the higher mean alveolar pressure typical 
of IRV tend to reduce cardiac output. In one study that examined PCV 
with or without IRV, cardiac output fell with IRV so that systemic oxy-
gen delivery actually worsened.351 Some investigators have noted a very 
gradual (over several hours) but progressive tendency for oxygenation to  
improve following a change to IRV.352 This phenomenon has led some  
to suggest that a subset of lung units may be recruitable only through the 
combined effects of prolonged inspiration and time. Further studies are 
needed to shed light on this interesting aspect of IRV.

Inverse ratio PCV has been employed as part of the open-lung 
strategy for ventilating patients with ARDS, with specific attention to 
keeping the tidal volume at or less than 6 mL/kg and limiting the driv-
ing (inspiratory) pressure.7 The role of volume-control IRV remains 
poorly defined, and it is best regarded as a salvage therapy for patients 
with hypoxia refractory to more conventional approaches. Whichever 
approach is used, the intensivist should monitor auto-PEEP regularly, 
since the shortened expiratory times of IRV predispose to this effect.

Clinicians have also used other modalities of ventilation in ALI (eg, 
airway-pressure release ventilation), none of which have been compared 
to current low-tidal-volume strategies in RCTs (see Chap. 50).
High-Frequency Oscillatory Ventilation  If excessive lung excursion during tidal 
volume breathing is associated with injury to the lung, then it seems rea-
sonable that ventilation with very small tidal volumes at high frequen-
cies would be associated with the least possible VILI and potentially with 
improved outcome. Although the FDA has approved a ventilator for 
adults that provides high-frequency oscillatory ventilation (HFOV), its 
role in clinical practice remains unclear.353 A study of HFOV354 published 
in 2002 demonstrated a trend toward decreased mortality compared to 
conventional mechanical ventilation. However, the conventional venti-
lation was not based on a low-tidal-volume strategy such as ARDSNet 
(see Table 52-9). Further, because the mean airway pressure (±SD) was 
higher in the group of patients treated with HFOV than the convention-
ally treated group (eg, 29 ± 6 cm H2O vs 23 ± 6 cm H2O during the first 
24 hours), caution was raised about the possibility of VILI due to the 
high distending pressures.

Two large, multicenter, randomized controlled trials have recently 
been conducted and found that HFOV is not beneficial in ARDS and 
may, in fact, be harmful.355,356 The Oscillation in ARDS Study Group 
[OSCAR] Trial, sponsored by the National Institute for Health Research 
Health Technology Assessment Programme and conducted in England, 
Wales, and Scotland, found that the use of HFOV was associated with 
increased NMBA use without a mortality benefit as all-cause mortality 
was 42% in the HFOV group and 41% in the conventional ventilation 
group.355 The Canadian Institute of Health Research, in collaboration 
with the Canadian Critical Care Trials Group, sponsored a multina-
tional trial (the Oscillation for ARDS Treated Early [OSCILLATE] Trial) 
comparing HFOV to a modified ARDSNet protocol (low tidal volumes 
but with higher PEEP and Pplat as target) in early ARDS. The trial was 
terminated early as the early use of HFOV was associated with increased 
NMBA use and increased in-hospital mortality as mortality was 47% in 
the HFOV group and 35% in the control group.356

High-frequency jet ventilation is different from HFOV. High-
frequency jet ventilation typically employs tidal volumes of 1 to 5 mL/kg  
(or higher) and respiratory rates of 60 to 300 breaths per minute. Multiple  
trials of high-frequency ventilation have failed to demonstrate any 
benefit compared with conventional mechanical ventilation.357-359 Nor 
has high-frequency jet ventilation been associated with either improved 
oxygenation, reduced barotrauma, or decreased days of mechanical ven-
tilation. On the basis of these negative results, we recommend avoiding 

the use of high-frequency jet ventilation and HFOV, even as a salvage 
intervention.
Extracorporeal Membrane Oxygenation and Extracorporeal CO

2
 Removal  The use of extra-

corporeal gas exchange, such as extracorporeal membrane oxygenation 
(ECMO) or extracorporeal CO2 removal (ECCO2R), to adequately oxygenate 
and ventilate the patient while allowing the lung to remain at rest was viewed 
as an attractive strategy for the management of patients with ALI/ARDS. 
However, this promise has not been supported by clinical outcome studies.  
The earliest large-scale attempt to use ECMO in patients with severe 
ARDS in the 1970s demonstrated no survival benefit to its use, although 
it did generate a large database and a great deal of insight into patients 
with this problem.360 Unfortunately, enrollment criteria in this study were 
such that the mortality among all patients entered into it was certain to be 
high (eg, ~90% in both groups). Hence it was unlikely that any difference 
would be demonstrated between groups. Some believe that more careful 
patient selection, earlier randomization of patients, and better technology 
might have demonstrated a benefit to ECMO. A second wave of stud-
ies using ECMO or ECCO2R was reported throughout the 1980s.361,362 
A number of techniques have been described, including venovenous 
ECMO, to assist in the elimination of carbon dioxide. Based on these 
advancements, a second ECMO trial in adults was conducted; however, 
the second trial also failed to demonstrate any survival benefit.363 Despite 
these results, some specialized centers have continued to offer ECMO 
to adults with severe ARDS, based on their opinion that it is a relatively 
safe life-saving salvage intervention.364 In 2009, two studies reinvigorated 
the debate regarding the use of ECMO for refractory cases of respiratory 
failure.365,366 In an observational report from Australia and New Zealand, 
investigators detailed their use of ECMO for 68 refractory influenza A 
H1N1 cases and reported favorable outcomes, as 71% of patients survived 
to ICU discharge at the time of publication.365 In the same year, the long-
awaited trial results were published for the CESAR trial (conventional 
ventilatory support versus ECMO for severe adult respiratory failure).366 
The design randomized patients to conventional ventilatory support 
at the referring hospital or transfer to a specialized ECMO center for 
consideration of ECMO. Of 90 patients randomized for consideration 
of ECMO, 68 (75%) received ECMO; overall, 63% (57/90) of patients 
randomized for consideration of ECMO survived without disability, 
compared to 47% (41/87) of patients randomized to the conventional  
arm. It remains unclear if the significant mortality benefit was due to 
ECMO, ECMO provided at a highly experienced center, or care that 
included the option to initiate ECMO by experienced providers or failure 
to provide lung-protective ventilation systematically in the conventional 
arm. Based on available evidence, we recommend that consideration for 
ECMO be limited to cases of refractory ARDS and to centers with signifi-
cant experience. We recommend that less experienced centers coordinate 
with local, more experienced centers to ensure safe and timely transport 
for patients identified as potential beneficiaries of ECMO.

Experimental (Non-FDA-Approved) Interventions 

Partial Liquid Ventilation  Partial liquid ventilation using perfluorocarbons 
instilled into the trachea of adults and children with the respiratory dis-
tress syndrome (RDS) has been described.367,368 Preliminary results from 
adult usage369 and the more extensive experience in pediatric patients 
suggest that this mode of therapy may be both safe and efficacious in 
improving gas exchange. Partial liquid ventilation may allow oxygen-
ation in patients who might otherwise be quite difficult to oxygenate 
with conventional modes of ventilation, in part because the perfluoro-
carbon is able to recruit dependent alveoli (by virtue of the hydraulic 
column) that PEEP is not. A practical problem is that perflubron is 
radiodense, making the lungs appear white, so it is impossible to use 
chest radiographs to detect infection or to follow the progress of healing. 
Currently, perfluorocarbons are available only as experimental agents.
Exogenous Surfactant  It has long been known from both animal models and 
human studies that surfactant levels are decreased or that the ratios of 
the surfactants are abnormal in humans and animals with ARDS.370,371 
Intensivists caring for adults have been encouraged by the dramatic 
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results of surfactant therapy in infants with the RDS of prematurity. 
Surfactant therapy of RDS improves gas exchange and lung mechan-
ics, decreases the requirement for CPAP, and lessens barotrauma.372-374 
Anzueto and associates6 reported the first large prospective RCT of 
surfactant in ARDS. Their results were disappointing: There was no 
benefit associated with the exogenous surfactant delivered by inhalation. 
Because there were concerns about the appropriate dose, alternative 
modes of delivery, timing of therapy, and the precise surfactant formula-
tion studied, investigators did not view this study as definitive evidence 
against the use of exogenous surfactant. Since then a number of RCTs, 
large and small, have been carried out without demonstrating clinical 
benefit, including a recent large, multinational RCT of recombinant sur-
factant protein C-based surfactant.375-379 Like perflubron, currently exog-
enous surfactant for adults is available only as an experimental agent.

Supportive Care and Monitoring Patients With ALI and ARDS 

Supportive Therapy  Current management of ARDS does not benefit from 
proven pharmacologic interventions to prevent, limit ALI, or restore 
physiologic function. Based on animal data suggesting a role of platelet 
activation in the development of ALI380 and two observational studies that 
suggested that prehospitalization antiplatelet therapy was associated with 
a decreased risk of ALI,381,382 a multicenter trial is enrolling patients at risk 
of ALI development to receive aspirin or placebo. Separately, based on 
the anti-inflammatory properties of 3-hydroxy-3-methyl-glutaryl-CoA 
reductase inhibitors (statins), the NIH NHLBI ARDSNet conducted a 
trial of rosuvastatin versus placebo in subjects with sepsis-associated ALI. 
This trial showed no survival benefit with the use of rosuvastatin; rosuv-
astatin was associated with more renal and hepatic failure.383

To date, the largest strides in the recent management of ARDS have 
come from therapies aimed at the delivery of mechanical ventilation.3 
While it is possible that further explication of the mechanisms of lung 
injury will provide new avenues for pharmacologic intervention, at 
present, management of these patients relies on application of proven 
mechanical ventilation strategies, combined with meticulous supportive 
therapy. Appropriate management includes timely diagnosis and treat-
ment of underlying diseases, nosocomial infections, and other problems. 
Indeed, even if new pharmacologic agents become available, the same 
supportive therapy will be necessary to maintain a viable patient to ben-
efit from treatment. For a detailed description of elements of supportive 
care, please refer to the relevant other chapters in this text.

Reducing PEEP, even for short periods of time, is often associated 
with alveolar derecruitment and hence rapid arterial hemoglobin 
desaturation. Thus once endotracheal tube suctioning has been accom-
plished for diagnostic purposes, nursing and respiratory therapy staff 
should be instructed to keep airway disconnections to a minimum or 
to use an in-line suctioning system that maintains sterility and positive 
pressure, usually via the suctioning catheter residing in a sterile sheath 
and entering the endotracheal tube via a tight-sealing diaphragm. These 
suctioning systems generally are effective for lesser levels of PEEP 
(<15 cm H2O) but often leak if higher levels are attempted.

Recognizing the importance of nutritional support in the critically ill, the 
ARDSNet recently published research studies: (1) EDEN—whether lower-
volume (trophic) enteral feeding would improve outcomes in patients with 
ALI compared to full enteral feeding and (2) OMEGA—whether dietary 
supplementation with omega-3 (n-3) fatty acids and antioxidants would 
improve outcomes.384,385 In EDEN, trophic enteral feeding was not associ-
ated with improved outcomes.384 However, because trophic enteral feeding 
was associated with significantly less gastrointestinal intolerance (vomiting,  
constipation, and increased gastric residual volumes),384 a reasonable 
approach would be to slowly escalate enteral feeding volume toward caloric 
goal to avoid gastrointestinal side effects. In OMEGA, dietary supplementa-
tion with omega-3 fatty acids and antioxidants was not associated with a 
survival benefit; in fact, supplementation was associated with a trend toward 
harm and was associated with gastrointestinal side effects (diarrhea).385

Monitoring  Patients with ARDS, by virtue of their serious gas exchange 
(and sometimes hemodynamic) impairment, combined with the effects of  

therapy (sedation, therapeutic paralysis, and PEEP), are at risk of sudden 
and life-threatening deterioration. Changes in intrapulmonary shunt, oxy-
gen consumption, and systemic perfusion are frequent, making arterial sat-
uration and oxygen delivery volatile. Accordingly, careful monitoring for 
hypoxemia and the adequacy of oxygen delivery is advisable. Continuous 
pulse oximetry is generally reliable (barring gross hypoperfusion) and 
should be used routinely. In addition, frequent sampling of arterial blood 
gases is advisable throughout the first day of management, as well as fol-
lowing major interventions or changes in clinical appearance of the patient.

Monitoring the patient’s airway, ventilator function, and the ventilator- 
patient interface are equally important, as is assessment for liberation 
from assisted ventilation, and if needed, weaning (see Chap. 60).

Finally, hemodynamic monitoring, including use of a PAC, has been dis-
cussed earlier in this chapter and elsewhere in more detail (see Chap. 28).
Long-Term Sequelae of ARDS  Over the past two decades, as treatment for ARDS 
has decreased hospital mortality,386 clinicians and clinical investigators 
have become more interested in the long-term health problems of ARDS 
survivors. Pulmonary function is usually mildly impaired after hospital 
discharge from ARDS and improves slightly over the next year.387,388 
Thus survivors with worsening dyspnea may have another superimposed 
respiratory lesion, such as tracheal stenosis, and should be evaluated 
as such. Despite their young age, ARDS survivors score well below the 
reference standards and other critical care controls on quality-of-life 
measures,30,388-391 and many have evidence of cognitive dysfunction,28,392 
posttraumatic stress disorder,390 and physical disability,27,393,394 long after 
hospital discharge. The long-term sequelae of critical illness and ARDS, 
recently termed the post-intensive care syndrome, are an active area of 
ongoing research and are covered in detail in Chap. 15.

CONCLUSION
Standardization of the criteria that define ARDS has aided in iden
tification of specific at-risk groups. This in turn has spurred further 
research into the underlying reasons why certain risk groups (such as 
alcoholics395,396) are at greater risk for ARDS. A recent NHLBI consensus 
statement summarized the important directions for future research, 
including functional response to injury and interaction between bio-
chemical pathways and different cell types.397 The completion of the 
human genome project has led to characterization of many of the genes 
encoding mediators of lung injury.398 The effect of variation in these 
genes on predisposition to ARDS in at-risk groups, such as sepsis, pneu-
monia, and trauma, may help identify subgroups whose genotypes place 
them at unusually high risk or low risk for developing ARDS. Identifying 
these putative enabling and protective polymorphisms for developing 
ALI will provide hypotheses for interventions for prevention and for 
treatment of patients with ARDS in the future.

However, while waiting for those new genetically tailored therapies, 
much can be done in the present. The landmark ARDSNet low-tidal- 
volume ventilation strategy trial proved that ventilator therapy can be pro-
tocolized to reduce VILI.3 Arguably this simple and inexpensive strategy 
can save thousands of lives of ARDS patients if widely accepted and utilized. 
Unfortunately, studies since the publication of the ARDSNet study in 2000 
have indicated that that there are challenges to the widespread and timely 
acceptance and implementation of this low-tidal-volume strategy.399-403 
Thus the present challenges include not only improving on this therapy, 
but also overcoming the obstacles so that clinicians can consistently make 
a diagnosis of ARDS early, and then begin appropriate ventilatory support.
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Extracorporeal Lung 
Support
Lena M. Napolitano

53
C H A P T E R

KEY POINTS

•• Extracorporeal membrane oxygenation (ECMO) can be used to 
provide support to selected patients with severe acute respiratory 
failure and severe hypoxemia.

•• The two major ECMO modalities are veno-venous (VV) and 
veno-arterial (VA), but most cases of extracorporeal lung support 
use VV-ECMO.

•• The prospective, randomized Adult ECMO study (CESAR trial) 
reported a 31% improved outcome in patients transported to a spe-
cialized center for possible ECMO (63% vs 47% survival without 
disability; relative risk 6-month death or severe disability 0.69, 95% 
CI 0.05-0.97; RR death 0.73, 95% CI 0.52-1.03).

•• Significant adverse events and complications can occur during 
ECMO, most related to hemorrhage, but are becoming less common 
with improved technology and reduced anticoagulation requirements.

•• ECMO is used in patients with severe hypoxemia related to ARDS, 
2009 Influenza A (H1N1)–associated ARDS, trauma, and pulmo-
nary embolus.

•• Survival to discharge in adult patients receiving ECMO for 
respiratory failure is 52% from the Extracorporeal Life Support 
Organization (ELSO) registry.

•• VV-ECMO is now being used as a therapeutic option to bridge 
patients with advanced lung disease to lung transplantation, 
avoiding the use of mechanical ventilation and allowing aggres-
sive physical rehabilitation.

•• A new adult ARDS ECMO multicenter clinical trial has been 
initiated, entitled ECMO to rescue Lung Injury in severe ARDS 
(EOLIA, Alain Combes MD, Principal Investigator, France).

•• ECMO is a complex critical care organ support system, and 
requires an experienced and dedicated team, appropriate equip-
ment, and institutional commitment and leadership.

•• The current evidence supports the transfer of patients with severe 
hypoxemia and ARDS to institutions with significant experience in 
ARDS management and with ECMO capabilities.

EXTRACORPOREAL LUNG SUPPORT
Extracorporeal membrane oxygenation (ECMO) is an advanced treat-
ment option for patients with severe respiratory failure and severe 
hypoxemia.1-6 The goal of ECMO for lung support is to avoid the use 
of high levels of oxygen and high airway pressures that may be neces-
sary to support oxygenation and ventilation with mechanical ventila-
tion in severe hypoxemia and acute respiratory failure. Nearly 20% 
of acute respiratory distress syndrome (ARDS) patients die of severe 
hypoxemia.7

ARDS is associated with pathologically complex changes in the lung 
manifested by an early exudative phase followed by proliferative and 
fibrotic phases.8 The acute inflammatory state leads to increased capil-
lary permeability and accumulation of proteinaceous pulmonary edema, 
leading to hypoxemia. Hypoxia may further aggravate lung injury, and 
treatment strategies therefore focus on improvement of oxygenation and 
correction of the underlying problem.9

Mechanical ventilatory support can be injurious and lead to addi-
tional lung injury when used at the extremes of pulmonary physiology, 
a concept that has been termed ventilator-induced lung injury (VILI).10 
There are a number of mechanisms that can lead to the development 
of VILI, including barotrauma, diffuse alveolar injury due to overdis-
tension (volutrauma), injury due to repeated cycles of recruitment/
derecruitment (atelectrauma) and the most subtle form of injury due to 
the release of local mediators in the lung (biotrauma).11

The goal of ECMO therapy is to minimize VILI while allowing addi-
tional time to treat the underlying disease and to permit recovery from 
acute injury or illness.12 Proper selection of patients for ECMO therefore 
involves determination of whether the pulmonary disease process is 
reversible. ECMO for adult respiratory support continues to increase in 
the United States and worldwide.13

ECMO is a complex critical care organ support system, and requires 
an experienced and dedicated team, appropriate equipment, and insti-
tutional commitment and leadership.14 The current evidence supports 
the transfer of patients with severe hypoxemia and ARDS to institutions 
with significant experience in ARDS management, and with ECMO 
capabilities, to allow further expert evaluation and treatment.15

RESPIRATORY CONDITIONS REQUIRING ECMO
ECMO is used in a number of respiratory conditions that cause 
acute respiratory failure and severe hypoxemia (see Table 53-1). The 
most common indication for ECMO for lung support is severe life-
threatening hypoxemia associated with inadequate tissue oxygenation, 
most commonly in patients with severe ARDS. Although oxygenation 
itself is not clearly predictive of poor outcomes in ARDS, there is 
increasing evidence that a lower PaO2/FiO2 ratio is predictive of death, 
especially if the hypoxemia persists over time.16-24
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■■ INCREMENTAL APPROACH TO THE MANAGEMENT 
OF PATIENTS WITH SEVERE HYPOXEMIA

In patients with severe refractory hypoxemia, there is potential utility in 
the incremental approach to ARDS management (Fig. 53-1), incorpo-
rating the use of a number of therapeutic “rescue” strategies for severe 
hypoxemia.25 Implementation of specific rescue strategies for severe 
hypoxemia may result in improved oxygenation, improved pulmonary 
compliance, and ultimately survival in individual patients. There is also 
the possibility that some of these interventional strategies may have 
additive effects.

We developed an algorithm for the use of mechanical ventilation and 
ARDS rescue strategies at the University of Michigan, which begins with 
the ARDSNet low-tidal-volume management and adds several rescue 
strategies if the patient remains hypoxemic before ultimately consider-
ing ECMO (Fig. 53-2). We have also utilized these treatment strategies 
in stabilization of patients with severe hypoxemia and ARDS at referring 
hospitals prior to transport to our institution to enable safer transport.26

It is important to have full knowledge of the evidence base and the 
results of prospective randomized trials, which have carefully assessed the 
impact of these treatment strategies on patient outcome in severe hypox-
emia and ARDS, but it is important to recognize that large randomized 
trials are not available for all strategies. Nevertheless, appropriate bedside 
implementation of these treatment strategies, including ECMO, may pro-
vide life-saving salvage in individual patients with refractory hypoxemia 
due to severe ARDS or other pulmonary conditions.
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FIGURE 53-1.  Recommendations for the use of “rescue” strategies in ARDS.

TYPES OF EXTRACORPOREAL LUNG SUPPORT

■■ ECMO
ECMO is a pump-driven, veno-venous, or veno-arterial circuit with an 
oxygenator to provide both oxygenation and ventilation.

■■ EXTRACORPOREAL CO
2
 REMOVAL

Selective CO2 removal can be accomplished with low blood flow rates 
(10 cc/kg/min) with the device attached with arteriovenous access (arte-
rial cannula inserted into femoral artery, membrane oxygenator with 
venous cannula return to femoral vein, driving force is patient’s blood 
pressure).27-31 A potential complication is distal limb ischemia in the 
limb with the femoral arterial cannula. This technology is effective as 
an AV-CO2 removal device (effective treatment for status asthmaticus) 
and allows decrease in minute ventilation to provide more protective 
lung ventilation and correction of acute respiratory acidosis, but has 
significant limitations in providing oxygenation support. It is also called 
pumpless extracorporeal lung assist (PECLA) or interventional lung 
assist (iLA).32 ILA provides effective CO2 elimination and a modest 
improvement in oxygenation.

A large cohort study, which included 96 patients with severe ARDS, 
evaluated the factors determining the efficacy of PECLA and calculated 
its contributions to gas exchange by monitoring hemodynamic param-
eters, oxygen consumption, CO2 production, and gas transfer through 
the device. Within 2 hours of PECLA, PaO2/FiO2 ratio increased signifi-
cantly, and a fast improvement in arterial CO2 partial pressure and pH 
was observed in all patients. The PECLA removed 50% of the calculated 
total CO2 production and rapidly normalized respiratory acidosis. As 
demonstrated in earlier studies, the patients who were on this therapy 
were able to be ventilated with a protective lung strategy.

A prospective pilot study of ILA in 51 patients with ARDS doc-
umented improved ventilation, decreased plateau pressures with 
reduced minute ventilation required (see Table 53-2).33 The hos-
pital mortality rate was 49% and adverse events occurred in 11.9%  
of patients.

  Table 53-1   �� Respiratory Conditions Requiring ECMO for Severe Hypoxemia

Bacterial pneumonia

Viral pneumonia

Aspiration pneumonitis

Aspiration pneumonia

Acute respiratory distress syndrome

Pulmonary embolus
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FIGURE 53-2.  Treatment algorithm for ARDS. Abbreviated version of the ARDS algorithm used at the University of Michigan.

- LPVS: lung-protective ventilation strategy
              (ARDS Net, or PCV w/Ppeak <30-35
              and VT 5-7 mL/kg PBW)
- PCIRV: pressure control, inverse ratio
                ventilation
- APRV: airway pressure release ventilation
- iNO: inhaled nitric oxide
- RM: recruitment maneuvers
- HFOV: high-frequency oscillatory ventilation

- On LPVS <24 h with PaO2
 <55 torr on

  FiO2
 = 1.0 and PEEP >20

- On LPVS >24-72 h with PaO2
 <55 torr on

  FiO2
 >0.70 and PEEP >15

- PaO2
 <55 torr or SpO2

 <88%
- FiO2

 ≥0.70

Definitions:

LPVS failure criteria:

General failure criteria:

Patient with ARDS

Use a basic LPVS

If failing, address asynchrony
issues and consider: RMs,

Prone, iNO (if cardiac)

If failing, consider PCIRV

No

Yes

Yes

No

Yes
Failing?

Consider
APRV

Consider iNO

If failing, consider HFOV

If failing, consider ECMO

No

Spont breathing?

Failing?

Recently, a simple extracorporeal CO2 removal (ECCO2R) device was 
developed (Decap, Hemodec, Salerno, Italy) that is a modification of a 
standard continuous VV hemofiltration system equipped with a mem-
brane oxygenator, using a single double-lumen cannula for the venous 
access. Blood flow is via a nonocclusive roller pump. Blood circulates 
through a membrane oxygenator then through a hemofilter. The ultra-
filtrate from the hemofilter is recirculated into the pre-gas exchanger 
blood, increasing CO2 removal. There are isolated case reports using this 
device, and clinical trials are proposed.34-36

■■ CANDIDATES FOR ECMO FOR RESPIRATORY FAILURE
In patients who have acute and severe respiratory failure and hypoxemia 
that fail all advanced modes of mechanical ventilation the use of ECMO is 

an option. ECMO is a proven modality for treatment of severe respiratory 
failure in the neonate37,38 and has increased since its inception.39 For 
infants, pediatric, and adult patients with severe ARDS, ECMO has pro-
duced respective survival rates of 85%, 74%, and 52%.40 The indications 
for ECMO for adult respiratory failure are listed in Table 53-3. Referral 
to an ECMO center should occur early if there is a suspected need for this 
technology. This will allow safe transport of the patient and avoidance of 
the “crash on” with all of its inherent complications.

The technique of ECMO for patients with severe respiratory fail-
ure involves a veno-venous or veno-arterial life support circuit with a 

ap <0.05 in comparison with pre-iLA.
bp <0.01 in comparison with pre-iLA.
cp <0.05 in comparison with 2 hours after insertion.
dp <0.01 in comparison with 2 hours after insertion.

Modified with permission from Brogan TV, Thiagarajan RR, Rycus PT, et al. Extracorporeal membrane oxygenation in 
adults with severe respiratory failure: a multicenter database. Intensive Care Med. December 2009;35(12):2105-2114.

  TABLE 53-2 

Pre-ILA 2 Hours After ILA 24 Hours After ILA

PaO2/FiO2 ratio, mm Hg 75 (62-130) 102 (70-127)a 110 (86-160)a

PaCO2, mm Hg 73 (61-86) 44 (36-54)b 41 (34-48)b

Arterial pH 7.23 (7.16-7.30) 7.38 (7.32-7.46)b 7.44 (7.37-7.49)b,c

iLA flow, L/min – 1.8 (1.6-2.0) 1.7 (1.5-2.0)

Pplat, cm H
2
O 35 (31-38) 34 (30-37) 30 (26-34)b

Minute ventilation, L/min 11.5 (9.3-12.5) 8.6 (6.4-10.5)b 6.6 (5.5-8.3)b,d

Variables are presented as median values (interquartile ranges).

  TABLE 53-3    Adult Respiratory Failure ECMO Criteria

Indications Contraindications

•	 <5-7 days
•	 7-10 days only if  

mechanically ventilated with 
high pressures for < 7 days

There are no absolute contraindications to ECLS, as each 
patient is considered individually with respect to risks 
and benefits. There are conditions, however, that are 
known to be associated with a poor outcome despite 
ECLS, and can be considered as relative contraindications

Pulmonary Compliance
•	 <0.5 mL/cm H

2
O/kg Mechanical ventilation at high settings (FiO

2
 >0.9, 

Pplat >30) for 7 days or more

Oxygenation
•	 PaO

2
/FiO

2
 <100 and no  

response to standard and/or  
rescue therapies for severe ARDS

•	 Shunt >30%

Major immunosuppression (absolute neutrophil  
count <400/mm3)

CNS hemorrhage that is recent or expanding

Contraindication to systemic anticoagulation

In broad terms, indications for ECMO for severe hypoxemia include belief that the disease is reversible, 
with failure of gas exchange and failure of rescue strategies.

Duration of Mechanical Ventilation
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membrane oxygenator to temporarily take over the functions of the lung. 
While on ECMO, mechanical ventilator settings are adjusted to minimize 
VILI and to maximize the recruitment to functional residual capacity 
with an algorithm that aims to normalize body physiology and minimize 
barotrauma. This algorithm used in 141 patients with respiratory failure 
referred for consideration of ECMO yielded a survival rate of 62% in 
patients with severe ARDS (median initial PaO2/FiO2 ratio of 66).41

The primary indication for use of ECMO in patients with severe 
respiratory failure is when the risk of dying from ARDS is considered 
greater than 80% despite optimal ventilator and medical management. 
This translates to a PaO2/FiO2 ratio of less than 70 on 100% oxygen.

INITIATION OF ECMO
Once the patient is considered an appropriate candidate for ECMO, the 
potential risks and complications associated with ECMO should be dis-
cussed with the patient’s legal surrogate, and written informed consent 
should be obtained. We have a template ECMO consent form available 
on our internal ECMO Web site that is printed in the ICU and then 
scanned into the patient’s electronic medical record.

When severe ARDS patients are transferred to us for possible ECMO 
evaluation, we place a right internal jugular and right femoral venous 
catheter in the event that ECMO is required, so that VV-ECMO can-
nulation can proceed expeditiously. The ECMO charge specialist is 
contacted, and an ECMO circuit and ECMO blood pack is prepared.

■■ CANNULATION
The majority of patients with severe hypoxemia are managed with 
VV-ECMO. Adult patients are typically cannulated percutaneously 
with 21 to 23 French catheters for drainage and infusion of blood. 
Percutaneous venous ECMO cannula insertion is the standard, but 
surgical cutdown is required in some circumstances. Traditional can-
nulation for VV-ECMO has been a two-cannula system with venous 
drainage from the right femoral vein and return to the right atrium 
via a right internal jugular vein cannula (Fig. 53-3). A single bicaval 
dual lumen cannula placed in the internal jugular position is preferred 
if able to be positioned appropriately, since early mobilization of the 
ICU patient is then feasible. This ECMO cannula allows simultaneous 
removal of blood from both the superior and inferior vena cavae with 
return of blood into the right atrium with minimal recirculation.

FIGURE 53-3.  Approach to veno-venous ECMO (VV-ECMO) cannulation. Left panel shows the use of two cannulae with (1) venous outflow of deoxygenated blood from the femoral venous 
cannula and inferior vena cava (IVC) and (2) inflow of oxygenated blood after it passes through the oxygenator where gas exchange takes place into the right internal jugular vein cannula. 
Right panel shows a bicaval dual-lumen cannula in the internal jugular vein extending through the right atrium with its tip in the IVC. Venous blood is withdrawn from the IVC and reinfusion of 
oxygenated blood is via a medial port in the right atrium adjacent to the tricuspid valve, delivering oxygenated blood directly into the right ventricle. (Reproduced with permission from Brodie 
D, Bacchetta M. Extracorporeal membrane oxygenation for ARDS in adults. N Engl J Med. November 17, 2011;365(20):1905-1914.)
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FIGURE 53-4.  Cannulation for VV-ECMO with 31 French bicaval dual-lumen cannula in right 
internal jugular position. Note guidewire advanced from right internal jugular vein into inferior 
vena cava, confirmed with fluoroscopy or abdominal radiograph, prior to placement of cannula.

In most adults, a 27 to −31 French bicaval dual-lumen cannula is 
percutaneously inserted with a Seldinger technique using an extended 
length guidewire (0.038 in guidewire, 100 or 210  cm length) to ensure 
that the distal port tip of the cannula is positioned in the inferior vena 
cava (Fig. 53-4) for venous drainage to the ECMO circuit with the 
oxygenator. The proximal drainage port drains blood from the superior 
vena cava. A uniquely designed medial infusion port returns blood to 
the right atrium for concentrated oxygen delivery. Optimal orientation 
of this medial infusion port is critical and we have used fluoroscopy or 
transesophageal echocardiography in some cases to ensure positioning 
and adequacy of support (Fig. 53-5).

The size (resistance) of the venous drainage cannula limits the extra-
corporeal blood flow, therefore placement of the largest cannula possible 
is ideal. Ultrasound imaging of the vein can assist in providing informa-
tion regarding the diameter of the patient’s central vein to be cannulated 
for VV-ECMO.

Veno-arterial ECMO (VA-ECMO), which provides both respiratory 
and cardiac hemodynamic support, is uncommonly required for respira-
tory failure and severe hypoxemia. But in patients with severe refrac-
tory shock requiring high-dose vasopressors (such as in severe septic 
shock), VA-ECMO may be advantageous. Blood is withdrawn from the 
venous circulation, oxygenated, and returned to the arterial circulation, 
bypassing the heart and lungs. For adults, accessing the femoral artery 
and vein is preferable, and percutaneous cannulation is usually feasible 
(Fig. 53-6). Perfusion to the ipsilateral leg will be impaired, and a reperfu-
sion cannula to ensure adequate distal circulation to the lower extremity  
may be required.42

■■ ANTICOAGULATION FOR ECMO
An initial bolus of heparin (100 units/kg) is administered before ECMO 
cannula insertion. Systemic anticoagulation with unfractionated heparin 
is commonly required during ECMO to avoid thrombus formation in 
the circuit. Anticoagulation is titrated by measurement of whole blood 

FIGURE 53-5.  Right internal jugular bicaval dual-lumen cannula for VV-ECMO. Note dark 
venous blood drained from inferior vena cava from tip of cannula, and inflow of oxygenated 
blood into heart (tricuspid valve) via side-port of cannula.
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activated clotting time (ACT) and/or serial partial thromboplastin time 
(PTT). Our current protocol is the use of a continuous heparin infusion 
to target an activated PTT of 40 to 50 seconds. However, if the patient 
is at high risk for bleeding, or has had a bleeding complication, antico-
agulation is held and reevaluated every 4 hours. We have had a number 
of patients who have had heparin held for days without circuit throm-
bosis. There is significant variability in protocols for anticoagulation 
across ECMO centers. Patients who have or develop heparin-induced 
thrombocytopenia can be managed with direct thrombin inhibitors for 
anticoagulation for ECMO.

■■ ECMO PARAMETERS (SvO2, SaO2, HEMOGLOBIN, PLATELETS)
Oxygenation and oxygen delivery are now primarily related to the 
ECMO blood flow rate through the oxygenator and this is titrated to 
achieve SaO2 >85% and SvO2 >65%. Ventilation is managed by titrating 
the sweep gas flow to remove carbon dioxide, and this is done slowly to 
avoid rapid arterial pH changes. There is significant center variability 
in hemoglobin and platelet targets on ECMO. Traditionally, ECMO was 
conducted with a high hemoglobin target to ensure adequate oxygen 
delivery in the face of relative hypoxemia, and in the CESAR Trial a 
hemoglobin target of >14 g/dL was the protocol. Our current adult 
VV-ECMO protocol targets include a hemoglobin of 10 g/dL or greater 
(increased to 14 g/dL , when unable to achieve adequate flow or reduced 
SvO2). Our platelet count target is >100,000 µL (same as CESAR trial) 
and is increased if bleeding complications occur.

■■ VENTILATOR MANAGEMENT DURING ECMO
ECMO allows for a decreasing of mechanical ventilator settings to non-
damaging “rest” levels. Ventilator settings are decreased significantly, 
dependent on the adequacy of VV-ECMO support. Lung protection 
and reduction of VILI are the primary goals. Derecruitment occurs, and 
the chest radiograph “whites out.” Optimal lung-protective ventilatory 
strategies in these patients, as in severe ARDS patients due to other 
etiologies, focus on limiting end-inspiratory plateau pressure (Pplat) to 
<28 cm H2O and tidal volumes to <6 mL/kg of predicted body weight 
with provision of optimal positive end-expiratory pressures (PEEP) 

FIGURE 53-6.  ECMO circuit configuration for VA-ECMO versus VV-ECMO. A. VV-ECMO; B. VA-ECMO, femoral cannulation; C. VA-ECMO, carotid cannulation; D. VA-ECMO, thoracic cannula-
tion. (Reproduced with permission from Gaffney AM, Wildhirst SM, Griffin MJ, Annich GM, Randomski MW. Extracorporeal life support. BMJ. November 2, 2010;341:c5317.)
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for alveolar recruitment. We have traditionally used a pressure control 
mode with peak inspiratory pressure of 20 to 25 cm H2O, PEEP 10 cm 
H2O, RR 10, and FiO2 30% (similar to CESAR trial). Tidal volume will be 
negligible at ECMO initiation, and following tidal volume increases over 
time will allow the clinician to ascertain when pulmonary compliance 
improves, in addition to clearing of the chest radiograph. More recently, 
we have allowed spontaneous ventilation modes, which allow the patient 
to be awake and improve respiratory muscle function. The ideal ventila-
tor management strategy on VV-ECMO is not known.

■■ SUPPORTIVE CARE ON ECMO
Additional treatment on ECMO is supportive care, including optimal 
mechanical ventilation, nutritional support (enteral support preferred), 
manipulation of fluid balance, source control with antimicrobial treat-
ment of sepsis, and prevention of intervening medical complications.

Conservative Fluid Management Strategy:  Diuresis to dry weight is a pri-
ority in the treatment of patients with severe hypoxemia on ECMO. We 
use continuous infusion diuretic (furosemide or bumetanide) therapy 
to achieve net negative fluid balance. If patients are unresponsive to 
diuretics or acute kidney injury and renal failure develop, we implement 
continuous renal replacement therapy in line with the ECMO circuit.

A secondary analysis of the ARDSNet tidal volume study cohort 
documented that cumulative negative fluid balance on day 4 of the study 
was associated with significantly lower hospital mortality (OR 0.50; 95% 
confidence interval [CI] 0.28-0.89; p <0.001), more ventilator-free and 
ICU-free days.43 The NHLBI ARDS Network FACCT trial (Prospective, 
Randomized, Multi-center Trial of Fluid Conservative versus Fluid 
Liberal Management of ALI and ARDS) evaluated the use of a liberal 
versus conservative fluid strategy (using diuretics to target a central 
venous pressure <4 mm Hg or PAOP <8 mm Hg) in ALI patients; it 
documented that a conservative fluid strategy resulted in a significant 
increase in ventilator-free days and a nonsignificant decrease in mor-
tality by 3%. No significant difference in the need for hemodialysis 
was identified in the conservative versus. liberal fluid management 
strategies in this clinical trial (14% vs 10%, p = 0.06), but the indications 
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for initiation of hemodialysis were not controlled in this study mak-
ing comparison difficult. A post hoc subgroup analysis of 244 surgical 
patients enrolled in the FACTT trial documented that a conservative 
fluid strategy resulted in more ventilator-free and ICU-free days, and no 
difference in mortality or renal failure.44

A small (n = 40) RCT randomized patients with ALI/ARDS and 
hypoproteinemia (serum total protein concentrations <6 g/dL) to receive 
furosemide with albumin or furosemide with placebo for 72 hours, 
titrated to fluid loss and normalization of serum total protein concentra-
tion. Albumin-treated patients had greater increase in oxygenation (mean 
change in PaO2/FiO2: +43 vs −24 mm Hg at 24 hours and +49 vs −13 mm Hg  
at day 3) with greater net negative fluid balance (−5480 vs −1490 mL at 
day 3) and better maintenance of hemodynamic stability.45 Additional 
trials are underway (comparative evaluation of albumin and starch effects 
in acute lung injury, CEASE, NCT00796419) and larger definitive clinical 
trials are warranted to confirm these preliminary findings.

■■ WEANING OFF ECMO
Once the patient’s native lung function has improved, with documenta-
tion of improved pulmonary compliance and oxygenation, the patient 
is ready to wean off ECMO. This requires a slow reduction of ECMO 
sweep, and increase in mechanical ventilation to achieve adequate ven-
tilation. We initiate recruitment with increased PEEP and mean airway 
pressure and recruitment maneuvers to improve oxygenation. The opti-
mal method for “re-recruitment” of the lung after ECMO lung rest is 
not known. We also commonly use prone positioning for recruitment of 
the posterior-dependent areas of the lungs in ARDS patients, since com-
pressive atelectasis and edema in these areas are common (Fig. 53-7). 
We have described a simple method of prone positioning that can be 
used for the ECMO patient to minimize complications.46 If the patient 
tolerates ECMO weaning, we initiate a “trial off ECMO.” The trial off 
ECMO must demonstrate adequate gas exchange on FiO2 60% with pla-
teau pressures <30 cm H2O before we consider ECMO decannulation. 
If the trial off of ECMO is successful, the ECMO cannulae are removed 
and the recovery continues. An inferior vena cava filter is placed prior 
to ECMO decannulation in patients who have had a femoral venous 

cannula in place, as IVC thrombus is common, and the patient is at risk 
for pulmonary embolus.

■■ COMPLICATIONS RELATED TO ECMO
The most frequent complication during ECMO is hemorrhage, and the 
most common sites are the cannula insertion sites, airway, intracranial 
(Fig. 53-8), and intrathoracic (Fig. 53-9) hemorrhage. Whenever pos-
sible, invasive procedures are avoided while on ECMO, including line 
placement and tube thoracostomy as they can be associated with signifi-
cant bleeding risk. Intracranial hemorrhage is often a fatal hemorrhagic 
complication, and occurs in 10% to 15% of patients with ARDS on 
ECMO. The vast majority of the deaths in the Australia/New Zealand 
H1N1 ECMO series were related to intracranial hemorrhage. Surgical 
procedures, including tracheostomy, can be performed on ECMO, but 
they require cessation of anticoagulation and strict hemostatic tech-
niques using electrocautery.

FIGURE 53-7.  Use of prone positioning in ECMO for lung recruitment.

FIGURE 53-8.  ECMO Complications—spontaneous intracranial hemorrhage in two adult patients resulting in death.
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  TABLE 53-4   � ECMO in Adult Patients With Acute Respiratory Failure—Clinical 
Features and Outcomes Over Two Decades

Pre-ECMO Variable 1986-1991 1992-1996 1997-2001 2002-2006 p Value

N 52 304 517 600 –

Survival, n (%) 19 (40) 153 (50) 268 (52) 301 (50) <0.001

Age (years), 
Median (IQR)

25 (19-35) 31 (21-43) 36 (22-49) 37 (23-51) 0.001

Weight (kg) 60 (56-77) 61 (50-75) 74 (60-90) 75 (63-90) 0.001

Hours of ventilation, 
Median (IQR)

72 (12-192) 120 (30-192) 55 (18-143) 42 (17-139) 0.02

Cardiac arrest, n (%) 0 5 (2) 43 (8) 60 (11) <0.001

SaO2 (%) 87 (52-98) 87 (76-91) 87 (77-92) 86 (77-92) 0.62

FiO2 100 100 100 100 0.49

Inhaled nitric oxide 0 2 (1) 71 (14) 118 (20) <0.001

High frequency 
ventilation

0 4 (1) 16 (5) 50 (9) 0.09

VV mode, n (%) 4 (44) 29 (69) 301 (72) 419 (72) 0.32

ECMO duration (h), 
Median (IQR)

192 (84-323) 150 (86-319) 166 (86-301) 144 (67-259) 0.94

Modified with permission from Brogan TV, Thiagarajan RR, Rycus PT, et al.  Extracorporeal membrane 
oxygenation in adults with severe respiratory failure: a multicenter database. Intensive Care Med. 2009, 
Dec;35(12):2105-2114.

EXTRACORPOREAL LUNG SUPPORT  
IN SPECIFIC INDICATIONS

■■ ECMO IN ARDS AND OUTCOMES
In a series of 255 adult patients who were placed on ECMO for severe 
ARDS refractory to all other treatment strategies, 67% were weaned off 
ECMO and 52% survived to hospital discharge.47 Multivariate analysis 
identified the following pre-ECLS variables as significant independent 
predictors of mortality: (1) higher age, (2) female gender, (3) lower arte-
rial pH; arterial blood pH ≤7.10, (4) lower pre-ECMO PaO2/FiO2 ratio, 
(5) increased pre-ECMO Days of mechanical ventilation. None of the 
patients who survived ECLS required permanent mechanical ventila-
tion or supplemental oxygen therapy. Patients who can be successfully 
decannulated from ECLS had a 77% chance of being discharged from 
the hospital and going on to complete recovery.

An analysis of 1473 adult ECMO patients with respiratory failure  
from the Extracorporeal Life Support Organization (ELSO) registry from  
1986 to 2006 (Table 53-4) provides outcome data.48 Median PaO2/FiO2 
ratio pre-ECMO was 57, with interquartile range of 46 to 75. Survival 
among this cohort of adults was 50% and most patients (78%) were sup-
ported with VV- ECMO. Advanced age, increased duration of mechani-
cal ventilation prior to ECMO, diagnosis and complications while on 
ECMO were associated with increased mortality. This report identified 
some interesting trends with the use of ECMO in adults with respira-
tory failure over the last 20 years. These include increased age, reduced 
hours of ventilation pre-ECMO, increased use of high frequency venti-
lation and inhaled nitric oxide (NO) pre-ECMO, and increased use of 
VV-ECMO. Survival has remained at approximately 50% since 1992. 
Interestingly, there has been increasing ECMO use for broader indica-
tions, including the use of VV-ECMO for respiratory support as a bridge 
to lung transplantation, documented by some centers with a 1-year 
survival of 68%.49

A long-term (>1 year) follow-up study reporting on pulmonary 
morphology, function and health-related quality of life of 21 survivors 
with severe ARDS and ECMO, was published.50 The majority of patients 
had residual lung parenchymal changes suggestive of fibrosis on high-
resolution computed tomography of the lungs. However, the extent of 

morphologic abnormalities was limited and without the typical anterior 
localization, and was presumed to indicate ventilator-associated lung 
injury. Pulmonary function tests confirmed low-normal values with 
some subclinical obstruction noted. Most patients had reduced quality 
of life, but had fewer respiratory symptoms compared to conventionally 
treated patients with ARDS as reported in previous studies. The majority 
were integrated in normal work, physical and social functioning.

A more recent report from the ELSO registry (Table 53-5) in 2014 
confirmed 5146 adult patients received ECMO for respiratory failure, 
with an overall survival to hospital discharge rate of 56%.

FIGURE 53-9.  ECMO Complication—hemothorax in young female with severe community-acquired pneumonia, required thoracotomy for evacuation, no further bleeding events.
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180 patients. Of the 90 conventional treatment patients, 41 survived. 
Of the 90 ECMO patients, 5 died before or during transport to the 
ECMO center, 17 improved on the management algorithm, and 68 
patients (75%) received ECMO. Six-month survival without disability 
was 63% (57/90) of patients in the ECMO group compared to 47% 
(41/90) in the conventional management group (relative risk [RR] 0.69;  
95% CI 0.05-0.97, p = 0.03). The authors concluded that management 
of ARDS with a standardized algorithm including ECMO in an expert 
center resulted in better survival than the best care in other centers in 
the United Kingdom.

■■ META-ANALYSIS OF ECMO TRIALS FOR ARDS
A recent systematic review and meta-analysis examined studies of 
ECMO in adult acute respiratory failure reporting mortality rates for 
at least 10 patients in ECMO and non-ECMO groups. Three RCTs 
(including the CESAR trial) and three cohort studies were identified. 
Meta-analysis of the three RCTs revealed significant heterogeneity in 
risk of mortality, with a summary risk ratio of 0.93 (95% CI, 0.71-1.22).53

The authors of this meta-analysis concluded that: “There is insuf-
ficient evidence to provide a recommendation for ECMO among 
patients with respiratory failure resulting from influenza. However, 
clinicians should consider ECMO within the context of other sal-
vage therapies for acute respiratory failure.” They recommended the  
following:

•• For clinicians at hospitals that do not have an ECMO program, it 
would be advisable
•• To establish institutional guidelines to identify ECMO-eligible 

patients in a timely manner
•• To establish a relationship with an ECMO-capable institution to 

facilitate safe interhospital transport of these potentially salvage-
able patients

•• To be familiar with the general guidelines for extracorporeal 
life support cases and H1N1 cases in particular provided by  
the ELSO

•• Future studies are needed to define the optimal use of this potentially 
life-saving intervention.

The accompanying editorial54 to this meta-analysis reviewed that data 
from the ELSO registry have provided important information regarding 
ECMO outcomes, and concluded the following:

•• ECMO support is a reasonable therapy for patients who do not 
respond to conventional care.

•• Transfer these patients to an ECMO-capable ARDS referral center 
with special expertise.

•• Rescue therapies such as inhaled NO, prone positioning, high-
frequency oscillatory ventilation (HFOV), steroids in ARDS have no 
better proof that they are superior to conventional care in adults with 
ARDS, but clinicians often use them.

•• All ECMO patients should be reported to ELSO.
•• There are >40,000 patients currently in the ELSO registry.

Let us look carefully at the results of the three human ECMO RCTs 
(Table 53-6).

The first ECMO RCT was published in 1979 with mortality rates 
greater than 90% in both groups, used VA-ECMO, and had many other 
issues that make it not relevant to current ECMO practice.55

In 1994, a second ECMO RCT was performed using an extracor-
poreal circuit for carbon dioxide removal in conjunction with an 
alternative mode of ventilation (pressure-controlled, inverse-ratio ven-
tilation), which focused on optimizing oxygenation, and confirmed no 
significant difference in mortality. This single-institution study did not 
provide VV-ECMO, had little experience with the technique, frequent 

■■ ECMO OUTCOMES IN ARDS
In a review and quantitative analysis, Chalwin and colleagues51 exam-
ined the role of ECMO for ARDS. An electronic search revealed two 
randomized controlled trials (RCTs) and three noncontrolled trials. 
Bayesian analysis on the two RCTs produced an odds ratio mortality of 
1.28 (CI 0.24-6.55) showing no significant harm or benefit. Pooling was 
not possible for the noncontrolled studies because of differing admission 
status and ECMO selection criteria and an inability to control for these 
differences in the absence of individual patient data. A large number  
(n = 35) of case series have been published with generally more positive 
results. The authors concluded that ECMO, as rescue therapy for ARDS, 
appears to be an unvalidated rescue treatment option. Analysis and 
review of trial data did not support its application; however, the body of 
reported cases suggests otherwise.

■■ THE CESAR TRIAL
The CESAR (Conventional Ventilatory Support versus ECMO for 
Severe Adult Respiratory Failure) Trial was a multicenter prospective 
randomized trial performed in the United Kingdom in adults (n = 180) 
with severe, but potentially reversible, acute respiratory failure, defined 
as Murray score >3 or pH <7.20.52 Exclusion criteria were high pressure 
(>30 cm H2O of peak inspiratory pressure) or high FiO2 (>0.8) ventila-
tion for more than 7 days; intracranial bleeding; any other contraindica-
tion to limited heparinization; or any contraindication to continuation 
of active treatment. The primary outcome measures included death or 
severe disability at 6 months after randomization or before discharge 
from hospital.

The study was planned to enroll 300 patients randomly allocated to 
consideration for treatment by an algorithm that could include ECMO 
or to receive conventional management. The conventional mechanical 
ventilation arm of the trial was managed as follows: “Conventional 
ventilatory support can include any treatment modality thought 
appropriate by the patient’s intensivist (excluding ECMO). Intensivists 
had full discretion to treat patients as they thought appropriate, but 
it was recommended that they adopt a low-tidal-volume ventilation 
strategy.” But the details of compliance with lung-protective ventila-
tion in the control cohort were not reported. Patients in the ECMO 
arm were transferred to the ECMO center at Leicester for protocol 
management and ECMO if needed. Analysis was by intention to 
treat. The study was stopped by the DSMB for effectiveness after 

  TABLE 53-5   � ECMO Outcomes From the Extracorporeal Life Support 
Organization (ELSO) Registry

Total Patients Survived ECLS Survived to DC or Transfer

Neonatal

  Respiratory 27,007 22,782 84% 20,093 74%

  Cardiac 5,425 3,339 62% 2,206 41%

  ECPR 980 626 64% 388 40%

Pediatric

  Respiratory 6,149 4,034 66% 3,496 57%

  Cardiac 6,784 4,443 65% 3,388 50%

  ECPR 2,071 1,123 54% 840 41%

Adult

  Respiratory 5,146 3,317 64% 2,905 56%

  Cardiac 4,042 2,255 56% 1,636 40%

  ECPR 1,238 476 38% 355 29%

Total 58,842 42,395 72% 35,307 60%
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  TABLE 53-6    ECMO Human RCTs

Clinical Trial Critiques

VA-ECMO + ventilation 
and ventilation only in 
Severe Acute Respiratory 
Failure: A Randomized 
Prospective Study
Zapol et al.55

•	 90 patients, 9 US centres, 1974 -1977
•	 Survival <10% in both arms
•	 Criticisms:
	 1.	� VA-ECMO used (prone to microthrombi in lungs);  

standard for ARDS is VV-ECMO
	 2.	� High anticoagulation and bleeding complications
	 3.	� High-pressure ventilation used even  

during ECMO
	 4.	� Mean duration of ventilation prior to ECMO  

was 9 days—ELSO registry data show increasing 
mortality with pre-ECMO duration  
of mechanical ventilation

•	 Little ECMO experience, varying technique in different 
centers

Randomized trial of PCIRV and 
ECCO

2
R in ARDS

Morris AH et al.55

•	 PCIRV vs ECCO
2
R Adult RCT

•	 40 patients, severe ARDS (PaO2/FiO2 ratio  
63 mm Hg)

•	 One US center (LDS Hospital, Salt Lake City, Utah)
•	 1987-1991
•	 33% 30-day survival in 21 patients ECCO

2
R + LFPPV

•	 42% 30-day survival in 19 patients PCIRV
•	 P = 0.8, no significant difference
•	 Little previous experience in center with technique in 

humans
•	 High-pressure ventilation before and during ECCO

2
R 

(PEEP >20, peak inspiratory pressures 45-55 cm H
2
O)

•	 Frequent severe bleeding complications (leading to  
discontinuation of ECCO

2
R in 7/19 cases)

CESAR Trial
Peek GJ et al.52

•	 ECMO vs standard care (conventional ventilation)  
adult RCT

•	 180 patients with severe but potentially reversible 
acute respiratory failure

•	 Only 76% of randomized patients received ECMO
•	 Lung-protective low-tidal-volume ventilation was not 

mandated in standard care cohort; only 70%  
received this

•	 Greater 6-month survival without disability in ECMO 
cohort (RR 0.69, 95% CI 0.05-0.97)

•	 Difficult to separate effect of ECMO vs experienced 
team in a single specialized center

None of these studies compares ECMO to lung-protective ventilation.

bleeding complications, and used high-pressure ventilation during 
extracorporeal support.56

The third ECMO RCT, the CESAR trial, discussed in detail above, 
was critiqued for two reasons: (1) only 76% of the randomized patients 
in the ECMO cohort received ECMO, and (2) lung-protective low-tidal-
volume ventilation was not mandated in the standard care cohort, and 
only 70% received it. Furthermore, it is difficult to separate the effect 
of ECMO versus the ICU care provided by an experienced specialized 
team in a single specialized center with regard to the improved outcomes 
seen in the ECMO cohort. Finally, none of these three RCTs compared 
ECMO with a lung-protective pressure- and volume-limited mechani-
cal ventilation strategy, which has now become the standard of care for 
patients with ARDS. Given these limitations, a new ECMO adult trial is 
being initiated.

Based on the published evidence to date, insurance companies have 
established clinical policies for the “medically necessary” use of ECMO 
in children and adults. ECMO for Children and Adults: http://www.
aetna.com/cpb/medical/data/500_599/0546.html.

Aetna considers ECMO and extracorporeal life support (ECLS) medi-
cally necessary for children and adults with any of the following diagnoses 
when the risk of death is very high despite optimal conventional therapy.

	 1.	 Acute respiratory distress syndrome (ARDS)
	 2.	 As a short-term (ie, hours to a few days) bridge to heart, lung or 

heart-lung transplantation
	 3.	 Following heart surgery to ease transition from cardiopulmonary 

bypass to ventilation
	 4.	 Non-necrotizing pneumonias (both bacterial and viral)
	 5.	 Primary graft failure after heart, lung or heart-lung transplantation
	 6.	 Pulmonary contusion
	 7.	 Refractory pediatric septic shock
	 8.	 Other reversible causes of respiratory or cardiac failure (eg, myocar-

ditis) that is unresponsive to all other measures.

Aetna considers ECMO for children and adults experimental and 
investigational for all other indications because of insufficient evidence 
of its safety and effectiveness.

■■ EOLIA ECMO TRIAL
A multicenter ECMO trial in adult severe ARDS is just underway, 
entitled ECMO to rescue Lung Injury in severe ARDS (EOLIA, Alain 
Combes MD, Principal Investigator, France). The inclusion criteria 
and randomization scheme and primary outcome measure are in 
Figure  53-10. The primary endpoint is to achieve, with ECMO, sig-
nificantly lower mortality on day 60. This study aims to enroll patients 
with severe ARDS, and the control arm has specific guidelines for 
lung-protective mechanical ventilation with assist-controlled ventilation 
mode, Vt set at 6 mL/kg of ideal body weight and PEEP set so as not to 
exceed a plateau pressure of 28 to 30 cm H2O. In the case of refractory 
hypoxemia, the usual adjunctive therapeutics can be used: inhaled NO, 
prone position, HFOV, and/or almitrine infusion. A cross-over option 
to ECMO will be possible in the case of refractory hypoxemia defined 
as blood arterial saturation SaO2 <80% for >6 hours, despite mandatory 
use of recruitment maneuvers, and inhaled NO/prostacyclin and if tech-
nically possible a test of prone position, and only if the patient has no 
irreversible multiple organ failure and if the physician in charge of the 
patient believes that this could actually change the outcome.

ECMO AND 2009 INFLUENZA A (H1N1) SEVERE ARDS
Severe respiratory failure (including acute lung injury [ALI]) and 
ARDS57 in patients with 2009 H1N1 Influenza pulmonary infection 
has been described worldwide.58-65 A common feature of these patients 
is severe hypoxemia, ARDS, and an inability to achieve adequate oxy-
genation with conventional ventilation modalities commonly used in 
the treatment of severe ARDS. In addition, high case fatality rates have 
been reported, with multiple organ failure as the leading cause of death.

Our case series of ICU patients with severe 2009 H1N1 Influenza 
virus infection and ARDS in Michigan reported in June 2009 docu-
mented the use of a number of rescue therapies for the treatment of 
severe hypoxemia in these patients. 57

Most patients who died from 2009 H1N1 Influenza did so as a result 
of unrelenting hypoxemic respiratory failure. Hypoxemia was identified 
as an independent risk factor for mortality in the report from Mexico, 
documenting a median PaO2 : FiO2 ratio of 164 (range 87-250) in patients 
who survived (n = 11) compared to 53 (range 46-107) in patients who 
died (n = 7), with hazard ratio for death 0.95 (95% CI 0.91-0.99, p value 
0.02). Consideration of rescue therapies for refractory hypoxemia is 
therefore fully warranted.66

ECMO support has been used as a treatment for severe respiratory 
failure due to 2009 H1N1 Influenza in the United States 57 and world-
wide, but US multicenter data on its efficacy is not yet available. The 
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Australian and New Zealand Intensive Care (ANZIC) study on critical 
care services and 2009 H1N1 Influenza in Australia and New Zealand 
reported clinical characteristics and outcome of 722 patients with con-
firmed H1N1 infection who were admitted to an ICU. Data on the use 
of mechanical ventilation in the ICU were available for 706 patients; 
of these 456 (64%) underwent mechanical ventilation for a median of  
8 days, and 53 (11.6%) of these patients were subsequently treated with 
ECMO, representing 2.1 patients per million inhabitants.67 Overall mor-
tality rate was 14.3% (103 of 722 patients) with median treatment in the 
ICU of 7.0 days (IQR 2.7-13.4).

During the recent H1N1 influenza A pandemic, one-third of 
patients admitted to the ICU with severe respiratory failure required 
ECMO. The recent case series report of all patients (n = 68) with 2009 

H1N1 influenza–associated ARDS treated with ECMO in 15 ICUs in 
Australia and New Zealand between June 1 and August 31, 2009 docu-
mented a 21% mortality rate.68 During the study period, 194 patients 
with either confirmed 2009 H1N1 influenza or influenza A not sub-
typed were admitted to the participating ICUs requiring mechanical 
ventilation, and 61 patients (31.4%) were treated with ECMO. Before 
ECMO, patients had severe hypoxemia despite advanced mechanical 
ventilatory support with a median (IQR) PaO2/FiO2 ratio of 56 (48-63),  
PEEP of 18 (15-20) cm H2O, and an ALI Murray score of 3.8 (3.5-4.0). 
All of the patients fulfilled the ARDS severity criteria for enrollment 
in the CESAR trial of ECMO treatment. Interestingly, approximately 
15% of these patients were pregnant or postpartum, the largest case  
series of such patients in the literature. Median (IQR) duration of 

Inclusion criteria

1. Severe ARDS defined according to usual criteria, and
2. Meeting one of the three following criteria of severity:
    a. PaO2

/FiO2 ratio <50 mm Hg with FiO2
 ≥80% for >3 hours, despite

         optimization of mechanical ventilation and despite possible recourse to
        usual adjunctive therapies (NO, recruitment maneuvers, prone position,
        HFO ventilation, almitrine infusion) OR
    b. PaO2

/FiO2
 ratio <80 mm Hg with FiO2

 ≥80% for >6 hours, despite
        optimization of mechanical ventilation and despite possible recourse to
         usual adjunctive therapies (NO, recruitment maneuvers, prone position,
         HFO ventilation, almitrine infusion) OR
    c. pH <7.25 for > 6 hours (RR increased to 35/min) resulting from MV
        settings adjusted to keep Pplat ≤32 cm H2O (first, VT reduction by steps of
        1 to 4 mL/kg then PEEP reduction to a minimum of 8 cm H2O
3. Obtain patient’s consent or emergency consent

Control conventional treatment arm

Randomization

Experimental treatment arm

– Conventional management of ARDS
– Ventilatory settings: volume-assist control
mode, VT6 mL/kg of ideal body weight and
PEEP adapted so as not to exceed plateau
pressure of 28-30 cm H2O
– In the case of refractory hypoxemia, the usual
   adjunctive therapeutics can be used: NO,
   prone position, HFO ventilation,
   almitrine infusion
– Cross-over option to ECMO possible if
refractory hypoxemia defined as SaO2

 <80%
for >6 hours, despite mandatory use of
recruitment maneuvers, and inhaled
NO/prostacyclin and if technically possible a
test of prone position. 

– Venovenous ECMO will be started as rapidly
   as possible
– Mechanical ventilation settings: volume-
assist control mode, FiO2

 30%-60%, PEEP ≥10 cm
H2O, VT lowered to obtain a plateau pressure
≤20 cm H2O, RR 10-30/minute or APRV mode
with high pressure level ≤20 cm H2O an low
pressure level ≥10 cm H2O
– ECMO weaning according to protocol

FIGURE 53-10.  EOLIA multicenter ECMO trial in adult severe ARDS, inclusion criteria, treatment groups, and outcome measures. ECMO to rescue Lung Injury in severe ARDS (Used with 
permission of Alain Combes MD, Principal Investigator, France). 

Primary endpoint: all-cause mortality at Day 60

Secondary outcomes:

  – Mortality at D30 and D90, in the ICU and in-hospital
  – Number of days, between inclusion and D60, alive without mechanical ventilation, without hemodynamic support and without organ failure
  – Number of patients developing pneumothorax between D1 and D60
  – Number of infectious, neurological, and hemorrhagic complications
  – Duration of mechanical ventilation, and ICU and hospital stays
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as a bridge to and support for pulmonary thromboendarterectomy or 
catheter-directed thrombolysis in some cases.75-79 A report of 21 patients  
with massive pulmonary emboli who received ECMO (most were 
VA-ECMO support) reported an overall survival rate of 62%, with a 
mean duration of ECMO support of 5.4 days.80

■■ AMBULATORY ECMO
VV-ECMO is now being used as a therapeutic option to bridge patients 
with advanced lung disease to lung transplantation, avoiding the use of 
mechanical ventilation and allowing aggressive physical rehabilitation.81-84  
Early application of VV-ECMO soon after development of acute 
respiratory failure requiring mechanical ventilation in these patients is 
key.85,86 This strategy has been enabled by the introduction of the bica-
val dual-lumen ECMO cannula placed via the internal jugular vein. In 
a review of the first 10 patients treated at a single institution with this 
strategy, the mean ECMO duration was 20 (9-59) days, with average 
mean blood flows of 3.5 (1.6-4.9) L/min, and levels of CO2 removal 
and O2 transfer of 228 (54-570) mL/min and 127 (36-529) mL/min,  
respectively. Six of 10 patients were weaned from respiratory sup-
port (n = 4) or underwent transplantation (n = 2) and survived to 
discharge from the hospital. The remaining 4 patients died of sepsis 
(n = 3) and withdrawal of care after renal failure (n = 1). Four of 
the 6 surviving patients were extubated and ambulatory while still  
on ECMO.

■■ ECMO GUIDELINES
The ELSO was established in 1989, and the ELSO data registry was 
established in 1984 (http://www.elso.med.umich.edu/). This registry 
has been vital in advancing the clinical use of ECMO and determina-
tion of ECMO outcomes. Currently, 141 centers contribute data to the 
ELSO ECMO registry. The ELSO Web site also contains management 
guidelines, references, training and education materials, and a member 
list with contacts. The ELSO ECMO guidelines (General and Patient-
Specific) are available from the ELSO Web site and contain important 
and complete information regarding initiation and maintenance of 
ECMO support through decannulation and discontinuation of ECMO 
(http://www.elso.med.umich.edu/guide.htm).

mechanical ventilation before initiation of ECMO was 2 (1-5) days. 
The initial mode of ECMO was veno-venous in 93% and veno-arterial 
in 7% of patients. Median (IQR) duration of ECMO support was  
10  (7-15) days. Hemorrhagic complications occurred in 54% of 
patients, most commonly at the ECMO cannulation sites. At the time 
of reporting, 48 of the 68 patients (71%; 95% CI 60%-82%) survived to 
ICU discharge, of whom 32 survived to hospital discharge. Fourteen 
patients (21%; 95% CI 11%-30%) had died and 6 remained in the ICU, 
2 of whom were still receiving ECMO. The patients treated with ECMO 
had longer duration of mechanical ventilation (median [IQR], 18 [9-27]  
vs 8 [4-14] days; p = .001), ICU stay (median [IQR], 22 [13-32]  
vs 12 [7-18] days; p = .001), and greater ICU mortality (14 [23%] vs 
12 [9%]; p = .01).

A report from France of the use of ECMO in patients with H1N1-
related ARDS documented that mean duration of ECMO support was  
12 ± 14 days (3-47 days) with a survival rate of 83.3% with a mean 
follow-up period of approximately 14 months. These patients had severe 
hypoxemia with a mean PaO2 of 57 (range 41-74) on FiO2 1.0. The patients 
who died on ECMO support had refractory septic shock.69

In comparison, the University of Utah reported experience in 47 patients  
with 2009 Influenza A (H1N1), 30 patients with ARDS. Eighty-three 
percent of the 47 patients survived, including 73% of patients with 
ARDS, without use of rescue ARDS therapies such as inhaled NO or 
epoprostenol, prone positioning, HFOV, or ECMO.70

A recent report compared outcomes of H1N1-related ARDS patients 
referred and transferred for ECMO with a matched cohort who were 
not referred for ECMO.71 Of 80 ECMO-referred patients, 69 received 
ECMO (86.3%) and 22 died (27.5%) prior to discharge from the hospital.  
From a pool of 1756 patients, there were 59 matched pairs of ECMO-
referred patients and non-ECMO-referred patients identified using 
individual matching, 75 matched pairs identified using propensity 
score matching, and 75 matched pairs identified using GenMatch 
matching. The hospital mortality rate was 23.7% for ECMO-referred 
patients versus 52.5% for non-ECMO-referred patients (RR, 0.45 [95% 
CI 0.26-0.79]; p = .006) when individual matching was used; 24.0% 
versus 46.7%, respectively (RR, 0.51 [95% CI 0.31-0.81]; p = .008) 
when propensity score matching was used; and 24.0% versus 50.7%, 
respectively (RR, 0.47 [95% CI 0.31-0.72]; p = .001) when GenMatch 
matching was used. The authors concluded that for patients with 
H1N1-related ARDS, referral and transfer to an ECMO center was 
associated with lower hospital mortality compared with matched non-
ECMO-referred patients.

■■ ECMO IN TRAUMA
Adult trauma patients with severe multisystem injury are at risk for 
severe hypoxemia, and in those patients who do not respond to standard 
and rescue strategies for severe hypoxemia, ECMO is increasingly being 
used.72 A report of 10 adult trauma patients (mean age 32 ± 14 years, 
mean injury severity score 73 ± 14, PaO2/FiO2 47 [36-90], all requiring 
vasopressors) underwent heparin-free ECMO for a mean duration of  
5 days with a 60% survival rate (Fig. 53-11).73

ECMO was also used for the first time in combat evacuation for a 
22-year old US Army soldier wounded in Afghanistan, suffering from 
gunshot wound to the chest that required damage-control thoracotomy 
with clamping of the hilum of the right lung, resulting in severe hypoxemia.  
The Landstuhl Regional Medical Center’s Lung Rescue Team flew to the  
combat support hospital and performed ECMO cannulation, and 
then transported him on VV-ECMO via aeromedical evacuation from 
Afghanistan to Germany. He required right pneumonectomy and 
ECMO support for 24 days, but recovered fully.74

■■ ECMO FOR PULMONARY EMBOLI
ECMO is increasingly being used in patients with severe hypoxemia and 
hemodynamic instability related to massive pulmonary embolus, and 

FIGURE 53-11.  ECMO use in severe trauma. Miniaturized ECMO device (PLS-Set, MAQUET 
Cardiopulmonary AG, Hechingen, Germany). (1) Gas exchange membrane; (2)  Centrifugal 
pump; (3) Control unit; (4) Heat exchange unit; (5) Pre- and post-membrane pressure displays. 
(Used with permission of J Crumley, University of Iowa.)  
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Acute-on-Chronic 
Respiratory Failure
Ivor S. Douglas

54
C H A P T E R

KEY POINTS

•• Acute-on-chronic respiratory failure (ACRF) occurs when often 
minor, although commonly multiple, insults cause acute deteriora-
tion in a patient with chronic respiratory insufficiency.

•• ACRF is usually seen in patients known to have severe chronic 
obstructive pulmonary disease (COPD), but occasionally it mani-
fests as cryptic respiratory failure or postoperative ventilator 
dependence in a patient with no known lung disease.

•• The wide variety of causes of ACRF may be compartmentalized into 
causes of incremental load, diminished neuromuscular competence, 
or depressed drive, superimposed on a limited ventilatory reserve.

•• Intrinsic positive end-expiratory pressure (PEEPi) is a central 
contributor to the excess work of breathing in patients with ACRF.

•• The most important therapeutic interventions are administra-
tion of oxygen, bronchodilators, corticosteroids, and noninvasive 
positive-pressure ventilation (NIV).

•• NIV can be used in most patients to avoid intubation and has been 
shown to improve survival.

•• The decision to intubate a patient with ACRF benefits from clinical 
judgment and a bedside presence. Hypotension and severe alkale-
mia commonly complicate the immediate periintubation course, 
but they are usually avoidable. However, delaying intubation when 
NIV is ineffective may worsen outcomes.

•• Ventilator settings should mimic the patient’s breathing pattern, 
with a modest respiratory rate (eg, 20/min) and small tidal volume 
(eg, 450 mL); some positive end-expiratory pressure (eg, 5 cm H2O) 
should be added.

•• Prevention of complications such as gastrointestinal hemorrhage, 
venous thrombosis, and nosocomial infection is a crucial compo-
nent of the care plan.

•• The key to liberating the patient from the ventilator is to increase 
neuromuscular competence while reducing respiratory system load.

•• In selected patients, extubation to NIV despite failed spontaneous  
breathing trials reduces ventilator and ICU days and further 
improves survival.

In the past three decades, mortality from chronic obstructive pulmo-
nary disease (COPD) has risen dramatically,1 making chronic lower 
respiratory disorders the third leading cause of death in the USA in 
2009.2 COPD was fifth internationally in 2002 and projected to be 
the fourth leading cause of mortality by 2030.3 Compared with people 
with normal lung function, subjects with severe COPD (FEV1 <50% 
predicted) followed for 22 years as part of the National Health and 
Nutrition Examination Survey (NHANES I) had a 2.7-fold increased 
risk of death (95% confidence interval [CI] 2.1-3.5) in an adjusted 
analysis.4 This trend is apparent in men and women, more prominent in 
black Americans, and clearly related to cigarette smoking. More women 
than men have died of COPD in the USA since 2000.4,5 Internationally 
COPD bears a significant morbidity and mortality burden accounting  
for 27,700 disability adjusted life years (DALYs).6 Admissions to ICUs for  
exacerbations of COPD account for a substantial portion of bed-days,7  
since these patients often require prolonged ventilatory support. Between 
1998 and 2008 in the USA, there were an average of 765,067 (95% CI 
764,360-765,773) hospitalizations for acute exacerbation of COPD of 
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which 8.1% required a period of respiratory support8; 13.2% of patients 
with respiratory failure requiring mechanical ventilation in a recent 
survey USA survey of 180,326 hospitalizations had significant comorbid 
pulmonary disease.9 In surgical ICUs, COPD is an important problem as 
well, since it is one of the more common reasons for a prolonged postop-
erative recovery. An approach to this disease is an essential component 
of the intensivist’s armamentarium.

This chapter describes the pathophysiology and management of 
patients with chronic pulmonary disease (most with COPD) who require 
intensive care for decompensation of their normally precariously balanced 
ventilatory state. This acute deterioration superimposed on stable disease 
is termed acute-on-chronic respiratory failure (ACRF). Patients may pres-
ent to the ICU with worsening dyspnea, deteriorating mental status, or 
respiratory arrest. Especially when there is a preexisting diagnosis of lung 
disease, the diagnosis of ACRF can be made easily. However, it is impor-
tant to remember that not all patients with severe COPD will have been 
so identified. In many patients with respiratory distress, congestive heart 
failure or pulmonary thromboembolism is considered first; making a cor-
rect diagnosis of ACRF requires a high index of suspicion. On occasion, 
the disease is even more occult, for example, in a postoperative patient 
who fails extubation and then is noted to have hyperinflation on the chest 
radiograph. Since optimal therapy depends on accurate diagnosis, under-
lying COPD should be part of the differential diagnosis for most patients 
with dyspnea or inability to sustain unassisted ventilation.

A severe acute exacerbation of COPD (AECOPD) is characterized 
by a sustained worsening from the stable state that is acute in onset 
and requires hospitalization.10,11 The typical symptoms are dyspnea that 
has been worsening over days, often with increased cough and sputum 
production. Physical examination typically demonstrates respiratory 
distress, accessory muscle use, a prolonged expiratory time, recruitment 
of expiratory muscles, and wheezing. As discussed below, the absence of  
respiratory distress is not necessarily reassuring and when associated 
with somnolence is a grave and ominous sign of impending respiratory 
arrest. The chest radiograph is usually abnormal, reflecting the chronic 
lung disease, but only in 15% to 20% of cases reveals an acute finding (eg, 
pneumonia, pneumothorax, pulmonary infarction, pulmonary edema) 
that results in a change of management.12 Sometimes there are indica-
tors of acute infection, such as purulent sputum, fever, leukocytosis, and 
a new radiographic infiltrate. Typical initial arterial blood gas values on 
room air show a PO2 of 35 to 45 mm Hg and a PaCO2 of 60 to 70 mm Hg. 
Comparison with values obtained when the patient is stable can be useful 
as many patients have compensated metabolic acidosis with chronically 
elevated PaCO2 at baseline. Electrocardiography (ECG) may show signs 
of right atrial enlargement or right ventricular hypertrophy and strain. 
P-wave amplitude >1.5 mm is universal in patients with AECOPD (but 
not necessarily ACRF), although classical P pulmonale (P-wave amplitude 
in leads II, III, and/or aVF >2.5 mm) is uncommon. Resolution of the 
exacerbation is associated with an amplitude reduction of approximately 
0.8 mm.13 Thus serial ECG may be useful in assessing response to therapy.

Although the short-term risk of death is high for ACRF,8 the prognosis 
for patients with ACRF is not uniformly poor, despite severe underly-
ing pulmonary impairment. In a prospective analysis of 250 admissions  
(180 patients) to an ICU for acute respiratory failure complicating COPD, 
hospital mortality was 21% and was strongly associated with the develop-
ment of extrapulmonary organ failures.14 However, more recent analyses 
of patients discharged after an episode of ACRF complicating AECOPD 
in the USA between 1998 and 2008 revealed a bimodal mortality rate. 
Chandra and colleagues reported that while mortality for patients requir-
ing intubation and MV (mechanical ventilation) remained at 22%, the 
rate for patients managed exclusively with NIV was closer to 6% in 2008, 
an approximately 50% reduction over the course of a decade.8 Six-month 
and 1-year survival following ACRF approximates 40% and 45%, respec-
tively.15,16 These rates may in part be explained by the uniform manage-
ment of ACRF patients in ICUs in North America. This is not the case 
in other regions. For example, a recent Scottish single center experience 
reported that among 275 patients treated with NIV (mean baseline pH of 

7.24 and PCO2 77 mm Hg) hospital mortality was 32% and only 5% of the 
patients received ICU level care. All-cause 1-year mortality was 55%.17

Some patients will return to an acceptable quality of life (QOL), and 
some even go back to work. In a prospective cohort of 611 ambula-
tory COPD patients, Esteban et al18 reported that when controlled for 
COPD disease severity and baseline QOL, number of hospitalizations 
for AECOPD was an independent predictor of reduced QOL in COPD; 
7% of patients required three or more admissions and experienced par-
ticularly marked deterioration in QOL over 5 years of follow-up. In a 
cohort of 1016 patients admitted with a COPD exacerbation and a PaCO2 
>50 mm Hg, 1-year survival was 47%, but only 26% of the patients rated 
their QOL as good or better when surveyed at 6 months.7

Predictors of poor survival include the underlying cause of chronic 
respiratory failure and a high BODE index19 (an integrated assessment of 
body mass index, airflow obstruction, dyspnea, and exercise capacity), older 
age,7,15,20 more than three acute exacerbations in 5 years,20 history of conges-
tive heart failure, cor pulmonale,7 presence of serious comorbid disease,21 
lower PO2 : FiO2 ratio,7 lower serum albumin level,7,15,22 chronically elevated 
PCO2

20 development of extrapulmonary organ failures,14,15 and requirement 
for >72 hours of ventilation.21 However, these indicators are not sufficiently 
refined to allow accurate prognostication in an individual patient.

As a result, critical care resource utilization and costs are substantial. 
Ely and coworkers calculated that respiratory care costs were almost 
twice as much for patients with COPD compared with non-COPD related 
respiratory failure ($2422 [$1157-$6100] vs $1580 [$738-$3322], respec-
tively; p = 0.01, $1996), despite similar ICU lengths of stay and mechani-
cal ventilation days.23 However, attributable health care costs and resource 
utilization for ACRF management are influenced strongly by prevailing 
care models. In 2008, hospital charges for patients managed for ACRF 
complicating AECOPD were approximately $35,000 if care with NIV 
alone was successful. However, costs increased to more than $100,000 if 
invasive MV was required during the hospitalization.8 Significant efficien-
cies have been reported when noninvasive ventilation is administered in 
ward-based settings24 although outcomes may be less satisfactory.17

Ideally, patients followed in the clinic with known, severe COPD will 
be encouraged to discuss with their physicians their wishes regarding 
intensive care before acute deterioration. Unfortunately, this is only 
occasionally accomplished.25 It is our approach to fully support patients 
with ACRF who believe their QOL is acceptable and have an apprecia-
tion of the burden and potential outcomes of ICU treatment,26 especially 
since most will be managed successfully with noninvasive ventilation, 
and most of those intubated will eventually be successfully liberated 
from the ventilator and survive to hospital discharge.15,16,27 On the other 
hand, when mechanical ventilation seems excessive to the patient or 
physician, defining the goals of care as the provision of comfort and 
relief from dyspnea and pain is appropriate.28 We urge clinicians car-
ing for COPD patients with compensated respiratory failure to address 
advance directives and desire for life-sustaining therapies during routine 
ambulatory clinic appointments when informed and deliberate decision 
making can be shared by the patient and their loved ones.

PATHOPHYSIOLOGY
Alveolar ventilation is maintained by the central nervous system, which 
acts through nerves and the respiratory muscles to drive the respiratory 
pump. The three subsets of ventilatory failure are loss of adequate drive, 
impaired neuromuscular competence, and excessive respiratory load. 
This concept is developed in Figure 54-1. The central nervous system 
drives the inspiratory muscles via the spinal cord and phrenic and inter-
costal nerves. Inspiratory muscle contraction lowers pleural pressure, 
thereby inflating the lungs. The pressure generated by the inspiratory 
muscles (neuromuscular competence) must be sufficient to overcome 
the elastance of the lungs and chest wall and abdomen (elastic load), as 
well as the flow resistance of the airways (resistive load). Spontaneous 
ventilation can be sustained only as long as the inspiratory muscles are 
able to maintain adequate pressure generation.29
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FIGURE 54-1.  The effects of PEEPi on work of breathing. A volume-pressure curve for the respiratory system is shown. Under normal conditions, alveolar pressure is atmospheric at end 
expiration (shown as true FRC). As transpulmonary pressure is generated by the respiratory muscles, there is a V
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external work is shown by shaded area a. With gas trapping due to airflow obstruction, FRC can become dynamically determined. In this example, the end-expiratory pressure (PEEPi) is 5 cm H
2
O, 

which raises the end-expired lung volume. Now, for the same V
t
 generation, the respiratory muscles must overcome the positive alveolar pressure (PEEPi) before flow occurs, and the work of 

breathing is increased accordingly (b + c). In addition, the V
t
 change can occur on a flatter portion of the volume-pressure curve, resulting in yet another increment in elastic load. The addition 

of continuous positive airway pressure (CPAP) in an amount to counterbalance the PEEPi has the ability to reduce the work of breathing from b + c to c only.

■■ RESPIRATORY DRIVE
Relatively few patients develop ventilatory failure from loss of drive. 
Most often this occurs in the setting of drug or alcohol overdose or 
physician-directed sedation. Typically these patients present little chal-
lenge, requiring only supportive care until the drug can be reversed or 
metabolized. One exception is the group of patients with undiagnosed 
sleep disordered breathing. Although sleep disordered breathing is no 
more common in people with mild COPD than in healthy controls,30 
many patients with chronic respiratory failure have a significant com-
ponent of central apnea often in conjunction with left ventricular or 
biventricular cardiac dysfunction. This presents with nocturnal desatu-
ration. Specific therapy directed at intensive heart failure management 
and relief of their sleep disorder, including nocturnal bilevel pressure 
support,31 adaptive servoventilation32 (a form of closed-loop pressure 
targeted ventilation used for central sleep apnea that provides breath-by-
breath adjustment of inspiratory pressure support), and supplemental 
oxygen, may be required. Far more common and difficult are patients 
who have adequate drive but have inadequate neuromuscular function, 
excessive load, or both.

In the typical AECOPD patient who is dyspneic, tachypneic, diapho-
retic, and using accessory muscles of respiration, impairment of drive 
is clearly not the cause of ACRF. When drive has been assessed in this 
setting, it is greatly elevated,33 as it is in most patients who fail to be 
“weaned” from mechanical ventilation.34 Nevertheless, there are patients 
in whom new CNS insults or drug effects contribute to respiratory 
failure. Even small doses of sedatives or narcotics may cause respiratory 
failure when superimposed on chronic ventilatory insufficiency; a care-
ful history is essential to exclude this possibility. Occult hypothyroidism 
is not rare in the elderly, particularly in women. Thyroid function testing 

should be part of the routine screening of patients with ventilatory fail-
ure attributed to decreased drive.

It has been proposed that central depression of drive contributes to 
the terminal stages of respiratory failure, irrespective of the precipitat-
ing factor. According to this “central wisdom” hypothesis, overworked 
respiratory muscles reach a threshold of loading at which point muscle 
injury results in the elaboration of inhibitory signals, which feed back to 
the CNS to reduce drive, thereby protecting the muscles from fatigue.35-37 
The relevance of this mechanism to respiratory failure remains to be 
demonstrated.

■■ LOAD-EFFORT IMBALANCE
Central to understanding the pathophysiology of ACRF in COPD is that 
respiratory muscles develop impaired force generation. This can arise 
as a result of shortening (through classical length tension relationships) 
or fatigue. In health, neuromuscular function far exceeds that neces-
sary to sustain ventilation against the normally small load. Dramatic 
increments in load (as in status asthmaticus) or decrements in strength 
(as in the Guillain-Barré syndrome) are required to cause hypoven-
tilation. In patients with COPD, however, the respiratory system  
load, as judged by the V̇O2 resp, is elevated to 17% to 46% of the total body 
V̇O2,38 owing to abnormal airway resistance from bronchospasm, airway 
inflammation, and physical obstruction by mucus and scarring and 
increased lung elastance from dynamic hyperinflation.39

Hyperinflation is particularly disadvantageous since it disproportion-
ately reduces the capacity of the muscles to produce negative inspiratory 
pressure40 and if sufficiently severe may result in neuromechanical dis-
sociation so that the patient demonstrates high neural drive, experi-
ences dyspnea but does not generate additional negative (inspiratory) 
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pressure. Patients receiving mechanical ventilation for ACRF in COPD 
typically have acute-on-chronic hyperinflation due to intrinsic PEEP41 
compounding their pre-intubation lung function impairment. This 
hyperexpansion forces the inspiratory muscles to operate in a disadvan-
tageous portion of their force-length relationship.

■■ RESPIRATORY MUSCLE FATIGUE
The role of respiratory muscle fatigue in the pathogenesis of ACRF is 
complex. Muscle fatigue is the reversible loss of force generation despite 
adequate neural stimulation. Fatigue is itself a cause of muscle weakness 
and can be short lasting (high-frequency fatigue), or long lasting (low-
frequency fatigue), which can persist for days to weeks. In healthy adults, 
experimental induction of low-frequency respiratory muscle fatigue 
does not impair maximum ventilatory42 or exercise43 performance.

However, in ACRF low-frequency fatigue may have significant 
functional consequences. To the extent that fatigue is central to the 
development of respiratory failure, it may be caused by an inadequate 
supply of nutrients, excess generation of metabolites such as lactate or 
hydrogen ion, or depletion of muscle glycogen. Evidence to support the 
importance of blood supply in the genesis of fatigue comes from studies 
of respiratory failure in animals with hemorrhagic, cardiogenic, or septic 
shock.44,45 In these animals, fatigue is hastened by circulatory insuf-
ficiency. The magnitude of blood flow to the respiratory muscles seems 
to be important beyond aerobic needs, as demonstrated in experiments 
in which flow was manipulated independently of oxygen delivery.46 
Hypoperfusion states, hypoxemia, and severe anemia have the potential 
to contribute to muscle fatigue and thereby to hasten respiratory failure.

Notably, moderately severe COPD patients do not develop low-
frequency diaphragmatic fatigue after maximal exercise effort when 
measured with nonvolitional magnetic coil–induced twitches.47,48 
Consistent with this is that low-frequency diaphragm fatigue has not 
been demonstrated in patients receiving mechanical ventilation for 
ACRF in AECOPD.49 This is not surprising given that muscle shorten-
ing protects against fatigue both in isolated models50 as well as in vivo 
in COPD.51 In addition intracellular modifications of cell type, 52 con-
tractile proteins such as titin,53 and single-fiber contractile energetics54 
would predict that, compared to other muscles, the diaphragm would be 
fatigue resistant. These cellular changes are discussed below.

By contrast, accessory muscles of respiration that are frequently 
recruited for expiration during AECOPD, including abdominal wall 
muscles, are fatigable in COPD patients during loaded exercise.55 Several 
experiments in humans indicate that the work intensity required of the 
contracting respiratory muscles, as well as their strength, are crucial 
factors determining fatigue.56 Additionally myocyte ischemia can result 
from hypotension, reduced cardiac output or “steal” of blood flow by 
other organs. Thus prolonged pathological loading from superimposed 
infection, heart failure, or other precipitants could result in sarco-
meric disruption,57 cellular acidosis, and accessory (expiratory) muscle 
fatigue58 in the face of increased respiratory system resistance.59

Through whatever combination of causes, once respiratory muscle 
force generation fails, neuromuscular competence is unable to sustain the 
mechanical load imposed on the respiratory system. The consequence is a 
rapid-shallow breathing pattern39 and ultimately failure of alveolar venti-
lation ensues. The intensivist must therefore address both the precipitant 
and resultant respiratory muscle failure for treatment to be successful.

■■ AIRFLOW OBSTRUCTION AND DYNAMIC HYPERINFLATION  
(INTRINSIC PEEP)

Airflow obstruction, compounded by decreased elastic recoil in patients 
with emphysema, leads to prolongation of expiration. When the rate of 
alveolar emptying is slowed, expiration cannot be completed before the 
ensuing inspiration. Rather than reaching the normal static equilibrium 
of lung and chest wall recoil at functional residual capacity (FRC) at 
the end of each breath, the respiratory system empties incompletely. 
Expiration terminates at this higher, dynamically determined FRC.  

At end expiration, there remains a positive elastic recoil pressure, which 
is called intrinsic positive end-expiratory pressure (PEEPi). Accordingly, 
alveolar pressure remains positive with respect to end-expiratory pres-
sure at the airway opening, such that a greater effort must be generated 
by the inspiratory muscles on the subsequent breath. Intrinsic PEEP of 
5 to 10 cm H2O is present in most, if not all, COPD patients with acute 
ventilatory failure,60-62 and PEEPi can be measured in many ambula-
tory outpatients as well.63 This adds a threshold load to spontaneous 
inspiration and, in mechanically ventilated patients, makes triggering of 
assisted breaths more difficult.64 Significant additional inspiratory muscle 
activation is required to reduce pleural pressures below PEEPi before 
pressure is reduced in the central airway to trigger a mechanical breath. 
Determinants of the magnitude of PEEPi include the degree of expiratory 
obstruction (including both patient and ventilator), elastic recoil, minute 
ventilation, and expiratory time (therefore, respiratory rate, inspiratory 
flow rate, and inspiratory flow profile). As discussed more fully below, 
counterbalancing this PEEPi with external PEEP provides a means by 
which to lower the work of breathing (or the work of triggering). The 
impact of PEEPi on the work of breathing is illustrated in Figure 54-1.

Diaphragm strength (measured by sniff esophageal pressure) in patients 
with severe but stable COPD is only two-thirds that of normal individu-
als, virtually all of this ascribable to the diaphragm position rather than to 
inherent muscle weakness.65 Still, patients presenting with ACRF may have 
not only worsening hyperinflation but also other conditions (eg, protein-
calorie malnutrition,66 steroid myopathy67) that cause intrinsic muscle 
weakness. Even when patients with severe COPD are in a state of compen-
sation, the increased load and diminished neuromuscular competence are 
precariously balanced. Only minor additional decrements in strength or 
increments in load are sufficient to precipitate inspiratory muscle fatigue 
and respiratory failure. It is this incremental deterioration in the balance 
of neuromuscular competence and respiratory system load that defines 
ACRF. Its many potential contributors are enumerated in Figure 54-2.

ADDITIONAL CAUSES OF DECREASED 
NEUROMUSCULAR COMPETENCE (SEE FIG. 54-2)

■■ FAILED NEUROMUSCULAR TRANSMISSION
In order to effect adequate ventilation, the CNS must transmit drive 
to the working muscles via the spinal cord and peripheral nerves. 
Therefore, causes of neuromuscular failure, such as spinal cord lesions, 
primary neurologic diseases, and neuromuscular blocking drugs, may 
produce ACRF. Aminoglycosides68 and procainamide69 act as mild 
neuromuscular blockers, a feature unimportant in the great majority 
of patients but relevant in those with neuromuscular diseases, such 
as myasthenia gravis. The clinical setting may be a clue to one of the 
unusual causes, such as phrenic nerve injury following cardiopulmonary 
bypass. This occult lesion may be induced by direct trauma to the nerve 
or, more indirectly, by cold cardioplegia.

■■ MUSCLE WEAKNESS
The most important causes of decreased neuromuscular competence 
and reduced force generation fall into the category of muscle weakness. 
In patients with COPD, respiratory muscle changes represent a balance 
between factors capable of impairing respiratory muscle function and 
metabolic adaptation of the diaphragm (Table 54-1).

Changes in chest wall geometry and diaphragm position are particu-
larly important and adversely affect the muscles of inspiration (diaphragm 
and intercostal muscles) and expiration (abdominal muscles). The inspi-
ratory muscles are poorly able to tolerate maximal loading that occurs 
in emphysema. Hyperexpansion forces them to operate on a disadvanta-
geous portion of their force-length curve. The piston-like displacement of 
the diaphragm is compromised and expansion of the lower thoracic cage 
is disturbed. In addition, a flattened diaphragm generates less transmural 
pressure for a given tension than the normally curved one, as described 
above. Electrolyte disturbances such as hypokalemia, hypophosphatemia,70 

section04.indd   485 1/23/2015   2:20:06 PM

http://www.myuptodate.com


PART 4: Pulmonary Disorders486

Load Strength

Phrenic nerve injury
Cord lesion
Neuromuscular blockers
Aminoglycosides
Guillain-Barré syndrome
Myasthenia gravis
Amyotrophic lateral sclerosis
Botulism

Drug overdose
Brain-stem lesion
Sleep disordered breathing
Hypothyroidism

Depressed drive

Impaired neuromuscular
transmission

Fatigue
Electrolyte derangement
Malnutrition
Hypoperfusion states
Hypoxemia
Myopathy

Muscle weakness

Sepsis
Pulmonary embolus
Hypovolemia
Excess carbohydrates

Minute ventilation loads

Pleural effusion
Pneumothorax
Rib fracture
Tumor
Obesity
Ascites
Abdominal distention

Chest wall elastic loads

PEEPi
Alveolar edema
Infection
Atelectasis

Lung elastic loads

Bronchospasm
Airway edema, secretions, scarring
Upper airway obstruction
Obstructive sleep apnea

Resistive loads

FIGURE 54-2.  The balance between the load on the respiratory system and the strength of the system determines progression to and resolution of ACRF. The central component of respira-
tory drive is an important coregulator.

  TABLE 54-1    Molecular and Structural Pathophysiology of Respiratory Muscle Impairment in COPD Patients With ACRF

Respiratory Muscle Change Impairment

Thoracoabdominal geometric changes Changes in chest wall geometry and diaphragm position resulting from hyperinflation

Respiratory muscle sarcomeric changes Deleterious shortening of diaphragm sarcomere length disturbs intrinsic sarcomeric length-tension relationship and impairs maximal 
force generation

Atrophy of thick myosin filaments Disrupted actin: myosin ratios with increase in fast fibers (Type II myosin)

Disorganization of contractile myofibrils (Z-band streaming and filament misalignment)

Inflammatory changes Deleterious effects of infection and NF-κB dependent inflammation (eg, TNF-α) on skeletal muscle and systemic organ function

Cytosolic protein changes Enhanced respiratory muscle proteolysis by activation of proteases (eg, calpain) via ubiquitin-dependent proteosomal degradation

Suppressed IGF-1/AKT-dependent protein synthesis

Oxidant/antioxidant mediator changes Reactive oxygen species generation from respiratory muscles and inflammatory cells overwhelm endogenous antioxidants (eg, catalase, 
superoxide dismutase) resulting in respiratory muscle injury

Neurologic changes Inflammatory neuropathy

Reduced neuromuscular junction excitability

Nutritional, pharmacological,  
and aging bioenergetic changes

Malnutrition, steroids, oxidant stress, insulin resistance, dysregulated sarcoplasmic calcium regulation, and aging result in reduced Type 
II muscle fibers (atrophy), depletion of glycogen, and high-energy phosphate and ketone accumulation and mitochondrial dysfunction 
leading to bioenergetic failure and impaired respiratory muscle force generation

Adapted from References 80 and 221.

and hypomagnesemia71 may potentiate muscle weakness. Disturbances of 
the myofibrillar contractile unit have been demonstrated in humans54,72 
and animal models of loaded resistive breathing that simulate ACRF. 
Disturbances of the sarcomere length/tension relationship,54 activation of 
proteolytic enzymes such as calpain that can degrade actin and intercel-
lular adhesions,73 oxidative stress,74 and elaboration of proinflammatory 
cytokines have also been proposed to play a role.75

Hypophosphatemia may be exacerbated by many of the drugs used to 
treat ventilatory failure, such as methylxanthines, β-adrenergic agonists, 
corticosteroids, and diuretics, accounting for its striking prevalence in 

COPD patients (about 20%).76 Malnutrition, present in 40% to 50% of 
hospitalized patients with emphysema,77 has been suggested to be asso-
ciated with respiratory muscle weakness,78 yet one study demonstrated 
that diaphragmatic strength was comparable between stable COPD 
patients with reduced body mass index (BMI 17.3 kg/m2) and those with 
normal BMI.79 Short-term refeeding can improve indices of respiratory 
muscle function66 and immune response.

Myopathy due to prolonged corticosteroid administration may 
contribute.67,80 Rarely, other myopathies, such as an adult variant of 
acid maltase deficiency or mitochondrial myopathy, may cause cryptic 
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the work of each breath remains constant, an increase in respiratory 
rate increases the load. Increased minute ventilation (V

.
e) requirements 

can be divided into those due to excess carbon dioxide production 
(V̇CO2) and those from worsened dead space. The first category includes 
excessive caloric intake, fever, agitation, muscular exertion (including 
shivering and respiratory distress) and hypermetabolism due to injury 
or infection. New dead space may be caused by pulmonary embolism, 
hypovolemia, PEEP (including PEEPi), or shallower breathing (which 
raises the dead space fraction, Vd/Vt). Partitioning of the lung mechanics 
into resistive and static components in the intubated COPD patient may 
be inaccurate if the end-inspiratory pause maneuver is too short and if 
there is rapid spontaneous respiratory effort.86

MULTIFACTORIAL RESPIRATORY FAILURE
In order to analyze respiratory failure in a way that facilitates manage-
ment, it is important to dissect the very complex real-life patient into 
simple components of deranged neuromuscular competence and load. 
However, the patient with ACRF due to isolated rib fracture or hypo-
kalemia is uncommon. More often, numerous contributors to both 
decreased strength and increased load are implicated. For example, a 
patient admitted with pneumonia and worsening bronchospasm may 
also have hypophosphatemia, heart failure, and malnutrition. Further, 
patients with COPD are significantly more likely to suffer from 
comorbid cardiovascular and cerebrovascular disease and diabetes 
mellitus,87 all of which can contribute to and compound acute ACRF 
in COPD. Aspiration at the time of intubation, abdominal disten-
tion related to attempts to feed enterally, and overzealous parenteral 
nutrition complete the picture of multifactorial ACRF. Although the 
situation in such a patient may seem overwhelmingly complex, we 
caution against a “shotgun” approach to evaluation and management 
of patients with multifactorial respiratory failure. Despite the tempta-
tion to provide all possible interventions for these very ill patients, a 
systematic approach to each component of respiratory failure leads 
logically to a plan for treatment.

■■ APPROACH TO THE PATIENT
Failure to aggressively treat mild to moderate acute exacerbations of 
COPD prior to the development of ACRF and other organ failure is 
associated with an increased risk of emergency hospitalization and 
delayed recovery.88 We generally urge caution in extrapolating clinical 
data from studies of respiratory failure complicating acute status asth-
maticus to ACRF from COPD; the time course, biological mechanisms 
of bronchospasm and airway inflammation as well as propensity for 
reversibility differ between these conditions. However, it is important 
to appreciate that up to a third of patients with ACRF have underlying 
reversible airway obstruction consistent with the diagnosis of asthma 
and that a tailored approach is required for those patients. The unequiv-
ocal role of noninvasive positive pressure mechanical ventilation (NIV) 
justifies its position as the cornerstone in the therapeutic approach to 
critically ill patients with ACRF (see Chap. 44). We consider NIV to be 
the “bookends” in the therapeutic library of therapy for ACRF, providing 
firm support on either end of an exacerbation of ACRF. This approach 
is discussed below but incorporates early initiation of NIV to avoid 
MV and improve survival and later use of this tool for early liberation 
from MV. We describe below three phases of management of the ACRF 
patient: early ACRF, late ACRF requiring intubation for MV, and libera-
tion from the ventilator.

Phase 1: Early ACRF:  The goals of management in the patient not yet 
intubated are to avoid mechanical ventilation when that is possible and 
to recognize progressive respiratory failure when it is not. The proven 
efficacy of NIV to decrease mortality, avert the need for intubation, 
reduce complications—specifically hospital-acquired pneumonias—and 
shorten duration of hospital stay with a favorable health economic 
impact makes this therapy one of the most important developments in 
the management of these patients, because it buys time for the physician 
to treat precipitants of ACRF and for the patient to improve.

respiratory failure due to muscle weakness. Cellular and molecular adap-
tations of the respiratory musculature differ between the diaphragm and 
the intercostal muscles. The diaphragmatic myocytes adopt an “aerobic” 
fatigue-resistant Type I phenotype with prolonged loading (Table 54-1). 
By contrast the intercostal muscles undergo relatively greater glycolytic 
adaptation to chronic loading.81

Although accessory muscle fatigue is likely to contribute to the precipi-
tation of an ACRF event, systematic evaluation has failed to demonstrate 
that low-frequency fatigue contributes to prolonged mechanical ventila-
tion and failure to liberate. For example, none of 17 “weaning-failure” 
patients developed objective fatigue (transdiaphragmatic pressure changes 
with phrenic nerve stimulation), despite three-quarters of patients having 
a diaphragmatic tension-time index (TTdi) greater than 0.15—a level 
associated with diaphragmatic fatigue by several other investigators.49

ADDITIONAL CAUSES OF INCREASED LOAD  
(SEE FIG. 54-2)

■■ INCREASED RESISTIVE LOAD
In patients with COPD, the respiratory system load is chronically elevated 
owing to abnormal airway resistance and increased elastance. The increase 
in airway resistance is caused by bronchospasm, airway inflammation, 
and physical obstruction by mucus and scarring. One common cause of 
increased flow resistance, and the one most amenable to pharmacologic 
intervention, is bronchospasm. The disease course in most patients 
with COPD includes an asthmatic component, and bronchial hyper-
reactivity to provocation may be as common in COPD as in asthma.82 
Exacerbations of bronchospasm increase resistive workload, precipitating 
ACRF. Superimposed heart failure may also cause increased airway resis-
tance, mimicking asthma (“cardiac asthma”). Upper airway obstruction is 
much less common, but since these patients frequently have a history of 
prior intubation, tracheal stenosis should be considered. Finally, sleep dis-
ordered breathing, which commonly coexists with COPD, may need to be 
excluded. Especially once the patient is intubated, clues to this underlying 
cause of dynamic upper airway obstruction (eg, snoring) may be impos-
sible to discern. In the proper setting (an obese, hypersomnolent patient), 
this possibility should be vigorously pursued. The endotracheal tube (ETT) 
itself presents a significant resistive workload, especially when a small size 
(<7.5 mm internal diameter) is chosen.83 The angulation and length of the 
tube and the presence of secretions also affect flow resistance. Additionally, 
ventilator circuit heat and moisture exchangers (“HME filters”) impose 
significantly greater dead space and tube resistance than heated humidi-
fiers in ventilated ACRF patients.84 Automatic tube compensation (ATC) 
algorithms available on some modern ventilators are designed to maintain 
airway pressure by continuously calculating pressure drop across the ETT 
during inspiration and to decrease airway pressure during82 expiration to 
maintain constant alveolar pressure. However, ATC may be insufficient  
to compensate fully for the imposed resistive load of the ETT.85

■■ INCREASED LUNG ELASTIC LOAD
Contributors to lung stiffness include pulmonary edema (cardiogenic 
and noncardiogenic), pneumonia, interstitial fibrosis or inflammation, 
tumor, and atelectasis. As noted above, bronchospasm not only causes 
increased flow resistance but simultaneously worsens the elastic load by 
augmenting PEEPi.

■■ INCREASED CHEST WALL ELASTIC LOAD
The chest wall includes the thorax, diaphragm, and abdomen. Therefore, 
obesity, rib fracture, pneumothorax, pleural effusion, ascites, chest wall 
abnormalities, and abdominal distention (see Chap. 58) contribute to 
the work of breathing. These factors are particularly relevant in the 
postoperative setting.

■■ MINUTE VENTILATION LOADS
Dividing the work of breathing into resistive and static components is 
a useful way of analyzing the effort of each breath. However, even if 
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Current guidelines recommend NIV as definitive and first-line 
therapy for COPD-related ACRF,10,89,90 particularly in patients with 
persistent hypercapnic ventilatory failure despite optimal medical 
therapy. Most centers administer NIV via a full face91 or nasal mask and 
pressure-support ventilation, although helmet interfaces, poncho wraps, 
and other ventilator modes can support NIV. For the dyspneic ACRF 
patients who preferentially mouth breathe, a full-face mask is prefer-
able to minimize oral air leakage. The full-face mask also requires less 
patient cooperation than the other interfaces. A tight-fitting mask allows 
substantial ventilatory assistance yet provides for brief periods off of the 
ventilator during which patients can speak, inhale nebulized medica-
tions, expectorate, and swallow liquids.

NIV has been systematically evaluated in several large studies. The out-
comes from these studies have been synthesized by several groups.92,93 
A Cochrane meta-analysis of 14 randomized controlled studies of 
NIV versus usual medical care (UMC) included a total of 758 patients 
with ACRF.92 Age ranged from 63 to 76 years, admission pH 7.26 to 
7.34, admission PaCO2 57 to 87 mm Hg, admission PaO2 39 to 73 mm Hg 
and FEV1 0.68 to 1.03 L. The eight largest studies enrolled 40 or more 
patients. Five studies were conducted in an ICU setting and the remain-
der in medical wards or progressive care units. Mean duration of NIV 
was 4.3 days (range, 3-10 days). The combined analysis demonstrated 
that: Treatment failure was less likely with NIV than UMC (RR 0.48; 
95% CI 0.37, 0.63) with an NNT of 5 (95% CI 4, 6) and mortality was 
reduced by 48% (RR for death 0.52; 95% CI 0.35, 0.76; NNT 10 (95% 
CI 7, 20). Notably, the mortality reduction was evident regardless of 
whether ACRF was treated in an ICU or in a general ward. Additionally, 
there was a 60% reduction in requirement for intubation with NIV, 
and rapid improvements in respiratory rate, PaCO2, and pH. Hospital 
length of stay was reduced by 3.24 days although the trend to reduced 
ICU LOS (4.71 fewer days) did not reach significance. Interestingly, 
the improvement in PaO2 was heterogeneous between studies and was 
not significantly different at 1 hour after initiation of treatment. The 
finding of another meta-analysis revealed essentially similar findings 
for survival and clinical improvement, but subgroup analysis suggested 
that the benefit was limited to patients with severe but not mild ACRF. 
This hypothesis has not been tested in a prospective, stratified fashion.94

NIV has been used for prolonged periods (more than 1 week) and has 
been shown to relieve symptoms, reduce respiratory rate, increase tidal 
volume, improve gas exchange,95 and lessen the amplitude of both the 
diaphragmatic electromyogram and the transdiaphragmatic pressure.96  
Complications of the mask have been minor and few; local skin break-
down has been attributed to the tight-fitting mask but can be avoided 
by applying a patch of wound care dressing. Only a few patients can-
not tolerate face or nasal masks, and some of these patients respond 
to judicious and carefully monitored use of anxiolytics. Aspiration of 
gastric contents has only rarely been noted in these patients, even when 
a nasogastric tube is not routinely placed; however, impaired mentation 
probably increases this risk. However, in selected patients with severe 
hypercapnic encephalopathy but stable hemodynamics, NIV may be as 
effective as in less cognitively impaired patients, although predictably, 
those patients require higher levels of inspiratory pressure support and 
prolonged ICU stays.97

Careful patient selection is essential for successful NIV in ACRF and 
is summarized in Table 54-2.98 Although a nasal mask is objectively 
as effective and well tolerated as a full-face mask,99 we typically begin 
therapy with a full-face mask. Gel-insert masks are preferable in an 
effort to prevent skin breakdown of the nasal bridge. Claustrophobia 
is quite frequent on initial application and may be effectively circum-
vented by enlisting the patient (if capable) to hold the mask lightly in 
position without securing the head-straps. Additionally, we attempt to 
use 3 to 5 cm H2O expiratory positive pressure (EPAP) only for the first 
several minutes. Thereafter, inspiratory positive pressure (IPAP) of 5 to 
8 cm H2O is delivered using a pressure limited mode on a noninvasive 
ventilator until the patient is able to tolerate the mask comfortably and 
synchronize with the ventilator.100 After applying head-straps, we aim 

to achieve an EPAP of 2 to 5 cm H2O (to counterbalance PEEPi) and 
an IPAP can be increased by 2 to 5 cm H2O every 10 minutes, to a target 
of 15 to 18 cm H2O (equivalently, 2-5 cm H2O PEEP with 13-16 cm H2O 
pressure support) to assist alveolar ventilation or patient tolerability has 
been reached.89,101 Higher pressures can sometimes be used, but they 
tend to be limited by air leak or mask discomfort. The PEEP component 
of NIV is important102 and does not usually cause incremental hyper-
inflation.103 Indeed, continuous positive airway pressure (CPAP) alone 
(without ventilatory assistance) reduces the work of breathing, improves 
gas exchange, leads to subjective benefit, and sometimes can avert intuba-
tion104-106 when applied to patients with ACRF. When PEEP was added to 
pressure-support ventilation in ventilated patients with COPD, inspira-
tory effort fell another 17%, and patient-ventilator synchrony improved.79

The use of helium-oxygen mixtures as a driving gas for NIV has 
been considered attractive because of theoretically beneficial alterations 
in gas density and reduction in resistive pressure gradients across the 
inflamed and mucus impacted respiratory tree. However, in 204 patients  
with AECOPD requiring NIV for severe dyspnea and hypercarbia (PaCO2 
>45 mm Hg), use of heliox (35% FiO2) as a driving gas was no less likely 
to be associated with requirement for intubation than air:oxygen mix-
ture with the same FiO2.107

NIV is not uniformly successful in patients with ACRF.108 Essential 
to successful patient-NIV synchrony are trigger settings for inspira-
tion, pressurization rates (rapid pressurization reduces diaphragm work 
but results in increased leak) and inspiratory-to-expiratory cycling 
(mask leaks can result in delayed cycling). These aspects are reviewed 
in detail in Chap. 44. A salutary response is typically evident within  
10 minutes of beginning NIV, as indicated by a falling respiratory 
rate and heart rate as well as by the patient’s subjective assessment. 
Occasional patients feel claustrophobic and may show objective worsen-
ing with NIV. Although we occasionally use pharmacologic anxiolytic 
therapy with success, this course has obvious attendant risks and should 
only be undertaken with appropriate safeguards.

  TABLE 54-2    Selection Criteria for NIV for ACRF

Selection Criteria

Inclusion Criteria Exclusion Criteria (any may be present)

	A.	 Appropriate diagnosis with potential 
reversibility (eg, AECOPD, acute left 
ventricular failure)

	B.	 Established need for ventilatory assistance
	 a.	 Moderate to severe respiratory distress
	 b.	� Accessory muscle use or abdominal 

paradox
	 c.	 Tachypnea >25 breaths/min
	 d.	� Blood gas derangement persistent 

despite immediate maximum 
standard medical treatment on 
controlled oxygen therapy for no 
more than 1 hour
pH <7.35, PaCO2 >45 mm Hg or  
PaO2/FiO2 <200

	C.	 Conscious and cooperative
	 a.	 Able to protect airway

	 A.	 Cardiorespiratory exclusions
	 a.	 Respiratory arrest
	 b.	 Life-threatening hypoxemia
	 c.	 Hemodynamically unstable requiring 

inotropes/pressors (unless in a critical 
care unit)

	 d.	 Undrained pneumothorax
	 B.	 Airway exclusions
	 a.	 Unable to protect airway
	 b.	 Vomiting, high aspiration risk
	 c.	 Viscous or copious secretions
	 d.	 Craniofacial trauma or fixed nasopha-

ryngeal abnormality
	 e.	 Recent facial, upper airway, or 

gastroesophageal surgery
	 f.	 Facial burns
	 g.	 Unable to fit mask
	 C.	 Neurocognitive exclusions
	 a.	 Delirium/agitation/severe cognitive 

impairment
	 D.	 Other exclusions
	 a.	 Extreme obesity
	 b.	 Patient moribund, comfort care goals 

in place

Data from Zhu GF, Zhang W, Zong H, et al. Effectiveness and safety of noninvasive positive-pressure ven-
tilation for severe hypercapnic encephalopathy due to acute exacerbation of chronic obstructive pulmo-
nary disease: a prospective case-control study. Chin Med J (Engl). December 20, 2007;120(24):2204-2209.
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A risk of NIV that is not often discussed is its potential to lull the 
physician-nurse-respiratory therapist team into a sense of comfort 
while the patient continues to worsen. Time spent trying NIV will, in 
these patients, potentially lead to a later, more urgent intubation in a 
more exhausted patient with significantly greater tissue hypoxia. This 
very real concern was corroborated by Chandra et al who reported 
an alarming increase in the frequency and mortality rates for ACRF 
patients requiring invasive MV after a trial of NIV—presumably because 
NIV was ineffective. Over the decade from 1998 to 2008 in the USA, 
approximately 5% of patients with AECOPD required transition to MV 
from NIV. However, mortality for this group increased progressively at 
a time when mortality for NIV alone patients was decreasing. By 2008, 
patients transitions to MV had a 61% higher odds of death compared 
with patients initiated on MV (95% CI 24%-109%) and startling 677% 
greater odds of death compared with patients treated with NIV alone 
(95% CI 475%-948%).8

Avoiding intubation and conventional mechanical ventilation nearly 
always depends on discerning the cause of ACRF and reversing it. 
Thus, while NIV is initiated, each of the potential causes enumerated in 
Figure 54-2 should be reviewed in light of the clinical presentation. On 
occasion, impending respiratory failure can be averted by a specific inter-
vention targeted to one precipitant, such as rib fracture (intercostal nerve 
block) or pulmonary edema (diuresis, afterload reduction). More often, 
several contributors are identified, such as worsened bronchospasm, elec-
trolyte derangement and infection. Thus treatment must be broad based.

Since NIV is intermittently but variably interrupted for patient com-
fort and nutritional intake, the approach to weaning and liberation from 
NIV has not been prospectively evaluated and requires an individualized 
but consistent approach. Weaning to liberation can be initiated if the 
patient feels symptomatically improved, pH is >7.35 and stable, there 
is progress toward resolution of underlying precipitants and respiratory 
rate during spontaneous breathing has normalized following the first  
24 hours or longer. We find that initially reducing IPAP levels by 10% to 
20% over 12 hours while retaining EPAP at 7 to 10 cm H2O is an effec-
tive first step. Many patients with significant PEEPi experience increased 
work of breathing if EPAP is reduced too rapidly. We provide periods 
of 30 to 60 minutes of spontaneous breathing with supplemental nasal 
cannula oxygen alternating with NIV for 3 to 4 hours. Periods of spon-
taneous breathing are progressively prolonged over 1 to 2 days until the  
patient is tolerating 4 to 6 hours off NIV. In up to a third of patients, the 
initial efforts to liberate can be unsuccessful. If rapid shallow breathing, 
pursed-lip breathing, or tachycardia recurs, our approach is to defer liber-
ation efforts for a further 8 to 12 hours and continue NIV or make a deci-
sion to advance to intubation (see below). Guideline recommendations 
suggest continuing NIV for 16 hours on day 2, 12 hours on day 3 includ-
ing 6 to 8 hours overnight use, and discontinuing NIV on day 4, unless 
continuation is clinically indicated.89,109 Our preference is to provide  
NIV at night for the first 2 to 3 nights after the patient is weaned.

Oxygen  Supplemental oxygen administration is a cornerstone of treatment.110  
Despite this a pervasive myth that patients with ACRF rely on hypoxic 
drive to breathe persists. Physicians are often hesitant to supply oxygen, 
fearing that patients will stop breathing, necessitating intubation. Since 
these patients are typically hypoxemic on presentation (PO2 usually 
about 30-40 mm Hg), failure to supply adequate oxygen is a potentially 
devastating treatment error. Unrelieved hypoxemia in the face of acide-
mia, fatiguing respiratory muscles, and an often failing right ventricle 
risks arrhythmia, myocardial infarction, cerebral injury, renal failure, 
and respiratory arrest.

Studies of patients with COPD have shown convincingly that V̇e is main-
tained despite treatment with even 100% oxygen,111-113 and that there is a 
retained augmentation of respiratory drive in response to hypercarbia.114  
When oxygen is given, the PCO2 typically rises, but this effect is attributed 
largely to worsened matching of ventilation and perfusion115 and the 
Haldane effect, not to hypoventilation. In one series, patients with ACRF 
had a mean initial PO2 of 38 and PCO2 of 65.116 They were then placed on 

100% oxygen, which caused a rise in the mean PO2 to 225 mm Hg, while 
the mean PCO2 plateaued at 88 mm Hg. V̇e fell by a small amount, and 
drive remained supranormal. In 12 intubated patients recovering from 
ACRF, an increase in FiO2 to 0.7 from a baseline of 0.3 to 0.4 resulted in a 
significant increase in PaO2 but no significant change in PaCO2, dead space, 
or respiratory drive measured by the P0.1 method.111

Three further studies have confirmed that worsened respiratory aci-
dosis is modest and manageable in ACRF patients receiving O2 therapy 
titrated to SPO2 of 90%.117-119 Our point is not to claim that hypoxic drive 
in patients with ACRF does not exist—it clearly does120—but to empha-
size that oxygen must nevertheless be given. High concentrations of 
inspired oxygen are not usually necessary in ACRF, unless pneumonia 
or pulmonary edema is present, since hypoxemia is due largely to secre-
tion related V̇/Q̇ mismatching, not to shunt. Nevertheless, we believe 
that the risks of oxygen therapy have been greatly overstated,121 often 
leading physicians to withhold a potentially lifesaving therapy. The goal 
of oxygen therapy is to maintain SPO2 >90% (range 88%-92%) and PaO2 
>60 mm Hg.10 This goal can usually be attained with a face mask at 30% 
to 35% or a nasal cannula at 3 to 5 L/min. A rise in PCO2 is likely, but that 
in itself is of little importance. Patients may progress to respiratory failure  
despite oxygen therapy, but not because of it. For this reason, careful  
serial assessments by the ICU team of physician-nurse-respiratory 
therapist are essential.

By contrast, there is emerging evidence that hyperoxemia in AECOPD 
patients, particularly in the pre-hospital period, is strongly associated 
with worse outcomes. In a randomized study of high-flow versus titrated 
oxygen therapy, Austin and coworkers determined that mortality was 
reduced by 78% for patients with confirmed COPD (relative risk 0.22, 
95% CI 0.05-0.91; p = 0.04) in association with less frequent respiratory 
acidosis122 or hypercapnia. While this observation has not been corrobo-
rated, it is our practice to avoid hyperoxia but to carefully titrate FiO2 to 
achieve SPO2 of 88% to 92%.

Pharmacotherapy  Bronchodilators are an essential part of the early manage-
ment of these patients. While much of the airflow obstruction of COPD 
is irreversible, most patients have some reversible component.123,124 In 
stable COPD, combinations of a β-agonist and ipratropium have been 
demonstrated to be superior to either drug alone.125 However in a meta-
analysis of four randomized studies, combination therapy for acute 
exacerbations of COPD does not result in greater short-term broncho-
dilation compared with either albuterol or ipratropium alone.126 Despite 
these data, current practice continues to support combination therapy 
if airflow obstruction persists despite maximal doses of β-agonists or if 
treatment-limiting tachycardia is experienced. Respiratory stimulants 
would be predicted not to work in this setting, since drive is already 
supranormal. Indeed, doxapram and similar drugs are now rarely used 
since their toxicity is substantial and their efficacy minimal,127,128 partic-
ularly when compared with NIV.129 We believe there is no role for these 
drugs. Similarly there is no evidence to support routine use of mucolytic 
agents or chest percussion.

β-Agonists  Inhaled, β2-selective agents (albuterol, bitolterol, terbutaline, 
metaproterenol) should be given by metered-dose inhaler (MDI), unless 
patient distress makes that impractical, since these routes seem to  
be equally efficacious in nonventilated patients.12 Administration may be  
facilitated by the use of a chamber device. Higher doses than usual 
can be given, such as 4 to 10 (or more) puffs every 20 to 60 minutes, 
although there is no clear benefit from frequent doses and tachycardia 
or atrial fibrillation can be particularly concerning in the elderly. A 
handheld nebulizer (0.5 mL albuterol or 0.3 mL metaproterenol mixed 
with 2.5 mL saline solution) may be useful in patients who cannot use 
an MDI reliably, but otherwise this route confers no additional effi-
cacy. Nebulized albuterol 2.5 mg is as efficacious as 5 mg administered  
4 hourly in terms of outcomes including length of hospital stay or recov-
ery of lung function.130 Levoisomeric albuterol provides no significant 
overall benefits compared with racemic albuterol when administered by 
nebulization for AECOPD.131 Parenteral agents (eg, epinephrine 0.3 mL 
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subcutaneously), and their accompanying toxicity, can nearly always be 
avoided. The longer acting β2-agonist formoterol (but not salmeterol) 
has a fast onset of action and has been demonstrated to provide equally 
effective bronchodilation in mild COPD exacerbations when admin-
istered in high doses132 but may be associated with mild worsening of 
hypoxemia.133 There is no published experience with the once daily 
β2-agonist, indacaterol in ACRF. Generally, because of concerns about 
activity as a partial receptor antagonist, significant additional cost, and 
therapeutic equivalence, we do not recommend long acting inhaled β2-
agonists during the acute phase of ACRF. β2-agonists are established to 
cause minor negative perturbations in V

.
/Q

.
 imbalance and gas exchange 

in stable COPD. However, this effect is not seen in AECOPD.135

Anticholinergic Therapies 

Ipratropium  The anticholinergic agent ipratropium bromide is as effective 
as metaproterenol in the treatment of ACRF,126,135 and may even be better 
in stable COPD. An additional advantage of this drug is that, compared to 
metaproterenol, its use is associated with a small rise in PaO2, rather than 
the small decline usually seen with β2-agonists. The addition of ipratro-
pium to a regimen containing inhaled β2-agonists yields incremental 
benefit in patients with stable COPD125 but as discussed above, does not 
result in improved bronchodilation in acute exacerbations. The usual 
dose of ipratropium in ACRF is three puffs every 30 to 60 minutes. Much 
higher doses (400 μg) have been shown to be optimal in stable patients 
with COPD, but this question has not been examined in ACRF.136

Tiotropium  Tiotropium, a recently released long-acting inhaled anticho-
linergic, has demonstrated promise in patients with stable COPD by 
reducing symptoms, decline in FEV1, and frequency of exacerbations. 
The Understanding Potential Long-Term Impacts on Function with 
Tiotropium (UPLIFT) conducted in 5993 stable COPD patients dem-
onstrated that daily tiotropium reduced significantly COPD-related 
morbidity, improved health-related quality of life (HRQOL) irrespective 
of disease severity and slowed significantly lung function decline in 
patients not using inhaled corticosteroids or other long-acting broncho-
dilators with an acceptable safety profile.137 To date, however, there is no 
published experience with tiotropium as a specific therapy for ACRF.
Phosphodiesterase Inhibitors 

Aminophylline  Aminophylline is a mildly effective nonselective phos
phodiesterase (PDE) inhibitor in patients with COPD. In addition to its 
actions as a bronchodilator, aminophylline has salutary effects on the 
diaphragm in experimental settings. These include inotropy and resis-
tance to fatigue in patients, although the clinical relevance of these find-
ings is yet to be demonstrated, and recent studies have challenged the 
underpinnings of these clinical trials.138 Whether aminophylline should 
be given to patients with ACRF is controversial, and recent trends show 
it falling out of favor. A controlled trial in patients hospitalized for an 
AECOPD failed to show any benefit of aminophylline when added to 
a standard regimen of β2-agonists and corticosteroids.139 On the other 
hand, theophylline causes demonstrable (although generally mild) 
physiologic improvement in stable COPD patients, even when superim-
posed on a regimen of β2-agonist124 or on a combination of high-dose 
inhaled β2-agonist plus ipratropium.140 Meta-analysis of 4 randomized 
controlled trials including 169 patients demonstrated no improvement 
in bronchodilation or hospital LOS in patients with acute exacerbations. 
However, not all patients had severe ACRF.141 Toxicity of these drugs is 
substantial, including arrhythmogenesis and CNS effects. In the meta-
analysis, there were fivefold greater odds of gastrointestinal symptoms in 
theophylline treated patients.141 Daily serum level measurement is neces-
sary for safe use, especially in light of the significant interactions with 
other drugs. Even when serum levels are considered to be therapeutic, 
aminophylline may have important toxicity. In a multivariate analysis of 
100 patients receiving theophylline, drug level was the most important 
predictor of arrhythmia,142 ahead of age and gender. Both atrial and ven-
tricular arrhythmias were seen and correlated with theophylline level. 
In the group with therapeutic levels, 48% had arrhythmias. Particularly 
worrisome was the finding of multifocal atrial tachycardia (MAT) in 

patients on theophylline, including those with nontoxic levels. Two of  
six patients with this rhythm disturbance died suddenly during hospital-
ization, without antecedent ventricular ectopy.

Consistent with guidelines from expert panels10 we rarely if ever use 
intravenous aminophylline and then only as an adjunct to other, more 
effective management (NIV, standard bronchodilators and steroids). 
Aminophylline is initiated as a loading dose of 5 mg/kg infused over  
30 minutes, then continued as an intravenous infusion at a rate of 
0.5 mg/kg/h. In patients who are already taking an oral methylxanthine, 
intravenous loading and maintenance dosing should be guided by serum 
levels. Given the mild efficacy of the drug and its substantial toxicity, it 
is difficult to justify empirical partial loading doses.
Selective PDE Inhibitors  Selective inhibitors of Type IV PDE (such as roflu-
milast) that have pleiotropic effects on lung inflammation and remod-
eling appear to have a beneficial effects in reducing the occurrence of 
AECOPD with chronic administration—particularly in patients with 
moderate and severe disease.143 However, as for many newer therapies, 
PDE-IV inhibitors have not been evaluated in the treatment of COPD 
exacerbations or for patients with ACRF and have a side-effect profile 
that limits enthusiasm for this drug class in ACRF.
Corticosteroids  Patients with ACRF given methylprednisolone, 0.5 mg/kg 
every 6 hours, in addition to standard bronchodilators show greater 
improvement in spirometric values than patients who do not receive this 
drug.144 This benefit is demonstrable at least as early as 12 hours, and in 
some studies of patients with asthma, possibly after 1 hour. In another 
study of patients with ACRF, 0.8 mg/kg of prednisolone given intrave-
nously reduced the inspiratory resistance and PEEPi when measured at 
90 minutes.145

In a meta-analysis of 10 studies involving 1051 patients with 
AECOPD, there were significantly fewer treatment failures within  
30 days in patients given corticosteroid treatment, odds ratio (OR) 0.50; 
95% CI 0.36 to 0.69 and hazard ratio 0.78; 95% CI 0.63 to 0.97; NNT 
to avoid one treatment failure was 10 patients (95% CI 7-16).146 Length 
of hospital stay was also shorter (mean difference −1.22 days; 95% CI 
−2.26 to −0.18) and FEV1 improvement at 72 hours was 140 mL greater 
(95% CI 90-190 mL). This was consistently associated with significant 
improvements in breathlessness and blood gases. Despite this there 
was no significant effect on mortality but an increased likelihood of an 
adverse event associated with corticosteroid treatment, OR 2.33; 95% CI 
1.60 to 3.40. Hyperglycemia was of particular concern (OR 4.95; 95% 
CI 2.47-9.91).146

Although there is significant debate about the optimal dose and 
duration of steroids,12 current guidelines recommend methylpred-
nisolone, 0.5 to 1 mg/kg every 6 hours. In a large retrospective study of 
almost 80,000 patients admitted to predominantly community medical 
centers for AECOPD, 92% were initially treated with high-dose intra-
venous steroids (median total dose 600 mg, prednisone equivalents, 
IQR 35-751 mg), and 8% received lower dose oral treatment (median 
60 mg prednisone equivalent dose, IQR 40-120 mg).147 In multivariable 
analysis, the risk of treatment failure was no different for patients treated 
intravenously or orally, (OR 0.93; 95% CI 0.84-1.02). In a propensity-
matched analysis, the risk of treatment failure was significantly lower 
among orally treated patients (OR, 0.84; 95% CI 0.75-0.95), as was 
length of stay and cost.147 Despite these encouraging data in patients 
not admitted to an ICU, our preference remains to initiate parenteral 
corticosteroid therapy in patients with ACRF as the primary presenta-
tion requiring ICU admission, and particularly if mechanical ventilatory 
support is required.

Since these drugs have important detrimental effects on metabolic, 
muscular, and immune function, their continued use should be reevalu-
ated after the first 72 hours with a transition to oral therapy when 
tolerated. Although no effect of corticosteroids on respiratory muscle 
function can be shown in the short term (<2 weeks148), they do con-
tribute to muscle weakness in the long term.67 No additional benefit is 
derived from prolonging steroid therapy beyond 2 weeks. A possible 
alternative may be to use high doses of the nebulized steroid budesonide 
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(2 mg every 6 hours), which may be as effective as an oral steroid regi-
men in patients with a COPD exacerbation.149,150 Notably, hyperglycemia 
was less common in the budesonide-treated patients. However, this 
approach is significantly more expensive.

Antimicrobials  Viral and bacterial lower respiratory tract infections are 
equally common precipitants of AECOPD151 including patients who 
require NIV or mechanical ventilation for ACRF.152 Viral/bacterial coin-
fections occur in between 10% and 20% of cases. It is likely that inaccurate 
assessments of bacterial infections from studies of expectorated sputum 
and underappreciation of the frequency of viral infections as a sole etiol-
ogy confounded older studies investigating the effectiveness of antimi-
crobial treatment for patients with ACRF from COPD. Microbiological 
studies of patients with AECOPD using protected specimen brush cul-
tures identified pathogens at >103 CFU/mL in the lower respiratory tract 
of more than half of the 86 subjects; H influenza (30%) and P aeruginosa 
(9%) were the most frequent isolates.153 Consistent with these observa-
tions were data from a very large retrospective analysis of AECOPD 
patients treated with antibiotics in the first two hospital days compared 
with patients receiving antibiotics later or not at all. Early administration 
of antibiotics was associated with reduced progression to respiratory 
failure or hospital mortality.154 Patients with ACRF severe enough to 
require MV are more likely than others to harbor gram-negative enteric 
organisms and nonlactose fermenting gram-negative rods including P 
aeruginosa, particularly if the patient has been recently hospitalized, 
has documented bronchiectasis or frequent antibiotic treatments in the 
preceding year.155 Since benefit has been demonstrated in several stud-
ies and a trend toward benefit in some others,12,154 inexpensive, oral, 
broad-spectrum antibiotic (eg, ampicillin, doxycycline, trimethoprim-
sulfamethoxazole) should be provided in the absence of clinical features 
of pneumonia. A stratified approach based on AECOPD severity and 
risk for pseudomonas has been proposed.10 Community-acquired pneu-
monia should be treated with a cephalosporin-macrolide combination 
or a high-dose, single-agent fluoroquinolone. High-dose quinolones or 
antipseudomonal β-lactams should be considered for patients at risk for 
P aeruginosa and those with severe sepsis or shock. Consideration for 
community- or institution -acquired methicillin-resistant Staphylococcus 
aureus (MRSA) infection based on regional prevalence should prompt 
empiric treatment with vancomycin or linezolid in appropriate patients 
with concomitant pneumonia.

While neuraminidase inhibitors (oseltamavir, zenamavir, peramavir) 
are clearly effective and essential treatments for patients with acute 
respiratory failure from invasive influenza pneumonia, it remains 
unclear if these treatments afford meaningful survival improvement for 
patients with ACRF. Older patients who are at risk for ACRF were not 
disproportionately affected by 2009 H1N1 influenza epidemic, perhaps 
because of persistent immunity from previous infection. COPD was 
reported as a comorbidity in only 9.5%156 to 12.5%157 of patients requir-
ing ICU admission and no data are available for patients with restrictive 
diseases such as IPF.

Anabolic Steroids  Inflammation is not limited to the lung during an 
AECOPD. Peripheral and diaphragmatic skeletal muscle weakness is 
pronounced during ACRF and is associated with markers of systemic 
inflammation such as IL-6 and IL-8.158 A combination of anabolic ste-
roids (nandrolone decanoate, 25-50 mg IM every 2 weeks) and caloric 
supplementation (420 kcal/d supplement) raised the mouth pressure 
during a maximal static inspiratory maneuver in patients with clinically 
stable COPD159 but was ineffective in improving physiological function 
or QOL as a replacement for dedicated rehabilitation.160 Similarly, COPD 
patients treated with oxandrolone experience a significant increase  
in lean body mass.161 However, this effect may only be clinically useful in  
patients receiving long-term oral steroids.162 We are aware of no trials 
showing clinically important benefits in patients with ACRF.

HMG-CoA-Reductase Inhibitors (Statins)  There is gathering evidence from retro-
spective studies that HMG-CoA-reductase inhibitors (statins) through 
putative immune-regulatory effects can modify both the likelihood of 

AECOPD and the probability of ACRF requiring intubation. This may 
in part be through a reduced influenza and pneumonia mortality.163 In 
185 patients with a COPD exacerbation followed for up to 1 year, statin 
use was independently associated with a significant prolongation in time 
to repeat hospitalization and intubation for AECOPD (HR for AECOPD 
0.19 [CI 0.06-0.14]; HR for intubation 0.14 [95% CI 0.10-0.30]).164 Meta-
analysis has proved difficult because of significant heterogeneity among 
published studies. However in a systematic review,165 chronic statin use was 
consistently associated with marked reductions in COPD-associated hos-
pitalization, need for ventilation and mortality. In the absence of evidence 
suggesting therapeutic benefit of acute statin administration for ACRF 
our practice is to continue chronically prescribed statins but not to initi-
ate therapy unless indicated for acute intercurrent cardiovascular disease.
Magnesium  While hypomagnesemia is a recognized independent associate  
of recurrent admission for AECOPD,166 only a single small prospective  
study of 72 subjects with AECOPD167 has demonstrated modest 
improvement in PEFR with magnesium sulfate 1.2 g over 20 minutes 
after β-agonist administration compared with placebo. PEFR improve-
ment was 25.1 L/min better at 30 min and 7.4 L/min better at 45 min 
after MgSO4 than placebo (p = 0.03). Since this has not been validated, 
and because of the concern that iatrogenic hypermagnesemia can poten-
tiate respiratory failure; magnesium sulfate is not part of our usual care 
armamentarium.
Recognizing Impending Respiratory Failure  Despite aggressive attempts to find 
and reverse the causes of ACRF, some patients will progress to frank 
respiratory failure. The decision to intubate requires clinical judgment 
and is best assessed by a physician present at the bedside (Table 54-3). 
Assessment of respiratory failure based solely on results of arterial 
blood-gas studies or end-tidal CO2 monitoring is fraught with error. 
Certainly, a rising PaCO2 in a patient with progressively worsening 
symptoms and signs of distress should be interpreted as heralding 
respiratory arrest. However, the absolute level of the PaCO2, isolated 
from other clinical data, may be less useful. Partitioning the acute and 
chronic components of the hypercarbic state by evaluating the metabolic 
acid-base compensation (pH, serum HCO3, or strong ion difference) is 
essential in analyzing elevated PaCO2. While an occasional patient will be 
alert and conversant when the PaCO2 rises to 150 mm Hg most patients 
with ACRF will progress to respiratory arrest long before progressive 
hypercarbia is clearly documented. ETCO2 measurements estimated 
from a sampling nasal cannula are frequently confounded in dyspneic 
COPD patients because patients fail to achieve end-expiratory plateau 
(phase 4) in the presence of severe PEEPi, thus falsely underestimat-
ing true ETCO2. Furthermore, because of increased dead space frac-
tion in patients with COPD, the difference between ETCO2 and arterial 
PaCO2 is increased to unpredictable degrees. Patients who have had an 
unsuccessful attempt at stabilization with NIV are at particular risk 
for underappreciated clinical instability. Predictors of NIV success or 
failure are summarized in Table 54-3. Most notably, lack of improve-
ment in clinical and gas exchange measures within the first hour after  
initiation of NIV168 should prompt urgent reevaluation as this strongly 
heralds decompensation.

Those patients may have very little tissue oxygen reserve, low effective 
circulating volume, and are at substantial risk of cardiopulmonary arrest 
if transition to intubation is delayed, potentially increasing the risk of 
death.8 Respiratory arrest may be complicated by aspiration or cardio-
vascular instability, compromising future efforts to return the patient to 
spontaneous breathing. Indeed, the survival of patients who are allowed 
to progress to respiratory arrest is significantly lower than of patients 
ventilated for acute deterioration of COPD who are intubated electively 
prior to arrest. The goal at this stage of management is to intubate the 
patient electively once mechanical ventilation becomes unavoidable. In 
some cases, this will require foregoing NIV and opting for immediate 
airway intubation for mechanical ventilation to avoid respiratory arrest.

Useful bedside parameters of impending respiratory arrest include 
respiratory rate, mentation, pattern of breathing, and the patient’s 
own assessment. The patient may be able to tell the physician whether 
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improvement is occurring or not; the degree of dyspnea over time is 
a useful guide to the likelihood of success without intubation. Most 
patients with ACRF are tachypneic, reflecting their excessive drive. A 
rate that remains above 35 to 40 per minute, or a rate that continues 
to rise despite therapy and NIV, is predictive of respiratory failure. 
Deterioration of mentation commonly precedes respiratory arrest even 
when SPO2 is adequate. Patients become confused, less able to converse, 
then poorly rousable. Thoracoabdominal paradox and respiratory alter-
nans are rarely seen and are probably not useful signs.

Phase 2: Late ACRF Requiring Intubation:  This phase consists of the 
immediate periintubation management and the first few days of 
mechanical ventilation. In many respects, treatment initiated in the 
pre-intubation phase (bronchodilator and corticosteroid administra-
tion, in particular) is continued, but several additional concerns become  
relevant. Care consists of stabilizing the patient on the ventilator, 
ensuring rest of the patient and respiratory muscles, improving neu-
romuscular competence, reducing load, providing prophylaxis against 
complications while optimizing definitive therapy for any precipitant 
such as infection. Optimal treatment at this time is likely to facilitate 
timely and prompt liberation from mechanical ventilation.
Periintubation Risks  There are two common pitfalls in the immediate post-
intubation period: life-threatening alkalosis and hypotension. Both are 
related to overzealous ventilation, and both are avoidable by taking the 
patient’s own ventilatory pattern prior to intubation into consideration. 
Hypotension is a consequence of escalating PEEPi following intubation. 
The degree of dynamic hyperinflation is proportional to V̇e. PEEPi 
has the same deleterious consequences on venous return as externally 
applied PEEP and can cause serious hypoperfusion. This can be par-
ticularly prominent in patients with ineffective circulating volumes 
(“preload”) and concomitant right heart dysfunction when vasodilatory 
and sympatholytic sedatives are used for intubation. The key to avoid-
ing this pitfall is to prevent excessive ventilation, particularly during 
bag-valve-mask preoxygenation before intubation attempts. When 
hypotension occurs, the circulation can usually be promptly restored by 
simply ceasing ventilation for 30 seconds, then reinstituting ventilation 
along with measures to reduce PEEPi and restore circulating volume. It 
is also our practice in patients without decompensated left heart failure 
to administer a fluid bolus immediately prior to sedation for intubation.

Most patients with ACRF have a minute ventilation of 10 L/min or 
less and breathe at tidal volumes of about 300 mL with a rapid shallow 
breathing pattern.60 Physicians commonly choose ventilator settings with 
a higher tidal volume and a correspondingly lower ratio of dead space 

to tidal volume. In addition, a minute ventilation higher than 10 L/min 
often is employed, particularly during the first few minutes of manual-
assisted ventilation. Finally, as the work of breathing is assumed by the 
ventilator, V̇CO2 drops by as much as 20%. All of these factors join to dra-
matically lower the patient’s PaCO2 once assisted ventilation begins. Since 
preexisting compensatory metabolic alkalosis is the rule, life-threatening 
alkalemia (pH >7.7) can easily be achieved. This scenario can be avoided 
by simply aiming for a more reasonable minute ventilation, approximat-
ing the patient’s own pattern of breathing. Typical initial ventilator set-
tings are described below. There is no need to attempt to normalize pH, 
a maneuver that merely serves to waste the bicarbonate that has been so 
vigorously conserved during the evolution of respiratory failure.

We generally recommend head-up intubation with a wide-diameter 
endotracheal tube, not laryngeal mask. Depolarizing muscle relaxants 
should be avoided and if necessary, short-acting nondepolarizing agents 
such as rocuronium or cisatracurium should be considered.
Initial Ventilator Settings  We generally initiate ventilation using the assist-
control mode, since one of the goals in this phase is to rest the loaded 
respiratory muscles (see Chap. 49). We implement a modified “lung-
protective” ventilation strategy appreciating that this approach has not 
been prospectively validated in ACRF patients. Tidal volumes of about 
5 to 7 mL/kg are used (about 350-500 mL) with a respiratory rate of 
20 to 24 per minute to emulate basal breathing patterns and minimize 
patient-ventilator dyssynchrony. Once stabilized, avoiding alkalemia is 
as important as at the time of intubation. Hypocapnia worsens bron-
choconstriciton,169 impedes respiratory drive in patients with chronic 
respiratory acidosis, enhances renal bicarbonate wasting, and adversely 
affects cardiovascular function. Post hypercapnic alkalosis was identified 
in 20% of 84 patients mechanically ventilated for ACRF and was inde-
pendently associated with prolonged ventilation and ICU length of stay. 
We recognize and tolerate “therapeutic” or permissive hypercapnea170 as 
a potentially salutary consequence of lower Vt and tolerate pH values as 
low as 7.20 in the absence of hemodynamic instability.171 This approach 
has not been systematically studied in ACRF, but observations in acute 
respiratory failure where hypercarbia and modest levels of respiratory 
acidosis are tolerated suggest an association with improved outcomes170

As discussed above, PEEPi presents an inspiratory threshold load 
to the patient with ACRF. The patient must generate enough force to 
counterbalance PEEPi before the breathing effort results in any inspira-
tory flow and before it can trigger the ventilator. We assiduously and 
frequently monitor for the presence of PEEPi in the ventilated ACRF 
patients by clinical examination of the subxiphoid epigastrium172 par-
titioning lung mechanics to detect increases in Pplat, end-expiratory 
occlusion technique173 and inspection of the terminal expiratory phase 
of the ventilator flow wave form for persistent expiratory flow at  
the initiation of the subsequent breath174 (Chap. 48). This difficulty 
cannot be sidestepped by lowering the triggering sensitivity on the 
ventilator or by using flow triggering. Applying external PEEP, roughly 
equal to the PEEPi, does reduce the work of breathing (and trigger-
ing) by a significant amount, as depicted in Figure 54-1.102,175 In some 
patients, externally applied PEEP causes additional hyperinflation, 
with detrimental hemodynamic effects and a potentially increased risk 
of barotrauma.176,177 However, most patients with ACRF demonstrate 
flow limitation, so that external PEEP (in amounts up to about 85% of 
the PEEPi) has no significant impact on the expiratory flow-volume 
relationship, lung volume, or hemodynamics.178,179 Strategies to shorten 
ventilator inflation time (TI) are not generally helpful unless inspiratory 
flow is inordinately low, although PEEPi can be reduced modestly.180

Several newer pressure-cycled modes of ventilation have been assessed 
in ACRF.181-183 Taken together these represent only minor advances in 
terms of patient synchrony, comfort, and outcomes. Current iterations 
of closed-loop computer algorithms for targeting stable minute ventila-
tion settings (adaptive support ventilation, ASV), however, may apply 
excessively high Vt in COPD patients with ACRF.184 For these reasons 
we continue to select volume-cycled assist control as the initial mode for 
the majority of patients.

  TABLE 54-3   � Important Predictors of Treatment Success or Failure in Acute 
Respiratory Failure Complicating COPD

Predictors for Treatment Success Predictors for Treatment Failure

pH 7.25-7.35, PaCO2 > 45 mm Hg pH < 7.25

GCS >14 GCS < 11

APACHE-II score < 29 APACHE-II score >29

Respiratory rate 24-30/min Significant comorbidities

Response to NIV within 1-2 h Respiratory rate >30/min

Training/experience of the team with NIV Additional pneumonia

Standardized NIV protocol Severe mask leakage

Patient-ventilator asynchrony

Ineffective triggering

Agitation or intolerance

Encephalopathy

Inability to clear secretions

GCS (Glasgow coma scale score).

Adapted with permission from Budweiser S, Jorres RA, Pfeifer M. Treatment of respiratory failure in COPD. 
Int J Chron Obstruc Pulmon Dis. 2008;3(4):605-618.
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Of particular interest is the development of Neurally Adjusted 
Ventilatory Assist technology (NAVA, Maquet, Inc, Wayne, NJ) that uses 
diaphragm electrical activity (EAdi) from a multiple-array esophageal 
electrode to control the timing and level of assist delivered instead of pneu-
matic signals used in standard modes. EAdi-triggered ventilation has been 
demonstrated to enhance breath-by-breath patient-ventilator synchrony in 
ACRF from COPD without compromising alveolar ventilation.185

Ensuring Rest and Recovery  Following intubation, most patients are exhausted, 
will sleep for the first day and experience significant diuresis. Little or no 
sedation is typically necessary although close monitoring for delirium 
and alcohol or substance withdrawal may be required. The respiratory 
muscles will require 48 to 72 hours for initial recovery, so that resump-
tion of breathing efforts before that point is counterproductive and is 
likely to lead to recurrence of respiratory muscle fatigue.186 However, 
as discussed below, this does not preclude extubation to NIV if there is 
convincing evidence that extrapulmonary organ dysfunction has stabi-
lized and cognitive function has improved. We continue to encourage 
rest by maintaining ventilation, adding sedation and antidelirium agents 
when necessary—particularly if high respiratory drive, PEEPi, and dys-
synchrony cannot be managed by optimizing ventilator settings. Rest 
can be achieved using any mode of ventilation, including bilevel NIV, as 
long as settings are chosen that minimize patient effort. It is important to 
emphasize that having the patient connected to a ventilator is no guaran-
tee that the patient is relieved of the work of breathing.

Sputum production can be copious and of a tenacious consistency. 
Airway humidification is essential, manual or mechanical chest percus-
sion may be beneficial particularly if sputum volume is copious or lobar 
collapse develops.187 Neither N-acetylcysteine nor rhDNAse offer clini-
cally meaningful benefits in improving mucus clearance or resolution of 
ACRF over inhaled saline in COPD patients but may be of some value 
in patients with cystic fibrosis and bronchiectasis.

Even when the ventilator is set at a very sensitive trigger, the presence 
of PEEPi causes the patient to have to make a substantial inspiratory 
effort to get a breath, even on volume assist-control mode. For example, 
with a triggered sensitivity of 1 cm H2O and PEEPi of 10 cm H2O, the 
patient must lower airway pressure by 11 cm H2O to trigger a breath. It is 
incumbent on the physician to ensure that the patient is, in fact, rested. 
When optimal ventilatory rest is achieved, respiratory muscle strength 
usually improves demonstrably over the first few days.
Early Mobilization and Improving Neuromuscular Competence  Each of the factors 
discussed in phase 1 (and in Fig. 54-2) that contribute to depressed 
neuromuscular competence should be reviewed daily in the ventilated 
patient. In this phase, the signal importance of nutrition must be rec-
ognized. Malnutrition is a common partner of advanced COPD188; 38% 
of 78 patients admitted for AECOPD had a BMI <20 or fat-free mass 
index of ≤16 with a further 40% having features of malnutrition risk.189 
Malnutrition may contribute to respiratory muscle dysfunction as well as 
to immune suppression. In a randomized trial of standard feeding versus 
supplementation (1000 kcal above usual), malnourished in-patients with 
COPD were shown to develop greater respiratory muscle endurance and 
strength in only 16 days when given extra calories.66 Excessive refeeding 
should be avoided, however, since unnecessarily high levels of carbon 
dioxide production (V̇CO2) may result. Harris−Benedict predictions 
of resting energy expenditure provide a reasonable estimate in stable 
COPD patients,188 however, detailed nutritional information, including 
indirect calorimetry, may be helpful to guide nutritional management 
in ACRF (see Chap. 20). Especially with refeeding, hypophosphatemia 
commonly develops while the patient is in the ICU, and serum phos-
phate content should be assessed on a daily basis. Our practice is to 
encourage enteral intake of protein enriched, moderate carbohydrate 
and fat diets190 whenever possible appreciating that severely dyspneic 
patients infrequently achieve caloric or nitrogen intake goals during 
the acute phase of illness. Similarly, and in the absence of compelling 
evidence that achieving goal caloric nutrition early in medical critical 
illness improves outcome190 we provide only 20% to 25% of caloric goals 
for the first 5 days for intubated and mechanically ventilated patients.

The purpose of initial ventilatory rest is to facilitate resolution of 
accessory muscle fatigue and to partially ameliorate hyperinflation-
induced diaphragm shortening. This should reestablish respiratory 
muscle strength and facilitate timely and expedited liberation. However, 
there is increasing appreciation of the importance of early mobilization 
and reanimation for the critically ill to avoid critical illness–associated 
neuromuscular dysfunction, delirium, and prolonged ventilator depen-
dence (see Chap. 24).191 A program of exercise should be initiated after 
48 to 72 hours in conjunction with daily evaluations of readiness for 
liberation from mechanical ventilation. The goal is to encourage skeletal 
muscle power, tone, and coordination by allowing the patient to assume 
nonfatiguing respirations, possibly in combination with inspiratory 
resistive training. This can be achieved by progressively lowering the 
triggered sensitivity on assist control, lowering the inspiratory pressure 
on pressure support, or through graded T-piece sprints. After a period 
of work, the patient is returned to full rest to facilitate sleep at night. As 
strength improves, the amount of exercise can be increased in step, until 
the breathing can be sustained and the patient passes a trial of spontane-
ous breathing.

During this phase that can be prolonged beyond 10 days, meticulous 
attention should be paid to harm reduction and risk avoidance. Prevention 
and early recognition of venous thromboembolism, gastrointestinal stress 
ulceration, ventilator-associated pneumonia, integument breakdown 
(including nasal bridge integrity in NIV patients), corneal desiccation, 
drug side effects, drug-drug interactions, substance withdrawal, and 
delirium are recommended.
Decreasing Load  Efforts to decrease load should continue. Once the patient 
is ventilated, it becomes possible to apportion the load into resistive and 
elastic components (see Chap. 48). These determinations may provide 
insight into the precipitants of respiratory failure and serve to guide 
therapy. For example, if the resistive load and PEEPi are minimal, but  
the elastic load is excessive, there is little to be gained from more aggres-
sive use of bronchodilators. Rather, the source of the elastic load (lung, 
chest wall, abdomen—see Fig. 54-2) should be determined and corrected.

It is important to continue treatment with bronchodilators, but 
whether MDIs and nebulizers are equally effective is controversial.192,193 
On the one hand, in a study of drug deposition in ventilated patients, 
an MDI (plus holding chamber) was more efficient than a nebulizer.194 
In another trial of ventilated patients, MDIs were completely ineffective, 
despite a cumulative dose in 1 hour of 100 puffs.195 The magnitude and 
duration of MDI and nebulizer effects appear similar.193 There may be 
substantial differences related to method of administration or to the 
specific equipment including humidification used to deliver drug. We 
recommend that these drugs be given to clinical effect, whether by MDI 
or nebulizer. If MDIs are used, the usual number of puffs should be 
doubled to compensate for the reduced delivery of drug to the patient as 
a starting point, and the dose increased, as needed, until bronchodila-
tion is achieved (assessed by determining respiratory mechanics).

Other contributors to increased load, such as congestive heart failure, 
pulmonary embolization, and respiratory infection, may be easier to 
discern once the patient is mechanically ventilated, and they should 
be sought during this phase. Congestive heart failure can usually be 
excluded by the physical examination and chest radiograph, although 
pulmonary edema may have an atypical appearance in patients with 
advanced emphysema. Only occasionally is the additional information 
from pulmonary artery catheterization useful. Pulmonary embolism 
(PE) is much more difficult to exclude. The incidence of PE as a pre-
cipitant of ACRF is unknown but may be a concurrent diagnosis in as 
many as a quarter of patients admitted with AECOPD.196 The reported 
frequency of deep venous thrombosis ranges from 9% to 45%.116,197 
Large pulmonary emboli are much less common although the incidence 
of smaller emboli may not be. Nevertheless, PE is commonly found at 
autopsy. In patients with ACRF, pulmonary hypertension is virtually 
universal and diagnosis of PE is difficult. Perfusion lung scanning nearly 
always gives abnormal results, and CT angiography has been incom-
pletely evaluated in patients with underlying structural lung disease  
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(see Chap. 39). Noninvasive leg studies have been challenged in this 
setting as well.

The intimate epidemiological associations between chronic pulmo-
nary diseases and cardiovascular diseases (including coronary artery 
disease, cardiomyopathy, stroke, and arrhythmias) make these conditions 
frequent and often challenging co-conspirators in the evolution and pro-
gression of ACRF. Arrhythmias are common in the setting of respiratory 
failure. Fortunately, they are rarely a serious problem, but they can serve 
to distract the physician from more important issues, may limit the dose 
of bronchodilator drugs, and sometimes are significant in themselves. 
The most common rhythms are sinus tachycardia, atrial fibrillation, 
atrial flutter, multifocal atrial tachycardia, and ventricular premature 
beats. β2-agonists, macrolides, and electrolyte disturbances can cause 
transmural dispersion of repolarization abnormalities such as Q

.
t prolon-

gation, T-wave alternans, and P-wave dispersion as precursors to serious 
arrhythmias. It can be difficult to judge the contributions of hypoxemia, 
cor pulmonale, metabolic derangements, underlying coronary artery dis-
ease, and drug toxicity to arrhythmogenesis. Treatment should focus on 
rectifying the underlying respiratory failure, since doing so usually has a 
beneficial impact on arrhythmias. Hypoxemia and electrolyte abnormali-
ties should be corrected as a first priority. Monitoring should be initiated, 
and, if arrhythmias continue despite correction of apparent exacerbating 
factors, myocardial ischemia should be excluded. Atrial fibrillation can 
be controlled with a calcium channel blocker or digoxin (see Chap. 36). 
β-blockers should generally be avoided for fear of worsening lung func-
tion, although short-acting, selective drugs have occasionally been used 
with success. Multifocal atrial tachycardia often responds to verapamil, 
sometimes with restoration of sinus rhythm,198 and there appears to be a 
role for parenteral magnesium as well (see Chap. 36).

Phase 3: Liberation From the Ventilator:  The fundamental principle that 
guides management in this phase is that successful liberation from the 
ventilator requires that the premorbid, compensated relationship between 
neuromuscular competence and load be reestablished. Therefore, a 
strategy for successfully discontinuing mechanical ventilation empha-
sizes increasing the strength and decreasing the load, while avoiding 
sedatives that may impair drive. We use a nurse/respiratory therapist-
led protocol that emphasizes daily testing of readiness for spontaneous 
breathing, targeted sedation strategies with daily sedation withdrawal, 
formal spontaneous breathing trials (SBT), and triggers for liberation199 
including early extubation to NIV as discussed below and reviewed in 
further detail in Chap. 60. This approach has been demonstrated to be 
particularly effective in achieving successful ventilator liberation.199,200 
However, similar results may be achieved in well-staffed, well-organized 
closed-management ICUs where decisions to liberate are directed by 
expert intensivists.201 Therapy may be highly focused, such as repleting 
inorganic phosphate, relieving a pneumothorax, addressing neuro-
psychiatric components including delirium, or managing right heart 
syndrome. More often, a broad assault on many potential precipitants, 
namely bronchospasm, infection, electrolyte derangement, and fatigue, 
is used. When load has been reduced and neuromuscular competence 
promoted, the patient will be able to breathe free of assistance. On the 
other hand, if a compensated balance of strength and load cannot be 
restored, attempts at spontaneous breathing will be futile. A corollary 
principle is that the specifics of ventilator management, such as the mode 
chosen or the device used, are less important.202,203 Only the patient’s 
improving physiology determines the ability to maintain ventilation as 
determined by the patient’s ability to tolerate short periods of unassisted 
breathing (SBT). This point has been confirmed by recent trials of wean-
ing methods, which have shown that frequent T-piece trials are superior 
to MV (and, variably, pressure-support as well), probably because they 
more readily demonstrate to the physician that the ventilator is no longer 
necessary.200,203-205 This issue is more fully elaborated in Chap. 60.

Respiratory parameters (negative inspiratory force [NIF], peak pres-
sure [Ppk], plateau pressure [Pplat], PEEPi) have historically been 
used to evaluate the progress of the patient and resolution of the 

load/strength imbalance. However, the poor individual performance 
characteristics of these maneuvers make them unreliable for pre-
dicting sustained spontaneous breathing and successful liberation.206 
However, by daily integrating respiratory parameters of load/strength 
balance with other validated parameters, such as f/Vt ratio, readi-
ness for a SBT can be determined. Additionally, the impact of thera-
peutic maneuvers can be assessed by serially evaluating respiratory 
parameters. For example, while PEEPi remains at 10 cm H2O, there is  
little point in trying to make the patient breathe. Indeed, in such a cir-
cumstance, efforts should be directed to attempting to reduce the work of 
breathing.207 On the other hand, when PEEPi has resolved and strength is  
adequate (usually when the NIF >30 cm H2O), mechanical ventilation  
is no longer necessary and the patient should be able to tolerate at least 
30 minutes of spontaneous, minimally assisted breathing.

Failure to liberate from mechanical ventilation can be caused 
by myocardial ischemia or acute left ventricular failure. Coronary 
artery disease, left and right ventricular dysfunction and failure are 
all common in patients with ACRF, particularly those with COPD.208 
The additional myocardial wall stress and oxygen demand of respira-
tory muscles during a SBT can precipitate ischemia and acute left-
ventricular failure.209

Congestive heart failure may be occult. Diligent efforts to diagnose 
and manage myocardial ischemic burden and manage LV failure are 
essential in order to achieve successful liberation. An elevation of 
N-terminal pro-brain natriuretic peptide (NT-proBNP ) ≥184.7 pg/mL 
after a 2-hour SBT has a sensitivity of 88% and specificity of 91% for 
intercurrent cardiac ischemia and/or cardiogenic pulmonary edema as 
an etiology of recurrent SBT failure in patients with ACRF but no his-
tory of active cardiac disease.210

While β1-selective receptor antagonists appear safe in patients with 
stable COPD, it remains unclear if the cardiovascular benefits of initi-
ating these drugs in patients with ACRF outweigh the adverse effects 
on bronchial hyperreactivity. Similarly it is unknown if β-blockade is 
effective cardioprotection against the deleterious effect of β2-receptor 
agonists used in these patients.208 The use of positive inotrope infusions 
during SBT has been proposed in failure-to-liberate patients with severe 
LV systolic dysfunction but has not been associated with meaningful 
improvements in likelihood of liberation.211

As highlighted above, respiratory alkalosis as a consequence of over-
enthusiastic ventilation is a major concern and diligent efforts should be 
made to avoid. Similarly, metabolic alkalosis as a consequence of chronic 
renal bicarbonate reabsorption and regeneration can prolong the tran-
sition to unassisted breathing. Efforts to pharmacologically manage 
alkalosis in ACRF either with respiratory stimulants (doxapram,128 
medroxyprogesterone, aminophylline) or by inducing a metabolic 
acidosis with acetazolamide, are, however, ineffective in abbreviating 
ventilator dependence212 and should be avoided.

When discontinuation of mechanical ventilation is imminent, it is 
useful to anticipate the respiratory pattern that the patient will soon 
assume. We have been impressed that patients ventilated at supraphysi-
ologic tidal volumes, such as 800 to 1000 mL, experience respiratory 
distress and agitation when they resume their usual pattern of 30 breaths 
per minute at a Vt of 300 mL. By choosing a pattern of mechanical 
ventilation that more closely approximates spontaneous respiration  
(eg, A/C mode, Vt of 420 mL, rate of 20 per minute), the transition from 
the ventilator is smoothed.

For patients that fail to reestablish load/strength balance within 72 hours  
of initiating therapy, there is a significant prospect of prolonged 
mechanical ventilation, tracheostomy, and complications that increase 
morbidity and mortality. A significant shift in approach involves elec-
tive extubation to NIV for patients who consistently fail SBTs after 
48 to 72 hours (the second “bookend” in the therapeutic library of 
therapy for ACRF). In a randomized controlled trial of extubation 
to NIV versus continued intubation and ventilation in 50 ACRF 
patients failing a T-piece trial at 24 to 36 hours of initial ventilation 
via an endotracheal tube, NIV reduced the period of mechanical 
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ventilation (16.6 ± 11.8 days and 10.2 ± 6.8 days; p = 0.021) ICU days  
(24.0 ± 13.7 days and 15.1 ± 5.4 days; p = 0.005), incidence of 
nosocomial pneumonia, and mortality at 60 days (8% NIV vs 28% 
invasive ventilation; p = 0.009), while increasing approximately four-
fold the number of patients liberated from ventilation at day 21.213 In 
a meta-analysis of 12 studies, 530 predominantly COPD patients were 
generally randomized to one of the two strategies after failing only a 
single SBT. Extubation to NIV translated into an aggregate 45% rela-
tive risk reduction for mortality (95% CI 21%-62%) at 30 to 90 days.214 
Secondary outcomes were consistent in magnitude and direction with 
significant reductions in VAP (RR 0.29, 95% CI 0.19-0.45), ICU length 
of stay (weighted mean difference [WMD] −6.27 days, 95% CI −8.77 
to −3.78) and total duration of ventilation (WMD) −5.64 days (95% 
CI −9.50 to −1.77). Extubation had no effect on failures to liberate or 
duration of ventilation related to efforts to liberate.214 NIV is likely to 
tide the patient over the additional days until the balance of neuromus-
cular competence and respiratory system load is reestablished and we 
routinely apply this approach in appropriate patients.

Even with appropriate institution of rest on the ventilator, rapid 
application of the algorithms given above or correction of abnor-
malities of neuromuscular competence and load, and progressive 
exercise of the patient, some patients fail efforts to liberate and require 
protracted periods of ventilator support. Indeed, with the wider use 
of NIV and the avoidance of intubation in all but the most severely 
impaired patients, it may be the case that in the future, ICUs will 
encounter truly “difficult to wean” patients. The principles elaborated 
above still apply to this group, with a few additional comments. After 
approximately 7 days of ventilator dependence, we typically assess the 
patient for tracheostomy215 (see Chap. 46). If it appears that liberation 
from mechanical ventilation may succeed within another week, tra-
cheostomy is usually not performed, and efforts continue to extubate 
the patient. If we judge that the course will be protracted, we perform 
bedside, percutaneous tracheostomy for purposes of patient comfort, 
communication, and avoidance of complications associated with 
translaryngeal intubation.

If progress to liberation is likely to be very slow after the first couple 
of weeks, many ICUs will consider transferring the stable patient to a 
long-term acute care facility with dedicated expertise in pulmonary 
rehabilitation and liberation from mechanical ventilation. Despite 
the overall poor prognosis of patients with nonresolving respiratory 
failure who are discharged to a LTAC,216 these facilities have dem-
onstrated a superior expertise in liberating a significant proportion 
even after long periods of ventilation for ACRF.217 Optimal results are 
achieved when a protocolized multidisciplinary care pathway involves 
specialist respiratory care, rehabilitation, nutrition, and physical 
therapy departments.

Following extubation, careful serial assessments are in order. 
Deterioration in the hours just following extubation suggests upper 
airway edema. In the uncomplicated patient, the respiratory rate falls 
slightly through the first day, most often into the mid-20s to low 30s. An 
airway occlusion pressure of >3.3 cm H2O at 0.1 second (P0.1) recorded 
1 hour after extubation has been proposed as a highly specific method 
for identifying ACRF patients likely to fail and require reintubation,218 
however this has not been validated in patients electively extubated to 
NIV. Efforts to build strength and reduce load should continue in order 
to protect the gains that have been made. Once the patient is stable off 
of the ventilator, a prompt transfer to a progressive care unit or general 
ward should be encouraged.

Recurrence of respiratory failure is an ominous but not infrequent 
complication for which efforts to stave off intubation may prove fruitless 
and potentially harmful. When 221 patients with recurrent respiratory 
failure within 48 hours of initial ventilator liberation (only 12% had 
COPD) were randomized to either NIV or usual care, equal numbers 
progressed to intubation (48%) but the ICU mortality rate at an interim 
analysis was 25 percent in the NIV versus 14 percent in the usual care 
arm (relative risk 1.78; 95 % CI 1.03-3.20; p = 0.048).219

For many patients, liberation from prolonged mechanical ventilation 
is associated with a decision to change the goals of care from treatment-
for-cure to treatment-for-comfort. Decisions to withhold and withdraw 
life-sustaining therapy entail extensive involvement of the patient, their 
care providers, ICU staff, chaplaincy, hospital ethics, and social work 
support. Pertinent to the terminal care of the ACRF patient, are meticu-
lous attention to palliation of terminal dyspnea, pain, and delirium. This 
subject is covered in Chap. 18.

QUALITY PERFORMANCE MEASUREMENT  
AND REPORTING FOR ACRF
Efforts to improve the consistency and quality of care delivery for 
critically ill patients while containing costs has become a major focus 
internationally. Process, structure, and outcomes measures for ACRF 
have been developed and in some countries are used for public report-
ing of hospital care and value-based purchasing. As an example, the 
UK National Institute for Health and Clinical Excellence (NICE) has 
defined and implemented a process-of-care measure for NIV, which 
is used for benchmarking, performance improvement, and remu-
neration decisions90,220 (Table 54-4). It is likely that composite process 
measures (care bundles) for ACRF management will become more 
widely used.

  TABLE 54-4   � Quality Standard: Noninvasive Ventilation in Hospital (UK National 
Institute for Health and Clinical Excellence, NICE)89,219

Quality statement

People admitted to hospital with an exacerbation of COPD and with persistent acidotic 
ventilatory failure are promptly assessed for, and receive, noninvasive ventilation delivered 
by appropriately trained staff in a dedicated setting.

Quality measure

Structure

	a.	� Evidence of local arrangements for the prompt assessment and delivery of noninvasive 
ventilation (NIV) to people admitted to hospital with an exacerbation of COPD and 
persistent acidotic ventilatory failure.

	b.	� Evidence of local arrangements to ensure that people admitted to hospital and receiv-
ing NIV for an exacerbation of COPD and persistent acidotic ventilatory failure, have NIV 
delivered by appropriately trained staff in a dedicated setting.

Process

	a.	� Proportion of people admitted to hospital with an exacerbation of COPD and with 
persistent acidotic ventilatory failure, who are promptly assessed for NIV, and for whom 
any subsequent delivery is promptly undertaken
Numerator—the number of people in the denominator promptly assessed for NIV, and 
for whom any subsequent delivery is promptly undertaken
Denominator—the number of people admitted to hospital with an exacerbation of 
COPD and persistent acidotic ventilatory failure

	b.	� Proportion of people admitted to hospital and receiving NIV for an exacerbation of 
COPD and persistent acidotic ventilatory failure, who have it delivered by appropriately 
trained staff in a dedicated setting
Numerator—the number of people in the denominator having NIV delivered by appro-
priately trained staff in a dedicated setting
Denominator—the number of people admitted to hospital receiving NIV for an exacer-
bation of COPD and persistent acidotic ventilatory failure

Outcome

	a.	 Reduction in hospital mortality rate of patients admitted with an exacerbation of COPD
	b.	 Reduction in median length of stay of patients admitted with an exacerbation of COPD
	c.	 Reduction in complications, specifically ventilator-associated pneumonia
	d.	 Reduction in the need for intubation

This quality statement is taken from the COPD quality standard.

Data from 2012 National Institute for Health and Clinical Excellence.
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Status Asthmaticus
Thomas Corbridge
Jesse B. Hall55

C H A P T E R

KEY POINTS

•• While some data suggest a decrease in the number of asthmat-
ics requiring intubation and mechanical ventilation in recent 
years, all aspects of the management of severe asthma should 
be mastered by the intensivist, including optimizing mechanical 
ventilation in the face of large increases in airway resistance and 
propensity for dynamic hyperinflation.

•• Severe asthma exacerbation is defined by several, but not necessar-
ily all, of the following features: dyspnea at rest, upright positioning, 
inability to speak in phrases or sentences, respiratory rate >30 breaths 
per minute, use of accessory muscles of respiration, pulse >120 beats/
min, pulsus paradoxus >25 mm Hg, peak expiratory flow rate <50% 
predicted or personal best, hypoxemia, and eucapnia or hypercapnia.

•• Altered mental status, paradoxical respirations, bradycardia, a 
quiet chest, and absence of pulsus paradoxus from respiratory 
muscle fatigue identify imminent respiratory arrest.

•• Airway wall inflammation, bronchospasm, and intraluminal mucus 
cause progressive airflow obstruction. Fewer patients develop 
sudden-onset asthma from a more pure form of bronchospasm.

•• Airflow obstruction causes ventilation-perfusion inequality, lung 
hyperinflation, and increased work of breathing.

•• Oxygen, β-agonists, and systemic corticosteroids are first-line 
treatments. Second-line treatments include ipratropium bromide, 
magnesium sulfate, leukotriene modifiers, theophylline, inhaled 
steroids, and heliox.

•• Noninvasive ventilation is potentially useful in hypercapnic 
patients not requiring intubation.

•• Postintubation hyperinflation decreases right heart preload and 
results in tamponade physiology. This may present as tachycardia, 
hypotension, and even cardiac arrest. A ventilator strategy that 
lowers lung volume decreases these potential complications.

•• Treating airflow obstruction and prolonging the expiratory time 
during mechanical ventilation decreases lung hyperinflation. 
Expiratory time is prolonged by lowering minute ventilation and 
increasing inspiratory flow rate.

•• Deep sedation allows for safe and effective mechanical ventilation in 
most intubated patients. Paralysis increases the risk of complications.

•• Patient education, environmental control measures, and use of 
controller agents help prevent future exacerbations.

Asthma is characterized by wheezing, dyspnea, cough, hyperreactive 
airways, airway remodeling, and reversible airflow obstruction.1 In the  
United States, it has a prevalence of just over 8.0% and is responsible for 
approximately 1.75 million emergency department (ED) visits, 450,000 
hospitalizations and 3500 deaths.2 Underestimation of severity, poor 
communication between the health care provider and the patient, 
and failure to use a controller agent all contribute to morbidity and  
mortality.3-7 While some studies indicate the incidence of respira-
tory failure secondary to status asthmaticus requiring intubation and 
mechanical ventilation is falling,8 it is essential the intensivist become 
familiar with the full spectrum of acute asthma, be able to determine the 
stage and progression of this process, learn means to halt the progres-
sion of this syndrome, and to sustain patients who require mechanical 
ventilation safely until underlying airway disease responds to treatment.
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airflow obstruction.27 In ventilated patients, end-expiratory alveolar 
pressure is not reflected at the airway opening if the expiratory port 
of the ventilator is open (which allows airway-opening pressure to 
approach atmospheric pressure or the level of ventilator-applied positive 
end-expiratory pressure [PEEP]). If the expiratory port is closed at end 
expiration, central airway pressure generally equilibrates with alveolar 
pressure, permitting measurement of intrinsic PEEP (PEEPi), which 
is also referred to as auto-PEEP. This measurement is most accurate 
in sedated and/or paralyzed patients, since expiratory muscle contrac-
tion elevates end-expired pressure. Importantly, however, PEEPi can 
underestimate the degree of lung hyperinflation in patients with poorly 
communicating airspaces.28

The pressure-volume relationship of the lung demonstrates that lung 
hyperinflation decreases static compliance. However, lung compliance 
may be normal despite hyperinflation, suggesting a stretch-relaxation 
response in parenchymal tissue.29 This state is not favorable for expira-
tory flow, but may protect against complications of lung hyperinflation.

■■ CIRCULATORY EFFECTS OF SEVERE AIRWAY OBSTRUCTION
Circulatory abnormalities reflect a state of cardiac tamponade result-
ing from dynamic hyperinflation (DHI) and pleural pressure changes 
associated with breathing against obstructed airways. During expi-
ration, elevated intrathoracic pressures decrease right-sided filling. 
Vigorous inspiration augments right ventricular filling and shifts the 
intraventricular septum leftward to cause a conformational change in 
the left ventricle (LV), diastolic dysfunction, and incomplete LV filling.  
Additionally, large negative pleural pressures directly impair LV emp-
tying, which under extreme conditions can even cause pulmonary 
edema.30,31 Finally, lung hyperinflation increases RV afterload and 
may cause transient pulmonary hypertension.32 The net effect of these 
cyclical events is to accentuate the normal inspiratory reduction in 
stroke volume, a phenomenon termed pulsus paradoxus (PP). Pulsus 
paradoxus is a marker of asthma severity33; however, the absence of a 
widened PP does not ensure a mild attack.34 The PP falls in improving 
patients, but also in the fatiguing asthmatic no longer able to generate 
large swings in pleural pressure.

■■ PROGRESSION TO VENTILATORY FAILURE
Several pathophysiologic mechanisms appear to be responsible for ven-
tilatory failure in acute asthma. Intrinsic PEEP is a threshold pressure 
that must be overcome before inspiratory flow occurs, increasing inspi-
ratory work of breathing. Increased airway resistance and decreased 
lung compliance further increase work.

Increased mechanical loads are placed on a diaphragm that is placed 
in a disadvantageous position by lung hyperinflation, and at the same 
time circulatory abnormalities may result in hypoperfusion of the 
exercising respiratory muscles. In the end, strength is inadequate for 
load and hypercapnia ensues, which further decreases diaphragm force 
generation.35,36

CLINICAL PRESENTATION, DIFFERENTIAL DIAGNOSIS, 
AND ASSESSMENT OF SEVERITY
Multifactorial analysis including the history, physical examination, mea-
sures of airflow obstruction, response to therapy, and in selected patients 
arterial blood gases and chest radiography is required to assess severity 
and the risk for deterioration.37

■■ MEDICAL HISTORY
Characteristics of prior exacerbations that predict a fatal or near fatal attack 
include intubation, hypercapnia, barotrauma, hospitalization despite 
corticosteroids, psychiatric illness, and medical noncompliance.1,9,38-40  
Substance abuse, alcohol ingestion, and excessive, long-term use of 
β-agonists are also associated with mortality.16,41 Pharmacogenetic 
studies have suggested an association between polymorphisms of 

The objective of this chapter is to review the pathophysiology, assess-
ment, and management of patients with severe asthma exacerbation, 
which is signaled by many, but not necessarily all of the following 
features: resting dyspnea, upright positioning, monosyllabic speech, 
respiratory rate >30 bpm, accessory muscle use, pulse >120/min, pulsus 
paradoxus >25 mm Hg, peak expiratory flow rate <40% of predicted or 
personal best, minimal or no relief from short-acting β-agonists, hypox-
emia, and eucapnia or hypercapnia.1 Altered mental status, paradoxical 
breathing, bradycardia, a quiet chest, and absence of pulsus paradoxus 
from respiratory muscle fatigue identify imminent arrest.

PATHOPHYSIOLOGY
Typical asthma exacerbations often evolve over hours to days in 
response to infections, irritants, allergens, or air pollution.9,10 While this 
allows for ample time to intervene early with systemic corticosteroids, 
many patients rely on increasing doses of inhaled β-agonists, eventu-
ally to no avail. These patients invariably have airway inflammation 
and mucus plugs that can be quite striking on postmortem analysis.11 
A smaller subset of patients develop sudden-onset attacks that appear 
to stem from a more pure form of smooth muscle–mediated broncho-
spasm. While these attacks can be lethal, they can also respond quickly 
to bronchodilators.10,12,13 Triggers of sudden attacks include allergen 
and irritant exposures, exercise, stress, sulfites, use of nonsteroidal 
anti-inflammatory agents and β-blockers in susceptible patients, and 
inhalation of crack cocaine or heroin.14-17 Infections are not a common 
trigger of sudden-onset attacks.18 However, during pandemics such as 
those resulting from H1N1 influenza, large numbers of patients with 
exacerbations of asthma may be encountered and appropriate treatment 
algorithms for documented pathogens should be applied.19

■■ ABNORMALITIES OF GAS EXCHANGE
Airway obstruction causes ventilation-to-perfusion (V

.
/Q

.
) mismatch. 

Intrapulmonary shunting is trivial, so modest enrichment of oxygen (eg, 
1-3 L/min by nasal cannula) generally corrects hypoxemia.20 Refractory 
hypoxemia is rare and suggests other conditions such as pneumonia, 
atelectasis, or pneumothorax. Hypoxemia correlates with the forced 
expiratory volume in 1 second (FEV1) and peak expiratory flow rate 
(PEFR); however, there is no cutoff value for spirometry that accurately 
predicts hypoxemia.21,22 Airflow rates commonly increase before oxy-
genation in improving patients, possibly because large airways recover 
quicker than smaller airways.23,24

Supplemental oxygen improves oxygen delivery to tissues, including 
the exercising respiratory muscles. It also protects against β-agonist–
induced hypoxemia resulting from pulmonary vasodilation and 
increased blood flow to low V

.
/Q

.
 units.25,26

Respiratory alkalosis is common in early and mild attacks. If present 
for many hours to days, there is compensatory renal bicarbonate wasting 
that may subsequently manifest as a normal anion-gap metabolic aci-
dosis (ie, posthypocapnic metabolic acidosis). As the severity of airflow 
obstruction increases, the partial pressure of arterial carbon dioxide 
(PaCO2) generally increases as well due to inadequate alveolar ventilation 
(reflecting a decrease in minute ventilation as the patient nears respira-
tory arrest) and possible elevated CO2 production from increased work 
of breathing. Hypercapnia usually does not occur unless the FEV1 is 
less than 25% of predicted.21 Increase in dead space might also occur 
if hyperinflated lung limits blood flow to create West’s zone 1 condi-
tions (where alveolar pressure exceeds pulmonary capillary pressure).23 
However, multiple inert gas elimination technique (MIGET) analysis 
demonstrates only small areas of high V

.
/Q

.
 and slightly increased dead 

space in acute asthma.20,26 Importantly, the absence of hypercapnia does 
not preclude a severe attack or impending arrest.22

■■ LUNG MECHANICAL ABNORMALITIES
Incomplete exhalation and the formation of positive end-expiratory 
alveolar pressure are hallmarks of the tachypneic patient with expiratory 
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β-adrenoreceptors, the severity of asthma, and its response to therapy.42 
Survivors of near-fatal asthma attacks may also have diminished ven-
tilatory drive in the face of hypoxemic or mechanical stimuli (ie, poor 
perceivers of airflow obstruction).43 Other concerning features include 
symptoms of long duration (which suggest a substantial component of 
inflammation and slow recovery), late arrival for care, fatigue, altered 
mental status, and sleep deprivation. Deterioration despite optimal 
treatment, including the concurrent use of oral steroids, further identi-
fies patients at risk.

“All that wheezes is not asthma” is a valid clinical saw to consider. The 
absence of a history of asthma should alert the physician to other diag-
noses (although asthma can first occur at any age). A history of smoking 
suggests chronic obstructive pulmonary disease (COPD), which may be 
associated with fixed airflow obstruction and chronic respiratory acidosis.  
Cardiac asthma refers to the airway hyperreactivity that occurs in 
congestive heart failure.44 Heart failure is generally discernible by 
examination, but the distinction between LV dysfunction and airway 
obstruction can occasionally be difficult. As discussed above, severe 
airflow obstruction is a rare cause of pulmonary edema, and broncho-
dilators may improve airflow obstruction in LV failure.45 Foreign body 
aspiration must be considered in children and at-risk adults. Upper 
airway obstruction from granulation tissue, tumor, laryngeal edema, 
or vocal cord dysfunction is in the differential, but classic extrathoracic 
obstructions cause inspiratory phase (not expiratory phase) prolonga-
tion and stridor.46 In these cases, fiberoptic laryngoscopy may be indi-
cated to confirm a laryngeal level process. For patients with tracheal 
stenosis (eg, from prior intubation), CT imaging and fiberoptic bron-
choscopy establishes the diagnosis. Important clues to focal obstruction 
include localized wheeze, and rarely, asymmetric hyperinflation on 
the chest radiograph. Pneumonia complicating asthma is unusual but 
should be considered when there is fever, purulent sputum, localizing 
signs, and refractory hypoxemia. In large series of patients with pulmo-
nary embolus, wheezing was not a reported sign. However, wheezing 
has been described anecdotally,47 and dyspnea out of proportion to 
measures of airflow obstruction should prompt the consideration of 
pulmonary embolus.

■■ PHYSICAL EXAMINATION
The general appearance of the patient (ie, posture, speech pattern, 
positioning, and mental status) allows for quick assessment of severity, 
response to therapy, and need for intubation. Adults with acute asthma 
who assume the upright position have a higher heart rate (HR), respira-
tory rate (RR), and PP and a significantly lower partial pressure of arte-
rial oxygen (PaO2) and PEFR than patients who are able to lie supine.48 
Diaphoresis is associated with an even lower PEFR. Accessory muscle 
use and PP indicate severe airflow obstruction, but the absence of either 
does not rule out severe obstruction.34

Examination of the head and neck should focus on identifying baro-
trauma and upper airway obstruction. Tracheal deviation, asymmetric 
breath sounds, a “mediastinal crunch,” and subcutaneous emphysema 
suggest pneumothorax or pneumomediastinum. The mouth and neck 
should be inspected for mass lesions or signs of previous surgery 
including tracheostomy. The lip and tongue should be inspected for 
angioedema.

Wheezing correlates poorly with the degree of airflow limitation.49 
Severe airflow obstruction may present with poor air movement and 
a silent chest; in this situation the emergence of wheezing signals 
improved air entry and clinical improvement. Localized wheezing or 
crackles should prompt consideration of atelectasis, pneumonia, pneu-
mothorax, endobronchial lesions, or foreign body.

Sinus tachycardia is common, but supraventricular and ventricular 
arrhythmias occur.50 Bradycardia is an ominous sign of impending arrest.51

Clinical signs of right-sided and left-sided heart failure suggest pri-
mary cardiac disease. Yet, acute asthma alone can cause examination 
and electrocardiographic findings of transient right-sided strain and 
rarely pulmonary edema.52,53 Jugular venous distention also occurs when 

DHI or tension pneumothorax limit venous return to the right heart. 
Asthma can also cause acute coronary syndrome in at-risk patients. 
Large drops in intrathoracic pressure increase LV afterload and decrease 
coronary blood flow, which can cause an imbalance between myocardial 
oxygen supply and demand.54 β-agonists, theophylline, and hypoxemia 
may further disrupt this balance.

■■ MEASUREMENT OF AIRFLOW OBSTRUCTION
The degree of airflow obstruction can be determined by measuring 
PEFR or FEV1. A PEFR or FEV1 <40% of predicted or the patient’s 
personal best characterizes severe exacerbation.1 Objective measure-
ments are generally safe to obtain except in the sickest patients, and may 
provide important information because physician estimates are often 
wrong.55 In critically ill patients, it is wise to defer measurements, which 
may worsen bronchospasm56 and even precipitate an arrest.57

Measurement of the change in PEFR or FEV1 helps in the assessment 
of treatment response. Several studies have demonstrated that failure of 
initial therapy to improve expiratory flow after 30 minutes predicts a 
refractory course and need for hospitalization or continued treatment 
in an ED.37,58-60 Changes in PEFR before 30 minutes of treatment have 
elapsed do not predict outcome.61

■■ PULSE OXIMETRY AND ARTERIAL BLOOD GASES
Pulse oximetry should be performed at the time of arrival to the ED 
and monitored until there is a clear response to therapy. Supplemental 
oxygen is recommended to maintain arterial oxygen saturation at greater  
than 90% (>95% in pregnant women and patients with coronary artery 
disease).62

When FEV1 is less than 25% predicted or of the patient’s personal best, 
an arterial blood gas should be considered. In early (mild) acute asthma, 
hypoxemia and respiratory alkalosis are common. Hypercapnia signals 
a severe attack, but in and of itself is not an indication for intubation.63 
Conversely, hypercapnia is not always present in cases of severe obstruc-
tion and impending respiratory arrest.22

Metabolic acidosis with a normal anion gap occurs when there 
has been bicarbonate wasting in response to respiratory alkalosis. An 
elevated anion gap suggests excess serum lactate, possibly secondary to 
increased work of breathing, tissue hypoxia, intracellular alkalosis, or 
decreased lactate clearance by the liver. Lactic acidosis correlates with 
the severity of airflow obstruction, is more common in men, and occurs 
more frequently when β-agonists are administered parenterally.64

Serial blood gases are usually not necessary to determine clinical course. 
Physical examinations and peak flows allow for valid clinical assessments 
in most cases. Patients who deteriorate on clinical grounds should be con-
sidered for intubation regardless of PaCO2. Conversely, improving patients 
should not be intubated despite hypercapnia. Serial blood gases are help-
ful in intubated patients to guide ventilator management.

■■ RADIOGRAPHIC STUDIES
Chest radiography plays little role in the assessment or management of 
routine patients. Even in hospitalized patients, radiographic findings 
influence treatment in 1% to 5% of cases.65-68 In one study68 that reported 
major radiographic abnormalities in 34% of cases (which the authors felt 
impacted management), the majority of findings were classified as focal 
parenchymal opacities or increased interstitial markings, common indi-
cators of atelectasis in asthma. Chest radiography should be reserved for 
patients suspected of having heart failure, pneumothorax, pneumonia,  
or atelectasis. In mechanically ventilated patients, chest radiography 
further identifies endotracheal tube position.

■■ ADMISSION CRITERIA
Patients demonstrating a good response to initial therapy in the ED may 
be discharged home with close follow-up. There should be significant 
improvement in breathlessness, improved air movement on physical 
examination, and a FEV1 or PEFR ≥70% of predicted or personal best.1 
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Observation for 60 minutes after the last β-agonist dose helps ensure 
stability prior to discharge. Written medication instructions and an 
asthma action plan should be provided. In general, patients should be 
discharged on oral corticosteroids. Inhaled corticosteroids (ICSs) should 
be continued (or even initiated) in the ED and follow-up appointments 
should be made.

Patients with severe airflow obstruction demonstrating a poor response 
to initial therapy and patients who deteriorate despite therapy should 
be admitted to an ICU. Other indications for ICU admission include 
respiratory arrest, altered mental status, hypercapnia, arrhythmias, acute 
coronary syndrome, and need for frequent inhaler treatments.

An incomplete response to treatment is defined as the persistence of 
mild wheezing or dyspnea and a PEFR or FEV1 between 50% and 69% 
of predicted.1 Patients in this group should be assessed individually, 
and while selected low-risk patients may be safely discharged from the 
ED, others require ongoing treatment in either the ED or the medi-
cal ward. Extended ED evaluation allows for assessment of the initial 
response to systemic corticosteroids, and for those who are discharged 
home decreases the risk of relapse and return to the ED.34 If the patient 
demonstrates a good response to treatment over that period of time and 
close follow-up can be arranged, discharge home may be appropriate. 
Again, these patients have better outcomes if they receive a course of 
oral steroids.69 Patients who continue to have an incomplete response 
should be admitted to a medical ward. Admission is also recommended 
when there is a harmful home environment or medical noncompliance.

THERAPY PRIOR TO INTUBATION

■■ PHARMACOTHERAPY

β-Agonists:  Inhaled short-acting β-agonists (SABAs) are the cornerstone 
of treatment of smooth muscle–mediated bronchoconstriction and should 
be given immediately regardless of prior use (Table 55-1).70 Albuterol is 
the most widely used SABA, but others are available including levalb-
uterol, bitolterol, and pirbuterol. Levalbuterol in one-half the milligram 
dose of albuterol provides comparable efficacy and safety by metered dose 
inhaler (MDI), but has not been studied by continuous administration.62

Guidelines recommend repetitive or continuous administration 
depending on clinical response and side effects. A common strategy 
is to give albuterol 2.5 mg by nebulization every 20 minutes during 
the first hour of ED management.62 Continuous administration (at the 
same total dose) may be slightly superior to repetitive dosing in patients 
with severe exacerbations, although there is little difference between 
these two strategies in most cases.71-74 Albuterol can also be delivered 
effectively by MDI with a spacer; four to eight puffs of albuterol by MDI 
with spacer is equivalent to a 2.5-mg nebulizer treatment.75,76 MDIs 
with spacers are less expensive and faster, but handheld nebulizers 
require less supervision and coordination. Fortunately, frequent doses 
of β-agonists are generally well tolerated. This may relate to the fact that 

in the most severely obstructed patients who would be receiving higher 
doses of β-agonists, drug delivery is most impaired resulting in minimal 
systemic absorption and effect. In one study, albuterol delivered by MDI 
with spacer to a total dose of 1600 µg over 90 minutes was not associated 
with increased cardiovascular morbidity in well-oxygenated patients.77 
After the first hour, dosing depends on clinical response and side effects.

Long-acting β-agonists (LABAs) are not recommended for treat-
ment of acute asthma, although limited data do show that formoterol 
(which has quick onset of action) is effective and safe in this setting. 
Combination therapy with a LABA and an ICS may be initiated or con-
tinued in hospitalized patients receiving rescue therapy,78 and may be 
required to achieve adequate outpatient control and decrease the risk of 
future exacerbations.

Subcutaneous β-agonists are not recommended unless the patient is 
unable to comply with inhaled therapy (such as those with an altered 
mental status or impending cardiopulmonary arrest). They are no more 
effective in the initial management of acutely ill asthmatics and are 
associated with greater toxicity.79-81 However, subcutaneous epinephrine 
may benefit some patients not responding to several hours of an inhaled 
β-agonist.82 Known cardiac disease and age >40 years are relative  
contraindications to parenteral therapy.83 Intravenous infusions of  
β-agonists are not recommended because they are more toxic and less 
efficacious than inhaled treatments.84-88

Approximately two-thirds of patients respond to inhaled albuterol in a 
convincing dose-dependent fashion, generally allowing discharge home 
from the ED.89 In these patients, 1.2 to 2.4 mg albuterol delivered by 
MDI and spacer or 5 to 7.5 mg by nebulizer in the first hour is effective.  
In the remaining one-third of patients albuterol has minimal effect, 
presumably because airway inflammation and mucus plugging adversely 
affects the dose response relationship.

Ipratropium Bromide:  Overall, the data suggest an advantage in maximal 
bronchodilation response when ipratropium bromide and albuterol are 
combined in the initial emergency treatment of asthma.90-100 However, 
several studies that generally used small doses of ipratropium bromide 
showed little or no benefit to this combination,101-105 and the addition 
of ipratropium bromide has not been shown to provide further benefit 
once the patient is hospitalized.62

Combination therapy is recommended for patients critically ill on 
first presentation or not responding quickly (eg, within 30 minutes) 
to albuterol alone. The Expert Panel of the NIH recommends adding 
0.5 mg of ipratropium bromide to 2.5 mg of albuterol by nebulizer every 
20 minutes for three doses, then as needed. Alternatively combination 
of four to eight puffs of ipratropium bromide MDI and four to eight 
puffs of albuterol (or eight puffs of a combination albuterol/ipratropium 
bromide inhaler) can be given every 20 minutes for the first 1 to 3 hours 
as guided by clinical response and toxicity.62

Corticosteroids:  Systemic corticosteroids should be administered quickly 
to patients not responding in an immediate, marked, and durable  
manner to initial bronchodilator therapy, particularly since benefits 
are not immediately evident. Indeed McFadden’s group demonstrated 
no differences in physiologic or clinical variables in the first 6 hours in 
38 patients receiving hydrocortisone.105 Rodrigo and Rodrigo similarly 
showed that early administration of steroids did not improve spirometry 
in the first 6 hours.106 However, Littenberg and Gluck demonstrated that 
methylprednisolone 125 mg IV on arrival decreased admission rates 
compared to placebo,107 and Lin and colleagues demonstrated improved 
peak flows after 1 and 2 hours of methylprednisolone.108 A systematic 
analysis for the Cochrane Review demonstrated that corticosteroids 
within 1 hour of arrival in the ED reduced admissions.109,110 Systemic 
steroids reduce the number of relapses and the risk of death.110-113 In 
hospitalized patients, they speed the rate of improvement.114 Oral and 
intravenous routes are equally effective,115 but oral steroids should be 
avoided if there is concern regarding the need for intubation.

There is no clear dose-response relationship to steroids in acute 
asthma.116,117 In one meta-analysis by Manser and colleagues, there was 

  TABLE 55-1    Drugs Used in the Initial Treatment of Acute Severe Asthma

Albuterol: 2.5 mg by nebulization every 20 minutes or four to eight puffs by MDI with spacer every 
20 minutes; for intubated patients titrate to physiologic effect. Alternative: levalbuterol (see text)

Epinephrine: 0.3 mL of a 1:1000 solution subcutaneously every 20 minutes × 3. 
Terbutaline is favored in pregnancy when parenteral therapy is indicated. Use with caution 
in patients >age 40 and in the presence of cardiac disease

Ipratropium bromide: 0.5 mg combined with albuterol by nebulization every 20 minutes or 
four to eight puffs by MDI with spacer combined with albuterol every 20 minutes

Corticosteroids: Methylprednisolone 40 mg IV every 12 hours or prednisone PO 40 mg every 
12 hours

Magnesium sulfate: 2 g IV over 20 minutes, repeat in 20 minutes if clinically indicated (total 
4 g unless hypomagnesemic)

Leukotriene modifiers: Consider montelukast 10 mg PO daily
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no difference in clinical outcomes between low-dose corticosteroids 
(≤80 mg/d methylprednisolone or ≤400 mg/d hydrocortisone) and 
higher doses in the initial management of hospitalized asthmatics.118 
Haskell and colleagues demonstrated that 125 mg IV methylpredniso-
lone every 6 hours resulted in faster improvement compared to 40 mg 
every 6 hours, but there was no difference in peak improvement.119 Both 
doses were superior to 15 mg every 6 hours in terms of rate and abso-
lute response. Emerman and Cydulka compared 500 mg and 100 mg of 
methylprednisolone and found no benefit to the higher dose.120

The Expert Panel from the National Institutes of Health (NIH) rec-
ommends 40 to 80 mg/d of prednisone or methylprednisolone in one 
or two divided doses for all patients with moderate to severe exacerba-
tions until PEFR reaches 70% predicted or personal best.62 Prednisone 
is tapered at variable rates depending on a number of factors, including 
PEFR, the duration of high-dose therapy required to treat the acute 
exacerbation, and whether oral steroids had been used for maintenance 
therapy. Automatic tapering schedules are not recommended because 
patients may taper prematurely.

Although data demonstrate efficacy of ICSs in the treatment of acute 
asthma,121 there is no established role for their use in most patients.62,122 
However, ICSs play a pivotal role in achieving outpatient asthma con-
trol and are generally underused for this purpose. Patients discharged 
from the ED or hospital after an asthma attack should be considered 
for an ICS-based treatment program, combined with optimal education 
regarding ICS use.

Aminophylline:  There is no benefit to adding aminophylline to inhaled 
β-agonists in the initial treatment of acute asthma.123 In a meta-analysis 
by Parameswaran and colleagues there was a trend toward higher PEFR 
at 12 and 24 hours, but at the cost of arrhythmias and vomiting.124 
Others have reported a delayed benefit.125 Nonbronchodilating proper-
ties of aminophylline may be useful in refractory cases; indeed anti-
inflammatory effects and enhanced diaphragm function may explain 
one report that ED administration of aminophylline decreased hospi-
talizations, even when airflow rates were no different than placebo.126

Aminophylline should be used sparingly in refractory patients; 
however, it is reasonable to continue its use in the rare patient taking  
theophylline as an outpatient after confirming a nontoxic serum con-
centration. This approach is safe if attention is paid to serum drug 
levels and to factors that increase levels, such as congestive heart failure, 
ciprofloxacin, macrolide antibiotics, and cimetidine, and if the drug is 
discontinued for signs and symptoms of toxicity.

Magnesium Sulfate:  Three early prospective trials failed to confirm a 
benefit to administering magnesium sulfate (MgSO4) to asthmatics in 
the ED.127-129 In 135 asthmatics randomized to 2 g MgSO4 IV or placebo 
after 30 minutes and followed for 4 hours, admission rates and FEV1 
were no different between magnesium-treated patients and controls.129 
However, subgroup analysis revealed MgSO4 decreased admission 
rates and improved FEV1 in subjects with FEV1 <25% of predicted. 
Subsequently, a placebo-controlled, double-blind, randomized trial in 
248 patients with FEV1 ≤30% showed a small but statistically signifi-
cant increase in FEV1 after 240 minutes in the magnesium group, but 
no difference in hospitalization rates.130 Subsequent meta-analysis of  
7 trials (5 adult, 2 pediatric) and 665 patients did not support the rou-
tine use of IV magnesium in all ED patients, but did demonstrate that 
magnesium was safe and beneficial in patients with severe attacks.131  
A similar conclusion was reached by the authors of a systematic review 
that included 10 randomized trials.132 Additional evidence supporting 
benefit in severe disease comes from an uncontrolled study of five intu-
bated asthmatics given magnesium.133 In this study, there was a fall in 
peak airway pressure (43-32 cm H2O) after high doses of MgSO4 (10-20 g)  
were administered over 1 hour. Other investigators have suggested that 
gender may play a role in magnesium responsiveness, since estrogen 
augments the bronchodilator effect of magnesium.134,135

Magnesium sulfate can also be administered by inhalation. Nannini 
and colleagues studied the effects of MgSO4 (225 mg) versus saline as the 

vehicle for nebulized albuterol in a randomized, double-blind fashion.136 
At 20 minutes, patients treated with MgSO4 and albuterol had a greater 
PEFR compared to the saline-albuterol group (134 ± 70 L/min vs 86 ± 
64 L/min). Hughes and colleagues published similar data.137 To the con-
trary, Aggarwal and colleagues reported no therapeutic benefit to adding 
MgSO4 to albuterol nebulization in their randomized trial of acute severe 
asthmatics.138 One systematic review has reported inhaled magnesium 
improves lung function in patients with severe attacks,139 whereas a more 
recent systematic review states the data are insufficient to draw strong 
conclusions.132 A recent Cochrane review also concluded that inhaled 
MgSO4 added little to treatment with inhaled β-agonists, did not reduce 
hospital admissions, but might have an effect on improving pulmonary 
function in patients with an FEV1 less than 50% of predicted.140

Leukotriene Modifiers:  Preliminary data demonstrating benefit to a 
leukotriene receptor antagonist came from a double-blind, randomized 
trial of two doses (20 and 160 mg) of zafirlukast orally versus placebo 
in 641 asthmatics after 30 minutes of standard treatment.141 Zafirlukast 
160 mg decreased admission rates, relapses, and treatment failures. 
In another double-blind, placebo-controlled study of 20 patients not 
receiving systemic steroids in an ED, oral montelukast 10 mg resulted 
in a trend toward a shorter duration of stay and higher peak flows, 
and fewer patients requiring aminophylline or steroids.142 In the most 
compelling trial to date, Camargo and colleagues randomized 201 
acute asthmatics to standard therapy plus montelukast 7 or 14 mg IV or 
placebo. Montelukast improved FEV1 over the first 20 minutes (14.8% 
vs 3.6% with placebo). Benefits were seen within 10 minutes and lasted 
for 2 hours; both treatment doses were equivalent.143 Montelukast also 
tended to result in less β-agonist use and fewer treatment failures. More 
recently Ramsay and colleagues reported the results of their random-
ized, placebo controlled trial of oral montelukast in 87 patients admitted 
with acute asthma with a mean PEFR of approximately 48% of predicted 
at baseline. Montelukast improved PEFR compared to placebo the 
morning after admission (81.4% vs 69.8% of predicted).144

Heliox:  Heliox is a mixture of 20% oxygen and 80% helium (30% : 70% 
and 40% : 60% mixtures are also available). As the percentage of helium 
decreases, so does the benefit of breathing this gas blend. Concentrations 
of helium less than 60% are ineffective, precluding its use in significant 
hypoxemia. Heliox is slightly more viscous than air, but significantly less 
dense, resulting in a more than threefold increase in kinematic viscosity 
(the ratio of gas viscosity to gas density) compared to air. Theoretically, 
this property decreases the driving pressure required for gas flow by two  
mechanisms. First, for any level of turbulent flow, breathing low-density gas 
decreases the pressure gradient required for flow. Second, heliox decreases 
the Reynolds number, favoring conversion of turbulent flow to laminar 
flow.145 Heliox does not treat bronchospasm or airway wall inflammation.

Heliox promptly improves dyspnea, work of breathing, and arterial 
blood gases in upper airway obstruction.146 Benefits have also been 
reported in acute asthma. In adults treated in an ED, an 80 : 20 mix 
delivered by tight-fitting face mask increased PEFR and decreased 
PP, suggesting improved airway resistance and work of breathing.147 
Similar results have been published in children.148 Other studies have 
failed to demonstrate benefit.149-151 In a meta-analysis by Rodrigo and 
colleagues the authors commented on the heterogeneity among studies 
and concluded that the evidence does not support the use of heliox in 
all nonintubated asthmatics in the ED.152 However, they did conclude  
in a cautionary manner that the evidence suggests a beneficial effect in 
the subgroup of patients with severe exacerbations.

If heliox is effective, it may give time for concurrent therapies to work, 
and thereby avert the need for intubation in some cases. Of theoretical 
concern is the potential for heliox to mask worsening airflow obstruc-
tion, so there is less time (and no margin for error) to control the airway 
when intubation is required.

Whether heliox augments the bronchodilator effect of inhaled 
β-agonists compared to delivery in air (presumably due to low-density 
gas facilitating albuterol deposition) is unclear. Data are available 
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demonstrating benefit to heliox as a driving gas,153 but there are also data 
to the contrary.154 The likely reason for reported lack of benefit is the 
failure to ensure a heliox delivery system that prevents room air entrain-
ment, which reduces inspired helium concentration.153

Antibiotics:  Because viruses trigger most infectious exacerbations of 
asthma (and bacterial pneumonia is rare), there is no clear role for anti-
biotics in treating acute asthma. Antibiotics are frequently prescribed for 
an increase in sputum volume and purulence. However, purulence may 
reflect an abundance of eosinophils, not polymorphonuclear leukocytes. 
The importance of Mycoplasma pneumoniae and Chlamydia pneu-
moniae in acute asthma is unknown. Lieberman and colleagues used 
paired serology to demonstrate evidence for mycoplasma infection in 
18% of patients hospitalized for acute asthma.155 The Expert Panel from 
the NIH does not recommend the use of antibiotics in asthma exacerba-
tion in the absence of other clinical indications such as pneumonia.62 
Graham and associates selected 2 out of 128 studies adequate for review 
and concluded that the role of antibiotics is difficult to assess.156

■■ NONINVASIVE POSITIVE PRESSURE VENTILATION
Noninvasive positive pressure ventilation (NIV) by face mask is an 
option for patients with hypercapnic respiratory failure who do not 
require intubation. Continuous positive airway pressure (CPAP) 
helps overcome the adverse effects of PEEPi and decreases the inspi-
ratory work of breathing.157 Bronchial dilation also occurs during 
CPAP.158 Advantages of NIV over intubation include decreased need for 
sedation and paralysis, decreased incidence of nosocomial pneumonia,  
decreased incidence of otitis and sinusitis, and improved patient 
comfort.159 Disadvantages include increased risk of aspiration when 
there is gastric insufflation, skin necrosis, and diminished control of 
ventilatory status compared with invasive ventilation.

Data regarding the efficacy of NIV in acute asthma are limited. In 
one study160 of 21 acute asthmatics with a mean PEFR of 144 L/min,  
nasal CPAP of 5 or 7.5 cm H2O decreased RR and dyspnea compared 
to placebo. In another study, Meduri and colleagues reported their 
observational experience with NIV during 17 episodes of acute severe 
asthma.161 The average duration of treatment was 16 hours and NIV 
generally improved dyspnea, HR, RR, and blood gases. Two NIV-treated 
patients required intubation for worsening PaCO2, and there were no 
NIV complications. Soroksky and colleagues reported their results of 
a randomized, placebo controlled trial of conventional asthma treat-
ment plus 3 hours of NIV (n = 15) versus conventional treatment plus 
sham NIV (n = 15) in ED patients aged 18 to 50 years of age with an 
FEV1 <60% of predicted and an asthma attack duration less than 7 
days.162 The protocol sets the initial expiratory pressure at 3 cm H2O 
and the initial inspiratory pressure at 8 cm H2O. Expiratory pres-
sure was increased by 1 cm H2O every 15 minutes to a maximum of  
5 cm H2O and the inspiratory pressure was increased by 2 cm H2O 
every 15 minutes to a maximum pressure of 15 cm H2O or until RR 
was less than 25/min, whichever came first. The mean increase FEV1 was  
53.5 ± 23.4 with NIV compared with 28.5 ± 22.6 in the control arm  
(p = 0.0006). There was also a significant decrease in hospitalization 
rates with NIV (17.6% vs 62.5%). Two meta-analyses and guidelines 
provide provisional further support for NIV in acute asthma.163-166

MANAGEMENT OF THE INTUBATED ASTHMATIC

■■ INTUBATION
Approximately 10% of patients admitted with a primary diagnosis of 
asthma are admitted to an intensive care unit; approximately 2% are 
intubated. While this percentage may be small, and there has been a 
recent decline in the number of patients requiring ICU stay in some 
centers, these patients generally incur greater costs, stay in hospital  
longer, and are at increased risk of morbidity and mortality.167-169

The goals of intubation and mechanical ventilation are to maintain 
oxygenation, prevent respiratory arrest, and minimize ventilator-induced 

lung injury. Patients who are intubated before they arrest generally do 
well. In a recently published retrospective observational study in a single 
ICU, the authors reported their findings in 280 episodes of status asth-
maticus in 227 patients over a 30-year span.8 Mortality rate was 0.35% 
despite a high percentage of patients requiring mechanical ventilation. 
In another report that described the outcomes of 78 inner-city patients 
with status asthmaticus admitted to an ICU, there were three deaths.170

Intubation is indicated for impending respiratory failure and cardio-
pulmonary arrest. Changes in posture, mental status, speech, accessory 
muscle use, and RR can indicate progressive ventilatory failure that does 
not need blood-gas or PEFR confirmation. In the final analysis, the deci-
sion to intubate rests on a clinician’s estimate of the patient’s ability to 
maintain spontaneous respirations.

Oral intubation is preferred because it allows for placement of an 
adequately sized endotracheal tube (eg, 8.0 mm inside diameter [ID] 
for adult women, 8.0-8.5 mm ID for adult men) to facilitate removal of 
mucus and decrease airflow resistance. Nasal intubation is acceptable 
in an awake patient anticipated to be difficult to position and intubate 
(fiberoptic guidance may facilitate intubation in this setting), but is 
complicated by the need for a smaller endotracheal tube, the possibility 
of nasal polyps and increased risk of sinusitis.

Postintubation Hypotension:  Hypotension has been reported in 25% to 
35% of patients following intubation.171 It stems from loss of vascular 
tone due to the direct effects of sedation and loss of sympathetic activ-
ity, hypovolemia, and DHI (especially when inadequate time is not 
allowed for exhalation). The presence of DHI is signaled by diminished 
breath sounds, hypotension, tachycardia, and high airway pressures, and 
importantly these findings should lead to a trial of apnea or hypopnea 
(2-3 breaths/min) in a well-oxygenated patient. This maneuver is both 
diagnostic and therapeutic as 30 to 60 seconds of exhalation drops 
intrathoracic pressure allowing for greater filling of the right atrium 
and ultimately improved hemodynamics and lower airway pressures. 
Improved cardiopulmonary parameters after such a trial, however, does 
not exclude pneumothorax, which has been reported to be as high as 
6% in intubated asthmatic patients.171,172 Careful inspection of the chest 
x-ray is mandatory because the lungs may not collapse completely in the 
setting of DHI and widespread mucus plugging. When tension pneu-
mothorax is considered, chest tubes generally should not be placed until 
a trial of apnea or hypoventilation has failed or there is radiographic 
evidence of pneumothorax.

Initial Ventilator Settings and Dynamic Hyperinflation:  Expiratory time, 
tidal volume, and severity of airway obstruction determine the level 
of DHI (Fig. 55-1). Minute ventilation and inspiratory flow determine 
expiratory time.173,174 To avoid dangerous levels of DHI, initial minute 
ventilation should not exceed 115 mL/kg/min or approximately 8 L/min 
in a 70-kg patient.175 This goal is achieved using an RR between 12 and 
14/min and a tidal volume between 6 and 8 mL/kg (ideal body weight). 
The use of low tidal volumes avoids excessive peak lung inflation, which 
can occur even with low minute ventilation.

Shortening the inspiratory time by use of a high inspiratory flow rate 
(eg, 60 LPM using a constant flow pattern) further prolongs expiratory 
time. High inspiratory flows increase peak airway pressure by elevating 
airway resistive pressure, but peak airway pressure per se does not corre-
late with morbidity or mortality. High inspiratory flow and high airway 
pressures may redistribute ventilation to low-resistance lung units, risk-
ing barotrauma, but these concerns are based largely on mathematical 
and mechanical lung models.176,177 Another concern in spontaneously 
breathing patients is that high inspiratory flow rates in the assist-control 
mode can increase RR and thereby decrease expiratory time.178

There is no consensus as to which ventilator mode should be used in 
asthmatics. In paralyzed patients, synchronized intermittent mandatory 
ventilation (SIMV) and assist-controlled ventilation (AC) are equivalent. 
In patients triggering the ventilator, SIMV may be preferred by some 
intensivists because of the unproven concern that minute ventilation will 
be higher during AC, since each triggered breath receives a guaranteed 
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tidal volume.178 However, in spontaneously breathing patients, SIMV 
may increase work of breathing and machine-patient dyssynchrony 
if set minute ventilation is low.179 Volume-controlled ventilation (VC) 
is recommended over pressure-controlled ventilation (PC) for several 
reasons, including staff familiarity with its use. PC offers the advantage 
of limiting peak airway pressure to a predetermined set value. However, 
during PC, tidal volume is inversely related to PEEPi and minute ventila-
tion is not guaranteed. Peak inspiratory flow rates may also be extremely 
high in PC (to compensate for decelerating flow) if inspiratory time is 
set short to prolong exhalation.

In the previously cited observational study by Peters and colleagues 
that described their experience over 30 years managing patients with 
status asthmaticus in a single MICU, SIMV with larger tidal breaths 
was common during the first 20 years, whereas AC with smaller tidal 
volumes and permissive hypercapnia was more common in recent 
years.8 The authors were unable to demonstrate a difference in outcomes 
related to choice of mode or strategy. Indeed there was no difference in 
mortality between earlier and later cohorts, but the mortality rate was 
quite low in this study.

In spontaneously breathing patients, a modest amount of ventilator-
applied (external) PEEP (eg, 5 cm H2O) decreases inspiratory work of 
breathing by decreasing the pressure gradient required to overcome 
PEEPi. In sedated and paralyzed patients limited data suggest that exter-
nal PEEP can result in variable and unpredictable responses. In some 
patients, external PEEP causes overinflation; in other patients external 
PEEP paradoxically decreases lung volumes and PEEPi; and in other 
patients there may be no response to external PEEP until it exceeds or 
(comes close to) PEEPi.180,181

Assessing Lung Inflation:  Several methods have been proposed to mea-
sure DHI. The volume at end inspiration, termed VEI, is determined by 
collecting all expired gas from the end-inspiratory volume to functional 
reserve capacity (FRC) during 40 to 60 seconds of apnea (Fig. 55-2). 
Although VEI may underestimate the degree of air trapping if there are 
very slowly emptying air spaces, VEI greater than 20 mL/kg correlates 
with hypotension.175 The utility of this measure is limited by the need 

FIGURE 55-1.  Effects of ventilator settings on airway pressures and lung volumes during normocapnic ventilation of eight paralyzed asthmatic patients. A. As inspiratory flow is decreased 
from 100 to 40 L/min at the same V

E
, Ppk falls, but hyperinflation increases due to dynamic gas trapping. B. Dynamic hyperinflation is reduced by low respiratory rates and high tidal volumes 

(as long as V
E
 is decreased), but high tidal volumes result in high Pplat. V

EE
, lung volume at end expiration; V

EI
, lung volume at end inspiration; Ppk, peak airway pressure; Pplat, end-inspiratory 

plateau pressure; V
E
, minute ventilation; V

I
, inspiratory flow. (Reproduced with permission from Tuxen DV, Lane S. The effects of ventilator pattern on hyperinflation, airway pressures, and circula-

tion in mechanical ventilation of patients with severe air-flow obstruction. Am Rev Respir Dis. October 1987;136(4):872-879.)
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for paralysis, and the fact that most clinicians and respiratory therapists 
are unfamiliar with expiratory gas collection.

Surrogate measures of DHI include the single-breath plateau pressure 
(Pplat) and PEEPi. Neither is perfect. Pplat is an estimate of average 
end-inspiratory alveolar pressures that is determined by stopping flow at 
end inspiration (Fig. 55-3). Intrinsic PEEP is the lowest average alveolar 
pressure achieved during the respiratory cycle. It is obtained by measur-
ing airway-opening pressure during an end-expiratory hold maneuver 
(Fig. 55-4). In the presence of PEEPi, airway-opening pressure increases 
by the amount of PEEPi present. Persistence of expiratory gas flow at 
the beginning of inspiration (which can be detected by auscultation or 
monitoring of flow tracings) also suggests PEEPi.182

Accurate measurement of Pplat and PEEPi requires patient-ventilator 
synchrony and patient relaxation. Paralysis is generally not required. 
Importantly, neither measure has been validated as a predictor of com-
plications. Pplat is affected by the lung and surrounding structures so 
that variations in DHI occur at the same pressure. For example, an obese 
patient will have a higher Pplat than a thin patient for the same degree  
of DHI. Despite these limitations, experience suggests that a Pplat 
<30 cm H2O is generally safe.

FIGURE 55-2.  One way to measure lung hyperinflation is to collect the total exhaled vol-
ume during a period of apnea (usually 20-60 seconds). This volume, termed V

EI
, is the volume 

of gas at end inspiration above FRC, and is the sum of the tidal volume and volume at end 
exhalation above FRC (V

EE
). V

EI
 above a threshold value of 20 mL/kg (1.4 L in an average-size 

adult) has been shown to predict complications of hypotension and barotrauma. (Reproduced 
with permission from Tuxen DV, Lane S. The effects of ventilator pattern on hyperinflation, 
airway pressures, and circulation in mechanical ventilation of patients with severe air-flow 
obstruction. Am Rev Respir Dis. October 1987;136(4):872-879.)
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Intrinsic PEEP may underestimate the severity of DHI.28 This may 
occur when airway closure limits communication between the alveolus 
and airway opening, so that during an end-exhalation hold maneuver 
airway-opening pressure does not rise. In most cases, however, PEEPi 
<15 cm H2O is a reasonable goal.

Ventilator Adjustments:  Although adjusting ventilator settings accord-
ing to Pplat has not been validated in controlled trials, we favor limiting 
tidal volumes and airway pressures as a general principle of manage-
ment, and offer one approach to ventilator adjustment. If initial settings 
result in Pplat >30 cm H2O, RR is decreased until this goal is achieved, 

even at the cost of hypercapnia. Hypercapnia is generally well tolerated 
in oxygenated patients, even to PaCO2 values nearing 90 mm Hg, as long 
as sudden changes do not occur.183,184 Anoxic brain injury and myocar-
dial dysfunction are contraindications to permissive hypercapnia, which 
may induce cerebral vasodilation, decrease myocardial contractility, 
and constrict the pulmonary vascular bed.185 Lowering minute ventila-
tion may not cause the expected rise in PCO2 if dead space decreases  
concurrently.

If hypercapnia results in a blood pH of less than 7.20 (and RR cannot 
be increased because of the Pplat limit), we consider a slow infusion 
of sodium bicarbonate, although this has not been shown to improve 

FIGURE 55-3.  Simultaneous plots of flow and airway pressure in a mechanically ventilated patient. The peak-to-pause or peak-to-plateau gradient is determined by temporarily occluding 
inspiratory flow. End-inspiratory occlusions should be done cautiously and briefly in patients with status asthmaticus, since expiratory time may be shortened and gas trapping may worsen. 
Under conditions of constant inspiratory flow and absence of patient effort, the peak-plateau gradient can be used as a measure of the severity of inspiratory airway resistance, and of the 
efficacy of bronchodilator therapy. The dotted line indicates a high peak-pause gradient as one would see in status asthmaticus. The plateau pressure is a reflection of the respiratory system 
pressure change resulting from the delivery of the tidal volume, added to any level of intrinsic PEEP (PEEPi). Hence the plateau pressure is a useful marker for the degree of lung hyperinflation, 
and should be maintained at <30 cm H

2
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FIGURE 55-4.  Measurement of auto- or intrinsic PEEP (PEEPi). Under normal conditions, alveolar pressure (P
ALV

) closely tracks pressure at the airway opening (Pao), which is reported on 
the ventilator manometer. At end expiration, P

ALV
 falls to atmospheric pressure (0 cm H

2
O) and is accurately reflected by Pao. In severe airflow obstruction, P

ALV
 may increase because of gas trap-

ping, and at end expiration P
ALV

 has not fallen to atmospheric pressure and does not equal Pao. If an expiratory hold maneuver is performed, Pao will rise, reflecting the degree of gas trapping.

End inspiration End expiration

Pao = 20 cm H2O

Pao = 35 cm H2O

PALV = 20 cm H2O

Pao = 0 cm H2O

Pao = 0 cm H2O

Pao = 15 cm H2O

Expiratory
hold

Airflow
obstructed

Normal
PALV = 0 cm H2O

PALV = 15 cm H2O

PALV = 15 cm H2O

PALV = 35 cm H2O
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outcome.186 If Pplat is less than 30 cm H2O and pH is less than 7.20, RR 
can be safely increased for the purpose of lowering PaCO2 and elevating 
arterial pH until Pplat nears the threshold pressure. Commonly, patients 
can be ventilated to a pH >7.20 with a Pplat <30 cm H2O.

Of note, in a previously cited manuscript, Anzueto and colleagues 
reported the incidence, risk factors, and outcomes of barotrauma in a 
cohort of patients that were mechanically ventilated using a strategy of 
limited tidal volumes and airway pressures.172 Of a total of 5183 patients 
ventilated for more than 12 hours, 79 were asthmatics. Five (6.3%) of 
these patients developed barotrauma, which was associated with worse 
outcomes. Interestingly, patients with and without barotrauma did not 
differ in any ventilator parameter.

Sedation and Paralysis:  Sedation improves comfort, safety, and patient-
ventilator synchrony, particularly when hypercapnia serves as a potent 
stimulus to respiratory drive. Some patients (such as those with sudden- 
onset asthma) may be ready for extubation within hours. In these patients, 
propofol is an attractive sedative because it can be rapidly titrated to 
a deep level of sedation, and there is quick reversal of sedation after  
discontinuation.187 Lorazepam and midazolam are less attractive alterna-
tives, since time to awakening is generally longer and less predictable than 
with propofol.188,189 The addition of an opioid to propofol or a benzodiaz-
epine achieves the most desirable combination of amnesia, sedation, analge-
sia, and suppression of respiratory drive. For all patients, daily interruption 
of sedatives and analgesics avoids unwanted drug accumulation.190

Ketamine, an IV anesthetic with sedative, analgesic, and bronchodila
ting properties, is reserved for use in intubated patients with severe 
bronchospasm that precludes safe mechanical ventilation.191-193 Ketamine 
must be used with caution because of its sympathomimetic effects and 
propensity to cause delirium, and even psychosis.

When safe and effective mechanical ventilation cannot be achieved 
by sedation alone, short-term muscle paralysis is indicated. Short- to 
intermediate-acting agents include atracurium, cis-atracurium, and 
vecuronium. Of these, cis-atracurium is preferred because it is essen-
tially free of cardiovascular effects, does not cause release of histamine, 
and does not require hepatic and renal function for clearance.194

Paralytics may be given intermittently by bolus or continuous IV 
infusion. If a continuous infusion is used, a nerve stimulator should be 
used or the drug should be withheld every 4 to 6 hours to avoid drug 
accumulation. Paralytic agents should be minimized whenever possible  
because of the risk of postparalytic myopathy.195-198 In one study of  
25 ventilated asthmatics, 19 (76%) patients had an increase in serum cre-
atine kinase, and 9 (36%) had clinically detectable myopathy.198 Elevated 
creatine kinase was associated with prolonged mechanical ventilation 
whether or not there was clinically detectable myopathy. In a retrospective 
cohort study of 107 episodes of asthma requiring intubation, the concur-
rent use of steroids and a paralytic was associated with muscle weakness 
in 29% of episodes, and steroid treatment alone was not associated with 
weakness.195 Importantly, this study demonstrated that the duration of 
paralysis correlated with the incidence of myopathy, which is rare when 
paralytics are used for less than 24 hours. Findings of a separate study 
confirm this correlation.196 Most patients with postparalytic myopathy 
recover, but may require weeks of rehabilitation. Use of neuromuscular 
blockers further increases the risk of ventilator-associated pneumonia.197

■■ ADMINISTRATION OF BRONCHODILATORS 
DURING MECHANICAL VENTILATION

Questions remain regarding the administration of inhaled bronchodi-
lators to intubated patients. In one study,199 only 2.9% of a radioactive 
aerosol delivered by nebulizer was deposited in the lungs of mechanically 
ventilated patients. Manthous and colleagues compared the efficacy of 
albuterol delivered by MDI via a simple inspiratory adapter (no spacer) 
to nebulized albuterol in intubated patients.200 Using the peak-to-pause 
pressure gradient at a constant inspiratory flow to measure airway resis-
tance, they found no effect (and no side effects) from the administration 
of 100 puffs (9.0 mg) of albuterol. Albuterol delivered by nebulizer to 

a total dose of 2.5 mg reduced the inspiratory flow-resistive pressure 
18%. Increasing the nebulized dose to a total of 7.5 mg reduced airway 
resistance further in 8 of 10 patients, but caused side effects in half of the 
patients. Thus if MDIs are used during mechanical ventilation, use of a 
spacer on the inspiratory limb of the ventilator improves drug delivery.201

Regardless of whether an MDI with spacer or nebulizer is used, higher 
drug dosages are required and the dosage should be titrated to achieve 
a fall in the peak-to-pause airway pressure gradient. Nebulizers should 
be placed close to the ventilator, and in-line humidifiers stopped during 
treatments. Inspiratory flow should be reduced to approximately 40 L/min  
during treatments to minimize turbulence, although this strategy may 
worsen DHI and must be time limited. Patient-ventilator synchrony is 
crucial to optimize drug delivery. When no measurable drop in airway 
resistance occurs, other causes of elevated airway resistance such as a 
kinked or plugged endotracheal tube should be excluded. Bronchodilator 
nonresponders should also be considered for a drug holiday. Data from 
randomized controlled trials are needed to determine the effects of bron-
chodilators in intubated patients and to provide evidence for or against 
usual clinical recommendations for bronchodilator use.202

■■ OTHER CONSIDERATIONS
Rarely, the above strategies are unable to stabilize the patient on the venti-
lator. In these situations other therapies are available. Inhalational general 
anesthetic bronchodilators acutely reduce Ppk and PaCO2.203,204 These agents 
cause myocardial depression, arterial vasodilation, and arrhythmias, and 
their benefit does not last after drug discontinuation. Heliox delivered 
through the ventilator circuit may decrease Ppk and PaCO2.205 However, 
safe use of heliox requires institutional expertise and careful planning. 
Flow meters (which are gas-density dependent) must be recalibrated 
for heliox, and a spirometer should be placed on the expiratory port of 
the ventilator during heliox administration to measure tidal volume. A 
trial of heliox use in a lung model is recommended prior to patient use. 
It is also possible to use extracorporeal carbon dioxide removal for the 
extremely rare patient in whom even permissive hypercapnia and opti-
mization of routine mechanical ventilation result in either unacceptable 
acidosis, unacceptable DHI, or both. These circuits and the dual lumen 
catheters placed for achieving extracorporeal circulation have evolved  
significantly in recent years and it is likely future trials will test their util-
ity in status asthmaticus as well as other causes of respiratory failure.206,207

■■ EXTUBATION
Recommendations for weaning and extubation of asthmatic patients 
have not been validated. Patients with sudden-onset asthma may 
respond quickly to bronchodilators and be eligible for extubation within 
hours. More often several days of support are required before patients 
are ready for a spontaneous breathing trial. In general a spontaneous 
breathing trial should be considered when PaCO2 normalizes at a minute 
ventilation that does not cause significant DHI, airway resistive pressure 
is <20 cm H2O, external PEEP is <5 cm H2O, mental status is intact and 
significant weakness has not been identified. Extubation can usually fol-
low a successful spontaneous breathing trial, after which bronchodilators 
should be given. The patient should continue to be observed in the ICU 
for 12 to 24 hours during which time the focus switches to safe transfer 
to the medical ward and maximizing outpatient management through 
education, environmental control measures, and use of controller agents.
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C H A P T E R

KEY POINTS

•• �Pneumothorax in critically ill patients is often missed with con-
ventional chest radiography. Ultrasound is a more reliable means 
of detecting pneumothorax.

•• �Pleural effusions can be detected by chest radiograph, chest CT 
and ultrasound. Ultrasound can be used for real time guidance of 
thoracentesis and chest tube placement.

•• �Empyema is the presence of pus within the pleural space and should 
be treated with systemic antibiotics as well as insertion of a chest drain. 
Other relative indications for placement of a chest drain include: posi-
tive gram stain or culture of pleural fluid and/or pH <7.2.

•• �Recurring pleural effusions (eg, malignancy) can be managed by 
placement of a tunneled drainage system or pleurodesis (chemical 
or surgical).

•• �Pleurodesis is extremely painful and should always be preceded by 
aggressive anesthesia and analgesia.

•• �Chest tubes placed for pneumothorax should be evaluated daily 
for air leak. Pleural drainage systems can usually be placed on 

water seal rather than suction. This may hasten the resolution of 
leak across the visceral pleura and thus hasten chest tube removal.

•• �Chest tube removal can be considered when there is no air leak in 
the pleural drainage system (pneumothorax) and/or there is less 
than 100 to 300 mL of fluid drainage per day (effusion).

INDICATIONS FOR THORACOSTOMY
Thoracostomy tubes, alternatively called chest drains, are inserted to 
drain fluid or air from the pleural space and remain in place until the 
drainage is completed. The indications for thoracostomy placement differ  
based on the amount of air, characteristics of the fluid as well as the 
clinical and physiologic consequences of these pleural space collections.

■■ PNEUMOTHORAX
A pneumothorax is defined as a collection of air within the pleural 
space. Often pneumothoraces can occur in otherwise healthy people 
(ie, primary spontaneous pneumothorax), but can also be postsurgical, 
iatrogenic, or related to trauma, including barotrauma from ventilator-
induced lung injury. Secondary pneumothoraces occur in the setting 
of underlying lung disease. Symptoms of either a primary or secondary 
pneumothorax can include pleuritic chest pain or dyspnea; however, 
patients with secondary pneumothorax often have shortness of breath 
that is out of proportion to the size of the pneumothorax.31,32 Physical 
exam findings can be subtle, but can range from tachypnea and tachy-
cardia to hypotension and cardiovascular collapse. Tracheal deviation 
away from the side of the pneumothorax and decreased breath sounds 
on the affected side as well as subcutaneous emphysema may be present.

Imaging studies can be helpful in establishing a diagnosis. Chest com-
puted tomography is the gold standard for diagnosis of pneumothorax. 
Indeed, nearly 40% of traumatic pneumothoraces are not clinically 
apparent.1 Chest roentography is a common method of identifying a 
pneumothorax once it is suspected clinically. Fully upright posteroan-
terior and lateral films are the most accurate roentographic method to 
identify a pneumothorax, although these are sometimes challenging to 
obtain, particularly in critically ill patients. A pneumothorax is identi-
fied by the presence of a dense white line with the absence of vascular 
markings lateral to it. At times, the patient’s positioning or lung pathol-
ogy can cause collection of the air in either the anterior chest or along 
the costodiaphragmatic angle, creating a “deep sulcus” sign (Fig. 56-1).

The use of ultrasound to image the lung and pleural space has become 
increasingly common. Ultrasound can be used by clinicians at the bed-
side to detect pneumothorax as soon as consistent signs/symptoms are 
identified. The interface between the aerated lung and the chest wall is 
readily visualized and often referred to as the pleural line. If this struc-
ture can be seen moving with respiratory variation, often referred to as 
lung sliding, then pneumothorax can be ruled out at that position.3,28  
When the lung is imaged via ultrasound using the M-mode, or 
motion-mode, a normal lung demonstrates a seashore sign in which 
the lung appears grainy against the solid straight lines of the chest wall 
(Fig. 56-2). A pneumothorax appears as solid straight lines throughout 
the whole ultrasound field as is often referred to as the stratosphere or 
barcode sign (Fig.  56-3). Often, the transition between fully inflated 
lung and a pneumothorax can be identified: this is called the lung 
point (Fig.  56-4). It is characterized by normal sliding lung immedi-
ately adjacent to nonsliding lung. When M-mode is used to identify 
the lung point, the operator should visualize alternating seashore and 
stratosphere signs as the normal lung moves in and out of view. If the 
lung point can be found, it is highly specific for the presence of a pneu-
mothorax.4 Furthermore, by scanning across the entire hemithorax, the 
lung point can be used to quantify the size of a pneumothorax.5 When 
compared to the gold standard of chest computed tomography, ultra-
sound is highly sensitive (86%-98%) and highly specific (97%-100%).5,6 
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FIGURE 56-4.  Typical static appearance of a pneumothorax as visualized by ultrasound 
(see Fig. 56-4A). [Vertical] line represents the plane through which structures are plotted over 
time for M-mode as shown in Figure 56-4B. Lung point: Appearance of pneumothorax over a 
10-second interval as visualized by ultrasound using M-mode. Note the different ultrasound 
appearance during a respiratory cycle as the probe visualizes the air filled pleura alternating 
with the air filled lung.

FIGURE 56-1.  Deep Sulcus sign (arrow).

FIGURE 56-2.  Normal lung imaging: M-mode seashore sign. Figure 56-2A Normal static 
appearance of the chest wall, pleura, and lung as visualized by ultrasound. [Vertical] line 
represents the plane through which structures are plotted over time for M-mode as shown in 
fig. 56-2B. Figure 56-2B Seashore sign: Normal appearance of the chest wall, pleura and lung 
over a 5-second interval as visualized by ultrasound using M-mode.

Pneumothoraces that are missed on ultrasonography are small and typi-
cally do not require drainage.7 Ultrasound has been found repeatedly to 
be more sensitive and specific than chest roentography.

Pneumothorax size, symptoms of breathlessness or the presence of 
underlying lung disease is often used as criteria to determine whether to 
drain pleural air, place a chest drain or observe for spontaneous resolution.2  
Importantly, if a patient is unstable and is demonstrating signs and 
symptoms that are suggestive of a pneumothorax, intervention must not 

be delayed for traditional imaging studies. If the patient is asymptom-
atic with a primary pneumothorax <2 cm (measured from either the 
chest wall at the level of the hilum to the pleural line or the lung apex 
to the cupola) then observation is an acceptable management strategy 
with follow up as an outpatient. Most experts recommend aspiration of 
pleural air in a breathless patient with a primary pneumothorax that is 
>2 cm or in an asymptomatic patient with a secondary pneumothorax 
that is 1 to 2 cm. If air aspiration improves symptoms and the resulting 
pneumothorax is <2 cm then a patient with a spontaneous pneumo-
thorax can be followed as an outpatient. In a patient with a secondary 
pneumothorax air aspiration resulting in improved breathlessness and a 
reduction in the size of the pneumothorax to <1 cm is deemed a success: 
these patients should be observed for up to 24 hours to ensure stability 

FIGURE 56-3.  Typical static appearance of a pneumothorax as visualized by ultrasound 
(see Fig. 56-3A). [Vertical] line represents the plane through which structures are plotted over 
time for M-mode as shown in Figure 56-3B. Stratosphere sign: Appearance of pneumothorax 
over a 10-second interval as visualized by ultrasound using M-mode. Note the repeating gray 
lines throughout the entire ultrasound field which suggest the presence of a pneumothorax.

section04.indd   506 1/23/2015   2:20:19 PM

http://www.myuptodate.com


CHAPTER 56: Thoracostomy 507

given their underlying lung disease. The presence of breathlessness or a 
pneumothorax >2 cm in the setting of a secondary pneumothorax or an 
inadequate response to air aspiration in a primary pneumothorax should 
prompt the physician to insert a chest drain to fully evacuate pleural air.2

■■ PLEURAL EFFUSION
Chest imaging should be performed when a patient’s clinical presenta-
tion or exam is suggestive of pleural effusion. A posteroanterior chest 
x-ray is often helpful in confirming the presence of pleural effusion and 
a lateral x-ray can often have additional value.30 Chest computed tomog-
raphy can identify smaller effusions and is better able to delineate the 
characteristics of a complicated effusion. Increasingly, ultrasonography 
is used to localize pleural fluid, quantify its size, and guide sampling of 
the fluid. The use of ultrasound in real-time procedural guidance helps 
to increase the success rate and decrease the complication rate of thora-
centesis.8-10 Effusions typically appear as an anechoic space (Fig. 56-5), 
although echogenicity within the fluid can be a sign of a complicated 
process such as empyema or hemothorax.3 Septations, adhesions, and 
loculations can also be identified by ultrasound (Fig. 56-6). The pres-
ence of a pleural effusion should always prompt the clinician to consider 
the etiology for the fluid accumulation. Most experts agree that pleural 
effusions should be diagnostically sampled in the setting of suspected 
infection.33 Fluid analysis reveals whether the effusion is a transudate, 
an exudate or an empyema and thus helps guide the decision about 
performing a tube thoracostomy. Transudative pleural effusions, with 
rare exception,11 do not require tube thoracostomy. More commonly, 
chest tube insertion is required for exudative effusions: this includes 
empyema, hemothorax, and malignant pleural effusions.

Empyema is the presence of pus within the pleural space and should 
be treated with systemic antibiotics as well as insertion of a chest drain. 
Other indications for placement of a chest drain for pleural space infec-
tion include: positive gram stain or culture of pleural fluid and/or pH 
<7.2. Once the drain is in place, clinical improvement and radiographic 
confirmation of effusion drainage are used to determine when the drain 
can be removed. Incomplete pleural space drainage in the setting of 
persistent signs of infection should lead to consideration of surgical 

exploration of the pleural space. In patients who are not suitable for 
surgery, intrapleural fibrinolysis can be considered. However, several 
trials have shown that intrapleural fibrinolysis alone does not reduce 
mortality or the incidence of surgery for pleural infections so this option 
should be reserved for patients unable to tolerate surgery.12-14 One study 
showed that the combined use of tissue plasminogen activator (t-PA) 
and DNAse was associated with a reduction in the need for surgical 
referral at three months and the duration of hospitalization.

Hemothorax, defined as blood in the pleural space, is often the result of 
trauma, anticoagulation or malignancy. Insertion of a chest tube for hemo-
thorax allows drainage of fresh blood and quantification of bleeding; it may 
result in apposition of the pleural surfaces leading to tamponade of the bleed-
ing site. Prophylactic antibiotics are recommended for chest tubes placed for 
blunt and penetrating trauma due to the high risk of infection, although they 
may be most helpful in preventing skin and pleural space infections in pen-
etrating trauma,15,16 particularly when there is retained hemothorax despite 
chest tube placement and when rib fractures are involved.17-19

Malignant pleural effusions warrant evacuation when symptoms are 
present. Initial treatment is with a therapeutic thoracentesis, which may 
provide temporary relief until treatment of the primary tumor can reduce 
the accumulation of pleural fluid. If the effusion recurs quickly or does 
not respond to cancer therapies, a chest tube for drainage is warranted. 
This can be a simple chest tube instilled with a pleuredesis agent or a tun-
neled indwelling pleural catheter, which allows for longer-term drainage 
and relief.20 If a simple chest tube is used, chemical pleurodesis is recom-
mended to prevent recurrence of the effusion, with talc being the most 
effective sclerosing agent.20,21 Chemical pleurodesis is extremely painful, 
and should not be performed without adequate anesthesia and analgesia 
(eg, in the operating room with general anesthesia or monitored anesthe-
sia care (MAC), systemic opiates, intercostal block, etc). Indwelling pleural 
catheters are increasingly being placed of a chest drain, with subsequent 
pleurodesis as definitive treatment of chronic malignant pleural effusions.36  
This procedure can be performed as an outpatient and allows for inter-
mittent drainage by the patient or a caregiver on a regular basis. This also 
leads to shorter length of stay in the hospital and less need for further 
interventions when compared to talc pleurodesis via chest tube.22,23

CHEST TUBE INSERTION

■■ CATHETER SIZE
The size of the chest tube placed depends on the indication for placement.  
When a chest tube is inserted for a pneumothorax, a smaller caliber 
tube, defined as ≤14 French, should be used.2,29 However, when a patient FIGURE 56-5.  Typical appearance of a pleural effusion using beside ultrasound.

FIGURE 56-6.  Typical appearance of a complex pleural effusion with septations using 
beside ultrasound.
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is unstable or there is concern that the air leak may be pleural air leak 
because of mechanical ventilation, some consensus statements recom-
mend larger bore chest tubes (24-28 French).50 Malignant effusions 
should also be drained with smaller caliber chest tubes, as multiple 
studies have now shown they are as efficacious and more comfortable 
than large bore chest tubes.24,25 Indeed, several studies have demon-
strated lower pain scores, reduced analgesia requirement and increased 
comfort when smaller caliber tubes are used regardless of indication for 
initial placement.24,38 Traditionally a large bore chest tube, often times 
≥32 French, is placed to drain hemothorax in an effort to prevent tube 
blockage from viscous fluid and blood clot. Interestingly, a recent study 
comparing 28 to 32 versus 36 to 40 French chest tubes in trauma patients 
did not identify any clinically relevant differences between the two 
groups.34 However, there is debate over the size of the chest tube to insert 
for patients with empyema. The British guidelines support the place-
ment of image guided small bore chest drains in patients with empyema 
even though there are variable success rates of these smaller drainage 
systems in numerous studies.39-45 Inadequate evacuation of empyema 
with small bore chest tubes is the most frequent complication, but some 
investigators argue that this can be mitigated with frequent flushing of 
the drainage system.37 While many practitioners recommend large bore 
chest tubes, 28 to 36 French, as definitive treatment of empyema it is 
likely that correct positioning of the chest tube is just as important, if not 
more important, than the size of the tube.35

■■ PLACEMENT
The location for chest tube placement should be confirmed anatomically 
and by real-time ultrasound guidance if possible. Chest tubes are typi-
cally placed in the 4th to 5th intercostal space within the triangle formed 
by the lateral border of the pectoralis major muscle, the mid-axillary line, 
and the horizontal line made from the nipple (Fig. 56-7).26 The patient 
should be positioned in a semi-recumbent position with the arm lifted 
over the head. If the patient is unable to hold their arm in the correct  
position it may be helpful to have an assistant to hold the arm or secure 
the hand with a restraint for the duration of the procedure. The chest 
tube should be prepared by placing a clamp across the most proximal tip 
that will be inserted into the chest and behind the most proximal port in 
the chest tube. The drainage device should also be prepared so that the 
chest tube can be connected once inserted.

The skin should be sterilized using chlorhexidine. All operators 
should don full sterile protective gear, including sterile gowns, gloves, 
masks, and caps. Sterile drapes are placed to isolate the site of insertion, 
using a full body drape. Local anesthetic is injected generously across 
the tract that will be followed by the chest tube, including within the 
pleural space. An intercostal nerve block can be used for the rib spaces 
in which the incision and chest tube insertion is made to provide further 
anesthesia. A scalpel is used to create a 2- to 3-cm incision into the skin 
over the intercostal space parallel to the rib. Dissecting instruments are 

FIGURE 56-7.  Identification of anatomic location for chest tube insertion.

used to create a tract that is directed diagonally from the skin over the 
intercostal space, over the rib, and into the next intercostal space above 
the skin incision. Care should be taken to stay close to the top of the rib 
in order to avoid injury to the neurovascular bundles that run beneath 
each rib. Once the parietal pleura is reached, a Kelly clamp should be 
used to carefully pierce this well-innervated tissue plane. Kelly clamps 
are then used to enlarge the tract into the pleural space so that the chest 
tube can be safely inserted into the pleural space. The operator’s index 
finger can be used for blunt dissection to assist in accessing the parietal 
pleura. Once the pleural space is accessed, often there will be the release 
of either air or pleural fluid through the tract. The index finger is placed 
through the tract and used to sweep fully around the insertion site in 
order to ensure there are no adhesions that would prevent proper tube 
placement. Subsequently, the chest tube is inserted through the tract 
into the pleural space. The proximal clamp is released once it is in the 
space and removed. The chest tube is directed either to the apex to drain 
a pneumothorax or to the base of the lung to drain a pleural effusion.

Once in place, the chest tube is secured to the skin with the use of a 
mattress suture through the incision and around the tube. This suture 
is wrapped around the tube repeatedly and tied down multiple times to 
ensure a secure hold. Additional interrupted sutures may be needed to fully 
close the incision. The chest tube is connected to a pleural drainage device 
and secured. The distal clamp is released, and there should be visualization 
of either fluid in the collecting chamber of the device or air bubbles in the 
water seal chamber. Petroleum jelly gauze is used to wrap the insertion 
site of the chest tube and sterile gauze placed over this. A secure pressure 
dressing is placed over the gauze. Immediate chest x-ray is used to confirm 
proper placement. The chest tube has a radio-opaque line that breaks at the 
position of the most distal side port. This break should be within the chest 
cavity to ensure that it is not exposed to the atmosphere, in which case the 
patient can inhale air into the pleural space from the atmosphere.

Increasingly smaller sized chest drains are being placed using a modi-
fied Seldinger technique under image guidance. The patient is positioned 
and the tube inserted using the same sterile techniques described above.

■■ CONTRAINDICATIONS
Contraindications to thoracostomy are almost always relative: the risks 
of the procedure must be weighed against the risk of complications. 
Relative contraindications include coagulopathies, which should be cor-
rected as possible if the clinical scenario allows for time to do so. Chest 
tubes should not be inserted into areas of cellulitis, as this can result in 
an empyema from skin bacteria migrating down the chest tube into the 
pleural space. If a complicated pleural space with adhesions or loculated 
fluid collections is identified, a chest tube may still be placed, but a surgical  
intervention, typically a video-assisted thoracic surgery (VATS), should 
be considered as an option to adequately drain the pleural space.

■■ RISKS
As with any invasive procedure, there is risk of bleeding. Coagulopathies 
should be corrected as appropriate if there is time for this to occur. Chest 
tubes can become infected at the insertion site and lead to empyema. 
Full sterile technique should be used to help prevent this complication. 
Importantly, antibiotic prophylaxis for chest tubes placed during elec-
tive thoracic surgery does not decrease the rates of postoperative infec-
tions, including empyema and pneumonia.27 There are case reports of 
unintentional solid organ perforations (heart, spleen, liver, stomach), as 
well as mediastinal perforation during chest tube insertion.46,47 However, 
this can largely be prevented with the use of ultrasound to identify the 
diaphragm and other visceral organs.

DRAINAGE SYSTEMS AND CHEST TUBE MANAGEMENT
Chest tubes are typically attached to a three chamber collection device. 
The first chamber drains air and fluid from the patient via the chest 
tube. Fluid entering the first chamber collects inferiorly while air rises 
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and enters the second chamber, often called the water seal chamber, 
below the water level and bubbles through the water seal preventing 
return of air to the patient’s thoracic cavity. The air enters the third 
chamber which is connected to wall suction. The height of water in the 
suction chamber indicates the amount of suction applied and is typically 
between −10 and −30 mm Hg, but often varies based on the indication 
for chest tube insertion. An atmospheric vent prevents the application of 
excessive suction. While different collection systems may vary, this basic 
design is common to most available models. There is some evidence to 
guide the level of suction that should be used. For postoperative and 
trauma patients there is evidence that suction at −20 mm Hg is not supe-
rior to water seal at resolving pneumothorax or shortening chest tube 
duration.48,49 There is less evidence to guide the application of suction 
in medical patients. In general, the lowest level of suction, including no 
suction, should be used to fully expand the lung and resolve a pneumo-
thorax. Chest imaging, typically CXR or ultrasound, should be used to 
determine the efficacy of lung expansion at a particular suction level. If 
suction is applied to assist with pleural fluid drainage, then −20 mm Hg 
is often applied initially with use of chest imaging studies to determine 
the adequacy of pleural fluid drainage.

The amount of air or fluid being drained by a chest tube should be 
assessed frequently in order to determine the earliest time it can be safely 
removed. An air leak can be quantified by the number of columns that 
air bubbles through the water seal chamber (typically there are 7 side-
by-side columns). In addition, the physician should notice whether the 
air leak occurs during forced exhalation or normal exhalation, which 
suggests a small alveolar-pleural fistula. Alternatively, an air leak that 
occurs during inspiration or continuously suggests a larger defect in 
the pleura and may indicate that a bronchopleural fistula is present. In 
general, chest tubes should not be removed or clamped if an air leak 
persists as this suggests that air may accumulate in the pleural space, 
potentially leading to tension physiology and cardiac compromise  
(ie, reduced venous return and cardiac output).

When placed for pneumothorax, chest tubes should be removed when 
the lung is fully expanded and there is no evidence of continued air 
leak. Some physicians advocate a trial of chest tube clamping for several 
hours followed by a repeat chest imaging study.50 Reaccumulation of the 
pneumothorax during the clamping trial suggests a small air leak is still 
present. However, there are limited data to guide the use of clamping in 
medical patients and the surgical literature is conflicting.29,51,52 Similarly 
there is some controversy as to whether a patient should be liberated 
from mechanical ventilation before a chest tube, initially placed for 
pneumothorax, is removed. Chest tubes placed for pleural effusion 
should drain less than 100 to 300 mL/d before chest tube removal is 
contemplated. There is some evidence that a threshold of <200 mL/d 
in the postoperative setting is similar to lower threshold volumes with 
respect to hospitalization time or incidence of significant pleural fluid 
reaccumulation.53

Petroleum gauze dressing, scissors, and several 4-by-4 in bandages 
should be assembled when a chest tube is ready to be removed. The 
sutures wrapped around the chest tube should be cut and the patient 
should breath-hold during chest tube removal. The clinician removing 
the tube should pull the tube in one motion with immediate closure 
of the skin incision by tightening and then tying both ends of the 
mattress suture. This motion should close the skin and prevent air entry 
up the chest tube tract and into the pleural space. Finally, petroleum  
gauze dressing should be placed over the sutures and covered with dry 
bandages.

•• Davies HE, Davies R, Davies C, et al. Management of pleural infec-
tion in adults: British Thoracic Society Pleural Disease Guideline 
2010. Thorax. 2010;65(suppl 2):ii41-ii53.

•• Davies HE, Mishra EK, Kahan BC, et al. Effect of an indwelling 
pleural catheter vs chest tube and talc pleurodesis for relieving 
dyspnea in patients with malignant pleural effusion: the TIME2 ran-
domized controlled trial. JAMA. June 13, 2012;307(22):2383-2389.

•• Koenig SJ, Narasimhan M, Mayo PH. Thoracic ultrasonography for 
the pulmonary specialist. Chest. November 2011;140(5):1332-1341.

•• MacDuff A, Arnold A, Harvey J. Management of spontaneous 
pneumothorax: British Thoracic Society Pleural Disease Guideline 
2010. Thorax. August 2010;65(suppl 2):ii18-ii31.

•• Marshall MB, Deeb ME, Bleier JI, et al. Suction vs water seal after 
pulmonary resection: a randomized prospective study. Chest. 
2002;121:831-835.

•• Oxman DA, Issa NC, Marty FM, et al. Postoperative antibacte-
rial prophylaxis for the prevention of infectious complications 
associated with tube thoracostomy in patients undergoing elective 
general thoracic surgery: a double-blind, placebo-controlled, ran-
domized trial. JAMA Surg. May 2013;148(5):440-446.

•• Rahman NM, Maskell NA, West A, et al. Intrapleural use of tissue 
plasminogen activator and DNase in pleural infection. N Engl J 
Med. August 11, 2011;365(6):518-526.

•• Roberts ME, Neville E, Berrisford RG, Antunes G, Ali NJ. Management 
of a malignant pleural effusion: British Thoracic Society Pleural 
Disease Guideline 2010. Thorax. August 2010;65(suppl 2):ii32-ii40.

•• Younes RN, Gross JL, Aguir S, et al. When to remove a chest tube? 
A randomized study with subsequent prospective consecutive 
validation. J Am Coll Surg. 2002;195:658-662.

KEY REFERENCES

•• Alphonso N, Tan C, Utley M, et al. A prospective randomized 
controlled trial of suction versus non-suction to the under-water 
seal drains following lung resection. Eur J Cardiothorac Surg. 
2005;27:391-394.

REFERENCES
Complete references available online at www.mhprofessional.com/hall

Massive Hemoptysis
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C H A P T E R

KEY POINTS

•• Ensure proper oxygenation and secure the patient’s airway if necessary.
•• Correct coagulation abnormalities.
•• �Localize bleeding with bronchoscopy (unstable patient) or CT scan 

(stable patient) and position the bleeding site in a dependent position.
•• �In unstable, hypoxemic patients consider urgent bronchoscopy for suc-

tioning, endobronchial hemostatic therapy and balloon tamponade.
•• �Interventional radiology-guided bronchial artery embolization is 

effective and should be performed after initial stabilization.
•• Surgery is required in rare circumstances.

INTRODUCTION
Hemoptysis, or the expectoration of blood, can result from a wide variety  
of illnesses (Table 57-1). The prevalence of these different etiologies 
depends on the characteristics of the specific patient population studied. 
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For example, tuberculosis is the most common cause of hemoptysis in 
underdeveloped countries while bronchiectasis is the most common 
cause in the industrialized world.1-2

Massive hemoptysis has been variably defined as production of more 
than 300 to 600 mL of blood in 12 to 24 hours, depending on the study. 
However, estimating the amount of hemoptysis is unreliable and has 
very little clinical utility. Accordingly, a “magnitude-of-effect” is the pre-
ferred clinical approach3 as it uses the clinical consequences of hemop-
tysis such as airway obstruction, hypoxemia, hemodynamic instability 
and underlying cardiopulmonary abnormalities to guide treatment and 
triage decisions. As an example of this principle, patients with diffuse 
alveolar hemorrhage can present with life-threatening hypoxemia and 
diffuse parenchymal infiltrates, meeting all the criteria for the acute 
respiratory distress syndrome (ARDS), yet have little or no hemoptysis.

The conditions listed in Table 57-1 most often associated with massive 
hemoptysis are: bronchiectasis, mycetoma, tuberculosis, bronchogenic 
carcinoma, necrotizing pneumonia, and vascular-bronchial fistulas. The 
relative incidence of these conditions depends on the origin of the case 
series examined. For example, when examining recent case series from 
China, Singapore, France, and Austria the relative prevalence of each 
condition differed: bronchiectasis (23%, 66%, 40%, 9%), tuberculosis 
(55%, 10%, 14%, 23%), bronchogenic carcinoma (6%, 7%, 17%, 35%), 
respectively.1,3-5

Although hemoptysis is classified as massive in only 5% of patients 
this condition is associated with a mortality of 9% to 38%,4,6 with death 
attributed to asphyxiation more commonly than to exsanguination. 
Massive hemoptysis originates from the bronchial circulation in 90% 
of patients.7 Nonbronchial systemic vessels (5%) and pulmonary vessels 
(5%) are rarely the primary source of bleeding (although they make 
some contribution to the bleeding in up to a third of cases).7 Bleeding 
from vessels other than bronchial arteries most commonly occurs as a 
result of inflammatory or infectious lung diseases causing anastomoses 
and collateral vessels to develop at the site of injury.6

While it is important to determine whether bleeding originates from 
the lungs as opposed to the nasopharynx or gastrointestinal tract, the 
distinction can generally be made by performing a careful history and 
physical examination. In addition, blood coming from the lungs is usu-
ally bright red and has an alkaline pH, whereas that from the stomach 
is dark and acidic.

STABILIZATION
Attention should initially be directed at airway management, ensuring 
adequate gas exchange and systemic perfusion. As little as 400 mL of 
blood in the alveolar space is sufficient to impair gas exchange. The 
likelihood of asphyxia from aspirated blood can probably be reduced by 
localizing the site of bleeding and placing it in the dependent position 
(eg, left lateral decubitus at 45° reverse Trendelenburg if the site of bleed-
ing is in the left lower lobe).

Coughing is an effective means of clearing blood from the airway 
and patients should not be intubated unless gas exchange is critically 
impaired or the rate of bleeding requires urgent therapeutic broncho-
scopic therapy (see below). In these situations, rigid bronchoscopy, 
suctioning, and balloon tamponade should be performed prior to 
intubation.6 Intubation with a large endotracheal tube (≥8) is preferred 
to prevent tube obstruction and to allow for more effective suctioning. 
Double lumen endotracheal tubes are generally not recommended, as 
placing them is associated with substantial risks in the rapidly bleeding 
patient.6 In extreme circumstances, when bleeding is localized to the 
right lung, the main stem bronchus of the left lung can be intubated. 
This technique is not recommended when bleeding originates from the 
left lung due to frequent occlusion of the right upper lobe by the endo-
tracheal tube. An alternative and more effective means to manage local-
ized bleeding is to use a bronchoscopic-guided Fogarty balloon catheter 
(larger airways) or a pulmonary artery catheter (distal subsegmental air-
ways) to occlude the bleeding airway and protect the contralateral lung.6

  TABLE 57-1    Causes of Massive Hemoptysis and Pulmonary Hemorrhage

Localized Bleeding

  Infections

    Mycobacteria (TB most common)

    Necrotizing bacterial pneumonia (particularly Klebsiella and Staphylococcus aureus)

    Lung abscess

    Mycetoma (Aspergillus most common)

    Bronchiectasis (eg, cystic fibrosis or immune deficiencies)

    Parasites (Hydatid cyst, paragonimiasis)

    Leptospirosis

  Tumors

    Bronchogenic carcinoma (ie, squamous cell)

    Pulmonary metastatic disease 

    Bronchial adenoma

    Sarcoma

  Pulmonary vascular problems

    Pulmonary arteriovenous malformations (eg, Rendu-Osler-Weber syndrome)

    Pulmonary embolus with infarction

    Pulmonary aneurysm (eg, Behçet syndrome)

    Pulmonary artery catheterization with pulmonary arterial rupture

    Mitral stenosis

  Coagulopathy (usually requires coexisting mucosal disruption)

    Thrombocytopenia or platelet dysfunction (eg, von Willebrand disease, uremia)

    Hemophilia A or B

  �  Prolonged coagulation tests (due to coagulation factor production or consumption defect)

  Trauma

  Miscellaneous

    Lymphangioleiomyomatosis

    Catamenial (endometriosis)

    Cryptogenic

    Broncholithiasis

    Sarcoidosis (usually from cavitary lesions with mycetoma)

Diffuse Bleeding

  Capillaritis (seen on biopsy)

    Drug- and chemical-induced (propylthiouracil, phenytoin, retinoic acid)

  �  Connective tissue diseases (ie, systemic lupus erythematosus, rheumatoid arthritis, 
mixed connective tissue disease, systemic sclerosis, antiphospholipid antibody syn-
drome, polymyositis)

  �  Systemic vasculitides (Behçet, cryoglobulinemia, IgA nephropathy, microscopic poly-
angiitis, granulomatous vasculitis, pauci-immune, Henoch-Schonlein purpura) 

  Bland hemorrhage (seen on biopsy)

    Connective tissue diseases (ie, systemic lupus erythematosus, Goodpasture syndrome)

    Drugs (anticoagulant and antiplatelet therapy-glycoprotein IIa/IIIb inhibitors)

  �  Other (pulmonary veno-occlusive disease, mitral stenosis, idiopathic pulmonary 
hemosiderosis)

  Diffuse alveolar damage with bleeding (seen only on biopsy)

    Infection (any infection that can cause ARDS)

  �  Drugs (amiodarone, crack cocaine, nitrofurantoin, penicillamine, sirolimus, most  
cytotoxic drugs) 

  �  Connective tissue diseases (systemic lupus erythematosus, rheumatoid arthritis, 
polymyositis)

    Other (pulmonary capillary hemangiomatosis, pulmonary infarct, ARDS of any cause)
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Small doses of codeine or morphine may be used to attenuate the 
cough reflex to allow for clot formation. However, coughing is an effec-
tive method to clear the airway, and a depressed sensorium may increase 
the risk of aspiration. Therefore, these medications should be used with 
discretion.

EVALUATION
Figure 57-1 describes an evidenced-based algorithmic approach to 
initial evaluation and management of massive hemoptysis. In general, 
disorders of hemostasis should be sought and corrected and attempts 
should be made to determine the site of bleeding. The nose and mouth 
should be carefully inspected to exclude an upper airway source of 
bleeding. Rhinoscopy and/or laryngoscopy may at times be useful. A 
history consistent with rheumatic fever might lead to the suspicion of 
mitral stenosis, which may be diagnosed by auscultation, chest roent-
genography and/or echocardiography.

Coagulation screening should include a platelet count, a prothrombin 
time, creatinine, partial thromboplastin time as well as a fibrinogen level in 
selected patients with liver disease, trauma or disseminated intravascular 
coagulation. A urinalysis should be obtained, and if red blood cells are 
found, diffuse alveolar hemorrhage should be considered and blood should 
be screened for serologic evidence of connective tissue diseases or vascu-
litides (eg, antinuclear antibodies, rheumatoid factor, complement levels, 
cryoglobulins, the antiglomerular basement antibody, antiphospholipid 
antibodies, and the antinuclear cytoplasmic antibody) (see Table 57-1).

■■ DETERMINING SITE AND ETIOLOGY OF BLEEDING
Chest x-ray will identify the region of bleeding in approximately 60%  
of patients, but it is not effective in revealing the underlying cause (likely  

< 35% of the time). CT scanning may be slightly more effective in local-
izing the site of bleeding, but is much better at determining the etiology 
of the bleeding in part because bronchiectasis is much more evident.8 
If urgent therapeutic stabilization is required, bronchoscopy is the pre-
ferred initial approach because the procedure also has the potential to 
be therapeutic (eg, suctioning, endobronchial therapy, balloon tampon-
ade). When CT scan is performed, multidetector row CT scan should be 
utilized as it is very effective at identifying bronchial, nonbronchial and 
pulmonary artery (PA) contributions to bleeding which improves the 
planning and effectiveness of subsequent bronchial artery embolization 
(BAE).7,9 In select patients (ie, trauma, iatrogenic PA rupture), immedi-
ate surgical intervention is required due to instability and etiologic cause 
of bleeding. In others, the rebleeding incidence after bronchial artery 
embolization is high and therefore surgical intervention is preferred (ie, 
complex arteriovenous malformations, bronchovascular fistulas).6

Rigid bronchoscopy is the modality of choice in unstable patients 
because it allows for more efficient suctioning, improved visualization 
and more effective deployment of balloon tamponade. Disadvantages 
include inadequate training by the treating clinician (most pulmonary 
and critical care physicians lack expertise with rigid bronchoscopy) and  
inability to access the subsegmental airways for endobronchial treat-
ment. In these situations, and in patients who are relatively stable, fiber-
optic bronchoscopy is the best option as it offers the ability to localize 
the segment or subsegment where the blood originates and possibly 
intervene. In cases of nonmassive hemoptysis, early (compared with 
delayed) bronchoscopy improves the probability of localization, but 
does not significantly change therapeutic decisions or improve clinical 
outcomes.6

When patients have diffuse parenchymal disease on imaging (chest 
radiograph or CT scan), the diagnosis of diffuse alveolar hemorrhage 

FIGURE 57-1.  An evidenced-based algorithmic approach to initial evaluation and management of massive hemoptysis. ETT: endotracheal tube; DAH: diffuse alveolar hemorrhage; BAE: 
bronchial artery embolization; MDCT: multi-detector CT.

Massive hemoptysis 

   Chest x-ray
  Place bleeding lung in dependent position
   CT scan and/or fiberoptic bronchoscopy
   Bronchoalveolar lavage for DAH in diffuse
  disease 

Bleeding localized on CT scan Bleeding localized on bronchoscopy  

Acute respiratory failure No cardiopulmonary instability 

   Chest x-ray
   Place bleeding lung in dependent position
   Volume resuscitation
  Correct coagulopathy
  Rigid bronchscopy (Fiberoptic  is 2nd line)
   Intubation with ETT >8.0 

  Cold saline, epinephrine
  Fibrinogen/thrombin
  Topical antifibrinolytics
  Balloon tamponade
   Interventional techniques if
  endobronchial lesion identified
  Lavage for DAH in diffuse disease 

Patient unable to be stabilized
   Emergent BAE or surgery

Patient stabilized
   MDCT prior to BAE
   Surgery in rare circumstance 

BAE 

Effective Not effective 

Recurrence 

Surgery 

No localization 

Observation
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should be considered despite the fact that this finding can result from 
localized bleeding if the blood is extensively aspirated. If uncertainty 
remains, bronchoscopy should be performed. Diffuse alveolar hemor-
rhage is suggested by finding an increasing concentration of red blood 
cells in serial samples of bronchoalveolar lavage fluid obtained from a 
wedged position.

TREATMENT

■■ GENERAL MEASURES
Maintaining adequate oxygenation is the most important initial treatment. 
Next, underlying coagulopathies should be corrected. The platelet count 
should be maintained above 50,000 mm3 in an actively bleeding patient. 
The platelet dysfunction associated with uremia may be treated with  
dialysis or by administration of cryoprecipitate and desmopressin 
(DDAVP). Additionally, DDAVP and cryoprecipitate are standard treat-
ments for bleeding patients with von Willebrand disease and hemophilia A. 
Factor VIIa has been shown to be effective as a temporizing measure in 
patients with cystic fibrosis and bronchiectasis (likely due to vitamin K  
and coagulation factor deficiencies in this patient population), but 
this intervention has also been associated with pathologic thrombosis 
on selected patient populations. In addition, intravenous or topical 
antifibrinolytics have proven beneficial in some case series. Lastly, the 
prothrombin time and partial thromboplastin time should be corrected 
to near normal. Clotting factor deficiencies are treated with vitamin K, 
or for a more rapid effect, with large volumes of fresh frozen plasma.

■■ SPECIFIC INTERVENTIONS
A number of modalities may be used to treat life-threatening hemop-
tysis including endobronchial treatment techniques, bronchial arterial 
embolization (BAE), external beam irradiation, and surgical resection.

Endobronchial treatment should begin with serial injection of cold 
saline lavage to the affected site (50 mL aliquots of normal saline cooled 
to 4°C). It may require up to 750 mL for complete effect. If this technique 
is unsuccessful topical vasoconstrictive agents (epinephrine 1:20,000) 
are recommended.6 Topical antifibrinolytic agents (tranexamic acid) as 
well as endoscopic instillation of fibrin/thrombin mixtures have been 
used successfully in multiple case series, but have not been explored 
in controlled clinical studies for this indication. Balloon tamponade is 
used for stabilization prior to BAE or surgery. A variety of interventional 
bronchoscopic techniques have been described including laser pho-
tocoagulation, argon plasma coagulation, electrocautery, cryotherapy, 
brachytherapy and stent tamponade, though these techniques require 
special equipment, highly trained bronchoscopists, and they have not 
been rigorously studied.6

External beam irradiation has been used successfully in a few patients 
with massive hemoptysis resulting from mycetomas and can also be used 
for patients with unresectable neoplasms if the rate of bleeding is suf-
ficiently slow that the course of treatment can be completed.

BAE is the treatment of choice for most patients with life-threatening 
hemoptysis resulting from a localized lesion. Though the success rate is 
>90% in recent studies due to improvement in technique, recurrence 
can occur in 10% to 55% of patients,10 most commonly in patients with 
mycetoma, bronchogenic carcinoma or cystic fibrosis. A common reason  
for rebleeding is incomplete embolization due to pulmonary artery or 
nonbronchial artery contributions. Multidetector row CT scan prior 
to BAE identifies these additional vascular contributions guiding more 
complete embolization and results in a decrease in rebleeding events. 
Repeat BAE is often safe and effective although recurrence in myceto-
mas and carcinomas should prompt a consideration of surgical resection 
if the patient can tolerate the procedure.

■■ SURGICAL VERSUS MEDICAL MANAGEMENT
When hemoptysis occurs in the setting of diffuse disease (eg, cys-
tic fibrosis, extensive pulmonary tuberculosis, or other forms of 

bronchiectasis), surgery is not advised. For patients with localized 
disease the decision to operate is based on clinical judgment and indi-
vidual patient assessment, as there are no randomized trials comparing 
the outcomes achieved with surgery versus repeated embolization. The 
major indications for surgery are (1) recurrence of bleeding after bron-
chial arterial embolization, (2) inability to perform the embolization 
because of anatomic problems, and (3) multiple bleeding vessels seen on 
angiography. Accordingly, with the possible exception of endobronchial 
carcinomas that require ablation, BAE should be the initial treatment 
of choice for patients with localized disease who are stable enough to 
attempt the procedure.

■■ DIFFUSE ALVEOLAR HEMORRHAGE
Diffuse alveolar hemorrhage (DAH) occurs in conjunction with, and 
may be the initial manifestation of, numerous diseases, conditions,  
and medications (see Table 57-1). Up to one-third of patients with DAH 
will not have hemoptysis, but many will have other systemic manifesta-
tions of a systemic disease (eg, rash, myalgias, arthralgias, or conjunc-
tivitis). Chest roentgenograms generally show diffuse infiltrates, but 
localized disease may also be seen. DAH occurs in up to 10% of patients 
with granulomatous vasculitis (formerly called Wegener granuloma-
tosis), and in up to 33% of patients with microscopic polyangiitis (all 
of whom will have evidence of glomerulonephritis). DAH is also seen 
in approximately 5% of patients with systemic lupus erythematosus, 
and rarely in conjunction with polymyositis, rheumatoid arthritis, and 
mixed connective tissue disease. Most patients with Goodpasture syn-
drome (which is caused by an antibody to the type 4 collagen found in 
the basement membranes of alveolar walls and glomeruli) present with 
DAH and glomerulonephritis, but up to 10% may have only DAH.

Diagnosis of DAH:  The diagnosis of DAH is suggested when patients 
present with hemoptysis, diffuse pulmonary infiltrates, a falling hema-
tocrit, and manifestations of systemic disease. However, in those patients 
without hemoptysis or diffuse infiltrates the diagnosis becomes more 
difficult. Bronchoalveolar lavage showing progressively more blood 
with serial aspiration is considered diagnostic. If DAH is diagnosed 
and serologic tests described above are nondiagnostic, kidney biopsy or 
thoracoscopic lung biopsy is recommended to determine the etiology  
(Table 57-1). The correct diagnosis is especially important because 
therapies are often cytotoxic and frequently have long-term side effects. 
Furthermore, treatments differ depending on the specific disease 
diagnosed. For example, plasmapheresis is indicated for Goodpasture 
syndrome and ANCA-associated vasculitis, but not for lupus vasculitis. 
Immunofluorescence should be performed on every biopsy sample to 
exclude serology-negative Goodpasture syndrome. Despite treatment, 
over half of patients with DAH resulting from systemic vasculitis or 
collagen vascular disease require mechanical ventilation, and mortality 
ranges from 25% in patients with granulomatous vasculitis to 50% in 
patients with lupus.
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  TABLE 58-1    Selected Diseases of the Chest Wall

Pectus excavatum

Pectus carinatum

Poland syndrome

Kyphoscoliosis

Thoracoplasty

Fibrothorax

Chest wall tumors

Thoracic cage deformity and pulmonary fibrosis both result in a restric-
tive limitation to breathing. Although relatively rare in the context of 
pulmonary intensive care, these disorders present unique challenges that 
complicate ICU management. In this chapter, we describe the patho-
physiologic derangements in cardiopulmonary function associated with 
these disorders and how they affect management during acute illness. 
A primary goal of this chapter is to offer a strategy for cardiovascular 
management and mechanical ventilation that minimizes the risk of 
ventilator-induced complications and maximizes the chance for early, 
successful extubation. Many of these recommendations are grounded 
more on general precepts than on disease/disorder-specific evidence.

PATIENTS WITH THORACIC CAGE DEFORMITY
Although a number of disorders can deform and restrict the move-
ment of the respiratory system (Table 58-1), kyphoscoliosis (KS) is the  
prototypical cause of severe thoracic deformity. Kyphoscoliosis is  
the combination of kyphosis (posterior deformity of the spine) and 
scoliosis (lateral deformity of the spine). It is far more common than 
isolated cases of kyphosis or scoliosis, placing over 200,000 people in 
the United States at risk of developing respiratory failure.1 Most cases are 
idiopathic and begin in childhood.2 Other cases result from congenital 
defects, connective tissue disease, poliomyelitis, thoracoplasty, syringo-
myelia, vertebral and spinal cord tumors, and tuberculosis.

The pathophysiologic consequences of KS correlate with the degree 
of spinal curvature, but there is considerable variability.1-3 Patients with 
severe deformity can lead long and relatively symptom-free lives,4-6 while 
patients with lesser degrees of curvature may develop ventilatory failure 
and cor pulmonale at a young age.7 The reason for this variability is not 
always clear. However, sleep-disordered breathing underlies clinical 
deterioration in some patients.8,9

The combination of a moderate kyphotic deformity and a moderate 
scoliotic deformity is functionally equivalent to a severe deformity of 
either alone.3 Of the two, however, scoliosis produces greater physiologic 
derangements. In KS, scoliotic curves less than 70° (Fig. 58-1) rarely 
cause problems, while angles greater than 70° increase the risk of respira-
tory failure.1,2 The earlier in life this angle is achieved, the greater the risk 
of eventually developing respiratory failure, as curvature angles increase 
by an average of 15° over 20 years from an initial angle of 70°.10-12 Angles 
greater than 100° can cause dyspnea; angles ≥120° can result in alveolar 
hypoventilation and cor pulmonale.1,7

In order to decrease respiratory work, patients with severe deformity 
and low respiratory system compliance take rapid and shallow breaths. 
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KEY POINTS

•• �Scoliotic curves greater than 100° may cause dyspnea; curves 
greater than 120° are associated with alveolar hypoventilation and 
cor pulmonale.

•• �Biphasic positive airway pressure may be effective in patients with 
acute hypercapnic respiratory failure.

•• �Low tidal volumes and high respiratory rates likely minimize 
the risk of barotrauma during mechanical ventilation; however, 
gradual institution of anti-atelectasis measures may improve gas 
exchange and static compliance.

•• �Nocturnal hypoxemia is common and may contribute to cardio-
vascular deterioration; routine polysomnography is recommended.

•• �Strategies for management of patients with chronic ventilatory failure 
include daytime intermittent positive pressure ventilation, nocturnal 
noninvasive ventilation, and ventilation through tracheostomy.

•• �Acute deterioration in respiratory status can occur from disease 
progression, upper and lower respiratory tract infections, conges-
tive heart failure, failure to clear secretions, atelectasis, aspiration, 
and pulmonary embolism.

•• �Most patients with chest wall deformity survive their first episode 
of acute respiratory failure.

•• �Patients with idiopathic pulmonary fibrosis admitted to the ICU 
with acute respiratory failure have an extremely poor prognosis.

•• �If mechanical ventilation is deemed appropriate, the use of low 
tidal volumes and high respiratory rates during mechanical venti-
lation likely minimize ventilator-induced lung injury.

•• Idiopathic pulmonary fibrosis is typically refractory to pharmaco-
therapy.

•• �Lung transplantation is a viable option in selected patients with 
end-stage fibrosis.
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Thoracic deformity with loss of height and asymmetric chest wall excur-
sions often dominates the physical exam findings. Chest auscultation 
may reveal crackles or coarse wheezes from atelectasis and failure to 
clear secretions. Cardiac examination may demonstrate a loud P2, right 

ventricular heave, or jugular venous pressure elevation, indicating the 
presence of pulmonary hypertension.3

■■ RESPIRATORY MECHANICS
Kyphoscoliosis reduces total lung capacity (TLC) and functional 
residual capacity (FRC) (Fig. 58-2). Residual volume (RV) may be 
normal or decreased to a lesser extent than FRC. Vital capacity (VC), 
inspiratory capacity (IC = TLC − FRC), and expiratory reserve 
volume (ERV = FRC − RV) are all decreased.13 Interestingly, pul-
monary function in adolescents is only weakly related to the angle 
of scoliosis.6 In these patients, VC is also influenced by the degree 
of thoracic kyphosis, location of the curve, and number of vertebral 
bodies involved.14 Furthermore, spinal column rotation, respiratory 
muscle strength, and duration of the curve are not clearly related to 
pulmonary function in these patients. It does appear that age-related 
decreases in chest wall compliance increase the risk of developing 
ventilatory failure.12,15

Patients with fibrothorax or thoracoplasty have similar abnormalities.1,16-18  
By contrast, obesity mainly reduces FRC and ERV and lesser changes in 
RV, VC, or TLC.19-21 In patients with ankylosing spondylitis, ERV and IC 
excursions are restricted around a normal FRC, such that RV increases 
and TLC decreases to reduce VC, a pattern similar to that seen in neu-
romuscular diseases of the chest wall.22-27

In each of these disorders, it is the chest wall that limits the excur-
sion of the respiratory system; the lungs and respiratory muscles are 
affected secondarily and to a lesser degree. In health, TLC is largely 
determined by the pressure-volume (P-V) curve of the lung, but in KS 
the P-V curve of the noncompliant chest wall dominates, lowering TLC 
and FRC while RV is relatively spared (Fig. 58-3). Note that the P-V 
curve of the respiratory system is shifted downward and to the right, 
requiring patients to work harder for each tidal breath. Normal lung 
compliance and respiratory muscle strength are assumed in Figure 58-3, 
although reductions in both contribute to low lung volumes in selected 
patients with either parenchymal lung disease or neuromuscular  
dysfunction. Indeed, in four patients with severe KS requiring mechan-
ical ventilation for acute respiratory failure, both lung and chest wall 
compliance were decreased.28 Decreased lung compliance may occur 
as a result of infection, edema, atelectasis, or abnormalities in alveo-
lar surface tension and may respond to positive-pressure ventilation  
(see below).29

Inspiratory muscle dysfunction occurs when the deformed thorax 
places inspiratory muscles at a mechanical disadvantage or there is respi-
ratory muscle fatigue.30,31 When KS is a manifestation of neuromuscular 
disease (eg, postpolio syndrome), inspiratory muscles may be affected 
directly by the neuromuscular disease.

FIGURE 58-1.  Determination of the scoliotic angle by the Cobb method. The scoliotic defor-
mity consists of a primary initiating curve and a secondary compensatory curve. The scoliotic angle 
is commonly determined by the intersection of lines estimating the position of the upper and 
lower components of the primary curve. (Reproduced with permission from Grippi MA, Fishman 
AP. Respiratory failure in structural and neuromuscular disorders involving the chest bellows. In: 
Fishman AP, ed. Pulmonary Diseases and Disorders. 2nd ed. New York, NY: McGraw-Hill; 1988.)

90°

FIGURE 58-2.  Schematic drawing of the abnormalities of lung volumes in common restrictive diseases. By contrast with normal subdivisions (left trace) of plethysmographic gas volumes 
(TLC, FRC, and RV) and spirometric volumes (IC, VC, and ERV), kyphoscoliosis and pulmonary fibrosis reduce VC and TLC by restricting IC, with lesser reductions in FRC (traces 2 and 3). Ankylosing 
spondylitis (like neuromuscular diseases of the chest wall) limits IC and ERV excursions around a normal FRC, so TLC is reduced and RV is increased, causing a large decrease in VC (trace 4). Obesity 
greatly reduces FRC to eliminate ERV without much change in TLC or RV, so VC is normal and IC is increased (trace 5, far right).
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■■ GAS EXCHANGE
Significant daytime hypoxemia rarely occurs until the development of 
daytime hypercapnia.1 However, nocturnal hypercapnia with hypoxemia 
occurs early, particularly during rapid eye movement (REM) sleep, and 
may underlie cardiovascular deterioration in some patients.8,9

The alveolar-arterial gradient [(a-a)DO2] on room air is usually 
≤25 mm Hg, even in late stages of KS.1 This modest increase in (a-a)DO2 
results primarily from ventilation-perfusion (V̇/Q̇) inequality caused 
by atelectasis or underventilation of one hemithorax.32 V̇/Q̇ inequality  
further contributes to a low diffusing capacity as does failure of the vas-
cular bed to grow normally in a distorted chest.

Alveolar hypoventilation results in part from an increase in the dead 
space to tidal volume ratio (Vds/Vt). Vds/Vt is increased because Vt is 
reduced in hypercapnic patients; anatomic and alveolar dead space are 
usually normal.1 Minute ventilation is often normal but maintained by 
higher respiratory rates. The use of small Vt minimizes work of breath-
ing and is a sign of inspiratory muscle dysfunction.30,33 As inspiratory 
muscle strength falls, the partial pressure of arterial carbon dioxide 
(PaCO2) rises and further impairs diaphragm function.29,34

Ventilatory response to high concentrations of inspired CO2 is normal 
in normocapnic patients with KS. However, in hypercapnic patients the 
response is blunted by buffering from elevated cerebrospinal fluid bicar-
bonate or by a derangement in the central drive to breathe.33

■■ EFFECTS ON THE PULMONARY CIRCULATION
A further consequence of severe KS is pulmonary hypertension and 
cor pulmonale.7 Left untreated, patients with cor pulmonale typically 
die within 1 year.3 Initially, pulmonary hypertension occurs only with 
exercise, but over time it occurs at rest as well. Pulmonary hypertension 
is usually caused by increased pulmonary vascular resistance (PVR) and 
not left atrial hypertension.1 Thus, there is an increased gradient between 
the pulmonary artery diastolic pressure and the pulmonary capillary 
wedge pressure. Identifying and treating reversible conditions such 
as pulmonary embolism, hypoxemia, and sleep-disordered breathing  
lowers pulmonary artery pressure and delays the onset of right ventricu-
lar failure.36-39 However, there also may be irreversible changes associ-
ated with proliferation of the media in smaller, pre-capillary pulmonary 
vessels.3,32 The mechanism by which this occurs is not known, but blood 
flow through vessels narrowed by low lung volumes, blood flow through 
fewer vessels, and the vascular effects of chronic alveolar hypoxia and 
hypercapnia are likely important. Kinking of larger vessels as they 
travel through deformed lung may further increase pulmonary artery 

pressures in some cases.1 Prostacyclin analogues, endothelin receptor 
antagonists, and phosphodiesterase inhibitors have not been rigorously 
studied for use in pulmonary hypertension associated with chest wall 
deformities and should be used at the discretion of the clinician.

ACUTE CARDIOPULMONARY FAILURE

■■ OUTCOME
In a paper published nearly 30 years ago, clinical features of 20 patients 
in acute respiratory failure (ARF) for the first time were reported. 
Mean deformity for the group was 113° and admission blood gases 
showed severe arterial hypoxemia (partial pressure of arterial oxygen 
[PaO2] of 35 ± 7 mm Hg), acute-on-chronic hypercapnia (PaCO2 of 63 ± 
9 mm Hg), and mild arterial acidemia (pH of 7.34 ± 0.08).40 Cor pul-
monale was present in 60% of patients. Seven (35%) patients required 
intubation and mechanical ventilation, while the remaining patients 
were managed successfully without mechanical ventilation in an age 
when noninvasive positive-pressure ventilation (NIV) was not routinely 
available.36 There were no statistical differences in admission blood 
gases, cause of respiratory failure, age, or degree of spinal curvature 
between patients who required mechanical ventilation and those who 
did not. Outcome was surprisingly good. All patients survived their ini-
tial episode of ARF and subsequently experienced 2.4 episodes of ARF 
each during the follow-up period (median of 6 years). Median survival 
after the first episode of ARF was 9 years. On discharge, mean PaO2 was 
63 mm Hg and mean PaCO2 was 55 mm Hg. This study performed in 
the era before noninvasive positive pressure ventilation demonstrates  
the utility of aggressive management of ARF, even in cases of severe 
deformity. More recent data are not available.

■■ ETIOLOGY
The etiology of ARF may be obvious, but it is also important to note 
that the trigger may be minor and even obscure in patients with mini-
mal respiratory muscle reserve. ARF is most commonly precipitated 
by pneumonia, upper respiratory tract infection, or congestive heart 
failure.40 Aspiration should be considered in the differential diagnosis 
of ARF because chest wall deformity may affect the swallowing mecha-
nism. Risk factors for clotting (pulmonary hypertension and decreased 
mobility) mandate consideration of pulmonary embolism. Finally, iden-
tifying and treating airflow obstruction when possible can help restore 
the delicate balance between strength and respiratory system load. 
Limited data suggest that airway resistance is increased in mechanically 

FIGURE 58-3.  Pressure-volume curves of the chest wall, lung, and respiratory system in scoliosis. The P-V curve is shifted downward and to the right, requiring patients to generate large 
transpulmonary pressures for small amounts of air. CW, chest wall; NL, normal lung; RS, respiratory system. (Reproduced with permission from Bergofsky EH. Respiratory failure in disorders of 
the thoracic cage. Am Rev Respir Dis. April 1979;119(4):643-669.)
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ventilated patients with KS (∼20 cm H2O/L/s) and refractory to bron-
chodilators.28 This may stem from torsion or narrowing of the central 
airways, which may be determined by bronchoscopic examination.41

■■ OXYGEN THERAPY
A primary goal is to correct hypoxemia by increasing the fraction of 
inspired oxygen (FiO2) until an oxyhemoglobin saturation of 90% to 
92% is achieved.35 Adequate saturation by pulse oximetry should be 
confirmed by arterial blood gas analysis, which also helps establish the 
acid-base status. If adequate oxygenation cannot be achieved with face-
mask oxygen, NIV should be initiated unless there are indications for 
intubation (see below).42,43

Hypoxemia causes pulmonary vasoconstriction and may precipitate 
right ventricular failure in patients with preexisting right heart disease.  
Its causes include alveolar hypoventilation, V̇/Q̇ inequality, and intra-
pulmonary shunt. Right-to-left intracardiac shunts have also been 
reported in the setting of thoracic deformity.44 Low mixed venous PaO2 
(Pv–O2

), a frequent finding in patients with pulmonary hypertension and 
low cardiac output, further lowers arterial oxygenation in the setting of  
V̇/Q̇ inequality.

■■ HEMODYNAMIC MANAGEMENT
Evaluation of shock in patients with KS is similar to that described 
elsewhere in this text (see Chaps. 31 and 33). Hypotensive patients not 
responding to an initial volume challenge should be considered for 
central venous catheter placement (and rarely right heart catheteriza-
tion), measurement of the central (or mixed) venous oxyhemoglobin 
saturation, lactate, and/or bedside echocardiography to further direct 
therapy. Mechanical ventilation is indicated for nearly all patients with 
persistent shock, in part to redirect blood flow from the muscles of res-
piration, which can account for as much as 25% of the cardiac output.45,46 
Mechanical ventilation and sedation decrease oxygen consumption (and 
thus supplemental oxygen requirement) and lactate generation.

When sepsis causes shock, patients with chest wall deformity and pul-
monary hypertension may not mount a hyperdynamic response. When 
right ventricular failure causes shock, a vicious cycle ensues. As the right 
ventricle fails, cardiac output and systemic blood pressure fall, limiting 
perfusion to the right ventricle from the aortic root. Right ventricular 
end-diastolic volume increases and shifts the interventricular septum 
to the left, decreasing left ventricular compliance and further reduc-
ing cardiac output and systemic blood pressure. Ensuring an adequate 
circulating volume and correcting hypoxemia to reduce pulmonary 
vasoconstriction are the first goals of therapy. Increasing systemic blood 
pressure with norepinephrine may increase perfusion pressure to the 
right ventricle.47

We consider lower extremity Doppler exams to evaluate for venous 
thromboembolism; however, a single lower extremity Doppler exam is 
insufficiently sensitive to rule out venous thromboembolism as a cause 
of clinical decompensation. Serially negative Doppler exams provide 
an added sense of security as does a negative D-dimer. Computed 
tomographic (CT) pulmonary angiography is preferable to ventilation-
perfusion imaging in chest wall deformity, and may provide additional 
clues regarding the etiology of ARF. In the absence of venous thrombo-
embolism, preventive therapy with prophylactic doses of unfractionated 
heparin is indicated. The use of low molecular weight heparin as a pro-
phylactic intervention does not appear to be superior to unfractionated 
heparin.48

■■ NONINVASIVE VENTILATION
Decreased pulmonary compliance lowers lung volume, which in turn 
limits cough efficiency and mucus clearance.49 To improve compliance 
and treat atelectasis, short periods (15-20 minutes) of intermittent 
positive-pressure ventilation (IPPV) delivered by mouthpiece 4 to 6 times  
daily using inflation pressures between 20 and 30 cm H2O have been 
recommended.29 IPPV increases lung compliance by 70% for up to  

3 hours in acutely ill patients, suggesting that IPPV lowers surface 
tension by altering the surfactant lining layer. Mechanical insufflator-
exsufflator devices used with pressures of negative 20 to 30 cm H2O 
and positive 20 to 30 cm H2O may also be beneficial to clear secretions. 
Alternatively, a volume-preset, time-cycled device may be used.50

In patients with acute hypercapnic respiratory failure, NIV by full 
face mask or nasal mask should be considered first-line therapy (see 
Chap. 44). Advantages of NIV over invasive ventilation in general 
include decreased need for sedation and paralysis, decreased incidence 
of nosocomial pneumonia, decreased incidence of otitis and sinusitis, 
and improved patient comfort. Disadvantages include increased risk of 
aspiration and skin necrosis, and less control of the patient’s ventilatory 
status compared with invasive ventilation.36,51

Although nocturnal NIV is firmly established in the management of 
KS patients with chronic respiratory failure,52,53 limited data are avail-
able regarding its efficacy in acutely ill patients.54-57 In one report of 
the use of noninvasive ventilation in 164 patients with heterogeneous 
forms of ARF, only five patients had restrictive lung disease.56 All five 
patients improved on noninvasive ventilation, although one subse-
quently required intubation. Noninvasive ventilation was also helpful in 
four patients with KS and ARF failing conventional medical therapy.57

Following the guidelines of Meduri and colleagues,56 we initiate NIV 
using a loose-fitting full face mask. We start with 0 cm H2O continuous 
positive airway pressure (CPAP) and 8 to 10 cm H2O pressure support, 
and increase CPAP to 3 to 5 cm H2O and pressure support to the level 
required to achieve an exhaled tidal volume ≥7 mL/kg and a respiratory 
rate ≤25/min, adequate gas exchange, and improved patient comfort.

Noninvasive negative pressure ventilators are not feasible in most 
acute situations because they generally require patients to lie flat and  
coordinate their breaths with the ventilator. Difficulties with fit  
and applying the device adequately to the distorted chest wall further 
complicate their use. Still, negative pressure ventilators have averted 
intubation in rare cases40 and have been used successfully in the long-
term management of patients with KS.58

■■ INTUBATION AND MECHANICAL VENTILATION
Intubation is indicated for cardiopulmonary arrest, impending arrest, 
refractory hypoxemia or hypercapnia, mental status changes, and shock. 
Intubation can be difficult because of spinal curvature and tracheal 
distortion, and because patients with small lung volumes desaturate 
quickly. Airway visualization with fiberoptic bronchoscopy may be use-
ful in some cases. During the peri-intubation period, an FiO2 of 1.0 is 
desirable, although it should be decreased to nontoxic levels as tolerated 
once the patient has been stabilized on the ventilator. Decreasing oxygen 
consumption with sedatives, use of positive end-expiratory pressure 
(PEEP), and increasing Pv–O2

 are strategies that allow for nontoxic FiO2 in 
most patients. Positional maneuvers, such as placing the patient in the 
lateral decubitus position, may improve oxygenation in patients with 
asymmetric chest walls, but care must be taken to secure the airway.

Hypercapnic respiratory failure results from an imbalance between 
respiratory muscle strength and respiratory system load; identifying 
and correcting reversible elements of this imbalance is fundamental to 
recovery. During artificial support, baseline values of PaCO2 should be 
targeted to avoid alkalemia and bicarbonate wasting.

Respiratory muscle fatigue is treated with 48 to 72 hours of complete 
rest on the ventilator, with early nutritional supplementation and cor-
rection of metabolic irregularities. To rest, patients must be comfortable, 
quiet, and synchronized with the ventilator, triggering breaths to avoid 
disuse atrophy, but not working excessively to avoid fatigue. Transient 
cessation of sedatives is useful, however, so that daily neurological 
assessments can be performed.

In patients with bronchospasm and an increase in the peak-to-plateau 
gradient, it is prudent to consider bronchodilators and systemic steroids. 
With attention to delivery technique, bronchodilator responsiveness is 
assessed by measuring airway resistance 15 to 30 minutes after inhalation.  
Bronchoscopy may be indicated in nonresponders to evaluate for airway 
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narrowing or torsion and eligibility for placement of an endobronchial 
stent.41 Theophylline titrated to a serum level of 10 μg/mL may be con-
sidered to increase respiratory muscle strength, help clear secretions, 
and decrease airway resistance; however, its narrow therapeutic window 
requires close attention to drug-drug and drug-patient interactions.

Although there are no controlled trials to help guide ventilator 
management in patients with thoracic deformity, we suggest small 
tidal volumes (6-7 mL/kg) and high respiratory rates (20-30/min) to 
minimize the hemodynamic effects of positive-pressure ventilation and 
the risk of barotrauma, and effect diaphragm unloading.59 We generally 
maintain plateau pressures (Pplat) <30 cm H2O to decrease the risk of 
over-distention beyond physiologic TLC60 and hyperinflation-induced 
lung injury. However, Pplat is affected by properties of the chest wall 
and abdomen and will be higher in a patient chest wall deformity 
or abdominal distension for the same degree of lung hyperinflation,  
perhaps allowing less concern when Pplat exceeds 30 cm H2O.

One consequence of small tidal volume ventilation is reduced alveolar 
ventilation and hypercapnia. Fortunately, hypercapnia is generally well 
tolerated as long as PaCO2 does not exceed 90 mm Hg and acute increases 
in PaCO2 are avoided. However, hypercapnia does cause cerebral vaso-
dilation, cerebral edema, decreased myocardial contractility, systemic 
vasodilation, and pulmonary vasoconstriction and accordingly should 
be avoided in patients with raised intracranial pressure (as might occur 
in the setting of anoxic brain injury after arrest) and severely depressed 
myocardial function. The use of small tidal volumes demands added 
attention to lung volume recruitment and prevention of atelectasis. To 
this end, we initially apply 5 cm H2O of PEEP to prevent alveolar closure 
at end-expiration, and gradually increase tidal volume when atelectasis 
is suspected, keeping plateau pressure <30 cm H2O.

In refractory hypoxemia, a trial of increasing PEEP (in an attempt to 
achieve 90% saturation of the arterial blood with an FiO2 ≤0.6) helps clar-
ify the pathophysiology. To avoid overdistention at end-inspiration, tidal 
volume may need to be decreased during PEEP titration. Since the chest 
wall is often poorly compliant in these patients, high alveolar pressures 
increase pleural pressure more than in diseases characterized by non-
compliant lungs, thereby further decreasing venous return to the right 
atrium and reducing cardiac output. PEEP may also increase pulmonary  
vascular resistance and worsen right-to-left intracardiac shunt.

The approach to weaning and extubation from mechanical ven-
tilation is similar to that described elsewhere in this text. We favor 
early determination of respiratory muscle strength as assessed by the 
maximum negative inspiratory force (NIF), and of respiratory system 
load as determined by the resistive and static pressures generated 
during positive pressure ventilation. Inadequate strength for a given 
load manifests as a rapid shallow breathing pattern, which generates 
a high frequency to tidal volume ratio. A slower and deeper pattern is 
achieved when strength increases and/or load decreases. Respiratory 
muscle strength is improved by correction of shock, anemia, acidosis, 
electrolyte abnormalities, institution of nutrition, and a nonfatiguing 
graded program of respiratory muscle exercise. Treating pulmonary 
edema, atelectasis, pneumonia, and airflow obstruction decrease load. 
When time of extubation is near, ventilation with tidal volumes that 
mimic the patient's spontaneous tidal volume may allow for a smoother 
transition to spontaneous breathing. In borderline cases, NIV can be 
used to facilitate return to spontaneous breathing and reduce ICU length 
of stay.61 Tracheostomy may be required in refractory cases, but may 
be technically difficult in patients with cervical spine curvature and a 
distorted airway.

■■ LONG-TERM MANAGEMENT
Primary considerations for long-term management include the use of 
home oxygen therapy, nocturnal NIV, and a bronchial hygiene regimen. 
Patients with moderate to severe KS may demonstrate significant hypox-
emia on exercise that is prevented by ambulatory oxygen therapy.62  
Derangements in breathing pattern and oxyhemoglobin desatura-
tion during sleep should be excluded with polysomnography once the 

patient is stable. A broad spectrum of abnormalities, including central 
and obstructive sleep apnea, has been identified that may contrib-
ute to chronic hypoxemia, cor pulmonale, and early death. Chronic 
ventilatory failure is an indication for noninvasive nocturnal ventila-
tory support, which can improve daytime blood gases, sleep pattern, 
and respiratory muscle strength.63 Other options include mechanical 
insufflation-exsufflation, daytime IPPV, negative-pressure ventilation, 
and mechanical ventilation via tracheostomy. In patients receiving long-
term mechanical ventilation, patient-healthcare team communication 
is crucial for optimal treatment, including early home treatment of 
infection-related episodes of respiratory failure.64 Physical rehabilita-
tion programs are recommended and appear to improve spirometric 
measures of lung function and 6-minute walk distance.65 The role of 
orthopedic surgery in adolescents is debated and beyond the scope of 
this chapter.

We recommend serial assessments of right ventricular function 
and pulmonary artery pressure by echocardiography. The presence of 
pulmonary hypertension gives added importance to oxygen therapy 
and mandates exclusion of other treatable causes such as pulmonary 
embolism. Prostacyclin analogues, endothelin receptor antagonists, and 
phosphodiesterase inhibitors have not been studied adequately in this 
setting but may be options in select patients.

PATIENTS WITH PULMONARY FIBROSIS
When normal air spaces and blood vessels are replaced by fibrotic tissue, 
the lungs become small and noncompliant. In some of the disease pro-
cesses that result in fibrosis there may be adjacent areas of inflammation 
amenable to immunomodulatory therapy. However, it is generally well 
accepted that fibrosis without significant inflammation is unresponsive 
to current pharmacologic treatment.66,67

A number of acute and chronic disorders of known and unknown 
etiology are associated with pulmonary fibrosis. Among these are the 
idiopathic interstitial pneumonias (IIPs). One of the most common and 
refractory of the IIPs, idiopathic pulmonary fibrosis (IPF) is the focus 
of this section.

As the name implies, IPF is a disease of unknown etiology, character-
ized by the histologic appearance of usual interstitial pneumonia.67-69 
It most often presents insidiously in patients >50 years old and is progres-
sive regardless of therapy. The hallmarks of IPF are dyspnea and cough. 
Dyspnea occurs initially with activity and can result in a sedentary lifestyle 
that further adds to functional disability. As the disease progresses, patients 
develop worsening dyspnea and a rapid and shallow breathing pattern, 
often maintaining higher-than-normal levels of minute ventilation.70 
Constitutional symptoms include fatigue, malaise, and weight loss; symp-
toms of sleep-disordered breathing may be present.71 The median survival 
of patients with IPF is two to three years, although there is significant 
heterogeneity in survival and rate of progression.72 Disease progression 
eventually leads to respiratory failure and death.

Auscultation of the chest frequently reveals dry, “Velcro-like” crackles 
heard loudest at the bases of the lungs; in the late stages of the disease, 
cardiac examination may reveal signs of pulmonary hypertension. 
Clubbing of the fingers and toes commonly occurs in IPF and asbestosis 
but is less common in other interstitial lung diseases.

■■ LABORATORY ABNORMALITIES
Hypoxemia that worsens with exercise or sleep71,73 and respiratory alka-
losis are common in IPF. The development of hypercapnia is an ominous 
sign of imminent death. Despite hypoxemia, polycythemia is rare.74 
Elevations of sedimentation rate, serum immunoglobulins, antinuclear 
antibodies, and rheumatoid factor can occur. Increased angiotensin-
converting enzyme or antineutrophil cytoplasmic antibodies suggests 
alternate diagnoses.68

Radiographic features that suggest IPF include peripheral reticular 
opacities most prominent at the bases with subpleural honeycombing 
and low lung volumes. Traction bronchiectasis occurs when fibrotic 
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lung tissue tethers open adjacent airways. Ground-glass opacifications 
are either absent or minimal.68

Other causes of lower lobe–predominant infiltrates include fibrosis 
associated with connective tissue disorders, asbestosis, and chronic 
aspiration. Upper lobe–predominant lesions include sarcoidosis, 
tuberculosis, fungal infections, silicosis, allergic bronchopulmonary 
aspergillosis, Langerhans cell histiocytosis, ankylosing spondylitis, 
berylliosis, cystic fibrosis, and hypersensitivity pneumonitis. If hilar 
adenopathy is present, sarcoidosis, tuberculosis, endemic myco-
ses, malignancy, and berylliosis should be considered. Pleural effu-
sions suggest lymphangioleiomyomatosis, select connective tissue 
disorders, asbestos-related lung disease, and drug-induced lung disease.  
Extensive parenchymal cysts suggest Langerhans cell histiocytosis, 
lymphangioleiomyomatosis, and lymphocytic interstitial pneumonia. 
These conditions can result in diffuse parenchymal infiltrates with  
normal or increased lung volumes, as can a mixed process of emphy-
sema and IPF.

■■ RESPIRATORY MECHANICS
In end-stage pulmonary fibrosis, pulmonary function tests typically 
show reduced TLC, VC, and IC (see Fig. 58-2). FRC and RV are also 
reduced, though usually to a lesser extent than TLC or VC. Rarely, RV 
is normal when there is early airway closure or decreased elastic recoil 
pressure at low lung volumes.75 Both the forced vital capacity (FVC) 
and the forced expiratory volume in 1 second (FEV1) are decreased, but 
FEV1/FVC is generally increased. In this instance, high expiratory flow 
rates relative to volume reflect increased elastic recoil pressure. Airway 
resistance is usually normal or low, although reversible and irreversible 
obstructive defects do occur.

Since chest wall compliance and respiratory muscles are normal in 
most patients with pulmonary fibrosis, lung volumes are affected by 
changes in the pressure-volume (P-V) relationship of the noncompliant 
lung (Fig. 58-4).76 The P-V curve is shifted downward and to the right, 
such that increased elastic recoil of the lung limits TLC despite a very 
large transpulmonary pressure. The noncompliant respiratory system 
requires patients to generate large negative pleural pressures during 
inspiration and is the reason why patients prefer a fast and shallow 
respiratory pattern. Smaller tidal volumes are an adaptive response to 
minimize work of breathing, which can be five to six times normal.77

■■ GAS EXCHANGE
Exercise-induced hypoxemia and a low single-breath diffusing capacity 
(DLCO) are hallmarks of early disease.78 Indeed, they may occur before 

dyspnea or radiographic changes.75 With time, arterial hypoxemia 
and a widened (a-a)DO2 are found at rest. In 20% of patients, arterial 
hypoxemia is worse in the upright position and improved with recum-
bency.73 This paradoxical pattern is also seen with patent foramen ovale, 
intrapulmonary arteriovenous malformation, and hepatopulmonary 
syndrome. Arterial saturation also falls significantly in many patients 
during REM sleep.71,73 Sleep-related hypoxemia is due to the exaggerated 
effects of normal nocturnal hypoventilation and V̇/Q̇ variance. Alveolar 
hypoventilation from respiratory muscle dysfunction or obstructive 
sleep apnea also may be responsible.71

The importance of an anatomic barrier to the diffusion of oxygen (sec-
ondary to a thickened, fibrotic interstitium) has been debated. In eight 
patients with varying types of interstitial lung disease, multiple inert gas 
analysis showed that V̇/Q̇ inequality was the principal defect; diffusion 
limitation contributed to none of the (a-a)DO2 at rest and only 19% of the 
(a-a)DO2 during exercise.79 However, in 15 patients with IPF also studied 
by multiple inert gas elimination, 19% of the (a-a)DO2 at rest and 40% 
of the (a-a)DO2 during exercise was attributed to diffusion limitation.80 
V̇/Q̇ inequality remained the principal defect, contributing to 81% of the  
(a-a)DO2 at rest, and a combination of low Pv–O2

 from an inadequate cardiac  
output, diffusion limitation, and high V̇/Q̇ variance accounted for the 
widening of the (a-a)DO2 during exercise. Intrapulmonary shunt was 
small, averaging 2% of cardiac output at rest and 3% during exercise.

The dead space to tidal volume ratio (Vds/Vt) may exceed 0.4 (normal 
≤0.3) in end-stage fibrosis.71 This reflects an increase in the volume of 
alveolar dead space and a decrease in tidal volume. When Vds/Vt is high, 
greater minute ventilation is required to maintain alveolar ventilation 
and a normal PaCO2. Patients may surpass these heightened requirements 
to achieve respiratory alkalosis, perhaps in response to greater afferent 
stimuli from the fibrotic lung.70 The development of hypercapnia is an 
ominous sign of imminent death.

■■ EFFECTS ON THE PULMONARY CIRCULATION
Pulmonary hypertension and cor pulmonale are common in patients with 
end-stage pulmonary fibrosis, correlating with a DLCO <45% predicted 
and a VC <50% predicted.82 Pulmonary hypertension occurs when blood 
vessels are altered by the fibrotic process, microthrombi, or hypoxic pul-
monary vasoconstriction. Since polycythemia and high cardiac output 
are uncommon in IPF, they rarely contribute to pulmonary hypertension. 
Supplemental oxygen may alleviate hypoxic pulmonary vasoconstriction, 
but pulmonary hypertension resulting from destroyed and distorted vas-
culature is likely irreversible. Pulmonary hypertension has been associated 
with redistribution of pulmonary blood flow to the upper lobes,74 a pattern 
that rarely normalizes after corticosteroids.81 Because pulmonary vascular 
resistance is high, the gradient between the pulmonary artery diastolic 
pressure and the pulmonary capillary wedge pressure is wide. In patients 
with IPF and pulmonary hypertension, the phosphodiesterase inhibitor 
sildenafil has been associated with improvement in symptom scores and 
exercise capacity but not an increase in survival.83-85

■■ ACUTE CARDIOPULMONARY FAILURE
Whether acute deterioration is reversible depends on the severity of 
pulmonary fibrosis, the extent of comorbidities, the nature and severity 
of the acute insult, and whether the acute insult accelerates the underly-
ing disease process.72

■■ OUTCOME
ICU management including the use of mechanical ventilation may be 
appropriate for select patients with pulmonary fibrosis: (1) patients 
with early/mild disease, particularly in the absence of a firm diagnosis,  
(2) patients with previously mild disease who present with an acute, 
seemingly reversible insult, (3) patients who have experienced adverse 
effects of therapy (eg, drug-induced lung disease), (4) patients who may 
undergo imminent lung transplantation, and (5) patients with pulmo-
nary fibrosis associated with connective tissue disease or vasculitis with 

FIGURE 58-4.  Pressure-volume curve of the lung in a 48-year-old man with sarcoidosis. 
The P-V curve is shifted downward and to the right of the normal range, such that increased 
elastic recoil of the lung limits TLC despite a large maximum transpulmonary pressure. This 
requires patients to generate prohibitively large negative pleural pressures to inspire minimal 
amounts of air.
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ground-glass opacifications or consolidation that may represent a treat-
able form of pneumonitis or alveolar hemorrhage. Appropriately excluded 
from this practice are patients with progressive, end-stage disease  
in whom outcome is invariably poor.72,86 In these cases, a prospec-
tive discussion and decision not to initiate resuscitative efforts should 
precede the anticipated terminal event.

The results of several studies demonstrate the grim prognosis of 
patients with IPF admitted to the ICU for acute respiratory failure 
(ARF). Blivet and colleagues described the course of 15 patients 
admitted to the ICU with IPF and respiratory failure.87 Twelve patients 
required intubation either at the time of admission or after failure of 
noninvasive ventilation; three patients received noninvasive ventila-
tion only. Eleven patients died either from respiratory failure or septic 
shock. Four patients were discharged alive from the ICU, but two died 
shortly thereafter. Stern and colleagues reported their experience in 
23 patients with IPF requiring intubation for ARF.88 With the excep-
tion of one patient who received a single-lung transplant six hours 
after intubation, all patients died while receiving mechanical ventila-
tion. Fumeaux and colleagues similarly reported 100% mortality in 
14 consecutive patients with IPF admitted to the ICU for mechanical 
ventilation after a mean of 7.6 days.89 In the study by Saydain and 
colleagues of 38 patients with IPF admitted to the ICU mainly for 
respiratory failure, ICU mortality was 43% and hospital mortality was 
61%.90 However, 92% of hospital survivors died a median of 2 months 
after discharge.

More recently, Rangappa and colleagues published a series of  
24 patients with IPF admitted to the ICU with respiratory failure. Of  
19 mechanically ventilated patients, 16 died in the ICU, six died in the 
hospital, and only two were discharged home.91 Mallick reported a sys-
tematic review of nine studies describing 135 patients with IPF under-
going mechanical ventilation in an ICU; aggregated ICU mortality was 
87% with a 3-month postdischarge mortality reaching 94%.92

Prognosis for non-IPF pulmonary fibrosis syndromes such as idio-
pathic nonspecific interstitial pneumonia may be somewhat better than 
for IPF.93

The pattern and extent of parenchymal abnormalities on high-
resolution computed tomography may predict prognosis in acute exacer-
bations of idiopathic pulmonary fibrosis. Diffuse and multifocal patterns 
predict worse outcomes when compared with peripheral patterns.94

■■ DETECTING REVERSIBLE FEATURES
An acute change in clinical status may be caused by progression of the 
underlying disease, although the differential diagnosis is quite broad 
(Table 58-2).68 Frequently, a cause of ARF is not identified.88 Acute, 
clinically significant deteriorations of unidentifiable cause in patients 
with underlying IPF have been termed acute exacerbations of IPF95; such 
exacerbations portend a poor prognosis.96 Predisposing factors to acute 
exacerbations of IPF remain unclear.97

Pneumonia in IPF generally results from community-acquired 
bacteria; opportunistic infection is rare despite the widespread use 
of immunosuppressive agents.82 However, Pneumocystis jiroveci 
pneumonia should be considered in immunosuppressed patients, 

particularly when ground-glass infiltrates are identified on CT  
imaging. Mycobacterial infections should also be considered. The 
incidence of tuberculosis is increased in patients with chronic intersti-
tial lung disease, particularly in those with silicosis.98 Atypical myco-
bacterial superinfection may also underlie clinical deterioration in 
some cases. When fibrosis is associated with connective tissue disease 
or vasculitis, an acute deterioration may represent pneumonitis, cryp-
togenic organizing pneumonia, or alveolar hemorrhage. Patients with 
diffuse alveolar opacifications not responsive to antibiotics or diuresis 
should be considered for bronchoalveolar lavage or lung biopsy in 
selected cases to confirm the diagnosis.99,100

When pneumothorax causes acute deterioration, chest tube reexpan-
sion is countered by low parenchymal compliance, occasionally mandating  
high levels of negative pleural pressure for prolonged periods of time.

Acute right or left heart failure should also be considered in the dete-
riorating patient. Right ventricular ischemia or pulmonary embolism 
may provoke right ventricular failure. Left-sided failure is difficult to 
establish without echocardiography or hemodynamic measurements 
because bibasilar crackles are invariably present and jugular venous dis-
tention may reflect isolated right ventricular dysfunction.

If deterioration occurs over a period of weeks to months, progres-
sive fibrosis, bronchogenic carcinoma, drug toxicity (including steroid 
myopathy), cor pulmonale, anemia, atypical mycobacterial infection, 
and left ventricular failure should be considered.

■■ OXYGEN THERAPY
Identification and correction of arterial hypoxemia are vital. We rec-
ommend titration of supplemental oxygen until 90% oxyhemoglobin 
saturation is achieved. It is not unusual for patients with fibrosis to 
require higher flow rates than patients with chronic obstructive pul-
monary disease or asthma. Hypoxemia, in addition to its many other 
adverse effects, causes hypoxic pulmonary vasoconstriction and may 
precipitate right ventricular failure in patients with pre-existing pulmo-
nary hypertension.

■■ CARDIOVASCULAR MANAGEMENT
Evaluation of shock in patients with pulmonary fibrosis is simi-
lar to that described elsewhere in this text (see Chaps. 31 and 33). 
Hypotension with cool and clammy extremities and a narrow pulse 
pressure suggests inadequate cardiac output from hypovolemia, left 
ventricular failure, cor pulmonale, pericardial tamponade, or valvular 
heart disease. Hypotension with a warm and bounding circulation and 
a wide pulse pressure suggests sepsis; however, patients with pulmo-
nary hypertension may be unable to mount a hyperdynamic response 
to peripheral vasodilation. Adrenal insufficiency contributing to shock 
should be excluded, particularly when corticosteroids have been used 
for therapy.

■■ VENTILATOR MANAGEMENT
Due to the extremely poor prognosis of patients with IPF who receive 
intubation and mechanical ventilation, compassionate use of noninva-
sive ventilation may be considered for respiratory management in some 
patients.101,102 When deemed appropriate, intubation is indicated for 
cardiopulmonary arrest, refractory hypoxemia, progressive ventilatory 
failure, mental status changes, and shock. Once the decision to intubate 
has been made, the goals are to achieve adequate gas exchange and 
avoid ventilator-induced lung injury. Although there are no controlled 
trials to guide specific recommendations, we advocate a lung protective 
strategy similar to that recommended in the acute respiratory distress 
syndrome,103 particularly since patients with ILD are more suscep-
tible to barotrauma.104 To avoid excessive tidal volume excursions and 
alveolar overinflation, we use tidal volumes in the range of 6 to 7 mL/kg  
combined with respiratory rates of 20 to 30/min when ventilating 
patients with pulmonary fibrosis. The goal is to maintain airway plateau 
pressures below 30 cm H2O in an attempt to avoid overdistention beyond 

  TABLE 58-2    Selected Causes of Deterioration in Patients With Pulmonary Fibrosis

Progression of the underlying disease

Pneumonia

Pulmonary embolism

Left ventricular failure

Cor pulmonale

Aspiration

Bronchospasm

Pneumothorax
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physiologic TLC and hyperinflation-induced lung injury.60 A conse-
quence of small tidal volume ventilation is reduced alveolar ventilation 
and hypercapnia. Hypercapnia can be mitigated by decreasing CO2 pro-
duction through the use of sedatives and analgesics (and possibly para-
lytics), treating fever, and avoiding excessive caloric intake. Repleting 
intravascular volume and avoiding excessive PEEP may also decrease 
Vds/Vt and improve hypercapnia. In patients with chronic ventilatory 
failure, we target a minute ventilation that maintains PaCO2 greater than 
or equal to baseline to avoid alkalemia and bicarbonate wasting.

The use of PEEP avoids tidal collapse of alveoli at low lung volumes 
and may help recruit fluid-filled and atelectatic lung units. We gener-
ally start with 5 cm H2O PEEP and increase in an attempt to achieve 
90% arterial saturation with an FiO2 of 0.6 or less. Requirement for high 
PEEP (>10 cm H2O) is a bad prognostic sign in ILD that has been inde-
pendently associated with decreased survival in mechanically ventilated 
patients.105 Though FiO2 of 1.0 is desirable in the peri-intubation period, 
it should be decreased as quickly as possible to avoid oxygen toxicity. 
The use of sedatives, analgesics and muscle relaxants to decrease oxygen 
consumption and optimal PEEP and increasing Pv–O2

 allows for nontoxic 
FiO2 in many cases.

High alveolar pressures compress alveolar vessels, diverting blood 
flow from ventilated units and increasing dead space. Increasing Vds/Vt  
from 0.4 to 0.6 requires an increase in minute ventilation of 50% to 
maintain a constant PaCO2.106 However, during positive pressure ventila-
tion, increasing minute ventilation may increase alveolar pressure and 
Vds/Vt further, creating a potentially vicious cycle if minute ventilation 
is continually increased in a misguided attempt to lower PaCO2. High 
alveolar and pleural pressures also increase right atrial pressure and 
thereby decrease venous return to the right atrium, cardiac output, Pv–O2

, 
and systemic blood pressure. Additionally, high alveolar pressures may 
divert blood flow to nonventilated units, as in pneumonic consolidation, 
and worsen hypoxemia.

■■ LONG-TERM MANAGEMENT OF IDIOPATHIC PULMONARY FIBROSIS
Because no drug therapy has clearly been demonstrated to benefit patients 
with IPF, long-term management is largely supportive.69 We suggest refer-
ral to a regional center of expertise for consideration of enrollment in a 
clinical trial or evaluation for lung transplantation, particularly for patients 
who have required hospitalization for an episode of acute clinical decom-
pensation.86 Further study is needed to determine predictors of disease 
progression in IPF.72 The poor outcomes in patients with IPF admitted to 
the ICU underscores the importance of advance directives.
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KEY POINTS

•• �The risk of nosocomial pneumonia is considerably higher in the 
subset of ICU patients treated with mechanical ventilation, with an 
incremental risk of about 1% per day of ventilation.

•• �Ventilator-associated pneumonia (VAP) is associated with mor-
tality  in excess of that caused by the underlying disease alone, 
particularly in case of infection due to high-risk pathogens, such 
as Pseudomonas aeruginosa and Acinetobacter spp and when initial 
antibiotic therapy is inappropriate.

•• �The predominant organisms responsible for infection are 
Staphylococcus aureus, P. aeruginosa, and Enterobacteriaceae, but 
etiologic agents differ widely according to the population of hospital 
patients, duration of hospital stay, and prior antimicrobial therapy.

•• �Although appropriate antibiotics may improve survival in patients 
with VAP, use of empirical broad-spectrum antibiotics in patients 
without infection is potentially harmful, facilitating colonization 
and superinfection with multiresistant microorganisms. Any 
strategy designed to evaluate patients suspected of having devel-
oped VAP therefore should be able to withhold antimicrobial 
treatment in patients without pneumonia.

•• �Because even a few doses of a new antimicrobial agent can negate 
results of microbiologic cultures, pulmonary secretions in patients 
suspected of having developed VAP always should be obtained 
before new antibiotics are administered.

•• �Quantitative techniques, when performed before introduction of 
new antibiotics, enable physicians to identify most patients who 
need immediate treatment and help to select optimal therapy in a 
manner that is safe and well tolerated.

•• �Empirical treatment of patients with VAP should be selected based on 
available epidemiologic characteristics, information provided by direct 
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Ventilator-associated pneumonia (VAP) remains a major cause of 
mortality and morbidity despite the introduction of potent broad-
spectrum antimicrobial agents, major advances in the management of 
ventilator-dependent patients admitted to ICUs, and the use of pre-
ventive measures, including the routine use of effective procedures to 
disinfect respiratory equipment. Rates of pneumonia are considerably 
higher among patients hospitalized in ICUs compared with those in 
hospital wards, and the risk of pneumonia is increased three- to tenfold 
for the intubated patient on mechanical ventilation (MV).1-8 In contrast 
to infections of more frequently involved organs (eg, urinary tract and 
skin), for which mortality is low, ranging from 1% to 4%, the mortality 
rate for VAP, defined as pneumonia occurring more than 48 hours after 
endotracheal intubation and initiation of MV, ranges from 20% to 50% 
and can reach >70% in some specific settings or when lung infection is 
caused by high-risk pathogens.2,9-14 Because several studies have shown 
that appropriate antimicrobial treatment of patients with VAP signifi-
cantly improves outcome, more rapid identification of infected patients 
and accurate selection of antimicrobial agents represent important clini-
cal goals.2,9-16 However, consensus on appropriate diagnostic, therapeu-
tic, and preventive strategies for VAP has yet to be reached.

EPIDEMIOLOGY
Accurate data on the epidemiology of VAP are limited by the lack of 
standardized criteria for its diagnosis. Conceptually, VAP is defined as 
an inflammation of the lung parenchyma caused by infectious agents not 
present or incubating at the time MV was started. Despite the clarity of 
this conception, the past three decades have witnessed the appearance of 
numerous operational definitions, none of which is universally accepted. 
Even definitions based on histopathologic findings at autopsy may fail 
to find consensus or provide certainty. Pneumonia in focal areas of a 
lobe may be missed, microbiologic studies may be negative despite the 
presence of inflammation in the lung, and pathologists may disagree on 
the findings.17-20 The absence of a “gold standard” continues to fuel con-
troversy about the adequacy and relevance of many studies in this field. 
Prolonged (>48 hours) MV is the most important factor associated 
with nosocomial pneumonia. However, VAP may occur within the first 
48 hours following intubation. Since the seminal study by Langer and 
colleagues, it is usual to distinguish early-onset VAP, which occurs dur-
ing the first 4 days of MV, from late-onset VAP, which develops 5 days 
or more after initiation of MV.21 Not only are the causative pathogens 
commonly different, but the disease also is usually less severe and the 
prognosis better in early-onset than late-onset VAP.1,3

■■ INCIDENCE
The exact incidence varies widely depending on the case definition 
of pneumonia and the population being evaluated.22-27 All studies, 
however, have confirmed that nosocomial pneumonia is considerably 
more frequent in ventilated patients than in other ICU patients, with 
an incidence increasing by as much as 6- to 20-fold in this subset of 
patients.6,28 VAP occurs in 9% to 27% of all intubated patients and its 
incidence increases with duration of ventilation.26,29 The risk of VAP is 
highest early in the course of hospital stay, and is estimated to be 3% per 
day during the first 5 days of ventilation, 2% per day during days 5 to 
10 of ventilation, and 1% per day after this.29 Because most mechanical 
ventilation is short term, approximately half of all episodes of VAP occur 
within the first 4 days of mechanical ventilation.

In a large epidemiological study, independent predictors of VAP 
retained by multivariable analysis were a primary admitting diagnosis 
of burns, trauma, central nervous system disease, respiratory disease, 
cardiac disease, mechanical ventilation during the preceding 24 hours, 
witnessed aspiration, and use of paralytic agents. Exposure to antibiotics 
conferred protection, but this effect was attenuated over time.29

According to four studies, the VAP rate was higher in patients with 
ARDS than other ventilated patients, affecting between 34% and >70% 
of patients with ARDS and often leading to the development of sepsis, 
multiple organ failure and death.10,30-32

■■ MORTALITY, MORBIDITY, AND COST
Mechanically ventilated patients in the ICU with VAP appear to have a 
two- to tenfold higher risk of death as compared with patients without 
pneumonia. Although these statistics indicate that VAP can be lethal, 
previous studies have not demonstrated clearly that pneumonia is 
responsible for the higher mortality rate of these patients.33 It is often 
difficult to determine whether ICU patients with severe underlying ill-
ness would have survived if VAP had not occurred. VAP, however, has 
been recognized in several case-controlled studies or studies using mul-
tivariate analysis as an important prognostic factor for different groups 
of critically ill patients.8,33-37

Other factors beyond the simple development of VAP, such as the 
severity of the disease, the responsible pathogens or the appropriateness 
of initial treatment, may be more important determinants of outcome 
for patients in whom pneumonia develops.38 Indeed, it may be that VAP 
increases mortality only in the subset of patients with intermediate sever-
ity of illness,37 when initial treatment is inappropriate,13,15,39-44 and/or in 
patients with VAP caused by high-risk pathogens, such as P. aeruginosa.38,45  
Patients with very low severity and early-onset pneumonia caused by 
organisms such as Haemophilus influenzae or Streptococcus pneumoniae 
have excellent prognoses with or without VAP, whereas very ill patients 
with late-onset VAP occurring while they are in a quasi-terminal state 
would be unlikely to survive. Using a multistate progressive disability 
model that appropriately handled VAP as a time-dependent event 
in a high-quality database of 2873 mechanically ventilated patients,  
Nguile-Makao et al recently showed that VAP attributable mortality was 
8.1% overall, varying widely with case-mix, severity at admission, time 
to VAP onset, and severity of organ dysfunction at VAP onset.38 These 
results are consistent with the 10.6% value obtained in five German 
ICUs using also a multistate progressive disability model and other 
studies having used similar methodology for determining attributable 
mortality.46,47

It is impossible to evaluate precisely the morbidity and excess costs 
associated with VAP. All studies, however, have shown clearly that 
patients with VAP have prolonged duration of mechanical ventilation 
and lengthened ICU and hospital stay as compared with patients who 
do not have VAP.1,3,48,49 Summarizing available data, VAP appears to 
extend the ICU stay by at least 4 to 6 days, with the attributable ICU 
length of stay being longer for medical than surgical patients and for 
patients infected with “high-risk” as opposed to “low-risk” organisms.50 
The prolonged hospitalization of patients with VAP underscores the 

examination of pulmonary secretions, intrinsic antibacterial activities 
of antimicrobial agents, and their pharmacokinetic characteristics.

•• �Once the microbiologic data become available, antimicrobial ther-
apy should be reevaluated in order to avoid prolonged use of a 
broader spectrum of antibiotic therapy than is justified by the avail-
able information. For many patients, including those with late-onset 
infection, the culture data will not show the presence of highly resis-
tant pathogens, and in these individuals, therapy can be narrowed 
or even reduced to a single agent in light of the susceptibility pattern 
of the causative pathogens without risking inappropriate treatment.

•• �Some very simple, no-cost measures, such as avoiding nasal inser-
tion of endotracheal and gastric tubes, maintaining the endotra-
cheal tube cuff pressure above 20 cm H2O to prevent leakage of 
bacteria around the cuff into the lower respiratory tract, removal of 
ventilator tubing condensates with minimal exposure to patients, 
placement of ventilated patients in a semirecumbent position 
when enteral nutrition is used, providing adequate oral hygiene 
with an antiseptic such as chlorhexidine, as well as avoiding unnec-
essary sedation, may have an impact on the frequency of VAP.
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considerable financial burden imposed on the health care system by the 
development of VAP.26,48,49,51-55

■■ ETIOLOGIC AGENTS
Microorganisms responsible for VAP differ according to the population 
of ICU patients, the durations of hospital and ICU stays, and the spe-
cific diagnostic method(s) used to establish the responsible pathogens. 
A number of studies have shown that gram-negative bacilli (GNB) cause 
many of the respiratory infections in this setting.1,3,56,57 The data from 24 
studies conducted on ventilated patients, for whom bacteriologic studies 
were restricted to uncontaminated specimens obtained using a protected 
specimen brush (PSB) or bronchoalveolar lavage (BAL), confirmed these 
results: GNB represented 58% of recovered organisms (Table 59-1).3 The 
predominant GNB were P. aeruginosa and Acinetobacter spp, followed 
by Proteus spp, Escherichia coli, Klebsiella spp, and H. influenzae. A rela-
tively high rate of gram-positive pneumonias was also reported in those 
studies, with S. aureus involved in >20% of the cases.56 Many episodes of 
VAP are caused by multiple pathogens.3,58

Underlying diseases may predispose patients to infection with spe-
cific organisms. Patients with chronic obstructive pulmonary disease 
(COPD) are at increased risk for H. influenzae, Moraxella catarrhalis, or  
S. pneumoniae infections; cystic fibrosis increases the risk of P. aerugi-
nosa and/or S. aureus infections, while trauma and neurological disease 
increases the risk for S. aureus infection. Furthermore, the causative 
agent for pneumonia differs among ICU surgical populations, with 18% 
of the nosocomial pneumonias caused by Haemophilus or pneumococci, 
particularly in patients with trauma, but not in patients with malig-
nancy, transplantation, abdominal or cardiovascular surgery.1,3

Despite somewhat different definitions of early-onset pneumonia, 
varying from onset of less than 3 to less than 7 days, high rates of 
H. influenzae, S. pneumoniae, MSSA or susceptible Enterobacteriaceae 
were constantly found in early-onset VAP, whereas P. aeruginosa, 
Acinetobacter spp, MRSA and multiresistant GNB were significantly 
more frequent in late-onset VAP.3 The different pattern of distribution 
of etiologic agents between early- and late-onset VAP is linked to prior 
antimicrobial therapy in many patients with late-onset VAP. When 
multivariate analysis was used to identify risk factors for VAP caused 
by potentially drug-resistant bacteria such as MRSA, P. aeruginosa, 
Acinetobacter baumannii, and/or S. maltophilia in 135 consecutive 

episodes of VAP, only three variables remained significant: duration of 
mechanical ventilation of longer than 7 days before onset of VAP, prior 
antibiotic use, and prior use of broad-spectrum drugs (third-generation 
cephalosporins, fluoroquinolones and/or imipenem).59 Not all studies 
have confirmed this distribution pattern, and in some studies the most 
common pathogens associated with early-onset VAP were P. aeruginosa, 
MRSA and Enterobacter spp, with similar pathogens associated with 
late-onset VAP.60,61 These findings might be explained in part by prior 
hospitalization and the use of antibiotics before transfer to the ICU.

The incidence of multiresistant pathogens is also closely linked 
to local factors and varies widely from one institution to another. 
Consequently, each ICU has to continuously collect meticulous epide-
miologic data.62 Clinicians clearly must be aware of the common micro-
organisms associated with both early-onset and late-onset VAP in their 
own hospitals in order to avoid the administration of initial inadequate 
antimicrobial therapy.

Legionella species, anaerobes, and even Pneumocystis jirovecii should 
be mentioned as potential causative agents, but these microbes are 
not commonly found when pneumonia is acquired during mechani-
cal ventilation. Herpesviridae, namely herpes simplex virus (HSV) 
can be detected in the lower respiratory tracts of 5% to 64% of ICU 
patients, depending on the population and the diagnostic method 
used. In most cases, HSV recovery from lower respiratory tract samples 
of nonimmunocompromised ventilated patients corresponds to viral 
contamination from the mouth and/or throat. For some patients, how-
ever, real HSV bronchopneumonitis can develop and it can evolve into 
ARDS and/or facilitate the occurrence of bacterial superinfection.63-65 
Cytomegalovirus-induced pneumonia is a rare event in ventilated 
patients. As for HSV bronchopneumonitis, it is impossible to know 
whether CMV detection in the lower respiratory tract is merely a marker 
of disease severity or signals real disease with its own morbidity and 
mortality.66-69

Isolation of fungi, most frequently Candida species, at significant 
concentrations poses interpretative problems. Invasive disease has been 
reported in VAP but yeasts are isolated more frequently from respiratory 
tract specimens in the absence of apparent disease, even when retrieved 
at high concentrations from bronchoscopic specimens.70-74 Thus, based 
on current data, the presence of yeasts in respiratory secretions obtained 
from non-immunosuppressed ventilated patients usually indicates 
colonization rather than infection of the respiratory tract, and does not 
justify by itself a specific antifungal therapy. Evidence of lung tissue 
invasion is needed for making the diagnosis of Candida pneumonia in 
such a setting. Interactions, however, between Candida and bacteria, 
particularly Pseudomonas, have been reported, and colonization of the 
respiratory tract by yeasts may predispose to bacterial VAP.75-78

By examining currently available data, the clinical significance of 
anaerobes in the pathogenesis and outcome of VAP remains unclear 
except as etiologic agents in patients with necrotizing pneumonitis, 
lung abscess or pleuropulmonary infections. Anaerobic infection and 
coverage with antibiotics, such as clindamycin or metronidazole, should 
probably also be considered for patients with respiratory secretions 
documenting numerous extra- and intracellular microorganisms after 
Gram staining in the absence of positive cultures for aerobic pathogens.

PREDISPOSING FACTORS
Risk factors provide information on the probability of lung infection 
developing in individuals and populations. Thus, they may contribute 
to the elaboration of effective preventive strategies by indicating which 
patients might be most likely to benefit from prophylaxis against pneu-
monia. Independent factors for VAP that were identified by multivariate 
analyses in selected studies are summarized in Table 59-2.2,11,13,14,29,51,79-83

■■ SURGERY
Postsurgical patients are at increased risk for VAP. In a 1981 report, 
the pneumonia rate during the postoperative period was 17%.84 Those 

  TABLE 59-1   � Etiology of VAP as Documented by Bronchoscopic Techniques in 24 
Studies for a Total of 1689 Episodes and 2490 Pathogens

Pathogen Frequency (%)

Pseudomonas aeruginosa 24.4

Acinetobacter spp 7.9

Stenotrophomonas maltophilia 1.7

Enterobacteriaceaea 14.1

Haemophilus spp 9.8

Staphylococcus aureusb 20.4

Streptococcus spp 8.0

Streptococcus pneumoniae 4.1

Coagulase-negative staphylococci 1.4

Neisseria spp 2.6

Anaerobes 0.9

Fungi 0.9

Others (<1% each)c 3.8
aDistribution when specified: Klebsiella spp, 15.6%; Escherichia coli, 24.1%; Proteus spp, 22.3%; 
Enterobacter spp, 18.8%; Serratia spp, 12.1%; Citrobacter spp, 5.0%; Hafnia alvei, 2.1%.
bDistribution when specified: MRSA, 55.7%; MSSA, 44.3%.
cIncluding Corynebacterium spp, Moraxella spp, and Enterococcus spp.
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authors stated that the development of pneumonia was closely associated 
with preoperative markers of severity of the underlying disease, such as 
low serum albumin concentration and a high score on the American 
Society of Anesthesiologists preanesthesia physical status classification. 
A history of smoking, longer preoperative stays, longer surgical proce-
dures and thoracic or upper abdominal surgery were also significant risk 
factors for postsurgical pneumonia. Another study comparing adult ICU 
populations demonstrated that postoperative patients had consistently 
higher rates of nosocomial pneumonia than did medical ICU patients, 
with a risk ratio of 2.2.82 Multiple regression analysis was performed to 
identify independent predictors of nosocomial pneumonia in the two 
groups; for surgical ICU patients, mechanical ventilation (>2 days) and 
acute physiology and chronic health evaluation score (APACHE) were 
retained by the model; for the medical ICU population, only mechanical 
ventilation (>2 days) remained significant. It has been suggested that 
different surgical ICU patient populations may have different risks for 
nosocomial pneumonia: cardiothoracic surgery and trauma (particu-
larly the head) patients were more likely to develop VAP than medical 
or other types of surgical patients.29

■■ ANTIMICROBIAL AGENTS
The use of antibiotics in the hospital setting has been associated with an 
increased risk of nosocomial pneumonia and selection of resistant patho-
gens.13,36,59,85-89 In a cohort study of 320 patients, prior antibiotic adminis-
tration was identified by logistic regression analysis to be one of the four 
variables independently associated with VAP along with organ failure, age 
>60 years, and the patient’s head positioning (ie, flat on his back or supine 
vs head and thorax raised 30°-40° or semirecumbent).36 Other investiga-
tors, however, found that antibiotic administration during the first 8 days 
was associated with a lower risk of early-onset VAP.90 For example, Sirvent 
et al showed that a single dose of a first-generation cephalosporin given 
prophylactically was associated with a lower rate of early-onset VAP in 
patients with structural coma.91 Moreover, multiple logistic regression 
analysis of risk factors for VAP in 358 medical ICU patients identified the 
absence of antimicrobial therapy as one of the factors independently asso-
ciated with VAP onset.92 Finally, the results of the multicenter Canadian 
study on the incidence of and risk factors for VAP indicated that antibiotic 
treatment conferred protection against VAP.29 This apparent protective 
effect of antibiotics disappears after 2 to 3 weeks, suggesting that a higher 
risk of VAP cannot be excluded beyond this point.

Prolonged antibiotic administration to ICU patients for primary 
infection is thought to favor selection and subsequent colonization with 
resistant pathogens responsible for superinfections.12,59,88,93-95 According 

to our data on 567 ventilated patients, those who had received antimi-
crobial therapy within the 15 days preceding lung infection were not 
at higher risk for development of VAP, but 65% of the lung infections 
that occurred in patients who had received broad-spectrum antimi-
crobial drugs versus only 19% of those developing in patients who had 
not received antibiotics were caused by Pseudomonas or Acinetobacter 
spp.12,59,88,93-95 In a 1988 investigation on mechanically ventilated baboons 
treated with a variety of regimens of intravenous and topical antibiotics 
or no antibiotics at all polymicrobial pneumonia occurred in almost all 
untreated animals.95,96 However, baboons that had received prophylactic 
topical polymycin had only a slightly lower incidence of pneumonia, and 
the prevalence of drug-resistant microorganisms in the tracheal secre-
tions was very high: 60% and 78% after 4 and 8 days of MV, respectively. 
Therefore, strong arguments suggest that the prophylactic use of antibi-
otics in the ICU increases the risk of superinfection with multiresistant 
pathogens while only delaying the occurrence of nosocomial infection.

■■ STRESS ULCER PROPHYLAXIS
In theory, patients receiving stress-ulcer prophylaxis that does not 
change gastric acidity, such as sucralfate, should have lower rates of gas-
tric bacterial colonization and, consequently, a lower risk for nosocomial 
pneumonia, than those receiving antacids or H2-blockers.97,98

According to meta-analyses of the efficacy of stress-ulcer prophylaxis 
in ICU patients, respiratory tract infections were significantly less fre-
quent in patients treated with sucralfate than those receiving antacids 
or H2-blockers.99,100 This conclusion, however, was not fully confirmed 
in a very large, multicenter, randomized, blinded, placebo-controlled 
trial that compared sucralfate suspension (1 g every 6 hours) with the 
H2-receptor antagonist ranitidine (50 mg every 8 hours) for the preven-
tion of upper gastrointestinal bleeding in 1200 ventilated patients.101 
Clinically relevant gastrointestinal bleeding developed in 10 of the 596 
(1.7%) patients receiving ranitidine, as compared with 23 of the 604 
(3.8%) receiving sucralfate (relative risk [RR], 0.44; 95% confidence 
interval [CI], 0.21-0.92; p = 0.02). In the ranitidine group, 114 of 596 
(19.1%) patients had VAP, as diagnosed by an adjudication committee 
using a modified version of the CDC criteria, versus 98 of 604 (16.2%) 
in the sucralfate group (RR, 1.18; 95% CI, 0.92-1.51; p = 0.19). VAP, 
however, occurred significantly less frequently in patients receiving 
sucralfate when the diagnosis of pneumonia was based on Memphis 
VAP Consensus Conference criteria (if there was radiographic evidence 
of abscess and a positive needle aspirate, or histologic proof of pneumo-
nia at biopsy or autopsy) (p = 0.03).101

Sucralfate appears to have a small protective effect against VAP 
because stress-ulcer prophylactic medications that raise the gastric 
pH might themselves increase the incidence of pneumonia.102,103 This 
contention is supported by direct comparisons of trials of H2-receptor 
antagonists versus no prophylaxis, which showed a trend toward higher 
pneumonia rates among the patients receiving H2-receptor antagonists 
(OR, 1.25; 95% CI, 0.78-2.00).99 Furthermore, the comparative effects of 
sucralfate and no prophylaxis are unclear. Among 226 patients enrolled 
in two randomized trials, those receiving sucralfate tended to develop 
pneumonia more frequently than those given no prophylaxis (OR, 2.11; 
95% CI, 0.82-5.44).104,105

■■ ENDOTRACHEAL TUBE—REINTUBATION—TRACHEOSTOMY
The presence of an endotracheal tube by itself circumvents host defenses, 
causes local trauma and inflammation, and increases the probability of 
aspiration of nosocomial pathogens from the oropharynx around the 
cuff. Scanning electron microscopy of 25 endotracheal tubes revealed 
that 96% had partial bacterial colonization and 84% were completely 
coated with bacteria in a biofilm or glycocalyx.106 The authors hypoth-
esized that bacterial aggregates in biofilm dislodged during suctioning 
might not be killed by antibiotics or effectively cleared by host immune 
defenses. Clearly, the type of endotracheal tube may also influence the 
likelihood of aspiration. Use of low-volume, high-pressure endotra-
cheal cuffs reduced the rate to 56% and the advent of high-volume, 

  TABLE 59-2   � Independent Factors for VAP Identified by Multivariate Analysis 
in Selected Studies

Host Factors Intervention Factors Other

Serum albumin <2.2 g/dL H
2
 blockers ± antacids Season

Age ≥60 years Paralytic agents, continuous intravenous 
sedation

ARDS >4 units of blood products

COPD, pulmonary disease Intracranial pressure monitoring

Coma or impaired consciousness MV >2 days

Burns, trauma Positive end-expiratory pressure

Organ failure Frequent ventilator circuit changes

Severity of illness Reintubation

Large-volume gastric aspiration Nasogastric tube

Gastric colonization and pH Supine head position

Upper respiratory tract colonization Transport out of the ICU

Sinusitis Prior antibiotic or no antibiotic therapy
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low-pressure cuffs further lowered it to 20%.107 Leakage around the cuff 
allows secretions pooled above the cuff to enter the trachea; this mecha-
nism, recently confirmed, underlines the importance of maintaining 
adequate intracuff pressure for preventing VAP.108

In addition to the presence of endotracheal tubes, reintubation is,  
per se, a risk factor for VAP.109 This finding probably reflects an 
increased risk of aspiration of colonized oropharyngeal secretions into 
the lower airways by patients with subglottic dysfunction or impaired 
consciousness after several days of intubation. Another explanation is 
direct aspiration of gastric contents into the lower airways, particularly 
when a nasogastric tube is kept in place after extubation.

Some investigators postulated that early tracheotomy could lower 
VAP rate because it can permit easier oral hygiene and bronchopulmo-
nary toilet or less time spent deeply sedated.110 Such benefit, however, 
was not confirmed in other studies, including two large recent random-
ized trials having systematically evaluated this issue.111-114

■■ NASOGASTRIC TUBE, ENTERAL FEEDING, AND PATIENT POSITION
Almost all ventilated patients have a nasogastric tube inserted to 
evacuate gastric and enteral secretions, prevent gastric distention, and/
or provide nutritional support. The nasogastric tube is not generally 
considered to be a potential risk factor for VAP, but it may increase oro-
pharyngeal colonization, cause stagnation of oropharyngeal secretions, 
and increase reflux and the risk of aspiration. A multivariate analysis 
retained the presence of a nasogastric tube as one of the three indepen-
dent risk factors for nosocomial pneumonia based on a series of 203 
patients admitted to the ICU for 72 hours or more.80

Early initiation of enteral feeding is generally regarded as beneficial in 
critically ill patients, but it may increase the risk of gastric colonization, 
gastroesophageal reflux, aspiration and pneumonia.115,116 The aspiration 
rate generally varies as a function of differences in the patient popula-
tion, neurological function, type of feeding tube, location of the feed-
ing port and method of evaluating aspiration. Clinical impressions and 
preliminary data suggest that postpyloric or jejunal feeding entails less 
risk of aspiration and may therefore be associated with fewer infectious 
complications than gastric feeding, although this point remains contro-
versial.117,118 Nonetheless, aspiration can easily occur should the feeding 
tube be inadvertently dislodged. A retrospective study of noncritically ill 
adult patients showed a 40% rate of accidental feeding-tube dislodgment, 
but all the patients whose tube was dislodged were confused, disoriented 
or had altered awareness, as is frequently observed in ICU patients.119

Maintaining ventilated patients with a nasogastric tube in place in a 
supine position is also a risk factor for aspiration of gastric contents into 
the lower airways. When radioactive material was injected through a 
nasogastric tube directly into the stomach of 19 ventilated patients, the 
mean radioactive counts in endobronchial secretions were higher in a 
time-dependent fashion in samples obtained from patients in a supine 
position than in those obtained from patients in a semirecumbent posi-
tion.120 The same microorganisms were isolated from the stomach, phar-
ynx and endobronchial samples of 32% of the specimens taken while 
patients were lying supine. The same investigators conducted a random-
ized trial comparing semirecumbent and supine positions.121 The trial, 
which included 86 intubated and ventilated patients, was stopped after 
the planned interim analysis because the frequency and the risk of VAP 
were significantly lower for the semirecumbent group. These findings 
were indirectly confirmed by the demonstration that the head position 
of the supine patient during the first 24 hours of mechanical ventila-
tion was an independent risk factor for acquiring VAP.36 However, to 
what degree of elevation the head of bed should be targeted remains 
controversial.122-125 Van Nieuwenhoven and colleagues randomized 221 
patients to be placed either in the semirecumbent position or supine, 
but not completely flat. In that study, microbiologically confirmed as 
well as clinically diagnosed VAP were not different between the groups. 
Importantly, the feasibility of the 45° elevation of the head was also 
challenged by the authors, who were unable to maintain this position 
in their patients despite constant monitoring of bed position.125 The 

inconsistency in the efficacy of the semirecumbent position on VAP 
prevention was confirmed by a recent meta-analysis that pooled data 
from all randomized trials and did not find a significant reduction of 
clinically or microbiologically diagnosed VAP.126

■■ RESPIRATORY EQUIPMENT
Ventilators with humidifying cascades often have high levels of tubing 
colonization and condensate formation that may also be risk factors for 
pneumonia. The rate of condensate formation in the ventilator circuit is 
linked to the temperature difference between the inspiratory-phase gas 
and the ambient temperature, and may be as high as 20 to 40 mL/h.127,128 
Examination of condensate colonization in 20 circuits detected a median 
level of 2.0 × 105 organisms/mL, and 73% of the 52 gram-negative 
isolates present in the patients’ sputum samples were subsequently 
isolated from condensates.128 Because most of the tubing colonization 
was derived from the patients’ secretions, the highest bacterial counts 
were present near the endotracheal tube. Simple procedures, such as 
turning the patient or raising the bed rail, may accidentally spill con-
taminated condensate directly into the patient’s tracheobronchial tree.129 
Inoculation of large amounts of fluid with high bacterial concentrations 
is an excellent way to overwhelm pulmonary defense mechanisms and 
cause pneumonia. Heating ventilator tubing markedly lowers the rate of 
condensate formation, but heated circuits are often nondisposable and 
are expensive. In-line devices with one-way valves to collect the con-
densate are probably the easiest way to handle this problem; they must 
be correctly positioned into disposable circuits and emptied regularly.

To decrease condensation and moisture accumulation in ventila-
tor circuits, several studies have investigated the use of heat-moisture 
exchangers (HME) in place of conventional heated-water humidifica-
tion systems. Slightly lower VAP rates were observed in four studies 
and a significant difference in a fifth study, suggesting that HME are 
at least comparable to heated humidifiers and may be associated with 
lower VAP rates than heated humidifiers.130-134 Changing the HME every 
48 hours did not affect ventilator-circuit colonization and the authors 
concluded that the cost of mechanical ventilation might be substantially 
reduced without any detriment to the patient by prolonging the time 
between HME changes from 24 to 48 hours.135 Furthermore, using 
HME may decrease the nurses’ workload (no need to refill cascades, to 
void water traps on circuits, and so on), decrease the number of septic 
procedures (it was clearly shown that respiratory tubing condensates 
must be handled as an infectious waste), and reduce the cost of mechani-
cal ventilation, especially when used for prolonged periods without 
change. Because some observational studies, however, have documented 
an increased resistive load and a larger dead space associated with 
exchangers,136,137 their use should be discouraged in patients with ARDS 
ventilated with a low tidal volume and in patients with COPD during 
the weaning period, if pressure support, and not T-piece trials, are used.

There is no apparent advantage to changing ventilator circuits 
frequently for VAP prevention. This holds true whether circuits are 
changed every 2 days or every 7 days compared with no change at all, and 
whether they are changed weekly as opposed to 3 times per week.138-140  
A policy of no circuit changes or infrequent circuit changes is simple to 
implement and the costs are likely lower than those generated by regular, 
frequent circuit changes; thus, such a policy is strongly recommended by 
the 1997 CDC guidelines and other guidelines.141-143

■■ SINUSITIS
While many studies have compared the risk of nosocomial sinusitis as a 
function of the intubation method used and the associated risk of VAP, 
only a few were adequately powered to give a clear answer. In one study of 
300 patients who required mechanical ventilation for at least 7 days and 
were randomly assigned to undergo nasotracheal or orotracheal intuba-
tion, computed tomographic evidence of sinusitis was observed slightly 
more frequently in the nasal than oral endotracheal group (p = 0.08),  
but this difference disappeared when only bacteriologically confirmed 
sinusitis was considered.144

section04.indd   524 1/23/2015   2:20:33 PM

http://www.myuptodate.com


CHAPTER 59: Ventilator-Associated Pneumonia 525

The rate of infectious maxillary sinusitis and its clinical relevance were 
also prospectively studied in 162 consecutive critically ill patients, who 
had been intubated and ventilated for 1 hour to 12 days before enroll-
ment.145 All had a paranasal computed tomography scan within 48 hours 
of admission which was used to divide them into three groups (no, mod-
erate or severe sinusitis), according to the radiologic appearance of the 
maxillary sinuses. Patients who had no sinusitis at admission (n = 40)  
were randomized to receive endotracheal and gastric tubes via the nasal 
or oral route and, based on radiologic images, respective sinusitis rates 
were 96% and 23% (p <0.03); yet, no differences in the rates of infec-
tious sinusitis were documented according to the intubation route. 
VAP, however, was more common in patients with infectious sinusitis, 
with 67% of them developing lung infection in the days following the 
diagnosis of sinusitis.145 Therefore, whereas it seems clear that infec-
tious sinusitis is a risk factor for VAP, no studies have yet been able to 
definitively demonstrate that orotracheal intubation decreases the infec-
tious sinusitis rate compared to nasotracheal intubation. Thus no firm 
recommendations on the best route of intubation to prevent VAP can 
be advanced.

■■ INTRAHOSPITAL PATIENT TRANSPORT
A prospective cohort study conducted in 531 ventilated patients evalu-
ated the impact of transporting the patient out of the ICU to other sites 
within the hospital.146 Results showed that 52% of the patients had to 
be moved at least once for a total of 993 transports and that 24% of the 
transported patients developed VAP compared with 4% of the patients 
confined to the ICU (p <0.001). Multiple logistic regression analysis 
confirmed that transport out of the ICU was independently associated 
with VAP (OR = 3.8; p <0.001).

DIAGNOSIS

■■ BACKGROUND
VAP is typically suspected when a patient has new or progressive radio-
graphic infiltrates and clinical findings suggesting infection, such as the 
new onset of fever, purulent sputum, leukocytosis, increased minute ven-
tilation, and/or a decline in arterial oxygenation. Because interpretation 
of chest radiographs is difficult, particularly in patients with prior abnor-
malities, such as ARDS, it is also mandatory to consider the diagnosis of 
VAP in ventilated patients who clinically deteriorate, and/or in whom 
vasopressors should be increased to maintain blood pressure, even in 
the absence of a clear-cut progression of the radiographic abnormalities.

The systemic signs of infection, however, such as fever, tachycardia 
and leukocytosis, are nonspecific findings that can be caused by any 
condition that releases cytokines. In trauma and other surgical patients, 
fever and leukocytosis should prompt the physician to suspect infection, 
but during the early posttraumatic or postoperative period (ie, dur-
ing the first 72 hours), these findings usually are not conclusive. Later, 
fever and leukocytosis are more likely to be caused by pulmonary or 
nonpulmonary (vascular catheter infection, gastrointestinal infection, 
urinary tract infection, sinusitis, or wound infection) infections, but 
even then, other events associated with an inflammatory response (eg, 
devascularized tissue, open wounds, pulmonary edema and/or infarc-
tion) can be responsible for these findings. Although the plain (usually 
portable) chest roentgenogram remains an important component in the 
evaluation of ventilated patients with suspected pneumonia, it is most 
helpful when it is normal and rules out pneumonia. When infiltrates 
are evident, the particular pattern is of limited value for differentiat-
ing among cardiogenic pulmonary edema, noncardiogenic pulmonary 
edema, pulmonary contusion, atelectasis (or collapse) and pneumonia, 
even when using computed tomographic scanning.24,32,147-151 Because the 
tracheobronchial tree of mechanically ventilated patients is frequently 
rapidly colonized by potential pathogens, the presence of bacteria at that 
level is not a sufficient argument to diagnose true lung infection, which 
constitutes another major obstacle for the diagnosis of VAP.24,152

In 1991, a composite clinical score, the Clinical Pulmonary Infection 
Score (CPIS) was proposed, based on seven variables (temperature, 
blood leukocyte count, volume and purulence of tracheal secretions, 
oxygenation, pulmonary radiography, and semiquantitative culture of 
tracheal aspirate) accorded 0, 1, or 2 points.153 This scoring system, how-
ever, is quite tedious to calculate and difficult to use in clinical practice, 
because several variables, such as progression of pulmonary infiltrates 
and results of semiquantitative cultures of tracheal secretions, can lead 
to different calculations depending on the observer.154 Furthermore, its 
value was not validated in several subsequent prospective studies, espe-
cially in patients with bilateral pulmonary infiltrates.155-163

Thus, as soon as a ventilated patient is suspected of developing pneu-
monia, a more complete diagnostic work-up should be undertaken, 
targeting two objectives. The first objective is the immediate recogni-
tion of a true VAP or of an extrapulmonary bacterial infection, in order 
to start effective antibiotics against the microorganisms responsible for 
infection as soon as possible.1,3 Numerous studies indicate that failure to 
initiate prompt appropriate antimicrobial treatment in this setting is a 
major risk factor for an increased morbidity and mortality.164-172 The sec-
ond one is avoiding overusing antibiotics in patients with only proximal 
airways colonization and no ongoing bacterial infection. Epidemiologic 
investigations have clearly demonstrated that indiscriminate use of anti-
microbial agents in ICU patients may have immediate and long-term 
consequences, which contribute to emergence of multiresistant patho-
gens and increase the risk of serious superinfections.173-178 This risk is not 
limited to one patient. Instead, the risk of colonization or infection by 
multidrug-resistant strains is increased in patients throughout the ICU 
and even the entire hospital. Virtually all reports emphasize that better 
antibiotic control programs to limit bacterial resistance are urgently 
needed in ICUs, and that patients without true infection should not 
receive antimicrobial treatment.173

To reach these objectives, all diagnostic strategies should follow 
three consecutive steps: (1) obtaining a respiratory tract sample (from 
proximal or distal airways) for microscopy and culture (qualitative, 
semiquantitative, or quantitative) before introduction of new antibiotics; 
(2) immediately starting empiric antimicrobial treatment, unless there 
are both a negative microscopy and no signs of severe sepsis; and (3) 
reevaluating treatment on day 2 or 3, based on microbiologic cultures 
results and clinical outcome.1,3

■■ QUALITATIVE CULTURES OF ENDOTRACHEAL ASPIRATES
The first option is to use a clinical strategy and to treat every patient 
clinically suspected of having a pulmonary infection with new antibiot-
ics (even when the likelihood of infection is low), arguing that several 
studies showed that immediate initiation of appropriate antibiotics 
was associated with reduced mortality.41,44,166,179-184 Using this strategy, 
all patients suspected of having VAP are treated with new antibiotics 
after having obtaining an endotracheal aspirate for microscopy and 
qualitative culture. The selection of appropriate empirical therapy is 
based on risk factors and local microbiological and resistance patterns, 
and involves qualitative testing to identify possible pathogens. The ini-
tial antimicrobial therapy is adjusted according to culture results and 
clinical response (Fig. 59-1). Antimicrobial treatment is discontinued 
if and only if the following three criteria are fulfilled on day 3: (1) clini-
cal diagnosis of VAP is unlikely (there are no definite infiltrates found 
on chest radiography at follow-up and no more than one of the three 
following findings are present: temperature >38.3°C, leukocytosis or 
leukopenia, and purulent tracheobronchial secretions) or an alterna-
tive noninfectious diagnosis is confirmed, (2) tracheobronchial aspirate 
culture results are nonsignificant, and (3) severe sepsis or shock are  
not present.185

This clinical approach has two undisputable advantages: first, no spe-
cialized microbiologic techniques are required, and, second, the risk of 
missing a patient who needs antimicrobial treatment is minimal when 
all suspected patients are treated with new antibiotics. However, because 
tracheobronchial aspirate culture results are rarely negative secondary 
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to the high rate of proximal airways colonization observed in patients 
receiving MV, discontinuation of antibiotics on day 3 is difficult to per-
form, leading to antibiotic overuse in many ICU patients. Qualitative 
endotracheal aspirate cultures contribute indisputably to the diagno-
sis of VAP only when they are completely negative for a patient with 
no modification of prior antimicrobial treatment. In such a case, the 
negative-predictive value is very high and the probability of the patient 
having pneumonia is close to zero.18 This is why some investigators have 
proposed to replace qualitative cultures of endotracheal aspirates by 
semi- or quantitative cultures of the same specimens.186

■■ QUANTITATIVE CULTURES OF ENDOTRACHEAL ASPIRATES
Several studies using quantitative culture techniques suggest that endo-
tracheal aspirate cultures may have an acceptable overall diagnostic 
accuracy, similar to that of several other more invasive techniques.186 
Not all studies, however, have confirmed this conclusion. To assess the 
reliability of that method, bronchoscopy with PSB and BAL was used to 
study 57 episodes of suspected lung infection in 39 ventilator-dependent 
patients with no recent changes of antimicrobial therapy.187 The operat-
ing characteristics of endotracheal aspirate cultures were calculated 
over a range of cutoff values (from 103 to 107 cfu/mL); the threshold of 
106 cfu/mL appeared to be the most accurate, with a sensitivity of 68% 
and a specificity of 84%. When this threshold was applied to the study 
population, however, almost one-third of the patients with pneumonia 
were not identified. Furthermore, only 40% of microorganisms cultured 
in endotracheal aspirate samples coincided with those obtained from 
PSB specimens. Other authors have emphasized that, although quan-
titative endotracheal aspirate cultures can correctly identify patients 
with pneumonia, microbiologic results cannot be used to infer which 
microorganisms present in the trachea are really present in the lungs. In 
a study comparing quantitative endotracheal aspirate culture results to 
postmortem quantitative lung-biopsy cultures, only 53% of the microor-
ganisms isolated from the former samples at concentrations >107 cfu/mL  
were also found in the latter cultures.188

The inherent advantage of quantitative cultures of endotracheal aspi-
rates is that they are more specific, permitting the discontinuation of 

antibiotics in more patients than when using only qualitative cultures. 
But it must be kept in mind that this technique has several potential 
pitfalls. First, many patients may not be identified using the cutoff value 
of 106 cfu/mL. Second, as soon as a lower threshold is used, specificity 
declines sharply and overtreatment becomes a problem. Finally, select-
ing antimicrobial therapy solely on the basis of endotracheal aspirate 
culture results can lead to either unnecessary antibiotic therapy or over-
treatment with broad-spectrum antimicrobial agents.

■■ QUANTITATIVE CULTURES OF DISTAL SPECIMENS 
OBTAINED BY BRONCHOSCOPY

This strategy uses quantitative cultures of lower respiratory secretions 
(BAL or PSB collected with a bronchoscope) to define both the presence 
of pneumonia and the etiologic pathogen(s). Pathogens are present in 
inflammatory secretions of the lower respiratory tract at concentrations 
of at least 105 to 106 cfu/mL, whereas contaminants are generally present 
at less than 104 cfu/mL.189 The diagnostic thresholds proposed for PSB 
and BAL are based on this concept. Because PSB collects between 0.001 
and 0.01 mL of secretions, the presence of greater than 103 bacteria in the 
originally diluted sample (1 mL) actually represents 105 to 106 cfu/mL of 
pulmonary secretions. Similarly, 104 cfu/mL for BAL, which collects 1 mL 
of secretions in 10 to 100 mL of effluent, represents 105 to 106 cfu/mL.190-192

Using this strategy, therapeutic decisions are tightly protocolized, 
using the results of direct examination of distal pulmonary samples and 
results of quantitative cultures in deciding whether to start antibiotic 
therapy, which pathogens are responsible for infection, which antimi-
crobial agents to use, and whether to continue therapy (Fig. 59-2).

One major technical problem with all bronchoscopic techniques 
is proper selection of the sampling area in the tracheobronchial tree. 
Almost all intubated patients have purulent-looking secretions and 
the secretions first seen may represent those aspirated from another 
site into gravity-dependent airways or from upper-airway secretions 
aspirated around the endotracheal tube. Usually, the sampling area is 
selected based on the location of infiltrate on chest radiograph or the 
segment visualized during bronchoscopy as having purulent secre-
tions.193 Collection of secretions in the lower trachea or mainstem 

FIGURE 59-1.  Diagnostic and therapeutic strategy applied to patients with a clinical suspicion of VAP managed according to the “clinical” strategy. ATS, American Thoracic Society.
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bronchi, which may represent recently aspirated secretions around the 
endotracheal tube cuff, should be avoided. In patients with diffuse pul-
monary infiltrates or minimal changes in a previously abnormal chest 
radiograph, determining the correct airway to sample may be difficult. 
In these cases, sampling should be directed to the area where endo-
bronchial abnormalities are maximal.194 In case of doubt, and because 
autopsy studies indicate that VAP frequently involves the posterior 
portion of the right lower lobe, this area should probably be sampled as 
priority.195 While in the immunosuppressed host with diffuse infiltrates 
bilateral sampling has been advocated, there is no convincing evidence 
that multiple specimens are more accurate than single specimens for 
diagnosing nosocomial bacterial pneumonia in ventilated patients.

Because BAL harvests of cells and secretions from a large area of 
the lung and specimens can be microscopically examined immediately 
after the procedure to detect the presence or absence of intracellular 
or extracellular bacteria in the lower respiratory tract, it is particularly 
well suited to provide rapid identification of patients with pneumo-
nia.191,196-201 Assessment of the degree of qualitative agreement between 
Gram stains of BAL fluid and PSB quantitative cultures for a series of 
51 patients with VAP, however, showed correspondence to be complete 
for 51%, partial for 39%, and nonexistent for 10% of the cases.198 In 21 
studies, pooled sensitivity and specificity of Gram stain for VAP was 0.79 
and 0.75, respectively, with a negative predictive value of 91%, suggest-
ing that VAP is unlikely with a negative Gram stain.202

Many groups have investigated the value of quantitative BAL culture 
for the diagnosis of pneumonia in ICU patients.191,203,204 When the results 
of the 11 studies evaluating BAL fluids from a total of 435 ICU patients 

with nosocomial pneumonia were pooled, overall accuracy was very 
close to that of PSB: the Q value was 0.84 (Q represents the intersection 
between the summary receiver-operating characteristics [ROC] curve 
and a diagonal from the upper-left corner to the lower-right corner of 
the ROC space).203 Similar conclusions were drawn in another meta-
analysis, which pooled the results of 23 studies: sensitivity and specific-
ity of BAL were 73 ± 18% and 82 ± 19%, respectively.204 When analysis 
in these studies was restricted to patients without prior antibiotics or 
when only lung tissue cultures were used as the reference standard, 
results of bronchoscopic techniques for determining pneumonia were 
much better, with a sensitivity always >80%.

Other studies have confirmed the accuracy of bronchoscopic techniques 
for diagnosing nosocomial pneumonia. In a study evaluating spontaneous 
lung infections occurring in ventilated baboons with permeability pulmo-
nary edema, Johanson et al found excellent correlation between the bacte-
rial content of lung tissue and results of quantitative culture of lavage fluid.96 
BAL recovered 74% of all species present in lung tissue, including 100% 
of species present at a concentration ≥104 cfu/g of tissue. Similarly, in 20 
ventilated patients who had not developed pneumonia before the terminal 
phase of disease and who had no recent changes in antimicrobial therapy, 
Chastre et al found that bronchoscopic BAL specimens obtained just after 
death identified 90% of all species present in the lung, with a strong correla-
tion between the results of quantitative cultures of both specimens.191 These 
findings confirm that bronchoscopic BAL samples very reliably identify, 
both qualitatively and quantitatively, microorganisms present in lung seg-
ments, even when the pneumonia develops as a superinfection in a patient 
already receiving antimicrobial treatment for several days.

FIGURE 59-2.  Diagnostic and therapeutic strategy applied to patients with a clinical suspicion of VAP managed according to the “invasive” strategy. ATS, American Thoracic Society.
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Values within 1 log10 of the cutoff must, however, be interpreted cau-
tiously, and bronchoscopy should be repeated in symptomatic patients 
with a negative (<104 cfu/mL) result.205 Many technical factors, includ-
ing medium and adequacy of incubation, and antibiotic or other toxic 
components, may influence results. Reproducibility of PSB sampling has 
been recently evaluated by three groups.206-208 Although in vitro repeat-
ability was excellent and in vivo qualitative recovery 100%, quantitative 
results were more variable. In 14% to 17% of patients, results of replicate 
samples fell on both sides of the 103 cfu/mL threshold, and results varied 
by more than 1 log10 in 59% to 67% of samples.206-208 This variability is 
presumably related to both the irregular distribution of organisms in 
secretions and the very small volume actually sampled by PSB. As with 
all diagnostic tests, borderline PSB and/or BAL quantitative culture 
results should be interpreted cautiously, and the clinical circumstances 
should be considered before reaching any therapeutic decision.

The most compelling argument for invasive techniques coupled with 
quantitative cultures of PSB or BAL specimens is that they can reduce 
excessive antibiotic use. There is little disagreement that the clinical 
diagnosis of nosocomial pneumonia is overly sensitive and leads to the 
unnecessary use of broad-spectrum antibiotics. Because bronchoscopic 
techniques may be more specific, their use would reduce antibiotic 
pressure in the ICU, thereby limiting the emergence of drug-resistant 
strains and the attendant increased risks of superinfection.36,209 When 
culture results are available, BAL and/or PSB techniques facilitate precise 
identification of the offending organisms and their susceptibility pat-
terns. Such data are invaluable for optimal antibiotic selection in patients 
with a true VAP. They also increase the confidence and comfort level of 
health care workers in managing patients with suspected nosocomial 
pneumonia.210 The more targeted use of antibiotics also could reduce 
overall costs, despite the expense of bronchoscopy and quantitative cul-
tures, and minimize antibiotic-related toxicity. This is particularly true 
in patients who have late-onset VAP, in whom expensive combination 
therapy is commonly recommended. A conservative cost-analysis in a 
trauma ICU suggested that the discontinuation of antibiotics upon the 
return of negative bronchoscopic quantitative culture results could lead 
to a savings of more than $1700 per patient suspected of VAP.211

Finally, a major benefit of a negative bronchoscopy is to direct atten-
tion away from the lungs as the source of fever. Many hospitalized 
patients with negative bronchoscopic cultures have other potential sites 
of infection that can be identified via a simple diagnostic protocol. In 
50 patients with suspected VAP who underwent a systematic diagnostic 
protocol designed to identify all potential causes of fever and pulmonary 
densities, Meduri et al confirmed that lung infection was present in only 
42% of cases; the frequent occurrence of multiple infectious and nonin-
fectious processes justifies a systematic search for the source of fever in 
this setting.150 Delay in diagnosis or definitive treatment of the true site 
of infection may lead to prolonged antibiotic therapy, more antibiotic-
associated complications, and induction of further organ dysfunction.212

■■ QUANTITATIVE CULTURES OF DISTAL SPECIMENS 
OBTAINED WITHOUT BRONCHOSCOPY

At least 15 studies have described a variety of nonbronchoscopic tech-
niques using various types of endobronchial catheters for sampling 
distal lower respiratory tract secretions; globally, results have been simi-
lar to those obtained with bronchoscopy.213 Compared to conventional 
PSB and/or BAL, nonbronchoscopic techniques are less invasive, can be 
performed by clinicians not qualified to perform bronchoscopy, have 
lower initial costs than bronchoscopy, avoid potential contamination by 
the bronchoscopic channel, are associated with less compromise of gas-
exchange during the procedure, and can be performed even in patients 
intubated with small endotracheal tubes. Disadvantages include the 
potential sampling errors inherent in a blind technique and the lack of 
airway visualization. Although autopsy studies indicate that pneumonia 
in ventilator-dependent patients has often spread into every pulmonary 
lobe and predominantly involves the posterior portion of the lower 
lobes, several clinical studies on ventilated patients with pneumonia 

contradict those findings, as some patients had sterile cultures of PSB 
specimens from the noninvolved lung.32,214 Furthermore, although the 
authors of most studies concluded that the sensitivities of nonbron-
choscopic and bronchoscopic techniques were comparable, the overall 
concordance was only approximately 80%, emphasizing that, in some 
patients, the diagnosis could be missed by a blind technique, especially 
in the case of pneumonia involving the left lung.32

■■ PATIENTS ALREADY RECEIVING ANTIMICROBIAL THERAPY
Performing microbiologic cultures of pulmonary secretions for diag-
nostic purposes after initiation of new antibiotic therapy in patients 
suspected of having developed VAP leads to a high rate of false-negative 
results, regardless of the method of obtaining the secretions. In fact, 
all microbiological techniques are of limited value in patients with a 
recent infiltrate who have received new antibiotics, even for less than 
24 hours. A negative finding could indicate that the patient has been 
successfully treated for pneumonia and the bacteria are eradicated, or 
that the patient had no lung infection to begin with. Using both PSB and 
BAL, Souweine et al prospectively investigated 63 episodes of suspected 
VAP.215 If patients had been treated with antibiotics but did not have 
a recent change in antibiotic class, sensitivity of PSB and BAL culture 
(83% and 77%, respectively) were similar to the sensitivities achieved in 
patients not being treated with antibiotics. In other words, prior therapy 
did not reduce the yield of diagnostic testing among patients receiving 
current antibiotics given to treat a prior infection. Conversely, if therapy 
was recent, sensitivity of invasive diagnostic methods, using traditional 
thresholds, was only 38% with BAL and 40% with PSB.215 These two 
clinical situations should be clearly distinguished before interpreting 
the results of pulmonary secretion cultures, irrespective of how they 
were obtained. In the second situation, when the patient receives new 
antibiotics after the appearance of signs suggesting VAP, no conclusion 
concerning the presence or absence of pneumonia can be drawn if cul-
ture results are negative.215-217 Pulmonary secretions therefore need to 
be obtained before starting new antibiotics, as is the case for all types of 
microbiologic samples.

■■ USE OF PROCALCITONIN AND OTHER BIOLOGICAL MARKERS
Procalcitonin (PCT), a 116-amino-acid peptide which is one of the 
precursors of the hormone calcitonin, has been described as a good 
diagnostic marker of bacterial infection in patients with community-
acquired infections, especially in patients with lower respiratory tract 
infection.218-221 Moreover, several interventional trials have shown that 
PCT could be used to start or to postpone antibiotic treatment in com-
munity-acquired lower respiratory tract infections.222-226 In patients with 
nosocomial infections, and in particular in patients with VAP, its use-
fulness as a diagnostic marker is more doubtful.227-231 There are several 
reasons to explain why PCT is not a good diagnostic marker in patients 
with suspected VAP. First, pneumonia may be a localized infection; thus, 
as for other localized infections, PCT can be synthesized locally without 
systemic release, explaining its low serum level or apparent decrease 
in patients with true pulmonary infections. Second, ICU-patients may 
suffer from previous severe sepsis or septic shock, multiorgan failure, or 
may have developed a systemic inflammatory response syndrome after 
surgery or trauma, conditions known to increase blood level of biomark-
ers including PCT in the absence of infection.230 Thus, a high level of 
PCT the day VAP is suspected is not useful, because it is not possible to 
distinguish an elevation due to a previous noninfectious condition from 
an elevation due to an active infection. Third, it is known that a time lag 
of 24 to 48 hours can exist between bacterial infection onset and peak 
PCT release, and that may also explain the apparent low level of PCT on 
the day of VAP onset. Incorporating PCT values in clinical score (such 
as CPIS) did not improve its diagnostic value.229,230

The soluble Triggering Receptor Expressed on Myeloid Cells-1  
(sTREM-1) molecule is known to be specifically released during several 
infectious processes.232 Although it was apparently a reliable marker of 
pneumonia, especially VAP, more recent studies obtained contradictory 
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findings, thereby raising doubt as to its usefulness for VAP diagnosis.228,233-235  
Pending additional studies, and because this marker is not routinely 
available, sTREM-1 is not recommended as an indicator to guide antibi-
otic use in such situations.

GNB cause >80% of VAP episodes and are associated with high mor-
tality. Because GNB pneumonia might be diagnosed more rapidly by 
endotoxin measurement in BAL fluid, several investigators tested this 
hypothesis.236-239 Applying a threshold of >5 EU/mL in BAL fluid yielded 
the best operating characteristics for GNB-pneumonia diagnosis (100% 
sensitivity; 75% specificity; area under the ROC curve: 0.88) in a series 
of 63 hospitalized adults suspected of having lung infection.237 Three 
other studies confirmed the potential contribution of this tool.236,238,239 
These findings suggest that endotoxin determination in BAL fluid might 
become an acceptable adjunct for the rapid diagnosis of GNB pneumo-
nia in a near future, when it will be available at the bedside.

■■ SUMMARY OF THE EVIDENCE
Aside from decision-analysis studies240,241 and a single retrospective 
study,210 five trials have used a randomized scheme to assess the effect of 
a diagnostic strategy on antibiotic use and outcome in patients suspected 
of having VAP39,40,242-244 In three randomized studies conducted in Spain, 
no differences in mortality and morbidity were found when either inva-
sive (PSB and/or BAL) or noninvasive (quantitative endotracheal aspi-
rate cultures) techniques were used to diagnose VAP.39,40,242 These studies 
were relatively small, ranging from 51 to 88 patients. Antibiotics were 
continued in all patients despite negative cultures, thereby offsetting the 
potential advantage of the specific diagnostic test in patients with sus-
pected VAP. Several prospective studies have concluded that antibiotics 
can be stopped in patients with negative quantitative cultures, without 
adversely affecting the recurrence of pneumonia and mortality.196,245,246

In a French study in which 413 patients were randomized, those 
receiving bacteriological management using BAL and/or PSB had a 
lower mortality rate on day 14, lower sepsis-related organ failure assess-
ment scores on day 3 and 7, and less antibiotic use.243 Pertinently, 22 
nonpulmonary infections were diagnosed in the bacteriological strat-
egy group and only 5 in the clinical strategy group, suggesting that 
overdiagnosis of VAP can lead to errors in identifying nonpulmonary 
infections. A randomized trial conducted by the Canadian Critical Care 
Trials Group investigated the effect of different diagnostic approaches 
on outcomes of 740 patients suspected of having VAP.244 There was no 
difference in the 28-day mortality rate in patients in whom BAL was 
used versus those in whom endotracheal-aspiration was used as the 
diagnostic strategy. The BAL group and the endotracheal-aspiration 
group also had similar rates of targeted antibiotic therapy on day 6, 
days alive without antibiotics, and maximum organ-dysfunction scores. 
Unfortunately, information about how the decision algorithms were 
followed in the two diagnostic arms once cultures were available was 
not provided, raising uncertainties about how deescalation of antibiotic 
therapy was pursued in patients with negative BAL cultures. Obviously, 
the potential benefit of using a diagnostic tool such as BAL for safely 
restricting unnecessary antimicrobial therapy in such a setting can only 
be obtained when decisions regarding antibiotics are closely linked to 
bacteriological results, including both direct examination and cultures 
of respiratory specimens.

■■ CONCLUSIONS AND RECOMMENDATIONS
Our personal bias is that use of bronchoscopic techniques to obtain 
BAL specimens from an affected area of the lung in ventilated patients 
with signs suggestive of pneumonia enables the formulation of a thera-
peutic strategy superior to that based exclusively on clinical evaluation. 
Bronchoscopic techniques, when performed before the introduction of 
new antibiotics, enable physicians to identify most patients who need 
immediate treatment, and help select optimal therapy in a safe and 
well-tolerated manner. These techniques also avoid resorting to broad-
spectrum coverage of all patients who develop a clinical suspicion of 
infection.247 The full impact of this decision tree on patient outcome 

remains controversial.243,244 Yet, being able to withhold antimicrobial 
treatment from some patients without infection may constitute a distinct 
advantage in the long term: it minimizes the emergence of resistant 
microorganisms in the ICU and redirects the search for another (the 
true) infection site.248,249

In patients with clinical evidence of severe sepsis and rapid worsen-
ing organ dysfunction, hypoperfusion or hypotension, or patients with 
a very high pretest probability of disease, the initiation of antibiotic 
therapy should not be delayed while awaiting bronchoscopy. Patients 
should be given immediate antibiotics. In this situation, simple non-
bronchoscopic procedures find their best justification, allowing distal 
pulmonary secretions to be obtained on a 24-hour basis, just before 
starting new antimicrobial therapy.

Despite broad experience with PSB and BAL, it remains unclear 
which should be used. Most investigators prefer BAL over PSB to 
diagnose bacterial pneumonia, because BAL: (1) has a slightly higher 
sensitivity to identify VAP-causative microorganisms; (2) enables better 
selection of an empiric antimicrobial treatment before culture results are 
available, based on microscopically examined cytocentrifuged prepara-
tions; (3) is less dangerous for many critically ill patients; (4) is less 
costly; and (5) may provide useful clues for the diagnosis of other types 
of infections. Nevertheless, a very small return on BAL may contain 
only diluted material from the bronchial rather than alveolar level, and 
thus give rise to false-negative results, particularly in patients with very 
severe COPD. In these patients, the value of BAL is greatly diminished 
and PSB is preferred.192

When bronchoscopy is not available, we recommend replacing 
bronchoscopy in the algorithm in Figure 59-2 by one of the simplified 
nonbronchoscopic diagnostic techniques, or following the strategy 
described by Singh et al.250 Such an approach avoids prolonged treatment 
of patients with a low likelihood of infection, while allowing immediate 
treatment of patients with VAP.

TREATMENT

■■ EVALUATION OF CURRENT ANTIMICROBIAL STRATEGIES
Despite many advances in antimicrobial therapy, successful treatment 
of patients with nosocomial pneumonia remains a difficult and com-
plex undertaking. No consensus has been reached concerning issues 
as basic as the optimal antimicrobial regimen for therapy or duration 
of treatment. Although some investigators have recommended two-
drug parenteral therapy for most cases, recent data have demonstrated 
the efficacy of newer β-lactam antibiotics as monotherapy for some 
patients. Similarly, the efficacy of endotracheal or aerosolized antibiotics 
as either the sole or adjunctive therapy for gram-negative pneumonia 
remains controversial. In fact, to date, evaluation of various antimicro-
bial strategies for the treatment of bacterial pneumonia in mechanically 
ventilated patients has been difficult for several reasons.

First, as indicated earlier, obtaining a definitive diagnosis of pneu-
monia in critically ill patients is far from easy. Although clinically dis-
tinguishing between bacterial colonization of the tracheobronchial tree 
and true nosocomial pneumonia is difficult, nearly all previous thera-
peutic investigations have relied solely on clinical diagnostic criteria and 
therefore probably have included patients who did not have pneumonia. 
Second, most of these studies used cultures of tracheal secretions as the 
major source of samples for microbiologic analysis despite the fact that 
the upper respiratory tract of most ventilated patients usually is colo-
nized with multiple potential pathogens. Finally, the lack of an adequate 
technique to directly sample the infection site in the lung has hampered 
study of both the ability or inability of antibiotics to eradicate the caus-
ative pathogens from the lower respiratory tract and therefore the ability 
to predict their bacteriologic efficacy.

Montravers and colleagues evaluated the bacteriologic and clinical 
efficacy of antimicrobial therapies selected on the basis of the etiologic 
microorganisms identified by cultures of PSB samples obtained during 
bronchoscopy for the treatment of nosocomial bacterial pneumonia in 
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76 patients receiving MV.217 Using follow-up PSB sample culture to assess 
the infection site in the lung directly, their results demonstrated that the 
administration of an antimicrobial therapy combining, in most cases, 
two effective agents was able to sterilize or contain the lower respiratory 
tract infection after only 3 days of treatment in 67 (88%) of the patients 
included in the study. The only two bacteriologic failures were observed 
in patients who did not receive adequate treatment because of errors 
in the selection of antimicrobial drugs. Early superinfection caused by 
bacteria resistant to the initial antibiotics was, however, documented in 
7 (9%) patients, emphasizing the need to monitor carefully the impact of 
treatment on the initial microbial flora for optimal management of such 
patients when the clinical response is suboptimal. Furthermore, results 
of cultures of follow-up PSB samples were well correlated with the clini-
cal outcome noted during the 15-day observation period, making this 
test a good prognostic indicator in patients with nosocomial bacterial 
pneumonia. Whereas the percentage of patients with clinical improve-
ment was 96% and 82% in those with sterilized or persistent low-grade 
infection, respectively, it was only 44% in those with persistent high-
grade infection. Using such techniques to sample the infection site in 
the lung directly therefore may provide a more rigorous evaluation of 
different antimicrobial strategies.

■■ INITIAL THERAPY
Failure to initiate prompt appropriate and adequate therapy (the etiologic 
organism is sensitive to the therapeutic agent, the dose is optimal, and 
the correct route of administration is used) has been a consistent factor 
associated with increased mortality.44,164-166 Because pathogens associated 
with inappropriate initial empiric antimicrobial therapy mostly include 
antibiotic-resistant microorganisms, such as P. aeruginosa, Acinetobacter 
species, K pneumoniae, Enterobacter species, and MRSA, patients at risk 
for infection with these organisms should initially receive a combination 
of agents that can provide a very broad spectrum of coverage.1,182 Several 
observational studies have now confirmed that the use of a regimen that 
combines initially a broad spectrum betalactam with an aminoglycoside 
increases the proportion of patients appropriately treated as compared 
to monotherapy or to a regimen combining a betalactam with a fluo-
roquinolone.171,251-253 Only patients with early-onset infection, mild or 
moderate disease severity, and no specific risk factors for multiresistant 
strains, such as prolonged duration of hospitalization (>5 days), admis-
sion from a health care–related facility, recent prolonged antibiotic 
therapy, and specific local epidemiological data, can be treated with a 
narrow-spectrum drug, such as a nonpseudomonal third-generation 
cephalosporin.1,3,254

When risk factors for multiresistant pathogens are present, the choice 
of agents should be based on local patterns of antimicrobial susceptibil-
ity and anticipated side effects. Having a current and frequently updated 
knowledge of local bacteriologic patterns can increase the likelihood 
that appropriate initial antibiotic treatment will be prescribed.62 The 
choice should also take into account which therapies patients have 
recently received (within the past 2 weeks), striving not to repeat  
the same antimicrobial class, if possible.255-257

Use of endotracheal aspirate surveillance cultures two or three-times 
weekly may also makes it possible to increase the proportion of patients 
receiving initially appropriate antimicrobial therapy.258-262 This strategy 
rests upon the observation that VAP caused by potentially multiresistant 
pathogens is typically preceded by colonization of the oropharynx and 
the proximal airways by the same strains. In order to be of clinical use 
in directing initial antibiotic therapy, surveillance cultures must be able 
to detect this colonization rapidly and with high sensitivity, as false-
negative results would place the patient at risk for inappropriate therapy. 
Moreover, a focused antibiotic choice, with limitation of unnecessary 
broad-spectrum drugs, requires a low number of false-positive surveil-
lance results. Patients with a prolonged hospital stay and numerous pre-
vious antibiotics will benefit the most. Thus, such a strategy can only be 
recommended when the local prevalence of multiresistant microorgan-
isms is high, when current empirical therapy is suboptimal and cannot 

be easily increased through adaptation of a decision tree, and when the 
resources for the microbiological work-up are available.259

■■ STOPPING THERAPY WHEN THE DIAGNOSIS 
OF INFECTION BECOMES UNLIKELY

Because clinical signs of infection are nonspecific and can be caused by 
any condition associated with an inflammatory response, many more 
patients than necessary are initially treated with antibiotics. Thus, it is 
important to use serial clinical evaluations and microbiologic data to 
reevaluate therapy after 48 to 72 hours.1,263

The decision tree should contain an explicit statement that patients 
with a low probability of infection will be identified and therapy stopped 
when infection appears unlikely. The algorithm cannot be exactly the 
same for a “clinical” or an “invasive” strategy, depending on the general 
principles and microbiological techniques on which the diagnostic strat-
egy is constructed (see section above on “Diagnosis”). Using a “clinical 
strategy” in which all patients with clinically suspected pulmonary 
infection are treated with new antibiotics, even when the likelihood 
of infection is low, the decision whether to continue antibiotics or not 
on day 3 will be based essentially on a combination of clinical signs.185 
Briefly, antibiotics are discontinued if and only if the clinical diagnosis 
of VAP is unlikely (there are no definite infiltrates found on chest radi-
ography at follow-up), tracheobronchial aspirate culture results are non-
significant, and there is no severe sepsis or shock.

The decision algorithm for withholding or withdrawing antibiotics 
using the “invasive strategy” is based on results of direct examination 
of distal pulmonary samples obtained by bronchoscopic or nonbron-
choscopic BAL and results of quantitative cultures (Fig. 59-2). Briefly, 
antibiotics are withheld in patients with no bacteria on Gram-stained 
cytocentrifuged preparations and no signs of severe sepsis or septic 
shock; and discontinued when quantitative culture results are below 
the cutoff defining a positive result, except in patients with proven 
extrapulmonary infection and/or severe sepsis.243 As demonstrated by 
several studies, patients managed with such a bacteriological strategy 
receive fewer antibiotics, and more patients have all their antibiotics 
discontinued compared to the clinical strategy group, thereby confirm-
ing that the two strategies actually differed.201,210,243,245,247 Future stud-
ies should, however, compare bronchoscopy against and in addition 
to a clinical strategy incorporating an explicit statement for stopping 
antibiotics in patients with a low probability of infection, for example, 
using the algorithm described above or the CPIS score, as proposed by 
Singh et al.155,185,250,264 Formal economic analysis is also required because 
prevention of resistance and better antibiotic control may result in cost 
savings. Whatever the diagnostic strategy used, each ICU team should 
monitor the adherence of their physicians to it and implement corrective 
measures, as needed.

■■ FOCUSING THERAPY ONCE THE AGENT OF INFECTION IS IDENTIFIED
Once the results of respiratory tract and blood cultures become avail-
able, therapy can often be focused or narrowed, based on the identity 
of specific pathogens and their susceptibility to specific antibiotics, 
in order to avoid prolonged use of a broader spectrum of antibiotic 
therapy than is justified by the available information.1,56,170,260,265-268 For 
many patients, including those with late-onset infection, therapy can be 
narrowed because an anticipated organism (such as P. aeruginosa and 
Acinetobacter spp or MRSA) was not recovered or because the organ-
ism isolated is sensitive to a narrower-spectrum antibiotic than used 
in the initial regimen. For example, vancomycin and linezolid should 
be stopped if no MRSA is identified, unless the patient is allergic to 
β-lactams and has developed an infection caused by a gram-positive 
microorganism.260 Very broad-spectrum agents, such as carbapenems, 
piperacillin-tazobactam, and/or cefepime should also be restricted 
to patients with infection caused by pathogens only susceptible to 
these agents. In case of infection caused by a piperacillin-susceptible 
P. aeruginosa strain, antimicrobial treatment should be streamlined 
to this specific drug. Similarly, in the absence of an infection caused 
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by a nonfermenting GNB or an extended-spectrum β-lactamase-
producing Enterobacteriaceae, the β-lactam should be changed to a non- 
anti-pseudomonal antibiotic, such as ceftriaxone or cefotaxime. 
Clinicians must be aware, however, that emergence of stable dere-
pressed resistant mutants may lead to treatment failure when third-
generation cephalosporins are chosen in the case of infections caused 
by Enterobacter, Citrobacter, M morgannii, Indole-positive Proteus, and 
Serratia spp, even if the isolate appears susceptible on initial testing.

Unfortunately, several studies have shown that, although deescalation 
was not associated with any adverse outcomes, it was not consistently 
performed in many ICUs.269-273

■■ OPTIMIZING ANTIMICROBIAL THERAPY
Several published reports have demonstrated a relationship among 
serum concentrations of β-lactams or other antibiotics, the minimal 
inhibitory concentration (MIC) of the infecting organism, and the rate 
of bacterial eradication from respiratory secretions in patients with 
lung infection.274-280 Consequently, clinical and bacteriologic outcomes 
can be improved by optimizing a therapeutic regimen according to 
pharmacokinetic-pharmacodynamic (PK/PD) properties of the agent(s) 
selected for treatment.170,275,281-288 Most investigators distinguish between 
antimicrobial agents that kill by a concentration-dependent mechanism  
(eg, aminoglycosides and fluoroquinolones) from those that kill 
by a time-dependent mechanism (eg, β-lactams and vancomycin). 
Multivariate analyses based on 74 acutely ill, mostly VAP patients, who 
were treated with intravenous ciprofloxacin (200 mg bid to 400 mg tid), 
demonstrated that the most important independent factor for probabil-
ity of cure was a PD variable, that is, the 24-hour area under the con-
centration time curve divided by the MIC (AUIC).281 For AUIC <125, 
the probabilities of clinical and microbiologic cures were 42% and 26%, 
respectively; with AUIC >125, the probabilities were 80% and 82%, 
respectively. Routine dosages of fourth-generation cephalosporins, car-
bapenems, and fluoroquinolones may not achieve the target AUICs for 
resistant gram-negative bacteria, such as P. aeruginosa and Acinetobacter 
spp. Higher dosing regimens and/or prolonged duration of infusion are 
frequently needed in such circumstances.274,275,289

Pharmacokinetic-pharmacodynamic models have also been used to 
optimize aminoglycoside therapy for VAP caused by GNB, using the 
first measured maximum concentration of drug in serum (Cmax).282 
Seventy-eight patients with VAP were analyzed, and the investigators 
reported an 89% success rate for temperature normalization by day 7 
of therapy for Cmax/MIC >4.7, and an 86% success rate for leukocyte 
count normalization by day 7 of therapy for Cmax/MIC >4.5. Logistic 
regression analysis predicted a 90% probability of temperature and leu-
kocyte count normalizations by day 7 if a Cmax/MIC >10 was achieved 
within the first 48 hours of aminoglycoside administration. Aggressive 
aminoglycoside doses immediately followed by pharmacokinetic moni-
toring for each patient would ensure that Cmax/MIC target ratios are 
achieved early during therapy.

These findings confirm the need to adjust the target dose of antimicro-
bial agents (used in treating severe pulmonary infection) to an individual 
patient’s pharmacokinetics and putative bacterial pathogens’ susceptibili-
ties. Altered pharmacokinetics secondary to increase in volume of distri-
bution in critically ill patients can result in insufficient serum β-lactam 
concentrations when standard dosages are administered, emphasizing 
the need to carefully monitor peak and trough levels of antibiotics 
when treating resistant pathogens, such as GNB.290-292 Development of a 
priori dosing algorithms based on MIC, patient creatinine clearance and 
weight, and the clinician-specified AUIC target might be a valid way to 
improve treatment of these patients, leading to a more precise approach 
than current guidelines for use of antimicrobial agents.283-287

■■ SWITCHING TO MONOTHERAPY AT DAYS 3 TO 5
The two most commonly cited reasons to use combination therapy for 
all the antibiotic-treatment duration are to achieve synergy and to pre-
vent the emergence of resistant strains. Synergy, however, has only been 

clearly documented to be valuable in vitro in the therapy of P. aerugi-
nosa or other difficult-to-treat GNB and in patients with neutropenia293  
or bacteremic infection,294,295 which is uncommon in hospital-acquired 
pneumonia or VAP. When combination therapy was evaluated in 
randomized controlled studies, its benefit was inconsistent or null, 
even when the results were pooled in a meta-analysis or the analysis 
was restricted to patients infected by P. aeruginosa.296-304 Combination 
therapy did not prevent the emergence of resistance during therapy, but 
did lead to a significantly higher rate of nephrotoxicity. In a retrospective 
analysis of 115 episodes of P. aeruginosa bacteremia, the use of adequate 
combination antimicrobial therapy as empirical treatment until receipt 
of the sensitivity was associated with a better rate of survival at 30 days 
than the use of monotherapy.305 Adequate combination antimicrobial 
therapy given as definitive treatment for P. aeruginosa bacteremia, how-
ever, did not improve the rate of survival compared to adequate defini-
tive monotherapy.

Based on these data, therapy could be switched to monotherapy in 
most patients after 3 to 5 days, provided that initial therapy was appro-
priate, clinical course appears favorable, and that microbiological data 
do not suggest a very difficult-to-treat microorganism, with a very high 
in vitro minimal inhibitory concentration, as it can be observed with 
some nonfermenting GNB.

■■ SHORTENING DURATION OF THERAPY
Efforts to reduce the duration of therapy for VAP are justified by studies 
of the natural history of the response to therapy. Dennesen et al dem-
onstrated that when VAP was adequately treated, significant improve-
ments were observed for all clinical parameters, generally within the first  
6 days of antibiotics.306 The consequence of prolonged therapy to 14 days 
or more was newly acquired colonization, especially with P. aeruginosa 
and Enterobacteriaceae, generally during the second week of therapy. 
These data support the premise that most patients with VAP, who 
receive appropriate antimicrobial therapy, have a good clinical response 
within the first 6 days.306-308 Prolonged therapy simply leads to coloniza-
tion with antibiotic-resistant bacteria, which may precede a recurrent 
episode of VAP.

Reducing duration of therapy in patients with VAP has led to good 
outcomes with less antibiotic use with a variety of different strategies. 
Singh et al used a modification of the CPIS scoring system to identify 
low-risk patients (CPIS <6) with suspected VAP who could be treated 
with 3 days of antibiotics as opposed to the conventional practice of 10 
to 21 days of antibiotic therapy.250 Patients receiving the shorter course of 
antibiotic therapy had better clinical outcomes than the patients receiv-
ing longer therapy, with fewer subsequent superinfections attributed to 
antibiotic-resistant pathogens, although many of these patients may not 
have had pneumonia. A multicenter, randomized, controlled trial dem-
onstrated in a large series of 413 patients with microbiologically proven 
VAP that patients who received appropriate, initial empiric therapy 
for 8 days had similar outcomes to patients who received therapy for  
15 days.309 A trend towards greater rates of relapse for short-duration ther-
apy was seen if the etiologic agent was P. aeruginosa or Acinetobacter spp, 
but clinical outcomes were exactly the same. These results were recently 
confirmed by two other studies, including a prospective, randomized trial 
of 290 patients evaluating an antibiotic discontinuation policy.264,310

Based on these data, an 8-day regimen can probably be standard 
for patients with VAP. Possible exceptions to this recommendation 
include immunosuppressed patients, those whose initial antimicrobial 
treatment was not appropriate for the causative microorganism(s), and 
patients whose infection was caused by very difficult-to-treat microor-
ganisms and had no improvement in clinical signs of infection.

Many clinicians, however, remain hesitant about prescribing fewer 
fixed days of antibiotics for patients with VAP, and would prefer to 
customize antibiotic duration based on the clinical course of the disease 
and/or using serial determinations of a biological marker of infection, 
such as PCT. The rationale for using a biomarker to tailor antibiotic-
treatment duration relies on the fact that the inflammatory response 
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is most often proportional to infection severity.220 When that response 
is absent or low, it might be logical to discontinue antibiotics earlier. 
Moreover, it is well-known that PCT levels reflect the inflammatory 
response intensity and are related to outcome.231,311,312 Thus, adapting 
antimicrobial-treatment duration to PCT kinetics seems reasonable, and 
has been demonstrated as useful in several randomized trials targeting 
patients with acute respiratory infection, including five trials conducted 
in the ICU.219,222-226,230,313-319

■■ AEROSOLIZED THERAPY
Because insufficient dosing of antibiotics at the site of infection in 
patients with VAP may lead to clinical and microbiological failures, 
efforts to optimize pulmonary penetration of antimicrobial agents 
are warranted. Directly delivering the drug to the site of infection 
via aerosolization may represent a valid option, providing that this 
technique actually allows improved lung-tissue concentrations at the 
infected site. This mode of administration, by achieving high pulmo-
nary antibiotic concentrations, could increase the antibacterial activity 
of concentration-dependent antibiotics, such as aminoglycosides, or 
restore the bactericidal activity of antibiotics in the case of infections 
caused by pathogens of impaired sensitivity. Furthermore, by limiting 
systemic exposure, it could also allow the administration of antibiotics 
characterized by a high systemic toxicity, such as aminoglycosides and 
polymyxins.

Pooling the results of the five randomized controlled trials that 
examined the potential benefit of inhaled or endotracheally instilled 
antibiotics for the treatment of patients with HAP/VAP, a statistically 
higher success rate was demonstrated in patients receiving antimicrobial 
agents via the respiratory tract.320 No difference in mortality, however, 
could be documented and the meta-analysis was based on a very limited 
number of patients. It should also be noted that the bronchial deposition 
of aerosolized antibiotics might have rendered cultures of endotracheal 
samples falsely “negative,” which could have artificially increased the 
rate of success in patients randomized to aerosolized or endotracheally 
instilled antibiotics, casting some doubt on the validity of the results.

Several recent studies, based on a new generation of nebulizers with 
improved technology, have renewed the interest in aerosolized antibiotic 
therapy for patients with VAP.321-324 In anesthetized piglets on prolonged 
mechanical ventilation for a severe experimental E coli bronchopneu-
monia, amikacin lung-tissue concentrations were markedly higher 
following aerosolization as compared to intravenous administration.325 
Seventy-one percent of lung segments were found sterile after two nebu-
lizations and 25 hours of treatment, whereas cultures of lung segments 
were comparable in nontreated and intravenously treated animals. In 
a recent study using a new device with a vibrating plate and multiple 
apertures to produce an aerosol of amikacin conducted in 69 patients 
with GNB VAP, the authors found that the nebulized drug was well-
distributed in the lung parenchyma, with high tracheal and alveolar 
levels but low serum concentration, below the renal toxicity threshold.326 
Moreover, aerosolized amikacin was well-tolerated, without any severe 
adverse event, and patients who received amikacin twice daily required 
significantly less antibiotics than patients given placebo.327

Data on the impact of aerosolized antibiotics active against gram-
positive bacteria are scarce. In a placebo-controlled trial, Palmer, 
et al. randomized 43 patients with purulent tracheobronchitis and 
Gram stain–identified microorganisms to receive aerosolized antibiotics  
(n = 19) or placebo (n = 24).322 The antibiotic was chosen according to 
tracheal aspirate Gram-staining results (vancomycin for gram positive, 
gentamicin for gram negative). Antibiotic aerosolization led to faster 
resolution of clinical signs of pneumonia than placebo, fewer subsequent 
VAP episodes, less bacterial resistance and use of systemic antibiotics, 
and perhaps accelerated weaning from mechanical ventilation.322

Aerosolized polymyxin is also being used increasingly for treating 
patients with infections caused by multidrug-resistant GNB, mainly  
A. baumannii and P. aeruginosa, with mixed results.323,324 In a randomized 
trial that included 100 patients with VAP due to GNB (predominantly 

MDR A. baumannii and/or P. aeruginosa), patients who were treated 
with a combination of systemic antibiotics and nebulized colistin had a 
higher rate of favorable microbiologic outcome compared with patients 
who were treated with systemic antibiotics alone (microbiologic eradica-
tion or presumed eradication 61% vs 38%), but there was no differences 
in clinical outcome (51% vs 53%).324 In a retrospective case-control 
study that included 86 patients with VAP due to multidrug-resistant 
GNB (predominantly A. baumannii) treated with a combination of IV 
and aerosolized colistin compared with IV colistin alone, there was only 
a trend towards improved rates of clinical cure, pathogen eradication, 
and mortality in the patients who received aerosolized and IV colistin.323

Thus, although the results of recent investigations emphasize the 
potential contribution of aerosolized antibiotics to treat VAP as an effi-
cient adjunctive therapy to intravenous antibiotics, the clinical impact 
of such a strategy has not yet been definitively established. At present, 
aerosolized antibiotics can only be recommended to treat patients with 
multidrug-resistant VAP, for which no effective intravenous antibiotics 
are available. Indisputably, large prospective trials are needed to evaluate 
the potential usefulness of this therapeutic modality.

PREVENTION
Because VAP is associated with increased morbidity, longer hospital stay, 
increased health care costs, and higher mortality rates, prevention is a 
major challenge for intensive care medicine.1,328,329 A number of recom-
mendations for the prevention of VAP are empiric rather than based on 
controlled observations, which make evaluation of the impact of such 
interventions difficult in this setting for several reasons: (1) the difficulty 
in obtaining an accurate diagnosis of VAP, that is, to distinguishing 
patients with true infection from patients with tracheal colonization and/
or other pathologic processes: only patients who develop true VAP are 
likely to benefit from preventive measures; (2) the difficulty of precisely 
determining the impact of prophylactic measure on the overall mortal-
ity of a general ICU population, that is, to identify preventable deaths, 
directly attributable to VAP, among all deaths occurring in a population 
of ventilated ICU patients; and (3) the difficulty of evaluating the conse-
quences of a preventive measure on a potentially pathogenic mechanism, 
for example, to evaluate the exact role played by prevention or reduction 
of tracheal colonization in modifying the development of VAP.

■■ CONVENTIONAL INFECTION-CONTROL APPROACHES
These measures should be the first step taken in any prevention pro-
gram.330 The design of the ICU has a direct effect on the potential for 
nosocomial infections. Adequate space and lighting, proper functioning 
of ventilation systems and facilities for hand washing lead to lower infec-
tion rates.331 It should, however, be kept in mind that physical upgrading 
of the environment does not per se reduce the infection rate unless per-
sonnel attitude and practices are improved. In any ICU, one of the most 
important factors is the health care staff, including the number, quality, 
and motivation of medical, nursing, and ancillary members.332 The team 
should include a sufficient number of nurses to minimize them moving 
from one patient to another and to avoid having them working under 
constant pressure.333-336 The importance of personal cleanliness and 
attention to aseptic procedures must be emphasized at every possible 
opportunity. At the same time, unnecessarily rigid restrictions should be 
avoided.337 The importance of personal cleanliness and attention to asep-
tic procedures must be emphasized at every opportunity. It is clear that 
careful monitoring, decontamination, and compliance with guidelines 
for the use of respiratory equipment all reduce the incidence of noso-
comial pneumonia.335 In particular, hand washing and hand rubbing 
with alcohol-based solutions remain the most important components of 
effective infection control practices in the ICU.141,335,338

A bacterial monitoring policy facilitates the early recognition of coloni-
zation and infection, and has been associated with significant reductions 
in nosocomial infection rates.339 The focal point for infection control 
activities in the ICU is a surveillance system designed to establish and 
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maintain a database that describes endemic rates of nosocomial infection. 
Awareness of the endemic rates enables the recognition of the onset of an 
epidemic when infection rates rise above a calculated threshold.

Adoption of an antibiotic policy restricting the prescription 
of broad-spectrum agents and useless antibiotics is of major impor-
tance.36,173,243,248,249,340 Better use of antibiotics in the ICU can be achieved by 
implementing strict guidelines, avoiding the treatment of patients who do 
not have bacterial infections, using narrow-spectrum antibiotics whenever 
possible, and reducing the duration of treatment. Similarly, transfusion of 
red blood cells and other allogenic blood products should follow a strict 
policy, because several studies have identified exposure to allogenic blood 
products as a risk factor for postoperative infection and pneumonia.341-346 
Some very simple, safe, inexpensive, and logical measures may have major 
effects on the frequency of VAP in ventilated patients. These include 
avoiding nasal insertion of endotracheal and gastric tubes, maintaining the 
endotracheal tube cuff pressure above 20 cm H2O to prevent leakage of bac-
teria around the cuff into the lower respiratory tract, prompt reintubation 
of patients who are likely to fail extubation, removing tubing condensate, 
and providing adequate oral hygiene with tooth brushing.109,128,145,347,348

■■ SPECIFIC PROPHYLAXIS AGAINST VAP
Specific strategies aimed at reducing the duration of mechanical ventilation 
(a major risk factor for VAP), such as improved methods of sedation, use 
of protocols to facilitate and accelerate weaning, using low tidal volume and 
adequate levels of PEEP, and use of intensive insulin therapy to control blood 
glucose should be considered as integral parts of any infection-control pro-
gram.349-354 All are based on the application of strict protocols. Noninvasive 
ventilation is an alternative approach to the use of artificial airways to avoid 
infectious complications and injury of the trachea in patients with acute 
respiratory failure. Many observational studies and seven randomized tri-
als suggest that patients who tolerate noninvasive ventilation have a lower 
incidence of pneumonia than those tracheally intubated.349,355-363

Apart from protocols aimed at reducing the duration of mechanical 
ventilation, eight prophylactic approaches have been studied: semirecum-
bent positioning, oscillating and rotating beds, continuous or intermit-
tent aspiration of subglottic secretions, ventilator circuits management, 
methods of enteral feeding, stress ulcer prophylaxis, oral decontamina-
tion with antiseptics, and selective digestive decontamination.

■■ SEMIRECUMBENT POSITIONING
Supine positioning is independently associated with the development of 
VAP.36 Placing ventilated patients in a semirecumbent position to mini-
mize reflux and aspiration of gastric contents is a simple measure, although 
some practical problems can occur in unstable patients. Only a few trials 
have evaluated the efficacy of semirecumbent positioning.120-122,125,364-366  
In a randomized trial based on a small number of patients, Drakulovic et 
al observed lower rates of both clinically suspected and bacteriologically 
confirmed VAP, and identified supine positioning as an independent 
risk factor for VAP with enteral nutrition, ventilation for >7 days and 
a Glasgow Coma Score of <9 points. The feasibility and efficacy of this 
intervention in a larger patient population, however, remain unknown, 
all the more since its efficacy was not confirmed in a subsequent trial that 
included 221 ventilated patients or in two recent meta-analyses.125,126,364  
Raising the head of bed to 30° or higher may also have some detrimental 
skin effects and may increase the incidence of pressure ulcer forma-
tion.123 Pending additional studies, most experts currently recommend 
maintaining the head of the bed elevated to at least 20° to 30° in all ven-
tilated patients who are hemodynamically stable, particularly when they 
are receiving enteral nutrition.143,328,367-372

New insights from laboratory experimentation suggest that the 
lateral-Trendelenburg position in patients requiring mechanical ventila-
tion could fully prevent gravity-driven translocation of pathogens from 
the oropharynx into the lung. Nevertheless, clinical application of these 
new concepts could be challenging and the efficacy and safety of the 
lateral-Trendelenburg position need to be thoroughly assessed in large 
clinical trials before being used on a day-to-day practice.

■■ OSCILLATING AND ROTATING BED
Immobility in critically ill patients treated with mechanical ventilation 
results in atelectasis, impaired secretions drainage, and potentially pre-
disposes to pulmonary complications including VAP. Oscillating and 
rotating beds may help in preventing pneumonia.328 Six randomized trials, 
which included mostly surgical and trauma patients, ventilated or not, 
and summarized in a meta-analysis by Choi and Nelson373 have compared 
continuous lateral rotational therapy with standard beds. The meta- 
analysis found a significant reduction in the risk for pneumonia, principally 
concerning early-onset (<5 days) pneumonia and a decreased duration of 
ICU stay. Notably, the only randomized, controlled trial—not included in 
the meta-analysis—conducted on a general ICU population did not show 
any differences in pneumonia rates but showed a significantly shorter 
length of ICU stay.374 Some adverse events have been described with these 
beds including disconnection of catheters or pressure ulceration; in addi-
tion, nursing care is potentially complicated with oscillating beds. Finally, 
despite the cost of such beds, cost-benefit analyses suggested favorable 
results, mainly caused by the reduction of ICU length of stay.

■■ ORAL DECONTAMINATION WITH ANTISEPTICS
Topical application of chlorhexidine or other antiseptics to the oral 
mucosa may decrease respiratory pathogen colonization and secondary 
lung infection in ventilated patients. Randomized, controlled trials, how-
ever, have reported mixed results: some showed little effect whereas others 
found a reduction in the incidence of VAP.375-387 Combining the results of 
the seven randomized controlled trials that evaluated the potential efficacy 
of chlorhexidine, a 30% relative reduction in the risk of VAP was observed, 
but no effect of chlorhexidine on reduction of mortality or duration of 
mechanical ventilation could be demonstated.388 The varying concentra-
tion of the chlorhexidine solutions used in these studies may have affected 
the results. In the study by Koeman et al,380 a 2% solution of chlorhexidine 
was used, a much higher concentration than in the other published stud-
ies, most of which used a 0.12% or 0.2% solution; this may partially explain 
the benefit of chlorhexidine for reducing VAP in this study. Reported 
adverse effects of oral use of chlorhexidine include staining of the teeth, 
which is reversible with professional cleaning, and a transient abnormality 
of taste.388 The optimal concentration, frequency of application, effect on 
promoting resistance among oropharyngeal flora, and cost-effectiveness of 
chlorhexidine should be addressed in future studies.

■■ ASPIRATION OF SUBGLOTTIC SECRETIONS AND USE 
OF SPECIALIZED ENDOTRACHEAL TUBES

Repeated micro-inhalations of colonized oro-pharyngeal (subglottic) secre-
tions are the major mechanism of VAP. Continuous or intermittent suction-
ing of oropharyngeal secretions has been proposed as a means to avoid 
chronic aspiration of secretions through the tracheal cuff of intubated 
patients. Aspiration of subglottic secretions requires the use of specially 
designed endotracheal tube with a separate lumen that opens into the 
subglottic region. Thirteen randomized controlled trials have studied aspi-
ration of subglottic secretions for the prevention of VAP for a total of 2442 
randomized patients.389-397 Of the 13 studies, 12 reported a reduction in VAP 
rates in the subglottic secretion drainage arm. When the results were com-
bined in a meta analysis, the overall risk ratio for VAP was 0.55 (95% CI, 
0.46-0.66; p <.00001) with no heterogeneity, and the use of subglottic secre-
tion drainage was associated with reduced ICU length of stay, decreased 
duration of mechanical ventilation, and increased time to first episode of 
VAP.397 No effect, however, on hospital or ICU mortality could be demon-
strated.397 Some experimental data in sheep and ICU patients suggest the 
possibility of tracheal damage with the use of this type of tube.393,398,399

Bacterial aggregates in biofilm dislodged during suctioning might 
not be eradicated by antibiotics or effectively cleared by host immune 
defenses, thereby constituting dangerous inoculums for the lung. 
Preliminary data obtained in animal models and from small randomized 
human studies support the hypothesis that an endotracheal tube coated 
externally and internally with a potent antiseptic product such as silver 
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could have a sustained antimicrobial effect within the proximal air-
ways and block biofilm formation at its surface.400-405 Such a device was 
evaluated in a large, randomized, multicenter, single-blind trial by Kollef  
et al.406 The authors conclude that the new device was able to lower the 
VAP frequency from 7.5% for the control group to 4.8% for the group 
receiving the silver-coated endotracheal tube. The silver-coated tube, 
however, did not reduce mortality rates, the duration of intubation, 
hospital length of stay, or the frequency or severity of adverse effects.

■■ VENTILATOR CIRCUIT MANAGEMENT
Decreased frequency of ventilator-circuit change, replacement of heated 
humidifiers by heat and moisture exchangers, decreased frequency of heat 
and moisture exchanger change, and closed suctioning systems have been 
tested for preventing VAP.1,328,329,407 Four randomized trials of decreased 
frequency of ventilator circuit changes have been published. Changes 
every 2 days, 7 days, and no scheduled change did not find significant 
difference in the rate of VAP as summarized in a recent meta-analysis.408 
One meta-analysis summarized the results of five randomized, controlled 
trials which compared the effects of heated humidifiers and heat and 
moisture exchangers on the risk of VAP.329 Only one out of these five 
studies found a significant reduction of VAP rate with the use of heat and 
moisture exchangers.134 Efficacy of both humidification strategies seems 
comparable. Two studies, however, reported increased rates of endotra-
cheal tube occlusion with the use of heat and moisture exchangers; the 
increased resistive load can cause difficulties in ventilation and weaning in 
patients with severe acute respiratory distress syndrome—related to larger 
dead space. No other adverse effects were observed. No effect on mortality 
was reported. Finally, one study has evaluated the impact of less frequent 
changes (daily vs every 5 days) in heat and moisture exchangers on the 
development of VAP.409 No difference in the VAP rates was observed.

To avoid hypoxia, hypotension and contamination of suction catheters 
entering the tracheal tube, investigators have examined closed suctioning 
systems.407,410,411 They either found a nonsignificantly lower prevalence of 
VAP for patients managed with the closed system compared to the open 
system, without any adverse effect,411 or they found that its use was associ-
ated with an increased frequency of endotracheal colonization.410 Closed-
suction systems also failed to reduce cross-transmission and acquisition 
rates of the most relevant gram-negative bacteria in ICU patients in a 
prospective crossover study in which 1110 patients were enrolled.407

■■ METHODS OF ENTERAL FEEDING
Nearly all ventilated patients have a nasogastric tube inserted to man-
age gastric and enteral secretions, prevent gastric distention, or provide 
nutritional support. A nasogastric tube may increase the risk for gastro-
esophageal reflux, aspiration, and VAP.80 Four randomized, controlled 
trials have evaluated methods of enteral feeding aimed at preventing 
VAP: postpyloric or jejunal feeding (vs gastric feeding), the use of motil-
ity agents (metoclopramide vs placebo), acidification of feeding (with 
addition of hydrochloric acid), and intermittent (vs continuous) feed-
ing116,412,413 These studies did not find differences in incidence of VAP or 
mortality rates. Potentially serious adverse affects have been observed in 
patients receiving acidified feeding (gastrointestinal bleeding) or inter-
mittent enteral feeding (increased gastric volume and lower volumes of 
feeding). Thus, to date, methods of enteral feeding aimed at reducing the 
incidence of VAP cannot be recommended for routine use.

■■ STRESS ULCER PROPHYLAXIS
Gastric colonization by potentially pathogenic organisms has been 
shown to increase with decreasing gastric acidity.414 Thus, medications 
that decrease gastric acidity (antacids, H2-blockers, proton-pump inhibi-
tors) may increase organism counts and increase the risk of VAP. In 
contrast, medications that do not affect gastric acidity (sucralfate) may 
not increase this risk. Several meta-analyses of more than 20 random-
ized trials have evaluated the risk for VAP associated with the methods 
used to prevent gastrointestinal bleeding in critically ill patients.99,100,415 

The largest randomized trial comparing ranitidine to sucralfate showed 
that ranitidine was superior in preventing gastrointestinal bleeding 
and did not increase the risk of VAP.101 Therefore, despite the potential 
advantage of sucralfate (potentially less VAP with more gastrointestinal 
bleeding) over H2-blockers (potentially more VAP with less gastroin-
testinal bleeding) in preventing VAP, stress ulcer prophylaxis with H2-
blockers appears to be safe in patients who are at high risk for bleeding 
as well as VAP.416 Although proton-pump inhibitors are now widely used 
for gastric bleeding prophylaxis in the ICU, based on their potentially 
higher efficacy, their use is associated with similar rates of nosocomial 
pneumonia as H2-blockers.415,417-421

■■ SELECTIVE DIGESTIVE DECONTAMINATION
Selective decontamination of the digestive tract (SDD) includes a short 
course of systemic antibiotic therapy, such as cefotaxime, trimethoprim 
or a fluoroquinolone, and topical administration of nonabsorbable 
antibiotics (usually an aminoglycoside, polymyxin B and amphotericin) 
to the mouth and stomach, in order to eradicate potentially patho-
genic bacteria and yeast that may cause infections.422 Since the original 
study published by Stoutenbeck et al in 1984,423 which demonstrated a 
decrease of the overall infection rate in patients receiving the SDD regi-
men, more than 40 randomized, controlled trials, and 8 meta-analyses 
have been published. All eight meta-analyses reported a significant 
reduction in the risk of VAP, and four reported a significant reduction 
in mortality.90,424-427 Recently, three prospective, randomized, controlled 
trials, all performed in ICUs with low rates of antibiotic resistance, have 
been published that were large enough to show a significant survival 
benefit in SDD treated patients.428-430 All three were in favor of treatment 
with SDD, the largest and most recent one by De Smet et al demon-
strating a relative decrease in 28-day mortality rate (OR 0.83, 95% CI,  
0.72-0.97) and an absolute survival benefit of 3.5%.430

In spite of these benefits, widespread use of SDD in ICU patients 
remains controversial. The major concern with use of SDD is that it 
probably needs to be used in nearly all patients in a given ICU, and this 
widespread use has been shown in some studies to promote the emer-
gence of resistant bacteria, particularly gram positives such as MRSA.431-

435 This is likely to be even a greater problem in ICUs with a high baseline 
rate of resistance.328,329,436 In contrast to what was expected, however, 
most studies that have evaluated this issue showed a lower incidence 
of colonization with (multi)resistant bacteria in SDD treated patients 
than in control patients.429,437 In a single-center observational study 
from Germany, 5-year use of SDD was not associated with an increase 
of MRSA or aminoglycoside and beta lactam resistance in gram- 
negative bacteria.438 Putative explanations why colonization with resistant 
microorganisms is lower after treatment with SDD include the almost  
invariable sensibility of gram-negative aerobic bacteria for the com-
monly used combination of polymyxin E and tobramycin, the fact that 
treatment with polymyxin E rarely induces resistance, the very high local 
concentrations in the bowel of the used antibiotics, and the lower rate of 
use of systemic antibiotics in SDD-treated patients.439

■■ IMPLEMENTING A STRUCTURED PREVENTION POLICY
The application of consistent evidence-based interventions to prevent 
VAP has been highly variable from one ICU to another and often 
suboptimal.440,441 Moreover, no single preventive measure can succeed 
alone, emphasizing the need to use multifaceted and multidisciplinary 
programs to prevent VAP. Such programs are frequently referred to as 
“care bundles.” A care bundle is a set of readily implementable interven-
tions that are required to be undertaken for each patient on a regular 
basis.442 The key goal is that every intervention must be implemented 
for every patient on every day of his or her stay in the ICU. Compliance 
is assessed for the bundle as a whole, so failure to complete even a single 
intervention means failure of the whole bundle at a particular assess-
ment. The interventions need to be packaged in such a way that they are 
easy to assess for compliance, which usually means that no more than 
five interventions are included in each care bundle. The performance 
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goal is to routinely achieve over 95% compliance. Care bundles make 
it possible to introduce evidence-based preventive measures, includ-
ing appropriate nurse staffing levels, hand hygiene with alcohol-based 
formulations, standardized weaning protocols and daily interruption of 
sedation, oral care with chlorhexidine, and keeping patients who receive 
enteral nutrition in a semirecumbent position.263 All of these measures 
can be consistently applied to all patients in a coordinated way. The aim 
of care bundles is therefore only to facilitate and promote changes in 
patient care and encourage compliance with guidelines. Several studies 
using quasi experimental design have confirmed the usefulness of this 
strategy for preventing VAP in the ICU.143,366,443-455

The lack of methodologic rigor of the reported studies, however, 
precludes any conclusive statements about “bundle care” effectiveness or 
cost-effectiveness. The exact set of key-interventions that should be part 
of the “VAP-prevention bundle” is also not currently known as well as 
the factors contributing to its success.143,456-458 Successful VAP prevention 
requires an interdisciplinary team, educational interventions, system 
innovations, process indicator evaluation, and feedback to healthcare 
workers. As shown by a recent study, simply having a checklist avail-
able for reference without consideration of a robust implementation 
and adherence strategy is unlikely to maximize patient outcomes.455 
Whether this organization and data collection can be generalized to all 
ICUs remains to be determined, as well as the selection of the “optimal” 
bundle. In the meantime, clinical practice quality indicators must be 
developed in parallel with guidelines to check the adequacy between the 
two and to find solutions to improve guideline compliance.

In the United States, the Centers for Medicare and Medicaid Services 
has proposed stopping hospital reimbursements for care made necessary 
by preventable complications, including nosocomial infections, aiming 
for a zero-VAP rate.459 Although this plan may have the desirable conse-
quences of improving the quality of care, it also may penalize hospitals 
that admit high-risk patients and inadvertently encourage institutions 
to underreport VAP or to overuse antibiotics, thereby favoring dissemi-
nation of multidrug-resistant microorganisms. This possibility further 
underscores the need to carefully evaluate all new strategies potentially 
aimed at preventing VAP against what represents best clinical practices.

CONCLUSION
VAP is associated with mortality in excess of that caused by the underly-
ing disease alone, particularly in case of infection caused by high-risk 
pathogens, such as P. aeruginosa and MRSA. The high level of bacterial 
resistance observed in patients who develop VAP limits the treatment 
options available to clinicians and encourages the use of antibiotic 
regimens combining several broad-spectrum drugs, even if the pretest 
probability of the disease is low, because initial inappropriate antimi-
crobial therapy has been linked to poor prognosis. Besides its economic 
impact, this practice of “spiraling empiricism” increasingly leads to the 
unnecessary administration of antibiotics in many ICU patients without 
true infection, paradoxically resulting in the emergence of infections 
caused by more antibiotic-resistant microorganisms that are in turn 
associated with increased rates of patient mortality and morbidity. 
Every possible effort should therefore be made to obtain, before new 
antibiotics are administered, reliable pulmonary specimens for direct 
microscope examination and cultures from each patient clinically sus-
pected of having developed VAP. Because respiratory tract colonization 
of ICU patients is generally very complex, corresponding to a mix of 
self-colonization and cross-transmission, only a multifaceted and multi-
disciplinary preventive program can be effective.
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KEY POINTS

•• �Patients are candidates for liberation from mechanical ventilation 
when gas exchange or circulatory disturbances which precipitated 
respiratory failure have been reversed.

•• �More than half of all critically ill patients can be successfully liberated 
from mechanical ventilation after a brief trial of spontaneous breath-
ing on the first day that reversal of precipitating factors is recognized. 
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LIBERATION STRATEGIES
Many intensivists have reasoned that by gradually reducing ventilatory 
support, the respiratory muscles exercise at subfatiguing loads, leading 
to gradual improvement of function. Some studies have suggested that 
respiratory exercises (repetitions of low-load resistive breathing) can 
lead to successful extubation in patients who have previously failed.1 
However, no studies have established that respiratory muscle training, 
through the use of graded withdrawal of ventilatory support, hastens the 
recovery to unassisted breathing.

Two large studies assessed the role of weaning strategies once clini-
cians judge that weaning can proceed. Brochard and colleagues2 studied 
456 medical-surgical patients being considered for weaning, of whom 
347 (76%) were successfully extubated on the first day. One hundred 
and nine patients who failed an initial spontaneous breathing trial (SBT) 
were randomized to be weaned by one of three strategies: (1) T-piece 
trials of increasing length until 2 hours could be tolerated; (2) synchro-
nized intermittent mandatory ventilation (SIMV) with attempted reduc-
tions of 2 to 4 breaths/min twice a day, until 4 breaths/min could be 
tolerated; (3) pressure support ventilation (PSV) with attempted reduc-
tions of 2 to 4 cm H2O twice a day until 8 cm H2O could be tolerated. 
Patients randomized to the three strategies were similar with regard to 
disease severity and duration of ventilation before weaning. There was 
no difference in the duration of weaning between the T-piece and SIMV 
groups, but PSV led to significantly shorter weaning compared to the 
combined T-piece and SIMV cohorts.

Esteban and colleagues3 performed a similar study of 546 medical-
surgical patients, 416 (76%) of whom were successfully extubated on 
their first day. The 130 patients who failed were randomized to undergo 
weaning by (1) once-a-day T-piece trial, (2) two or more T-piece or 
CPAP trials each day as tolerated, (3) PSV with attempts at reduction of 
2 to 4 cm H2O at least twice a day, and (4) SIMV with attempts at reduc-
ing 2 to 4 breaths/min at least twice a day. Patients assigned to the four 
groups were similar with regard to demographic characteristics, acuity 
of illness, and a number of cardiopulmonary variables. The weaning suc-
cess rate was significantly better with once-daily T-piece trials than for 
PSV and SIMV. Twice-daily T-piece trials were not significantly better.

Several important conclusions can be drawn from these relatively 
large studies. First, and most important, the majority of patients can be 
successfully extubated on the first day that physicians recognize readi-
ness after a brief (30-120 minute) trial of breathing through a T-piece: 
weaning is not necessary for most patients. Second, both studies suggest 
that in patients who have failed an initial T-piece trial, SIMV weaning 
prolongs the duration of mechanical ventilation.

That most patients can be extubated on the first day suggests that cli-
nicians are slow to recognize that patients no longer require ventilatory 
support. In a landmark study, a daily screen and SBT were used to iden-
tify patients who had recovered from respiratory failure.4 Simply notify-
ing physicians that patients had passed an SBT reduced the duration of 
ventilation by 1.5 days; lessened complications; and lowered costs. This 
was followed by another trial showing that a therapist-directed protocol 
to conduct SBTs, without daily supervision by a weaning physician, was 
feasible and safe.5

EXPEDITING LIBERATION
Since mechanical ventilation has numerous risks, including infection and 
barotrauma6-8 (see Table 60-1), it is appropriate to work aggressively to 
repair the “broken” patient; prevent new problems; and determine each 
day whether the patient still requires the ventilator. Many ICUs employ a 
“ventilator bundle,” including head-of-bed elevation; daily sedative inter-
ruption; breathing readiness assessment; and prophylaxes against throm-
boembolism and gastrointestinal hemorrhage to ensure attention to these 
important measures.9 We highlight methods used to expedite readying 
the patient for liberation and to identify patients who are appropriate 
candidates for liberation. We also describe an approach to patients who 
do not rapidly succeed at being liberated from mechanical ventilation.

  TABLE 60-1   � Complications Associated With Endotracheal Intubation  
and Mechanical Ventilation

Complications Related to the Endotracheal Tube

Endotracheal tube malfunction—mucus plug, cuff leak

Endotracheal tube malposition

Self-extubation

Nasal or oral necrosis

Pneumonia

Laryngeal edema

Tracheal erosion

Sinusitis

Complications Related to the Ventilator

Ventilator-induced lung injury (VILI)

Ventilator-induced diaphragm dysfunction (VIDD)

Alveolar hypoventilation/hyperventilation

Atelectasis

Hypotension

Pneumothorax

Diffuse alveolar damage

Effects on Other Organ Systems

Gastrointestinal hypomotility

Pneumoperitoneum

Stress gastropathy and gastrointestinal hemorrhage

Arrhythmias

Salt and water retention

Malnutrition

Positive pressure ventilation can be lifesaving, but is also associated 
with many complications (Table 60-1). Most studies have demonstrated 
that earlier withdrawal of mechanical ventilatory support, when fea-
sible, is associated with better outcomes. We will outline principles and 
approaches to the withdrawal of mechanical ventilation in a way to 
achieve this milestone at the earliest possible time and in a safe fashion.

Gradual reduction of mechanical support, termed weaning, is frequently 
unnecessary and can prolong the duration of mechanical ventilation.

•• �Once a patient has been liberated from the ventilator, extuba-
tion should follow if mechanisms of airway maintenance (cough, 
gag, swallow) are sufficient to protect the airway from secretions. 
Whether to extubate is a decision which follows successful libera-
tion from the ventilator.

•• �In patients who fail their first trial of spontaneous breathing, atten-
tion should turn to defining and treating the pathophysiologic 
processes underlying failure.

•• �One weaning regimen, the gradual reduction of intermittent man-
datory breaths, prolongs patients’ time on mechanical ventilation.

•• �Liberation from mechanical ventilation is achieved most expedi-
tiously if patients are given a trial of spontaneous breathing (T-Piece 
or pressure support ≤7 cm H2O) each day. Patients remain on ventila-
tors unnecessarily when clinicians do not put this simple plan in place.

•• �Patients who have had most correctable factors addressed and 
remain marginal with regard to ventilatory capacity should in most 
circumstances undergo a trial of extubation rather than remain 
intubated for protracted periods of time. Noninvasive positive 
pressure ventilation may be useful in these patients to transition 
them to fully spontaneous breathing following extubation.
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in Chaps. 29 and 48. By discerning the causes of respiratory failure, the 
clinician can initiate appropriate treatments early and understand which 
parameters best reflect disease resolution.

■■ STEP TWO: PREVENT IATROGENIC COMPLICATIONS
Although not emphasized in most discussions of “weaning” from 
mechanical ventilation, strategies that avoid further injury during 
mechanical support are extremely important to ultimately returning the 
patient to spontaneous breathing. Such injuries can be characterized as 
those wrought directly by the ventilator, and those associated with being 
in the ICU. Ventilator-induced lung injury (VILI) (see Chap. 51) refers to 
a number of mechanisms by which lung injury is amplified in ARDS but 
can be produced in otherwise healthy lungs as well.11,12 Ventilator-induced 
diaphragm dysfunction (VIDD) describes the loss of respiratory muscle 
function related to mechanical ventilation and acute illness, and is dis-
cussed more fully in Chap. 49.13 Patients with severe airflow obstruction 
are at risk for dynamic hyperinflation and adverse consequences such as 
hypotension and diminished venous return (see Chap. 54).14

Indirect complications of mechanical ventilation include aspiration, 
which should be prevented by maintaining the head of the bed of all 
ventilated patients at 30° unless contraindicated.15 Ventilated patients 
are often sedentary for a substantial portion of each day and therefore 
at risk of deep venous thrombosis, justifying universal prophylaxis with 
pharmacologic therapies (preferred) or pneumatic compression devices 
(if anticoagulants are contraindicated).16 Gastric mucosal protection 
should be provided for ventilated patients.17 Protein pump inhibitors, 
H2-receptor blockers, sucralfate, and antacids have been used to prevent 
gastric injury. Whether continuous feeding of the gut, which usually 
neutralizes pH, obviates the need for prophylaxis remains unclear.

Arguably, one of the most important advances in care of critically 
ill, ventilated patients is realization that medications administered in 
the past to facilitate comfort can be harmful. Accumulating evidence 
suggests that sedatives and opiates promote a variety of neurocognitive 
complications. Most importantly, deep sedation prevents mobilization 
and there is now strong evidence that disuse atrophy and prolonged 
disability result when critically ill patients remain at bedrest and deeply 
sedated. Minimal use of such medications coupled with early physi-
cal therapy18,19 improves outcomes of mechanically ventilated patients, 
including fewer days of ventilation. Sedatives and opiates have been 
associated with other serious complications of critical illness including 
delirium,20-21 depression, posttraumatic stress disorder, and persistent 
cognitive deficits.22-25 When these medications are used, they should be 
used on a “PRN” basis26,27 titrated to the minimal amount to maintain 
a comfortable, arousable patient (Chap. 22). Continuous infusions of 
sedatives and opiates should be avoided whenever possible, as both 
classes of medications are fat soluble and may accumulate causing pro-
longed sedation. If continuously infused medications are used, a period 
of daily awakening improves outcomes.18,28 Sedative guidelines have 
been updated to reflect these new findings.27

One method of reducing the amount of sedative is to adjust ventilator 
settings in accord with patient comfort before resorting to large doses 
of sedatives and narcotics. Of course, this may not be possible, or may 
lead to settings that risk VILI or dynamic hyperinflation. Since patients’ 
respiratory status changes often, daily examination for comfortable ven-
tilator settings may be useful as described in Chaps. 48 and 49.

Another complication of critical illness is fluid overload.29,30 It is not 
uncommon for survivors of critical illness to accumulate 10 or even 20 L 
of fluid prior to beginning the recovery process. When positive pres-
sure is removed from the chest during spontaneous breathing, blood is 
centralized, so it is not unexpected that congestive heart failure is among 
the most common reasons for weaning failure. An accumulating body of 
evidence suggests that cumulative fluid balance is a determinant of the 
duration of ventilator dependence.29-31 Early initiation of fluid restriction 
targeting a central venous pressure of 4 cm H2O enhances outcomes of 
patients with ARDS.30 Much hypervolemia can be prevented by avoiding 
maintenance fluid infusions, accounting daily for the net fluid balance, 

In order to minimize the duration of ventilator dependence, the clini-
cian must:

	 1.	 Identify the pathogenesis of respiratory failure in each patient, and 
institute appropriate treatment.

	 2.	 Prevent iatrogenic complications.
	 3.	 Detect when the patient is ready to breathe.

■■ STEP ONE: TREAT THE CAUSES OF RESPIRATORY FAILURE
Although it may seem intuitive that an organized, systematic approach 
aimed at remedying the pathogenesis of disease should expedite lib-
eration from mechanical ventilation, this has been examined rarely.10 A 
protocol that combined identifying and repairing causes of failure with 
recognizing readiness to breathe, reduced ventilator days and costs. 
From this study it is not possible to determine the relative importance of 
disease reversal and readiness assessment, but both are likely important. 
Accordingly, from the very first day a patient requires intubation it is 
worthwhile defining the mechanisms causing the need for mechanical 
ventilation (Fig. 60-1).

Hypotheses regarding pathogenesis can be confirmed shortly after 
intubation by evaluating the chest radiograph, arterial blood gases, lung 
ultrasound, and ventilator pressure and flow waveforms as described 

FIGURE 60-1.  The neuromuscular circuit. This diagram summarizes the components of 
neuromuscular competence and respiratory muscle load and illustrates processes which can 
affect the strength-load balance leading to ventilatory failure. (Reproduced with permission 
from Manthous CA, Siegel M. Ventilatory failure. In: Matthay et al, eds. Pulmonary and Critical 
Care Yearbook, vol 3. St. Louis, Mosby; 1996, Chap. 2.)
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limiting fluid boluses to patients likely to benefit from it (see Chap. 34), 
and using diuretics and renal replacement therapy before hypervolemia 
is excessive.

Inspiratory muscles suffer atrophy and contractile dysfunction dur-
ing critical illness and mechanical ventilation.13,32 This VIDD is seen 
early, progresses quickly, and is associated with prolonged ventilation 
and death. In animal models, ventilator modes that maintain active 
contraction (assisted, rather than controlled, modes) largely prevent 
VIDD. These findings suggest that controlled modes should be avoided, 
when possible.

■■ STEP THREE: RECOGNIZE READINESS TO BREATHE
Weaning implies gradual, rather than rapid, withdrawal of ventilatory 
assistance. This word suggests that the ventilator is beneficial or nurtur-
ing and that the mechanism for successfully separating the patient is to 
gradually adjust the machine. Liberation more accurately describes the 
process by which most patients are freed from the ventilator. For many, 
this is as simple as recognizing that the ventilator is no longer needed. 
In patients who cannot breathe independently, liberation will only be 
possible after the patient is treated and recovers.

CAN THE PATIENT BREATHE WITHOUT  
THE VENTILATOR?

■■ WEANING PARAMETERS
Historically “weaning parameters” were used to predict patients’ ability 
to breathe without the ventilator. However, despite decades of research, 
no weaning parameter has predictive accuracy sufficient to be used 
exclusively to make liberation decisions.33 Moreover, the question 
can be answered directly with a trial of spontaneous breathing (SBT). 
Accordingly, we do not use weaning parameters routinely to make lib-
eration decisions.34

The use of interdisciplinary weaning teams4,35,36 or respiratory therapist- 
driven protocols may expedite successful liberation by actively address-
ing this question each day. Other studies have applied very different 
algorithms to achieve significant reductions in duration of ventilation.10,37 
However, they all have one thing in common: they substitute a program 
of daily systematic scrutiny of readiness for breathing for the individual 

variation occurring in unstructured care systems. Whether achieved by 
protocol or by individual clinician perseverance, we believe that patients 
can be liberated from mechanical ventilation more expeditiously if they 
are screened on a daily basis.

■■ THE SPONTANEOUS BREATHING TRIAL (SBT)
Pressure support, continuous positive airway pressure (CPAP), and 
T-piece trials are the most common methods used to test readiness for 
liberation from mechanical ventilation. Strong evidence is lacking to 
support one approach over the others. An advantage of T-piece trials is 
simplicity, but some patients failing T-piece can safely be extubated.38 
Most intensivists prefer 5 to 7 cm H2O pressure-support because this 
maintains the monitoring and alarming functions of the ventilator; this 
degree of ventilator assistance does not generally produce false nega-
tives (ie, passing the SBT does not lead to excessive extubation failures; 
although patients with primary neuromuscular disease may be an  
exception); PEEP can be continued; and most large mechanical ventila-
tion trials have employed this approach.

In preparation for the SBT, sedatives and narcotics should be discon-
tinued several hours beforehand to reduce the likelihood of inadequate 
drive to breathe. Coordinating the sedative interruption and SBT 
improves success, reducing time on the ventilator and even long-term 
mortality.28 Especially when SBTs are conducted by protocol, a safety 
screen is necessary to reduce risk and select patients most likely to 
benefit. Typical safety screens require hemodynamic stability; adequate 
oxygenation on an acceptable PEEP; some spontaneous breathing effort; 
and absence of agitation, cardiac ischemia, or intracranial hypertension 
(Fig. 60-2). In individual circumstances and with appropriate monitor-
ing, an SBT can be conducted despite higher than nominal levels of 
PEEP or while patients are still requiring vasoactive infusions for shock, 
since the ventilator may be a more noxious intervention than norepi-
nephrine, for example.

The first SBT need be only 30 minutes39 since extending the trial  
longer does not enhance the clinician’s ability to assess readiness for 
extubation. The proper duration of subsequent SBTs in those who fail 
has not been studied (30-120 minutes are generally used). Thus the 
available data suggest that patients should be considered for a trial of 
extubation after a successful trial (30-120 minutes) of either T-piece, 
CPAP, or pressure support of 5 to 7 cm H2O.

FIGURE 60-2.  A simple bedside algorithm for liberating patients from mechanical ventilation and performing a trial of extubation.

Daily interrogation of readiness

1. Hemodynamically stable
2. PaO2

/FiO2
 >120 on PEEP ≤ 5 cm H2O

PS ≤ 7 cm H2O, CPAP = 5 cm H2O or T-piece
breathing for 0.5–2.0 H on 50% FiO2

Define mechanism of failure
1. Rapid shallow breathing/↑CO2
     - Treat elevated loads
     - Treat reasons for reduced capacity
2. Hypoxemia (PaO2

/FiO2
 <120)

    - ?Atelectasis-due to weakness
         or secretions.
    - Acute pulmonary edema-
        diurese, preload/afterload
        reduction if appropriate.

1. Respiratory rate <35/min
2. Heart rate increment <20/min
3. SBP increment <20 mm Hg
4. ABG without acute acidosis or
PaO2 < 60 mm Hg

Trial of extubation

No

No

Weak cough-
  ?Sedative effect, CNS/PNS event
Excess secretions-
  Treat infections, aerosol RX
Upper airway obstruction-
  48° steroids

1. Cough PF >60 L/min
2. ETT suction <Q2°
3. Cuff leak if appropriate

Yes

Yes

section04.indd   538 1/23/2015   2:20:44 PM

http://www.myuptodate.com


CHAPTER 60: Liberation From Mechanical Ventilation 539

An SBT is deemed to fail if the patient develops tachypnea, hypox-
emia, tachycardia, hypertension, new encephalopathy or arrhythmia, 
or signs of overt respiratory distress. In this case, ventilation should 
be resumed and, after attending to causes of failure, tried again in 24 
hours. Those who sustain spontaneous breathing without failure can be 
assessed for extubation.

No study has examined the discriminative characteristics of ele-
ments used to judge success or failure of the SBT. Moreover, SBT modes 
themselves may promote false- positive and false-negative results. Some 
patients who fail daily pressure support trials may be successfully extu-
bated after a brief T-piece,40 and the converse is also true.38 While the SBT 
is the final test of patients’ readiness (ie, few clinicians would extubate 
after favorable weaning parameters alone without requiring a passed 
SBT), no test is perfect, and liberation remains as much art as science.

■■ THE PATIENT WHO FAILS INITIAL SBTs
Failure of an SBT is a clinical diagnosis. The signs of failure include rapid-
shallow breathing, tachycardia (>110/minute), hypertension (increment 
of >20 mm Hg), mental status changes, and subjective distress. These 
signs result from (1) gas exchange failure, (2) circulatory decompensa-
tion, or (3) other issues. Although such patients often appear anxious, 
anxiety is rarely the proximate cause of SBT failure. Arterial blood gas 
analysis should not be used routinely to judge success or failure of an SBT.

When a patient fails an SBT, full ventilation should be resumed, usu-
ally until the next day. Meanwhile, clinicians should focus on patient 
factors, rather than ventilator settings, seeking treatable bases for failure 
as described below. For carefully selected patients with COPD who fail 
an SBT, noninvasive ventilation can be used as a bridge to extubation, 
as described below.

Pulmonary bases for failure: Many factors reduce respiratory muscle 
strength or increase respiratory muscle loads in critically ill patients. 
In patients who fail due to strength-load imbalance, we assess neuro-
muscular function and the elements of respiratory load so as to identify 
reversible elements.

Respiratory muscle weakness may reflect preexisting illness, but 
more commonly is acquired in the ICU as VIDD.13,32,41,42 Critical illness 
is frequently associated with a catabolic state, malnutrition, and elec-
trolyte deficiencies that can contribute to respiratory muscle weakness. 
Treatments used commonly in critically ill patients such as corticoste-
roids43 and neuromuscular blockers44 also depress respiratory muscle 
function. Sedatives and opiates should be reduced to minimum necessary 
levels to enhance mobility, reduce delirium, and facilitate liberation.18,19,21

Bronchospasm and increased airways secretions frequently contribute 
to resistive loading of the respiratory muscles. Elevated airway resis-
tance greater than 15 cm H2O/L per second can frequently be reversed 
by removing excessive airway secretion45 or treating with aerosolized 
bronchodilators.46 If resistance remains greater than 15 cm H2O/L per 
second despite bronchodilators in a patient who repeatedly fails to wean, 
a therapeutic trial of corticosteroids may be helpful.

There are numerous contributors to increased respiratory system 
elastance, ranging from acute lung injury to abdominal distention. 
Pulmonary edema and pneumonia are common reversible causes. 
Occult positive end-expiratory pressure also increases elastic load47 and 
can contribute to respiratory muscle fatigue by increasing the work of 
assisted48 and unassisted breathing. Increased minute volumes associ-
ated with lung injury, hypermetabolic states of critical illness (eg, sepsis),  
pulmonary embolism, or overfeeding could contribute to dynamic 
hyperinflation during the recovery process, thus increasing mechanical 
loads on the recovering respiratory muscles.

Hypoxemia can occur during weaning for several reasons. The discon
tinuation of mechanical ventilation increases the propensity for atelec-
tasis, especially in patients with respiratory muscle weakness, restrictive 
physiology (eg, obesity), or respiratory depression. Old age, obesity, and 
recumbency predispose to a lower functional residual capacity, which can 
contribute to atelectasis. In patients with lung injury, surfactant depletion 
and ultrastructural lung changes increase the likelihood of alveolar collapse. 

Thus cessation of PPV or PEEP may lead to atelectasis and hypoxemia 
(Table 60-2). Hypoxemia can also result from cardiovascular changes 
during weaning, so we are particularly vigilant to treat hypervolemia.

Cardiovascular bases for failure: The transition to unassisted breathing is  
associated with increased preload and left ventricular afterload which, com
bined with hypervolemia, catecholamine secretion,49 and coronary artery 
disease, may predispose to cardiogenic pulmonary edema.50-55 Fluids often 
administered during initial resuscitation—that can well exceed 5 to 10 L in  
some patients29,56—are redistributed from the third space and peripheral 
vasculature to the central circulation (Fig. 60-3). In patients with normal 
hearts, these circulatory changes are usually well tolerated. However, in 
patients with left ventricular dysfunction, augmentation of preload and 
increased left ventricular afterload raise left ventricular work substantially. 
In addition, increased cardiac loads during weaning may precipitate isch-
emia in those with coronary artery disease. Thus, the transition from PPV 
to spontaneous breathing is accompanied by multiple events which can 
contribute to left ventricular failure and cardiogenic pulmonary edema (see 
Fig. 60-3). In 93 medical patients being weaned from mechanical ventila-
tion, ST-segment changes were noted in 6% of all patients, and in 10% of 
those with a preceding history of coronary artery disease. Weaning-related 
ischemia tended to increase the risk of weaning failure.55 Continuous moni-
toring of ST-segments and treatment with additional nitrates may also be 
helpful in patients who experience ischemia during weaning.

Ventilator and circuit factors: The ventilator and its circuitry can 
contribute to weaning failure by two mechanisms: (1) by increasing 
respiratory loads during a spontaneous breathing trial enough to fatigue 
the respiratory muscles, and (2) by imposing significant, unrecognized 
respiratory muscle work during “rest” periods. The resistance of the 
endotracheal tube increases with time, and this increase can occasionally 
be of sufficient magnitude to impede weaning. Even during periods of 
intended rest, the ventilator circuit can load57,58 and covertly fatigue the 
respiratory muscles, especially when insufficient flow or pressure is pro-
vided. Patient-ventilator synchrony during rest periods reduces the like-
lihood that the ventilator is contributing to weaning failure.59 Irregular 

  TABLE 60-2   � Pathogenesis of Hypoxemia and Hypercapnia With Cessation  
of Mechanical Ventilation

Factors Contributing to Hypoxemia

Pulmonary edema due to mobilization of peripheral edema

Atelectasis due to recumbency, old age, obesity, residual sedatives, surfactant depletion 
(in patients with diffuse alveolar damage)

Hypoventilation

Withdrawal of PEEP

Increased V̇O2due to the work of breathing

Congestive heart failure precipitated by increased work of breathing

Factors Contributing to Hypercapnia

Hypercapnia due to strength-load imbalance = ventilatory failure (see Table 60-3)

  Reduced respiratory muscle strength

  �  Sepsis, malnutrition, electrolyte derangements, prolonged mechanical ventilation, 
dyssynchronous mechanical ventilation, corticosteroids, postparalytic syndrome

  Increased respiratory muscle loads

    Resistance—bronchospasm, excessive secretions, endotracheal tube

    Elastance—pulmonary edema, dynamic hyperinflation, obesity

    Minute volume—hypermetabolism, increased dead space, fever, overfeeding

Other hypercapnia—does not necessarily signal ventilatory failure

  Compensation for metabolic alkalosis

  Acute return to premorbid PCO2 after iatrogenic hyperventilation

  Hyperoxic hypercapnia (in chronic hypercapnic respiratory failure patients)

  Residual sedatives/narcotics
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pressure-volume curves or frequent, large esophageal or intravascular 
pressure fluctuations during assisted ventilation may help to identify 
patients who are working hard on the ventilator (see Chap. 48).60 Empiric 
manipulation of tidal volumes, inspiratory flow rates, waveforms, 
and triggering mechanisms may aid in improving patient-ventilator 
synchrony. Finally, in patients with obstructive lung disease, intrinsic 
PEEP may significantly increase the work required to trigger ventilator- 
supported breaths. In selected patients, addition of applied PEEP to 
nearly match intrinsic PEEP can reduce this ventilator-induced load.48

Noninvasive Positive Pressure Ventilation to Speed Weaning:  Some 
patients who fail an SBT can be extubated nevertheless by using non-
invasive positive pressure ventilation (NIPPV) as a bridge.61 The best 
candidates are those with COPD who pass the SBT safety screen; have 
adequate cough and mentation; will not present a difficult reintubation; 
and are good candidates for NIPPV (able to breathe spontaneously for 
10 minutes and have no anatomic characteristics that preclude wearing 
a mask).

Automated Weaning:  The prospect of automated weaning is attractive. 
Modern ventilators contain sophisticated computers capable of being 
programmed with sophisticated algorithms to adjust the ventilator in 
ready response to a changing patient. Especially since delayed weaning is 
often due to clinicians’ failure to recognize readiness, automation could 
be effective, especially in settings where clinicians are not readily avail-
able around the clock. In fact, studies of automated weaning show that 
these ventilators do respond much more readily than clinicians, making 
many incremental changes.62 This automation, however, has not yet 
translated into more expeditious liberation.63

EXTUBATION
There is an important distinction between liberation from mechani-
cal ventilation and extubation. Once a patient has been liberated (has 
passed the SBT), he does not need the ventilator. The endotracheal tube, 
aside from providing the avenue for ventilation, allows removal of secre-
tions for patients whose airway protective mechanisms have been altered 
by disease. Accordingly, after a patient has passed an SBT, the physician 
must determine whether the patient still needs the artificial airway.

One consideration is whether the patient has an upper airway lesion 
which could collapse to a critically small size after extubation. Patients at 
risk include those who were initially intubated for upper airway stenosis 
and stridor and those who have had a traumatic or prolonged intuba-
tion.64 A number of studies have suggested that the ability to breathe 
around a deflated endotracheal tube cuff65-67 or to produce a cuff leak 
greater than 110 mL during volume-cycled ventilation67 predicts a low 

risk of postextubation failure. However, lack of a cuff leak does not abso-
lutely predict extubation failure.

Mental status, airway protective mechanisms, ability to cough, and vol-
ume of secretions also determine extubation outcome. Patients with cough 
peak flows ≤60 L/min are 5 times as likely to fail a trial of extubation as 
those with cough peak flows >60 L/min. Those who cannot cough and 
wet a white card placed 1 to 2 cm from the end of the open endotracheal 
tube are 3 times as likely to fail. Those who require endotracheal suctioning 
more than every 2 hours are also at increased risk of extubation failure.68 
We are reluctant to extubate patients if they have excessive or tenacious 
secretions and a weak cough or are not cooperative enough to aid in their 
own pulmonary toilet (deep breathing and expectoration of secretions). 
Patients with severe cerebral vascular accidents frequently present with this 
constellation. It remains unclear as to whether early elective tracheostomy, 
to prevent aspiration and aid in pulmonary toilet, is superior to a trial of 
extubation. When the cause of impaired airway protection is thought to 
be reversible, treating and attempting a trial of extubation at a later time is 
reasonable. Swallowing is abnormal in many patients following extubation, 
especially in those with neurological impairment, and is associated with 
prolonged hospital stay.69 Accordingly, all patients, and especially those 
with altered mentation or stroke, should be carefully observed after extu-
bation and formal swallowing assessment is advisable for many patients.

Postextubation stridor arising from upper airway edema is fairly 
common after extubation. Pulmonary edema can develop in some of 
these patients,70 in part because large negative intrathoracic pressures 
during inspiration can dramatically increase left ventricular afterload. 
Nebulized racemic epinephrine and parenteral corticosteroids treating 
airway edema but have not been systematically studied. Heliox or mask 
CPAP may be used to temporarily reduce upper airway resistance in 
selected patients who do not require immediate reintubation.71

In contrast to its use as a bridge to extubation, NIPPV is probably not 
effective in those who appear to be failing immediately after extubation.72 
In 221 patients with a variety of illnesses randomized to NIPPV or rein-
tubation, ICU mortality was statistically higher (25 vs 14%) in the NIPPV 
group. There are some groups, particularly those with COPD or congestive 
heart failure, in which NIPPV may be effective if used cautiously (especially 
precluding patients with airway incompetence or refractory tachypnea), 
but further studies are required before this can be recommended routinely.

BREAKING THE RULES
Most experienced clinicians have treated patients whose SBTs suggested 
that they would fail, but who were successfully liberated and extubated 
nonetheless. When the numbers look bad but the patient looks good or 
there is concern that the presence of the endotracheal tube is responsible 
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FIGURE 60-3.  Pathophysiologic mechanisms of weaning-related ischemia and congestive heart failure.
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for weaning failure, it is reasonable to perform a careful trial of extu-
bation. The following are among the clinical situations which could 
prompt consideration for a trial of extubation in such patients:

	 1.	 When an endotracheal tube has been in place for more than 7 days; 
endotracheal tube resistance increases with time and could contrib-
ute to failed breathing trials.

	 2.	 When the patient experiences repeated episodes of bronchospasm 
upon awakening from sedation; the endotracheal tube can cause 
reflex bronchospasm in some individuals.

	 3.	 When patients become overwhelmingly anxious when awakened to 
breathe through the endotracheal tube and the amount of sedative 
required for comfort causes hypoventilation. We are particularly 
careful to ensure that cardiopulmonary reasons for failure have been 
reversed in these patients.

	 4.	 When patients with restrictive chest wall disease (eg, obesity) repeat-
edly desaturate every time PEEP is decreased to less than 10 cm H2O; 
some obese patients require more than 5 cm H2O to prevent atelectasis 
while intubated yet maintain adequate oxygenation when extubated.

	 5.	 When patients with severe restrictive or obstructive lung disease breathe 
rapidly and shallowly (a rapid shallow breathing index or ƒ/Vt>125 
breaths/min per liter); for some end-stage patients rapid shallow 
breathing is their chronic baseline. Roughly 50% of patients with ƒ/Vt  
of 100 to 125 breaths/min per liter can be successfully extubated.73

In these relatively rare situations, extubation should not be performed 
casually. We consider “breaking the rules” outlined in this chapter only 
after numerous failed trials of unassisted breathing and after treating 
reversible causes of failure. The clinical risks associated with failure and 

reintubation must be weighed against those of continued mechanical 
ventilation. We extubate these unusual patients with personnel who 
are skilled at endotracheal intubation nearby, should reintubation be 
required. In addition, we ensure ready access to NIPPV, which may avert 
the need for reintubation in carefully selected patients.

Finally, the role of tracheostomy to expedite liberation is controversial 
(see Chap. 46). To date, no study has convincingly demonstrated benefit to 
early elective tracheostomy to expedite liberation, ICU or hospital stay.74-76  
While there are insufficient data in the era of low-pressure endotracheal 
tube cuffs to offer evidence-based recommendations, we employ early 
tracheostomy if a patient is very unlikely to regain airway competence 
in the near future (eg, catastrophic stroke where a trial of therapies is 
requested). If 14 days have elapsed and a patient is making no progress 
in weaning or if a patient is approaching 21 days with poor progress we 
also offer tracheostomy as a route for prolonged mechanical ventilation 
or to expedite further weaning efforts.

  TABLE 60-3   � Reversible Factors Contributing to Ventilatory Failure—Daily 
Correction of Reversible Contributors to Ventilatory Failure 
Expedites Patient Recovery

Reduce Respiratory Load Improve Respiratory Strength

Resistance Replace K+, Mg2+, PO
4
2− to normal

Inhaled bronchodilators Treat sepsis

Corticosteroids

Removal of excess airway secretions

Nutritional support without overfeeding (aim 
to achieve a secretion normal prealbumin)

Treatment of upper airway obstructions Consider stopping aminoglycosides rule out:

Neurologic disease/occult seizures

Elastance Hypothyroidism

Treat pneumonia Oversedation

Treat pulmonary edema Critical illness myopathy/polyneuropathy

Reduce dynamic hyperinflation

Drain large pleural effusions

Evacuate pneumothoraces

Treat ileus

Minute Volume

Detect intrinsic PEEP

Bronchodilators

Antipyretics

Treat sepsis

Therapy for pulmonary embolism

Maintain least PEEP possible

Correct metabolic acidoses

Resuscitate shock

Prevent hypovolemia

Avoid overfeeding
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C H A P T E R a low Vd and therefore are greatly affected by these fluid shifts. Since 

lipophilic antimicrobials have a larger Vd, they typically distribute further  
into tissues and are less affected by these fluid shifts. Patients in the 
ICU often have hypotension as a result of septic shock, which requires 
the administration of fluid boluses. Additionally, heart failure and renal 
failure lead to more edematous states where patients can retain large 
amounts of fluid. These situations also lead to increases in Vd of hydro-
philic drugs. Changes in protein binding can also have a substantial 
effect on the Vd, especially for drugs that are highly protein bound. Only 
unbound or free drug is microbiologically active. Hypoalbuminemia 
in critically ill patients can result in decreased binding of drugs and 
subsequently higher free concentrations of drugs. While free drug will 
distribute into tissues, critically ill patients often have greater amounts 
of fluid in the interstitial space causing the antimicrobial concentrations 
in the tissues to remain low.3

The administration of large volumes of fluid and use of vasopressors 
leads to a hypermetabolic state in which cardiac output and glomerular 
filtration rate are increased. It has been shown in animal studies that 
increases in cardiac output result in increases in renal blood flow. The 
term often used to describe this enhanced elimination is augmented 
renal clearance.4 These physiological changes affect the clearance of 
drugs and can lead to subtherapeutic levels of antimicrobials that 
are typically cleared renally. In contrast, decreased organ perfusion 
in the presence of end organ damage can lead to kidney and/or liver 
failure in which concentrations of these antimicrobials would be 
increased. Inadequate clearance or metabolism of these drugs would 
lead to accumulation and potential toxicity. Typically, equations such 
as Cockroft-Gault are used to estimate renal function; however, these 
are often not good predictors of renal function in critically ill patients 
due to the acute and rapid changes such patients often experience. Since 
many antimicrobials are dosed based on renal function it is even more 
challenging to ensure adequate doses are being administered. The most 
accurate way to calculate renal function is the use of 8- or 12-hour 
creatinine collections.2 In situations where renal replacement therapy  
is utilized, careful consideration of timing and supplemental dosing 
post-dialysis would be needed depending on the antimicrobial agent.

Understanding the pharmacokinetics factors that affect drug con-
centrations is essential in ensuring drugs are delivered to the target 
areas (Fig. 61-1). However, understanding the pharmacodynamics is 
just as important to ensure clinical successes. Ideally, dosing regimens 
that maximize the rate of response and minimize the development of 
resistance should be employed. Different classes of antimicrobials have 
different target pharmacodynamic (ie, relationship between drug con-
centration and antimicrobial killing effects) predictors and depending 
on the infecting organism different levels of these pharmacodynamic 

KEY POINTS

•• The altered pharmacokinetics of critically ill patients can greatly 
impact antimicrobial exposures. Recognizing these changes and 
optimizing antimicrobial administration to make certain appro-
priate pharmacodynamic targets are reached is crucial in ensuring 
successful outcomes.

•• Understanding the impact of the MIC of the pathogen on overall  
free-drug exposures is important to be able to reach required 
pharmacodynamic targets of efficacy. Ultimately, organisms with 
high MICs will require a larger free-drug exposure compared with 
organisms with lower MICs.

•• Patients with augmented renal function will exhibit enhanced clear-
ance of antimicrobials, particularly β-lactams, and are at risk for 
subtherapeutic exposures. Therefore, these patients often require 
higher doses and more frequent administration of the antimicrobial.

•• Antimicrobial stewardship focused on disease state management 
and selecting the appropriate antimicrobial therapy for the infect-
ing pathogen is essential in preventing poor outcomes. In addition 
to poor outcomes, failure to treat infections appropriately can lead 
to the emergence of resistant organisms that become increasingly 
difficult to treat.

•• Given the vast majority of antimicrobials are renally cleared, 
concentrations of antimicrobials are affected by continuous renal 
replacement therapy and therefore dosing should be modified 
accordingly to obtain adequate target exposures.

INTRODUCTION
Ensuring adequate antimicrobial treatment to critically ill patients 
remains a significant challenge. Physiological changes within the patient 
and resistant pathogens make it increasingly difficult to successfully 
treat infections. Optimizing the way antimicrobials are administered 
and understanding the principles of pharmacokinetics and pharmaco-
dynamics can significantly change the outcomes of a patient’s clinical 
course. In addition, optimizing regimens can help minimize the devel-
opment of resistance. Herein the various classes of antimicrobials used 
within the ICU and optimization strategies are described.

PHARMACOKINETICS AND PHARMACODYNAMICS IN 
CRITICALLY ILL PATIENTS
The major changes in pharmacokinetic parameters of critically ill 
patients include alterations in volume of distribution (Vd) and clearance 
(Cl).1,2 Subsequently, these alterations affect the concentrations of anti-
microbials in the body and the extent to which they are cleared. The Vd 
is the volume in which the total amount of drug would have to be evenly 
distributed in to equal the same concentration as in the plasma. The  
toxins produced by various bacteria often lead to endothelial damage and 
result in increased capillary permeability. This leads to the phenomenon 
of “third spacing” where fluid shifts into the interstitial space from the 
intravascular space. These fluid shifts will increase the Vd of hydrophilic 
antimicrobials. Generally speaking, hydrophilic antimicrobials have 

FIGURE 61-1.  Pharmacokinetic/pharmacodynamic indices that describe antimicrobial 
effects. C
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predictors would be necessary for adequate eradication of the bacteria. 
These pharmacodynamic predictors include (1) the time that drug 
concentrations remain above the MIC (T > MIC), (2) the ratio of the 
area under the plasma concentration-time curve (AUC) to the MIC 
(AUC : MIC), (3) the ratio of the Cmax (peak concentration) to MIC 
(Cmax : MIC).5 Because the free-drug concentration is considered the 
biologically active component these parameters are often displayed as 
f T > MIC, fAUC : MIC, or fCmax : MIC.

The percentage of the dosing interval that drug concentrations remain 
above the MIC is the driver of efficacy for a commonly administered 
class of antibiotics known as β-lactams that is represented by the cepha-
losporins, penicillins, and carbapenems. In situations where patients 
have a large volume of distribution or when the MIC of the organism is 
high, larger doses may be necessary to achieve adequate concentrations. 
While achieving the appropriate concentration is important, simply 
administering larger doses is not adequate. The extent of bacterial 
eradication when using these drugs is time dependent and therefore 
maintaining that concentration is essential. Since many of these antimi-
crobials have short half-lives, administering the dose more frequently 
is often necessary. Additionally, in the context of augmented renal 
function, patients may be clearing the drug much faster and therefore 
will require the use of higher doses and more frequent dosing. Another 
strategy is to administer the dose over a longer duration of time, com-
monly known as prolonged (administering each dose over 3-4 hours) or 
continuous infusion (administering the entire daily dose as a 24-hour 
infusion). This dosing strategy has been shown to increase the f T > MIC 
and therefore improve patient outcomes by increasing microbiological 
and clinical success rates.6,7 It is important to note that these dosing 
strategies can be challenging especially in critically ill patients receiv-
ing multiple medications where drug compatibility and limited venous 
access are present. Moreover, when considering these techniques, the 
stability profile of the antimicrobial in the chosen intravenous solution 
should also be taken into account to ensure minimal loss of potency 
during the preparation and administration of therapy.

AUC : MIC ratio has been shown to be the pharmacodynamic driver 
of antimicrobials such as fluoroquinolones, vancomycin, azithromycin, 
linezolid, and daptomycin.5 The rate of killing by these antimicrobi-
als is considered to be a hybrid of concentration and time; thus, this 
pharmacodynamic parameter integrates the entire exposure profile. 
Depending on the antimicrobial and the organism being treated a 
specific AUC : MIC ratio is required to optimize antimicrobial killing. 
Unlike β-lactams, these antimicrobials may be dosed less frequently 
because time of exposure in and of itself is less critical, however the 
selection of the most appropriate dose is still paramount to ensure an 
adequate AUC (exposure) is being achieved. The goal of therapy is to 
maximize the exposure of antimicrobial therapy. Aminoglycosides dis-
play concentration-dependent killing and since this is the predominant 
driver of efficacy they are dosed to achieve a targeted peak or maximum 
concentration, based on the relationship of the MIC of the infecting 
organism (Cmax : MIC). Similarly to β-lactams, since many of these anti-
microbials are renally eliminated the overall exposures achieved is partly 
dependent on the patient’s renal function. Unlike the β-lactams, many of 
these antimicrobials (ie, vancomycin, aminoglycosides, daptomycin) are 
associated with more significant toxicities such as nephrotoxicity, oto-
toxicity, and rhabdomyolysis with supratherapeutic concentrations. Thus 
optimizing the toxicodynamic profile as well as the pharmacodynamic 
is a challenging aspect to dose optimization in the critically ill patient.

ANTIMICROBIAL CLASSES

■■ β-LACTAMS
β-Lactams are the most commonly prescribed class of antimicrobials 
in the ICU.8 Typically, these drugs are hydrophilic and therefore have 
a relatively low volume of distribution. Clearance of most antimicrobi-
als in this class depends on the patient’s renal function. The extent of 
bacterial killing is time dependent and therefore the pharmacodynamic 

parameter of interest is f T > MIC as described above.5 The changes in 
volume of distribution and clearance in critically ill patients can signifi-
cantly affect the extent of f T > MIC for β-lactams.2,8 Volume of distri-
bution is often increased as a result of capillary leak, positive-pressure 
ventilation, transfusions, and other interventions critically ill patients 
may receive. With an increase in volume of distribution drug concentra-
tions will be reduced. Since renal blood flow is often increased in patients 
with septic shock, renal clearance may also be elevated, contributing to 
subtherapeutic levels of β-lactams. Although creatinine clearance is often 
calculated using equations such as Cockcroft-Gault, these may underes-
timate the clearance, in which case a creatinine clearance collection may 
be more accurate. On the other hand, patients with renal dysfunction will 
not clear the drug and therefore require fewer doses of antimicrobials due 
to an extended half-life. Overtly high concentrations of β-lactams can 
potentially lead to toxicities such as renal failure and seizures. Inadequate 
dosing as a result of these pharmacokinetic changes can lead to untreated 
infections, poor outcomes, a rise in resistant pathogens, and potential 
toxicities.

Traditional dosing of β-lactams usually involves doses administered 
over 30 minutes up to four times a day depending on the patient’s 
renal function. However, this dosing strategy may not achieve the ade-
quate f T > MIC targets necessary for bacterial killing. Since β-lactams  
display time-dependent killing administering the antimicrobial over 
an extended period of time increases the fT > MIC and therefore the  
potential to optimize clinical and microbiological outcomes.

Penicillins:  Piperacillin-tazobactam is an extended spectrum penicillin 
with activity against Enterobacteriaceae, Pseudomonas aeruginosa, and 
many anaerobes. With broad gram-negative coverage it is often used 
empirically in patients with sepsis, ventilator-associated pneumonia,  
and other serious infections. While dosing can vary based on indication and  
renal function, ICU patients typically receive 4.5 g every 6 hours due 
to the severity of their infections. Depending on the decline in renal 
function, the dosing interval should be further extended to every 8 or  
12 hours. The volume of distribution and clearance of piperacillin in 
ICU patients have been shown to be increased in previous pharmacoki-
netic studies and therefore aggressive dosing is necessary.9,10 Given these 
changes in pharmacokinetic parameters, fT > MIC can potentially be 
reduced, resulting in unsuccessful outcomes, especially for pathogens 
with high MICs. Penicillins typically require at least 50% fT > MIC to 
reach maximal bactericidal activity and this may not always be achieved 
with conventional intermittent dosing. Administering larger doses as 
previously studied with piperacillin-tazobactam will provide higher 
overall exposures.11 Additionally, continuous infusion or extended infu-
sion administration are two ways to better optimize time-dependent 
antibiotics such as piperacillin-tazobactam. Continuous infusion dosing 
of piperacillin-tazobactam can range from 9 to 18 g daily depending on 
the type of infection, with higher doses used for bacteremia and pneumo-
nia, while lower doses are typically used for skin and skin structure infec-
tions and community-acquired intra-abdominal infections. Extended 
infusion dosing is usually administered as standard 3.375 or 4.5 g doses; 
however, the duration of the infusion is extended to 3 to 4 hours. Monte 
Carlo simulations have shown that using extended infusion dosing (ie, 
4-hour infusions every 8 hours) helps achieve the pharmacodynamic 
target at higher MICs versus intermittent dosing.12 This extended infu-
sion dosing strategy has been shown to decrease mortality and median 
length of stay in patients with APACHE II scores ≥17 in a retrospective 
cohort study.12 Another study with continuous infusion piperacillin-
tazobactam showed that fT > MIC was higher with continuous infusions 
versus intermittent dosing (100% vs 62%, respectively).13 Other studies 
have shown favorable clinical outcomes especially in the critically ill 
population, including higher rate of clinical cure and lower mortality 
with continuous or extended infusion piperacillin-tazobactam.14-16

Carbapenems:  With activity against a number of clinically significant 
organisms such as P aeruginosa, Acinetobacter spp, and β-lactamase-
producing bacteria, carbapenems are often used in the ICU.17,18 
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Carbapenems provide the broadest gram-negative coverage of all 
β-lactams and unlike other β-lactams, carbapenems are stable against 
extended-spectrum β-lactamases and AmpC β-lactamases. Resistance 
mechanisms such as ESBLs are of particular concern because they are 
increasing worldwide, including in the United States, and current 
treatment options are very limited. Similar to other β-lactams, car-
bapenems exhibit time-dependent bactericidal activity and require 
approximately 40% fT > MIC, and therefore administering these 
agents as prolonged infusions can help increase fT > MIC and ulti-
mately efficacy. The pharmacokinetics of carbapenems in critically ill 
patients are likely to change in a similar pattern as other β-lactams 
with increases in volume of distribution and clearance.2 Currently, 
there are four carbapenems available in the United States: imipenem, 
meropenem, ertapenem, and doripenem. Each of these differs slightly 
in their spectrum of activity and pharmacologic properties.17 While 
carbapenems typically are well tolerated, the potential for seizures 
have been reported with imipenem/cilastatin. Impaired renal func-
tion, high doses, increased age, history of seizures, or preexisting CNS 
diseases/infections are the most common risk factors for seizures. 
The documented incidence from phase III trials and post-marketing 
surveillance is 1.5% to 2%. Meropenem, doripenem, and ertapenem 
have a lower risk of seizures compared with imipenem.

Imipenem was the first carbapenem approved in the United States 
in the 1980s. Imipenem can be hydrolyzed and inactivated by dehydro-
peptidase I (DHP-1), an enzyme found at the renal brush border cells, 
therefore it must be coadministered in a 1 : 1 with a DHP-1 inhibitor, 
cilastatin. Depending on the severity of infection and renal function 
typical dosing of imipenem is 250 to 1000 mg every 6 to 8 hours admin-
istered as a 30- to 60-minute infusion. At room temperature imipenem 
is stable for only 4 hours, making it very difficult to administer as a 
prolonged infusion. Additionally, the potential for seizures at higher 
doses may prevent the use of imipenem for infections that require 
more aggressive dosing, especially in patient populations at greater 
risk (ie, CNS infections, concomitant medications that lower seizure 
threshold, renal dysfunction) for seizures. Previous imipenem therapy 
is an independent risk factor for the presence of imipenem-resistant  
P aeruginosa.19,20 Another study in febrile neutropenic patients showed 
that relapses with Pseudomonas were more common with imipenem 
(2 g/d) compared with ceftazidime.21 Similar to other carbapenems, 
imipenem is not active against methicillin-resistant staphylococci or 
vancomycin-resistant enterococci.17 Among clinically relevant gram-
negative bacteria, imipenem is not active against Burkholderia cepacia 
and Stenotrophomonas maltophilia.

Unlike imipenem, meropenem stability at room temperature is 
enhanced and therefore prolonged infusions are a more viable option.22 
Meropenem dosing ranges from 500 to 2000 mg every 8 hours as  
a 15- to 30-minute infusion for patients with normal renal function. 
Due to the overall stability, prolonged infusions of meropenem are 
generally limited to 3 hours. Monte Carlo simulations have been used 
to help optimize dosing of meropenem in critically ill patients based 
on renal function.23 Simulations comparing a 30-minute infusion with 
a 3-hour prolonged infusion showed that prolonging the infusion 
increases the probability of achieving 40% fT > MIC and required 
less total daily dose. Depending on the MIC of the pathogen, this 
can have substantial effects on clinical outcomes. Prolonged infusion 
meropenem at a dose of 2 g every 8 hours given as a 3-hour infusion in 
patients with normal renal function has also been utilized in a clinical 
pathway for patients with ventilator-associated pneumonia.24 Based on 
the organizations’ unit-specific ICU data and pharmacodynamic mod-
eling approaches, prolonged infusion meropenem was incorporated 
in the empiric treatment of VAP. The implementation of this pathway 
significantly reduced infection-related length of stay and mortality. 
Meropenem has slightly better gram-negative coverage than imipenem 
as it is active against Burkholderia cepacia.17 Additionally, the chemical 
structure of meropenem makes it more difficult for P aeruginosa to 
develop resistance.

In contrast to meropenem and imipenem, doripenem is stable for 
12 hours at room temperature, making it a more suitable option for 
prolonged infusions. Another advantage of doripenem is enhanced 
in vitro activity against P aeruginosa compared with imipenem and 
meropenem. Similar to meropenem, prolonging the infusion can 
help optimize outcomes, especially in situations where the infecting 
pathogen is likely to have a high MIC. For most infections, doses of 
500 to 1000 mg every 8 hours are used for patients with normal renal 
function. However, for cystic fibrosis patients, it has been shown that 
higher than recommended doses of doripenem and meropenem are 
likely needed as these patients are often infected with multidrug-resis-
tant organisms and have a vastly different pharmacokinetic profile.25 
Doripenem doses such as 2 g every 8 hours are not uncommon in this 
patient population.

Common indications for use include nosocomial pneumonia and 
intra-abdominal infections. Of note, a recent study comparing a 10-day 
course of imipenem-cilastatin versus a 7-day course of doripenem 
for the treatment of ventilator-associated pneumonia showed lower 
clinical cure and higher mortality in the doripenem arm.26 This was 
attributed to the short course of doripenem administered and there-
fore careful consideration is recommended when determining both 
the adequacy of dosing regimen as well as the duration of therapy to 
optimize outcomes.

Ertapenem is the most unique among the four carbapenems. 
Pharmacokinetically it has a longer half-life and is significantly more 
protein bound allowing for once daily administration. The most com-
monly utilized dose of ertapenem is 1 g every 24 hours as a 30-minute 
infusion. While 1 g doses are generally sufficient for efficacy, in the 
context of augmented renal function, dosing every 12 hours may be 
required to produce adequately high exposures.27 While this agent has 
good activity against Enterobacteriaceae and has shown good outcomes 
relative to the Group 2 carbapenems (imipenem, meropenem) against 
ESBL-producing organisms, this compound has no appreciable activity 
against P aeruginosa and Acinetobacter.28 Due to its limited spectrum of 
activity against these prominent ICU pathogens ertapenem is not typi-
cally used as empiric therapy in the critical care setting. However, use of 
this agent for de-escalated therapy against enzyme-producing bacteria 
may reduce the antipseudomonal pressure exerted by the use of the 
other Group 2 carbapenems.28 This strategy should be considered when 
possible as the increasing use of these Group 2 carbapenems (imipenem, 
meropenem, doripenem) has resulted in escalating levels of resistance 
across the globe for P aeruginosa and Acinetobacter.

Cephalosporins:  Cephalosporins as a class cover a broad range of 
organisms and are fairly well tolerated. They are typically classi-
fied as first, second, third, fourth, and fifth generation with varying  
spectrum activity among the generations. First-generation cephalo-
sporins, such as cefazolin, have activity against most gram-positive 
cocci except enterococci and methicillin-resistant S aureus. Gram-
negative coverage includes most strains of Escherichia coli, Proteus 
mirabilis, and Klebsiella pneumoniae, but there is no activity against 
organisms such as Acinetobacter spp and Pseudomonas aeruginosa. 
Because of its narrow spectrum of activity, cefazolin is not typically 
used as empiric therapy in the critical care setting. Second-generation 
cephalosporins (cefoxitin and cefuroxime) have slightly better gram-
negative bacilli coverage compared with the first generation. Similar 
to cefazolin, these agents are not often used as empiric therapy due 
to their limited spectrum of activity. Third-generation cephalospo-
rins (cefotaxime, ceftriaxone, and ceftazidime) are much more active 
against gram-negative bacilli such as Enterobacteriaceae, Neisseria, 
and Haemophilus influenzae. Compared with first-generation ceph-
alosporins, these agents have less activity against gram-positive 
organisms. Of the three parenteral third-generation cephalosporins, 
ceftazidime is slightly different in that it has activity against P aeru-
ginosa. Similar to ceftazidime, cefepime, a fourth-generation cepha-
losporin, also has activity against P aeruginosa. Cefepime also has 
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considerably more gram-negative coverage against enzyme producing 
Enterobacteriaceae. Lastly, ceftaroline is the newest antimicrobial in 
the cephalosporin class and is considered an anti-MRSA cephalospo-
rin. Ceftaroline is the only cephalosporin with activity against MRSA, 
including strains such as vancomycin intermediate S aureus (VISA) 
and heteroresistant VISA. Its gram-negative activity is similar to that 
of ceftriaxone and it does not have activity against P aeruginosa. The 
most commonly used cephalosporins in the ICU are ceftazidime and 
cefepime due to their broad spectrum of gram-negative activity, which 
is inclusive of P aeruginosa. Both ceftazidime and cefepime are dosed 
aggressively because patients are likely to have altered pharmacokinet-
ics, which puts them at risk for inadequate drug exposure. Both agents 
are typically dosed at 2 g every 8 hours for patients with normal renal 
function. While they can be administered as intermittent infusions, 
similar to other β-lactams, there is substantial benefit in administering 
these agents as extended infusions.

Similar to penicillins and carbapenems, f T > MIC is considered 
the predictive pharmacodynamic parameter for cephalosporins. Most 
studies have associated an f T > MIC of 50% to 70% with successful 
clinical outcomes for gram-negative infections.29,30 Prolonged infusions 
of cephalosporins, particularly with ceftazidime and cefepime, have been 
shown to produce beneficial clinical outcomes. Three-hour infusions of 
cefepime 2 g every 8 hours in the VAP clinical pathway mentioned above 
reduced infection-related mortality and infection-related length of stay. 
Most notably, some of these patients achieved successful outcomes 
despite being infected with P aeruginosa isolates with MICs at or above 
the breakpoint.

■■ AMINOGLYCOSIDES
Aminoglycosides have been used for many years to treat serious 
gram-negative infections.31 Amikacin, gentamicin, and tobramycin are 
currently the three most commonly used aminoglycosides. Generally 
speaking, aminoglycosides have activity against gram-negative bacilli 
and staphylococci, however there are a few differences between the 
three agents. The potency of tobramycin makes it a better agent for 
Pseudomonas while gentamicin is more potent against Enterobacteriaceae 
and staphylococci species.

Appropriate dosing of this class of antimicrobials is essential for 
safety and efficacy. Aminoglycosides display concentration-dependent 
killing and therefore the pharmacodynamic driver for efficacy is 
Cmax : MIC ratio. Specifically, a Cmax : MIC ratio of ≥10 has been related 
to clinical success.5 The volume of distribution of this class of anti-
microbials is often lower in patients with critically ill conditions such 
as sepsis and severe burns, which can subsequently lead to decreased 
serum peaks.1,32 Additionally, depending on the MIC of the organ-
ism, the Cmax : MIC ratio can change significantly. The elimination 
half-life in patients with normal renal function is approximately 2 to  
3 hours, however this can be significantly altered in patients with acute 
kidney injury or poor renal function.31 Therefore, the patient’s renal 
function can greatly affect the pharmacokinetic exposure. Since these 
agents are eliminated largely unchanged via the kidney, nephrotoxic-
ity is a significant concern. The risk of nephrotoxicity is relatively the 
same among the different aminoglycosides. Concomitant vancomycin 
therapy, increased age, prolonged duration of therapy, and preexist-
ing renal or liver disease increase the risk of aminoglycoside neph-
rotoxicity. Ototoxicity is another adverse effect of aminoglycoside 
therapy as these agents penetrate into cochlear tissues. Risk factors 
include prolonged therapy, prior treatment with aminoglycosides, and 
preexisting renal disease.

Traditionally, aminoglycosides were dosed two to three times a day. 
However, this often results in peak concentrations below the phar-
macodynamic threshold and is also associated with higher nephro- 
and ototoxicity. Alternatively, once daily dosing provides higher 
peak concentrations and a lower risk of toxicities. For patients with 
normal renal function 7 mg/kg daily for gentamicin and tobramycin 

and 20 mg/kg daily for amikacin are recommended. As renal func-
tion declines, the dosing interval may also need to be extended up 
to every 48 hours. Due to the narrow therapeutic index of amino-
glycosides therapeutic drug monitoring is necessary for efficacy and 
safety. The use of a nomogram, such as the Hartford Hospital Once 
Daily Aminoglycoside nomogram, is often utilized in institutions to 
help guide clinicians to ensure appropriate use of these agents. This 
nomogram was evaluated in approximately 2000 patients at Hartford 
Hospital and found to reduce nephrotoxicity when administered once 
daily.33 Importantly, using a 7-mg/kg dose achieved average serum 
peaks of 20 µg/mL, which was 10 times the MIC90 of P aeruginosa 
(2 µg/mL) at the institution. Depending on the institution’s aminogly-
coside MICs, doses may need to be altered to meet the same Cmax : MIC 
target ratio. Understanding an institution’s susceptibility patterns is 
paramount in treating patients effectively. The ultimate goal in thera-
peutic drug monitoring is to minimize toxicity and maximize efficacy. 
An aminoglycoside level should be drawn 6 to 14 hours after infusion 
of the first dose. Due to all the changes in critically ill patients, levels 
may need to be drawn relatively frequently depending on the clinical 
stability of the patient.

While aminoglycoside monotherapy may be effective against 
organisms with lower MICs, organisms with higher MICs are much 
more difficult to treat and critically ill patients often have pathogens 
with higher MICs. Therefore, it is often recommended that amino-
glycosides should be used in combinations with β-lactams or even 
fluoroquinolones.

Typically these agents are administered intravenously; however, 
aerosolized administration of aminoglycosides has been used for 
some patients with pneumonia. Avoiding intravenous administration 
helps prevent nephrotoxicity and has also been proven to improve the 
clinical outcomes of these patients. One study in patients infected with  
P aeruginosa showed that patients treated with aerosolized aminogly-
cosides had a higher microbiological cure rate and were more likely 
to have resolution of clinical symptoms when compared with patients 
treated intravenously.

■■ POLYMYXINS
The polymyxin class of antimicrobials includes polymyxin B and E.34 
However, polymyxin E, also known as colistin, is the most widely used 
of the two. Colistin was first introduced in the 1960s, however due to 
the significant neurotoxicity and nephrotoxicity associated with the 
agent it was rarely used. Unfortunately, due to the rise of multidrug-
resistant organisms, the use of colistin has increased as antimicrobial 
options for these difficult to treat pathogens remain limited. Colistin 
is administered as colistin methanesulfonate (CMS), an inactive pro-
drug, which undergoes conversion to colistin in vivo. Colistin has a 
relatively narrow antimicrobial spectrum of activity and is most com-
monly used to treat serious infections caused by resistant gram-negative 
pathogens including P aeruginosa, Acinetobacter spp, and Klebsiella 
spp. Although it has been available for many years, pharmacokinetic 
information about colistin is relatively sparse. Recent studies including 
pharmacodynamic in vitro models and neutropenic mouse thigh and 
lung infection models have shown that fAUC : MIC of 12 to 15 best 
correlates with efficacy. Recommended dosing is 2.5 to 5 mg/kg per day 
in two to four divided doses, however recent pharmacokinetic stud-
ies have shown that these doses may provide suboptimal exposures in 
critically ill patients.35-37 Additionally, the clearance of CMS and colistin 
is largely dependent on renal function and will have a direct impact 
on antimicrobial exposure. The impact of low colistin concentrations 
is relatively substantial as it has been associated with an amplification 
of colistin-resistant subpopulations.34 The administration of a loading 
dose has been suggested so that colistin exposure during the initial  
12 hours of therapy is large enough to provide more net killing and pre-
vent the resistant subpopulation. Optimal dosing of this agent has yet to be 
determined and continues to pose a significant challenge due to toxicity.
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■■ GLYCOPEPTIDES
Vancomycin is often one of the first antimicrobials patients receive and 
is typically used as empiric therapy for suspected MRSA infections. The 
current dosing recommendations are 15 to 20 mg/kg every 8 to 12 hours 
for patients with normal renal function.38 Loading doses of 25 to 30 mg/kg  
are recommended for patients with serious infections to help obtain 
target trough concentrations quicker. In critically ill patients, increased 
volume of distribution can lead to suboptimal exposure of vancomycin. 
Oftentimes, it can take several days for patients to have appropriate 
trough concentrations and in the context of critically ill patients this can 
be even more challenging. Guidelines for vancomycin therapeutic drug 
monitoring recommend monitoring trough levels with a goal trough 
of 15 to 20 µg/mL. The pharmacodynamic parameter that has been 
associated with successful organism eradication in animal models is an 
AUC : MIC ratio of ≥400. However, the ability to obtain this ratio in 
patients with the current dosing recommendations is highly dependent 
on the MIC of the pathogen. Generally speaking, current dosing recom-
mendations will not achieve the targeted AUC : MIC ratio of 400 when 
the MIC of the infecting organism is >1 µg/mL. Therefore, S aureus 
isolates with vancomycin MIC of 2 µg/mL will not be adequately treated 
despite being reported as susceptible based on current breakpoint 
information. A number of studies have associated clinical failure and 
mortality with higher vancomycin MICs.39 Unfortunately, administer-
ing larger doses is not always an option due to the high incidence of 
nephrotoxicity. Although vancomycin has been used for many years, 
there are still significant challenges in treating patients effectively with 
this antimicrobial.

Similar to vancomycin, the optimization of the pharmacodynamics 
of teicoplanin is increasingly difficult in the context of elevated MICs. 
Recently published literature showed poorer clinical and microbiologi-
cal outcomes with higher teicoplanin MICs in patients with pneumonia 
and bacteremia.40,41 Alternative agents to teicoplanin should be consid-
ered in patients with high MICs, enhanced clearance, or in the setting 
of renal dysfunction that would make optimal glycopeptide exposures 
difficult to achieve.

■■ OXAZOLIDINONES
Linezolid, an oxazolidinone antimicrobial, is a newer antimicrobial 
most often used for infections caused by MRSA or vancomycin-resistant 
enterococci. Standard dosing is 600 mg every 12 hours and does not 
require dose modifications based on renal or hepatic function. Linezolid 
is available in intravenous and oral formulations with an oral bioavailabil-
ity of 100%. An AUC : MIC target of 80 to 100 is the pharmacodynamic 
target associated with efficacy and is obtained with standard dosing 
against susceptible organisms with MICs up to 4 µg/mL (Table 61-1).42 
Linezolid has been studied in patients with ventilator-associated pneu-
monia and was found to penetrate into tissues well with adequate concen-
trations in epithelial lining fluid.43 Another study showed a higher clinical 
response in patients treated with linezolid compared with vancomycin 
for nosocomial pneumonia caused by MRSA.44 Although some studies 
suggest a shorter half-life and larger volume of distribution in critically ill 
patients, these changes do not seem significant enough to greatly impact 
overall exposure.45 Additionally, dosing in the obese population has been 
previously studied and showed that adequate exposures were achieved in 
populations up to approximately 150 kg. It should be noted, however, that 
this study was conducted in healthy volunteers who are physiologically 
different than critically ill patients.46 While generally well tolerated, line-
zolid can cause myelosuppression.47 However, this is typically seen with 
an extended duration of therapy (>14 days) and is reversible. Due to this 
adverse effect, a complete blood count should be monitored periodically. 
Additionally, because linezolid has weak monoamine oxidase inhibi-
tory activity, the use of concomitant monoamine oxidase inhibitors and 
selective serotonin reuptake inhibitors should be cautioned for the risk 
of potential serotonin syndrome. As a result of its predictable pharma-
cokinetic profile, lack of dosage adjustment in the renally impaired and 

high bronchopulmonary concentrations, linezolid is a viable treatment 
alternative for patients that may be intolerant or are not able to optimize 
vancomycin exposures due to altered pharmacokinetics or in patients 
who are infected with staphylococci with MICs >1 µg/mL.

■■ GLYCYLCYCLINES
Tigecycline is an intravenous glycylcycline with a very broad spectrum 
of activity including MRSA, VRE, Enterobacteriaceae (including those 
producing extended spectrum β-lactamases), Acinetobacter spp, as well as 
a number of anaerobic organisms and is often used for intra-abdominal 
infections, pneumonia, and skin and skin structure infections.48 Although 
the antimicrobial spectrum of activity is relatively broad, tigecycline does 
not have activity against P aeruginosa and therefore is not typically used 
empirically in the critical care setting. Tigecycline is dosed with a 100-mg 
loading dose, followed by 50 mg every 12 hours and dose adjustments 
for renal dysfunction are not required. The primary route of elimina-
tion is via biliary excretion and therefore patients with severe hepatic 
impairment would require a decreased maintenance dose of 25 mg every  
12 hours. Because tigecycline has a long half-life (approximately 40 hours) 
and therefore exhibits a prolonged post-antibiotic effect, the pharma-
codynamic parameter that best correlates with efficacy is AUC : MIC 
ratio.49 Due to its larger volume of distribution, tigecycline distributes 
extensively into human tissues. Pharmacokinetic studies have shown that 
concentrations in epithelial lining fluid and alveolar cells are significantly 
higher than those found in serum. A previous phase 3 study comparing 
tigecycline at the approved dose compared with imipenem/cilastatin for 
the treatment of ventilator-associated pneumonia showed lower cure 
rates in patients treated with tigecycline (47.9% vs 70.1%).50 However, a 
recent study evaluated higher doses of tigecycline, 75 mg every 12 hours 
and 100 mg every 12 hours, for the treatment of hospital-acquired pneu-
monia.51 A higher clinical response was seen with doses of 100 mg every  
12 hours supporting the need for higher exposure. Lastly, tigecycline 
should not be used to treat bacteremia as there are concerns regarding 
inadequate serum concentrations.52

■■ LIPOPEPTIDES
Daptomycin is a lipopeptide with bactericidal activity against many 
gram-positive organisms including MRSA and vancomycin-resistant S 
aureus (VRSA). It is most often used for serious S aureus infections such 
as bacteremia, endocarditis, and skin and skin structure infections.53  
Dosing of daptomycin typically depends on the type of infection with 
lower doses of 4mg/kg per day used for skin infections.54 While the 
approved dose is 6 mg/kg, as a result of the pharmacokinetic linearity, 
safety, and frequent use of this agent for patients failing medical manage-
ment for bacteremia and endocarditis, many experts recommend doses  

  TABLE 61-1   � Summary of Antimicrobial Classes and Pharmacodynamic Targets 
Best Correlated With Efficacy

Antimicrobial Bacterial Killing PD Parameter

Penicillins Time dependent f T > MIC 50%

Cephalosporins Time dependent f T > MIC 50%-70%

Carbapenems Time dependent f T > MIC 40%

Aminoglycoside Concentration dependent C
max

 : MIC ≥10

Glycopeptides Concentration dependent AUC : MIC >400

Lipopeptides Concentration dependent AUC : MIC

Oxazolidinone Concentration dependent AUC : MIC 80-100

Polymyxins Concentration dependent fAUC : MIC 12-15

Glycylcyclines Concentration dependent AUC : MIC 

Fluoroquinolones Concentration dependent AUC : MIC >100 (gram-
negative)

AUC : MIC 30-50 (gram-positive)
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of 8 to 10 mg/kg per day. For patients with renal dysfunction, dap-
tomycin administration should be reduced to every 48 hours as the 
clearance is largely dependent on renal function. Daptomycin exhibits 
concentration-dependent killing and therefore the AUC : MIC ratio 
is the best predictor of efficacy.55 In patients with neutropenic fever, 
daptomycin at 6mg/kg per day is effective and achieves appropri-
ate AUC : MIC ratios. Daptomycin is usually well tolerated, however 
there is a low risk of rhabdomyolysis, which can be increased in 
the setting of renal dysfunction. Therefore, serum creatinine phos-
phokinase (CPK) levels should be checked periodically while on 
daptomycin therapy. In addition, while the compound has been used 
in a safe and effective manner for the management of infections in 
obese patients, it should be recognized that calculating creatinine 
clearance using conventional equations in this population may 
not accurately estimate renal function. Thus care should be taken 
to adjust for renal function when using doses calculated on total  
body weight.56

■■ FLUOROQUINOLONES
Fluoroquinolones, often used to treat urinary tract infections and 
pneumonia, have a wide spectrum of antimicrobial activity including 
Enterobacteriaceae, gram-negative bacilli such as P aeruginosa, and 
gram-positive cocci such as Streptococcus spp.57,58 Currently the most 
commonly used fluoroquinolones include moxifloxacin, ciprofloxacin, 
and levofloxacin, all of which are available in oral and intravenous  
formulations. Ciprofloxacin has slightly better activity against P aeru-
ginosa, than levofloxacin, but overall gram-negative coverage of cip-
rofloxacin and levofloxacin is similar between the two agents. Neither 
gemifloxacin nor moxifloxacin have activity against P aeruginosa. 
Levofloxacin, moxifloxacin, and gemifloxacin have the most activity 
against respiratory pathogens such as S pneumoniae. Moxifloxacin also 
has activity against anaerobes such as B fragilis. Standard doses used 
for serious infections include 400 mg every 12 hours (ciprofloxacin), 
750 mg every 24 hours (levofloxacin), and 400 mg every 24 hours 
(moxifloxacin). Since fluoroquinolones concentrate so well into urine, 
lower doses can often be used for urinary tract infections caused by 
susceptible pathogens. Levofloxacin and ciprofloxacin require dose 
adjustments based on renal function, however moxifloxacin does not 
need to be renally dose adjusted.2

The most significant adverse effects associated with fluoroquinolones 
are QT interval prolongation and cognitive effects such as dizziness. 
The risk of QT interval prolongation is higher in patients who are older 
and receiving concomitant medications that can increase QT interval or 
cause arrhythmias. These drug toxicities are not a contraindication to 
therapy, especially for patients admitted to the hospital as they would be 
adequately monitored.

Since fluoroquinolones exhibit concentration-dependent killing, a 
Cmax : AUC or AUC : MIC are the pharmacodynamic parameters best 
correlated with efficacy.5 The exposure required depends on the type of 
pathogen being treated. Typically, for gram-negative pathogens a total 
drug AUC : MIC ratio of greater than 100 is required and an fAUC : MIC 
ratio of 30 to 50 is required for gram-positive pathogens.59-61 Previous 
pharmacodynamic Monte Carlo simulation studies suggest that the 
maximum probability of achieving target AUC : MIC to treat P aerugi-
nosa infections is only around 70% with a ciprofloxacin dose of 400 mg 
every 8 hours. Adequate exposure is essential in an effort to eradicate 
bacteria before they can develop resistance.62 Pharmacokinetically, 
the volume of distribution of fluoroquinolones does not seem to be 
affected greatly in critically ill patients; studies have shown a decreased 
half-life, which can further reduce the overall AUC exposure.2 Given 
the potential of suboptimal exposures and the rise in MICs of gram-
negative pathogens, particularly P aeruginosa, fluoroquinolones should 
not be used as empiric monotherapy when treating serious infection. 
Once the gram-negative pathogen and susceptibility profile have been 
established, the fluoroquinolone may be effectively utilized as step-
down or IV-PO therapy. While the gram-negative activity of these 

agents is suspect in the current era of resistance, the pneumococcal 
activity of levofloxacin and moxifloxacin is sufficient to successfully 
treat this organism as monotherapy.

RENAL REPLACEMENT THERAPY
Acute kidney injury often occurs as a result of sepsis in critically ill 
patients. Patients with acute kidney injury due to sepsis typically have 
more severe organ dysfunction and higher mortality compared with 
nonseptic patients. Continuous renal replacement therapy (CRRT) is 
often used to treat acute kidney injury in these patients as it has been 
shown to improve survival.63 Although CRRT can benefit the patient 
by preventing unfavorable outcomes, the extracorporeal clearance 
can significantly alter the pharmacokinetics of drugs, including anti-
microbials. These pharmacokinetic changes can lead to suboptimal 
exposures, which can lead to treatment failures and the emergence 
of resistance.

Hemodialysis and hemofiltration both remove solutes from the 
blood, but using different mechanisms. With continuous venovenous 
hemodialysis (CVVHD) drug removal occurs by diffusion across a 
semipermeable membrane and the process is driven by a gradient, 
while with continuous venovenous hemodiafiltration (CVVHDF) drug 
removal occurs via convection with a pump drive pressure gradient. 
Typically, the efficiency of drug removal is greater with CVVHDF 
compared with CVVHD.

As one would expect, antimicrobials that are predominantly cleared 
via the kidneys are the drugs most affected by CRRT pharmacokineti-
cally. Hydrophilic antimicrobials such as β-lactams and aminoglyco-
sides are typically excreted via the kidneys and therefore are greatly 
affected by CRRT. Some exceptions include drugs such as ceftriaxone, 
which is cleared via biliary elimination and therefore is not signifi-
cantly affected by CRRT. Drugs with a large volume of distribution are 
less affected by CRRT as these agents tend to distribute into further 
compartments as opposed to remaining in the extracellular space. 
Lastly, only unbound drug will be removed by CRRT and therefore 
drugs with high protein binding will have lower clearance via CRRT. 
Critically ill patients often have hypoalbuminemia and therefore 
will have higher concentrations of free or unbound drug that can be 
removed.

It is important to understand the pharmacodynamic targets of the 
antimicrobials administered so that dosing is appropriate to maintain 
adequate exposures in patients receiving CRRT. The pharmacokinetics 
of meropenem and imipenem/cilastatin have been studied in criti-
cally ill patients receiving CVVH and CVVHDF.64 Since carbapenems 
have relatively low protein binding and volume of distribution, both 
agents are readily removed by CRRT. A significant amount of vari-
ability in meropenem pharmacokinetics within this population exists 
where doses of 0.5 g every 12 hours to 2 g every 8 hours have been  
studied.64 While it was anticipated that meropenem would be removed 
by CVVH and CVVHDF, it was also noted that the amount of drug 
clearance depended on the patient’s residual renal function. The 
amount of meropenem cleared by CRRT was less in patients with pre-
served renal function versus those in total renal failure (3.6% vs 22%). 
Likewise, in patients with preserved renal function drug half-life was 
shorter than in those with total renal failure (1.51 vs 3.72 hours). 
Importantly, it was noted that subtherapeutic Cmin concentrations were 
observed (<1 µg/mL) in patients with preserved renal function even 
with aggressive doses of 2 g every 8 hours. To treat serious infections, 
a Cmin of 4 to 8 µg/mL should be achieved and while some recommend 
starting with 0.5 g every 6 to 8 hours, this can also be increased to 
1 g every 4 to 6 hours for very severe infections or if the MIC of the 
infecting pathogen is likely to be increased. Likewise, similar observa-
tions have been made with imipenem including subtherapeutic Cmin 
concentrations with doses of 0.5 g every 8 to 12 hours and therefore it 
is recommended that doses of 0.5 g every 6 hours be administered in 
patients receiving CRRT.65,66
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Piperacillin/tazobactam has also been studied in critically ill patients 
receiving CRRT and generally it is recommended that a dose of 4.5 g 
every 8 hours should be used, although some studies have suggested that 
even doses of 4.5 g every 6 hours lead to subtherapeutic fT > MIC against 
pathogens with MIC of greater than 32 µg/mL. Unfortunately, the risk 
of subtherapeutic concentrations versus drug accumulation should be 
considered for each patient. Of note, the risk of drug accumulation is less 
when using polysulfone hemofilters compared with acrylonitrile.

Cephalosporins are also easily removed by CRRT. Cefepime and ceftazi-
dime both have relatively low protein binding, a low volume of distribution, 
and a shorter half-life. Pharmacokinetics studies with both compounds 
show that a significant portion of the drug is removed via extracorporeal 
clearance.67,68 Typical dosing for ceftazidime includes 0.25 g every 12 hours 
to 0.75 g every 12 hours. Dosing for cefepime is 1 to 2 g every 12 hours. Both 
of these dosing regimens can be increased when using high ultrafiltration 
rates and when infections are more serious. As a result of the potential for 
inadequate exposures due to dosage reductions in the context of pharmaco-
kinetic alterations and higher MICs of β-lactams for patients in the ICU on 
CRRT, standard (ie, nonrenal adjusted) doses are advocated.24,69

Vancomycin has been shown to be removed significantly with both 
CVVH and CVVHDF, however this varies depending on the ultrafiltra-
tion rates.70 Generally, a loading dose of 15 mg/kg should be adminis-
tered, followed by 0.5 g every 12 hours with frequent therapeutic drug 
monitoring to ensure adequate exposures.

Fluoroquinolones are lipophilic antimicrobials with a relatively high 
volume of distribution. Ciprofloxacin and levofloxacin are both renally 
eliminated. However, it has been observed that ciprofloxacin is not 
significantly removed with CRRT and typical dosing recommenda-
tions are 400 mg every 8 to 12 hours for these patients. Levofloxacin 
is different in that it is significantly removed by CRRT and clearance 
depends on the patient’s residual renal function and the flow rates 
applied. Generally, a loading dose of 500 mg and a maintenance dose 
of 250 mg every 24 hours is recommended for most patients. However 
maintenance doses can be increased to 500 mg every 24 hours for high 
flow rates to ensure adequate AUC exposures.

Dosing in the presence of CRRT remains a significant challenge 
as there are many variable factors that can affect the antimicrobial 
exposure. Ideally, drug levels should be monitored closely. The MIC of 
the infecting pathogen should also be considered to determine if goal 
pharmacodynamic targets are likely being achieved with the regimen 
administered.

ANTIMICROBIAL STEWARDSHIP
Antimicrobial resistance continues to increase and is associated with 
increased length of hospital stay, hospital cost, and mortality.71,72 Overuse 
and misuse of antimicrobials have been linked to a rise in resistant 
pathogens, which can often be easily transmitted throughout a hospital. 
Implementation of an antimicrobial stewardship program (ASP) has 
been shown to improve patient outcomes and decrease health care costs 
by selecting the most appropriate antibiotic, duration, dose, and route of 
administration for the patient. The goal in implementing an ASP is to 
improve patient care and ensure successful outcomes. An ASP should 
consist of a multidisciplinary team of at least an infectious diseases  
physician and a clinical pharmacist with infectious diseases training. 
The addition of a clinical microbiologist who can provide surveillance 
data on antimicrobial resistance, an infection control professional, 
hospital epidemiologist, and an information system specialist would be 
optimal. The focus of the ASP should be on treating bacteria that are 
increasingly prevalent within the hospitals and are associated with a 
high level of resistance, such as ESBL-producing Enterobacteriaceae, and 
minimizing adverse effects from antimicrobial use such as Clostridium 
difficile infections. Additionally, the focus should be on disease-based 
management rather than simply antibiotic management as antimicrobial 
acquisition cost is a relatively small component when considering the 
cost of care for a patient with poor outcomes.73

Current guidelines for developing an ASP recommend two strategies.74 
First, prospectively auditing antimicrobial use within an institution and 
providing feedback to prescribers can help reduce misuse of antimi-
crobials. Prospective auditing and interventions by infectious diseases 
pharmacist and physicians have been shown to decrease the unnecessary 
use of broad-spectrum antibiotics, decrease rates of C difficile infections, 
and have contributed to substantial cost savings. Additionally, restric-
tion of certain antimicrobials can also help reduce inappropriate use and 
decrease overall costs. Limiting the prescribing of certain antimicrobials 
to only an infectious diseases service can help ensure more appropriate 
use of the agent.

When implementing new initiatives, it is important to understand 
the concerns of all personnel involved. For example, extended infusions 
of β-lactams would likely be viewed as an inconvenience from a nurs-
ing perspective. However, educating them of the benefits to the patient 
and the improved clinical outcomes can outweigh these perceived 
inconveniences. Educating staff can help increase the acceptance of a 
stewardship program and all the changes associated with it. Developing 
clinical pathways to treat specific infections such as ventilator-associated 
pneumonia allows an institution to use local susceptibility to data 
to optimize antimicrobial regimens. The implementation of clinical 
pathways has been utilized in many institutions and can help reduce 
mortality, length of stay and improve outcomes.24,73 Once culture results 
are available, antibiotic therapy should be de-escalated to target the 
infecting pathogen. De-escalation can reduce cost and more impor-
tantly decrease unnecessary antimicrobial exposure. Also, antimicrobial  
9dosing should be individualized for the patient based on characteristics 
such as renal function, weight, causative organism, and site of infection. 
Additionally, pharmacokinetic and pharmacodynamic considerations 
regarding administration of antimicrobials such as prolonged or con-
tinuous infusion of β-lactams or once daily administration of aminogly-
cosides should be appropriately implemented.

The outcomes of an ASP should be measured to determine the 
impact on antimicrobial use, resistance patters, clinical outcomes, and 
costs. Additionally, measuring outcomes serves as a continuous quality 
improvement process. Understanding the outcomes of an ASP can help 
determine where improvements are still needed and what is successful.

As a result of the complexity of managing infection in the critically ill 
patient, great care should be given to implement an antimicrobial regi-
men early in the course of infection based on the suspected pathogen 
and local susceptibility profiles. The application of pharmacodynamic 
principles may further assist with dose optimization and the improve-
ment of clinical and microbiologic outcomes. The overlay of good stew-
ardship practices should further assist the process of improving quality 
care while minimizing the unwanted consequences of antimicrobial use 
such as resistance in the target pathogen or the development of cata-
strophic super infections such as Clostridium difficile.
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INTRODUCTION

■■ HISTORY—DEFINITION
Sepsis [σήψις] is the original Greek word for the “decomposition of animal 
or vegetable organic matter in the presence of bacteria.” The word is found 
for the first time in Homer’s poems, where Sepsis is a derivative of the verb 

form sepo [σήπω], which means “I rot.” The term sepsis is also found in the 
Corpus Hippocraticum exchangeably with the word sepidon [σηπεδών] 
(“the decay of webs”): Epidemic. B. 2,2, Prorret. I. 99. Aristoteles, Plutarch, 
and Galen use the word sepsis [σηψις] in the same meaning as Hippocrates.1

This original meaning connoted decay and wound putrefaction and 
described a process of decomposition of organic matter and tissue break-
down resulting in disease (foul odor, pus formation, dead tissue) and 
eventually to death.2 Thus, the word sepsis has persisted for 2700 years  
with more or less unchanged meaning. Subsequent works just confirmed 
the causal link between microbes and suppurative infections or systemic 
symptoms and clinical findings from infections establishing the infec-
tions as the underlying disease. Hugo Schottmuller in 1914 founded 
the modern definition of sepsis and was the first to describe that the 
presence of an infection was a fundamental component of the disease.3

In 1972, Lewis Thomas described sepsis in the following way: “It is 
our response to [the microorganism’s] presence that makes the disease. 
Our arsenals for fighting off bacteria are so powerful … that we are 
more in danger from them than the invaders.” and popularizing the the-
ory that “…it is the [host] response … that makes the disease.”4 Finally, 
the concept entered into daily clinical practice when Roger Bone and 
colleagues defined sepsis as a systemic inflammatory response syndrome 
that can occur during infection.5

In recent years this syndromic characterization of sepsis has been 
expanded to SIRS (systemic inflammatory response syndrome), CARS 
(compensatory anti-inflammatory response syndrome), and MARS 
(mixed antagonists response syndrome), with recognition that immune 
dysfunction during sepsis may be a significant aspect of pathogenesis.6,7

Currently sepsis is considered a host immune response to infection, 
which clinically results in a continuum of disease categorized as sepsis, 
severe sepsis, septic shock, and multiorgan failure (MOF). Also, sepsis is 
the maladaptive immune response of the host to invading pathogens in 
normally sterile sites of the body. In severe sepsis and septic shock this 
inappropriate immune response to infection leads to mismatch of host 
response to the pathogenic stimuli so profound as to finally lead to cellu-
lar dysfunction and ultimately to organ injury and dysfunction or failure.

The immune profile of this host-pathogen mismatch can be predomi-
nately proinflammatory (systemic inflammatory response syndrome, 
SIRS), mixed (mixed antagonistic response syndrome, MARS), or  
anti-inflammatory (compensatory anti-inflammatory response syn-
drome, CARS). The final result is various degrees of hyperinflamma-
tion, immunosuppression, abnormal coagulation, and microcirculatory 
dysfunction, all which may contribute to organ injury and cell death.2,6

Clinical diagnosis of severe sepsis or septic shock although valuable 
and of significant importance for the management of septic patients may 
lead to extremely heterogeneous cohorts in terms of patients’ immuno-
logical status. This heterogeneity offers one explanation for the failure of 
prior trials of biologic therapies for sepsis, since treatments that focused 
on attenuating the initial inflammatory response of sepsis in a sense 
ignored and in fact might have exacerbated the progressive development 
of immunosuppression in some patients.8-11

Immune status characterization during the course of sepsis may iden-
tify patients who could benefit from immunotherapy tailored to their 
particular circumstances. These patients may be those who develop 
septic shock and die early from multiorgan failure or those who develop 
late immunosuppression after surviving the initial septic shock but 
fail to completely recover from persisting sepsis syndrome. The latter 
patients often develop what appears to be chronic sepsis, with recur-
rent nosocomial infections and eventual recurrent and refractory septic 
shock. In a sense these patients may be considered to have yet another 
organ system failing in the face of sepsis—their immune system.

■■ NATURAL HISTORY OF INFECTION AND SEPSIS SYNDROME
Sepsis is a major health care problem due to the high morbidity and 
mortality of the syndrome, which has very high health care costs. Despite 
intense research and recent advances in treatment, mortality remains 
extremely high, reaching 40% to 60% in high-risk patient populations.

KEY POINTS

•• Current paradigms of sepsis include both pro- and anti-inflamma-
tory pathway activation to different degrees and at different phases 
of the syndrome.

•• Failure to recognize and understand the dynamic changes in immune 
response in sepsis may in part explain the failure of a number of anti-
inflammatory drugs and biologics studied in critically ill patients.

•• The anti-inflammatory or immunosuppressed state associated 
with sepsis and other forms of critical illness is often protracted 
and places patients at risk for complicating nosocomial infections 
and activation of latent infections.

•• When clinically significant, the anti-inflammatory state associated 
with sepsis is termed immunoparesis or immunoparalysis.

•• Cell and humoral biomarkers are needed to properly characterize 
the individual patient’s immune status to guide targeted and per-
sonalized therapy to modulate both excessive immune stimulation 
as well as immune suppression.
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Infections caused by diverse microorganisms and involving many 
different body sites may present as SIRS, which is a clinical syn-
drome defined by (a) hyperthermia >38.0°C or hypothermia <36.0°C,  
(b) tachycardia ( heart rate >90/min), (c) tachypnea (respiratory rate 
>20 per minute) or hyperventilation (PaCO2 <32 mm Hg), (d) leucocyto-
sis (WBC count >12.000/mm3) or leukopenia (WBC count <4.000/mm3  
or the presence of >10% immature neutrophils (bands) as defined by the 
American College of Chest Physicians/Society of Critical Care Medicine 
(ACCP/SCCM) Consensus Conference.12 SIRS driven by infection 
progresses along a continuum, described as sepsis, severe sepsis, septic 
shock, and multisystem organ failure. Along this continuum the host’s 
immune system is operating at varying levels of activation, driven by 
complex interactions between the host and infectious agent(s). Host 
immune response includes innate immune response that incorporates 
humoral and cellular components. The humoral component includes 
release of cytokines, chemical substances that are directly toxic to invad-
ing microbes or that act as mediators for immune cell activation. The 
cellular component includes circulating monocytes, tissue macrophages, 
neutrophils, and lymphocytes.

As a result of the actions of the innate immune system tissue mac-
rophages engulf and digest pathogens, produce cytokines, and present 
pathogen particles (antigens) to lymphocytes, providing linkage to the 
adaptive immune system. Neutrophils are attracted by chemokines 
and migrate to infected tissues where they phagocytose pathogens and 
secrete toxic substances such as reactive oxygen species (ROS) that 
destroy invading microorganisms. Eosinophil and basophil granulocytes 
secrete mediators creating an inflammatory milieu locally in the infected 
tissues and systemically in the circulation. As a consequence peripheral 
leukocytosis is observed due to bone marrow stimulation with left shift of 
neutrophils (immature forms), dilation and leakage of the adjacent vessels 
due to the action of vasoactive inflammatory mediators (NO) to facilitate 
the migration of inflammatory cells into the infected tissue, which leads 
to efflux of plasma into tissues. Taken all together these processes lead to 
clinical signs of local inflammation, including redness (rubor), swelling 
(tumor), increased temperature (calor), and pain (dolor).

Thus, infection may present with signs and symptoms of SIRS and 
may resolve with the use of antibiotic and/or other supportive measures.  
Normally, the immune system controls local inflammation and 
eradicates invading pathogens. When local control mechanisms fail, 
however, systemic inflammation and then sepsis occurs.

Cells of the innate immune system recognize molecular patterns of 
most microbes including viruses, bacteria, fungi, and protozoa to pro-
duce inflammation at the local level or systemically. Thus inflammation 
starts when damage-associated molecular patterns (DAMPs) bind to 
immune cell pattern recognition receptors (PRRs), which rapidly initiate 
host defense responses. DAMPs are both pathogen-associated molecular 
patterns (PAMPs) that are expressed by both invading and innocuous 
microorganisms and intracellular proteins or mediators that are released 
from damaged tissues and dying cells, which are known as alarmins such 
as high mobility group box 1 and S100a proteins. PAMPs include lipopoly-
saccharides (LPS, endotoxin) contained in the cell wall of gram-negative 
bacteria, lipoteichoic acid and peptidoglycan from gram-positive bacteria, 
bacterial DNA, or viral RNA. PRRs include Toll-like receptors (TLRs), 
intracellular NOD proteins, and peptidoglycan recognition proteins.

The recognition, binding, and interaction of DAMPs (eg, LPS) by 
PRRs (eg, TLRs) located on the immune cell surface result in signal 
transduction and in turn to a complex intracellular cascade of enzymes 
(kinases), which activate proteins. These proteins activate additional 
intracellular pathways leading to activation of transcription factors 
within the cell nucleus binding to DNA, thus activating hundreds of  
specific genes coding for proteins, which are increased during the 
inflammatory process in a time-dependent fashion. For example, in 
gram-negative sepsis LPS binds to TLR4 and CD 14 activating myeloid 
differentiation protein (MyD)-88, which then activates interleukin-1 
receptor–associated kinase (IRAK), which, in turn, stimulates the tumor 
necrosis factor receptor–associated factor (TRAF) and, consequently, 
the TRAF-associated kinase (TAK). As a result, the nuclear transcription 

factor, nuclear factor kappa B (NFκB), is liberated from its inhibitor 
(IκB) and is able to dislocate into the cell nucleus and bind to DNA and 
modulate gene function.13-15

During sepsis high levels of circulating DAMPs from invading micro-
organisms and/or damaged host tissue activate host immune cells, leading 
to inflammation characterized by the so-called cytokine storm. The early 
phase of sepsis creates a proinflammatory environment, which is caused 
by the excessive activation of the host immune system by tissue damage 
and/or severe infection, leading to severe dysregulation of various body 
systems.16 Central hubs of the inflammatory response during sepsis include 
the complement anaphylatoxin C5a, macrophage migration-inhibitory 
factor (MIF), Toll-like receptor 4 (TLR4), high-mobility group box 1 
protein (HMGB1), interleukin-17A (IL-17A) but also the coagulation, the 
endocrine, the innate and adaptive immune, and the autonomic nervous 
systems (adrenergic and cholinergic pathways).3

One of the significant molecules produced during sepsis is TNF, which 
propagates inflammatory pathways in multiple organ systems and also 
plays a very important role in the activation of programmed cell death or 
apoptosis. Also, interleukin (IL)-6 induces the production of acute phase 
proteins in the liver, for example, C-reactive protein and fibrinogen. 
Another enzyme activated during sepsis is inducible nitric oxide synthase 
(iNOS) leading to nitric oxide (NO) production and finally cyclic guano-
sine monophosphate (cGMP) that leads to local and systemic vasodila-
tion, which correlates clinically to hypotension and shock.17

Vasodilation and intravascular volume depletion from increased capil-
lary leak and external losses observed in early sepsis lead to underfilling of 
the heart and a low cardiac output, which in conjunction with myocardial 
depression potentially causes an oxygen supply-demand imbalance in var-
ious organ beds. Further imbalance may occur due to decreased oxygen  
delivery to the tissues by alterations of the microcirculation observed in 
patients with sepsis.18 Following adequate volume resuscitation patients 
typically exhibits high cardiac output hypotension, although during the 
early hours to days of sepsis a propensity for continued loss of intravascu-
lar volume persists often resulting in recurrent hypovolemia and requiring 
the clinician managing the patient with septic shock to repeatedly return  
to the question of whether additional intravascular volume is needed.

Also, the inflammatory insult of sepsis appears capable of causing 
structural and functional damage to the mitochondria.19,20 Mitochondrial 
dysfunction may be due to direct inhibition of the respiratory enzyme 
complexes from increased concentrations of nitric oxide and its metabo-
lite, peroxynitrite, and by direct damage from increased production of 
reactive oxygen species. Also, recent studies report a genetic down-
regulation of new mitochondrial protein formation, which is associated 
with intramitochondrial defense mechanisms (glutathione, superoxide 
dismutase) being depleted or overwhelmed.21,22

The therapeutic window during this initial hyperinflammatory response 
for initiating treatment with anti-inflammatory drugs is likely narrow  
(<24 hours), after which a treatment to increase immune function may be 
more beneficial. This may in part explain a number of negative therapeu-
tic trials directed at reducing inflammatory mediators in septic patients. 
Evidence from several studies has shown that certain anti-inflammatory 
pathways seem activated very early in septic patients.23-25 The systemic anti-
inflammatory response may be useful for the attenuation of deleterious 
systemic proinflammatory effects and the concentration and compartmen-
talization of the inflammation at the site of infection.26

However, when anti-inflammatory mechanisms dominate, the immune 
system is depressed, a condition termed immunoparesis or immunoparal-
ysis, and the body’s susceptibility to nosocomial infections and the reacti-
vation of dormant pathogens such as cytomegalovirus is increased.27,28 The 
state of immunoparesis is associated with declining levels of numerous 
hormones, a reduced metabolic rate, and in some tissues frank bioener-
getic failure. The observation of these responses to infection has raised the 
hypothesis that immune system stimulation during this phase of sepsis 
could be beneficial.29,30 Similar to the notion of SIRS, this phase of the 
course of sepsis has been termed the compensatory anti-inflammatory 
response syndrome (CARS). Interestingly, it seems most deaths related to 
sepsis occur during this phase.
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EVOLUTION TO IMMUNOPARALYSIS (Fig. 62-1)31

As described above, much of our therapy for sepsis is “early and goal 
directed” and unfolds in the early phase of the syndrome during which 
large and uncontrolled release of endogenous and exogenous mediators 
of inflammation occurs. Despite our efforts to identify patients early and 
deploy therapies such as early fluid therapy, mortality remains as high 
as 30% to 40% for the highest risk patients.32-34 Much of this mortality 
occurs during the state of immunoparesis, related to “second and third 
hits” in the form of nosocomial superinfections.34

During this phase of sepsis activation of anti-inflammatory media-
tors such as interleukin 10 (IL-10), and transforming growth factor-
beta (TGF-β) are well described, and it appears these pathways are 
activated in the course of strong proinflammatory stimulation, perhaps 
as an effort to achieve homeostasis. Modification of cellular function is 
another feature of this state of immunoparesis, and sustained periods of 
monocyte deactivation characterized by defective phagocytosis, altered 
antigen presentation, and reduced production of inflammatory cyto-
kines by these cells have been described.25

This reprogramming event of immune function occurs at other levels 
as well. At the transcriptional level, downregulation of genes encoding 
proinflammatory cytokines and other acute phase proteins is accom-
panied by an outpouring of anti-inflammatory cytokines and cytokine 
inhibitors, and downregulation of cytokine receptors.35 Neuroendocrine 
response also appears to attenuate inflammatory cytokine synthesis and 
also results in reduction of antigen expression on antigen presenting 
cells.25,36 In addition, specific subsets of lymphocytes, dendritic cells, and 
epithelial cells undergo apoptosis at extremely accelerated rates after a 
typical septic stimulus in patients.37,38 Uptake of apoptotic cells further 
impairs host immunity by inducing an anti-inflammatory phenotype in 
phagocytic cells that consume the cellular corpses.39 Prevention of this 
sepsis-induced apoptosis apparently attenuates the immunosuppressive 
cascade and leads to sustained immunity.37

T-regulatory cells and myeloid-derived suppressor cells are also acti-
vated during the later phases of sepsis and appear to participate in general 
downregulation of immune response and the inflammatory state.39-42 
Other described mechanisms of this immunosuppression include  
massive apoptosis-induced depletion of lymphocytes and dendritic cells, 
decreased expression of the cell-surface antigen–presenting complex 
HLA-DR, and increased expression of the negative costimulatory mol-
ecules programmed death 1 (PD-1), cytotoxic T-lymphocyte–associated 
antigen 4 (CTLA-4), and B- and T-lymphocyte attenuator (BTLA) and 

their corresponding ligands (eg, PD-1 ligand [PD-L1]). Furthermore, 
the numbers of regulatory T cells and myeloid-derived suppressor  
cells (MDSCs) are increased, and there is a shift from a phenotype 
of inflammatory type 1 helper T (Th1) cells to an anti-inflammatory  
phenotype of type 2 helper T (Th2) cells characterized by the production 
of interleukin-10.

The net result is a severely compromised innate and adaptive 
immune system with poorly functional “exhausted” CD8 and anergic 
CD4 T cells. Targets of potential immunotherapeutic approaches (see 
Fig 62-1) include agents that block apoptosis, block negative costimu-
latory molecules, decrease the level of anti-inflammatory cytokines, 
increase HLA-DR expression, and reactivate “exhausted” or anergic  
T cells. FLT-3L denotes Fms-related tyrosine kinase 3 ligand, GM-CSF 
granulocyte–macrophage colony-stimulating factor, LFA-1 lymphocyte 
function–associated antigen 1, and tumor necrosis factor α (TNF-α).

In this later, hypoimmune phase of the disease, hemodynamics will 
most likely be relatively stable. Mechanical ventilation is often neces-
sary, and a requirement for renal replacement therapy is common. 
The main focus of the treating clinician will now be on the prevention 
and treatment of secondary infections, such as ventilator-associated 
pneumonia, catheter-related infections, and fungal infections. The 
patient will most likely be treated with various antibiotic and antifun-
gal regimes, and multiresistant strains may be detected in the further 
course of the disease.

■■ DEFINITION OF SYSTEMIC SEPSIS-INDUCED IMMUNOPARALYSIS
In response to stress and injury (of which septic shock is a typical example),  
the body develops compensatory mechanisms to prevent systemic 
inflammation. This anti-inflammatory response is a homeostatic mech-
anism that occurs in all patients. It protects against lethal overwhelm-
ing inflammation during the first hours of the syndrome, but becomes 
deleterious as it persists because nearly all immune functions are com-
promised. As all cell types—neutrophils, monocytes/macrophages, and 
lymphocytes—are impaired, both innate and specific immunities are 
depressed. The terms immunoparalysis and immunosuppression have 
been proposed to describe the global incapacity of the body to mount 
any kind of immune response.43

In many cases of sepsis, the immune system fails to eradicate the 
infectious pathogens, and a prolonged phase of sepsis-induced immu-
nosuppression begins, characterized by a failure to eradicate the primary 
infection and by development of secondary nosocomial infections.
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FIGURE 62-1.  Evolution from infection to septic shock and immunoparalysis. DAMPs, damage-associated molecular patterns; LPS, lipopolysaccharide; PAMPs, pathogen-associated 
molecular patterns; PRRs, pattern recognition receptors; RRT, renal replacement therapy; SIRS, systemic inflammatory response syndrome; TLRs, Toll-like receptors.
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■■ CLINICAL EVIDENCE AND RELEVANCE OF IMMUNOSUPPRESSION
It seems that the majority of shock-related deaths occur during this 
secondary hypoimmune state. It has been proposed that patients who 
survive the initial hyperinflammatory response but subsequently die 
from sepsis are those who do not recover immune function.23,25,44-48

The clinical relevance of this immunosuppressed state is evidenced 
by the frequent occurrence of infection with relatively avirulent 
and often multidrug-resistant bacterial, viral, and fungal pathogens 
(Stenotrophomonas, Acinetobacter, and Pseudomonas spp, enterococci, 
cytomegalovirus, herpes simplex virus, and Candida spp).35,49-51

This more protracted phase of sepsis is associated with increased length 
of stay, significant morbidity and mortality, and increased costs.23,25,51-53

Two recent studies in human subjects shed light on one of the most 
important and relatively underrecognized mechanisms of sepsis immu-
nopathology. They provide evidence that the otherwise dormant viruses 
cytomegalovirus (CMV) and herpes simplex virus (HSV) are reactivated 
in critically ill individuals—adding strength to the concept that a key 
aspect of critical illness is immunosuppression. Limaye et al28 examined 
the incidence of reactivation of CMV in 120 CMV-seropositive criti-
cally ill individuals, many of whom apparently had sepsis. Before their 
illness, these people had normal immunity. CMV viremia, as assessed 
by real-time PCR, occurred in 40 subjects (33%), indicating that CMV 
reactivation occurs frequently in the critically ill. CMV reactivation was 
associated with prolonged stay and death. These findings dovetail with 
an earlier study by Luyt et al who reported a 21% incidence of HSV 
bronchopneumonitis that was attributed to viral reactivation in criti-
cally ill, immunocompetent individuals requiring prolonged mechanical 
ventilation.28,54 These studies show that critically ill individuals who had 
normal immunity before hospitalization become profoundly immuno-
compromised during a protracted illness, thereby enabling reactivation 
of latent viruses that may become clinically relevant.

CARS-associated immunosuppression may persist for days, weeks, 
months, or years following the initial SIRS event.55 This long-term 
immunosuppression manifests in patients as a significant decrease in  
1- and 8-year survival for patients with severe sepsis compared to age-
matched controls, often due to infections. The poor survival persisted 
when multivariable analysis was conducted to adjust for prehospitaliza-
tion comorbid conditions.56,57

Also, survivors of septic shock are vulnerable to A fumigatus and 
P aeruginosa long after sepsis-induced proinflammatory immune 
response has been resolved, indicating that CARS exists as a long-term 
phenomenon, which requires its own diagnostic tools and therapies for 
the patients to survive.55 Several other studies have also supported the 
finding that mortality remains high for several years among hospital 
survivors of infectious diseases and sepsis.58-63 When multivariable 
analyses were used to compare long-term mortality estimates, with and 
without chronic health conditions, the long-term estimates remained 
unchanged. Thus, the influence of chronic health conditions on long-
term survival is small and that the acute illness is more likely to contrib-
ute to increased long-term mortality.63

Three potential outcomes are possible following hospitalization 
for infection and sepsis. Approximately one-fourth of severe sepsis 
patients die during the hospitalization. The remaining patients who are 
discharged alive either recover completely or experience incomplete 
recovery. Those with incomplete recovery are at increased risk of sub-
sequent acute illnesses, which eventually leads to death.63 Several lines 
of evidence suggest that consequences of severe sepsis could be due to 
immune suppression. Although the exact mechanisms for protracted 
increased susceptibility to infections is unclear, impaired neutrophil 
function appears to play an important role.64

Another study showed that mHLA-DR is an independent predictor 
of mortality in septic shock patients. Being a marker of immune failure, 
low mHLA-DR may provide a rationale for initiating therapy to reverse 
immunosuppression.65 In septic shock patients, after adjustment with 
usual clinical confounders (including need for mechanical ventilation 
and central venous catheterization), persistent low mHLA-DR expression  

remained independently associated with the development of secondary 
nosocomial infections (NI).66 For a given severity, mHLA-DR proved 
not a predictive marker of outcome, but delayed or incomplete recovery 
of mHLA-DR function was associated with an increased risk of second-
ary infection. Monitoring immune functions through mHLA-DR in 
intensive care unit patients could therefore be useful to identify a high 
risk of secondary infection.67

CAN IMMUNOPARALYSIS BE MODIFIED?
Sepsis-induced immunosuppression is actually a state of functional 
failure of innate and adaptive immunity. Thus, immunomodulation in 
sepsis by immunostimulation may benefit patients and possibly improve 
outcomes.68 Advances in the treatment of septic shock may lie in the 
ability to tailor therapies according to the specific immune status of an 
individual patient (stratification). The discovery and implementation of 
these therapies are most likely to be successful if studied in more biologi-
cally homogeneous patient populations.69

Based on this concept several issues arise.

•• What alterations of immune system mediator and cell numbers and 
function are observed in sepsis?

•• What are the appropriate diagnostic tools and monitoring of these 
functions?

•• What are the appropriate therapeutic approaches to modify 
immunoparalysis?

■■ MEASUREMENT OF CIRCULATING MEDIATORS
The most consistent data are available for IL-10, which appears to be a 
predictor of fatal outcome. Gogos et al showed that IL-10 levels and the 
IL-10/TNF-α ratio were the best indicators of mortality in a panel of 
cytokines, while van Dissel et al reported that a high IL-10/TNF-α ratio 
was associated with poor outcome in a group of 450 febrile patients.70,71 
In a separate study of critically ill septic patients, IL-10 levels were found 
to be higher in nonsurvivors at admission and provided a more accurate 
predictor of prognosis than IL-4 levels.72 Monneret et al demonstrated 
that IL-10 levels remained higher in nonsurvivors than survivors for  
15 days after the onset of septic shock in a group of 38 patients.73 Given 
the ability of IL-10 to suppress the synthesis of numerous proinflam-
matory cytokines, its continued release may contribute to the immune 
dysfunction observed after septic shock and thus may increase suscepti-
bility to continuous microbial invasion.74-76

The second counterregulatory phase of sepsis is characterized by 
increased production of anti-inflammatory cytokines (mainly inter-
leukin-10 [IL-10] and transforming growth factor-beta), increased  
lymphocyte apoptosis, increased proportion of circulating regula-
tory T cells, and a severe downregulation of monocyte HLA-DR 
expression.65,77-79 Later phases of sepsis are also characterized by 
monocyte/macrophage dysfunction including a decreased capacity to 
produce proinflammatory cytokines and an increased expression of 
anti-inflammatory cytokines.80-84

The main advantage of using circulating mediators as markers of 
immune status is the reliability of the majority of currently available 
assays. These tests are now standardized, reproducible (<10% variability), 
and in some cases automated, making them suitable for real-time clinical 
decision making. However, measurement of the concentration of only 
one or a few mediators remains questionable as it only provides a limited 
view of the patient’s condition. In many cases, establishing the dominant 
response on the basis of serum measurements appears to be impossible 
as both pro- and anti-inflammatory responses are enhanced during septic 
shock. IL-10 acts at the posttranscriptional level to increase endocytosis 
of monocytic human leukocyte antigen type DR (HLA-DR).85

■■ MEASUREMENT OF CELL SURFACE MARKERS
A number of cell surface markers are known to vary during sepsis, but 
the data are currently too limited to draw firm conclusions. The largest 
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body of literature is available for mHLA-DR expression, and it has been 
proposed that diminished mHLA-DR expression provides a reliable 
reflection of immunosuppression in critically ill patients, in terms of 
both its magnitude and persistence. Monocytes from septic patients 
with decreased levels of mHLA-DR have been shown to produce small 
amounts of TNF-α and IL-1 in response to bacterial challenges such 
as stimulation with LPS, staphylococcal enterotoxin B, and phorbol 
myristate acetate,86 and a decrease in antigen presenting capacity partly 
due to a reduced HLA-DR expression.65,66,87-89

To date, mHLA-DR levels have mainly been assessed as a predic-
tor of septic complications after trauma, surgery, and pancreatitis. 
Low levels of mHLA-DR were found in patients who subsequently 
developed nosocomial infections. In contrast, mHLA-DR levels nor-
malized rapidly (generally within 1 week) in patients who recovered 
uneventfully. Diminished mHLA-DR expression has previously been 
identified as an independent predictor of septic complications in 
multiple logistical regression analysis after correction for clinical 
parameters.90

■■ APOPTOSIS
Apoptosis is another promising, indicator of immunoparalysis. In experi-
mental models, excess apoptosis was associated with deleterious effect and 
blockade of apoptosis reduced mortality rates.91,92 In septic patients who 
died, Hotchkiss et al observed lymphocyte apoptosis in the spleen and a 
decrease in the number of circulating lymphocytes.93 Similar observations 
have been made in animal models of sepsis, and adoptive transfer of apop-
totic splenocytes induced immunosuppression by downregulating IFN-γ 
production that was associated with facilitated bacterial dissemination.78,91,94 
Le Tulzo et al demonstrated that apoptosis rapidly follows the onset 
of septic shock and leads to profound lymphopenia that is associated 
with death.95 It is not clear, however, that apoptotic pathways involve all 
lymphocyte subclasses since divergent findings have been reported for 
B-lymphocyte populations.96-98

Importantly, lymphopenia is accompanied by modifications of the  
CD4+/CD8+ ratio and the relative percentage of cellular subsets. 
Lymphopenia has also been associated with bacteremia.99 Hotchkiss 
and colleagues showed that apoptosis was affecting circulating NK cells, 
B lymphocytes, and CD4+ and CD8+ T lymphocytes.100 The reduced 
HLA-DR expression on CD14+ monocytes is another hallmark of sepsis 
and SIRS. It shows promise as a prognostic marker for the development 
of sepsis in hospitalized patients.101 The preliminary cutoff levels for 
monocytic HLA-DR expression compatible with immunoparalysis have 
been shown to be102:
•• >15,000 Ab/cell (antibodies per cell) indicates immunocompetence.
•• 10-15,000 Ab/cell (antibodies per cell) indicates moderate immuno-

depression.
•• <10,000 Ab/cell (antibodies per cell) indicates severe immunodepression.
•• <5000 Ab/cell (antibodies per cell) indicates immunoparalysis.

■■ APPROPRIATE DIAGNOSTIC TOOLS AND MONITORING
As our capacity to treat patients during the very first hours of shock has 
improved, many patients now survive this initial phase only to die later 
in a state of immunosuppression. It is to this population that immu-
nostimulatory therapies are now considered an innovative strategy for 
the treatment of sepsis, if we can identify which patients would actually 
benefit from these therapies. Indeed, in the absence of specific clinical 
signs of immune status, it is critical to determine the best biological 
tools to stratify patients according to their immune status . This would 
then permit the testing of the various interventions—stimulating innate 
immunity and/or adaptive immunity, blocking apoptosis, restoring 
other altered functions—at the proper time in the right patient, bringing 
us to individualized tailored therapy.103

There is a lack of clinical signs associated with immunoparalysis and 
moreover, there is currently no biological “gold standard” for the diag-
nosis of immunoparalysis. Clinical studies are consequently required to 

correlate different markers with functional testing and to determine a 
link with outcome or septic nosocomial complications.44

Current tools to identify and monitor immune function include

	 1.	 Anti-inflammatory serum cytokine measurement, with current 
attention focused upon IL-10

	 2.	 Ex-vivo LPS stimulation of whole blood and subsequent measure-
ment of proinflammatory cytokines (TNF-α)

	 3.	 HLA-DR expression on the monocyte surface

Monocyte Dysfunction:  Monocytes from septic patients have been shown 
to have a decreased capacity to mount a proinflammatory reaction upon 
secondary bacterial challenge and impairment in antigen presentation 
likely due to the lowered expression of major histocompatibility class II 
molecules (MHC class II).103 Several groups have investigated the capac-
ity of septic patients’ monocytes to release proinflammatory cytokines in 
response to LPS, other TLR agonists, or whole bacteria in vitro.105 These 
tests represent reliable methods to assess the phenomenon of endotoxin 
tolerance defined as a reduced responsiveness to a secondary LPS chal-
lenge following a first inflammatory response. Monocytes from patients 
usually present with a diminished capacity to release tumor necrosis 
factor (TNF-α), interleukin (IL)-1a, IL-6, IL-12, whereas the release of 
anti-inflammatory mediators (IL-1 receptor antagonist [IL-1ra], IL-10) 
is not affected or is even slightly increased. However, although this test is 
considered a good method to assess monocyte hyporesponsiveness after 
sepsis, it is not yet suitable for routine analysis/diagnosis.104

T-Lymphocyte Dysfunction:  Lymphocyte anergy is illustrated by the 
observation of the loss of the delayed-type hypersensitivity reaction 
to recall skin test antigens in patients.

However, the investigation of lymphocyte anergy is neither easy nor 
practical for the diagnosis of sepsis immunosuppression.

Apoptosis and Gene Expression:  It is generally agreed that apoptotic cell 
death represents the major mechanism triggering sepsis-induced lym-
phocyte anergy/dysfunction. Recently it was shown that gene signatures 
and gene expression mosaics obtained from patients within the first  
24 hours of septic shock can be used to stratify patients into subclasses 
having their own particular severity of illness, rate of organ failure, and 
mortality. This work shows that gene expression methods may represent a 
robust and achievable process by which patients with sepsis can be strati-
fied.106 Similarly, Turrel-Davin and colleagues have shown that mRNA 
expression can be used to monitor subsequent response to treatment.107

The Cell Surface Marker mHLA-DR:  HLA-DR is a glycosylated cell surface 
membrane protein expressed on antigen presenting cells, constitutively 
expressed on monocytes. Expression of HLA-DR by monocytes is essen-
tial for the processing and presentation of peptides derived from ingested 
microbes. Its function is to present processed antigen to CD4+ T cells to 
initiate a specific immune response, which will eliminate the potential 
pathogens.108 Lower expression of HLA-DR has been associated with 
higher mortality in sepsis.87,109,110 There appears to be general consensus 
that diminished mHLA-DR is a reliable marker for the development of 
immunosuppression in critically ill patients. Indeed, decreased expres-
sion of this marker is reported to be associated with higher mortality/
risk for nosocomial infections in critically ill patients.111

These findings suggest that a critical point signaling recovery  
of immune function after insults such as critical illness is restitution of 
HLA-DR expression. mHLA-DR rapidly returns to normal values (gen-
erally in < week) in injured patients with uneventful recovery, whereas 
this parameter remains constantly decreased in patients with adverse 
outcome or secondary septic complications.111-115

A challenge for future study is to determine the extent to which 
compensatory anti-inflammatory reaction can be an appropriate brake 
on the immune system and how and when these phenomena become 
inappropriate with adverse effects on the patient.112-115 mHLA-DR offers 
promise as a biomarker to investigate both the mechanisms and time 
course of these events. The HLA-DR molecule is encoded by the major 
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histocompatibility complex on chromosome 16 and is a prominent  
antigen-presenting surface molecule. Thus, it would seem central to 
induction and maintenance of pathogen-directed immune responses.116-119 
mHLA-DR has already been reported as a biomarker for assessing the 
impact of immunostimulating interventions.51,87,120,121

■■ FUTURE THERAPEUTIC APPROACHES
To date, testing new biologic therapies for sepsis has been frustrat-
ing, and over 25 trials of new agents have failed.122 Almost all of these  
trials focused on attenuating the initial inflammatory response while  
ignoring—and possibly exacerbating—the development of a state of 
immunosuppression.30,35,38 In these trials, as in most cases of sepsis  
managed in the ICU, the majority of deaths occurred in these immuno-
suppressed patients.35,123-125

Two main strategies of immunostimulation have been studied in 
patients suffering from severe sepsis: IFN-γ and granulocyte-macrophage 
colony-stimulating factor (GM-CSF). These stimulatory molecules 
were administered with the specific goal of enhancing monocyte and 
lymphocyte function. Despite the concern that these immunostimula-
tory therapies could exacerbate a hyperinflammatory phase of sepsis, 
manifestations of unbridled inflammation have not been seen in most 
settings. Unfortunately these therapies have not been shown to confer 
benefit to populations of patients selected by purely critical criteria.

As we move into the future in this field, new therapies that are 
identified from animal model and translational research will no doubt 
be guided by use of biomarkers that best characterize immune status 
in patients and help determine populations of patients most likely to 
respond to immunostimulatory interventions.126

The change of mHLA-DR over time is perhaps our most promising  
current biomarker to employ in this regard. Results expressed as a change 
over two time points provide excellent predictive values, especially 
change calculated between days 0 and 3 or between days 0 and 7 (areas 
under the curve of 0.92 and 0.94, respectively, in receiver operating  
characteristic analysis).127 Other studies show that a depressed slope of 
mHLA-DR recovery was associated with increased risk of secondary 
infections in a mixed ICU population and in trauma patients.87,88,120,128-130

IFN-γ can reverse impaired antigen presentation by monocytes and 
this effect can be indirectly estimated by measuring HLA-DR expression 
on the cell membrane131 and in an experimental model of sepsis IFN-γ 
restored HLA-DR expression on antigen presenting cells.132 A double-
blind, placebo-controlled clinical trial of 416 patients with severe inju-
ries suggested that subcutaneous administration of recombinant IFN-γ 
may be effective in diminishing the risk of death due to infectious com-
plications,133 but another study evaluating IFN-γ in burn patients did 
not demonstrate a reduction in the incidence of nosocomial infections 
or enhance survival.134

Although G-CSF is a promising immunostimulant, results regarding 
clinical effectiveness in severe sepsis/shock are conflicting. In a recent 
trial, 164 patients with septic shock were randomly assigned to placebo 
or G-CSF treatment for 10 days. Analysis failed to demonstrate any 
benefit from G-CSF treatment on mortality.135 In line with these results 
one recent review suggested that future studies should be conducted to 
determine both optimal dosing regimens as well as safety136 and that this 
treatment then could be further studied in prospective trials.137

In a recent meta-analysis, a total of 12 placebo-controlled random-
ized controlled trials (RCTs; n = 2380 patients) investigating the clinical 
effects of G-CSF (n = 8 RCTs) and GM-CSF (n = 4 RCTs) in patients 
with severe sepsis/septic shock were pooled for analysis. No significant 
difference in 28-day mortality (relative risk [RR] 0.93; 95% confidence 
interval [CI] 0.79-1.11; p = 0.44) and in-hospital mortality (RR 0.97; 
95% CI 0.69-1.36; p = 0.86) was observed when patients receiving 
G-CSF or GM-CSF were compared to placebo-treated controls. Analysis 
of G-CSF (n = 2044; 6 RCTs) or GM-CSF (n = 89; 3 RCTs) treatment 
subgroups revealed no 28-day mortality benefit. However, patients 
receiving G-CSF or GM-CSF therapy have a significantly increased rate 
of reversal from infection (RR 1.34; 95% CI 1.11-1.62; p = 0.002).138

Another recent trial coupled biomarker data to use of GM-CSF 
as an immunostimulatory therapy and demonstrated a significant 
reduction in duration of mechanical ventilation.139 This then appears 
to be the proper approach for future trials of any of the agents being 
contemplated to ameliorate excessive immunosuppression in septic 
patients, whether it be further study of G- or GM-CSF or other prom-
ising agents that block apoptosis, block negative costimulatory mol-
ecules, decrease the level of anti-inflammatory cytokines, or increase 
HLA-DR expression.
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C H A P T E R

KEY POINTS

•• Fever occurs in more than 50% of patients at some time during their  
ICU stay.

•• Approximately 50% of fevers are due to noninfectious causes, such 
as drug fevers, surgical trauma, and central nervous system injury.

•• A thoughtful evaluation of a fever may reduce costs and lessen the 
potential risk to the patient.

•• Extreme elevations of temperature (>41.1°C) are most often not 
due to infectious etiologies.

•• Heat stroke, serotonin syndrome, neuroleptic malignant syn-
drome, and malignant hyperthermia are life-threatening causes of 
hyperpyrexia that must be immediately recognized and treated in 
order to avoid multisystem organ failure and death.

•• Although fever is associated with adverse outcomes in the ICU, 
there is no conclusive evidence to support the routine treatment of 
fever due to infection in non-brain-injured patients.

TEMPERATURE REGULATION AND MEASUREMENT
Healthy, nonfasting, resting adults, closely regulate sublingual tem-
perature between 33.2°C and 38.1°C.2 There is normally a small normal 
diurnal variation in temperature of approximately 0.5°C, which nadirs 
around 6 am and peaks around 4 pm.3 This tight regulation occurs due 
to continual adjustment of thermogenic and cooling processes. Eating, 
exercise, and sleep deprivation increase body temperature while fasting 
reduces it.4 Technically fever refers to an increase in the natural set point 
for homeostatic temperature control while hyperthermia refers to an 
uncontrolled elevation of body temperature.

Thermoregulation resides within the hypothalamus.5 While countless 
exogenous and endogenous pyrogens have been identified, almost all 
have been shown to stimulate the release of proximal proinflamma-
tory cytokines, such as IL-6, IL-8, IL-1β, and TNF, which subsequently 
induce the synthesis of prostaglandin E2 (PGE2) within the preoptic 
nucleus of the anterior hypothalamus (Fig. 63-1). Binding of PGE2 
shifts the hypothalamic thermostat increasing sympathetic activity, 
inducing shivering, and impairing heat loss.6 Typically patients with 
fever experience chills until the core body temperature rises to the new 
set point.

Body temperature can be measured by several different methods 
and at many different sites. The most common clinically used sites are 
the mouth, axilla, rectum, skin, tympanic membrane, bladder, central 
veins, and pulmonary artery. Under normal circumstances, rectal 
temperature is approximately 0.5°C higher and axillary temperature 
0.1°C lower than sublingual temperature.2 During critical illness the 
variability between sites may increase. For example, during open 
mouth breathing, sublingual temperature falls relative to tympanic 
membrane temperature.7 Likewise, skin temperature can fall relative to 
core temperature during cardiogenic shock due to a decrease in cuta-
neous blood flow. Because of this variability, mouth, skin, and axillary 
measurements are not recommended for use in critically ill patients.8 
Often a rectal probe is recommended because it provides accurate and 
minimally invasive measurements of core temperature; however, some 
have suggested that rectal thermometers pose a risk of bacteremia in 
neutropenic patients.9 Central venous thermistor measurements have 
long been the gold standard for core temperature measurement, but 
with the decline in the use of thermodilution pulmonary artery cath-
eters, this method is now rarely used. Whatever the chosen method 
and the chosen site of measurement, both should be documented and 
used consistently.

EPIDEMIOLOGY AND IMPACT OF FEVER
Very often fever is the first and only sign of a serious underlying 
infection while at other times it may simply represent a normal stress 
response to critical illness. A consensus task force from the American 
College of Critical Care Medicine and the Infectious Diseases Society 
of America has defined fever as a single oral temperature of >38.3°C 

INTRODUCTION
Fever is a ubiquitous phenomenon in the intensive care unit.1 
Although fever is a natural response to illness and injury, the occur-
rence of an elevated temperature in a critically ill patient frequently 
initiates both a gamut of unfocused diagnostic testing and multiple 
intravenous infusions of broad-spectrum antibiotics, often without a 
critical appraisal of the unique issues of the individual patient. This 
“one-size-fits-all” approach may not only add unnecessary costs, man-
power, and interventions to patient care but may also expose patients 
to unnecessary risks. However, in selected patients, clinical pathways 
have the potential both to reduce costs and to improve the appropri-
ateness of treatment, the latter of which may then lead to improved 
survival. A thorough understanding of the common etiologies of 
fever is critical to customizing the care of individual patients. In this 
chapter, we will review the physiology of temperature regulation, how 
to best measure temperature in the ICU, the epidemiology and the 
clinical impact of fever, the differential diagnosis of elevated body 
temperature, common infectious and noninfectious causes of fever, 
and general guidelines to evaluation and management in hopes to 
provide the reader with a rational approach to the febrile patient in 
the intensive care unit.

Fever: from bug to body

Bacteria Leukocytes Pyrogenic
cytokines
(eg, TNF-α,
Il-1, IFN-g)

Hypothalamus PGE2 Physiologic changes
(ie, shivering)

that retain heat,
leading to a rise

in core body temp

OH

O

O

HO OH

FIGURE 63-1.  Schematic of fever pathway.
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or an oral temperature >38.0°C for at least 1 hour.8 Using this defini-
tion, up to 70% of critically ill adults have fever at some time during 
their ICU stay.10

Although the presence of fever may be an adverse prognostic indica-
tor, animal data support a teleological role for fever during infection; 
that is, modest elevations in body temperature improve host defenses 
against infection.11,12 The mechanisms by which fever can favorably 
affect immunity are diverse. For example, fever can induce the produc-
tion of heat shock proteins and it can have counter regulatory effects on 
proinflammatory cytokines.13-15

Along this same theme, the inability to mount a febrile response to 
infection can be an ominous prognostic sign. Septic patients who expe-
rience natural hypothermia (<35.5°C) have a significantly increased risk 
of death (62% vs 26%) and have higher Sequential Organ Failure Scores 
(SOFA) when compared to febrile patients.16,17

In spite of the purported beneficial effects of fever, most intensivists 
correctly associate fever with adverse outcomes. Febrile ICU patients tend 
to experience more agitation, undergo more laboratory testing, have a 
longer ICU length of stay, have increased hospital costs, and have higher 
mortality than patients without fever.10,17-23 In a retrospective cohort 
of 24,204 ICU admissions, the cumulative incidence of fever was 44%. 
Fever was more common among patients with trauma or neurological 
illness, and more common among males and younger patients. Seventeen 
percent of patients who had fever had positive cultures and those with 
high fever had an increased risk of death.21 In a second study, up to 1/3 
of patients with traumatic brain injury had prolonged fever, which was 
associated with tachycardia, hypertension, tachypnea, excessive diapho-
resis, extensor posturing, or severe dystonia.24 In a third observational 
study, febrile elderly patients in a medical-surgical ICU had almost twice 
the risk of agitation than normothermic control patients. And those with 
higher temperature had a greater risk of severe agitation.

The health care costs of responding to fever are also significant. 
Nursing time is increased among febrile patients, which can have 
adverse effects on the allocation of nursing personnel.25 One estimate 
suggests that fever might add approximately $17,000 in additional costs 
to the care of critically ill neurological patients and that 3/4 of these 
costs occur in the ICU.22

DIFFERENTIAL DIAGNOSIS OF FEVER IN THE ICU
The recognition of fever in a critically ill patient often leads to the 
reflex ordering of blood, sputum, and urine cultures and the initia-
tion of empiric, intravenous, broad-spectrum antibiotics. This shotgun 
approach can add unnecessary costs and risks to patient care.26 In 2008, a 
panel composed of members of the Society of Critical Care Medicine and 
the Infectious Diseases Society of America published a consensus guide-
line on the recommended management of new onset fever in the ICU 
population.8 The panel stressed that fever has many noninfectious causes 
in addition to the usual infectious ones, and, therefore, a careful clinical 
evaluation should precede laboratory testing, x-rays, and empiric treat-
ment. Consideration of the unique factors of each patient was empha-
sized over the initiation of routine order sets. This approach should then 
lead to an individualized differential diagnosis of the potential causes 
of fever and thereby more focused and cost-effective diagnostic testing.

Common causes of fever in ICU patients are listed in Table 63-1. The 
prevalence of each of these diagnoses will largely depend on the patient 
population being studied. For example, benign postoperative fever (sur-
gical trauma) would be overrepresented in a surgical ICU while fever due 
to stroke would be more commonly seen in a neurointensive care unit.

SELECTED INFECTIOUS CAUSES OF FEVER
The evaluation of fever in the ICU usually begins with a search for 
signs of infection, since approximately only half of febrile events in 
the ICU are due to infection and the majority of these infections are 

related to devices, for example, urinary catheters, endotracheal tubes, 
nasogastric tubes, or central venous catheters.10 The early removal of 
devices when they are no longer needed is a very cost-effective strategy 
for reducing ICU infections and many ICUs now utilize the daily goals 
checklists on interdisciplinary rounds to document the necessity for 
each device.

Blood cultures should be obtained from all ICU patients with a new 
fever when the clinical picture does not strongly suggest a noninfec-
tious cause.8 In order to maximize the sensitivity of blood cultures for 
true bacteremia, guidelines from the American College of Critical Care 
Medicine and the Infectious Diseases Society of America8 emphasize 
that the blood cultures should be obtained prior to antibiotic initia-
tion and that an adequate volume of blood should be instilled into the 
collection bottles (usually 20-30 mL per culture).27 Spacing out sets 
of blood cultures over time does not increase the yield. In order to 
avoid contamination, the blood cultures should be drawn only after 
proper hand washing and after sterilization of the intended site with an 
approved individually prepackaged chlorhexidine, alcohol, or iodine-
based applicator.

■■ CATHETER-ASSOCIATED BLOOD STREAM INFECTIONS
There has been an explosion in the use of central venous catheters 
in the ICU and with it an increase in risk of central line–associated 
bloodstream infection (CLABSI). Use of full barrier precautions, 
shorter duration of catheter use, use of antibiotic impregnated cath-
eters, avoidance of femoral venous access, and care by a central-line 
team are factors associated with a lower risk of CLABSI.28 Measurement 
of the “differential time to positivity,” that is, the difference in time for 
blood cultures to become positive when they are drawn simultane-
ously through a central venous catheter and a peripheral vein, has 
been shown to have high sensitivity and specificity for catheter-related 
infection.29 When line sepsis is suspected, the line should be removed 
aseptically and 5 cm of the line tip submitted for semiquantitative 
culture. Isolation of ≥15 colony-forming units (CFUs) on semiquan-
titative culture of the catheter tip correlates with true line-associated 
infection.30 Isolation of <15 CFUs usually represents contamination 
during removal. However, it is not recommended to routinely culture 
line tips upon removal from asymptomatic patients. In one epide-
miologic study of intensive care unit-acquired bloodstream infections, 
multiple antibiotic-resistant organisms were uncommon suggesting  
it may be safer to use a more narrowed spectrum of antibiotics.31

  TABLE 63-1    Common Causes of Fever in Critically Ill Patients

Noninfectious
Heat stroke
Serotonin syndrome
Neuroleptic malignant syndrome
Malignant hyperthermia
Drug fever
Acute myocardial infarction
Venous thromboembolism
Pancreatitis
Intracranial hemorrhage
Transfusion reactions
Surgical trauma
Burn injury
Ischemic colitis
Cancer
Thyrotoxicosis
Adrenal insufficiency
Connective tissue disease

Infectious
Urinary tract infection
Pneumonia
Catheter-associated infection
Sinusitis
Surgical wound infection
Acalculous cholecystitis
C difficile colitis
Spontaneous bacterial peritonitis
Endocarditis
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■■ URINARY TRACT INFECTION
Urine cultures are almost universally obtained during the evaluation 
of fever in a critically ill patient regardless of patient age, gender, and 
duration of catheter placement. However, urinary tract infections in 
the ICU occur almost exclusively in patients who have had indwell-
ing urinary catheters for a long duration and the infections occur 
more frequently in females and in those patients who have received 
prior antibiotics.32 In an 18-month retrospective study of 510 trauma 
patients, the incidence of urinary tract infections was estimated to be 
only 16/1000 catheter days, and during the first 2 weeks of urinary 
catheter use, urinary tract infection was found to be an unlikely cause 
of either fever or leukocytosis.33

When clinically indicated, most ICU urinary cultures are obtained 
from an indwelling catheter because very few critically ill patients are 
candidates for clean catch, midstream specimens. When obtaining 
cultures from an indwelling catheter, it is paramount to adequately 
sterilize of the rubber port prior to sampling and to promptly process 
the specimen in less than 1 hour to prevent bacterial proliferation.8 
Cultures should never be obtained from a collection bag. A better idea 
is to obtain the culture from an “in-and-out” straight catheterization 
because it avoids contamination of the specimen by bacteria adherent 
to the indwelling urinary catheter. In rare cases, an ultrasound-guided 
suprapubic tap can be obtained to avoid contamination from the highly 
colonized distal urethra.

■■ PNEUMONIA
In a retrospective review of patients undergoing major gynecologic 
surgery, 80% of patients who developed pneumonia had symptoms sug-
gestive of the diagnosis,34 whereas obtaining a routine chest x-ray on 
all febrile patients yielded a finding of pneumonia in only 9% of cases. 
These data would suggest that chest radiography for the evaluation of 
fever in nonintubated post-op patients should be reserved for patients 
with signs and symptoms of pneumonia.

Although the performance of routine daily chest x-rays on stable, 
nonintubated patients in the ICU has a low diagnostic yield for 
pathology, it is often appropriate to obtain an on-demand chest x-ray 
in a critically ill, ventilated patient with fever.35,36 The incidence of 
ventilator-associated pneumonia (VAP) has been reported to range 
from 5% to 67% among mechanically ventilated patients37 with an 
attributable mortality of up to 10%.38 In practice, the diagnosis is 
most often made using readily available clinical variables (eg, char-
acterization of secretions, chest x-ray appearance, body temperature, 
leukocyte count, culture, and measurement of the PaO2/FiO2 ratio). 
However, it is clear that many intubated patients who meet these clin-
ical criteria do not have VAP.39 Compared to a simple tracheal aspirate 
and culture, the use of invasive techniques, such as bronchoalveolar 
lavage, to definitively establish the diagnosis of VAP does not appear 
to reduce the use of antibiotics nor does it appear to improve clini-
cal outcomes.40 The preferred approach when VAP is suspected is to 
initiate empiric broad-spectrum antibiotics using existing guidelines41 
followed by rapid de-escalation of broad-spectrum antibiotics based 
on culture results.42

■■ SINUSITIS
Most ICU patients will at some point have an endotracheal tube, a 
nasogastric tube, or a nasotracheal suctioning device. These indwell-
ing tubes can cause mucosal trauma, introduce bacteria, and promote 
biofilm formation all of which increase the likelihood of infection and 
fever. Within 1 week of nasotracheal intubation and nasogastric tube 
placement, approximately 1/3 of patients will have purulent maxillary 
sinusitis, a rate approximately fourfold greater than that associated with 
oral placement.43 In one prospective study of febrile intubated patients, 
sinusitis was determined to be the sole cause or a contributing cause of 
fever in 30%.44 Because sinusitis is rarely associated with symptoms in 

the critically ill patient, it is seldom recognized as the source of fever. 
Although computed tomography is the gold standard for the diagno-
sis of sinusitis, its utility in the day-to-day management of patients is 
limited because of difficulties in transporting critically ill patients to 
the radiology suite. Ultrasonography of the maxillary sinuses is not as 
sensitive as CT, but it is very specific (~95%), easy to learn, noninvasive, 
and repeatable.45

■■ CLOSTRIDIUM DIFFICILE COLITIS
In many ICUs, C difficile colitis has replaced methicillin-resis-
tant Staphylococcus aureus (MRSA) as the most common hospital-
acquired infection.46 Most cases of antibiotic-associated diarrhea are 
unrelated to C difficile, but the association of fever, abdominal pain, 
or leukocytosis with diarrhea should suggest the diagnosis. In those 
patients who have received antibiotics within the past 30 days, up to 
three individual stool specimens may be required to confirm a posi-
tive toxin assay.47

■■ ACALCULOUS CHOLECYSTITIS
Acalculous cholecystitis is a complication of critical illness that 
when it is untreated has a high mortality.48 Increased lithogenicity of 
bile and ischemia of the gallbladder wall leads to biliary stasis and  
the formation of bile salt sludge. Secondary infection and gangrene 
of the gallbladder are common sequelae. Acalculous cholecystitis 
is most commonly observed among patients with sepsis, severe 
trauma, or burns. The diagnosis should be suspected in any critically 
ill patient with fever and right upper quadrant pain or tenderness. 
Abdominal ultrasound and computed tomography are the most 
useful diagnostic tests. Gallbladder distension, thickening of the 
gallbladder wall, presence of pericholecystic fluid, and intraluminal 
slugging are highly suggestive of the diagnosis. Although hepatobi-
liary iminodiacetic scintigraphy (HIDA scan) is often used in the 
evaluation of calculous cholecystitis, its negative predictive value for 
acalculous cholecystitis has been reported to be poor (<25%) when 
the disease is suspected.49

■■ SURGICAL SITE INFECTION
The risk of surgical site infections (SSI) among postoperative inpa-
tients ranges from 2% to 5%, while 75% of postoperative deaths are 
directly attributable to SSIs.50 When fever occurs more than 96 hours 
postoperatively, infection is the likely cause.8 A myriad of factors 
impact the risk of SSIs, for example, the anatomic location of the sur-
gery (eg, facial wounds less commonly become infected), the degree of 
contamination of the surgical site, quality of the sterile technique, prior 
surgical trauma at the operative site, use of prophylactic antibiotics, 
the length of time required to achieve hemostasis, and the presence of 
preexisting comorbidities. SSIs may involve superficial skin structures 
or deeper subcutaneous tissues, organs, or implanted material. Empiric 
antibiotics are usually not as effective for management as is surgical 
drainage. Many SSIs are preventable. The Centers for Disease Controls 
has published a toolkit for hospitals to use to reduce SSIs.51 Use of 
appropriate antibiotic prophylaxis,52 preoperative control of remote 
infections, proper skin prepping, maintenance of normothermia post-
operatively, proper wound dressings,53 and daily probing of the wound 
with a cotton-tipped applicator between loosely applied staples54 are 
associated with a reduced risk of SSI.

SELECTED NONINFECTIOUS CAUSES  
OF FEVER AND HYPERTHERMIA
Although approximately half of febrile patients in the ICU will have a 
noninfectious cause of fever,10 early in the clinical course of a patient, it 
may be difficult or even impossible for a treating physician to exclude an 
infectious etiology and thus to avoid obtaining appropriate cultures and 
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imaging studies. However, in many patients there are often clinical clues 
that may point to a noninfectious cause of fever.

■■ SURGICAL TRAUMA
Up to 30% of all surgical patients will develop fever in the first 72 hours 
postoperatively.55,56 The majority of these early febrile events are directly 
due to either a surgically induced systemic inflammatory response or to 
the lingering effects of anesthetic drugs. Both usually resolve without 
specific interventions.10 Patients who develop benign postoperative 
fever tend to be younger, have fewer comorbidities and have had less 
extensive surgery than patients who are subsequently found to have 
an infection.55 Among patients with benign postoperative fever, the 
amplitude of temperature elevation has been observed to correlate with 
the duration and extent of the surgical procedure.57 Available data do 
not suggest that atelectasis causes fever.58 Postoperative infection is 
more common among patients who have had cancer surgery, a bowel 
resection, a longer duration of fever, a temperature above 38.5°C, or an 
elevated white blood cell count.56 Extensive evaluations with cultures 
and imaging may be avoided in the majority of patients with a low 
pretest probability of infection.59

■■ DRUG FEVER
Ten percent of all patients will experience a medication-induced fever 
sometime during a hospitalization.60 The diagnosis of drug fever is 
usually first suspected only after competing infectious diagnoses have 
been excluded. Even then, making a definitive diagnosis of drug fever 
can be difficult both because patients are often taking multiple suspect 
medications and because confirmation of the diagnosis of drug fever 
requires withdrawal of the offending drug with resulting resolution of 
the fever.

There are many potential mechanisms of drug fever. First, a drug may 
insight a hypersensitivity reaction. Second, a patient may have a febrile 
reaction to a carrier molecule, a diluent, or a contaminant rather than 
to the pharmacologically active drug. Third, some drugs may be ther-
mogenic; that is, they may increase the metabolic rate. Fourth, a drug 
may interfere with natural heat loss by impairing sweating or vasodila-
tion. And finally, the mechanism of action of a drug (ie, bactericidal 
antibiotics) may lead to the secondary release of pyrogenic bacterial cell 
wall components.

The most common drugs to cause fever in the ICU include 
anticonvulsants, antibiotics, chemotherapeutics, diuretics, antihy-
pertensives, antiarrhythmics, and heparin. These associations are 
undoubtedly partially related to how commonly these drugs are used. 
Unfortunately, the timing of the onset of fever, the pattern of fever, 
the amplitude of temperature elevation, and the patient severity of 
illness do not help to discriminate between drug fever and an infec-
tious cause of fever.61 Although the presence of a skin rash makes 
drug fever more likely, only a minority of patients with drug fever 
will have a rash.61

Sometimes overlooked is that many recreational drugs of abuse 
have sympathomimetic action that can lead to severe temperature 
elevations, especially when used in combination with drugs that  
have anticholinergic activity. Recently, synthetic psychostimulants, 
such as “bath salts” that contain mephedrone,62 have become popu-
lar party drugs. When ingested these drugs can cause tachycardia, 
hypertension, and temperature elevations as high as 42°C. Other 
recreationally abused stimulants, such as cocaine, phencyclidine, 
or methamphetamines, may also cause hyperthermia and may even  
predispose to heat stroke.

■■ CENTRAL NERVOUS SYSTEM DISEASE
Fever is a common occurrence among neurocritical care patients, 
especially those with traumatic brain injury,63 intraventricular hem-
orrhage,64 or ischemic stroke. There is considerable epidemiologic 
evidence associating fever with worse outcomes among brain injured 

individuals.65,66 When fever occurs within the first 72 hours after 
brain injury, it is most often not due to infection.24 It remains unclear 
if fever is simply a marker of worse brain injury or if fever actually 
aggravates neuronal injury. In one series of 260 patients with fever 
within the first 24 hours of ischemic stroke, fever not due to infection 
was independently related to worse neurologic outcome at 3 months, 
however fever due to infection was not associated with poorer out-
come.67 These data might suggest that noninfectious fever is simply a 
marker of worse neurologic injury. In spite of the uncertainty regard-
ing its pathologic role, it is accepted practice to treat fever in all types 
of brain injury. The routine use of therapeutic hypothermia in patients 
with severe brain injury is, however, more contentious. To date, there 
are no large randomized trials that demonstrate survival benefit or 
improved neurologic outcomes with the use of therapeutic hypo-
thermia in either traumatic brain injury or stroke. The therapeutic 
application of induced hypothermia has become standard practice for 
neuroprotection following in witnessed cardiac arrest. This practice is 
described in Chap. 26.

■■ VENOUS THROMBOEMBOLISM
It is best to consider that febrile patients with acute venous thromboem-
bolism have an alternative cause of fever. In a prospective study of 1847 
consecutive patients undergoing evaluation for deep vein thrombosis 
(DVT), the temperature for the 175 patients with acute DVT was 37.1 ±  
0.6°C (only 0.2°C higher than those without DVT). Although this 
difference was statistically significant, there was no temperature that 
accurately differentiated patients who had DVT from those who did not. 
Among patients with proven DVT, the frequency of temperature read-
ings above 38.3°C was less than 5%.68

■■ HEAT STROKE
Very high temperatures, that is, those above 41.1°C, are less commonly 
due to infection. Rather, temperatures above this level are most often due 
to excessive heat generation and/or an impairment of thermoregulation. 
The differential diagnosis of severe hyperthermia includes heat stroke 
(heat-related illness), serotonin syndrome, neuroleptic malignant syn-
drome, and malignant hyperthermia. Heat-related illness is most likely 
to occur when environmental heat exposure is combined with drugs that 
are thermogenic or with drugs that impair cooling. Drugs with anticho-
linergic action, stimulants such as methamphetamines, and diuretics 
such as caffeine and alcohol are the most common culprits. Prompt 
diagnosis, fluid resuscitation, and rapid cooling are critical to prevent 
multiple organ failure.

■■ SEROTONIN SYNDROME
Serotonin syndrome is an underrecognized cause of clinical deteriora-
tion in the ICU. It may be precipitated by a long list of drugs that affect 
the serotonergic pathway (Table 63-2). It classically presents with signs 
of autonomic instability, increased muscle tone, altered mental status, 
and fever.69 Because these signs are often already present among ICU 
patients, affected individuals may fall below the threshold for detec-
tion unless clinical suspicion is high. Hyperthermia in serotonin 
syndrome is worsened by increased agitation and muscle contraction. 
Treatment is focused on removal of the offending agent, supportive 
care, and benzodiazepines for agitation. Cyproheptadine, a nonspecific 
serotonin antagonist with anticholinergic properties, can be employed 
in selected cases.

■■ NEUROLEPTIC MALIGNANT SYNDROME
Like the serotonin syndrome, neuroleptic malignant syndrome (NMS) 
is characterized by hyperthermia, increased muscle tone, autonomic 
instability, and altered mental status. However, the pathogenesis of 
NMS relates to reduced dopaminergic activity in the central nervous 
system. Neuroleptic medications that have antidopaminergic effects 
are the most common offending agents. Haloperidol has been most 
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commonly implicated.70 The syndrome has also been associated 
with abrupt withdrawal of dopamine agonists, such as L-dopa or 
baclofen. Treatment of NMS is centered on supportive care, cooling, 
and administration of the central nervous system dopaminergic drug, 
bromocriptine.71 Dantrolene sodium may be administered to abolish 
excitation-contraction coupling in skeletal muscles and benzodiaz-
epines can be useful to control agitation.

■■ MALIGNANT HYPERTHERMIA
Malignant hyperthermia is a genetic muscle membrane disorder that 
causes the excess propagation of calcium ions within skeletal muscle 
myocytes72 following challenge with volatile halogenated anesthetics 
or succinylcholine. The exaggerated calcium flux then leads to excess 
thermogenesis. Hyperthermia and hypercarbia usually develop within 
30 minutes of exposure to the offending agent. The dominant inheri-
tance of a single mutation in ryanodine receptors integral to excitation-
contraction coupling in myocytes accounts for approximately 20% of all 
genetically transmitted malignant hyperthermia. Prompt withdrawal of 
the offending drug, cooling, and treatment with dantrolene sodium can 
be lifesaving.

TREATMENT OF FEVER
The most important question to be answered is: “When should fever be 
treated?” Outside of the realm of neurocritical care, there is no consen-
sus about the answer to this question. On the one hand, fever is a natural 
occurrence during infection and trauma that may provide benefits to 
the host as discussed above. On the other hand, the hypermetabolism 
associated with fever can add metabolic stress to a patient with already 
limited reserve. Finally, before making a decision to treat a fever, it 
is important to first consider the potential deleterious effects of the 
planned therapy on organ function, for example, NSAIDS can aggravate 
acute kidney injury.

■■ ANTIPYRETIC DRUGS
The most commonly used antipyretics in the ICU are acetaminophen 
and ibuprofen. The choice between these two drugs should include 
careful consideration of underlying hepatic, renal, and gastrointestinal 
disease.73

Release of PGE2 within the preoptic nucleus of the anterior hypo-
thalamus increases sympathetic activity, induces shivering, and causes 

vasoconstriction.6 Antipyretics, such as ibuprofen and other nonsteroi
dal anti-inflammatory drugs (NSAIDS), work by blocking PGE2 produc-
tion via cyclooxygenase inhibition.74 The physiological effects of this 
blockade result in vasodilation and sweating, leading to heat dissipation. 
Ibuprofen is available in oral and intravenous formulations and has the 
added benefit of improving patient comfort by its analgesic and anti-
inflammatory effects.

Acetaminophen is a para-aminophenol derivative that is avail-
able in oral, rectal, and intravenous formulations. It appears to have 
a direct action on thermogenesis at the level of the hypothalamus. 
Acetaminophen has less anti-inflammatory effect than ibuprofen but it 
has similar analgesic and antipyretic properties. It may be favored over 
ibuprofen in patients with gastrointestinal bleeding, coagulopathy, or 
kidney disease.

■■ COOLING
Attempts to lower body temperature by external cooling utilizing con-
vection, conduction, and evaporation are as old as mankind. Removal 
of blankets and clothing and the use of air convection with tepid water 
sponging are time-honored interventions. More aggressive measures, 
such as use of ice packs and cool saline infusions, are usually used in 
cases of severe hyperthermia with core body temperature above 40°C 
(see above). Modern intensive care units often have more sophisticated 
approaches, such as water-circulating blankets and intravascular heat 
exchangers. In a study of 50 intensive care patients, temperature decline 
was significantly faster with water-circulating blankets and intravas-
cular heat exchanging devices than with conventional treatment.75  
The intravascular cooling devices were found to be the most efficient 
for reaching the target temperature with the least temperature vari-
ability.75 In a separate study, water-circulating blankets were found to 
be effective even in patients refractory to pharmacologic methods of 
antipyresis.65 When core body temperature must be rapidly reduced, 
such as in heat stroke, it is advised to place a water-circulating blanket 
both under and on top of the patient. Placing a wet sheet between each 
water-circulating blanket and the patient will further increase conduc-
tive heat transfer.

Data remain inconclusive on the impact of temperature reduction on 
clinically important outcomes among febrile critically ill patients. In a 
randomized, double-blind, controlled trial of 455 patients with sepsis, 
treatment with ibuprofen, as compared to placebo, lowered temperature, 
heart rate, oxygen consumption, and lactic acid levels but did not reduce 
the incidence or duration of shock, the incidence of ARDS, or mortality 
at 30 days.76

In a separate trial of 38 intensive care patients with a rectal tempera-
ture of >38.5°C, subjects were randomized to treatment with a cooling 
blanket or to no antipyretic treatment.77 Both groups had similar rates of 
death, infection, length of ICU stay, and recurrence of fever.

In a third trial, investigators randomized non-head-injured patients 
to either an aggressive or permissive temperature treatment regimen.78 
The aggressive treatment group received scheduled acetaminophen 
for temperature of >38.5°C and an additional cooling blanket if tem-
perature exceeded 39.5°C. The permissive group had no intervention 
unless temperature reached >40°C at which point acetaminophen and 
cooling blankets were initiated but these interventions were withdrawn 
as soon as temperature was below 40°C. This study was halted prema-
turely because the aggressively treated group developed more infec-
tions compared to the permissive group (131 vs 85, respectively) and 
the aggressive treatment group had a significantly higher rate of death  
(7 vs 1 patients, respectively).

Finally, in a recent multicenter trial, 200 febrile patients with  
vasopressor-dependent septic shock were randomized to external cool-
ing to achieve normothermia for 48 hours or to no external cooling. 
The external cooling group was significantly more likely to have shock 
reversal during the intensive care unit stay (86% vs 73%, respectively). 
The external cooling group also had lower early mortality than the 
control group (day 14 mortality 19% vs 34%, respectively).79

  TABLE 63-2    Drugs That May Precipitate Serotonin Syndrome

Antidepressants/antipsychotics
Monoamine oxidase inhibitors
Selective serotonin reuptake inhibitor
Serotonin-norepinephrine reuptake inhibitors
Tricyclic antidepressants
Tetracyclic antidepressants
Trazodone
Tranylcypromine
5-Hydroxytryptophan
Buspirone
Olanzapine
Lithium

Opiates
Fentanyl
Methadone
Meperidine
Tramadol

Headache, nausea, antiepileptics
Triptans
Valproate
Carbamazepine
Ergot alkaloids
Ondansetron
Metoclopramide

Anti-infectives
Linezolid
Ritonavir

Stimulants/psychedelics
Cocaine
Methamphetamines
Dextromethorphan

Miscellaneous
Cyclobenzaprine
Methylene blue
St John wort
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CONCLUSION
Over half of all intensive care patients will develop fever sometime  
during their ICU stay and countless additional patients will present to 
the ICU with established fever or hyperthermia. An elevated tempera-
ture causes great concern in health care providers and is often regarded 
as a marker of an unwanted complication. Near 50% of all unexplained 
fevers in intensive care patients are from noninfectious causes. The 
occurrence of a fever deserves a critical and systematic appraisal to 
provide the best and appropriate level of response. But because it can be 
difficult to exclude infection using only clinical data, the initial approach 
to fever often involves additional imaging, cultures, and escalation of 
antibiotics. Fever by design is often a normal adaptive response and 
suppressive interventions may fail to provide benefit to many patients.
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C H A P T E R

KEY POINTS

•• The definition of sepsis is two or more systemic inflammatory 
response criteria plus a known or suspected infection.

•• Severe sepsis is sepsis with acute organ dysfunction. Acute organ 
dysfunction can manifest in any organ, and frequently manifests 
clinically as shock, respiratory failure, acute kidney injury, hemato-
logic or metabolic disturbances, or neurologic decline. Septic shock 
is a form of severe sepsis where the organ dysfunction involves the 
cardiovascular system.

•• Sepsis results in a complex set of interactions between the incit-
ing microbes and the host immune response, which triggers the 
inflammatory cascade and coagulation pathway.

•• Management of sepsis patients involves early infection recogni-
tion, source control, fluid therapy, antibiotics, and hemodynamic 
supportive care. Early goal-directed therapy is the term for current 
early fluid resuscitation strategies that target central venous or 
mixed venous oxygen saturation.

•• The most common parameters used in monitoring septic patients 
are pulse oximetry, arterial blood pressure, central venous pressure, 
central venous or mixed venous oxygen saturation, and blood lac-
tate. Other parameters that may guide therapy include cardiac out-
put, systemic vascular resistance, and extravascular lung water. Each 
of these parameters is complementary and may assist in both the 
early and late management of sepsis, organ dysfunction, and shock.

•• Sepsis care bundles have become an integral part of the “Surviving 
Sepsis Campaign,” which aimed to improve survival from severe 
sepsis. These multifaceted interventions facilitate compliance 
with evidence-based guideline recommendations by creating two 
“bundles” that are sequentially completed at 6 and 24 hours.

DEFINITIONS AND EPIDEMIOLOGY
Sepsis has been a life-threatening medical condition since the first steps 
in evolution. Antimalarial compounds were prescribed for fever in 
China as early as 2735 bc and Hippocrates recognized the anti-infective 
properties of wine and vinegar around 400 bc. The basic premise of 
infection and immune response were recognized from the time that 
Marcus Terentius Varro in 100 bc noted that “small creatures invisible 
to the eye, fill the atmosphere, and breathed through the nose cause dan-
gerous diseases.” These early concepts carried through the Black Death 
plague of the middle ages and Janssen’s invention of the microscope, to 
Louis Pasteur’s germ therapy, and on to Ignaz Semmelweis and Joseph 
Lister’s antisepsis practices. At the turn of the last century, William Osler 
recognized that “the patient appears to die from the body’s response to 
infection rather than from it.”

Despite clear advances in understanding infection and the immune 
response, sepsis was not recognized as a specific medical entity deserv-
ing of recognition and focused study until the 1970s. In order to facilitate 
the study of sepsis, in 1992 the American College of Chest Physicians 
(ACCP) and the Society of Critical Care Medicine (SCCM) jointly 
developed a set of consensus definitions for sepsis and related disorders 
(Table 64-1).1 In so doing, the ACCP/SCCM consensus definitions 
immediately created a clinically applicable definition that may be used 
at the bedside and can be used equally to identify patients for clinical 
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trials and test new therapeutics. Although the ACCP/SCCM consen-
sus definition is imperfect, suffering from both a lack of sensitivity  
and specificity, it has transformed our understanding of sepsis epidemi-
ology and pathogenesis, and it has permitted the successful testing of 
novel therapies for this condition.

An underlying principle of the ACCP/SCCM definition is that clini-
cal sepsis represents the immune response to infection. That principle 
is the foundation for defining sepsis as the intersection between the 
systemic inflammatory response syndrome (SIRS) criteria and infec-
tion (Fig. 64-1). The SIRS criteria are not specific for sepsis, and may 
be present in a high proportion of acutely ill and hospitalized patients. 
However, when at least two criteria are present and related to an infec-
tion, sepsis is diagnosed (Table 64-1). Making the diagnosis of sepsis 
is the foundation for understanding a variety of related processes that 
stem from the same host immune response. Acute organ dysfunction is  
the hallmark of a more lethal form of sepsis: those patients who have 
sepsis and acute organ dysfunction are diagnosed with severe sepsis. 
Acute organ dysfunction, to be discussed in detail later, may occur in 
any organ of the body, and frequently manifests clinically as shock, 
respiratory failure, acute kidney injury, or other acute conditions. The 
recognition of severe sepsis is important as it portends a worse prog-
nosis and also directly influences medical therapy. The most severe 
form of sepsis is septic shock, defined as refractory hypotension despite 
fluid resuscitation. Septic shock almost invariably associates with other 
acute organ dysfunction and carries the highest mortality of all forms of 
sepsis. However, even among the critically ill patients with septic shock, 
prognosis is influenced by the occurrence of other acute organ dysfunc-
tion and the presence of chronic comorbid medical conditions.

While these definitions have served to permit studies of sepsis epi-
demiology and enrollment of subjects into clinical trials of successful 
new therapies, they have been criticized for being both insensitive 
and not specific for sepsis. These limitations led to another consensus 
conference with representatives from the SCCM, ACCP, the European 
Society of Intensive Care Medicine, the American Thoracic Society, 
and the Surgical Infection Society. Because a superior clinical definition 
was not apparent, the conference retained the original definition and 

  TABLE 64-1    Definition of Sepsis and Related Disorders

Disease State Definition Mortality

Sepsis Infection + at least two SIRS criteria Determined by the 
underlying condition

Severe sepsis Sepsis with acute organ dysfunction 25%-40%

Septic shock Sepsis with refractory hypotension despite  
adequate fluid loading (vasoplegia)

40%-80%

Infection Sepsis SIRS

Trauma

Burns

Pancreatitis

FIGURE 64-1.  Venn diagram.

developed two new and important concepts. The first concept is that the 
SIRS criteria are only a few signs or symptoms that may indicate sepsis, 
and while a new version of the SIRS criteria was not proposed, it was 
recognized that delaying a diagnosis of sepsis when the traditional four 
SIRS criteria are absent is ultimately a disservice to an acute ill patient. 
Additional potential criteria were proposed, including heterogeneous 
clinical and laboratory manifestations of systemic illness (alterations 
in mental status or hyperglycemia), infection (eg, elevated C-reactive 
protein or procalcitonin), and even sepsis-related organ dysfunction 
(central venous hypoxia, coagulopathy, oliguria, mottling). The second 
important concept put forth was the necessity to characterize the “stage” 
of illness for sepsis patients, as is done with cancer or heart disease. They 
proposed this as the PIRO model—Predisposition, Insult/Infection, 
Response, Organ dysfunction—which has since been validated as a tool 
for prognosticating outcomes with sepsis.2-4

■■ MICROBIOLOGICAL CAUSES
Sepsis is classically considered a disease related to a gram-negative bac-
terial infection because of the original pathophysiological understand-
ing linked to endotoxin (see the section Pathophysiology). However, 
recent epidemiological studies show that, when analyzing sepsis by 
identified organisms, gram-positive bacteria became the predominant 
cause of sepsis by the mid-1980s.5 This increase is multifactorial, includ-
ing temporal changes in antibiotic pressure, changing patterns of health 
care delivery (eg, increasing use of invasive procedures) and patient 
populations (eg, growth of immunocompromised populations), and 
increasing rates of nosocomial sepsis overall. These factors are in addi-
tion to concerns that gram-positive organisms may offer differences 
in virulence due to cell wall constituents and exotoxins, as evidenced 
by toxic shock syndrome. Studies of inciting organisms with sepsis are 
hampered by our limited ability to convincingly identify the causative 
organism in more than 50% to 75% of cases, even in those with septic 
shock.6,7 However, although bacterial causes of sepsis predominate, fun-
gal infections causing sepsis show the greatest rate of increase for any 
identified organism, far exceeding the rates of increase with any other 
pathogen.5 Other organisms may also elicit a sepsis response, such as 
parasites, Pneumocystis, and acute viral infections.

■■ SOURCES OF SEPSIS
The sources of sepsis vary according to the type (severity) of sepsis. 
Sepsis overall is dominated by respiratory infections, accounting for 
approximately 40% to 50% of cases, with genitourinary (30%) and gas-
trointestinal (25%) infections being next most common.6 For patients 
with septic shock, respiratory infections still predominate (40%), but 
gastrointestinal (30%) and genitourinary (15%) infections switch places, 
in part because gastrointestinal infections are more frequently severe 
compared to genitourinary infections.7 The remainders of infections are 
identified from miscellaneous sources that vary depending on the study, 
but invariably include skin and soft tissue infections, bone and joint 
infections, central nervous system infections, and primary bacteremia. 
Importantly, the sources of nosocomial sepsis also differ, with a higher 
proportion of surgical site infections and catheter-related infections 
(vascular or urinary catheters most commonly), although respiratory 
infections remain the dominant source even in these patients.

■■ RELATED EPIDEMIOLOGICAL PHENOMENA
As may be expected, certain factors may predispose to the development 
of sepsis. Some factors may be manipulated or controlled, whereas others, 
such as age, are impossible to influence directly. Age is among the most 
potent predictors of the risk for sepsis, with sepsis risk increasing expo-
nentially after the age of 60 years.8-10 Many chronic comorbid medical con-
ditions alter the risk for developing sepsis, particularly those that require 
frequent exposure to the health care system or are associated with altered 
immunity. For example, chronic immunosuppression increases the risk of 
both infection and sepsis, and this is evidenced by high rates of sepsis in 
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patients with cancer, diabetes, and HIV disease.6,11,12 Remarkably, patients 
with cancer have among the highest population-adjusted rates for sepsis—
similarly high to that for patients with HIV and exceeding estimated rates 
with chronic lung disease, heart disease, and diabetes.11

Sepsis incidence and mortality is also influenced by regional, seasonal,  
and cultural factors. Sepsis rates are lowest in the fall and highest in 
the winter, with the greatest increase in cases due to respiratory infec-
tion. Regional differences in sepsis incidence are also apparent, with 
higher rates in the Northeastern United States and the greatest seasonal 
changes in rates between the fall and winter seasons also seen in the 
Northeast.13 Both the seasonal and regional variation may relate to 
rates of viral infections, which closely track cases of respiratory sepsis. 
Infection and sepsis rates are affected by myriad factors in the develop-
ing world, including climatic conditions, and although data outside of 
well-developed nations are sparse, the frequency of infectious diseases 
makes sepsis a likely culprit for the leading cause of death worldwide.

PATHOPHYSIOLOGY
Over the years, a considerable amount has changed in the way we 
think about sepsis pathophysiology. Initially considered a syndrome 
of exaggerated inflammation, sepsis is now recognized as a complex 
set of interactions between the inciting microbes and the host immune 
response, which triggers the inflammatory cascade and coagulation 
pathway (Fig. 64-2).

■■ MICROBIOLOGY
Different microorganisms have devised their own unique method of 
attack. For example, gram-positive bacteria such as Staphylococcus 
aureus or Streptococcal pyogenes have a special exotoxin than can lead to 
a particular type of sepsis called toxic shock syndrome (TSS). The exo-
toxin is a superantigen and it bridges the T-cell antigen receptor (TCR) 
to bind to major histocompatibility complex (MHC) causing massive 

T-cell stimulation.14 Gram-negative bacteria, such as Escherichia coli, 
have a complex lipid called lipopolysaccharide (LPS) in its membrane 
barrier, which activates the innate host immune response.15 Similar to 
bacteria, viruses have a unique molecular pattern that is recognized 
and identified by various host Toll-like receptors (TLR). Additionally, 
an immunosuppressed host can fall prey to fungal infections such as 
Candida albicans, an opportunistic pathogen that develops as a con-
sequence of an inadequate immune host response. It is able to display 
various morphologies from a unicellular form (eg, hyphae, pseudohy-
phae, or chlamydospores) and can threaten an altered immune host.16 
As mentioned above, sepsis can occur with any of these microorganisms 
and each may initiate a host immune response resulting in a complex 
inflammatory and coagulation cascade.

Host Immune Response:  The host’s response to an infection depends 
on both the innate and acquired host immune system. Certain 
patients are more susceptible to sepsis due to their inability to mount 
a normal immune response. The first line of host defense is the epi-
thelium where the pathogen can break through and enter the host. 
The innate and acquired immune systems orchestrate their various 
roles in an attempt to eradicate the threatening pathogen.

Microbes that breach the epithelium are recognized by macrophages 
with “pattern recognition receptors,” which are TLRs. The TLR triggers 
an intracellular signaling cascade, such as nuclear factor-κB (NF-κB), 
which activates phagocytic macrophages.17 The inflammatory response 
instructs the innate immune system to provide reinforcements. The  
innate immune system responds rapidly and mobilizes quickly.  
The adaptive immune response takes days to weeks for T and B cells to 
identify and replicate antigen specific receptors.

Inflammation:  An infectious insult can trigger a cascade of innate 
humoral, cytokine, and complement responses in a host, which can 
cause cellular dysfunction and tissue damage, potentially leading to 
multiorgan dysfunction and death.
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Cytokines:  Many cytokines serve as messengers to the host immune  
system, promoting an increased inflammatory response.7 Pro
inflammatory cytokines (eg, interleukin-1 [IL-1], IL-2, IL-6, IL-8, 
IL-10, interferon gamma [INF-γ], and platelet-activating factor [PAF]) 
conduct a myriad of biological pathways that are known as the systemic 
inflammatory response syndrome (SIRS).17 Chemokines are a family of 
cytokines that has the capacity to regulate leukocyte migration and 
are crucial to the organization and structure of cell distribution in 
the inflammatory response.17 During inflammation, neutrophils and 
macrophages produce large amounts of reactive oxygen species (ROS) 
and reactive nitrogen species (RNS), which allows the neutrophils and 
macrophages to kill microorganisms. ROS can also cause oxygen cell 
damage of the endothelium.18 The imbalance between production and 
adequate removal of ROS can result in leukocyte and platelet adhesion, 
changes in vascular tone and vascular permeability. ROS and RNS can 
also contribute to mitochondrial dysfunction.18 Oxygen delivery is 
impaired in sepsis as is the cell’s ability to utilize oxygen coining the 
phrase “cytopathic hypoxia.”19 Depletion of mitochondrial ATP and 
impaired oxidative phosphorylation has been demonstrated in animal 
models. Mitochondrial dysfunction in skeletal muscle and liver has 
been associated with poor outcomes in septic patients. Mitochondria 
are the main cellular oxygen consumers and their dysfunction in sepsis 
related to multiorgan dysfunction is an area of research interest.

The early inflammatory response is followed by an anti-inflammatory 
response by mediators such as IL-10, IL-1 receptor antagonist (IL-1ra), 
and soluble tumor necrosis factor (TNF) receptor in order to estab-
lish homeostasis.20 In addition, T-helper cells are able to change their 
production of type 1 proinflammatory to type 2 anti-inflammatory  
cytokines. Organ dysfunction and mortality often occur during this 
period of hypoimmunity. This hypoimmune state can also prolong the 
host ability to recover.

Complement:  Complement activation includes three major pathways 
as part of the innate immune system. All three pathways lead to C3, 
which starts the cascade of cleavage products like C3a, C3b, C5a, 
C5b, and C5b-C9 lytic membrane attack complex where complement 
molecules create a pathway for fluid to shift from the extracellular to 
intracellular space resulting in cell wall lysis of the pathogen.7,21

Coagulation Imbalance:  In recent years, it has been discovered that the 
coagulation system acts in concert with the inflammatory cascade in 
the pathophysiology of sepsis.22 The endothelium is the protective 
barrier for the blood vessel. In sepsis, their integrity is compromised. 
Damage to the endothelium causes hemorrhage and increases perme-
ability,23 which is a key factor to the pathogenesis of severe sepsis.

Endothelial cells maintain systemic blood pressure and flow to organs. 
The human body contains about 1013 endothelial cells, an area of 4000 to 
7000 m2.18 Damage to the endothelial cells cause tissue edema by increas-
ing microvascular permeability resulting in fluid loss into the interstitial 
space, which can lead to hypovolemia, arterial hypoxemia, impaired gas 
exchange, and impaired tissue oxygen distribution.24 Endothelial damage  
ignites the coagulation tissue factor cascade as well.25 The protein C 
pathway serves as an anticoagulant system, promoting fibrinolysis 
by inhibiting thrombosis and inflammation.25 Thrombin binds to 
thrombomodulin at the endothelial protein C receptor (EPCR) on the 
endothelium, resulting in a complex that rapidly activates protein C, 
which binds to protein S, ultimately inactivating factors Va and VIIIa. 
Activated protein C (APC) is decreased in sepsis by impaired synthesis, 
consumption, and degradation.25

ORGAN DYSFUNCTION IN SEPSIS

■■ CARDIOVASCULAR DYSFUNCTION
Septic patients often have an elevated troponin level and it was unclear 
at first if this represented irreversible myocardial injury or reversible 
myocardial depression.26 However, previous studies found that coronary 
blood flow did not differ between septic shock and healthy patients. 

Additionally, coronary blood flow did not change between septic shock 
patients who developed myocardial depression and those who did not.26

There are multiple mechanisms contributing to myocardial dysfunction 
in sepsis. The proinflammatory mediators already discussed such as tumor 
necrosis factor-alpha (TNF-α), interleukin (IL), and nitric oxide (NO) 
depress cardiac myocyte contractility.27 Excess NO production by vascular 
endothelial cells causes myocardial depression.27 Changes in volume status,  
downregulated β receptors, reduced calcium from the sarcoplasmic reticu-
lum, and downregulated signaling pathways all contribute to septic cardiac 
dysfunction.27 Dysfunction can be seen early in sepsis and an echocar-
diogram may reveal systolic, diastolic, and/or biventricular dysfunction. 
Myocardial depression can also exist in a hyperdynamic state. Cardiac 
function usually recovers between 7 and 10 days after onset.28

■■ VASCULAR DYSFUNCTION
In contrast to cardiogenic or hypovolemic shock, septic shock is a dis-
tributive shock state resulting in vessel dilatation instead of vasoconstric-
tion during hypotension. NO is overproduced by inducible nitric oxide 
synthase (iNOS) found in arterial smooth muscle cells and endothe-
lium.29 NO is released into circulation bound to hemoglobin. Overactive 
substances like NO decrease vascular tone by activating potassium 
channels and hyperpolarizing smooth muscle plasma membranes.30 This 
leads to the most common presentation of a septic patient with hyperdy-
namic cardiac output, hypotension, and low systemic vascular resistance.

■■ RESPIRATORY DYSFUNCTION
Sepsis is a major risk factor foracute respiratory distress syndrome 
(ARDS), which is characterized by neutrophilic inflammation and 
increased pulmonary vascular permeability. Development of ARDS is 
associated with a high rate of morbidity and mortality in the range of 
30% to 50%. ARDS can progress into a more fatal form known as acute 
respiratory distress syndrome (ARDS), which carries an even higher rate 
of fatality.31 The pooled mortality rate for ALI/ARDS in several locations 
around the world exceeds 40%.32

There are two barriers that make up the alveolar-capillary barrier: the 
microvascular endothelium and the alveolar epithelium. In the acute 
phase, there is denudation of the basement membrane and sloughing off 
of the bronchial and epithelial cells. Neutrophils adhere to the injured 
capillary endothelium and marginate into the air space interstitium. In 
the air space, alveolar macrophages attack by secreting TNF-α, IL-1, 
IL-6, IL-8, and IL-10, which signal chemotaxin and neutrophils to attack. 
Neutrophils bombard the pathogen by releasing proteases, leukotri-
enes, and platelet-activating factor (PAF).33 Many research groups are 
actively seeking accurate biomarkers for both diagnosis and prognosis in 
patients with ARDS. Investigators have identified certain inflammatory 
mediators such as IL-1β and TNF-α, which have been found in the distal 
airways in ARDS patients.34-36 IL-8, plasminogen activator inhibitor-1, 
and protein C of the coagulation system have also been suggested to be 
predictive of clinical outcomes in this patient population.37 Markers of 
both endothelial lung injury, such as Von Willebrand factor, and epithe-
lial lung injury, such as receptor for advanced glycation end products 
(RAGE) and surfactant protein-D (SP-D), are being studied as potential 
markers for disease severity.38

■■ GASTROINTESTINAL DYSFUNCTION
In sepsis, the gastrointestinal track becomes hypoperfused, which 
can result in gut ischemia, but in addition reperfusion of the gut can 
ignite proinflammatory mediators, which can cause intestinal perme-
ability, ileus, and bacterial translocation.39 Bacterial translocation is the  
passage of endogenous bacterial flora endotoxins across mucosal barriers.  
Ileus, defined as intestinal dysmotility, causes an accumulation of bac-
teria of the stomach and small intestine that predisposes to bacterial 
translocation and aspiration pneumonia. The pathogen can also sense 
the alteration in the host and enhance their virulence phenotype.40 
Therefore, ileus perpetuates the infectious and proinflammatory state of 
sepsis contributing to multiorgan failure.39
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Cholestasis develops from inflammation of cytokines within hepato-
cytes. The proinflammatory cascade represses hepatobiliary transporter 
gene expression. Hepatobiliary transport system is crucial for the uptake 
and excretion of bile acids41 and so disruption in this process can result 
in sepsis-associated cholestasis.

■■ KIDNEY DYSFUNCTION
The hypoperfusion state of sepsis with systemic vasodilatation can also 
cause poor perfusion to the kidney, resulting in acute kidney injury 
(AKI). Fifty percent of AKI in the intensive care unit (ICU) is caused 
by sepsis and the incidence rises with the severity of sepsis.42 Twenty-
three percent of patients with sepsis have AKI and 51% of patients 
with septic shock develop AKI.42 Renal hypoperfusion can occur even 
in the absence of severe hypotension, especially in high-risk patients 
with baseline renal dysfunction.42 Aggressive fluid resuscitation can 
cause capillary leaks that lead to tissue edema in the abdomen that  
can further impede blood flow to the kidneys.42 Decreased renal func-
tion has been associated with a 6.5-fold increase in odds of death.43,44 
Those who require renal replacement therapy (RRT) have a mortality 
rate of 50% to 80%.45

■■ HEMATOPOIETIC CELL DYSFUNCTION
IL-6 and TNF-α decrease iron in the blood due to stimulation of ferritin 
synthesis, resulting in a decrease tissue iron release and consequential fall 
in soluble transferring receptors, which are needed to stimulate erythroid 
growth.46 Inflammatory cytokines increase hepcidin expression, which 
causes decreased absorption of iron from the intestine and diverts iron to 
storage sites like the reticuloendothelial system (RES) and the liver. This 
causes a decline in serum iron concentrations and transferrin saturation, 
which results in decreased erythroid formation and shortened survival of 
red cells.47,48 Given that oxygen is transported by hemoglobin, decreased 
red blood cell production and cell life directly impact oxygen-carrying 
capacity to vital organs. This has a profound effect on oxygenation and 
perfusion, which can lead to multiorgan failure.

Endothelial cells and megakaryocytes, which are precursors to platelets,  
come from the same bone marrow progenitor cells. Also, they share 
the same transcriptional and gene expression pathways such as von 
Willebrand factor.49 There is a strong interplay of communication between 
endothelial cells and platelets. Platelets release signaling pathways to 
the endothelium through cytokines like IL-1, transforming growth 
factor (TGF), and platelet-derived growth factor (PDGF). Conversely, 
endothelial cells can inhibit or promote platelet activation through NO or 
PAF. Miscommunication between these cells can lead to thrombocytope-
nia, which has an incidence of 35% to 59% in septic patients.49

■■ CENTRAL NERVOUS SYSTEM DYSFUNCTION
Seventy percent of patients with severe sepsis develop septic 
encephalopathy.50 It is the most common form of encephalopathy in 
ICU patients, associated with increased morbidity and mortality. The 
symptoms vary from mild confusion, agitation, and delirium to stupor 
and coma.51 Originally septic encephalopathy was thought to be due 
to the presence of microorganisms or toxins in the blood. However, 
microorganisms and toxins have not been isolated from many septic 
patients.50 The exact mechanism in septic encephalopathy in humans is 
unknown, although alterations in neurotransmitters and their receptors 
are being investigated. Chronic LPS exposure in hippocampal cells has 
been found to increase the hippocampus production of IL-1bβ, and 
IL-1β-dependent IL-6 levels, which effects the neuronal and synaptic 
function that could contribute significantly to cognitive disturbances.52 
Altered iNOS expression disrupts glutamatergic neurotransmission, 
expression, and function leading to behavioral changes in rat models.51 
Septic encephalopathy likely arises from brain injury from inflammatory 
mediators and the brain cells’ cytotoxic response to these mediators.50

Tight junctions between endothelial cells make up the blood-brain 
barrier, which regulates the uptake and efflux of nutrients, toxins, 

and metabolites in and out of the brain. Compromise to this highly 
regulated security system causes entry of inflammatory cells and toxic 
metabolites, which leads to neuronal tissue edema, limiting diffusion 
and oxygenation utilization.51 Astrocytes are important in inducing the 
blood-brain barrier properties and their damage will cause increased 
permeability. Astrocytes have receptors for inflammatory mediators. In 
human astrocyte cultures, recombinant human gamma interferon and 
IL-1β induce the formation of reactive oxygen intermediates that are 
toxic, allowing vulnerability to free radical injury and hypoxic injury. 
Damaged astrocytes will impair the regulation of local blood flow and 
the synaptic activity of neurons.50

■■ ENDOCRINE DYSFUNCTION
It is well known that acute illness and injury results in insulin resistance 
and consequential hyperglycemia.53 Critical illness is associated with 
increases in many counterregulatory hormones (glucagon, epinephrine, 
growth hormone) and cytokines (TNF-α, IL-1) resulting in a sustained 
increase in plasma glucose despite hyperinsulinemia.54,55 Resultant 
hyperglycemia can have significant side effects such as impaired 
wound healing,56 vascular and endothelial dysfunction,57 and increased  
proteolysis.58 Intensive insulin therapy has been shown to beneficially 
affect innate immunity by preventing catabolism and lactic acidosis, 
exerting anti-inflammatory effects59-61 and protecting endothelial62 and 
hepatocyte mitochondrial function.63

Thyroid hormones regulate energy expenditure and orchestrate 
metabolism. Early in acute stress, triiodothyronine (T3) rapidly declines. 
Low T3 levels remain even after thyroid-stimulating hormone (TSH) 
normalizes, a condition called low T3 syndrome. Low T3 decreases the 
pulsatile release of TSH, causing low levels of thyroxine (T4).63

Hillenbrand reported that adipokines and resistin, produced by 
adipose tissue and macrophages respectively, contributed to insulin 
resistance in septic patients.64 The hypothalamic corticotropin-releasing 
hormone (CRH) stimulates the pituitary for release of adrenocortico-
tropic hormone (ACTH) and corticotropin, which trigger the adrenal 
cortex to produce cortisol. Cortisol levels are usually increased in 
the early phase of sepsis and cause an increase in the release of CRH 
and ACTH.63 Elevated cortisol shifts carbohydrate, protein, and fat 
metabolism to allow immediate energy availability to vital organs. Both  
systemic and neural pathways activate the hypothalamic-pituitary 
adrenal axis.65 Several studies have revealed that septic patients have 
elevated baseline cortisol levels and a lower cortisol response to ACTH 
simulation test causing a relative adrenal insufficiency.65 This relative 
adrenal insufficiency has been associated with an increased length of 
ICU and hospital stay.65

DIAGNOSIS, PROGNOSIS, AND MONITORING

■■ PATIENT PRESENTATION AND DIAGNOSTIC APPROACH
Patients can present in a myriad of ways with sepsis, and thus clinicians 
must have a high index of suspicion for infections that may cause sepsis 
as well as for the condition itself. The most systematic way to diagnose 
sepsis is to determine the SIRS criteria on all patients. Many patients 
may have subtle findings and various combinations of the SIRS criteria, 
presenting with mild leukocytosis and tachypnea, or mild tachycardia 
and fever or often overlooked hypothermia. During the initial evalua-
tion of the patient, the patient should be evaluated for the SIRS criteria 
and then clinically assessed for any evidence or suggestion of infection. 
Patients can present in profound septic shock with an occult infec-
tion. Severe sepsis can be easily missed on admission. Patients can be 
admitted to a general hospital floor and acutely decompensate, requiring 
emergent ICU transfer.

The first step in both diagnosing and managing a patient with sepsis 
is a complete history and physical examination. The vital signs pro-
vide important information on the systemic nature of the infection 
and the overall condition of the patient. Clinicians are like detectives, 
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systematically evaluating the patient from head to toe to find symptoms 
and signs of infection and organ dysfunction. Starting from the head, the 
patient’s neurological status should be assessed. Is the patient alert and 
oriented or confused and agitated? Is the patient hypoactive or hyperac-
tive, either of which may be signs of encephalopathy? In patients with 
preexisting cerebrovascular disease or dementia, sepsis may worsen 
baseline neurological function. Does the patient have nuchal rigid-
ity secondary to meningitis? Orbital and oral examinations are also 
important. Patients may have subtle signs of oral candidiasis often seen 
in immunocompromised patients. Auscultation of the lungs may reveal 
rhonchi or crackles (suggesting pneumonia) or dullness to percussion 
(suggesting pleural effusion). The abdominal examination may reveal 
ascites, tenderness, or other physical findings indicative of abdominal 
infections. Cholecystitis and acute cholangitis may cause pain in the  
right upper quadrant, while pancreatitis may present similarly in  
the epigastrium. Diverticulitis, appendicitis, and peritonitis can present 
with diffuse abdominal pain. Also, the skin should not be forgotten for  
signs of erythema, rash, or skin breakdown, which could be entry points  
for infectious pathogens. Cellulitis in diabetic patients can cause sepsis 
and may indicate a polymicrobial infection. Necrotizing fasciitis can 
cause rapidly progressive sepsis and organ dysfunction starting with sub-
tle skin findings, advancing to crepitus and myonecrosis within hours.

■■ LABORATORY STUDIES AND RADIOLOGIC IMAGING
Every attempt should be made to locate and identify the infec-
tious pathogen. This usually involves blood, urine, and respiratory 
cultures. Additional directed samples from suspected sources such 
as cerebrospinal fluid in suspected meningitis, pleural fluid from sus-
pected empyema, bronchial alveolar lavage or bronchial brushings from 
respiratory bronchi, and ascitic fluid in suspected peritonitis may be 
warranted (see the section Source Control).

Other diagnostic studies include a complete white blood cell count 
with differential, a complete metabolic profile evaluating electrolytes, 
kidney, and liver function as well as a coagulation profile (platelets, 
prothrombin time, and partial thromboplastin time). If the coagulation 
profile is abnormal, further evaluation with specific parameters to evalu-
ate for disseminated intravascular coagulation (fibrinogen, fibrin split 
products, and D-dimer) should be ordered. For patients with respiratory 
dysfunction, arterial blood gases are appropriate to evaluate for pending 
respiratory failure, and for patients with severe sepsis, a lactate and a 
central venous or mixed venous blood gas is also appropriate (see the 
section Fluid Therapy). Septic patients commonly have multiple abnor-
malities on laboratory examination.

As previously discussed, the pathogenesis of sepsis can affect every 
organ. After a thorough history and physical examination, diagnostic 
imaging should be ordered targeting abnormalities noted on physical  
examination. Chest imaging is frequently useful, and is necessary 
in patients with suspected respiratory or pleural infection. A simple 
flat plate radiograph of the abdomen can help in diagnosing ileus or 
perforation, although computed tomography has superior diagnos-
tic capability for the myriad of diseases that occur in the abdomen  
(eg, pancreatitis, colitis, biliary diseases, or abscess). Ultrasonography 
is increasingly useful in the evaluation of many sources of infection, 
including the chest, abdomen, genitourinary system, soft tissue, and 
cardiac structures.

■■ PROGNOSIS: BIOMARKERS OF SEPSIS
Various biomarkers have been evaluated for diagnosis, risk stratifica-
tion, and prognosis in sepsis. In the most recent sepsis consensus con-
ference, the diagnostic approach to sepsis remained unchanged largely 
because no biomarker has sufficient diagnostic accuracy to reliably 
diagnose or exclude sepsis.66,67 However, a few biomarkers are worth 
discussing for either conceptual illustration or because of purported 
clinical value: interleukin-6 (IL-6), C-reactive protein (CRP), soluble 
triggering receptor expressed on myeloid cells (sTREM)-1, and procal-
citonin (PCT).66

■■ INTERLEUKIN-6
Tumor necrosis alpha (TNF-α) induces IL-6, which has a longer half-life 
than other inflammatory cytokines and thus can be measured reliably 
in the serum after the host mounts an immune response. IL-6 has been 
identified as an important mediator in septic shock and has shown a  
correlation with disease severity.66 A retrospective study of the pla-
cebo arm of the Recombinant Human Activated Protein C Worldwide 
Evaluation in Severe Sepsis (PROWESS) trial found that IL-6 levels cor-
related with AKI.45 However, IL-6 lacks specificity because it is elevated 
in various noninfectious inflammatory conditions as in trauma, surgery, 
and critical illness.68 Previous studies have revealed that the accuracy of 
IL-6 likely depends on the timing and frequency of measurements, with 
levels >1000 ng/mL being highly predictive of sepsis-related death.66 
IL-6 levels are not routinely available from a clinical laboratory.

■■ C-REACTIVE PROTEIN
C-reactive protein is an acute phase protein with both pro- and 
anti-inflammatory properties that is produced mostly by hepa-
tocytes and alveolar macrophages.66 CRP, through the expression of 
anti-inflammatory cytokine transforming growth factor β (TGF- β),  
augments opsonization and phagocytosis of apoptotic cells.69 Clinically, 
CRP levels are often used to monitor antibiotic treatment response to 
various chronic infections, such as osteomyelitis. Similar to IL-6, CRP 
is elevated in various noninfectious states and although inexpensive and 
widely accessible, it is not sufficiently specific for clinical use in patients 
with sepsis. In addition, studies have found that CRP levels are elevated 
in sepsis but they do not correlate well with Sequential Organ Failure 
Assessment scores (see the section Severity Index Scores).70,71

■■ SOLUBLE TRIGGERING RECEPTOR EXPRESSED ON MYELOID CELLS
Soluble triggering receptor expressed on myeloid cells (sTREM-1), 
part of the immunoglobulin superfamily, is stimulated in response 
to infection. Previous studies have investigated the use of sTREM-1 
as a diagnostic biomarker for febrile neutropenic patients and found 
sTREM-1 sensitivity and specificity were 88% and 48%, respectively.72 
When comparing serum sTREM-1 and cytokine levels between septic 
and nonseptic patients with ARDS, sTREM-1 could not differentiate 
between groups, although higher initial levels of sTREM-1 and increas-
ing levels over 5 days predicted higher mortality.73 Other studies in 
adults and neonates have failed to demonstrate superiority of sTREM-1 
over CRP, PCT, or other markers for the diagnosis of sepsis, although 
they are generally prognostically significant.74,75

■■ PROCALCITONIN
Procalcitonin, a propeptide of calcitonin, is involved in the host inflam-
matory response. In animal models of sepsis, blocking PCT improved 
organ dysfunction.66 Multiple studies have been done looking at PCT 
as a specific diagnostic and prognostic biomarker for sepsis. Riedel et al  
studied the usefulness of PCT in the emergency room as a marker 
for blood stream infections. Serum samples of PCT were taken the 
same time blood cultures were obtained in 295 patients. Sensitivity 
and specificity for the PCT assay were 75% and 79%, respectively. The 
positive predictive value was 17% and the negative predictive value 98% 
compared with blood cultures, suggesting that PCT is a potential useful 
marker to evaluate for sepsis.76 PCT is studied in various other contexts 
as a marker of severity or a prognosticator for mortality such as postop-
erative sepsis, burn-related sepsis, and trauma-induced sepsis.77-80 These 
studies concluded that incorporating PCT into sepsis management 
for diagnosis and prognosis was beneficial. Karlsson et al found that 
although median PCT levels were not different between survivors and 
nonsurvivors, survivors had a greater than 50% decrease in their admis-
sion PCT levels compared to nonsurvivors, suggesting that the percent 
decrease of PCT levels was more important than the absolute level of 
PCT.81 Comparing PCT to CRP, IL-6, and lactate, PCT is consistent in 
detecting sepsis with a strong negative predictive value.70,82 The US Food 
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and Drug Administration has approved the use of PCT for risk assess-
ment for day 1 of ICU admission to determine progression of severe 
sepsis and septic shock, designating less than 0.5 ng/mL and greater than 
2 ng/mL as low and high risk for illness severity respectively.66 PCT has 
also been studied as a marker in a pilot antibiotic stewardship program. 
Nobre et al stopped antibiotic therapy when there was greater 90% drop 
in PCT level after 3 days on antibiotics and found a 4-day reduction in 
antibiotic use, and a 2-day decrease in ICU length of stay, without an 
increase in recurrent infections or death.83 This study excluded immu-
nosuppressed patients or patients with prolonged infections like endo-
carditis or osteomyelitis. PCT is the most promising sepsis biomarker 
to date; however, the assay availability and consensus on how the PCT 
absolute values should be interpreted and used for clinical judgment is 
still undecided.

To date, there is no single biomarker that provides sufficient diagnos-
tic discrimination either to diagnose or to exclude sepsis. It remains to 
be seen whether any biomarker may improve the diagnostic or prognos-
tic abilities to what is currently used, such as physical and laboratory 
examinations, and illness scoring systems (see the section Severity index 
scores). Given the complexity of sepsis and the common approach to 
integrate multiple pieces of information in decision making for these 
patients, the next approach may be to analyze a group of markers 
together in combination.66

Severity Index Scores:  There are several prognostic severity illness scor-
ing systems that have been studied and validated to risk stratify criti-
cally ill patients on the first ICU day. These include Acute Physiology 
and Chronic Health Evaluation (APACHE II), Simplified Acute 
Physiology Score (SAPS II), Sequential Organ Failure Assessment 
(SOFA), and Mortality Prediction Model (MPM-0). Each of these 
scoring systems allows clinicians to predict the likelihood of an 
adverse clinical outcome, such as death. Although they have differ-
ing strengths and weaknesses, they universally suffer from the same 
basic problem: they only accurately predict outcomes for a group 
of patients and not for an individual patient. However, they do  
permit institutional benchmarking for quality improvement, and they 
allow clinical researchers to compare treatment effects across patient 
populations controlling for illness severity or organ dysfunction. 
Here we discuss select severity scoring systems as they relate to sepsis 
(Table 64-2).

■■ THE ACUTE PHYSIOLOGY AND CHRONIC HEALTH EVALUATION
The first part of the APACHE scoring system is the Acute Physiology 
Score (APS). It calculates the probability of hospital mortality based on 
the main diagnosis84 and takes into account 33 physiologic measure-
ments within the first 24 hours of patient presentation. The scoring 
system ranges from 0 to 4 for each of the 33 physiologic measurements. 
The scoring is based on the worst vital sign, common laboratory, and 
Glasgow Coma Score derangements in the first 24 hours. It also takes 
into account the patient’s chronic health, evaluating preexisting chronic 
medical conditions or surgeries that will predispose the patient to an 
acute illness. APACHE II was validated in a study of 833 consecutive 
ICU admissions and produced accurate estimates of death rates and 
prognostication in various disease states.85 APACHE continues to be 
updated. APACHE III takes into account the acute diagnosis, the patient’s  
location prior to ICU admission and lead time, while APACHE IV 
includes additional chemistries, whether the patient was mechanically 
ventilated, the ICU admission diagnosis, length of hospital stay before 
ICU admission, and whether emergent surgery was performed.84,86

■■ SIMPLIFIED ACUTE PHYSIOLOGY SCORE
SAPS is a severity scoring system for estimating the risk of hospital death 
using 17 variables: 12 physiologic variables, age, type of admission, 
and 3 underlying disease states (hematological malignancy, acquired 
immunodeficiency syndrome, and metastatic cancer). SAPS II provides 
estimated risk of death without a primary diagnosis. Not requiring a 

  TABLE 64-2    Comparison of Severity Index

APACHE IV SAPS III SOFA MPM0-III

Age Age Age

ICU admission diagnosis ICU admission 
diagnosis

ICU admission diagnosis

Chronic disease Chronic disease Chronic disease

Patient location prior to 
ICU admission

Patient location  
prior to ICU 
admission

Nonelective surgery

Emergency surgery

Length of stay before ICU

Mechanical ventilation Mechanical ventilation 
within 1 h of admission

CPR 24 h before admission

Full code status

Physiologic variables

Temp Temp

MAP SBP MAP SBP

HR HR HR

GCS GCS GCS Coma

RR

PaO2/FiO2 FiO2 and PaO2 if 
ventilated

PaO2/FiO2

Serum bilirubin Serum bilirubin Serum  
bilirubin

Serum sodium Serum sodium

Serum potassium Serum potassium

Serum creatinine Serum  
creatinine or 
urine output

WBC WBC

Platelet 
count

BUN BUN

Urine output mL/24 h Urine output

arterial pH

Hematocrit

Serum bicarbonate

Glucose

Albumin
APACHE IV, The Acute Physiology and Chronic Health Evaluation; FiO2, fraction of inspired oxygen; GCS, 
Glasgow Coma Scale; HR, heart rate; MAP, mean arterial pressure; MPM O-III, Mortality Probability 
Model III at Zero Hours; PaO2, partial pressure of arterial oxygen; RR, respiratory rate; SAPS II, Simplified 
Acute Physiology Score; SBP, systolic blood pressure; SOFA, Sequential Organ Failure Assessment; Temp, 
temperature; WBC, white blood cell.

primary diagnosis makes this scoring system advantageous, because 
often patients in the ICU have multiple or initially unknown diagnoses.87 
However, when this scoring system was validated in a multinational 
large clinical trial, the study excluded burn and cardiac patients.87 It is 
considered the simplest system for measuring ICU performance and 
comparing across years.84

■■ SEQUENTIAL ORGAN FAILURE ASSESSMENT
The development of the SOFA score was established to categorize the 
degree of organ dysfunction over time and to evaluate morbidity in 
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septic ICU patients. The SOFA score assigns 1 to 4 points for the level of 
dysfunction to six organ systems on a daily basis: respiratory, circulatory, 
renal, hematology, hepatic, and central nervous system.88 A systematic 
review evaluating SOFA for predicting mortality in the ICU revealed 
that SOFA scores at admission faired a little worse than APACHE II/III, 
but were comparable with SAPS II. Serial SOFA scores seem to perform 
similarly to other organ failure scores. The systematic review concluded 
that combination of the various models of SOFA with APACHE II/III 
and SAPS II improved prognostic performance.88

■■ MORTALITY PROBABILITY MODEL 0 AT ZERO HOURS
MPM-0 is a model predicting the probability of hospital death taken at 
24, 48, and 72 hours. It uses chronic health status, acute diagnosis, physio-
logic variables, and other parameters including mechanical ventilation.84  
MPM-0 was validated on 12,610 critically ill patients across Europe 
and the United States from 1989 to 1990.89 MPM-0 was then readjusted 
because observed mortality rate was lower than the predicted aging 
model. MPM-0 was recalibrated from 124,885 critically ill patients from 
2001 to 2004. Fifteen independent variables were used in addition to 
elective surgical patients and “do–not-resuscitate” orders were also taken 
into account.89

■■ MONITORING: HEMODYNAMIC AND CARDIOPULMONARY  
MONITORING IN SEPSIS

Septic patients often require intensive care due to the severity of their 
illness and the monitoring that is required for optimal patient care. The 
combination of dehydration and vasoplegia may result in profound 
hypotension with circulatory shock, necessitating some form of hemo-
dynamic monitoring. In particular, because early fluid resuscitation is 
crucial in the management of sepsis, accurate hemodynamic monitoring 
is critical to the initial approach to patient management and assessing 
the response to medical interventions. The most common parameters 
used in monitoring septic patients are pulse oximetry, central venous 
pressure (CVP), central venous or mixed venous oxygen saturation 
(ScvO2, SvO2), cardiac output (CO), systemic vascular resistance (SVR), 
and extravascular lung water (EVLW). Each of these parameters is 
complementary and may assist in both the early and later management 
of sepsis, organ dysfunction, and shock.

■■ CENTRAL VENOUS PRESSURE
Central venous pressure can be measured by transducing the pressure 
from a thoracic central venous catheter placed in either the internal jugu-
lar vein or the subclavian vein with its tip resting in the right atrium. CVP 
is used in the algorithm to deliver early goal-directed therapy (EGDT) 
(see the section Fluid Therapy), primarily as a measure of volume  
status and cardiac preload. Although some studies have suggested 
that CVP may be used to predict the hemodynamic response to fluid 
administration (eg, increased cardiac output after fluid administration),90  
CVP is notoriously inaccurate for this purpose.90 CVP cannot accurately 
identify patients who will respond to fluid administration, or those who 
will not respond to fluid administration with improved hemodynamics. 
In addition, CVP measures are context sensitive: for example, values 
<5 mm Hg may indicate hypovolemia in patients with sepsis and may 
be normal in healthy individuals. In addition, although the goal CVP 
for sepsis resuscitation is generally 8 to 12 mm Hg, for patients receiving 
positive pressure ventilation a higher CVP target (12-15 mm Hg) may 
be appropriate.91 Overall, CVP is not a good predictor of intravascular  
volume or fluid responsiveness and it cannot be used alone in determin-
ing fluid administration in sepsis.

■■ VENOUS OXYGEN SATURATION
Central venous oxygen saturation (ScvO2) may be determined from a 
thoracic central venous catheter, either by blood gas analysis or inter-
nally using a fiberoptic catheter. For patients with a pulmonary artery 
catheter in place, the same measures may be taken from the distal 

catheter tip for measures of mixed venous saturation (SvO2). Because 
ScvO2 and SvO2 are measures of oxygen returning to the right heart, they 
are general measures of both oxygen delivery and oxygen consump-
tion, and thus in part reflect tissue oxygenation.92 Since sepsis induces 
dysfunctional tissue metabolism as part of expected pathophysiology, 
oxygen extraction from the tissues may be disturbed and results in 
elevated ScvO2 or SvO2. However, for patients with septic shock, EGDT 
targets a “normalization” of ScvO2 and/or SvO2 by fluid administration, 
blood transfusion, and administration of inotropic agents, as needed.93

■■ CARDIAC OUTPUT AND FLUID RESPONSIVENESS
Cardiac output may be measured by a variety of invasive or noninvasive 
techniques in patients with sepsis, most frequently using standard ther-
modilution. By measuring CO, one can calculate SVR as an estimate of 
vascular tone. In order to optimize fluid resuscitation in patients with 
sepsis it is helpful to know whether a patient will improve (“respond”) 
with fluid administration or whether they suffer from pure vasoplegia 
and will only respond to pharmacological vasoconstriction (ie, intra-
venous vasopressors). Almost invariably, sepsis patients will respond 
to fluid administration, but the optimal volume varies widely between 
septic patients. Some patients may fail to respond further after admin-
istration of, for example, 2 L of intravenous crystalloid, whereas others 
may continue to improve their hemodynamics after more than 6 L of the 
same fluid administered. Optimizing and individualizing fluid resus-
citation may be achieved by determining in advance whether patients 
will respond to additional fluid resuscitation. This is done by knowing 
whether the CO will increase with fluid administration, most often by an 
increase in stroke volume (SV). One method to make this determination 
is by passive leg raising, resulting in autotransfusion of 200 to 500 cc of 
blood volume from the lower extremities to the central circulation. If CO 
increases with this maneuver, then fluid responsiveness is very likely.94 
Aside from this bedside maneuver, stroke volume variation (SVV), pulse 
pressure variation (PPV), and systolic pressure variation (SPV) are clini-
cally available predictors of fluid responsiveness.95 Higher values of these 
parameters predict fluid responsiveness because they measure variations 
in stroke volume with changes in intrathoracic pressure. There are mul-
tiple hemodynamic monitoring systems that can measure one or more 
of these parameters with good accuracy.96 However, SVV, PPV, and SPV 
rely upon significant and consistent changes in intrathoracic pressure, 
and they have not been validated as reliable predictors of fluid respon-
siveness in patients who are spontaneously breathing, dyssynchronously 
breathing with mechanical ventilatory support, or in patients with very 
low changes in intrathoracic pressure, including some patients managed 
with low-tidal-volume ventilation.97,98

■■ EXTRAVASCULAR LUNG WATER
Extravascular lung water is a quantitative measure of pulmonary 
edema. Because fluid resuscitation is a key component of early sepsis 
therapy and because negative fluid balance after initial resuscitation 
and hemodynamic stabilization is associated with improved clinical 
outcomes, monitoring of both fluid responsiveness and complications 
of fluid resuscitation can be valuable in patients with sepsis. EVLW has 
been associated with adverse clinical outcomes in critically ill patients, 
including greater mortality,99,100 and is predictive of the development of 
ARDS and adverse outcomes if ARDS develops.99 As a complementary 
pulmonary measure of fluid administration and tissue edema, it may be 
used to guide both fluid resuscitation and later fluid removal.

THERAPEUTIC APPROACH

■■ ANTIBIOTIC THERAPY
Although initiating aggressive fluid resuscitation is first priority when 
managing patients with severe sepsis or septic shock, antibiotic therapy 
should be initiated as soon as possible. Physicians should rapidly obtain 
cultures of suspected body fluids/blood from suspected sites of infection 
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and promptly infuse broad-spectrum antibiotics. Even though it is advis-
able to obtain cultures prior to starting antimicrobial therapy (since rapid 
sterilization of blood cultures can occur within a few hours), antibiotic 
therapy should not be unduly delayed. A large retrospective study of 
18,209 Medicare patients hospitalized with community-acquired pneu-
monia showed that antibiotic administration within 4 hours of arrival at 
the hospital was associated with decreased mortality and hospital length 
of stay.101 Additionally, in the presence of septic shock, each hour delay 
in antimicrobial administration has been found to decrease survival.102

Empiric antibiotic therapy should be broad enough to cover all pos-
sible and likely pathogens. Physicians should be aware of their hospital 
antibiotic profile, in addition to virulence patterns of pathogens in 
their community. When deciding upon antibiotics, providers must 
take care to not only initiate therapy quickly, but to initiate appropriate 
therapy. Failure to initiate adequate antimicrobial therapy correlates 
with increased morbidity and mortality of septic patients admitted to the 
ICU.103-106 Once the causative pathogen has been identified, the antibiotic 
regimen should be narrowed. However, it is important to recognize that 
this restriction is not an appropriate initial strategy, and the desire to 
minimize superinfections and resistance should not take precedence 
over adequately treating patients with severe sepsis and septic shock.

Although combination therapy has never been shown to significantly 
improve outcomes,107-109 multiple antibiotics may be useful in certain 
clinical situations. Recent guidelines suggest that combination therapy 
be used for neutropenic patients and for patients with known or sus-
pected Pseudomonas infections as a cause of severe sepsis.91 When used 
empirically, however, combination therapy should not be continued 
for longer than 3 to 5 days. An observational study of patients with 
ventilator-associated pneumonia (VAP) showed that antimicrobial 
monotherapy was associated with inappropriate therapy and increased 
in-hospital mortality.103 This suggests that initial use of combination 
therapy reduces the likelihood of inappropriate therapy, thereby reduc-
ing the risk of death. Most recently, a randomized multicenter clinical 
trial showed that although there was no difference in 28-day mortality 
between VAP patients who were treated with combination antibiotic 
therapy versus monotherapy, the subgroup of patients at high risk for 
difficult to treat gram-negative bacteria were better treated with com-
bination antibiotic therapy.107 The duration of antimicrobial therapy for 
sepsis is currently recommended at 7 to 10 days, although longer courses 
may be appropriate in some patients.91

■■ SOURCE CONTROL
The principles of source control date back thousands of years and 
though surgical approaches have evolved through the years, not many 
approaches have been evaluated through randomized controlled trials. 
Source control involves rapid diagnosis of the source of infection and 
identifying whether or not the source requires “control,” which is not 
only limited to surgical therapy. It can include, for example, removal 
of an infected central venous catheter or tube thoracostomy for an 
empyema. In some cases, source control is very obvious such as diffuse 
peritonitis from a perforated ulcer or necrotizing soft tissue infection. In 
other cases, it is not. In general, source control involves three main types 
of intervention: drainage of abscesses, debridement of necrotic infected 
tissue, and removal of infected foreign bodies.110

The potential role of source control measures should be evaluated 
in all patients with severe sepsis. Foci of infection that are readily 
amenable to such measures (intra-abdominal abscess, necrotizing soft 
tissue infection, removal of infected intravascular catheters) should be 
controlled as soon as possible.91,111,112 However, the beneficial effects of 
controlling the source of infection should be balanced against the risks 
of doing so; therefore, recommendations exist to control the source with 
the least physiologic insult (eg, percutaneous vs surgical drainage of an 
abscess) following successful initial resuscitation of the patient.91 Of note, 
delayed intervention has been shown to improve outcomes in one par-
ticular scenario and that is of infected pancreatic necrosis and pancreatic 
abscesses. Delayed surgical intervention has been shown to reduce com-
plication rates and mortality,113 and current recommendations suggest 

that intervention be delayed until adequate demarcation of viable and 
nonviable tissues has occurred.91

■■ FLUID THERAPY
Early Goal-Directed Therapy:  Patients with septic shock suffer from a 
combination of insults that present clinically as hypotension or tissue 
hypoperfusion. These patients may be significantly volume depleted, 
in addition to the vasoplegia and myocardial dysfunction inherent to 
sepsis. Because tissue hypoxia is a key antecedent to multiorgan failure, 
resuscitation strategies that alter preload, afterload, and contractility to 
restore tissue perfusion in a timely manner are the cornerstone to septic 
shock resuscitation.114 This has been termed early goal-directed therapy 
based upon a clinical trial conducted in sepsis patients in an emergency 
department setting. In a randomized controlled trial conducted in a 
single emergency department, 263 patients with septic shock were ran-
domized to receive standard therapy or protocolized EGDT during the 
first 6 hours of care and prior to ICU admission.93 Patients receiving 
EGDT had central venous catheters placed for continuous monitor-
ing of CVP and central venous oxygen saturation (ScvO2), which was 
used to drive the treatment algorithm. Patients in the standard therapy 
group received intravenous fluid resuscitation and vasopressor infu-
sion to achieve a CVP of 8 to 12 mm Hg, mean arterial pressure (MAP) 
greater than or equal to 65 mm Hg, and urine output greater than 
0.5 mL/kg per hour. Patients in the EGDT group were targeted to those 
same goals, but additionally the algorithm dictated treatments for this 
group to reach a ScvO2 of at least 70%. Supplemental oxygen was given 
if arterial hypoxemia was present, and if ScvO2 remained less than 70% 
and hematocrit was less than 30%, packed erythrocytes were trans-
fused to achieve a hematocrit of greater than or equal to 30%. If SaO2, 
CVP, MAP, and hematocrit were optimized and ScvO2 was still less than 
70%, continuous infusion of intravenous dobutamine was initiated to 
increase cardiac output and oxygen delivery. Resuscitation to these 
goals within 6 hours reduced in-hospital mortality in patients with 
severe sepsis from 46.5% to 30.5% (p <0.009), and reduced mortality 
at 28 days (p = 0.01) and at 60 days (p = 0.03) as well.93 In addition, 
patients in the EGDT group received more intravenous fluids, more 
erythrocyte transfusions and dobutamine in the first 6 hours; after the 
first 6 hours they were less likely to require mechanical ventilation, 
vasopressor infusion or pulmonary artery catheterization, and their 
Acute Physiology and Chronic Health Evaluation (APACHE) illness 
severity scores were lower.93 Although previous studies had failed to 
find benefit to goal-directed hemodynamic therapy, particularly when 
targeting a fixed supranormal level of oxygen delivery,115 goal-directed 
therapy in this fashion and early in the course of septic shock confers 
substantial benefits in both organ dysfunction and survival and has 
been incorporated into the Surviving Sepsis Campaign guidelines.91 
More recently, a multicenter trial compared patients with septic shock 
to one of three groups for 6 hours of resuscitation: protocol-based 
EGDT; protocol-based standard therapy that did not require the place-
ment of a central venous catheter, administration of inotropes, or 
blood transfusions; or usual care. This study was conducted to deter-
mine whether the findings from the 2001 EGDT study were generaliz-
able and whether all aspects of the protocol were necessary. Sixty day 
mortality among the three groups ranged from 18.2 to 21.0%, and there 
were no differences between any of the groups. Similar mortality rates 
were noted for the three groups out to one year duration. Importantly, 
mortality in this trial was substantially lower than the 30.5 to 46.5% 
range noted in the EGDT study.224

Fluid Resuscitation and Fluid Type:  Early and targeted fluid resuscita-
tion is one of the cornerstones for treatment of severe sepsis and 
septic shock. As we improve our measures of intravascular volume, 
cardiac performance, and both macrovascular and microvascular  
perfusion, it becomes increasingly feasible to determine the strat-
egy that most expediently restores tissue perfusion. One aspect of 
uncertainty is whether intravenous fluid type makes a difference in 
both timing and efficacy of fluid resuscitation (Table 64-3).116-122
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  TABLE 64-3    Comparison of Crystalloid Formulations

Na+ (mEq/L) Cl− (mEq/L) K+ (mEq/L) Mg2+ (mEq/L) Ca2+ (mEq/L)
Osmolarity 
(mosm/L)

Duration of 
effect (h)

Colloid Oncotic 
Pressure (mm Hg)

Intravascular Volume 
Expansion (%)

Plasma 140 103 4 2 5 290

Crystalloids

0.9% NaCl (normal 
saline)

154 154 — — — 308 0.5-4 0 25

5% dextrose in 0.9% 
NaCl (D5NS)

154 154 — — — 560 0

Ringer lactate (LR) 130 109 4 — 3 273 0.5-4 0 25

5% dextrose in water 
(D5W)

0 0 — — — 252 0

0.45% NaCl (1/2 NS) 77 77 — — — 154 0.5-4 0 15

5% dextrose in 0.45% 
NaCl (D51/2NS)

77 77 — — — 406 0

7.5% NaCl (hypertonic 
saline)

1283 1283 — — — 2567 0.5-4 0 400

Comparison of Colloid Formulations

Colloids

Na+ (mEq/L) Cl− (mEq/L) K+ (mEq/L) Ca2+ (mEq/L)
Mg2+ 
(mEq/L)

Osmolarity 
(mosm/L) pH

Molecular 
Weight (kD)

Duration of 
Effect (h)

Colloid Oncotic 
Pressure (mm Hg)

Intravascular 
Volume 
Expansion (%)

Albumin (5%) 130 130 <1 309 6.4 69 12-24 20 100

Albumin (25%) 130 130 <1 312 6.4 69 12-24 100 500

6% hetastarch 
in 0.9% NaCl 
(Hespan)

154 154 — 310 5.5 450 8-36 30 100

6% hetastarch in 
LR (Hextend)

143 125 3 5 0.9 307 5.9 450 8-36 30 100

6% hydroxy-
ethyl starch in 
0.9% NaCl

154 154 — — — 308 4-5.5 130 6-24 100

10% Pentastarch 154 154 — — — 325 5 280 12-24 60 150

Dextran-40 
(10%)

154 154 — — — 280-324 4.5-7.0 40 1-2 30 150

Dextran-70 (6%) 154 154 — — — 280-324 4.5-7.0 70 8-24 24 100

Crystalloids:  Of the two main types of intravenous fluids for volume 
expansion, crystalloids are aqueous solutions of mineral salts or other 
water-soluble molecules. The most commonly used crystalloid fluid 
is normal saline, a solution of 0.9% sodium chloride, making it nearly 
equivalent to the tonicity of blood (isotonic). Ringer lactate or Ringer 
acetate is another relatively isotonic solution, with acetate or lactate 
added, respectively, as a bicarbonate precursor. When administering 
crystalloid solutions for sepsis resuscitation, isotonic solutions are 
recommended to maximize the fluid that remains in the intravascular 
space rather than hypotonic fluids that redistribute to the interstitial 
or intracellular space, or hypertonic fluids that dehydrate those spaces. 
Besides lower acquisition costs, crystalloids have the advantage of 
being universally available and easily stored and transported. Despite 
the side effects of creating interstitial edema and hyperchloremic 
metabolic acidosis with large volume or rapid administration, they are 
the most commonly used fluid therapy in the United States.117

Colloids:  Colloids contain larger particles, such as proteins or complex 
sugars, suspended in an electrolyte solution. The distinguishing feature 
of colloids is their influence on the colloid osmotic pressure (COP), 
which affects various biosynthetic processes and protein synthesis, but 
more importantly it influences fluid movement across a semipermeable 

membrane according to Starling equation. Thus, COP directly alters 
fluid flux between the intravascular and extravascular space and related 
tissues.123 Starling equation quantifies how hydrostatic forces and COP 
influence fluid filtration across a capillary membrane, permitting esti-
mation of therapeutic effects when factors are manipulated. For states of 
altered capillary permeability, such as sepsis, tissue edema may develop 
and may be aggravated by reductions of intravascular COP, favoring net 
fluid egress from the vasculature.123,124 The smaller infusion volumes and 
shorter time to reach resuscitation goals have been shown clinically in 
patients with sepsis.125 In addition, maintenance of COP may prevent 
pulmonary edema,126 while the administration of albumin to patients 
with existing pulmonary edema does not worsen the edema state as long 
as hydrostatic pressures remain stable.127

Numerous attempts have been made to reconcile the difference 
between using crystalloids and colloids for fluid resuscitation in sepsis. 
In 2004, the American Thoracic Society released a consensus statement, 
concluding that colloids have not been convincingly shown to improve 
clinical outcomes in any critical illness despite their physiological 
benefits and evidence supporting more rapid resuscitation with lower 
volumes of administration.124,128 Systematic reviews and meta-analyses 
have compared crystalloids with hydroxyethyl starch (HES), gelatin, and 
albumin as the most commonly used colloids.118
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Hetastarch and Gelatin:  Hetastarch (HES) and gelatin solutions are syn-
thetic colloids. HES solutions come in differing concentrations with 
various molecular weights and hydroxyethyl groups. Although effective as 
resuscitative agents, HES solutions are known to induce a coagulopathy 
through effects on von Willebrand factor and factor VIII, potentially 
increasing the risk of bleeding.129 Recently, HES solutions have been 
shown to increase the risk of AKI in patients with severe sepsis and septic 
shock. This was suggested in an early study130 and convincingly shown in 
the large VISEP trial where HES use caused a dose-dependent increase 
in kidney injury and need for renal replacement therapy.131 Gelatin-based 
colloid solutions are available in Europe and have similarly been associ-
ated with coagulation defects, which may be less significant than with 
HES.129 Because of these data, HES is not recommended as an intravenous 
colloid. The most common adverse effect of either colloid is an allergic 
response, which may include anaphylaxis.128

Albumin:  Albumin is a natural protein colloid and is the most frequently 
prescribed colloid in the United States.118 Studies comparing albumin 
to crystalloid administration in sepsis have found that time to reach 
resuscitation targets is reduced by more than one-third with isooncotic 
albumin.125,132 Whether albumin exerts beneficial effects through other 
biological mechanisms, being the most abundant extracellular anti-
oxidant, inhibiting oxidative stress and adhesion molecule expression 
or altering vascular permeability remains to be seen.128 From a clinical 
perspective, most applicable is the recent review specifically comparing 
albumin and crystalloids in 1977 patients with sepsis where the use of 
albumin was associated with lower mortality.117 In support of this meta-
analysis is the subset of patients enrolled into the large saline versus 
albumin fluid evaluation (SAFE) study conducted in Australia and 
New Zealand.133 The SAFE clinical trial compared isooncotic albumin 
with isotonic crystalloid in patients needing fluid resuscitation. Overall 
there was no difference in clinical outcomes by fluid type. In a post hoc 
analysis of the subset of 1218 sepsis patients who received albumin, after 
adjusting for important predictors of death, there was a significantly 
lower mortality for those treated with albumin (adjusted odds ratio 0.71; 
p = 0.03).119 In a multicenter, open-label trial, 1,818 patients with severe 
sepsis were randomized to receive either 20% albumin and crystalloid 
solution or crystalloid solution alone. There were no differences in 
either 28 or 90-day mortality rates between the two groups.224

In summary, HES solutions should be avoided in patients with severe 
sepsis and septic shock until additional prospective trials can confirm 
the risks and demonstrate a clinical benefit to their use. Albumin, 
particularly in its isooncotic formulation (4% or 5%), may be used in 

patients with septic shock, particularly those unresponsive to crystalloid 
fluid resuscitation. However, additional trials are needed in this area 
as well in order to delineate the optimal use for this fluid and the cost 
effectiveness of this choice.

■■ HEMODYNAMIC MANAGEMENT
Vasopressors:  Despite fluid resuscitation, there are occasions when 
vasopressor therapy is required to sustain life. Below a certain MAP, 
autoregulation of pressure in vascular beds can be lost and perfu-
sion becomes linearly dependent on pressure.134,135 Currently, a 
MAP greater than or equal to 65 mm Hg has been recommended to 
maintain perfusion pressure.91 Titration of norepinephrine to this 
pressure has been shown to preserve tissue perfusion in a small study  
of 10 patients,135 and increasing vasopressor dose to a higher MAP of  
85 mm Hg does not significantly affect metabolic parameters or renal 
function.135,136 However, the baseline blood pressure of the individual 
involved should also be considered. Individuals with chronic systemic 
arterial hypertension might require higher arterial pressures to main-
tain tissue perfusion and reduce acute kidney injury,223 and those with 
diseases associated with relative hypotension (eg, chronic hepatic fail-
ure) may appropriately be managed with a lower goal MAP. Therefore, 
care providers must always supplement arterial pressure with other 
measures of global tissue perfusion, such as ScvO2, tissue oximetry, 
blood lactate levels, delayed capillary refill, and urine output.91,135

Over the years, there has been a long-standing debate regarding the 
optimal vasopressor choice in septic shock. Although these discussions 
are intellectually stimulating, it is important to remember that each cate-
cholamine agent has variable receptor-mediated effects and thus distinct 
clinical situations may require different vasopressors (Table 64-4). For 
example, norepinephrine has potent α-adrenergic and less β-adrenergic 
effects, while dopamine’s receptor effects are dose dependent. Some 
studies suggest that norepinephrine or dopamine may have some advan-
tages over the other vasopressors and recent guidelines recommend 
either norepinephrine or dopamine as first choice vasopressor agent to 
correct hypotension in septic shock.91 Norepinephrine is a more potent 
vasoconstrictor than dopamine and may be more effective in treating 
hypotension in septic shock patients. In the randomized trial compar-
ing these vasopressors, 32 patients were compared in the ability of 
dopamine and norepinephrine to reverse hemodynamic derangements 
associated with septic shock.137 A greater number of patients were suc-
cessfully treated with norepinephrine, including those patients who did 
not respond to dopamine. Subsequently, in a larger observational study 

  TABLE 64-4    Vasopressors and Inotropes

Drug α1 β1 β2 DA Other

Epinephrine +++++ ++++ +++ NA

Norepinephrine +++++ +++ ++ NA

Phenylephrine +++++ 0 0 NA

Dopamine

  0.5-2 0 + + ++++

  3-10 + +++ + ++

  10-20 ++++ ++++ ++ ++

Dobutamine 0/+ +++++ +++ 0

Isoproterenol 0 +++++ +++++ 0

Vasopressin NA NA NA NA V1

Milrinone NA NA NA NA PDI

Levosimendan NA NA NA NA Partial PDI and calcium sensitizer

PDI, phosphodiesterase inhibitor; V1, vasopressin-1.
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this group found use of norepinephrine, as the vasopressor of choice, 
was associated with lower hospital mortality in septic shock patients.138 
Most recently, a large prospective double blind multicenter randomized 
controlled trial with 1600 patients with shock compared the efficacy of 
dopamine and norepinephrine. The study found that in patients with 
septic shock, although there was no significant difference in the rate of 
death between the two groups, dopamine was associated with a greater 
number of adverse events.27,139

Vasopressin, an endogenous hormone synthesized in the hypothalamus, 
has emerged as an adjunct to catecholamines for patients with septic shock. 
Vasopressin levels have been found to be lower than expected in patients 
with septic shock,140,141 suggesting a relative vasopressin deficiency 
state. In addition, vasopressin has been found to spare catecholamine 
use and have other beneficial physiologic effects.140-144 Recently, a large 
multicenter randomized double blind trial of approximately 800 patients  
was conducted to determine whether low-dose norepinephrine (ie, 
<5 µg/min) and vasopressin at 0.03 units per minute decreased mortal-
ity compared to using norepinephrine alone at 5 to 15 µg/min.145 There 
was no difference in mortality, ICU and hospital length of stay, days alive 
and free of vasopressor use, corticosteroids, or organ dysfunction, but 
the dose of norepinephrine infusion was significantly lower in the group 
receiving vasopressin. Although there was no difference in the rates of 
adverse events overall, there was a trend toward a higher rate of cardiac 
arrest in the norepinephrine group and a trend toward a higher rate 
of digital ischemia in the vasopressin plus norepinephrine group. An 
a priori defined subgroup analysis showed that survival was improved 
with vasopressin in a subgroup of patients with less severe septic shock, 
but this effect was not statistically robust. This study demonstrated that 
although vasopressin is an effective second-line agent, it is not any more 
effective than using norepinephrine alone. Vasopressin, however, may 
be used at low doses (0.03 units per minute), particularly for refrac-
tory hypotension, and should generally be reserved for patients without 
active coronary or mesenteric ischemia.

Inotropes:  Septic shock involves a complex interplay between vasodilata-
tion, relative and absolute hypovolemia, and direct myocardial depression. 
Even after restoration of intravascular volume and maintenance of cardiac 
index, there are microvascular abnormalities that preclude normal distri-
bution of an often elevated cardiac output. This myocardial dysfunction 
is complex and characterized by a depressed ejection fraction, impaired 
contractility, and low peak systolic pressure/end-diastolic volume.146,147 It 
is thought to be secondary to downregulation of adrenergic pathways, 
alteration of intracellular calcium, and desensitization of the myofibrils to 
calcium.148,149 In patients with decreased cardiac output, the goals of ther-
apy are aimed at restoring normal physiology. Two large randomized con-
trolled trials that included patients with severe sepsis did not demonstrate 
benefit to raising oxygen delivery to supranormal levels.115,150 However, 
these studies did not target the initial 6 hours of resuscitation where  
hemodynamic goals are different than the latter stages of severe sepsis.

Dobutamine:  Dobutamine is the inotrope most studied in severe sepsis/ 
septic shock. It is an adrenergic agonist that stimulates β1- and 
β2-adrenergic receptors. β-Adrenergic stimulation is also associated with 
an increase in splanchnic perfusion. Many studies have evaluated the 
effect of dobutamine in patients with severe sepsis/septic shock.93,151-153 
Many of these studies found an increase in cardiac index with an increase 
in stroke volume and heart rate. It is recommended as the first choice ino-
trope for patients with measured or suspected low cardiac output in the 
presence of adequate left ventricular filling pressure and adequate MAP.91 
Cardiac outputs may vary in patients who remain hypotensive after fluid 
resuscitation, therefore treatment with a combined inotrope/vasopressor 
is recommended if cardiac output is not measured.91

Although dobutamine is recommended as a first line inotrope, many are 
reluctant to use it for its adverse effects—notably cardiac arrhythmias and  
immunosuppression.154 Phosphodiesterase inhibitors (eg, amrinone  
and milrinone) have also been considered in patients with septic shock, 
but presently there is a limited role for these drugs in patients with 

severe sepsis or septic shock.155,156 Calcium supplementation has also 
been proposed in the management of myocardial dysfunction in septic 
shock, but few studies have shown a consistent hemodynamic benefit. 
Most recently, levosimendan, a calcium sensitizer that acts through a 
nonadrenergic pathway, has been studied in sepsis. It exerts beneficial 
effects on the ventricles without changing intracellular calcium con-
centrations. Levosimendan increases cardiac output in septic shock by 
increasing both systolic and diastolic function.157 In preclinical models, 
levosimendan has been shown to increase cardiac index and stroke vol-
ume, while decreasing systemic vascular resistance with a resultant slight 
decrease in MAP.158-160 Several clinical studies assessing levosimendan in 
patients with sepsis have reported improved cardiac performance and 
oxygen transport.161,162 Most recently, levosimendan was compared to 
dobutamine in an open-label randomized clinical trial.163 Results showed  
that although levosimendan decreased serum lactate to a greater  
degree, there was no significant difference between the two drugs with 
regard to their effect on ScvO2. This drug is currently not FDA approved 
because discussions with the FDA revealed that the pharmaceutical com-
pany would have to conduct another randomized control trial in order 
to approve the drug, which they decided they did not want to pursue.

■■ CORTICOSTEROIDS
The past decade has seen a considerable debate and the emergence of new 
evidence regarding the utility of corticosteroids in septic shock. In the 
past, randomized clinical trials and meta-analyses have shown that high-
dose corticosteroid therapy for patients with severe sepsis or septic shock 
is ineffective.164-167 Generally, corticosteroids are considered for patients 
with septic shock, as there are no studies suggesting benefit in less severe 
forms of sepsis (ie, sepsis or severe sepsis). Until recently, there was 
only one adequately powered trial to suggest better shock reversal and a 
survival benefit in patients with vasopressor unresponsive septic shock 
and relative adrenal insufficiency, defined as post-adrenocorticotrophic 
hormone (ACTH) cortisol increase less than or equal to 9 µg/dL.168 
A recent large European multicenter trial (CORTICUS) random-
ized 499 septic shock patients to receive either low-dose hydrocorti-
sone therapy or placebo for 5 days.167 The authors concluded that at  
28 days, there was no significant difference in mortality between 
patients in the two treatment groups, irrespective of any response to 
ACTH.167 While corticosteroids did hasten the reversal of septic shock, 
they were also associated with a greater risk for nosocomial infections 
and recurrent sepsis.167 These results suggest that ACTH stimulation 
testing is not useful in predicting sepsis patients who may benefit from 
steroids, and that corticosteroid therapy in general for septic shock does 
not improve clinical outcomes.

Corticosteroids are not without their side effects. These drugs are 
immunosuppressive, potentially leading to secondary infections and 
impaired wound healing, and additionally can cause myopathy, hyper-
glycemia, and hypernatremia,167,169,170 thus corticosteroids should be 
discontinued as early as possible.91 However, to date there has not been 
any study comparing a fixed duration of steroids followed by tapering of 
drug over several days167,169 or abrupt discontinuation168 versus tapering 
therapy after shock resolution,170 and so it remains uncertain whether 
outcome is affected by tapering or not of steroids.

■■ SEPSIS BUNDLES
The last decade has seen an increasing application of care bundles 
as part of sepsis management. A study by Rivers et al emphasized 
the time-critical nature of sepsis. Their study designed a protocol for 
sepsis management, which started in the emergency room and led to 
a significant improvement in survival in patients with severe sepsis.93 
Since this milestone, sepsis care bundles have become an integral part 
of the “Surviving Sepsis Campaign,” which aimed to improve survival 
from severe infection by 25% by 2009. This multifaceted intervention 
was designed to facilitate compliance with selected guideline recom-
mendations, which were “bundled” into two sets to be completed 
within 6 hours and 24 hours (Table 64-5). Some factors depend on the 
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individual patient. For example, although the goal CVP for sepsis resus-
citation is generally 8 to 12 mm Hg, for patients receiving mechanical 
ventilation a higher CVP target (12-15 mm Hg) may be appropriate.91 
Individual aspects of the bundle have been studied as well. Most 
recently, a multicenter randomized trial of patients with severe sep-
sis and septic shock demonstrated that in patients who were treated 
to normalized MAP and CVP, additional management to normalize 
lactate versus ScvO2 did not result in significantly different in-hospital 
mortality.171 Several studies have shown improved mortality with bun-
dle implementation172,173 with up to 20% reduction in hospital-related 
costs.174,175 However, despite the well-documented benefit, several stud-
ies have shown poor compliance and low utilization of the protocol.176 
It is likely that institutional and professional barriers may play a role in 
the resistance to bundle implementation.

■■ RECOMBINANT HUMAN ACTIVATED PROTEIN C
An initial study of recombinant human activated protein C (rhAPC) 
called PROtein C Worldwide Evaluation in Severe Sepsis (PROWESS) 
study randomized patients with severe sepsis to receive either rhAPC 
or placebo. Treatment reduced absolute mortality by 6.1% and relative 
mortality by 19.4% (p = 0.005) for all patients; the benefit was greatest 
in the most acutely ill patients APACHE II scores >25.177 Subsequently, 
the ADministration of Drotrecogin Alfa [activated] in Early stage Severe 
Sepsis (ADDRESS) trial assessed patients who had low risk of death and 
found no difference in 28-day mortality.178 Additional information came 
from a subsequent mandatory trial called PROWESS-shock and failed 
to confirm survival benefit; therefore, the manufacturer withdrew the 
drug from the market.179

ANCILLARY SUPPORT MEASURES

■■ NUTRITION AND METABOLISM
Nutritional support has become an integral part of therapy for critically 
ill patients. The American Society of Parenteral and Enteral Nutrition/
Society of Critical Care Medicine recommend starting enteral nutrition 
early within the first 24 to 48 hours following admission and that feed-
ing be advanced to goal by next 48 to 72 hours.180 Nutritional support 
is critical in sepsis because it provides extra fuel for patients during this 
hypercatabolic state, known to occur in sepsis. Nutrition helps stabilize 
immune function by preventing oxidative cellular injury and keeping 
metabolic homeostasis.180 The goal of nutrition is to meet the energy 
expenditure demands because if energy consumption is greater than 
intake, the body will use stored fat, carbohydrate, and protein for fuel. As 
much as 100% of resting energy expenditure is used for cell membrane 
pump function, basic metabolic and muscular function. Although lean 
body mass is the strongest determinant of resting energy expenditure, 
age, gender, thyroid function, inflammation, and disease processes all 
impact energy expenditure. To calculate resting expenditure clinically, 
the patient’s body composition, protein level, muscle mass, and respira-
tory function are taken into account.181

The gold standard to measure resting energy expenditure is indirect 
calorimetry. Indirect calorimetry measures oxygen consumption (VO2) 
and carbon dioxide excretion (VCO2), which are needed to calculate the 

resting energy expenditure (kcal/d) using the Weir equation [1.44 (3.9 
VO2 + 1.1 VCO2)]. The ratio of VCO2 to VO2 also provides the respira-
tory quotient.181 The respiratory quotient evaluates substrate energy 
consumption. The normal physiologic range is 0.7 to 1.0; greater than 
1.0 indicates excess CO2, fat synthesis, or overfeeding.181 Various equa-
tions have been developed to predict energy expenditure without using 
indirect calorimetry, which is not always available. Although there is 
no consensus on which equation is the best predictor of resting energy 
expenditure, age, body mass index, medication, and stress can be used 
to predict energy needs.

Enteral Nutrition:  When a patient’s resting energy expenditure is cal-
culated, there are a variety of enteral feeding concentrations that can 
be selected. They vary in the amount of protein, carbohydrates, and 
glucose depending on the patients’ caloric requirements. The goal is 
to match the patient’s caloric demands taking into account the hyper-
metabolic state of sepsis.

Enteral nutrition has been favored over parenteral nutrition for a  
number of reasons. It improves gut oxygenation and wound healing. In 
addition, it keeps the normal gut flora intact, which is believed to be an eff
ective barrier to intraluminal toxins and bacteria translocation.182 Enteral 
feeding also reduces gut permeability, inflammatory cytokines, and endo-
toxins, and has been found to decrease infection rates.182 There is agree-
ment that when available, enteral is preferred to parenteral feeding.183-186  
Furthermore, early (within 48 hours) enteral feeding results in fewer infec-
tions and improved outcomes compared to late (greater than 48 hours)  
feeding.186 When enteral feeding is not possible, parenteral nutrition  
is an option. Some clinicians have started it in conjunction to enteral 
feeding when enteral feeding cannot meet the caloric demands. Often 
critically ill patients develop ileus and gastroparesis, limiting the 
patient’s nutritional goals.

Parenteral Nutrition:  Parenteral nutrition can be administered as either 
total parenteral nutrition (TPN) or peripheral parenteral nutrition 
(PPN). TPN can only be administered by central vein because of the 
caustic nature of the more concentrated solution, whereas PPN may 
be administered by peripheral venous access. The primary concern 
with using TPN is the increased risk of infections, either through 
direct modulation of the immune system, chronic elaboration of 
inflammatory mediators, or complications of the nutrition itself, such 
as hyperglycemia.187,188 In addition to increased rates of bacteremia 
from chronic vascular access, patients receiving TPN have also been 
shown to be at increased risk for fungemia.189

The risks and benefits of parenteral nutrition need to be carefully 
evaluated in each patient.190,191 To date, parenteral nutrition has only 
been shown to be advantageous in patients for whom enteral feeding is 
not possible. A meta-analysis demonstrated reduced mortality, despite 
increased infections, with parenteral nutrition in patients whom enteral 
nutrition could not be initiated.192 There is uncertainty regarding how to 
balance the risks and benefits of parenteral feeding when the timing of  
enteral feeding is uncertain or it is not meeting the nutritional needs  
of the patient. The most recent trial investigated whether early (initia-
tion within 48 hours) versus late (initiation on day 8) parenteral nutri-
tion in critically ill patients with inadequate enteral nutrition had any 
impact on morbidity and mortality in the ICU. They found that late 
initiation of parental nutrition is associated with faster recovery and 
fewer complications, as compared with early initiation.193

■■ RENAL REPLACEMENT THERAPY
Acute oliguric renal failure is a common presentation of acute organ 
dysfunction with sepsis. AKI occurs in 51% of septic shock patients 
with positive blood cultures, 23% in severe sepsis, and 19% in sepsis 
patients.44 When present, AKI is associated with greater illness severity 
and a higher risk of death.44,194 There are various types of renal replace-
ment therapies: conventional hemodialysis (HD), continuous veno-
venous hemofiltration (CVVH), continuous veno-venous hemodialysis 

  TABLE 64-5    Severe Sepsis Bundles

Resuscitation Bundle (6 h) Management Bundle (24 h)

Blood cultures before antibiotics Low-dose steroids

Early antibiotics Activated protein C

CVP, MAP, and ScvO2 goals Low-tidal-volume ventilation

Serum lactate Glycemic control
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(CVVHD), continuous veno-venous hemodiafiltration (CVVHDF), 
slow continuous ultrafiltration (SCUF), and sustained low-efficiency 
dialysis (SLED). We mention these modalities briefly, from the perspec-
tive of sepsis patient management.

Conventional hemodialysis may be used in patients with sepsis, 
either through an existing vascular access (fistula or graft) or via 
a central venous catheter, but the higher average flow rates and 
potential for adverse hemodynamic consequences limit the applica-
tion of HD in critically ill patients. CVVH, sometimes referred to as 
continuous renal replacement therapy (CRRT), requires placement of 
a central venous catheter and most systems require anticoagulation 
with heparin or citrate. Typically the dialysate has lactate-buffered 
solution but in the case of severe lactic acidosis (serum lactate greater 
than 5 mmol/L), bicarbonate solution is used.195 The lower flow rates 
of CVVH are less prone to cause hemodynamic instability than HD, 
and sodium removal can be separated from water removal in this 
system.196 CVVHD is similar to CVVH; it removes waste by diffu-
sion only and can be coupled with fluid removal (ultrafiltration).197 
CVVHDF is a combination of dialysis and hemofiltration.197 SCUF 
only permits ultrafiltration and does not remove waste.198 SLED can 
be done either intermittently or continuously and its efficiency is 
comparable to HD and CVVH with similar hemodynamic tolerance 
as other forms of CRRT.

There is no consensus regarding which CRRT modality is superior in 
sepsis. Currently, there is no evidence that CRRT decreases mortality, 
improves kidney function, or decreases length of hospital stay compared 
to intermittent dialysis.198 Clinicians need to decide which modality will 
be most tolerated by the critically ill patient.

■■ MOBILITY
The nascent field of acute ICU rehabilitation and mobility has begun 
to address the frequent occurrence of ICU myopathy that occurs after 
prolonged hospital stay and is particularly frequent in patients with  
sepsis. The posthospitalization debility has severe consequences to 
patients after discharge, where family members may bear the burden 
to care for the debilitated patient. Several studies have shown that early 
mobilization, even for those patients on ventilators, can be achieved 
safely with a dedicated ICU team. More important, these early studies 
suggest that early mobility, when combined with breaks in sedation, may 
reduce hospital length of stay and ICU-related delirium, and increase 
the likelihood of return to independent function.199-201 Although early 
and aggressive physical therapy and early mobilization in the ICU are 
not part of current sepsis management guidelines, these data suggest 
important benefits may be accrued using a multidisciplinary team 
approach to ensure safety.

■■ GLYCEMIC CONTROL
Van den Berghe and colleagues conducted a landmark randomized 
single center trial by randomizing approximately 1500 cardiac surgi-
cal patients to receive either intensive insulin therapy (maintaining 
blood glucose levels between 80 and 110 mg/dL) or more conventional 
treatment (maintaining blood glucose between 180 and 200 mg/dL 
and infusion of insulin only for blood glucose > 215 mg/dL) in addi-
tion to high intravenous glucose loads (200-300 g per 24 hours).202 
Intensive insulin therapy reduced ICU mortality (8.0% vs 4.6%;  
p <0.04), with a greater effect in patients that remained in the ICU for 
greater than 5 days (20.2% vs 10.6%; p = 0.005).202 However, a subse-
quent study conducted in medical ICU patients found that intensive 
insulin therapy did not improve survival despite shortened ICU and 
hospital length of stay, earlier weaning from the ventilator, and less  
kidney injury.203 Intensive insulin therapy reduced in-hospital mortality 
in those patients who stayed in the ICU for greater than 3 days (52.5% vs 
43.0%; p = 0.009), but increased mortality in those patients who stayed 
in the ICU for less than 3 days. Furthermore, intensive insulin protocol 
resulted in high rates of hypoglycemia (18%).202,203

The first multicenter randomized controlled trial to evaluate inten-
sive insulin therapy in severe sepsis patients was recently published, the 
Efficacy of Volume Substitution and Insulin Therapy in Severe Sepsis 
(VISEP).131 The trial was terminated earlier than planned due to an 
increased number of hypoglycemic events in the intensive insulin group 
compared to the conventional therapy group (12.1% vs 2.1%; p <0.001). 
However, of the 537 patients that were randomized to receive intensive 
or conventional insulin therapy, there was no significant difference 
between the two groups in 28-day mortality or in organ dysfunction. 
Similar to VISEP, the international multicentered GLUCONTROL trial 
comparing intensive insulin therapy to normoglycemia (140-180 mg/dL)  
was stopped early due to a high rate of hypoglycemia with insulin therapy 
and without any mortality benefit.204 The largest intensive insulin 
therapy trial, the Normoglycemia in Intensive Care Evaluation-Survival 
Using Glucose Algorithm Regulation (NICE-SUGAR) study, evalu-
ated 6000 critically ill patients and found that intensive glucose control 
(target range 80-108 mg/dL) resulted in increased mortality compared 
to conventional glucose control (target range <180 mg/dL) (27.9% vs  
24.9%, respectively; p = 0.02).205 Subgroup analyses suggested no sig-
nificant difference in treatment effect for patients with and without 
severe sepsis (p = 0.93). Additionally, severe hypoglycemia (defined as 
a blood glucose <40 mg/dL) was greater in those undergoing intensive 
insulin therapy versus conventional therapy (6.8% vs 0.5% respectively; 
p <0.001).205

Taken together, intensive insulin therapy has no clear beneficial effect 
among patients with sepsis, who may be a higher than average risk for 
insulin-related complications such as hypoglycemia. Thus, while the 
optimal target glucose range remains uncertain for sepsis patients,206 
current guidelines recommend maintaining glucose levels less than  
150 mg/dL using intravenous insulin therapy in ICU patients with severe 
sepsis and hyperglycemia.91

■■ VTE AND STRESS ULCER PROPHYLAXIS
Prophylaxis for deep venous thrombosis (DVT) has been proven ben-
eficial for critically ill patients in many randomized placebo controlled 
trials.207-213 A recent meta-analysis comparing unfractionated heparin 
(UFH) twice daily to three times daily showed that UFH three times daily 
seemed to be more efficacious in preventing clinically relevant venous 
thromboembolism (VTE)214; however, physicians should evaluate the 
underlying risk of VTE and bleeding to individualize therapy. Mechanical 
methods such as intermittent compression devices and compression 
stockings are recommended when anticoagulation is contraindicated or 
in addition to anticoagulation in high-risk patients.212,213,215 DVT prophy-
laxis is therefore strongly recommended in patients with severe sepsis.91

Sepsis is often associated with risk factors for the development 
of stress ulcers including mechanical ventilation, coagulopathy, and 
hypotension. Although no clinical outcome study has been performed 
specifically regarding stress ulcer prophylaxis in severe sepsis patients, 
numerous studies have shown that stress ulcer prophylaxis reduces the 
incidence of gastrointestinal (GI) bleeding in subgroups of critically ill 
patients, including patients with severe sepsis.216-219 However, controver-
sies exist for the use of stress ulcer prophylaxis as there has not been a 
demonstrated decrease in mortality220,221 and use of stress ulcer prophy-
laxis has been implicated in the development of VAP,222 so the benefit 
of preventing an upper GI bleed should be weighed against the risk of 
inducing pneumonia. However, despite these controversies, stress ulcer 
prophylaxis using H2 blockers should be given to all patients with severe 
sepsis to prevent an upper GI bleed.91

NEW DIRECTIONS
The past decade has seen tremendous advances in the field of sepsis, 
from better understanding of epidemiology and pathophysiology to 
the development and market availability of new therapies. Despite this 
progress, there is much work to be done in order to ensure the optimal 
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care for our sepsis patients. The debate about colloids and crystalloids 
continues particularly for patients with sepsis, with near completion 
of the EARSS trial comparing albumin to crystalloid in early septic 
shock. New therapies are being tested, including new monoclonal and 
polyclonal antibodies, talactoferrin, resveratrol, growth factors, and 
vasopressin agonists. Perhaps like most fields, the most intriguing areas 
in sepsis are with cell-based therapies, such as stem cells and other pro-
genitor cell types. Regardless of breakthroughs in disease understanding 
or new therapies, our best hope for improving survival of patients with 
sepsis is early recognition and timely delivery of the best care. This 
requires a deliberate effort from a collaborative team, as promulgated 
by the Surviving Sepsis Campaign, and has the best potential for saving 
lives today.
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C H A P T E R Pneumonia
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KEY POINTS

•• Pneumonia is one of the most common causes of ICU admission, 
usually because of impending respiratory failure or hemodynamic  
compromise.

•• Pneumonia on admission to the intensive care unit presents in 
three different forms: traditional community-acquired pneumonia 
(CAP), hospital-acquired pneumonia (HAP), and the controver-
sial entity of health care–associated pneumonia (HCAP).

•• By far, the most important risk factor for oropharyngeal coloniza-
tion with pathogenic bacteria is the use of antibiotics; the broader 
the antibiotic spectrum and the longer the duration of treatment, the 
more likely that pathogenic bacteria will colonize the oropharynx.

•• Despite concern about secretion clearance, intermittent noninva-
sive ventilation (NIV) with careful attention to increasing secretion 
clearance has a survival benefit in CAP and immunocompromised 
patients with pulmonary infiltrates.

•• CAP is the leading cause of infectious death around the world and 
a frequent cause of ICU admission.

•• While Streptococcus pneumoniae remains the most common cause 
of severe CAP, other pathogens are overrepresented in patients 
admitted to the ICU, including Staphylococcus aureus, Legionella, 
Pseudomonas, and other gram negatives.

•• Because of the broader spectrum of etiologies, an aggressive diagnos-
tic approach is appropriate in patients admitted to the ICU with CAP. 
Blood cultures and tracheal aspirate/bronchoalveolar lavage samples 
through the endotracheal tube are much more likely to be positive than in  
non-ICU patients.

•• Patients initially admitted to a non-ICU setting but subsequently 
requiring ICU transfer have high mortality that exceeds that of 
patients with equivalent illness at presentation who are admitted 
directly to the ICU. Presence of at least three of a set of minor criteria 
for severity identifies patients likely needing ICU care and the prob-
ability increases with an increasing number of these minor criteria.

•• The HCAP designation was developed in response to the consis-
tent finding of pneumonia acquired while outside the hospital but 
caused by pathogens traditionally associated with HAP, such as 
MRSA, Pseudomonas, and drug-resistant Enterobacteriaceae. The 
definition remains very controversial.

•• HAP precipitating respiratory failure and ICU transfer is now more 
common than VAP complicating respiratory failure, although both 
are caused by similar multidrug-resistant (MDR) pathogens.

•• At least one potential pathogen is isolated in up to 75% of patients 
with HAP who are intubated. Access to the lower respiratory tract 
via the endotracheal tube is the most important reason for the 
higher diagnostic yield.

•• Broad-spectrum β-lactam antibiotics are the backbone of treat-
ment for HAP and HCAP, but emerging antibiotic resistance  
patterns make choice of specific agents—piperacillin/tazobactam,  
late generation cephalosporins, or carbapenems—difficult. The 
use of combination therapy and the routine need for MRSA cov-
erage remain controversial.

•• De-escalation of antibiotic therapy once the results of cultures are 
known is critical for management of ventilated ICU patients with 
HCAP and HAP.
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the antibiotic spectrum and the longer the duration of treatment, the 
more likely that pathogenic bacteria will colonize the oropharynx. 
Colonization with bacteria that are not native to the oropharynx is 
the principal factor discriminating between the two community-onset 
pneumonias, CAP and HCAP.

■■ ROLE OF ASPIRATION
For the majority of bacterial pneumonias, aspiration of oropharyngeal 
secretions is the dominant mechanism by which bacteria gain entrance 
into the lower respiratory tract and alveoli. Usually, the volume of secre-
tions is relatively small and is termed microaspiration. Occasionally, 
obvious large volume aspiration can occur, leading to severe pneumonia 
if the bolus is infectious or markedly predisposes to pneumonia even if 
noninfectious, such as with enteral feedings. Microaspiration is likely 
the predominant cause in CAP and VAP, while macroaspiration plays a 
bigger role in HAP and HCAP.

The terms aspiration and aspiration pneumonia have been used for 
multiple clinical entities, both infectious and noninfectious (Table 65-2). 
As suggested above, most bacterial pneumonias result from an aspiration 

INTRODUCTION
Pneumonia is one of the most common precipitating causes for ICU 
admission. It is a frequent cause of hemodynamic compromise and 
septic shock. Pneumonia is also one of the most common causes for the 
acute respiratory distress syndrome (ARDS).

Pneumonia on admission to the intensive care unit presents in three 
different forms: traditional community-acquired pneumonia (CAP),  
hospital-acquired pneumonia (HAP), and the controversial entity of health 
care–associated pneumonia (HCAP). HCAP is a community-onset pneu-
monia but with risk factors for pathogens more typical of HAP. In addition, 
presence of any number of immunocompromised states within each of 
these entities raises concern for a broader spectrum of potential etiologies, 
especially opportunistic pathogens. While ventilator-associated pneumo-
nia (VAP) is technically a subgroup of HAP, this type of pneumonia occurs 
as a complication of critical illness, rather than the precipitating cause of 
critical illness. As such, VAP is covered in a separate chapter (Chap. 59).

While each of these types of pneumonia has some common character-
istics, their differences warrant separate discussion. However, the basic 
pathophysiology of pneumonia in patients without an artificial airway is 
very similar and will therefore be discussed in more general terms initially.

PATHOGENESIS
The lung represents the greatest amount of surface area in contact with the 
external environment in humans. The lung is therefore exposed routinely 
to airborne infectious microorganisms. In addition, deposition of a liquid 
inoculum into the lower respiratory tract occurs on a frequent basis sec-
ondary to microaspiration. As a result, the lungs and entire respiratory tract 
have effective and redundant host defense mechanisms in order to respond 
to this infectious challenge. Despite this, lower respiratory tract infections 
remain the leading causes of infectious death, even in the modern world.1 
Some have suggested that all humans remain immunodeficient2 and that 
the decrease in overall mortality from pneumonia and influenza in devel-
oped countries is likely due to salvage by antibiotic therapy.

■■ BACTERIAL MILIEU
Airways below the vocal cords and the alveolar spaces have gener-
ally been thought to be sterile. However, recent data using nonculture 
molecular tools have suggested that the microbiome of the lower respira-
tory tract may not be free of bacteria.3 This is clearly true in patients with 
HAP and HCAP, as well as patients with chronic airway disease including  
chronic bronchitis and bronchiectasis. Alterations in this microbiome 
are likely to predispose to subsequently culture-positive infections.

In contrast, bacteria are abundant in the upper respiratory tract, 
reaching concentrations as high as 1010 to 1012 colony-forming units 
(cfu)/mL. While most of these bacteria are generally considered non-
pathogenic, normal oropharyngeal and nasal colonization includes 
potential pathogens such as Streptococcus pneumoniae, Staphylococcus 
aureus, and Neisseria meningitides.

In patients with HAP and HCAP, the bacterial milieu of the oro-
pharynx changes dramatically, with the emergence of colonization by  
gram-negative Enterobacteriaceae and methicillin-resistant S aureus 
(MRSA). This gram-negative colonization can occur within the first  
3 days of admission of moderately ill patients.4,5 Most of these gram-
negative colonizers are endogenous flora from the patient’s own gastro-
intestinal tract. Other pathogens can be introduced via poor infection 
control practices, including poor hand washing by caregivers, or from 
the environment. However, the oropharynx is remarkably refractory to 
colonization simply by exposure to pathogens. Pseudomonas aeruginosa 
and Aspergillus species are fairly ubiquitous in the environment, even 
in the hospital, but pneumonia from these pathogens essentially never 
occurs unless patients have been exposed to prolonged antibiotic therapy.

Risk factors for altered oropharyngeal flora that are particularly perti-
nent to patients likely to be admitted to the ICU are listed in Table 65-1. 
By far, the most important risk factor is use of antibiotics; the broader 

  TABLE 65-1    Risk Factors for Oropharyngeal Colonization With Pathogens

Antibiotics

Malnutrition

  Viral Infection

  Uremia

  Chemotherapeutic agents

  Radiation

  Nasogastric tube

  Chronic tracheostomy

  TABLE 65-2    Aspiration Syndromes

Syndrome Infectious Major Pathogen Clinical Scenario

Anaerobic 
pleuropneumonia

Yes Anaerobes Loss of consciousness in past—
alcohol abuse, seizure disorder

Large-volume gastric aspiration Vomiting, esophageal motility 
disorders(Contents of bolus determine resultant syndrome)

  Low pH No Acute lung injury/ARDS

 � Bland, enteral 
feedings

Yes Aspiration pneumonia if gastric pH 
not low

No Aspiration pneumonitis if bilious or 
moderately low pH

No Atelectasis, high risk of subsequent 
pneumonia

 � Small bowel 
contents

Yes Gram negatives, 
anaerobes

Small bowel obstruction, ileus

Small volume aspiration

  Oropharyngeal Yes Anaerobes, normal 
flora, any colonizer

Loss of consciousness or inability to 
protect airway—stroke, sedation, 
metabolic encephalopathy, etc

Aspiration pneumonia

  Gastric No Usually associated with 
gastroesophageal reflux

Acute—bronchospasm/asthma 
or cough

Chronic—cough syndrome, 
bronchiolitis obliterans, pulmonary 
fibrosis
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episode and could therefore be technically called aspiration pneumonia. 
However, this term often is associated with a clinical entity of anaerobic 
pleuropneumonia (Fig. 65-1) resulting from a past episode of aspira-
tion associated with loss of consciousness, usually associated with acute 
alcohol intoxication or a seizure disorder.6 The key differentiating factor 
for this diagnosis is that the aspiration episode occurred days to weeks, 
even months, prior to presentation to the hospital. While this disorder is 
one of the aspiration syndromes, its frequency has markedly decreased 
in the last few decades.

In contrast, viral CAP and some forms of bacterial pneumonia result 
from droplet inhalation. Legionella pneumophila HAP from contami-
nated water sources is a good example of an inhalational bacterial pneu-
monia. However, many of these infections actually represent contiguous 
extension from the infected oropharynx, rather than true inhalation 
pneumonia. Therefore, microaspiration may still play a significant role 
even in these infections.

■■ HOST DEFENSE
Because the lower respiratory tract is discontinuously exposed to infec-
tious microorganisms, a wide variety of redundant host defense mecha-
nisms are available to deal with this infectious challenge.

Airway Defense:  Airway defenses are critical once an infectious bolus 
is aspirated into the trachea or proximal airways and for inhaled 
pathogens and particulate matter. The critical importance of muco-
ciliary clearance is abundantly illustrated in the genetic defects in 
cystic fibrosis and primary cilial dysfunction.7 A variety of mucins 
are induced by pathogens but may actually dampen the inflammatory 
response in some cases.8 The effect of cigarette smoking and anteced-
ent viral infection are well-known risk factors for development of 
pneumonia. However, the airway epithelium cells are also immuno-
logically active.9 A number of antimicrobial peptides are secreted by 
these cells, including defensins, lactoferrin, lysozyme, and cathelici-
dins. Immunoglobulin (Ig)-A and complement components are also 
secreted into the airway during inflammation.

Alveolar Defense:  The resident alveolar macrophage is the key compo-
nent of host defense at the alveolar level.10 They are able to clear most 
inhaled infectious and noninfectious challenges, as well as smaller 
degrees of aspiration. More importantly, macrophages are the source 
of a host of cytokines and chemokines, which recruit neutrophils and 
initiate a variety of other components of innate immunity. In addi-
tion, macrophages and dendritic cells are key antigen-presenting cells, 
important in the initiation of humoral immunity.

FIGURE 65-1.  Anaerobic pleuropneumonia. Note intrathoracic air fluid level on the plain chest x-ray (A). Chest CT (B) confirms rim enhancement of the pleural space along 
intrapleural air, and necrotic pneumonia.
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The alveolar epithelial cell is not a simply passive barrier to micro-
bial invasion but is an integral part of host defense. Critical to airway 
and alveolar epithelial defense, as well as that of macrophage and neu-
trophils, is the ability of these cells to recognize pathogen-associated 
molecular patterns (PAMPs). The Toll-like receptors (TLRs) and nucle-
otide-binding oligomerization domain (NOD) receptors are important 
examples. Binding of microbial markers to these receptors results in 
both enhanced killing and initiation of the cascade of cytokines and 
chemokines characteristic of innate immune response.

A variety of other molecules contribute to alveolar defense. IgG and 
complement components passively diffuse into the alveolar space. Their 
importance is illustrated by genetic deficiencies, which are associated 
with frequent pneumonia. In addition, surfactant protein (SP)-A and 
SP-D, which belong to the collectin family and are secreted by alveolar 
type-II cells, have the ability to bind bacterial carbohydrates. Surfactant 
itself increases opsonization of bacteria.

While part of the host response in many severe infections, the role 
of the coagulation system may be uniquely important in pneumonia.11 
Alveolar fibrin deposition appears to assist in trapping bacteria, espe-
cially in the exudative phase of pneumonia, allowing macrophages and 
neutrophils to capture and engulf bacteria. The association of throm-
bocytopenia12 and elevated fibrin degradation products13 and adverse 
outcome from community-acquired pneumonia lend credence to the 
important role of coagulation.

Vascular Defense:  Localizing an infection to the alveolar space is an 
important function of host immunity. Even the presence of bacterial 
DNA in peripheral blood appears to correlate with mortality.14

The factors important in prevention of the bacteremia and defending 
the vascular space in pneumonia are poorly understood. Clearly, pre-
formed antibody is important, since the most incontrovertible evidence 
of pneumococcal vaccine efficacy is prevention of invasive disease, 
principally bacteremia and empyema.15 The ability to opsonize bacte-
ria is also important since deficiencies in mannose-binding lectin and 
complement are also associated with increased bacteremia and invasive 
pneumococcal disease.16,17 The role of the spleen in clearing opsonized 
bacteria also appears important for pneumonia due to pneumococci and 
other encapsulated bacteria.

PATHOPHYSIOLOGY

■■ HOST RESPONSE
Given the near constant infectious challenge, the airway and lower 
respiratory tract host defenses function without any clinical manifesta-
tions in the overwhelming majority of cases. However, when an infec-
tious challenge is no longer contained by local host defense, systemic 
manifestations can be seen. These include fever as a result of TNF and 
IL-1 release by alveolar macrophages and other cells, leukocytosis in 
response to IL-6 and G-CSF release, and the resultant increase in secre-
tions and change to purulence as neutrophils are recruited to the lower 
respiratory tract. In addition, release of these and other cytokines results 
in a localized alveolar-capillary leak syndrome, which manifests as a 
radiographic infiltrate and results in hypoxemia. The degree of local-
ized capillary leak and local cytokine levels is equivalent to that seen 
more diffusely in ARDS. The inflammatory response can extend to the 
pleural surface, resulting in pleural effusions and pleuritic chest pain. 
These clinical manifestations are common in all forms of pneumonia to 
varying degrees.

■■ BACTERIAL RESPONSES
The above manifestations are primarily a result of the host response to 
infection, rather than from the microorganism. Occasionally clinical 
manifestations may result from specific pathogen-related factors. Mild 
hemoptysis can result from the alveolar capillary leak syndrome but 
massive hemoptysis usually indicates pathogen invasion of the pulmo-
nary vasculature. Massive hemoptysis usually results from release of 

exotoxins by the pathogen and is classic for S aureus18 and Aspergillus sp. 
These same exotoxins and microbial enzymes can also cause actual lung 
necrosis, leading to cavities on chest radiographs (Fig. 65-2) and even 
pneumothoraxes. In addition to S aureus and Aspergillus, the anaerobic 
pleuropneumonia syndrome (Fig. 65-1) and Pseudomonas aeruginosa 
are in the etiologic differential. While unusual manifestations of pneu-
monia, patients admitted or transferred to the ICU are more likely to 
have these complications.

■■ HYPOXEMIA
The mechanism of hypoxemia in pneumonia results from the full range 
of ventilation/perfusion relationships. Lobar pneumonia is classic for 
causing shunt physiology. Part of the severe hypoxemia seen in these 
situations is a result of a block in the normal hypoxic vasoconstriction, 
thought to be due to mediator release from the bacteria. Some increase 
in dead space ventilation occurs as a result of lobar consolidation as well. 
However, CO2 retention is much more likely to be due to impending 
respiratory muscle fatigue and/or decreased central respiratory drive 
from septic encephalopathy, particularly when the latter is combined 
with either uremia or underlying hepatic disease.

■■ RESPIRATORY FAILURE
Respiratory failure is the most common reason for ICU admission for 
pneumonia. In addition to ineffective gas exchange due to shunt and 
ventilation/perfusion mismatching, cytokine release associated with the 
systemic inflammatory response syndrome (SIRS) results in increased 
minute ventilation due to the resetting of central respiratory drive. In 
addition, pulmonary compliance is decreased by the consolidation and 
airway resistance may be increased by the presence of secretions. These 
both result in substantially increased work of breathing. Pleuritic chest 
pain and splinting may also contribute to the worsening gas exchange.

■■ HYPOTENSION
Septic shock is also a manifestation of severe pneumonia.19 For pneumo-
nia acquired in the community, the overwhelming majority of patients 
are hypovolemic at the time of presentation. However, this may not be 
true for patients with HAP. The pathophysiology and mechanisms of 
septic shock from pneumonia probably vary somewhat by microorgan-
ism but are likely due to similar mechanisms as septic shock from other 
sources (see Chap. 64).

FIGURE 65-2.  CA-MRSA pneumonia. Note rounded necrotic pneumonia along the 
bronchovascular bundle and small pleural effusion. Within 12 hours, the patient developed 
massive empyema ultimately requiring decortication. Multiple echocardiograms, including 
transesophageal, were negative for endocarditis.
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GENERAL TREATMENT STRATEGIES
Understanding the pathophysiology of pneumonia can lead to rational 
treatment strategies. While many principles apply to severe infections 
in general, several aspects are unique to the treatment of pneumonia.

■■ ANTIBIOTIC TREATMENT
Obviously, appropriate antibiotic therapy is key to adequate control of 
pneumonia. The time to initial antibiotic dose appears to be an impor-
tant determinant of outcome if the patient is in septic shock.20 The 
benefit of rapid initiation of antibiotics in other clinical presentations is 
less clear, particularly if the patient has inadequate volume resuscitation. 
The Jarisch-Herxheimer reaction sometimes seen with the use of cell 
wall active antibiotics and highly susceptible bacteria may actually lead 
to hypotension if antibiotics are given prior to adequate fluid resuscita-
tion. Appropriate empirical antibiotic therapy will be discussed below 
for each of the separate clinical pneumonia syndromes.

If release of exotoxins appears to be playing an important role, such 
as with S aureus and some streptococcal pneumonias, use of antibiotics 
that interfere with ribosomal protein synthesis may be of some benefit.  
This appears to be particularly important for community-acquired 
methicillin-resistant S aureus (CA-MRSA).21 The concern in this  
infection is that neither vancomycin nor linezolid is rapidly bacteri-
cidal, allowing viable bacteria to continue to release exotoxin. However, 
linezolid suppresses exotoxin production in viable bacteria, as does 
clindamycin. Therefore, use of linezolid or the addition of clindamycin 
to vancomycin may have benefit in pneumonia due to toxin-secreting 
strains. For MSSA, and streptococcal infections in general, the rapid kill-
ing with β-lactam antibiotics effectively eliminates exotoxin production.

The presence of cavities may decrease antibiotic penetration to the 
site of infection. This does not appear to be a problem with anaerobic 
pleuropneumonia, possibly because vascular invasion is not as promi-
nent a feature as it is with Pseudomonas and CA-MRSA pneumonias. 
Aerosolized antibiotics may therefore be required, although this is much 
less likely than in treatment of VAP.

■■ VENTILATORY SUPPORT
Several aspects of the pathophysiology of severe pneumonia provide 
unique challenges to ventilatory support.

Noninvasive Ventilation:  Concern about noninvasive ventilation (NIV) 
in patients with pneumonia was raised early in its development. 
Patients clearly cannot adequately expectorate against continuous 
positive airway pressure (CPAP) delivered via a full-face mask. A 
very productive cough with pneumonia remains one of the relative 
contraindications to NIV.22 Failure of NIV in these patients has been 
associated with a subsequent prolonged duration of mechanical ven-
tilation and increased risk of VAP.23 However, intermittent NIV with 
careful attention to increasing secretion clearance prior to restarting 
NIV and possibly use of a nasal-only mask appear to minimize this 
risk. NIV has been demonstrated to have a survival benefit in CAP24 
and immunocompromised patients with pulmonary infiltrates.25

Severe Hypoxemia on Mechanical Ventilation:  Occasionally, patients 
with unilateral pneumonia developed worsening hypoxemia after 
intubation and initiation of mechanical ventilation. Positive end-
expiratory pressure (PEEP) may actually exacerbate the problem. 
The pathophysiologic mechanism is overdistention of the alveoli in 
the unaffected lung with the resultant increase in pulmonary capil-
lary pressure shunting more blood from the unaffected lung to the 
pneumonic lung.

Several strategies may be effective in this situation. Clearly, these 
patients should be treated with a lower tidal volume, such as the 6 mL/kg  
ideal body weight used for ALI,26 to minimize overdistension of the 
unaffected lung. However, PEEP should be adjusted to maximize oxy-
genation rather than by use of the ARDSNet algorithm. Positioning 
the patient in the lateral decubitus position with the unaffected 

lung dependent both increases perfusion based on gravity as well as 
limiting overinflation of the good lung and is very effective in this 
situation. If hypoxemia is refractory, ibuprofen appears to block the 
bacterial-induced paralysis of hypoxic vasoconstriction and has been 
demonstrated to be safe in critically ill patients.27

■■ SEPTIC SHOCK
Patients with CAP appeared to respond to drotrecogin alfa activated 
and tifacogin much better than patients with HAP or nonpneumonia 
infections,28,29 consistent with the important role that the coagulation 
system plays in CAP. However, a negative prospective randomized trial 
of tifacogin in severe CAP (SCAP)19 and of drotrecogin alfa activated 
in all-cause septic shock did not confirm these subgroup analyses and 
neither drug is now available clinically.

COMMUNITY-ACQUIRED PNEUMONIA
Community-acquired pneumonia continues to be a frequent cause of 
morbidity and mortality. Worldwide CAP is the leading infectious dis-
ease cause of death and the third leading cause of death overall.1 Despite 
continued advances in a multitude of areas in medicine, the mortality 
rate from CAP has changed very little in the past four decades. In addi-
tion to the deaths within the hospital, patients admitted to the hospital 
with pneumonia are at an increased risk of death for months to years 
after discharge, relative to age-matched controls.30-32

■■ EPIDEMIOLOGY
For the year 2000, over 1 million patients were hospitalized in the United 
States, and 65,000 deaths were attributable to CAP and influenza.33 The 
financial cost is substantial as well, estimated at over $9 billion per year.34

Approximately 10% of all patients hospitalized with CAP require 
ICU admission.35-38 Hospitalized CAP patients carry significant mortal-
ity depending on the severity of illness. Several studies have reported a 
mortality rate of approximately 10% in hospitalized ward patients, and 
30% to 60% mortality in patients that require ICU admission.19,39 SCAP 
is even more burdensome to health care systems as the mean duration 
of hospitalization is 6 days at a cost of approximately $7500 for ward 
patients compared to 23 days and $21,144 for ICU patients.40

The most important determinant of hospitalization and mortality  
in patients with CAP is the presence of chronic comorbid conditions.38,39,41-44  
The most common comorbid illnesses in patients with SCAP are 
chronic obstructive pulmonary disease (COPD),38,45,46 which is pres-
ent in up to half, followed by alcoholism, chronic heart disease, and  
diabetes mellitus.38,44,47

■■ ETIOLOGIC SPECTRUM
While all CAP studies identify S pneumoniae as the leading pathogen 
causing CAP, the frequency of other pathogens varies regionally or 
with outbreaks of particular pathogens (Table 65-3). More importantly, 
significant differences between the etiology of milder pneumonia and 
severe disease exist. For example, Legionella pneumophila appears to be 
more common in SCAP, at least in some areas,48 while other atypical 
pathogens like Mycoplasma pneumoniae and Chlamydophila pneumoniae 
are much less common. Gram-negative pathogens such as Escherichia coli 
and Klebsiella pneumoniae, again with significant regional differences, are 
also more common in severe disease.49 While uncommon in most series, 
P aeruginosa may also be an important SCAP pathogen in some centers. 
Whether this is due to innate virulence of the pathogen or a reflection of 
the comorbidities in patients who acquire them is uncertain.

Knowledge of the local etiology is particularly important in the set-
ting of SCAP and shock as this will significantly impact on both empiric 
therapy and the microbiological investigations ordered. Examples of 
pathogens that can cause severe pneumonia and septic shock that are 
significant considerations in some areas and nonexistent in others 
are Burkholderia pseudomallei, Acinetobacter spp, L longbeachae, and 
Francisella tularensis.
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  TABLE 65-3   � Microbial Etiology of Community-Acquired Pneumonia Admitted 
to the ICU

Common Uncommon Rare

S pneumoniae Haemophilus influenzae Burkholderia pseudomallei

S aureus Enterobacteriaceae Francisella tularensisa

Legionella spa P. aeruginosa Coronavirus (SARS)

Other streptococci Chlamydophila pneumoniae Parainfluenza virus

Influenza Mycoplasma pneumoniae Adenovirus

Respiratory syncytial virusb Acinetobacter sppa Hantavirusa

Human metapneumovirus Mucormycoses

Aspergillus sp Endemic fungia

M. tuberculosis
aRegional or localize risks.
bParticularly in children.

Recently there has been increasing concern over CA-MRSA as a 
cause of SCAP.18,21 Mortality rates from this pathogen may be quite high, 
particularly when associated with the virulence factor Panton-Valentine 
leukocidin. Although the current prevalence of MRSA is too low to 
influence general CAP antibiotic guidelines, this may well change in the 
near future.

Use of molecular diagnostic techniques demonstrate that streptococci 
other than S pneumoniae, including S pyogenes,50 S mitis, S agalactia, or 
S milleri,51 may also be important pathogens for CAP. In the past, many 
of these have been dismissed as oral flora when cultured from sputum 
and they only rarely caused bacteremia. Some of these species are more 
resistant to penicillin than S pneumoniae and may explain some penicil-
lin treatment failures in culture negative patients.

Viral pneumonia in adults was generally underappreciated until the 
SARS epidemic and the novel 2009 H1N1 influenza A pandemic. Even 
in CAP patients admitted to the ICU, viral pneumonia probably plays 
a significant role.52 This is even more likely in immunocompromised 
patients. The spectrum of respiratory viruses has also increased with 
recent recognition of human metapneumovirus, Bocavirus, and the 
SARS-like coronaviruses with increased use of molecular diagnostic 
techniques. One mechanism by which viral infections can precipitate 
ICU admission is the common association with increased broncho-
spasm in patients with obstructive lung disease. The pneumonia itself 
may be minimal but the associated bronchospasm will require either 
frequent aerosols or ventilatory support.

Patients with endemic fungal pneumonia, such as histoplasmosis, blasto-
mycosis, or coccidiomycosis, and tuberculosis can also present to the ICU 
with CAP-like symptoms. While uncommon, failure to recognize these 
pathogens not only leads to poor patient outcome but also exposes critical 
care staff to possible infection. Opportunistic fungi, such as Aspergillus and 
Mucor, would be more common in patients with HCAP or HAP.

■■ DIAGNOSIS
Clinical Criteria:  Pneumonia is generally diagnosed by presence  
of abnormalities in three groups of clinical criteria: (1) evidence of 
infection—including fever, subjective chills or rigors, or hypother-
mia; leukocytosis, leukopenia, or immature white blood cells; and  
other biomarkers, (2) evidence that the infection is localized to the 
lung—including increased sputum production, change to purulence or 
hemoptysis, dyspnea, chest discomfort, rales or signs of consolidation 
on physical examination, and (3) an abnormal chest radiograph. In 
certain circumstances, variations in clinical findings are also compatible 
with pneumonia such as confusion in the elderly as evidence of infec-
tion53 or wheezing in a child as evidence that an infection is localized in 
the lung, such as viral pneumonia. While absence of any one of these 
three criteria should call into question the accuracy of the diagnosis of 

CAP, clear-cut cases of pneumonia have occurred in the absence of all 
of them, including radiographic infiltrates. The differential diagnosis of 
CAP is listed in Table 65-4.

The elderly are notorious for not mounting a fever in response to 
pneumonia53 and use of antipyretics may mask fever in other patients. 
Other biomarkers such as C-reactive protein and procalcitonin have 
been used for patients with elevated leukocyte counts. “Normal” chest 
radiographs on presentation may represent hypovolemia and infiltrates 
will blossom on subsequent radiographs54 or subtle abnormalities can be 
documented on chest computed tomography (CT).

Etiologic Diagnosis:  Although the clinical diagnosis of the presence 
of CAP is relatively straightforward, determining the etiology is 
extremely difficult. In usual clinical practice, an etiology is deter-
mined in <15% of cases of CAP with standard blood cultures and 
occasional sputum culture. The situation is significantly better in 
patients admitted to the ICU. The reasons for this are threefold:  
(1) a higher incidence of bacteremia in patients who are critically ill, 
(2) a higher incidence of pathogens that are not eradicated by a single 
dose of antibiotic, and (3) better access to a valid lower respiratory 
tract sample in patients who are endotracheally intubated. Because 
the yield is significantly higher in patients admitted to the ICU, blood 
cultures should be drawn on all patients.55,56 In addition, a tracheal 
aspirate specimen should be obtained as soon as possible after intuba-
tion. Despite this more aggressive diagnostic testing, S pneumoniae is 
still the pathogen most likely to be documented and it is unclear that 
routine aggressive diagnostic testing leads to significant changes in 
antibiotic therapy.57,58

The availability of urinary antigen tests for both pneumococcus and 
Legionella has also increased the frequency that these pathogens are 
documented in SCAP cases.58 Urinary antigen testing is complementary 
to both blood cultures and tracheal aspirate cultures for pneumococcus 
since cultures can be negative in cases with a positive urinary antigen 
test and vice versa. Urinary antigen testing is more sensitive than spu-
tum or tracheal aspirate cultures for L pneumophila but will not detect 
other Legionella sp.

Polymerase chain reaction (PCR) is now the standard for diagnosis of 
respiratory viruses. This should be routine during influenza season and 
a broad-spectrum PCR should be obtained in immunocompromised 
patients. The standard is nasopharyngeal sampling but the same assays 
can be run on lower respiratory tract samples including tracheal aspi-
rates and BAL. Occasionally, these lower respiratory tract samples are 
positive despite negative nasopharyngeal results.

  TABLE 65-4    Differential Diagnosis for Community-Acquired Pneumonia

Acute exacerbation of chronic obstructive lung disease (COPD)

Central airway obstruction with atelectasis

•	 Bronchogenic carcinoma
•	 Foreign body
•	 Benign adenoma

Atypical pulmonary edema

Pulmonary embolism/infarction

Hypersensitivity pneumonitis

•	 Allergic alveolitis
•	 Drug induced

Acute exacerbation of pulmonary fibrosis

Acute eosinophilic pneumonia

Vasculitis

Bronchoalveolar carcinoma

Bronchiectasis

Bronchogenic cyst
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Biomarkers:  Physicians have used biological markers of infection, 
such as the white blood cell count, to help guide clinical decisions 
for a long time, so biomarkers are hardly a new concept. The last 
decade has seen an explosion of interest in the potential for the levels 
of a number of inflammatory proteins to help guide clinical decision 
making in CAP. Possible applications for biomarkers that have been 
put forward include guiding antibiotic therapy (both initiation of 
treatment and duration of therapy) and more accurate stratification 
of patients into high- or low-risk groups.

Procalcitonin (PCT), a calcitonin precursor that is elevated in infection  
as well as in patients with trauma, burns, and neuroendocrine tumors, 
is probably the best-validated “new” marker. Interferons released in 
response to viral infection appear to suppress PCT levels, enhancing a 
gradient between active bacterial and viral infections. While proposed as 
a relatively specific marker of bacterial infection (as distinct from viral), 
the clinical discriminating value of PCT remains unclear.

In a randomized trial of patients with a variety of lower respiratory 
tract infections, only 15% of CAP patients were recommended to with-
hold antibiotics based on PCT levels.59 This rate may be very close to the 
incidence of true viral pneumonia. Although the number of patients in 
whom antibiotic therapy was withheld increased significantly, more than 
50% of physicians chose to override the PCT-guided recommendations, 
giving antibiotics despite the recommendation to withhold them. A 
subsequent study found inadequate sensitivity and specificity to reliably 
differentiate between bacterial or viral CAP.60 Acute and convalescent 
serologies also indicate that some high-PCT CAP cases were caused by 
viral pathogens.59 Anecdotal experience with primary novel 2009 H1N1 
influenza pneumonia confirms this observation.61 Although bacterial 
infections are generally associated with higher PCT levels in children,62 
the ability to discriminate between bacterial and viral etiology in indi-
vidual cases is highly questionable and likely less accurate than in adults.

Therefore, a high PCT is unlikely to be helpful in patients admitted 
to the ICU since even severe viral pneumonias may result in increased 
PCT as a nonspecific inflammatory biomarker. Conversely, a low PCT 
in a critically ill patient is suggestive of nonbacterial infection or a CAP 
mimic (Table 65-4).

■■ CRITERIA FOR ICU ADMISSION
Patients initially admitted to a non-ICU setting but subsequently requir-
ing ICU transfer (up to 50% of CAP patients ultimately receiving ICU 
care) have a very high mortality rate, exceeding that of patients who have 
equivalent illness at presentation but who are admitted directly to the 
ICU.63,64 High degrees of variability in ICU admission for CAP between 
hospitals and individual physicians have also been found. This has led 
to attempts to standardize the ICU admission decision with a variety of 
tools, including scoring systems and biomarkers. In patients who pres-
ent to hospital already severely ill, requiring mechanical ventilation or 
vasopressor support at the outset, decision support for ICU admission 
is clearly not needed.65 Therefore, the critical criterion to evaluate these 
decision support tools is the ability to identify patients likely to dete-
riorate if admitted to a non-ICU situation. A limitation in all of these 
decision support tools is the frequency of limitation of care decisions in 
patients with CAP. These decisions are not always represented by a clear-
cut do-not-resuscitate order. Institutions also vary in the availability of 
ICU beds and the willingness to admit patients with limitations of care 
to the ICU. One solution is to use the need for intravenous vasopressors 
and mechanical ventilation as the end point.66

Scoring Systems:  A variety of clinical scoring systems have been devel-
oped that reliably predict 30-day mortality risk for patients with CAP, 
including the pneumonia severity index,43 CURB-65 and CRB-65,67 and 
the ATS criteria.68 None of these mortality-based scores were adequate 
to define the need for ICU care.40 Therefore, the most recent IDSA/
ATS guideline committee proposed a set of minor criteria to define 
patients at risk for the need for ICU care.55 These IDSA/ATS guideline 
minor criteria have demonstrated good predictive value in retrospective  

studies.69 Subsequently, several other scoring systems, including 
CURXO,70 SMART-COP,66 REA-ICU,65 and CAP-PIRO,71 were devel-
oped to specifically address the need for ICU care. The CURXO and 
SMART-COP criteria were developed with multivariate techniques but 
surprisingly are very similar to the IDSA/ATS minor criteria. Table 65-5 
lists criteria from the various SCAP scoring systems. In general, three or 
more of these minor criteria are almost always found in patients who 
are either admitted directly to the ICU or who have deterioration on the 
floor and subsequent transfer to the ICU. Unfortunately many patients 
safely managed on the floor have three criteria as well. None of the scor-
ing systems have been prospectively demonstrated to avoid late transfers 
or to lower mortality. However, clearly demonstrated in all of the studies 
is that the greater the number of these criteria seen at presentation, the 
more likely the need for ICU care.

Biomarkers:  The deficiencies of the existing clinical scoring systems 
discussed above directly correlate with the interest in biomarkers to 
risk stratify, as probably does the desire for simple decision making 
tools that remove the need for the time-consuming process of exam-
ining patients. Precedence for biomarker use to triage patients comes 
from the successful use of lactate levels to detect occult hypoperfusion 
in sepsis and respond more aggressively.72 Many of the other minor 
criteria listed in Table 65-5 are in essence biomarkers as well.

Biomarkers have been proposed to either simplify or add greater 
predictive power to the clinical predictive tools already discussed. PCT 
levels clearly correlate with increasing severity of CAP based on the PSI 
or CURB-65.73-75 A PCT <0.1 ng/mL is associated with a good prognosis 
regardless of the PSI score, and a PCT >0.5 ng/mL increases the likeli-
hood of mortality in patients with a PSI grade V.74 However, PCT did not 
predict development of severe sepsis either acutely or after 24 hours, sug-
gesting that PCT may correlate with nonsepsis-related deaths. Another 
study found that PCT did not increase the accuracy of the PSI for 
predicting mortality,75 although small improvements were found when 
C-reactive protein was added to the PSI, CURB-65, or CRB-65 scores.

Although PCT also correlates with the need for ICU care, adjunctive 
use of PCT specifically for the decision to admit to the ICU was not 
found to be helpful.76 An elevated serum PCT level did not add any 
discriminating value to the IDSA/ATS minor criteria. A small number 
of patients with three minor criteria and a low PCT appeared to do well 
when admitted to a non-ICU setting. At this time, a clear role for PCT as 
an adjunct to existing clinical scoring systems remains unproven.

A number of other biomarkers have been suggested to be useful in 
the setting of CAP. C-reactive protein (CRP) appears to be even more 
generic for inflammation, rather than only infection, than PCT and is 
likely to have all the issues discussed above for PCT. Given the high 
prevalence of acute cardiac complications in patients with CAP,77,78 the 
association of markers of cardiac stress, such as troponin-I79 and B-type 
natriuretic peptide,80 with CAP outcomes is interesting.

  TABLE 65-5    Minor Criteria for Consideration of ICU Admission for Severe CAP

IDSA/ATS Criteria Other Criteria

Confusion Lactic acidosis

Uremia (BUN >20 mg/dL) pH <7.30-7.35

Tachypnea (RR >30/min) Low albumin

Bilateral radiographic infiltrates Hyponatremia (<130 mEq/L)

Hypoxemia (P/F <250) Leukocytosis >20,000/mm3

Thrombocytopeniaa Hypoglycemiaa

Hypotension requiring aggressive fluid resuscitation

Hypothermiaa

Leukopeniaa

BUN, blood urea nitrogen; P/F, PaO2/FiO2; RR, respiratory rate.
aNot validated in any multivariate analysis.
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■■ TREATMENT
Empirical antibiotic therapy of CAP patients who do not have risk fac-
tors for MDR pathogens (Table 65-6) is fairly straightforward.55 Most 
guidelines recommend cephalosporin-based combination therapy. Either a 
macrolide or a respiratory fluoroquinolone should be used in combination.

Despite the fairly consistent guideline recommendations, only one 
RCT has ever addressed combination versus monotherapy in critically 
ill patients. Quinolone monotherapy in patients who were mechanically 
ventilated had a trend toward inferior results compared to a cephalo-
sporin/quinolone combination.81 Hypotensive patients were specifically 
excluded from this study. Therefore, the recommendation for combina-
tion therapy is based almost exclusively on retrospective analyses. These 
retrospective studies show a remarkably consistent pattern of worse 
outcome with monotherapy in the critically ill patient.82-84 However, 
the studies are dominated by empirical therapy in patients without an 
etiologic diagnosis. Therefore, monotherapy with an appropriate agent 
can potentially be given in SCAP patients with an etiologic diagnosis, 
with the possible exception of bacteremic pneumococcal pneumonia.  
For documented severe Legionella pneumonia, fluoroquinolones appear 
to induce more rapid resolution than macrolides.85

Because atypical pathogens play a smaller role in CAP patients admit-
ted to the ICU, the benefit of combination therapy is unlikely due to 
coverage of additional pathogens except where Legionella is common. 
Several studies of bacteremic pneumococcal pneumonia have suggested 
a beneficial effect of macrolide combination therapy, particularly when 
the patient is more severely ill.82,84 The likely explanation is an immu-
nomodulatory effect of macrolides since fluoroquinolone combinations 
have less consistent benefit.86 For this reason, macrolides are preferred 
unless the patient has risk factors for gram-negative pathogens (active 
alcohol abuse, severe obstructive lung disease, and bronchiectasis) or has 
received recent macrolide therapy. Macrolide combination therapy is also 
recommended for patients documented to have bacteremic pneumococ-
cal pneumonia. The data for nonbacteremic cases are less clear but given 
the minimal cost and toxicity, continuing macrolides appears reasonable.

A subtle preference for cephalosporins, such as ceftriaxone, over peni-
cillins is seen in the literature of mortality for CAP.87 In addition to its ease 
of use, resistance to cephalosporins is less than to penicillins. However, 
this is unlikely the sole reason since a trend toward lower mortality  
with cephalosporins antedates the time of high penicillin resistance.

The major therapeutic dilemma is whether to add or substitute 
broader spectrum antibiotics. Most of the Enterobacteriaceae and classic 
CAP organisms are usually sensitive to cephalosporins and/or respira-
tory fluoroquinolones. Therefore, in patients with no HCAP risk factors, 
the greatest question is addition of anti-MRSA drugs. The frequency of 
CA-MRSA is still so low that routine coverage is not needed. A fairly 
distinct syndrome that includes neutropenia, gross hemoptysis, ery-
thematous skin rash, cavitary infiltrates, and rapidly progressive pleural 
effusions can raise suspicion that CA-MRSA is the causative pathogen.18,21  
In addition, a characteristic Gram stain and/or positive cultures are  
easily found from multiple sites.

During influenza season, empirical antivirals may be indicated in 
patients with influenza-like symptoms prior to the onset of pneumonia. 

This is particularly true when the circulating strain is very virulent, such 
as with the novel 2009 H1N1 influenza A pandemic where early antiviral 
treatment was associated with lower mortality.88 The class of antiviral is 
dictated by resistance patterns in the known circulating strains.

Duration of Treatment:  An RCT showed that more than 5 days of anti-
biotic therapy is not associated with better outcomes than 5 days in  
mild to moderate pneumonia.89,90 Even shorter therapy is possible  
in mild cases. However, duration of treatment in severely ill patients 
with CAP has not been studied. Traditionally, 7 to 10 days have been 
used for most cases. Duration of therapy in CA-MRSA CAP is also 
unclear. Prolonged fever is common, particularly in patients with 
cavitary pneumonia.21

PCT has also been studied in an attempt to decrease the duration of 
antibiotic therapy. An RCT of usual care or a PCT-assisted therapy arm 
where physicians were given a recommendation to discontinue antibiot-
ics based on a PCT-based algorithm demonstrated a substantial decrease 
in length of antibiotic therapy in the PCT group (median 5 vs 12 days),60 
suggesting that a fall in PCT level may be a useful indicator of adequate 
therapy. However, PCT can remain elevated above the 0.25 ng/mL  
threshold for over a week in patients with severe or bacteremic CAP, 
suggesting that the value of PCT may be limited to those with mild 
to moderate disease. PCT has also been used to shorten duration of 
therapy in patients with severe sepsis91 and, despite a substantial group 
of patients with very prolonged PCT elevations, antibiotics could be 
stopped within 7 to 10 days in the majority of patients. PCT therefore 
does not appear to have routine benefit in patients treated with standard 
courses of antibiotics (7-10 days in the ICU, 5-7 days for less severely ill). 
However, it may be valuable in complicated cases and to exclude drug 
fever and other noninfectious causes of persistent SIRS.

■■ COMPLICATIONS
A variety of complications are more likely to occur in patients with CAP 
admitted to the ICU. This not only reflects a greater severity of illness 
but also a shift in the etiologic spectrum.

Empyema and Parapneumonic Effusions:  Empyema is more common 
in severely ill patients because of the shift in spectrum to include 
CA-MRSA and Pseudomonas, as well as the traditional pneumococcus 
and anaerobic pleuropneumonia. Molecular diagnostics have demon-
strated that S milleri is actually more common than S pneumonia,51 
although patients requiring ICU admission have not been studied 
separately. The determinates of empyema in pneumococcal and other 
streptococcal infections are unclear and not all patients are critically ill.

Empyema or parapneumonic effusion should be considered in 
patients who are persistently febrile or have increasing pleural effusions. 
Unfortunately, aggressive fluid resuscitation in critically ill patients 
results in transudative pleural effusions in a large fraction of patients. 
Accordingly, pleural effusion development and/or progression in size is 
not necessarily related to infection and therefore requires sampling. In 
children, appearance of a pleural effusion in CAP without underlying 
congenital heart disease or nephropathy is almost always infectious.

Adequate drainage is critical for management. This may be accom-
plished with simple tube thoracostomy or even complete drainage at the 
time of thoracentesis for parapneumonic effusions or empyema caused 
by pathogens with low virulence. Very close follow-up is required for the 
latter management strategy. However, many critically ill patients require 
more extensive surgical intervention including video-assisted thoraco-
scopic surgery (VATS) or decortication.

Metastatic Infection:  The frequent use of outpatient antibiotics and 
rapid initiation of empirical therapy has decreased the frequency 
of metastatic infection compared to the past. However, endocardi-
tis, septic arthritis, and meningitis still occur in conjunction with 
community-acquired pneumonia. The immunocompromised patient 
appears to be at greatest risk. Patients with CA-MRSA CAP have often 
been suspected of having right-sided endocarditis because of the 

  TABLE 65-6    Risk Factors for HCAP94

Hospitalization for 2 days or more in the preceding 90 days
Residence in a nursing home or extended care facility
Home infusion therapy (Including antibiotics)
Chronic dialysis within 30 days
Home wound care
Family member with multidrug-resistant pathogen

Adapted with permission from Guidelines for the management of adults with hospital-acquired, 
ventilator-associated, and healthcare-associated pneumonia. Am J Respir Crit Care Med. February 15, 
2005;171(4):388-416. Certain aspects of this document may be out of date and caution should be used 
when applying the information in clinical practice and other usages.
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unique chest x-ray pattern of rounded cavitary infiltrates along the 
bronchovascular bundle (Fig. 65-2). However, extensive workup for 
endocarditis is overwhelmingly negative.

Acute Cardiac Events:  Patients with CAP in severe sepsis or septic shock 
are prone to multiorgan system failure, including septic cardiomyopa-
thy, similar to other serious infections. However, acute cardiovascular 
complications appear to be more common in CAP patients than in other 
types of sepsis. Up to 20% of patients with pneumococcal pneumonia 
can develop acute myocardial infarction, new onset congestive heart 
failure, or new onset arrhythmia when hospitalized for pneumonia.77,78  
This increased risk of cardiovascular complications extends past the 
duration of hospitalization and may be related to persistent procoagu-
lant cytokine elevation even at the time of discharge.92

■■ PREVENTION
Secondary prevention of CAP in patients who have been admitted to 
the ICU with one episode of SCAP has not been specifically studied. 
However, patients with one episode of bacteremic pneumococcal 
pneumonia are 50 times more likely to develop recurrent disease than 
is the general population to develop a first episode.93 This is likely due 
to genetic risk factors for severe infection, especially in patients who 
do not have hematologic malignancies or HIV disease. Therefore, both 
pneumococcal vaccination and yearly influenza vaccination are prob-
ably indicated even if the patient is not otherwise in a high-risk group. 
Efficacy of vaccination at the end of the original hospitalization or even 
subsequent to recovery is unclear in this population if indeed they have 
a form of immunocompromise.

HEALTH CARE–ASSOCIATED PNEUMONIA
HCAP is technically a subgroup of CAP. This category of pneumonia 
was developed in response to the fairly consistent finding of patients 
who develop pneumonia while outside the hospital yet have patho-
gens traditionally associated with HAP, such as MRSA, Pseudomonas, 
and drug-resistant Enterobacteriaceae.55,94 Initially, this appeared to be 
predominantly patients admitted from nursing homes and an exten-
sive literature on nursing home–acquired pneumonia (NHAP) exists. 
However, subsequently it became obvious that this criterion alone did 
not describe the spectrum of patients who presented with CAP due to 
MDR pathogens. This entity is extremely controversial, in part because 
the frequency truly differs between hospitals and health care systems.

■■ DEFINITION
One cause of the HCAP controversy is that the risk factors were initially 
adapted from a study of bacteremia.95 The initial criteria for HCAP were 
proposed in the ATS/IDSA guidelines for hospital-acquired pneumonia,94  
and are listed in Table 65-6. Subsequent studies have used variations on 
the criteria that affect both frequency and etiology. Probably the most 
significant is the inclusion of immunocompromised patients in the 
HCAP category.96 The immunocompromised patient was technically 
a separate category and not included in HCAP in the original guide-
lines. However, with the expansion of both the indications for immu-
nosuppressive therapy and the types of immunosuppression, defining 
immunocompromise is no longer easy. In addition, the criterion for 
prior hospitalization has been increased from 3 months to as much as 
a year in some studies. Hospitalization within the previous month has 
traditionally been considered hospital-acquired pneumonia. However, 
this has also been challenged and many of these patients are included 
in the HCAP group.

Clearly HCAP is a diagnosis in transition. Further refinements of the 
definition are expected in the future.

■■ EPIDEMIOLOGY
Several patterns have emerged as the database of HCAP has increased. 
The first is that HCAP is clearly a disease of medical progress. The 

HCAP patient is more frequent in large academic medical centers with 
active oncology and transplant programs.96 The availability of home 
wound care and antibiotic infusion services also varies tremendously by 
locale. In these settings, HCAP may be more common than traditional 
CAP.96 In smaller hospitals, the relative frequency is dramatically lower 
and the number of patients with MDR pathogens is extremely small.97

Missing from the original description, the recent use of antibiotics is 
also a major predictor of the risk of MDR pathogens. As broader spectrum 
oral antibiotics have become available, the selective pressure for MDR 
pathogens has increased. This is best illustrated by a study of NHAP, which 
demonstrated that the risk of MDR pathogens was primarily determined 
by recent antibiotic use and secondarily by dependence in activities of daily 
living.98 Therefore, nursing home patients who have not been recently hos-
pitalized or given broad-spectrum antibiotics and who are independently 
functioning can be treated safely with traditional CAP drugs.

Surprisingly, the most common risk factor for HCAP is consistently 
recent hospitalization, with nursing home residence constituting a 
smaller proportion of patients in all studies.96,97,99-101 Many patients have 
multiple risk factors, with the most common overlap again being recent 
hospitalization. The risk of MDR pathogens in stable nursing home 
patients, chronic hemodialysis patients, or even patients receiving che-
motherapy is unclear if they have not been recently hospitalized.

Because many of the early studies were based on retrospective analysis 
of large administrative databases, the analysis was limited to culture-
positive cases.102 Prospective studies demonstrate both a lower incidence 
of HCAP and a lower frequency of MDR pathogens.97 A recent com-
parison demonstrated that culture-negative HCAP patients can be safely 
treated with CAP antibiotic regimens with good success.103 However, 
risk factors for culture positive HCAP include ICU admission.103,104 
Therefore, patients with HCAP risk factors admitted to the ICU are at 
increased risk for MDR pathogens.

Mortality:  One justification for separating HCAP from CAP was that 
the associated mortality in HCAP was much greater than in CAP and 
closer to that of HAP. This finding is not surprising given that the 
most frequent risk factor is recent hospitalization. Subsequent studies 
suggest that this excess mortality is primarily due to the underlying 
disease rather than the presence of MDR pathogens.101

■■ Etiologic Spectrum and Recommended Antibiotic Therapy
The implication of separating HCAP from CAP is that the pathogens 
are more similar to those of HAP and VAP (Table 65-8). However, the 
criteria for HCAP are consistently oversensitive and result in many 
patients receiving broad-spectrum antibiotics without a positive culture  
for MDR pathogens. In addition, the risk for all MDR pathogens is 
not the same. While a case can be made that home infusion therapy or 
wound care and chronic hemodialysis may be risk factors for MRSA 
pneumonia, no evidence exists that they increase the risk of MDR gram-
negative pathogens such as Pseudomonas and Acinetobacter. In these 
situations, anti-MRSA coverage can simply be added to the traditional 
CAP antibiotic regimen.

An accurate diagnosis is critical to management and is often avail-
able in ventilated HCAP patients via tracheal aspirates or BAL. Initial 
empirical antibiotic therapy for patients truly at risk for MDR patho-
gens is the same as described for HAP in Table 65-8. If HCAP patients 
are culture negative, they can be safely de-escalated to traditional CAP 
coverage, such as a fluoroquinolone.105 No RCT is available for HCAP 
patients admitted to the ICU and retrospective studies often exclude 
ICU patients and have often been contradictory regarding the clinical 
benefit of HAP-like versus traditional CAP treatment.96,97,100,102

Surprisingly, given the frequent concern regarding aspiration, patients 
with NHAP who developed respiratory failure do not have evidence  
that anaerobes play a significant role.106 Therefore, specific anaerobic 
coverage is not necessarily required. Conversely, poor infection control 
practices in nursing home patients, particularly those with skin break-
down, surgical wounds, tracheostomy, or who are incontinent, increase 
the risk of MDR gram-negative pathogens.
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Epidemics of Legionnaire disease have been described in nursing 
home patients. Unfortunately, patients from one nursing home may 
end up in several hospitals, making recognition of this common source 
infection more difficult. Epidemics of viral pneumonia have also been 
reported in nursing home patients.

HOSPITAL-ACQUIRED PNEUMONIA
In many institutions and in many critical care units, particularly non-
medical ICUs, HAP is clearly a more common reason for ICU admission 
than CAP. While this is not surprising, the fact that HAP is now more 
common in the ICU than VAP is not generally appreciated. A recent 
study from four academic medical centers in the United States found 
that only 32% of pneumonias in these ICUs were VAP.107 Of the cases 
of HAP, >75% were mechanically ventilated, with most developing 
respiratory failure as a result of pneumonia. Approximately 25% of cases 
developed pneumonia within 48 hours of intubation. While technically 
HAP, some of these patients may instead have early-onset VAP associ-
ated with an aspiration episode in the periintubation time period rather 
than delayed clinical manifestations of HAP. This study parallels the 
experience in many intensive care units and illustrates the significant 
problem that HAP is for critical care physicians.

■■ Altered Pathogenesis and Pathophysiology
HAP, like HCAP, represents an intermediate syndrome between CAP 
and VAP. Patients who develop HAP are often colonized with MDR 
pathogens, similar to patients with VAP. In contrast, development of 
pneumonia without exposure to high oxygen tension experienced by 
patients on mechanical ventilation increases the probability that anaer-
obes play a role in HAP. In general, patients with HAP have better host 
immune responses than do patients with VAP. Therefore, aggressive 
antibiotic therapy may be less critical and generally survival is greater 
than for VAP. Interestingly, because patients who develop HAP do not 
have as many restrictions on hospital visitors, hospital acquisition of 
respiratory viral pneumonia is much more common in HAP than VAP.

The underlying diseases precipitating hospital admission, for example,  
stroke or acute hepatic failure, increase the risk of aspiration compared 
to typical CAP. However, many of these patients have intact host immu-
nity and, therefore, the ability to avoid development of pneumonia 
oftentimes rests on the primary cause for hospital admission. Patients 
with HAP may have some blunting of their inflammatory response 
because of typical causes for hospital admission. For this reason they 
may not manifest signs and symptoms of pneumonia as dramatically 
as patients with CAP. Once again, the primary determinant of bacterial 
etiology is prior antibiotic therapy.

■■ Diagnosis
The clinical diagnosis of HAP is more difficult than for CAP and the 
diagnostic armamentarium is much more limited than for VAP, since 
access to the lower respiratory tract via an endotracheal tube is not 
routinely available. Despite intubation of a large fraction of patients who 
present to the ICU with HAP, the high frequency of recent changes in 
antibiotic therapy compromise subsequent cultures.

The differential diagnosis of pneumonia in patients with HAP is 
seen in Table 65-7. Atelectasis is a much larger concern for HAP, given 
underlying diseases that often place patients at bed rest. Aspiration 
pneumonitis is also a major concern. Exacerbations of underlying 
disease, including vasculitis and heart failure, are often difficult to dis-
tinguish from HAP. Drug-induced lung disease is a particular issue with 
patients receiving chemotherapeutic agents. Hypersensitivity pneumo-
nitis and acute eosinophilic pneumonia have been described with many 
commonly prescribed drugs in hospitalized patients.

Standard diagnostic tests have somewhat limited utility in non-
intubated patients with HAP. Expectorated sputum is often difficult 
to obtain and suspect for simple colonization. Urinary antigen tests 
for pneumococcus and Legionella are occasionally positive.108,109 The 

majority of etiologic diagnoses for HAP are therefore made from blood 
cultures. However, as many as 30% of positive blood cultures in hospi-
talized patients with pulmonary infiltrates are due to other infections, 
particularly central-line infections. This dependence on positive blood 
cultures skews the apparent etiologic spectrum toward pathogens more 
likely to be invasive, including MRSA and Pseudomonas.

Invasive Diagnosis:  One randomized trial of invasive diagnosis of non- 
ICU HAP in nonimmunocompromised patients found that an 
immediate bronchoscopy with protected specimen brush culture was 
positive in 94%.109 Although no antibiotics and narrower spectrum 
treatment were more common with invasive diagnosis, outcome 
was not improved. In contrast, Kett et al found at least one potential 
pathogen in 75% of patients with ICU pneumonia when 87% of their 
patients were intubated.107 While the one-third of patients with VAP 
probably increased this percentage, access to the lower respiratory 
tract via the endotracheal tube is likely the most important reason for 
the higher diagnostic yield.

An RCT of early bronchoscopy (compared to noninvasive testing 
followed by bronchoscopy at day 3 if clinical failure) in hematology/
oncology patients admitted to the ICU with pulmonary infiltrates found 
no difference in the percent of patients without a diagnosis, associated 
mortality, or need for subsequent intubation.108 Early bronchoscopy 
alone established the diagnosis in <20%, with the majority still made by 
noninvasive tests. A slightly greater frequency of viral pneumonia was 
demonstrated in patients with delayed bronchoscopy, suggesting that 
failure to respond to empirical antibiotics may indicate viral infection.

Synthesis of the limited data on diagnosis of HAP in patients admit-
ted to the ICU is that early invasive diagnostic testing in nonintubated 
patients is probably not warranted. In contrast, once intubated, aggres-
sive sampling of the lower respiratory tract with tracheal aspirates, non-
bronchoscopic BAL, or bronchoscopy is probably warranted.

■■ Etiologic Spectrum
No conclusive study is available for etiology specifically of HAP patients 
admitted to the ICU. Therefore, the spectrum of etiologies must be 
inferred from the few available studies. Early bronchoscopy of non-
ICU HAP patients demonstrated a higher percentage of typical CAP 
pathogens, including pneumococcus, MSSA, and Legionella, with strep-
tococci causing up to a quarter of cases.110 Use of urinary antigen testing 
in these patients also confirmed that S pneumoniae and Legionella are 
important considerations.109 The former is likely only in patients who 
have not received prior antibiotics for any reason. The study of Kett 
et al (Fig. 65-3) specifically focused on HAP admitted to the ICU but 
inclusion of patients with VAP compromise the summary statistics.107 
However, only 10% of patients with ICU pneumonia did not have risk 
factors for MDR pathogens and 20% were culture negative. Typical 
CAP pathogens, other than MSSA, are most likely to be in these two 

  TABLE 65-7    Differential Diagnosis of Hospital-Acquired Pneumonia

Atelectasis

Aspiration pneumonitis

Atypical pulmonary edemaa

Pleural effusiona

Drug-induced lung disease

  Hypersensitivity pneumonitis

  Acute eosinophilic pneumonia

Vasculitis

Pulmonary embolus/infarction

Malignancy

Pulmonary hemorrhage
aFever and/or leukocytosis secondary to extrapulmonary infection.
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categories. Therefore, the majority appeared to have nosocomial patho-
gens, most with risk factors for antibiotic resistance. A trend in many 
studies toward lower percentages of nonfermentative gram-negative 
pathogens (eg, Pseudomonas and Acinetobacter) in HAP than in VAP 
does not exclude them from the differential.

Knowledge of the etiology is still insufficient for appropriate 
antibiotic treatment. HAP is as likely as VAP to have multidrug-
resistant pathogens, especially Enterobacteriaceae. Specifically, some 
of the recently described carbapenemases and extended spectrum 
β-lactamases (ESBLs) are just as likely as in HAP and HCAP. HAP 
that requires transfer to the ICU is more likely to be caused by these 
MDR pathogens than HAP successfully treated on the floor because 
of the adverse consequences of inappropriate empirical treatment of 
MDR pathogens.

■■ ANTIBIOTIC THERAPY
Empirical Treatment:  Table 65-8 represents the latest American 
Thoracic Society/Infectious Diseases Society of America (ATS/IDSA) 
guidelines recommended treatment for hospital-acquired pneumonia 
in patients with risk factors for MDR pathogens.94 Unfortunately, the 
overwhelming majority of patients with HAP, especially those trans-
ferred to the ICU, have risk factors for MDR pathogens.107 Therefore, 
the algorithm for narrower spectrum monotherapy can only rarely be 
used with confidence.

Culture
negative

20%

Specific TX
14%

Empirical therapy
56% MRSA

19%

MSSA
6%

Pseudomonas
10%

Acinetobacter
4%

Enterobacteriaa

14%
Other +

3%

No MDR risk
10%

FIGURE 65-3.  Etiologic categories of ICU pneumonia cases. VAP are approximately one-third of patients. (Data from Kett D, Cano E, Quartin A, et al. Implementation of guidelines for 
management of possible multidrug-resistant pneumonia in intensive care: an observational, multicentre cohort study. Lancet Infect Dis. March 2011;11(3):181-189.)a Enterobacteriaceae— 
specifically Klebsiella sp, Enterobacter sp, and E coli.

  TABLE 65-8   � Recommended Empirical Antibiotic Therapy in HAP Patients With 
Risk Factors for MDR Pathogens

Suspected Pathogens Recommended Antibiotics

Non-MDR pathogens plus
  Pseudomonas aeruginosa
  Resistant Enterobacteriaceae, including ESBLsa

  Acinetobacter speciesa

Piperacillin/tazobactam or 
anti-pseudomonal cephalosporin or 
carbapenem PLUS anti-pseudomonal 
fluoroquinolone or aminoglycoside

Methicillin-resistant S aureus (MRSA) Linezolid or vancomycin

Legionella pneumophilab Azithromycin or fluoroquinolone
aFor these two species, a carbapenem may be more reliable.
bUse of fluoroquinolone for combination therapy above will cover.

Adapted with permission from Guidelines for the management of adults with hospital-acquired, 
ventilator-associated, and healthcare-associated pneumonia. Am J Respir Crit Care Med. February 15, 
2005;171(4):388-416. Certain aspects of this document may be out of date and caution should be used 
when applying the information in clinical practice and other usages.

The backbone of empirical antibiotic therapy is a β-lactam antibiotic. 
The only other potential class, fluoroquinolones, is no longer appropriate 
as monotherapy for MDR pathogens, given the rapid development of resis-
tance and high percentage of resistant isolates. The emergence of strains 
with newer resistance mechanisms, including the Klebsiella pneumoniae 
carbapenemase (KPC), are generating pressure for the use of empirical 
colistin as the backbone of empirical therapy in some institutions.

The major issue in empirical β-lactam treatment is which class— 
piperacillin/tazobactam, late generation cephalosporins, or carbapenems—
is most efficacious. Avoiding the class of β-lactams used recently during 
the current hospitalization is probably the most reliable distinguishing 
criterion. Previously, a carbapenem was the most reliable choice in a patient 
previously exposed to extended spectrum penicillins and late-generation 
cephalosporins. The appearance of various carbapenemases may make this 
assumption less reliable in the future.

More controversial is the need for combination therapy for gram- 
negative pathogens. The need for combination therapy is predicated 
on an assumption of P aeruginosa as a potential pathogen. Support for 
combination therapy for Pseudomonas comes from retrospective analyses 
and older bacteremia data. Even less evidence exists for the benefit of 
combination therapy for other pathogens. Proponents of combination 
therapy point to the high percentage of inadequate empiric therapy with 
any single agent, the increasing frequency of ESBLs and carbapenemases, 
and the association of inadequate empiric therapy with excess mortality. 
Opponents emphasize the lack of supportive evidence from randomized 
controlled trials, excess cost, and risk of morbidity and side effects, partic-
ularly since aminoglycosides are the most common combination therapy 
used. No consistent improvement in outcome has been demonstrated 
with combination therapy despite the fairly consistent reduction in the 
percentage of patients receiving inappropriate initial empirical therapy.

The need for MRSA coverage in all cases is also not clear. Detection of 
MRSA nasal carriage has not consistently increased the probability that 
pneumonia in a colonized patient is due to MRSA.

A critical component to empirical treatment of HAP is de-escalation 
of antibiotics once culture data are available. This emphasizes the need 
to obtain a respiratory specimen for culture.94 This is easily accom-
plished in an intubated patient, which includes most HAP patients 
admitted to the ICU. Good evidence supports the concept that if an 
adequate culture is negative for MRSA, Pseudomonas, Acinetobacter, and 
other highly resistant pathogens, then infection with these pathogens is 
highly unlikely. The controversial combination therapy with aminogly-
cosides and empirical anti-MRSA coverage should then be discontinued. 
Lack of de-escalation may be associated with excess mortality if the ATS/
IDSA guidelines are used for HAP in the ICU.107
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Specific Therapy:  Once the etiologic diagnosis is known, specific 
antibiotic choices become much more straightforward. Some pneu-
monias require treatment with antibiotics outside the usual spectrum 
of empirical agents, including trimethoprim/sulfamethoxazole for 
Stenotrophomonas maltophilia, ampicillin/sulbactam for Acinetobacter 
sp, or colistin for KPC-carrying Enterobacteriaceae. However, specific 
treatment for several pathogens remains controversial.

Recommended treatment for MRSA pneumonia is either linezolid 
or glycopeptides, usually vancomycin.94 Subgroup analysis of FDA-
registration trials111 and a head-to-head comparison suggest that clinical 
outcome is improved with linezolid compared to vancomycin, even with 
high dose adjusted therapy.112 This difference is probably less important 
in patients with HAP who never required ICU admission than in ICU 
pneumonias, particularly those with VAP.111

The need for combination therapy for Pseudomonas once the isolate 
is known to be sensitive to a β-lactam also remains unclear. No large 
RCT has been performed and smaller ones do not demonstrate a benefit. 
However, the clinical outcome for Pseudomonas pneumonia remains so 
poor that adjunctive therapy seems warranted.

Optimized Pharmacokinetics/Pharmacodynamics:  Because HAP is a 
potentially life-threatening illness, antibiotic dosing should be 
optimized for maximal effect. This usually involves using the high-
est recommended dose. Beta lactams should be given as prolonged 
infusions in order to maximize their time above the minimal inhibi-
tory concentration. The aminoglycosides should be given as a single 
daily dose to maximize the area under the inhibitory curve and take 
advantage of their post-antibiotic effects. Vancomycin dosing is 
much more controversial. Dosing adjusted to achieve vancomycin 
trough levels in the 15 to 20 µg/mL range has been associated with 
increased nephrotoxicity and no clear-cut improvement in clinical 
response.112

HAP is unlikely to need a longer duration of therapy than VAP.113 
Therefore, 7 to 8 days is adequate in the majority of cases. For 
Pseudomonas, the requirement for duration longer than 8 days probably 
represents ineffective treatment—alternative therapy, rather than pro-
longing use of the same antibiotics, may lead to better outcomes. Once 
again, appropriate de-escalation based on culture results is critical to 
avoid toxicity and decrease the selective pressure for antibiotic-resistant 
strains.107,113

■■ PREVENTION
Prevention of HAP has received significantly less attention recently  
than prevention of VAP. Since many of the strategies for VAP prevention 
are predicated on the presence of an endotracheal tube, most are inap-
propriate for HAP. Potential strategies to decrease the risk of HAP are 
listed in Table 65-9.

  TABLE 65-9    Strategies to Prevent Hospital-Acquired Pneumonia

Minimize excess antibiotics

  Short-course surgical prophylaxis

Cough and deep breathing/incentive spirometry

Increase mobility as soon as possible

Heightened awareness of aspiration risk

Appropriate analgesia

  Adequate for good cough/deep breath

  Avoid oversedation and decreased level of consciousness

Avoid unnecessary H
2
-blockers and proton-pump inhibitors 

Minimize use of nasogastric tube 

Appropriate infection control of respiratory therapy equipment

Hand hygiene

An important distinction in prevention is that strategies to decrease 
pneumonia may be slightly different than strategies to decrease the risk 
of pneumonia due to MDR pathogens. Clearly the most important issue 
for the latter is minimization of antibiotic exposure. Emergence of resis-
tance is most dependent on duration of therapy. Therefore, appropriate 
discontinuation of prophylactic perioperative and other antibiotics is 
very important. In addition, use of broad-spectrum antibiotics and 
combination antibiotic therapy also increase the risk.
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Infectious Complications  
of Intravascular Access 
Devices Used in Critical Care
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66
C H A P T E R

KEY POINTS

•• Intravascular access device–associated infections may be either 
local or bacteremic, and the risk of developing an infection varies 
with the patient population, the type of device, the microbe, and 
the patient-microbe-device interaction.

•• The status of all indwelling vascular access devices should be 
reviewed daily by the critical care team, with attention to the dura-
tion of placement, appearance of the exit site, and continued clini-
cal indication for the intravascular device.

•• Central venous catheters account for over 90% of all intravascular 
device–related bacteremias.

•• Most intravascular device–related bacteremias are caused by 
endogenous skin flora at the catheter insertion site that migrate 
along the transcutaneous portion of the catheter with subsequent 
colonization of the catheter tip.

•• Coagulase-negative staphylococci and Staphylococcus aureus 
account for just over 50% of all intravascular device–related bacte-
remias, followed in frequency by gram-negative bacilli and yeast.

•• Diagnosis of intravascular device–related infection, either local or 
bacteremic, is best approached using a combination of clinical and 
laboratory criteria.

•• Although treatment of central-line infections due to coagulase-
negative staphylococci may be successful without catheter removal, 
infections caused by S aureus necessitate catheter removal.

•• Central intravascular catheter infections are essentially prevent-
able infections. Successful prevention entails attention to a careful 
needs assessment for the device, careful site selection, maximal 
barrier precautions and sterile technique on insertion, insertion 
by the most skilled operators, rigorous catheter-site care, and inter-
rupting the integrity of the system as little as possible.

The use of intravascular access devices has become an integral part 
of modern patient care, and nowhere is this more evident than the 
intensive care unit (ICU). Over the years, an increasing array of devices 
other than the original peripheral and single-lumen central catheters 
have been introduced. There is currently no standardized nomenclature 
for vascular access devices and they may be differentiated based on the 
number of lumens, site of insertion, use of cuffs or tunneling, category, 
or even by name. From a generic perspective they may be classified as 
percutaneously inserted peripheral or central lines and totally implant-
able devices. Central lines may be further distinguished as tunneled or 
nontunneled and noncuffed or cuffed. The most frequently encountered 
devices are single lumen peripheral lines, noncuffed, nontunneled mul-
tilumen central venous catheters (CVCs), tunneled and cuffed CVCs, 
flow-directed pulmonary artery catheters (PACs), peripherally inserted 
central and midline catheters, peripheral arterial catheters, and implant-
able devices. Intraosseous vascular access lines may occasionally be 
encountered.

These intravascular access devices provide a route for the adminis-
tration for fluids, blood products, nutritional products, and medica-
tions; allow the monitoring of hemodynamic functions; and permit 
bloodletting and the maintenance of emergency access. However, vas-
cular access devices may be associated with several complications, 

including local site infection, bacteremia, clinical sepsis without bacte-
remia, line fracture and extravasation of fluids or drugs, obstruction by 
medication, thrombosis, thrombophlebitis, and septic thrombophlebitis. 
Infectious complications are the most frequent and among the most 
serious of these complications. The magnitude of CVC-related infec-
tious complications can be appreciated when one realizes there are an 
estimated 15 million days of exposure to CVCs in patients in ICUs in 
the United States each year with 80,000 cases of central line–associated 
blood stream infections (CLABSI) annually.1 Catheter-related infections 
are associated with significant morbidity and mortality with attributable 
length of stay extended between 7 and 19.1 days and attributable mortal-
ity reported as high as 24.6% to 35%.1-4

EPIDEMIOLOGY
The risk of developing device-related infection (either local or bacteremic) 
varies between ICUs and countries depending on the patient population, 
the type of device and its intended use, the microorganisms involved, and 
the patient-microbe-device interaction. The annual National Healthcare 
Safety Network in the US reports stratify CLABSIs per ICU type and 
representative incidence-density rates are shown from its most recent 
publication in Table 66-1.5 Representative rates from other types of cath-
eters are also provided.6 The risk factors7,8 for device-associated infection 
that have been identified for the host, the microbe, the device, and the 
interactions among them are listed in Table 66-2.

Of the many intravascular devices available, the peripheral venous  
catheter is by far the most commonly used. Most peripheral  
venous catheters currently are made of polyurethane or steel and are 
associated with a very low risk of bacteremia, with less than one episode 
of bacteremia per 500 devices.7,8 There is little difference currently in the 
risk of bacteremia regardless of whether polyurethane or steel needles 
are used if the same level of asepsis is applied at the time of placement.

Peripheral arterial catheters are in widespread use in ICUs for blood 
pressure monitoring and for obtaining arterial samples for blood gas 
determination. The incidence of bacteremia related to peripheral arterial 
devices is about 1.7/1000 catheter-days6,9 and the rate of significant colo-
nization (≥15 colony-forming units [cfu] on semiquantitative culture) 
is about 5%.9,10 Insertion by cutdown, catheterization lasting 4 days or 
longer, and inflammation at the catheter exit site are associated with a 
higher risk of significant catheter colonization.

CVCs are estimated to account for over 90% of all catheter-related 
bacteremias. Prospective studies of noncuffed, short-term single or 

  TABLE 66-1    Representative Rates for Intravascular Device-Associated Bacteremia

Type of Device Setting Incidence Density Rate

Peripheral

  Short-term, infusion lock Med-surg wards 0.5/1000 catheter-days

  Midline Med-surg wards 0.2/1000 catheter-days

  Arterial Med-surg ICU 1.7/1000 catheter-days

  PICC Out/inpatient 1.0 -2.1/1000 catheter-days

Central

 � Non-cuffed venous  
(single- or multilumen)

Medical ICU 2.0-2.6/1000 catheter-days

CCU 2.0/1000 catheter-days

Surgical ICU 2.0-2.6/1000 catheter-days

Trauma 3.6/1000 catheter-days

Pediatric ICU 1.3-3.3/1000 catheter-days

Burn units 5.50/1000 catheter-days

 � Cuffed venous (Hickman, 
Broviac)

Hematology-oncology 
wards 

1.7/1000 catheter-days

CCU, coronary care unit; ICU, intensive care unit; PICC, peripherally inserted central catheter.
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  TABLE 66-2    Risk Factors for Device-Related Infection

Patient-related factors

  Age (age ≤1 year or ≥60 years)

  Loss of skin integrity (burns)

  Presence of neutropenia (absolute neutrophil count ≤1000)

  Chemotherapy and radiotherapy

  Distant focus of infection

  Severity of underlying illness

  Prolonged hospitalization before catheterization

  Use of total parenteral nutrition

Device-related risk factors

 � Type of device material (steel, polyurethane, tetrafluoroethylene, and silicone more 
resistant to bacterial adherence than polyethylene and polyvinylchloride)

  Frequency of surface irregularities

  Thrombogenecity of catheter materials (predisposes to bacterial colonization)

  Use of antibiotic- or antiseptic-impregnated catheters (reduces risk)

Microbe-related risk factors

  Adherence properties (adherence to fibronectin or directly to polymer materials)

 � Biofilm formation (antiphagocytic and may potentiate pathogenecity by acting as a 
barrier to antimicrobial penetration)

Host-microbe–device interaction risk factors

  Type of placement (cutdown higher risk than percutaneous)

  Emergent placement (higher risk than elective placement)

  Site of placement (femoral and jugular sites greater risk than subclavian site)

  Duration of use (longer duration increases the risk)

 � Use of aseptic technique at the time of insertion (use of maximal barrier precautions—
mask, sterile gown and gloves, and large drape—decreases risk)

 � Dense cutaneous colonization at device entry site (higher density of bacteria per unit 
area increases risk)

  Dressing material (gauze dressing associated with lower risk for central lines)

  Skill of puncturist (greater operator skill decreases risk)

 � Type of skin antiseptic used for insertion (alcoholic chlorhexidine preparations  
associated with less risk)

  Use of topical antimicrobial ointment (may decrease risk)

 � Frequency of entry into the system (greater frequency of entry or excessive  
manipulation increases the risk)

multilumen catheters inserted into either internal jugular or subclavian 
sites have found bacteremia rates of 1% to 5% and rates of significant 
colonization of the catheters (≥15 cfu on semiquantitative culture or 
≥103 cfu/mL on quantitative culture) ranging between 5% and 30%11-18  
depending on the use and duration of the catheter plus the patient 
population. Peripherally inserted central catheters (PICCs) have lower 
catheter-related bacteremia rates, ranging between 1% and 2% but this 
depends on the inpatient versus outpatient setting.6,19 In the ICU setting, 
the risk of infection with PICCs is only marginally less than with CVCs 
placed in the subclavian or internal jugular veins.19 Many of the factors 
that may influence the risk of catheter colonization and/or catheter-
related bacteremia are listed in Table 66-2. The presence of a distant 
focus of infection, bacteremia, tracheostomy, loss of skin integrity, 
emergent placement, internal jugular or femoral placement, absence of 
appropriate barrier precautions, transparent dressings, a high frequency 
of entry into the system, and multilumen catheters increase the risk of 
significant catheter colonization.1,12-15,18,20-27

The use of less than maximal barrier precautions, the use of 10% 
povidone-iodine or 70% alcohol alone as compared with alcoholic 

chlorhexidine as an antiseptic, the use of transparent dressings (in some 
but not all randomized studies), duration of catheterization of 4 days  
or more, and heavy cutaneous insertion-site colonization all have been 
associated with an increased risk of catheter-related bacteremia for cen-
tral catheters.12-15,20,28-30 Factors that have been independently associated 
with CLABSI include prolonged hospitalization before catheterization, 
prolonged duration of catheterization, heavy microbial colonization at 
the catheter exit site or hub, use of the femoral or internal jugular sites, 
neutropenia, prematurity, use of total parenteral nutrition, or substandard 
care.31 In two separate systematic reviews, antibiotic-coated and first-
generation antiseptic-impregnated CVCs have been demonstrated to 
reduce catheter colonization and bloodstream infection significantly.31-33  
However, the effects have been modest and the methodologic quality of 
the studies was rated as poor and most of the studies were carried out 
before the widespread emphasis on infection control bundles for the care 
of central lines.33 In addition, another meta-analysis suggested that the 
benefit of the anti-infective catheters was time dependent and evident 
only during the first week after insertion.34 The use of chlorhexidine-
impregnated sponge dressings has been advocated as an adjunct to 
reduce vascular catheter-related bloodstream infections but the results 
of two randomized controlled studies in the critical care setting are 
disparate, with one large and well-conducted study demonstrating a 
significant reduction in catheter-related infections and another smaller 
study that had low power demonstrating no difference.35,36 Neither study 
used alcoholic chlorhexidine-containing products as initial skin antisep-
sis prior to vascular catheter insertion, making it difficult to interpret 
what impact the chlorhexidine-impregnated sponge dressings would 
have in this setting.

Replacement of existing catheters over a guide wire is associated with 
a significantly lower rate of mechanical complications than replacement 
by insertion at a new site but more frequently results in infection of the 
newly placed catheter.37

Pulmonary arterial catheters (PACs), which are used in the manage-
ment of hemodynamically unstable, critically ill patients, carry many 
of the same risk factors and rates of bacteremia as CVCs. Most PACs 
consist of a polyurethane catheter that passes through a percutaneous 
indwelling Teflon™ introducer sheath. Prospective studies have identi-
fied several risk factors associated with significant catheter colonization, 
including placement with less stringent barrier precautions, internal 
jugular vein placement, prolonged catheterization (≥4 days), and heavy 
microbial colonization at the catheter insertion site.20,38,39 Exposure of a 
PAC to bacteremia from a distant focus of infection, catheterization for 
4 days or more, and difficulty with insertion also have been found to 
increase the risk of bacteremia. The incidence of bacteremia from PACs 
is about 1%.39

PATHOGENESIS
Microorganisms can gain entry (Fig. 66-1) to the intravascular device 
(usually an intravascular catheter) and the intravenous delivery system 
in several ways to cause device- or catheter-related bacteremia, includ-
ing contamination of infusate, contamination of the catheter hub–
infusion tubing junction, hematogenous seeding of the catheter tip, and 
colonization at the cutaneous catheter exit site.

Contamination of infusate may be intrinsic, occurring at the manu-
facturing level, or extrinsic, occurring via the administration sets, the 
extension tubing, the use of outdated intravenous solutions, or a break in 
aseptic technique allowing faulty admixtures. The potential for prolifera-
tion of organisms in various infusate fluids after intrinsic contamination 
has been well documented with strains of Klebsiella, Enterobacter, and 
Serratia.3,40,41 Candida species have a propensity to grow in hypertonic 
glucose solutions used in parenteral solutions, and the commercially 
available lipid emulsions support the growth of most organisms.42 
Nosocomial bacteremias secondary to contaminated infusate usually 
have occurred in epidemics or clusters but with improvement in manu-
facturing standards are now exceedingly rare. Extrinsic contamination 
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FIGURE 66-1.  Potential sources for contamination of intravascular devices.
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of infusate causing central catheter–related bacteremia is also a very 
uncommon problem, with an estimated incidence of less than 1 per 1000 
cannula-related septicemias. Most are reported in epidemics occurring as 
a result of the exposure to a common source of microbial contamination 
such as multidose vials, administration sets, or contaminated water-bath 
warmers. The risk of fluid becoming extrinsically contaminated is related 
to the duration of infusion through the administration set. Most hospitals 
now have policies that require replacement of the entire delivery system 
every 72 hours, which represents one of the most important control mea-
sures for reducing the complications of contaminated infusates. Similar 
to intrinsic contamination, hematogenous seeding of the catheter tip with 
consequent bacteremia is considered to be an uncommon event.

The majority of cannula-related bacteremias are thought to result from 
local endogenous microflora colonizing the skin at the insertion site and/
or the transcutaneous wound7,29,43,44 that migrate along the subcutaneous 
tunnel, colonize the subcutaneous portion of the catheter, and then finally 
colonize the tip of the catheter. Another mechanism is colonization of the 
internal surface of the catheter hub, with subsequent colonization of the 
internal surface of the catheter and eventual colonization of the catheter 
tip.45-47 This colonization could occur as a result of obligate manipulations 
of the connection during tubing replacements or improper connection. 
After the hub has been contaminated, the microbes would be carried 
intraluminally, reach the catheter tip, and colonize the fibrin sheath. The 
origin of these microorganisms colonizing the hub is often the hands of 
those manipulating the hub rather than the flora of the patient’s skin. This 
latter mechanism of catheter tip colonization is considered an important 
contributor to intraluminal colonization of long-term catheters.45-47 
Other routes of infection including hematogenous seeding from a distant 
focus of infection or, rarely, contaminated infusate are considered to be 
responsible for 5% or less of catheter-related infections.7

Studies of central-line infections (short indwelling insertion times) 
using molecular subtyping techniques to differentiate the different 
strains of infecting and colonizing organisms have demonstrated that 
approximately 80% of the microorganisms from distal catheter tips are 
concordant with organisms present on the skin at the catheter insertion 
site. The source of the remaining organisms was either contamination 
of the catheter hub, hematogenous colonization from remote sites, or 
unknown sources. Of episodes of catheter-related bacteremia, concor-
dance of organisms at the catheter insertion site, the catheter tip, and the 
blood varied between 86% and 100%.

It also has been shown in several studies15,20,43 that heavy coloniza-
tion at the catheter insertion site is strongly associated with significant 
catheter colonization, which in turn is associated with catheter-related 

bacteremia. Using quantitative insertion-site cultures, the presence of 
≥103 cfu/mL per 25 cm2 has been strongly associated with the presence 
of significant catheter colonization.

Once microorganisms gain access to the catheter tip, they act as a 
nidus for further colonization because of a loosely formed fibrin sheath 
with biofilm formation that develops around the distal portion of the 
cannula. This biofilm sheath acts as a reservoir within which micro-
organisms can multiply and be shielded from the body’s normal host 
defense mechanisms. The presence of grossly visible thrombus forma-
tion on the catheter tip is also highly correlated with the presence of 
bacterial colonization.

MICROBIOLOGY
The species of the microorganism causing a bacteremia is frequently an 
important clue suggesting the intravascular device as the source of the 
bacteremia. Coagulase-negative staphylococci (mainly Staphylococcus 
epidermidis) and Staphylococcus aureus are the most frequently encoun-
tered organisms causing cannula-related infections. These two species 
account for well over 50% of all cannula-related infections. Enteric  
gram-negative bacilli are the next most frequent group of causative organ-
isms, followed by yeast, especially Candida albicans. Other less commonly  
identified organisms include Enterococcus species, Bacillus species, 
Pseudomonas species, Corynebacterium jeikeium, and Malassezia furfur. 
The frequency of Enterococcus species as a cause of bacteremia associated 
with CVCs has increased significantly over the last two decades.7

Studies using electron microscopy have demonstrated that virtually 
all indwelling CVCs are colonized by microorganisms embedded in a 
biofilm matrix, most often originating from the endogenous flora of the 
skin at the catheter entry site.48

Unusual isolates such as Enterobacter species, Burkholderia cepacia, 
Chryseobacterium species, and Stenotrophomonas and Acinetobacter spe-
cies are uncommonly found as a cause for device-associated infection and 
should suggest the possibility of a contaminated infusion product or a com-
mon environmental reservoir.49,50 A summary of the organisms commonly 
associated with device-associated bacteremia is given in Table 66-3.

  TABLE 66-3   � Frequently Encountered Microorganisms Associated  
With Device-Associated Bacteremia

Source Microorganisms

Peripheral venous catheters Coagulase-negative staphylococci

S aureus

Candida species

Bacillus species

Malassezia furfur

Peripheral arterial catheters Klebsiella-Enterobacter species

Serratia species

Coagulase-negative staphylococci

S aureus

Central venous and arterial catheters Coagulase-negative staphylococci

S aureus

Enterococcus species

Candida species

Corynebacterium jeikeium

Klebsiella-Enterobacter species

Bacillus species

Trichophyton beigelii

Malassezia furfur

section05_c61-73.indd   590 1/23/2015   12:47:59 PM

http://www.myuptodate.com


CHAPTER 66: Infectious Complications of Intravascular Access Devices Used in Critical Care 591

DEFINITIONS AND DIAGNOSIS  
OF DEVICE-RELATED INFECTIONS
The diagnosis of device-related infections remains a major challenge 
and establishing a firm diagnosis of device-related bacteremia may be 
very difficult. Basing the diagnosis and subsequent definition of device-
related infection on clinical or laboratory criteria alone each has its own 
limitations. Using only clinical findings is unreliable because of poor 
sensitivity and specificity. Using fever as a finding with high sensitiv-
ity is problematic because of poor specificity. Using inflammation or 
purulence at the insertion site as a finding has high specificity but poor 
sensitivity. In addition, the definitions used for clinical purposes may 
differ from those used for surveillance.51

Several laboratory techniques are available to assist in the diagnosis 
of catheter-related infection but differences in definitions and method-
ologies make data difficult to compare. Methods used include qualita-
tive culture of vascular catheters in broth, semiquantitative culture of 
catheters on solid media, and quantitative culture of catheters in broth, 
removing organisms by flushing or sonication. Qualitative culture in 
broth is not specific, is prone to contamination, and probably should not 
be done. The use of semiquantitative cultures of catheter tips or of the 
intracutaneous portion of the catheter or central-line sheath using the 
roll-plate method described by Maki and colleagues52 defines significant 
colonization as 15 cfu or more. Using this laboratory definition and 
applying it to diagnosing catheter-related bacteremia, a specificity of 76% 
to 96% and a positive predictive value of 16% to 31% have been reported. 
Owing to its simplicity, the roll-plate method has been adopted widely in 
many hospital microbiology laboratories. The use of quantitative cultures 
of broth, in which the catheter has been flushed or sonicated, may be 
more sensitive but is too time consuming and laborious for routine use.

Quantitative blood cultures and differential time to positivity (DTP) 
have been recommended as laboratory methods to assist in the diagnosis 
of catheter-related bacteremia when catheter removal is not possible.53 
Blood cultures are obtained simultaneously from the central catheter 
(a retrograde “drawback” culture) and from a peripheral venipuncture. 
A threefold or higher differential count from blood obtained from the 
central catheter or a DTP (growth in a culture of blood obtained through 
a catheter hub lumen is detected by an automated blood culture system 
at least 2 hours earlier than the culture of simultaneously drawn periph-
eral blood of equal volume) is considered to be indicative of catheter-
related bacteremia according to recent guidelines.53 Other techniques 
for diagnosing CLABSI include acridine orange leukocyte cytospin, a 
rapid diagnostic microscopy method, and endoluminal brush sampling 
quantitative blood culture, but neither technique has been widely used 
and the endoluminal brush technique has been associated with several 
undesirable side effects.54

Using clinical criteria alone to make a diagnosis of catheter-related 
infection is a challenge. Whereas the presence of culture-positive puru-
lent exudate at the catheter insertion site in the presence of bacteremia 
with the same organism would define a catheter-related bacteremia, 
making the diagnosis is much more difficult with bacteremia in the 
absence of any inflammation at the catheter insertion site. Signs of local 
inflammation at the catheter insertion site are present in only about 50% 
of the cases of catheter-related bacteremia. Several clinicoepidemiologic 
features are helpful in distinguishing catheter-related bacteremia from 
bacteremia caused by another source. These findings, which may be 
present alone or in combination, include the following:

	 1.	 Absence of an alternative source for bacteremia on clinical examination
	 2.	 Patient not considered at high risk for bacteremia
	 3.	 Presence of local purulence at the catheter exit site
	 4.	 Presence of Candida endophthalmitis in patients who are receiving 

total parenteral nutrition
	 5.	 Sepsis that is refractory to antimicrobial therapy
	 6.	 Bloodstream infection caused by staphylococci or Candida species

	 7.	 Dramatic improvement of a febrile syndrome following catheter 
removal

	 8.	 Clusters of bacteremia due to Enterobacter species for seemingly unap-
parent reasons (suggesting common-source contamination of IV fluids)

Many definitions for catheter-related infections have been used, but 
none is considered standard or uniform. However, definitions have been 
recently published as part of a guideline to aid in the diagnosis and man-
agement of intravascular catheter-related infections, which incorporate 
both clinical and laboratory criteria53 and are outlined below.

Catheter colonization: Significant growth of at least one micro
organism in a quantitative or semiquantitative culture of the catheter 
tip, subcutaneous catheter segment, or catheter hub.

Exit site infection (microbiologic): Exudate at catheter exit site yields a 
microorganism with or without concomitant bloodstream infection.

Exit site infection (clinical): Erythema, induration, and/or tenderness 
within 2 cm of the catheter exit site; may be associated with other signs 
and symptoms of infection, such as fever or purulent drainage emerging 
from the exit site, with or without concomitant bloodstream infection.

Tunnel infection: Tenderness, erythema, and/or induration >2 cm 
from the catheter exit site, along the subcutaneous tract of a tunneled 
catheter (eg, Hickman or Broviac catheter), with or without concomi-
tant bloodstream infection.

Pocket infection: Infected fluid in the subcutaneous pocket of a totally 
implanted intravascular device; often associated with tenderness, ery-
thema, and/or induration over the pocket; spontaneous rupture and 
drainage, or necrosis of the overlying skin, with or without concomi-
tant bloodstream infection.

Blood stream infection (infusate related): Concordant growth of 
a microorganism from infusate and cultures of percutaneously 
obtained blood cultures with no other identifiable source of infection.

Blood stream infection (catheter related): Bacteremia or fungemia in a 
patient who has an intravascular device and more than one positive blood 
culture result obtained from the peripheral vein, clinical manifestations of 
infection (eg, fever, chills, and/or hypotension), and no apparent source 
for bloodstream infection (with the exception of the catheter). One of the 
following should be present: a positive result of semiquantitative (>15 cfu 
per catheter segment) or quantitative (>102 cfu per catheter segment) 
catheter culture, whereby the same organism (species) is isolated from a 
catheter segment and a peripheral blood culture; simultaneous quantita-
tive cultures of blood with a ratio of >3 : 1 cfu/mL of blood (catheter vs 
peripheral blood); differential time to positivity (growth in a culture of 
blood obtained through a catheter hub is detected by an automated blood 
culture system at least 2 hours earlier than a culture of simultaneously 
drawn peripheral blood of equal volume).

MANAGEMENT OF INFECTION
The management of intravascular device–associated infections depends 
on several variables, including the type of infection (local or bacteremic), 
the microorganism(s) involved, the type of device (peripheral or central 
catheter, totally implanted device), and the severity of illness of the patient. 
An updated guideline was published recently that outlines these variables 
in detail and provides detailed recommendations for the management of 
intravascular catheter–related infections.53 Local infections at the cath-
eter insertion site in peripheral catheters should be treated with catheter 
removal, local care, and topical and/or systemic antimicrobial agents as 
appropriate. If a spreading cellulitis develops, extending along the course 
of the catheter, then systemic antimicrobials and catheter removal are 
indicated. The antimicrobials chosen should be based on microbiologic 
cultures obtained from the discharge present at the insertion site.

The management of central catheter-related infections is more com-
plex and depends on the microorganism, the type of device, and the 
clinical status of the patient. The recently published guidelines53 suggest 
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that for patients in the ICU with a new onset of fever but without severe 
sepsis or evidence of bloodstream infection, percutaneous and blood 
cultures from a nontunneled central line should be obtained without 
routine catheter removal but if the patient has unexplained sepsis or ery-
thema overlying the catheter insertion site or purulence at the catheter 
insertion site, the catheter should be removed and cultured. For patients 
with unexplained fever, if blood culture results are positive, the central 
catheter should be exchanged over a guide wire, and if the subsequent 
catheter tip culture has significant growth, then the catheter should be 
removed and a new catheter placed in a new site.

Device-related bacteremia that is suspected to arise from cuffed central 
long-term indwelling catheters or totally implanted devices does not neces-
sarily require removal of the device.53,55 If there is obvious local purulence, 
a tunnel infection or tunnel-associated cellulitis, port-associated abscess, 
septic thrombophlebitis, endocarditis, persistent bacteremia, metastatic 
infection, or bacteremia due to S aureus or Candida species removal of 
the device is required with surgical dissection as appropriate. Retention 
of a cuffed long-term central catheter with catheter-related S aureus 
bacteremia has been associated with a higher relapse rate of bacteremia 
and higher sepsis-related mortality.56 In the setting of bacteremia due to 
other microorganisms and in the absence of complications, a course of 
parenteral antimicrobial therapy with or without antibiotic-lock therapy, 
based on the susceptibility of the identified microbe, without removal of 
the cuffed central catheter or implantable device may be sufficient in as 
many as two-thirds of cases.53 Following treatment, these patients should 
be monitored carefully for recurrences of bacteremic infection.

Definitive antimicrobial therapy for device-associated bacteremia 
depends on appropriate identification and susceptibility testing of the 
infecting microorganism.53 Empirical therapy prior to the identification 
and susceptibility results will be influenced by local microbiologic patterns 
of line-related infection and susceptibilities. However, a combination of 
an intravenous antistaphylococcal penicillin (vancomycin if methicillin-
resistant S aureus is prevalent) and an aminoglycoside or a third-generation 
cephalosporin will provide adequate empiric coverage for most gram- 
positive and gram-negative microorganisms. Any device-related bactere-
mic infections caused by S aureus should be managed by device removal 
and treated for 4 to 6 weeks with parenteral antimicrobial therapy.53

Device-related infections due to Candida species should have the 
device removed and be treated with a 14-day course of an azole such as 
fluconazole, amphotericin B or a lipid formulation of amphotericin B,  
or an echinocandin as appropriate based on susceptibility.53 In the sus-
ceptible patient population most often found in the ICU, a thorough 
evaluation for metastatic candidal infection, including careful fundo-
scopic examination, is necessary. The finding of persistently positive 
blood cultures after catheter removal and initiation of antifungal therapy 
or the finding of metastatic candidal lesions would necessitate more pro-
longed therapy. An option for the management of uncomplicated bacte-
remia due to coagulase-negative staphylococci in the setting of a cuffed 
long-term central catheter or implantable port, without removal of the  
device, is the use of systemic antimicrobials and the antibiotic-lock  
technique, with careful monitoring for evidence of relapse.

PREVENTIVE STRATEGIES
Attention to detail in all aspects of the placement and care of intravascular 
devices is necessary to minimize the risks of device-related infection. This 
attention to detail is particularly important in the ICU, where the use of 
lines is intensive and patients, by nature of their underlying illnesses, are 
at high risk of device-related infections. This attention to detail with a 
focus on quality improvement was demonstrated in a large multicentre 
trial involving 375,757 catheter-days in 108 ICUs in a state-wide study in 
the United States.57 An infection control bundle consisting of five anti-
septic techniques highly recommended by the US Centers for Disease 
Control and Prevention (CDC) guidelines51 (emphasis on appropriate 
hand hygiene, use of maximum sterile barrier precautions during insertion 
of the CVC, use of chlorhexidine for skin antisepsis prior to placement, use 
of the subclavian vein as the preferred insertion site, and the removal of 
unnecessary CVCs) resulted in a highly significant decrease in the mean 
rate of CLABSIs from 7.7/1000 catheter-days to 1.4 infections at 16 to 18 
months follow-up, with the reduction persisting after implementation.57

The processes to which preventive strategies may be applied may be 
divided conveniently into the catheter itself, catheter insertion, catheter 
site care, catheter care, and the delivery system (Table 66-4). Major pre-
ventive strategies that have been recommended are presented,31,51 as well 

  TABLE 66-4    Strategies for Prevention of Vascular Device–Related Infections

Process or System Preventive Strategy Rationale

Device itself Institute careful needs assessment prior to insertion of any  
intravascular device

Avoid unnecessary insertions

Use of peripheral catheter, midline, or PICC line should be considered if appropriate

Choose least thrombogenic material for type of device being 
inserted based on the needs assessment

Polyvinylchloride > polyurethane > silicone > steel with respect to thrombogenecity and  
colonization with certain microorganisms

Consider use of antiseptic-antimicrobial impregnated devices in 
selected circumstances 

May be useful in selected settings where institutional goals for device-related infection rates cannot 
be achieved by other means or in specific high-risk patient populations

Minimize the number of accesses whenever possible Increased frequency of entry into the system is associated with a greater risk of device-related infection

Device  
insertion

Educate health care providers involved in the insertion, care, 
and maintenance of intravascular devices

Enhanced knowledge about infection prevention strategies related to intravascular devices facili-
tates the importance of the process

Use a checklist to ensure adherence to infection prevention 
practices at the time of device insertion

Ensures compliance with aseptic technique

Choose site associated with least risk for local and systemic  
device-related infection.

Risk of local and systemic device-related infection is independently associated with density of flora 
at the catheter insertion site; femoral > jugular > subclavian

Use aseptic technique with maximal barrier precautions Good hand washing and use of maximal barrier precautions (masks, sterile drapes, gloves, gown) 
are associated with less risk of device-related bacteremia than minimal barrier precautions (mask, 
sterile gloves, small drapes)

Use a chlorhexidine-based antiseptic for skin preparation Controlled trials have demonstrated a benefit over other skin antiseptics

Insertion is done by skilled operators. Organized, specifically trained IV teams have been associated with lower catheter infection rates,  
but the key ingredient is highly skilled operator with excellent technique; difficulty of insertion has 
been associated with higher local device-related infection rates.

Place device in as controlled an environment as possible Emergency catheter insertions are associated with a higher risk of infection than elective placement.

(Continued)
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  TABLE 66-4    Strategies for Prevention of Vascular Device–Related Infections

Process or System Preventive Strategy Rationale

Catheter site care Use cutaneous antiseptic for site care at the time of dressing 
change

A chlorhexidine-based antiseptic offers the best approach to cutaneous antisepsis considering all criteria for 
use. Povidone-iodine, although effective, is often used improperly despite best efforts to improve compliance

Disinfect catheter hubs, needleless connectors, and injection 
ports before accessing the catheter

Reduces the risk of contamination

Apply topical antiseptics/antimicrobials at the insertion site Clinical trials to date have shown only marginal or no benefit but may be of benefit in selected  
settings, such as hemodialysis catheters

Choose dry gauze or other permeable dressings for site care Less permeable dressings have been associated with both a significantly increased density of flora  
at the catheter insertion site and local catheter-related infection rates with some prospective studies 
demonstrating a significantly increased risk of catheter-related bacteremia

Catheter care Minimize the number of interruptions to the integrity of the line With TPN there is an increased risk of catheter-related infection with line violations; the system 
should be kept closed as much as possible

Delivery system Minimize the number of interruptions to the integrity of the 
delivery system

With TPN the risk of catheter-related infections increases significantly with interruptions to the 
integrity of the system

Change administration sets not used for blood, blood products, 
or lipids no longer than every 96 hours

Changes of the administration sets at 96-hour intervals have not been shown to be associated with 
any increased risk of catheter-related infection

PICC, peripherally inserted central catheter; TPN, total parenteral nutrition.

(Continued )
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KEY POINTS

•• Intravascular infection should be considered in any critically ill 
patient who has an indwelling intravascular device.

•• Positive blood cultures should always raise the specter of intravas-
cular infection.
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PATHOGENESIS OF INTRAVASCULAR INFECTIONS
The pathogenesis of intravascular infections depends on the location of 
the infection, the organism involved, and the integrity of the underlying 
vasculature. Native valve endocarditis (NVE) generally results from a 
cascade of events that begins when mechanical lesions promote micro-
bial adherence to the injured endothelium during transient bacteremia 
by certain organisms. This initiates a cycle of monocyte activation along 
with cytokine and tissue factor production that causes enlargement of an 
infected vegetation, which consists primarily of bacteria, platelets, and 
fibrin. Local extension, as well as distant metastasis, may result as the 
primary infection expands.

NVE is most often due to streptococci of dental origin. Nosocomial 
NVE in critically ill patients is most often the result of urinary tract 
infection related to urologic catheterization or bacteremia related to 
central venous line infection.1

Intravascular infection involving veins generally results from exten-
sion of local microbes or infection into local vasculature by certain 
pathogens prone to intravascular infection. Intravascular infection 
involving arteries usually results from bacteremic seeding of arteries at 
bifurcation sites in the brain or periphery as well as seeding of preexisting  
aneurysms.2

Infection involving foreign devices is the result of local spread of 
bacteria or bacteremic seeding of a vegetation, which has previously 
formed on the device.

INFECTIVE ENDOCARDITIS

■■ ETIOLOGY
Viridans streptococci remain the most common cause of NVE,  
accounting for 50% of infections. The other causes of NVE are

•• Staphylococcus aureus in 25%
•• Enterococci in 7%
•• Coagulase-negative staphylococci in 6%
•• Gram-negative bacilli in 6%
•• Fungi in 1%
•• Culture negative in 7%
•• S aureus accounts for 40% to 50% of infections in patients admitted 

to the intensive care unit (ICU).3

Recently there has been a trend toward an increase in the percent-
age of infections caused by both methicillin-sensitive and methicillin-
resistant S aureus (MRSA). This is at least partially related to the 
increased usage of central venous catheters among both hospitalized and 
nonhospitalized patients.4 Enterococci and coagulase-negative staphylo-
cocci are both twice as common a cause of nosocomial NVE compared 
to community acquired NVE.5

The number of infections caused by Streptococcus bovis has also 
increased and has been attributed to the aging population and related 
colonic disease.6

The etiology of prosthetic valve endocarditis (PVE) depends on 
the onset of infection in relation to the time of valve replacement 
(Table 67-1).7

■■ CLINICAL AND LABORATORY FEATURES
Infective endocarditis (IE) is often suspected in a critically ill patient 
only after blood culture results reveal a pathogen typically associated 
with endocarditis. Fever is present in 85% to 95% of patients at presen-
tation. Prior to finding bacteremia the working diagnosis is typically 
urinary tract infection given that 50% of patients have an abnormal 
urinalysis on presentation. Others may be diagnosed with pneumonia, 
especially those with right-sided endocarditis and resultant septic pul-
monary emboli.8 Drug abusers with right-sided NVE frequently have 
evidence of septic pulmonary emboli on chest x-ray.9 Encephalitis and 
diskitis are also in the differential diagnosis as half of the time patients 
will have altered mental status and a quarter will present with back pain. 
Rarely do patients present with overt systemic embolic stigmata. These 
are seen in less than 50% of patients but, when present, are seen most 
often on the conjunctiva, soft palate, and distal portions of the extremi-
ties.10 Most patients with left-sided disease will have a murmur but this is 
a nonspecific finding in a critically ill septic patient. Gouello et al found 
that 41% of patients with nosocomial endocarditis had a new murmur.11 
Benito et al found that 55% of patients with nosocomial NVE had a new 
or changed murmur.4 Patients with right-sided endocarditis often do not 
exhibit a heart murmur.

Patients with PVE are at an increased risk of cardiac complica-
tions caused by valve dehiscence and paravalvular abscess formation. 
Abscesses are primarily manifest by persistent fever and conduction 
abnormalities. Patients with nosocomial PVE have a new or changing 
murmur in 31% of cases and peripheral stigmata in 20%.12 The risk 
of embolic phenomena is highest the first week and is more likely in 
patients with large vegetations, those with mitral valve involvement, and 
in those infected with S aureus.

Patients with IE may also present with signs and symptoms due to 
congestive heart failure or renal insufficiency. IE may present with focal 
neurologic signs and symptoms due to a stroke caused by septic emboli, 
rupture of a mycotic aneurysm, or rarely from cerebral artery vasculitis. 
Overall, approximately 30% of patients with IE will have evidence of a 
focal neurologic event during their illness. Mourvillier et al reported 
that 6% and 14% of patients with IE admitted to the ICU presented with 
cerebral hemorrhage or emboli, respectively.3 The other complications 
seen in ICU patients with IE include

•• Congestive heart failure in 28%
•• Septic shock in 26%
•• Peripheral of pulmonary emboli in 15%
•• Renal failure in 14%
•• Death in 45%

  TABLE 67-1    Etiology of Prosthetic Valve Endocarditis

Microorganism Early Onset (%) Late Onset (%)

Coagulase-negative staphylococci 38 25

Staphylococcus aureus 21 11

Methicillin-sensitive S aureus 13 8

Methicillin-resistant S aureus 8 3

Viridans streptococci 4 15

Enterococcus 4 7

Diphtheroids 4 0

Gram-negative bacilli 0 4

Candida 0 4

Peptococcus species 0 1

Miscellaneous 17 11

Culture negative 13 19

•• Intravascular infection should be considered even in a patient 
with negative blood cultures where there is an unexplained 
febrile or septic illness.

•• Intravascular infection should especially be considered when there 
is S aureus bacteremia.
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Routine laboratory findings are neither specific nor sensitive, therefore 
they are of little help in making or excluding a diagnosis of IE. Urinalysis 
reveals proteinuria or hematuria in roughly 50% of patients. Anemia and 
thrombocytopenia are present in 80% and 20%, respectively. A leukocy-
tosis is present in only 30% and rheumatoid factor may be positive in 
patients with a subacute presentation.

■■ DIAGNOSIS
A definitive clinical diagnosis is made when two major, one major and 
three minor, or five minor criteria are met as defined by the modified 
Duke Criteria.13 The first major criterion is two positive blood cultures 
for organisms, which typically cause IE. The second major criterion is 
echocardiogram findings typical of IE; these findings include an oscil-
lating intracardiac mass on the valve or supporting structures in the 
path of regurgitant jets, an abscess, or new valvular regurgitation. Minor 
criteria include

•• Predisposing valvular disease
•• Intravenous drug use
•• Fever
•• Vascular phenomena
•• Immunologic phenomena
•• Culture or serologic evidence of infection that does not meet major 

criteria

A pathologic diagnosis is made when pathologic lesions are identified 
and microorganisms are demonstrated on histologic examination of a 
cardiac vegetation, a vegetation that has embolized or from an intracar-
diac abscess.

A diagnosis of possible, but not definite, endocarditis is made when 
there is one major and one minor criterion or three minor criteria.

Blood cultures are the most important laboratory tests in making a 
diagnosis of IE. Blood cultures are positive in 90% to 95% of patients 
who have not received prior antimicrobial therapy. In 5% to 10% of 
patients, no etiologic organism is isolated using routine blood culture 
methods. Bacterial causes of culture-negative endocarditis in patients 
who have not received prior antibiotics include infection with

•• Anaerobes
•• Nutritionally deficient streptococci
•• Coxiella burnetii
•• Legionella pneumophila
•• Chlamydia psittaci
•• C pneumoniae
•• Members of the HACEK group

HACEK is an acronym for a group of small, fastidious, gram-negative 
bacilli that includes Haemophilus spp, Actinobacillus actinomycetem-
comitans, Cardiobacterium hominis, Eikenella corrodens, and Kingella 
kingae.14 It is important to ask the microbiology laboratory to keep blood 
cultures for 3 weeks rather than the standard 1 week when attempting  
to identify these organisms.

Many patients in the ICU undergo a transthoracic echocardiogram 
(TTE) to assess left ventricular function in order to evaluate unexplained 
hypotension or pulmonary edema as well as to evaluate a patient with 
a new diagnosis of congestive heart failure. Also, a TTE is often done 
when a patient in the ICU has a positive blood culture. However, this 
should only be done in a patient with low suspicion of IE or one who is at 
low risk for complications.13 All other patients with suspected IE should 
undergo a transesophageal echocardiogram (TEE). Echocardiography 
should be done as soon as the diagnosis of IE is suspected, preferably 
within 12 hours of the initial evaluation. Colreavy et al demonstrated 
that TEE performed by intensive care physicians is useful not only in 
making a diagnosis of IE, but also in managing critically ill patients 
with unexplained hypotension, pulmonary emboli, pulmonary edema, 

and left ventricular dysfunction.15 Therefore, when IE is likely clinically, 
a TEE should be obtained to assist in diagnosis and management.16,17 
Heidenreich et al suggested that if the pretest probability of IE is between 
4% and 60%, it is cost effective to proceed to TEE without TTE.18

■■ MANAGEMENT
Critically ill ICU patients should have empiric antibiotics begun immedi-
ately after blood cultures have been obtained. It is important to use bacte-
riocidal agents dosed at appropriate intervals to maintain therapeutic levels 
at all times. An empiric agent with activity against MRSA is necessary given 
the prevalence of community-acquired MRSA infection. Vancomycin 
remains the gold standard, but newer agents include daptomycin, linezolid, 
tigecycline, and ceftaroline; daptomycin is currently the only new agent 
FDA approved to treat bacteremia and right-sided endocarditis.19

Empiric regimens also need to be active against enterococci and 
gram-negative bacilli. Standard therapy is to add an aminoglycoside to 
vancomycin. This regimen is adjusted when the blood culture results 
are known (Table 67-2). If Pseudomonas is cultured, then treatment is 
usually adjusted to an antipseudomonal penicillin or cephalosporin plus 
an aminoglycoside, though some data suggest that two agents may not 
be necessary.20

The most critical management decision to make early in the course 
of a patient with IE other than antibiotic therapy is whether or not 
surgical intervention is indicated. Early valve replacement is generally 
indicated when a patient has refractory congestive heart failure despite 
medical management.21 In this setting, early surgery is associated with 
an improved survival. Other indications for valve replacement include

•• Persistent fever or bacteremia despite appropriate therapy
•• Highly resistant microorganisms, that is, Candida, Pseudomonas, 

Coxiella
•• Development of an abscess or fistula
•• Large (>1 cm), oscillating vegetation
•• Prosthetic valve dehiscence

Kim et al have shown that early surgery is also associated with a lower 
morbidity and mortality due to fewer embolic events.22,23

Treatment consists of intravenous antibiotics given for 4 to 8 weeks 
depending on the organism and whether or not the patient has native 
valve versus prosthetic valve infection. However, a 2-week course of 
treatment may be given in patients with uncomplicated NVE due to 
highly penicillin-sensitive viridans streptococcal or in patients with 
uncomplicated right-sided infection due to S aureus.24,25

Standardization of care regarding antimicrobial therapy and surgical 
indications has been shown to be associated with a lower 1-year mortality.26

■■ PROGNOSIS
The prognosis of IE is determined by the specific infecting organism, 
the valve that is involved, and the presence of certain complications. 
S aureus typically produces significant tissue destruction so is fatal in 
more than a third of patients when there is mitral or aortic valve involve-
ment. MRSA has been associated with an even higher mortality as com-
pared to methicillin-sensitive S aureus infections.27 Patients admitted  
to the ICU have a mortality of 45% to 56%.3 The prognosis is better in 
patients who acquire right-sided IE through intravenous drug use.28 
Data show that left-sided vegetations greater than 1 cm in diameter are 
associated with a higher rate of adverse complications.29 Also associated 
with a higher mortality are

•• Mitral valve involvement
•• Refractory heart failure
•• Shock
•• Major embolic events
•• Intracardiac abscesses
•• Major organ system failure
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■■ PROPHYLAXIS IN THE HOSPITAL SETTING
Antibiotic prophylaxis before high-risk procedures performed in the 
hospital setting should be prescribed in the appropriate high-risk 
patients (Table 67-3). Patients with prosthetic heart valves or previous 
IE are at the highest risk, whereas patients at moderate risk are those 
with valvulopathy post transplant or congenital heart disease (CHD). 
The CHDs for which prophylaxis is recommended are

•• Unrepaired cyanotic CHD, including palliative shunts and conduits
•• Completely repaired CHD defect for the first 6 months 

postprocedure
•• Repaired CHD with residual defects

Procedures commonly performed in the hospital setting that carry an 
increased risk of IE are primarily those involving the respiratory tract 
or skin and soft tissues.30 Prophylaxis is no longer routinely recom-
mended for genitourinary procedures. Some have also recommended 
prophylaxis before TEE and other upper endoscopic procedures with or 
without a biopsy.31

  TABLE 67-2    Antimicrobial Therapy for Infective Endocarditis and Other Intravascular Infectionsa

Organism Recommended Therapy Penicillin-Allergicb

	 1.	 Penicillin-sensitive streptococci (MIC <0.1) Penicillin G 10-20 million units IV qd plus aminoglycosidec Cefazolin 2 g IV q8h plus aminoglycoside 

OR

Ceftriaxone 2 g IV qd 

	 2.	 Relatively “resistant” streptococci 
(Penicillin MIC-0.2-0.5)

Penicillin G 20 million units/d plus aminoglycosided Cefazolin 2 g IV q8h plus aminoglycoside 

	 3.	 Resistant streptococci and enterococci  
(MIC >0.5)e

Penicillin G 20-30 million units IV qd (ampicillin 12 g IV qd is alternative)  
plus aminoglycosided 

Vancomycin 30 mg/kg qd

	 4.	 Staphylococci (methicillin-sensitive)—in 
absence of prosthetic valve

Nafcillin 2.0 g IV q4h Cefazolin 2 g IV q8h 

	 5.	 Methicillin-resistant staphylococci—in 
absence of prosthetic valve

Vancomycin 30 mg/kg IV per day ± rifampin 300 mg PO q8h Daptomycin 600mg qdf

	 6.	 Staphylococci (methicillin-sensitive)—in  
presence of prosthetic valve

Nafcillin 2.0 g IV q4h plus rifamping 300 mg PO q8h plus aminoglycoside Cefazolin 2 g IVb q8h plus rifamping plus  
aminoglycoside 

	 7.	 Methicillin-resistant staphylococci —in  
presence of prosthetic valve

Vancomycin 30 mg/kg 24h IV plus rifampin 300 mg q8h plus aminoglycoside Same

	 8.	 Corynebacterium Penicillin G 20-30 million units IV qd plus aminoglycoside Vancomycin 30 mg/kg qd IV 

	 9.	 Gram-negative bacilli Enterobacteriaceae Therapy should be directed by in vitro susceptibilities Same

Pseudomonas Therapy should be directed by in vitro susceptibilities, though usual regimen  
includes aminoglycoside plus extended-spectrum penicillin

 Fourth-generation cephalosporin plus aminoglycoside 

HACEK group Ampicillin 2.0 g IV q4h is commonly used, though therapy should be directed by  
in vitro susceptibilities (aminoglycoside frequently used in combination)

Third-generation cephalosporins (eg, ceftriaxone  
2 g IV qd) 

	10.	 Rickettsia Coxiella burnetii Tetracycline 500 mg PO q6h for at least 1 year plus trimethoprim 480 mg plus 
sulfamethoxazole 2400 mg qd until there is no evidence clinically of disease or  
phase I antibody titer is <.1:128

Same

	11.	 Fungal Amphotericin B Liposomal ampho B echinocandins
aUsual duration of treatment is 4 weeks in uncomplicated infection with highly sensitive streptococci, 4-6 weeks for uncomplicated staphylococcal NVE, 6-8 weeks for staphylococcal PVE, and 6 weeks for all other 
infections.
bIf patient sensitivity to penicillin is of the immediate hypersensitivity type, vancomycin is recommended.
cAqueous crystalline penicillin G should be used alone in patients in those who are at increased risk of renal disease or hearing impairment. Aminoglycoside is continued for the first 2 weeks of treatment.
dChoice of aminoglycoside should depend on in vitro susceptibilities and is continued for the full 6 weeks of treatment.
eVancomycin is indicated for penicillin-resistant strains.
fOptional in uncomplicated right-sided IE in intravenous drug users.
gUse of rifampin in coagulase-negative staphylococcal infection is recommended. The value of rifampin in coagulase-positive staphylococcal infections is controversial.

  TABLE 67-3    Endocarditis Prophylaxisa

Procedure Standard Regimenb Penicillin Allergic Patientsc

Dental or respiratory tract 
procedure

Amoxicillin 2 g Cephalexin 2 g

Ampicillin 2 g Clindamycin 600 mg

Cefazolin 1 g Azithromycin 500 mg

Ceftriaxone 1 g Cefazolin 1 g

Ceftriaxone 1 g

Skin or musculoskeletal 
procedure

Dicloxacillin 2 g Cephalexin 2 g

Clindamycin 600 mg

Vancomycind 1 g
aCardiac conditions for which prophylaxis is indicated: prosthetic valve or material, previous IE, select 
congenital heart disease, transplant patients with valvulopathy.
bSingle dose given 30-60 minutes before the procedure.
cDo not use a β-lactam in patients with immediate-type allergic reaction.
dVancomycin should be used if the patient has MRSA.
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MYCOTIC ANEURYSMS
Mycotic aneurysms (MA) are the result of bacteremic seeding of 
medium or large arteries with resultant irreversible localized dilata-
tion due to destruction of the arterial wall. These may occur anywhere 
but are most commonly femoral (38%) or abdominal aortic (31%).32 
Cerebral MA tend to occur toward the surface of the brain in distal 
branches of the middle cerebral artery as opposed to berry aneurysms, 
which occur in the circle of Willis.

IE accounts for 25% to 85% of cases of MA and direct arterial trauma 
accounts for 29% to 42%. Factors that have been associated with an 
increased risk of MA include diabetes, alcoholism, impaired immunity, 
and advanced age.33

S aureus and Salmonella species are the most common pathogens to 
cause MA with an increasing proportion being due to MRSA. The list 
of microorganisms reported to cause MA is quite extensive and also 
includes

•• Treponema pallidum
•• S Pneumoniae
•• Gram-negative bacilli, including Pseudomonas, Klebsiella, Campylobacter, 

and Yersinia
•• Fungi, including Candida, Cryptococcus, and Aspergillus
•• Coxiella
•• Corynebacteria

The clinical findings include systemic signs such as fever and chills 
along with localizing signs and symptoms due to the direct mass effect of 
the MA. Patients may present with complications of MA as well, such as 
gastrointestinal bleeding due to an aortoduodenal aneurysm, limb isch-
emia, osteomyelitis and diskitis, or a psoas abscess.34 Garg et al reported 
a patient presenting with acute coronary syndrome caused by a coronary 
artery MA due to a late stent infection.35

Routine laboratory tests are neither sensitive nor specific with half of 
patients having a leukocytosis and anemia.36 Blood cultures are positive 
in 50% to 85% of cases so cannot be used to exclude the diagnosis. 
Angiography has been considered the definitive radiologic procedure; 
however, computed tomography (CT) or magnetic resonance imaging 
(MRI) is now used more often.37

Intravenous antibiotic therapy is typically continued for 6 to 8 weeks 
and is culture directed. Regimens used to treat MA are generally the 
same as regimens used to treat IE.

Surgical resection of the MA is usually combined with medical 
therapy except in the case of an unruptured cerebral MA. Unruptured 
cerebral MA associated with IE may resolve with treatment of the IE. 
Endovascular embolization is another treatment option in this setting.38 
The timing of surgery is also an important consideration in patients who 
require both urgent valve replacement and cerebral surgery.39

CAVERNOUS SINUS THROMBOSIS
Cavernous sinus thrombosis (CST) is a rare complication of sinusitis, 
usually involving the ethmoid or sphenoid sinuses. CST has also been 
reported following infection involving the face, nose, oropharynx, ears, 
or orbits.40 Odontogenic infection, though common, rarely leads to CST.41 
Infection is thought to result from either direct or bacteremic spread and is 
facilitated by the fact that dural sinuses and emissary veins have no valves 
so blood may flow in either direction according to pressure gradients.

Patients usually present with fever and headache and classically 
exhibit proptosis, ptosis, and features of cranial nerve palsies related 
to cranial nerves III, IV, and VI. CST primarily has to be differentiated 
from orbital cellulitis. CST should be suspected when there is

•• Bilateral eye involvement
•• Papilledema

•• Pupillary dilatation
•• An abnormal CSF

S aureus is the cause of cavernous sinus thrombosis in about 60% 
to 70% of patients. Streptococci, anaerobes, and gram-negative bacilli 
account for most of the rest.42 Community-acquired MRSA has been 
reported to cause CST arising from a nasal infection in one patient and 
from primary bacteremia in another.43,44 A case of CST and IE due to 
pneumococcal sinusitis has also been reported.45

Routine laboratory tests are neither sensitive nor specific. Blood cul-
tures are positive in 70% of patients, especially in those with a fulminant 
presentation. Cerebrospinal fluid (CSF) usually shows a pleocytosis of 
mixed neutrophils and lymphocytes along with an elevated protein but 
normal glucose. CSF cultures are only positive in 20% of cases.42 CT or 
MRI imaging may show changes in signal intensity as well as supportive 
signs such as dilation of feeding veins.46

Empiric antimicrobial therapy is usually directed against the patho-
gens generally encountered in complicated facial cellulitis or sinusitis  
with adjustments made as definitive culture results are known. 
Vancomycin or another agent with activity directed against MRSA 
should be included in most cases with dosing adjusted to achieve 
adequate levels to treat meningitis. Intravenous antibiotics should be 
continued until all signs of active infection have resolved, which is 
typically 3 to 4 weeks. Corticosteroids are usually begun when evidence 
of cranial neuropathies develop and are continued until resolution. 
Anticoagulation begun early, once intracranial hemorrhage has been 
excluded, has been associated with decrease in morbidity; this is usually 
continued for 4 to 6 weeks.47

INFECTION OF VENOUS STRUCTURES
Infection of venous structures is rare and results from direct extension 
of infection or distal spread via venous structures. The most commonly 
reported infections are those involving the internal jugular vein, portal 
veins, and ovarian veins (Table 67-4). Infection involving the internal 
jugular vein usually follows acute oropharyngeal infection and is thus 
called postanginal sepsis; this was first characterized by Lemierre in 
1936 and is mostly seen in healthy young adults. Infection of the portal 
veins (pylephlebitis) is an unusual complication of intra-abdominal 
infection, such as diverticulitis, appendicitis, necrotizing pancreatitis, 
choledocholithiasis, pelvic infections, and inflammatory bowel disease. 
Septic pelvic vein thrombophlebitis occurs following an obstetric or 
gynecologic procedure and most often involves the right pelvic vein.

■■ CLINICAL PRESENTATION
The signs and symptoms in addition to fever and chills are those 
associated with the initial infection as well as potential local and distal 
complications. Patients with Lemierre syndrome will present with sore 

  TABLE 67-4    Infection Involving Venous Structures

Site Etiology Antibiotic Therapy Adjunctive Treatment

Internal jugular Fusobacterium Clindamycin Pleuropulmonary evaluation 
directed

S aureus Ampicillin/sulbactam

Portal Enterics Extended-spectrum 
penicillin

Consider anticoagulation

Carbapenem

Ovarian Enterics Extended-spectrum 
penicillin

Anticoagulation 

Streptococci Carbapenem

S aureus
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throat, half develop a tender or swollen neck, and 80% will develop 
pleuropulmonary disease.48 Patients with pylephlebitis typically have 
abdominal pain and abnormal liver function tests. Those with septic 
pelvic thrombophlebitis usually have persistent fever and 50% present 
with pelvic pain.49

■■ ETIOLOGY
Lemierre syndrome is caused by fusobacterium in more than 80% 
of cases. In fact, the isolation of fusobacterium from blood cultures 
should always raise the question of postanginal sepsis. Secondary  
infection may occur due to S aureus or other oropharyngeal organisms.50 
Pylephlebitis is usually due to enteric pathogens such as E coli, Proteus, 
and Klebsiella, as well as the anaerobes Bacteroides and Clostridia. Septic 
pelvic thrombophlebitis has been attributed to enteric pathogens as well 
as streptococci and staphylococci.51

■■ DIAGNOSIS AND TREATMENT
Blood cultures are positive in 80% of patients with pylephlebitis but 
usually are not positive in patients with septic pelvic thrombophlebitis 
or postanginal sepsis. Diagnosis is supported by imaging studies with CT 
or MRI having reported sensitivities and specificities of 90% to 100%.52

Treatment with intravenous antibiotics is usually continued until 
clinical resolution, which is often 3 to 6 weeks in patients with Lemierre 
syndrome or pylephlebitis but usually only 48 to 72 hours after deferves-
cence in patients with septic pelvic thrombophlebitis. Anticoagulation 
may be beneficial in all, but most clearly so in patients with septic pelvic 
thrombophlebitis. Surgical intervention is at times necessary to treat the 
primary infection or complications such as abscess formation.

DEVICE-RELATED INFECTIONS

■■ PACEMAKER AND DEFIBRILLATOR INFECTIONS
The number of cardiac device–related infections (CDRI) has increased 
as the number of devices implanted has increased 10-fold in recent years 
with a rate of 2.11 per 1000 recipients and an incidence of 5% to 6%.53 
S aureus or S epidermidis cause most cases of CDRI with gram-negative 
aerobes, Candida, and enterococci being isolated less often. Sohail et al 
identified the following factors associated with an increased risk of CDRI

•• Previous CDRI
•• Malignancy
•• Long-term corticosteroid use
•• Multiple device revisions
•• A permanent central venous catheter
•• Greater than two pacing leads
•• Lack of antibiotic prophylaxis at the time of device placement54

Presentation depends on when the infection occurs in relation to 
implantation and what portion of the device is infected. Perioperative 
infections often present with localized signs of infection involving 
the subcutaneous pocket where the generator was implanted with or 
without systemic signs of infection. Infections that present outside the 
perioperative period more often present as an acute or subacute undif-
ferentiated febrile illness. Patients may also present with pulmonary 
signs and symptoms as patients with right-sided IE often present.

The diagnosis is not difficult to make where signs of a pocket infection 
are present. However, there is often a delay in diagnosis when infec
tion involves only the leads as these patients often initially have negative 
blood cultures because of prior empiric antibiotic use. Blood cultures are 
positive in 77% of infections.55 As well, S epidermidis is often discounted 
as a contaminant or may be attributed to another source such as a central 
venous catheter. TEE is preferred over TTE, yet the diagnosis does not 
depend on the TEE findings as the sensitivity has been reported as high 
as 100% but as low as 20%.56

Resolution of the infection always requires device removal when there 
is deep pocket involvement or where S aureus is the cause. Intravenous 
antibiotics alone may be effective in all other cases of uncomplicated 
infection. Treatment regimens generally are the same used to treat IE. A 
2-week course of treatment may be adequate in patients who do not have 
S aureus infection, evidence of IE, and have had all hardware removed.57 A 
new pacemaker may be placed once the patient’s bacteremia has cleared.

■■ ARTERIAL GRAFT INFECTIONS
The literature reports the infection rate for arterial grafts to be between 
2% and 6%,58,59 and a reported mortality rate as high as 50%. However, 
these reported numbers do not reflect the data regarding abdominal 
and thoracic endografts where the infection rate is 0.26% and 4.77%, 
respectively.60 Bruin et al reported a 6-year experience showing the over-
all complication rate to be higher with endografts but similar survival 
and infection rates between open and endovascular procedures.61 Graft 
infections present on average 8 months after implantation, but have been 
reported to occur as late as 7 to 10 years after graft placement.

As with other intravascular device infections, the etiology and presen-
tation vary depending on the onset in relation to surgery. Infections that 
occur within 4 months of surgery are considered to be early onset and 
most often are due to S aureus, whereas late infection is more often due 
to S epidermidis. Other organisms are encountered less often with only 
14% of infections being polymicrobial.62

Patients with early onset infection may present with signs of systemic 
illness, whereas patients with late onset infection often present mostly 
with signs of graft malfunctioning or poor surgical site wound healing.

Blood cultures are often negative, especially in late onset infection. 
CT scan may reveal fluid around the graft, but this may be a normal 
early postoperative finding. Technetium or indium scans may be useful 
as can sinography.

Definitive treatment involves surgical graft removal along with intra-
venous antibiotics directed against the isolated pathogen.

■■ CENTRAL VENOUS LINE INFECTIONS
There are approximately 250,000 to 500,000 intravenous device (IVD)–
related bloodstream infections per year in the United States with 80,000 
occurring in ICU patients. The rate of infection associated with IVD 
varies from 0.4 to 30.2 per 1000 catheter-days63 (Table 67-5). These 

  TABLE 67-5    Rates of Intravascular Device–Related Bloodstream Infectiona

Type of Catheter Average; Ranges

Peripheral venous catheters 2.0; 0-8.7

Peripheral arterial catheters 0; 0-8.7

Central venous catheters in med/surg ICU 4.1; 3.9-6.0

        In trauma ICU 8.0; N/Ab

        In burn ICU 30.2; N/A

Peripherally inserted central catheters 0.4; N/A

        In outpatients 1.0; 0.8-1.2

        In inpatients 2.1; 1-3.2

Hemodialysis catheters

        Temporary, noncuffed 4.8; 4.2-5.3

        Permanent, tunneled 1.6; 1.5-1.7

Cuffed, tunneled catheters 1.9; 0.6-6.6

Implanted devices 0.2; 0-2.7

Central arterial catheters 3.6; 0-13.2

Intra-aortic balloon pumps 7.3; 0-15.4
aExpressed as rate of infection per 1000 catheter-days.
bData are not available.
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account for 14% of all nosocomial infections and are associated with an 
increased length of hospitalization by 10 to 20 days, an increased mortal-
ity by 10% to 20%, and an increased hospitalization cost by an average 
of $30,000 to $40,000.64

Studies have shown as many as 33% of central venous catheters become  
colonized with bacteria, whereas 7.6% and 4.7% become infected and are 
associated with bacteremia, respectively. Infections are caused by

•• S epidermidis in 30% to 40%
•• S aureus in 5% to 10%
•• MRSA in 7%65

•• Enterococcus in 5%
•• Pseudomonas in 5%
•• Candida in 3%

Peripherally inserted central venous catheters (PICCs) now are 
commonly used to provide home intravenous therapy. PICCs are also 
now commonly used in the ICU in the place of subclavian or internal  
jugular catheters. PICC complications include infection, vein thrombo-
sis, occlusion, and leakage. Infections most often occur in the first week 
after placement or after 6 weeks of use.66 Recently it has been shown 
that standardization of the insertion procedure can greatly reduce or 
eliminate early IVD infections.67

Patients with IVD infection may develop purulence, redness, or tender-
ness at the insertion site, but usually these signs are not present. More typ-
ically the patient simply has fever and other signs of a systemic infection.68

Blood cultures should be obtained peripherally as well as from the 
catheter if there is going to be an attempt to retain the IVD. Quantitative 
or timed cultures should be obtained as these can be used to determine 
the source of the infection.69

The IVD should be removed immediately if it is

•• Visibly infected
•• The patient is septic without another likely source

FIGURE 67-1.  Evaluation and management of a patient with possible central venous line sepsis.
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•• There is evidence of venous thrombosis
•• The IVD is no longer needed

Empiric antibiotics should be started once cultures have been 
obtained. A delay in appropriate antibiotic therapy for bacteremia has 
been associated with an increased mortality.70 If line infection is proven 
or there is a secondary complication such as IE or septic pulmonary 
emboli, then the IVD should be removed (Fig. 67-1). S epidermidis 
infection of a permanent IVD does not always require catheter removal 
as 50% may be cleared with antibiotics.71

Antibiotic therapy is usually continued for 7 to 14 days depending 
on clinical improvement. Patients with candidemia are treated for at 
least 2 weeks after the fungemia has cleared. S aureus is treated for 10 
to 14 days once IE has been excluded. Intravenous interlock therapy is 
attempted in patients with S epidermidis infection; here 10 to 25 mg of 
vancomycin in 5 cc of saline is instilled into the IVD twice daily for 5 
to 7 days. Daptomycin has been shown to obtain higher concentrations  
in staphylococcal biofilm and therefore may prove to be advantageous in 
the management of IVD infections.72
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Approach to Infection  
in Patients Receiving  
Cytotoxic Chemotherapy  
for Malignancy
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68
C H A P T E R

KEY POINTS

•• Risk of infection increases as the circulating absolute neutrophil 
count (ANC) declines below 1.0 and 0.5 × 109/L. The greatest risk 
of bacteremic infection occurs when the ANC is <0.1 × 109/L.

•• Cytotoxic therapy for remission-induction therapy for acute myeloid 
leukemia or conditioning therapy for bone marrow transplantation 
(high-risk patients) is associated with periods when the ANC is  
<0.1 × 109/L for 14 to 21 days. The time to marrow recovery (ANC  
>0.5 × 109/L) can vary from 21 to 42 days.

•• Intermittent administration of cytotoxic therapy for solid tissue 
malignancies or lymphoreticular malignancies (low-risk patients) is 
often associated with a neutrophil nadir at 10 to 14 days from begin-
ning treatment and with periods of neutropenia (ANC <0.5 × 109/L) 

of less than 5 to 7 days. This pattern of neutrophil recovery influences 
the natural history of febrile neutropenic episodes.

•• Febrile episodes during neutropenia are defined by an oral tempera-
ture of ≥38.3°C (100°F) in the absence of other noninfectious causes 
of fever such as administration of blood products or pyrogenic drugs 
(eg, cytotoxic therapy, amphotericin B), the underlying disease, 
thromboembolic or thrombophlebitic events, or hemorrhagic events.

•• A single neutropenic episode may be characterized by one or more 
febrile episodes, of which one or more may represent infections.

•• Body sites most often associated with infection in the neutropenic 
patient are those associated with integumental surfaces (skin, upper 
and lower respiratory tract, and upper and lower gastrointestinal tract).

•• Antibacterial prophylaxis with oral fluoroquinolone agents such as 
ciprofloxacin or levofloxacin can reduce the frequency of febrile epi-
sodes and bacteremic events in patients with protracted neutropenia.

•• Patients undergoing remission induction for acute myeloid leuke-
mia or bone marrow transplantation with a history of herpetic sto-
matitis or who are IgG seropositive for herpes simplex virus (HSV) 
are at risk for severe herpetic mucositis. Such patients should be 
considered for oral nucleoside analogue-based antiviral prophylaxis.

•• The recommended initial empirical antibacterial therapy for 
suspected infection in the febrile neutropenic patient is a broad-
spectrum antibacterial regimen of an antipseudomonal penicillin 
or carbapenem administered as a single agent (monotherapy). 
Additional initial antibacterial agents such as aminoglycosides, 
fluoroquinolones, or vancomycin may be indicated for the initial 
management of severe sepsis/septic shock, pneumonia, or where 
antimicrobial resistance is suspected.

•• The median time to defervescence for febrile neutropenic patients 
at low- and high-risk for medical complications is 3 and 5 days, 
respectively.

INTRODUCTION
Critical care physicians are often called on to provide support for 
patients with various inherited or acquired defects in host defense that 
render them susceptible to potentially lethal infections. Patients with 
single host defense system defects (eg, congenital agammaglobulinemia)  
are susceptible to encapsulated respiratory pathogens such as Strepto
coccus pneumoniae that require opsonizing antibodies for clearance.  
In contrast, cancer patients undergoing potentially curative high-
intensity myeloablative cytotoxic therapy acquire defects in multiple 
host defense systems that lead to increased susceptibility to different 
groups of pathogens normally contained and controlled by the absent 
or damaged systems.

The host immune response is mediated by the innate and adap-
tive defense systems. The former is mediated by pattern recognition 
receptors each with broad spectrum of specificities for genetically 
conserved and stable antigenic characteristics of pathogenic micro-
organisms.1 The latter, the adaptive immune system, is mediated by a 
diverse array of antigen receptors with random but narrow-spectrum 
specificities clonally distributed on B and T lymphocytes.2 Four broad 
categories of defects in host defense are clinically relevant: disrup-
tion of the integumental surfaces, quantitative neutrophilic phagocyte 
defects, diminished B-lymphocyte (humoral) function, and diminished 
T-lymphocyte system function. A working knowledge of the sources 
of failure in these host defense systems is particularly important for 
predicting the pathogens likely to be driving life-threatening infections. 
This, in turn, provides a basis for a rational approach to the choice of 
antimicrobial therapy. This chapter reviews the approach to managing 
suspected or proven infection in patients with multiple defects in host 
defense systems, with a particular emphasis on patients undergoing 
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active myelosuppressive cytotoxic therapy, since this represents the 
largest group of immunocompromised patients who will require critical 
care services. Infections in patients with the acquired immunodeficiency 
syndrome (AIDS) are discussed in Chap. 69, and infections in those with 
organ or bone marrow transplantation are discussed in Chaps. 94 and 115;  
the problem of lung infiltrates in immunocompromised patients is  
covered in Chaps. 65 and 69.

Hematologists and oncologists have long recognized the existence of 
the direct relationship between dose and response in cancer therapy. 
Over the last 10 to 15 years, the supportive care strategies for cancer  
patients undergoing remission-induction or salvage therapy have 
improved sufficiently to permit the extension of dosing to the very limits 
of toxicity and beyond. For many malignant diseases, this has translated 
into significantly higher response rates and disease-free survival. Cure 
is now a goal that can be adopted realistically for many more patients 
with these diseases.

CANCER PATIENTS IN THE ICU
A greater number of cancer patients are being considered for admission 
to ICU for the management of critical illnesses developing as a func-
tion of the underlying caner or of its treatment.3 Combined modalities 
of anticancer treatment including aggressive surgical diagnostic and 
tumor debulking procedures, and targeted radiotherapeutic and sys-
temic therapies have resulted in significant improvements in overall 
survival.4,5 During the years 1984 to 2000, hospital mortality rates for 
cancer patients admitted to ICU for mechanical ventilation were 70% 
to 85% and even higher, 95%, for hematopoietic stem cell transplant 
(HSCT) recipients requiring mechanical ventilation.6,7 Accordingly, 
cancer patients with critical illnesses have been at high risk for refusal 
for admission to an ICU setting.8

Recent experience has been more encouraging, however. Investigators 
began reporting reductions in the hospital mortality rates among 
cancer patients admitted to an ICU from 25-50% early this decade.7,9 
Improved outcomes may be, in part, attributable to improved medical 
technologies such as noninvasive mechanical ventilation in the ICU and 
to better anticancer treatment, but also upon a better understanding of 
relevant prognostic factors contributing to outcome. The most impor-
tant variable affecting prognosis and outcome for cancer patients is the 
status of the underlying malignancy at the time of ICU admission.10,11 
Critical illness developing in patients with poor premorbid performance 
status and chronic end-organ damage in the setting of metastatic cancer 
represent a composite with the poorest overall outcome.8,12

Cancer patients have represented 9% to 15% of all patients admitted to 
general ICUs in Europe.13,14 Of these, solid tissue malignancies have con-
stituted the majority (85%) and hematological malignancies comprised 
the remainder.14 Patients with hematological malignancies are more 
often admitted to the ICU with sepsis, whereas patients with solid tissue  
malignancies are more often admitted after surgery. Hematological 
malignancy patients are more severely ill than their solid tumor coun-
terparts or those without cancer as measured by admission SOFA and 
SAPS II scores.14 Neutropenia upon ICU admission does not, in of itself, 
appear to affect outcome unless there is no myeloid reconstitution.15

Patients with newly diagnosed cancer may develop critical illness 
due to infection or cancer-related end-organ damage that requires ICU 
support prior to antineoplastic therapy. Invasive bacterial or fungal 
infections often occur in the setting of cancer-related myelosuppression 
with severe neutropenia due to myelophthisic processes, and opportu-
nistic infections due to intracellular pathogens occur as consequence of 
disease-related immunosuppression with severe lymphopenia or func-
tional hypogammaglobulinemia. Cancer-driven end-organ damage may 
include leukemic pulmonary leukostasis, intracranial lesions with mass 
effect, spontaneous acute tumor lysis syndrome, disseminated intra-
vascular coagulation, hemophagocytosis syndrome, superior vena cava 
syndrome, malignant pleural or pericardial effusions, or bulky tumor 
masses with erosive effects upon vital structures.

In order to gain control of these progressive malignant processes, 
prompt administration of cytotoxic therapy in the ICU setting may 
be necessary. Under such circumstances, the 30-day all-cause mortal-
ity has been associated with requirement for vasopressors, mechanical 
ventilation, and hepatic failure.16 As for noncancer patients, the 30-day 
all-cause mortality increases with the number failing organs.

The 30- and 180-day all-cause mortality rates for cancer patients 
receiving primary cytotoxic therapy in the ICU have been reported to be 
of the order of 40% and 60%, respectively.16,17 The 30-day mortality rates 
are lower among patients with solid tumors compared to those with 
hematological malignancies but similar to those ICU patients without 
a cancer diagnosis.14 Overall, these observations have demonstrated 
that the administration of primary antineoplastic therapy in the ICU 
to critically ill cancer patients is feasible and may be associated with 
significant chances of survival. In contrast, administration of cytotoxic 
therapy in the ICU setting as salvage therapy to patients with relapsed 
cancer has been associated with prolonged survival in less than 10% of 
cases.17 Accordingly, the benefit of ICU-based cytotoxic therapy may be 
restricted to those at first presentation of cancer.

Three broad categories of admission criteria to ICU for cancer 
patients have been offered: postoperative care, management of medical 
emergencies related to cancer or its treatment, and monitoring during 
intensive anticancer treatments.10 The most common circumstances 
in which cancer patients may require access to ICU services include  
(1) respiratory failure, (2) postanesthetic recovery, (3) infection and  
sepsis, (4) bleeding, and (5) oncologic emergencies.18 Groeger and 
Aurora described three principles upon which decisions about deploy-
ment of ICU services for cancer patients occur. First, the intensive 
care clinician, in consultation with the referring cancer specialist and 
the patient, must try to balance the likelihood of survival from the 
critical illness against survival from the underlying malignancy. Second, 
the intensivist must understand whether the patient’s autonomy and 
expressed wishes are being respected as would be articulated in an 
advance care plan. Third, in the circumstances of limited resources the 
principle of distributive justice should be considered.10 As a framework 
to aid in the discussion of goals of care for cancer patients, including 
those suffering from a critical illness for which ICU services may be a 
consideration, Haines and colleagues classified patients in five categories:  
(1) those with newly diagnosed cancers, (2) those with a cancer diag-
nosis with the potential for cure, (3) those with controlled but incurable 
malignancy, (4) those who have failed specific treatment designed for  
cure or control, and (5) those being managed with palliative intent  
for symptom control.19 Based on this classification, types 1 and 2 cancer 
patients almost always would be candidates for ICU services, types 3 and 
4 may be evaluated for such services on a case-by-case basis, and type  
5 patients would not be candidates.18 An algorithm guiding decision 
making is offered for consideration in Figure 68-1.

DEFICITS IN HOST DEFENSES RELATED  
TO CANCER CHEMOTHERAPY

■■ MYELOSUPPRESSION AND NEUTROPENIA
The absolute number of circulating segmented neutrophils (ANC) repre-
sents the most important single parameter predictive of the risk for life-
threatening pyogenic infection.20 An ANC of 1.5 to 8.0 × 109/L can be 
considered normal for adults. As the ANC declines below 1.0 and 0.5 ×  
109/L, the risk of infection increases, with greatest risk for bacteremic 
infection at neutrophil counts below 0.1 × 109/L. For consistency, the 
terms severe and profound neutropenia refer to ANCs below 0.5 × 109/L 
and 0.1 × 109/L, respectively.21 Figure 68-2 illustrates the relationship 
between the neutrophil count and infection for patients undergoing 
remission-induction therapy for acute leukemia.

The ANC is calculated by multiplying the proportion of white blood 
cells (WBCs) that are segmented neutrophils on a Romanovsky-stained 
blood smear by the total number of WBCs in a specified volume of 
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blood measured in an automated blood cell counter. Since neutropenic 
patients with acute leukemia undergoing cytotoxic therapy frequently 
have total WBC counts of <0.5 × 109/L, neutrophils may be difficult to 
detect on a manually reviewed stained smear; accordingly, the range of 
error for the procedure increases dramatically. Further, automated blood 
cell counters may give misleading results when abnormal cells such as 
leukemic blasts of similar size as segmented neutrophils are present in 
the circulation. This should dissuade the clinician from relying too heav-
ily on a single ANC to judge the risk of infection. Rather, the clinical 
relevance of the ANC lies in the recognition of the range associated with 
a specific infection risk.

The pattern of change of the ANC has also a significant independent 
influence on infection risk. In an early study, 29% of the bacteremic epi-
sodes occurred as the neutrophil count was falling but before the ANC 

fell below 0.5 × 109/L.22 Therefore, with a falling neutrophil count, mul-
tiple observations over time are necessary to establish a pattern for the 
neutrophil profile and to estimate the relative infection risk. Survival of 
an infection during severe neutropenia is also intimately linked to mar-
row recovery and recovery of the circulating neutrophil count.23,24 The 
poorest outcomes for infectious episodes are observed among patients in 
whom the ANC continues to decline or fails to recover.25,26

The duration of severe neutropenia (ANC <0.5 × 109/L) is also related 
directly to infection risk. For example, bacteremic infections occur 3.5 and 
5.4 times more often when neutropenia lasts 6 to 15 days and >15 days,  
respectively.27 The duration of neutropenia is related to the degree 
of hematopoietic stem cell damage caused by the underlying disease 
process and by myelosuppressive cytotoxic regimens. Following stem 
cell suppression, the peripheral neutrophil count falls at a rate directly 
proportional to the size of the circulating and marginated peripheral 
neutrophil pools and the size of the marrow storage pool of mature seg-
mented neutrophils. Marrow recovery follows the recruitment of com-
mitted stem cell precursors of granulocytic, monocytic, erythroid, and 
megakaryocytic cell lines from the resting pluripotential stem cell pool.

Patients receiving pulse doses of chemotherapy on an intermittent 
cyclical basis for solid tissue malignancies or lymphoreticular malignan-
cies sustain only temporary damage to the hematopoietic stem cell pool. 
The expected circulating neutrophil nadir occurs generally between days 
10 and 14. Although the neutrophil nadirs may be <0.5 × 109/L, the 
duration of severe neutropenia is rarely longer than 5 to 7 days (median 
3-5 days).28 For example, a patient receiving cyclophosphamide, doxo-
rubicin, vincristine, and prednisone (CHOP) beginning on day 1 of a 
21-day cycle of initial treatment for an intermediate- to high-grade non-
Hodgkin lymphoma might develop a febrile episode on day 12 in associa-
tion with an ANC of 0.1 × 109/L. The patient’s neutrophil count would be 
expected to have reached its nadir, and a rise in circulating neutrophils 
would be predicted to occur between days 15 and 21. The likelihood that 
this prediction is correct is increased if a relative monocytosis is observed 
on the differential WBC count. The recovery of peripheral blood mono-
cytes precedes that of circulating neutrophils in chemotherapy-induced 
aplasia and often heralds the recovery of the ANC.

In general, the more dose-intensive myelosuppressive regimens are 
associated with more hematopoietic stem cell damage and longer dura-
tions of neutropenia. Standard remission-induction regimens for acute 
myeloid leukemia (AML) are composed of anthracycline drugs such 
as daunorubicin administered in intravenous doses of 30 to 90 mg/m2 
daily over 3 days and an antimetabolite, cytarabine, administered as an 
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FIGURE 68-1.  Algorithm for consideration of ICU services for cancer patients presenting with an acute critical illness. 

FIGURE 68-2.  The relationship between the ANC and occurrence of infection in 98 patients 
undergoing remission-induction therapy for AML. The proportions of the infections classified as 
possible infection, clinical infections, nonbacteremic microbiologically documented infection, 
and bacteremic infection are shown. The greatest risk for infection occurs when the ANC is  
<0.1 × 109/L. Possible infections, brown bars; clinical infections, pink bars; nonbacteremic 
microbiologically documented infections, beige bars; bacteremia, blue bars.
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intravenous bolus or as a continuous infusion at doses of 100 to 200 mg/m2  
daily over 5 to 7 days (a “7 + 3” regimen).29 These regimens predictably 
produce periods of profound myelosuppression, in which a median of 
24 to 26 days passes until the circulating neutrophil count rises above 
0.5 × 109/L.30-32 If more than one cycle of therapy is required to achieve 
a complete remission, then the median time until marrow recovery may 
be prolonged by as long as 40 days (range 33-60 days). This additional 
period of myelosuppression is associated with a significant increase in 
infectious morbidity.30,33

Intensive regimens using high-dose cytarabine (HDARA-C) in doses 
15 to 30 times that for standard induction regimens have been successful 
for salvage therapy of relapsed or resistant leukemia, for initial remis-
sion-induction therapy, and for post-remission consolidation therapy 
for acute leukemia.30 The median time until neutrophil recovery follow-
ing administration of HDARA-C (3.0 g/m2 infused over 1 hour every 
12 hours for 12 consecutive doses) is 28 days.30 Surprisingly, the overall 
period of myelosuppression is not substantially longer than for standard 
induction regimens. The time from day 1 of HDARA-C post-remission 
consolidation until the development of severe neutropenia is a median 
of 10 days (compared to a median of 4 days for primary induction with a 
“7 + 3” regimen).30 Accordingly, the overall duration of severe neutrope-
nia for patients receiving post-remission consolidation with HDARA-C 
may be shorter than for a “7 + 3” primary induction by 4 to 6 days.30

Patients undergoing hematopoietic stem cell transplantation are con-
ditioned for the stem cell infusion through the administration of cyto-
toxic therapy alone or in conjunction with irradiation in an attempt to 
reduce tumor burden and to suppress the host immune system in order 
to permit stem cell engraftment.34 The intensities of the commonly used 
conditioning regimens vary significantly and have differential impacts 
upon the degree of tumor reduction, immunosuppression, toxicities, and 
treatment-related mortality. In the case of acute leukemia, increased con-
ditioning intensity may reduce leukemia recurrence, but at the expense 
of increased toxicity.35 In the case of allogeneic HSCT, a reduction  
in the intensity of the conditioning regimen not only reduces toxicities, 
it reduces the anticancer cytoreductive effect; the anticancer effect must 
be derived from the graft-versus-tumor effect. Conventional myeloabla-
tive conditioning regimens are based on cyclophosphamide (Cy) plus 
either busulfan (Bu) or total body irradiation (TBI), the so-called BuCy 
and CyTBI regimens. More recently, a reduced intensity approach based 
on fludarabine (Flu), an immunosuppressive antimetabolite, used with 
reduced doses of the alkylating agents Cy or Bu, or reduced doses of 
TBI has become very widely used among transplant centers. The term, 
myeloablative as applied to conditioning regimens in HSCT is defined 
by the administration of cytotoxic agents in doses sufficient to preclude 
spontaneous autologous hematopoietic recovery.36 In contrast, the term 
reduced intensity conditioning (RIC) is defined by the administration of 
cytotoxic agents in doses that produce prolonged but not irreversible 
myelosuppression and cytopenia; however, stem cell support is required 
in order to mitigate excess aplasia-related morbidity and mortality.36 In 
contrast to the classical myeloablative conditioning regimens, RIC con-
ditioning regimens typically have dose reductions in the alkylating agent 
or the TBI of ≥30%. Examples of such regimens include Flu combined 
with melphelan,37 busulfan,38 or thiotepa,39 or reduced dose TBI.40 The 
term nonmyeloablative conditioning is applied to a regimen that will 
produce temporary hematopoietic suppression and minimal cytopenia 
without the need for stem cell support.36 Examples of such regimens 
include FluCy,41 TBI at a dose of 1 to 2 Gy,42,43 antithymocyte globulin, 
and total lymphoid irradiation (TLI).44 Basic understanding of the con-
ditioning regimen can help predict the duration of myelosuppression36 
or the need for mechanical ventilation.45

Patients receiving less myelosuppressive treatments have a lower risk 
for severe neutropenia and neutropenic fever. Between 85% and 95% 
of patients undergoing “7  +  3”-based AML treatments are expected 
to develop neutropenic fever; whereas, approximately 1%, 4%, 5% to 
6%, 10%, 12%, 23% of patients receiving standard cytotoxic regimens 
for prostate, breast, colorectal, lung, ovarian, and germ cell cancers, 

respectively, over the course of several cycles of treatment.46 Similarly, 
between 15% and 26% of patients undergoing multiagent chemotherapy 
for Hodgkin and non-Hodgkin lymphoma may develop a neutropenic 
fever over the course of therapy; however, the majority of such episodes 
occur within the first 1 to 2 cycles.47 Independent risk factors for neutro-
penic fevers and for complications of neutropenic fevers (including pro-
longed hospitalization, need for critical care services, and death) have 
included advanced age (≥65 years), type of cancer, advanced cancer  
stage and large tumor burden, and increasing number of comorbid 
conditions (including hypertension, chronic airflow obstruction, pneu-
monia, previous invasive fungal infection, and sepsis).48,49

■■ NEUTROPENIC FEVER SYNDROMES PRESENTING  
TO THE EMERGENCY DEPARTMENT

The incidence of neutropenic fever presenting to the emergency depart-
ment (ED) is relatively uncommon.50 Even more uncommon is the 
requirement for ICU services in this context. Among 777,876 ED visits in  
47 French hospitals over a 6-month period, only 198 (0.03%) satisfied the 
case definition (ANC <0.5 × 109/L and a core temperature >38.3°C) for  
neutropenic fever.51 Of these, patients with solid tumors accounted 
for 56% and hematological malignancies for 44%. Severe sepsis or 
septic shock was the presenting problem in the ED 89 of 198 patients  
(45%). A total of 18 patients, 9% of the total group of febrile neutropenic 
patients and 20% of the 89 presenting with severe sepsis or septic shock, 
were admitted to the ICU.51 These observations suggest that almost half 
(45%) of the cases of neutropenic fever present to the ED for care will 
have potentially life-threatening severe neutropenic sepsis of which one 
in five may require ICU admission.

The Multinational Association for Supportive Care in Cancer 
(MASCC) developed and validated a scoring system to discriminate 
febrile neutropenic patients at high or low risk for medical complications 
that would either require hospitalization or prolong an admission.52,53 In 
one report, 85% of those patients defined by this scoring system as high 
risk (score <21) also had medical complications sufficiently serious 
to warrant ICU admission.54 The MASCC score is a useful tool for the 
identification of those febrile neutropenic patients who may be at greater 
risk for complications that may require critical care services.

Hemodynamic instability during the evolution of the neutropenic 
fever is one of the common reasons for ICU admission. Effective anti-
bacterial therapy within 1 hour of hypotension is associated with a 
survival advantage among patients with septic shock.55 Among patients 
with acute community-acquired pneumonia, initial antibacterial therapy 
administered early in the ED (door-to-needle time, mean 3.5 ± 1.4 hours)  
rather than on an inpatient unit (door-to-needle time, 9.5 ± 3.0 hours) 
was independently associated with a significantly shorter duration of 
hospitalization56 and a lower hospital-based all-cause mortality.57

A wide range of times from triage in the ED to antimicrobial admin-
istration have been reported (102-254 minutes).58-64 Current guide-
lines recommend that antibacterial therapy be initiated early (within  
60-120 minutes) in neutropenic patients presenting with severe sepsis.46,51,65

■■ OTHER IMMUNOSUPPRESSIVE EFFECTS OF CYTOTOXIC THERAPY
The remission-induction regimens commonly used for acute leukemia 
have important immunosuppressive effects in addition to the myelo-
suppressive effects discussed above. Anthracyclines and similar agents  
(eg, doxorubicin, daunorubicin, idarubicin, epirubicin, amacrine, 
mitoxantrone, and rubidazone), antimetabolites (eg, cytarabine, meth-
otrexate, thioguanine, and mercaptopurine), and alkylating agents  
(eg, cyclophosphamide, ifosfamide, melphalan, busulfan, and platinum 
analogues) have profound suppressive effects on the numbers of circulat-
ing T- and B-lymphoid cells that parallel the acquired functional defects 
in cell-mediated and humoral immune mechanisms. The consequences of 
these effects are reflected by an increased susceptibility to pathogens nor-
mally controlled by these mechanisms. The ultimate impact on immune 
responsiveness appears to depend on the schedule of administration.
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T-Lymphocyte Function:  Indications from in vitro testing of lymphoid 
cell responsiveness to mitogen-induced blastogenesis suggest that 
T-cell function may be moderately depressed in patients with acute 
leukemia. Among patients undergoing remission-induction therapy 
for acute leukemia, decreased cell-mediated immune responsiveness 
can be detected for up to 6 months following chemotherapy-induced 
remission.66,67 In some patients, immune function decline may herald 
a relapse.67

Patients who have received purine analogue therapy for chronic lym-
phocytic leukemia, specifically fludarabine, have prolonged qualitative 
and quantitative T-lymphocyte defects, and, in addition, B lymphocy-
topenia and monocytopenia. As result, there are enhanced suscepti-
bilities to pyogenic bacteria (Streptococcus pneumoniae, Haemophilus 
influenzae, Escherichia coli, Klebsiella pneumoniae, and Pseudomonas 
aeruginosa), opportunistic bacteria (including Listeria monocytogenes, 
Nocardia spp, and Mycobacterium spp), invasive fungal pathogens (such 
as Candida spp, Aspergillus spp, Pneumocystis jirovecii, and Cryptococcus 
spp), and DNA virus infections (such as herpes group viruses including 
varicella-zoster virus, herpes simplex, and cytomegalovirus).68

The clinical consequences of T-cell dysfunction vary with the under-
lying disease and the cytotoxic regimen. For example, Pneumocystis 
jirovecii infection is an uncommon phenomenon among adult patients 
undergoing remission induction for AML but relatively common among 
children undergoing consolidation and maintenance-phase chemother-
apy for acute lymphoblastic leukemia (ALL).69-71 An intermediate degree 
of risk for pneumocystosis appears to be present in those undergoing 
bone marrow allografting or autografting. The immunosuppressive 
potential of the conditioning regimens for HSCT appears to be greater 
than that associated with AML induction regimens. Accordingly, most 
centers managing these patients recommend administering primary 
prophylaxis for P jirovecii in HSCT recipients or patients with ALL. 
These infections rarely occur during the primary period of myelosup-
pressive therapy–induced neutropenia.
Monoclonal Antibodies  There have been a number of anti-T-lymphocyte 
monoclonal antibody products that have been licensed by the Federal 
Drug Association (FDA) for the treatment of lymphoma, AML, breast 
cancer, colorectal cancers, rheumatoid arthritis, and Crohn disease. 
Treatment with some of these products has been associated with a 
higher risk for opportunistic infections due to CMV, Epstein-Barr virus, 
BK polyoma virus, and invasive fungal infections.

Tumor necrosis factor-α (TNFα) is a mediator that stimulates the 
release of pro-inflammatory cytokines (such as interleukin [IL]-1β, 
IL-6, and IL-8), monocyte chemoattractant protein-1, adhesion mol-
ecules, and phagocyte and T-lymphocyte activators.72 TNFα blockers 
such as infliximab, etanercept, and adalimumab have been used in the 
management of severe autoimmune disorders, chronic inflammatory 
bowel disease, steroid-refractory graft-versus-host disease, and solid 
organ transplant graft rejection. These products have been associated 
with a two-to-threefold increase in serious infectious complications, 
particularly in patients with rheumatoid arthritis. 73 Infectious complica-
tions have included mycobacterial diseases, due to both Mycobacterium 
tuberculosis74 and nontuberculous mycobacteria.75 The median time 
of onset of clinical infection from the initiation of treatment has been 
12 weeks.74 Such infections have tended to be fulminant and involve 
extrapulmonary sites. Invasive fungal infections such as histoplasmosis,  
invasive candidiasis, invasive aspergillosis, coccidiodomycosis, and 
cryptococcosis have also been associated with TNFα blocking agents.76

Immune modifiers of T-lymphocyte function are often deployed in 
hematologic and solid organ transplantation to treat or prevent graft-
versus-host disease or graft rejection, respectively. These products 
include antithymocyte globulin (ATG) prepared from rabbits (rATG) 
or horses (hATG), the non-T lymphocyte depleting anti-interleukin-2α 
receptor preparations (daclizumab and basiliximab), and alemtuzumab. 
All ATGs produce a dose-dependent depletion of T lymphocytes. 
Treatment may result in significant lymphopenia for up to a year. For 
example, there is a direct dose-dependent relationship between ATG 

administration and opportunistic CMV infection. Pyrexia and TNFα 
release after the administration of ATG stimulates cellular nuclear factor 
κB (NFκB) binding to the promoter region of the immediate early anti-
gen gene of CMV.77,78 CMV infection after ATG administration depends 
on the ATG product used, the dose administered, the pretransplant 
donor and recipient serologic status, and use of CMV prophylaxis.79 
The incidence of cancers, particularly posttransplant Epstein-Barr virus 
transformed lymphoreticular disorders (PTLD), is increased in associa-
tion with ATG administration and with coinfection by CMV. The highest  
risk for PTLD is among EBV seronegative organ transplant recipients 
receiving a transplant from an EBV seropositive donor.79 Similarly, 
there is an increased dose-dependent risk for BK polyomavirus viremia, 
viruria, and nephropathy with ATG therapy.80,81 These processes may 
confound the assessment and management of critically ill transplant 
recipients unresponsive to broad-spectrum antibacterial therapies and 
should be considered in this context.

The monoclonal IL-2α-chain receptor (CD25) antagonists, basilix-
imab and daclizumab, inhibit lymphocyte activation, differentiation, 
and proliferation. Treatment results in a complete saturation of the 
receptor for 6 to 12 weeks. While little effect of these agents on bacte-
rial, EBV, or fungal infection has been recognized, CMV shedding does 
appear to be somewhat increased in solid organ transplant recipients.79,82  
Increased infection-related mortality has been observed among dacli-
zumab recipients for steroid-refractory GvHD in allogeneic stem trans-
plantation.

Alemtuzumab, a humanized monoclonal antibody preparation, tar-
gets cell surface CD52 present on the surface of normal and malignant 
T and B lymphocytes, monocytes, and NK lymphocytes. The product 
has been used in chronic lymphocytic leukemia and T-cell depletion of 
allogeneic stem cell products, resulting in a sustained reduction in both 
CD4 and CD8 T lymphocytes within 4 weeks of administration that may 
last as long as 9 months.83 The infectious complications described in 
association with the use of alemtuzumab include reactivation of herpes-
virus infections (human cytomegalovirus, varicella-zoster virus, herpes 
simplex virus), new respiratory virus infections, and invasive fungal 
infections (including pulmonary pneumocystosis, invasive candidiasis, 
and invasive aspergillosis).68,82,84 Also, invasive zygomycoses, tuberculous 
and nontuberculous mycobacterial infections have been observed.82 In a 
retrospective analysis of post-engraftment infections in allogeneic stem 
cell transplant recipients conditioned with alemtuzumab or antithymo-
cyte globulin, the incidence of non-CMV infections was significantly 
higher among alemtuzumab recipients.85 Moreover, the proportion of 
patients developing CMV disease or BK virus associated hemorrhagic 
cystitis were markedly higher among alemtuzumab recipients.85

B-Lymphocyte Function:  Modern cytotoxic therapy for acute leukemia 
appears to have a more profound effect on humoral immune com-
petence than on T-lymphocyte function. Serum immunoglobulin 
concentrations and the efficiency of new antigen-induced immuno-
globulin synthesis have been observed to decline following institution 
of remission-induction therapy, reaching a nadir at approximately  
5 weeks. It has been difficult to separate the effects of the underlying 
malignant disease from the effects of the cytotoxic therapy. There 
does not appear to be a prognostically useful parameter of T- or 
B-cell function that predicts infection risk in neutropenic patients 
analogous to the predictive value of the ANC for pyogenic bacterial 
or fungal infection. However, presence of hypogammaglobulinemia 
may help identify increased risk of infection by encapsulated bacteria.

Rituximab, a chimeric murine-human monoclonal IgG1 anti-
body preparation administered for treatment of B-cell non-Hodgkin  
lymphoma, targets CD20 on the surface of normal and malignant B 
lymphocytes, leading to a predictable depletion of these cells over a 6- to 
9-month period. This agent does not affect CD3, CD4, CD8, or natural 
killer T-lymphocyte populations. Based on a systematic review of five 
randomized controlled trials on the treatment of non-HIV patients with 
non-Hodgkin lymphoma, no incremental risk for infections has been 
observed.86 This notwithstanding, two recently published systematic 
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reviews with meta-analyses have suggested an enhanced risk for serious 
grade 3 to 4 infectious complications associated with the use of rituximab 
for maintenance therapy in non-Hodgkin lymphoma patients.87,88 Case 
reports and small series have reported some opportunistic infections 
associated with the use of rituximab, including tuberculosis, progressive 
multifocal leukoencephalopathy, babesiosis, pulmonary Pneumocystis 
jirovecii infection, enteroviral gastroenteritis, cytomegalovirus infection, 
reactivation of hepatitis B virus infection, disseminated varicella-zoster, 
and parvovirus B19–related pure red cell aplasia.

Integumental Barriers:  Integumental barriers are among the most 
important and most often damaged defense systems for cancer 
patients. These barriers include the epithelial surfaces of the skin, the 
upper and lower respiratory tract, the upper and lower gastrointestinal 
(GI) tract, and the mucosal surfaces lining the genitourinary tract. In 
critically ill patients, the barrier function of these surfaces may also be 
compromised by procedures such as percutaneous intravenous cath-
eterization, endotracheal intubation, endoscopic procedures, nasogas-
tric intubation, and indwelling urinary catheterization (Table 68-1).

Integumental damage secondary to cytotoxic therapy has become 
more prevalent as the dose intensity of the remission-induction regi-
mens has increased.89 The epithelial surfaces of the GI tract appear 
to be at greatest risk. The antiproliferative effect of therapy prevents 
cell recruitment into mucosal areas denuded by erosion or by cellular 
attrition, resulting in the appearance of superficial erosion and ulcer-
ation. The absorptive capacity of the GI mucosa may also be impaired  
significantly among recipients of regimens such as HDARA-C, and both 
anatomic mucosal disruption and absorptive dysfunction appear to 
temporally parallel that of the neutrophil profile.

A high proportion of patients receiving cytoreductive therapy also 
experience painful, often debilitating inflammatory lesions within 
the oral cavity.90 The tissues of the periodontium, gingival surfaces, 
oral mucosa, and mucosal surfaces of the upper and lower bowel are 
affected.89 Cytotoxic regimens affect the developing basal epithelial cells 
of the oral mucosa in a manner that parallels the effect on the marrow 
system cell pool and the intestinal mucosal surface.91 Mucosal atrophy, 
cytolysis, and denudation of the mucosal surface result in the painful 
foci of local ulceration typically observed 4 to 7 days after administra-
tion of cytotoxic agents, which usually resolve spontaneously between 
days 14 and 21.90,92

Cytotoxic therapy–induced intestinal mucosal damage has been 
described in three stages.91 The first stage of initial injury begins during 
the first week of cytotoxic therapy and is characterized by replacement 
of the normal crypts and mucus-secreting goblet cells by atypical undif-
ferentiated cells. The second stage represents progressive mucosal injury 

that occurs during the second and third weeks. This stage is character-
ized histologically by cellular necrosis, lack of mitotic activity, and focal 
loss of villous surfaces and clinically by abdominal pain, diarrhea, elec-
trolyte loss, and invasive infection. The third stage of cellular regenera-
tion occurs after the third week and is characterized by resumption of 
mitotic activity and cellular proliferation in the crypts with subsequent 
repopulation of the denuded surfaces by differentiated cells.

The maximum cytotoxic therapy–induced intestinal epithelial damage  
occurs in the second week between days 10 and 14.93-95 This corresponds 
to the median time of onset of bacteremic infection on day 14 due to the 
microorganisms that normally colonize these surfaces.96 To a limited 
extent, the type of pathogens recovered in bacteremic infections can 
be predicted from the pool of microorganisms colonizing damaged 
mucosal surfaces. Oral mucosal ulceration, particularly that involving 
periodontal tissues, is often associated with viridans group streptococcal 
bacteremia.97,98 Colonic mucosal damage is more likely to be associated 
with aerobic gram-negative bacillary infection with Escherichia coli, 
Klebsiella species, Pseudomonas aeruginosa, or opportunistic yeasts 
when these pathogens are colonizing the lower GI tract.96

Mucositis not only predisposes patients to invasive infection, but also 
imposes a significant cost with respect to the resources needed to man-
age the consequences of mucositis.99,100 Recent cost estimates suggest 
that an episode of severe mucositis may cost an average of $7985 (Year 
2002) per patient.100 Neutropenia with or without infection is estimated 
to cost an average of $9316 (Year 2002) per inpatient.

INFECTIONS AND BACTERIAL PATHOGENS CAUSING 
NEUTROPENIC FEVERS
A review of bloodstream infections occurring in patients with hemato-
logical malignancies over a 14-year period in a tertiary cancer center in 
Sweden noted that gram-negative bacilli accounted for 45% and gram-
positive organisms accounted for 55%.101 Of note in this experience 
was the rising incidence of enterococcal bloodstream infections due to 
penicillin-resistant E faecium and the high 30-day mortality (24%) com-
pared to other gram-positive 30-day mortality rates (~15%).101

In an Irish 5-year experience in febrile neutropenic cancer patients, 
20% of blood cultures revealed 172 isolates of which 123 (71%) were 
gram-positive organisms, 48 (28%) were gram-negative bacilli, and 2 
were yeasts.102 Of the gram-positive organisms, 93 were Staphylococcus 
spp, 10 were Streptococcus spp, 11 were Enterococcus spp, and 9 were 
predominantly gram-positive bacilli. The staphylococci were coagulase 
negative in 65 and S aureus in 28, of which 25 (89%) were methicillin 
resistant. This highlights the high incidence of methicillin resistance in 
this population and has implications for the choice of initial empirical 
antibacterial therapy.

The infections documented among febrile neutropenic patients have 
been classified as microbiologically documented with the identification 
of a pathogen and a focus of infection; as clinically documented with the 
identification of a clinical focus of infection without isolation of a putative 
pathogen; and as an unexplained fever wherein neither a clinical focus nor 
a pathogen are identified.103 Among febrile neutropenic cancer patients 
not receiving fluoroquinolone chemoprophylaxis managed during the 
early 1990s, Cornelissen and colleagues reported that microbiologically 
documented infections were observed in 33% of patients with gram-
negative infections comprising 18%, gram-positive infections in 9%, 
and mixed gram-negative and gram-positive in 6%.104 Forty-two percent  
of patients had clinically documented infections and the remaining 24% 
had unexplained fevers. Among a similar group of patients who had 
received ciprofloxacin chemoprophylaxis, there were no gram-negative 
infections. Gram-positive infections were observed in 38% of patients, 
clinically documented infections in 47% of patients, and unexplained 
fevers in only 15%. Fluoroquinolone antibacterial chemoprophylaxis can 
reduce the risk for invasive gram-negative infections in patients at high-
risk for such infections in an environment where the prevalence of gram-
negative resistance to fluoroquinolone antibacterial agents is low.21,105

  TABLE 68-1    Integumental Defects

Damage to mucosal surfaces

  Endotracheal tube

  Nasogastric tube

  Cytotoxic therapy–induced damage to gastrointestinal and respiratory epithelial barriers

  Endoscopic diagnostic procedures

Damage to skin and supporting structures

  IV catheters

    Peripheral IV lines

    Indwelling central venous catheters

  Indwelling urinary catheters

  Biopsy sites

    Bone marrow

    Lymph nodes

    Skin
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A more recent study wherein the investigators identified all potential 
clinical foci of infections reported the GI tract as the focus of infection in 
41% of patients with the oropharynx accounting for 70%, esophagus 3%, 
clinical neutropenic enterocolitis 17%, and perirectal soft tissue infection 
10%.106 Other foci included the respiratory tract in 10%, urinary tract in 
6%, and skin and soft tissue in 10%. Of the skin foci, indwelling central 
venous catheter sites accounted for 59%, folliculitis for 6%, and cellulitis 
for 35%.106 Unexplained fevers accounted for only 10% of cases and 
microbiologically documented bloodstream infections in 23% of patients 
of which gram-negative bacteremia accounted for 37%, coagulase- 
negative staphylococcemia 19%, streptococcemia 27%, and other gram-
positive microorganisms in 16%.106 These observations illustrate that 
with clinical diligence, clinical foci of infection may be identified in the 
majority of febrile neutropenic patients receiving cytotoxic therapy.

APPROACH TO NEUTROPENIC FEVER
Fever is the hallmark of infection for most patients with prolonged 
severe neutropenia; the definition of fever due to suspected infection 
in a neutropenic patient has varied greatly.25-27,97,106-117 The International 
Antimicrobial Therapy Cooperative Group (IATCG) of the European 
Organization for Research and Treatment of Cancer (EORTC),27,112,113 the 
Intercontinental Antimicrobial Therapy Study Group,115 and others114  
have used an oral temperature of >38°C (100.8°F) sustained over a 
12-hour period or a single oral temperature of >38.5°C as the criterion 
for infection-related fever. The recently published German guidelines 
define an unexplained fever by a single oral temperature of ≥38.3°C 
or ≥38.0°C lasting over an hour or measured twice within 12 hours.118 
The National Cancer Institute of Canada Clinical Trials Group also has 
used a single oral temperature of >39°C together with chills or rigors 
instead of a single temperature of >38.5°C.26,119 In order to avoid the 
administration of antimicrobial therapy for noninfectious causes of 
fever, a stipulation that other causes of noninfectious fever should be 
excluded (eg, blood products, pyrogenic drugs such as amphotericin B, 
thrombophlebitis, or hematoma) is often added to the definition. The 
Infectious Disease Society of America has suggested that a single oral 
temperature of ≥38.3°C (101°F) in the absence of other obvious envi-
ronmental causes would be a reasonably safe working definition for an 
infection-related fever in neutropenic patients.65,120

The extent to which characteristics of the febrile episode predict a 
bacteremic event has been somewhat variable in different studies; how-
ever, most agree that initial oral temperatures of >39°C (102.2°F), shak-
ing chills, shock, initial ANC of <0.1 × 109/L, and initial platelet count 
of <10 × 109/L are somewhat predictive of gram-negative bacteremia. 
Viscoli et al27 demonstrated an 8.4-fold increase in risk for bacteremic 
infection in neutropenic patients with initial temperatures of >39°C 
(102.2°F). The duration of fever prior to evaluation, however, does not 
appear to influence the risk of gram-negative bacteremia.22

The risk of developing a febrile neutropenic episode during each 
cycle of outpatient cancer chemotherapy for solid tissue malignancies 
or lymphoreticular malignancies is generally low. 121 However, this risk 
increases with the number of cycles administered122 and with the dose-
intensity of the regimen selected.123 In a study of patients with lymphoma 
from the MD Anderson Cancer Center over 30 years ago, the cumulative 
incidence of febrile neutropenic episodes increased from 12% among 
recipients of cyclophosphamide, vincristine, and prednisone (COP) to 
27% among patients receiving a regimen where doxorubicin (hydroxy-
daunorubicin) was substituted for the cyclophosphamide (HOP) and 
46% among recipients of cyclophosphamide, doxorubicin, vincristine, 
and prednisone (CHOP).124 In recent studies, the incidence of infec-
tion among CHOP recipients has been lower, approximately 15% of all 
cycles.125 Similar to the study by Feld and Bodey,124 the addition of cyto-
toxic agents to a chemotherapy regimen has the effect of increasing the 
likelihood of myelosuppression. For example, the addition of paclitaxel 
or docetaxel to carboplatin for the treatment of gynecological malignan-
cies increased the incidence of severe neutropenia (ANC <0.5 × 109/L)  

from <1% to 7% and 73%, respectively.126 The addition of irinotecan to 
carboplatin and paclitaxel increased the incidence of severe neutropenia 
from 7% to 61% but did not enhance the odds of developing a febrile 
neutropenic episode.126 The median incidence of febrile neutropenic 
episodes in patients with small cell lung cancer is reported as 35% for 
recipients of cyclophosphamide, doxorubicin, and etoposide (CAE) 
compared with 18% for recipients of a less myelosuppressive regimen 
containing cyclophosphamide, doxorubicin, and vincristine (CAV).127 
In addition to neutropenia, the propensity of a given regimen to induce 
mucosal damage resulting in mucositis correlates directly with the 
incidence of febrile neutropenic episodes. The severity of mucositis is 
directly related to the incidence of febrile events, the duration of hospi-
talization, the costs of medical care, and treatment-related mortality.99

Febrile neutropenic episodes occur in 70% to 90% of patients receiv-
ing cytotoxic therapy for acute leukemia and bone marrow trans
plantation.119,128,129 This difference is due to the more prolonged 
cytotoxic therapy–induced myelosuppression and greater intestinal 
epithelial damage in these patients.93

Prolonged neutropenia may be punctuated by one or more febrile 
episodes, and a single febrile neutropenic episode may represent more 
than one infectious process. For example, febrile neutropenia associ-
ated with a viridans group streptococcal bacteremia may not defervesce 
promptly despite appropriate antibacterial therapy and documentation 
of a microbiologic cure on the basis of subsequent sterile blood cultures. 
This phenomenon of a persistent febrile state may occur in association 
with the concomitant administration of pyrogenic blood products, the 
presence of a coexisting infection such as a herpes simplex virus (HSV) 
mucositis, or a possible fungal superinfection. It is frequently impossible 
to distinguish clinically the boundaries defining separate sequential 
infectious processes by the pattern of fever unless a clear pattern of 
defervescence is seen between one infection and the next. This is partic-
ularly frustrating when managing febrile neutropenic patients without a 
clinical focus of infection or a defined pathogen.

■■ DIAGNOSIS
The diagnosis of a febrile state in a neutropenic patient requires a complete 
but directed clinical history and physical examination designed to identify 
potentially infected foci for which those patients are at special risk.

Important historical facts may be obtained from the patient, signifi-
cant others, and the medical record. The degree of neutropenia and the 
day of the chemotherapy cycle are important. The latter is determined 
relative to the first day of the last cycle of chemotherapy or, in the case 
of HSCT recipients, the day of the HSCT.

To avoid omitting the consideration of other noninfectious causes 
of fever in neutropenic patients, the clinical evaluation should include 
questions pertaining to the temporal association of the febrile episode 
to the administration of blood products, to a history of fever associated 
with the underlying disease, administration of chemotherapeutic agents 
or amphotericin B, presence of thrombophlebitis, and the possible 
association of the febrile episode with thromboembolic or hemorrhagic 
events. For example, in a series of neutropenic patients undergoing 
remission-induction therapy for acute leukemia,24 36% of febrile epi-
sodes were due to noninfectious causes.

The physical signs of inflammation and infection are influenced by 
the ANC. The incidence and magnitude of localizing findings such as 
exudate, fluctuance, ulceration, or fissure formation are reduced in a 
direct relationship to the ANC.130 Other localizing findings, such as 
erythema and focal tenderness, appear to remain as useful and reliable 
signs of infection regardless of the ANC.

The body systems most often involved with infection in neutropenic 
patients are those associated with integumental surfaces, that is, the 
upper and lower respiratory tracts, the upper and lower GI tracts, and 
the skin.107,130,131 Table 68-2 lists the pertinent historical and physical 
clues to be sought in the evaluation of a febrile neutropenic patient.

Examination of the head and neck area should include the optic 
fundi, the external auditory canals and tympanic membranes, the 
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Findings to Be Sought

Body System Historical Clues Physical Findings

Eye Blurring of vision Scleral abnormalities

Double vision Icterus

Loss of vision Hemorrhage

Pain Local swelling

Conjunctival abnormalities

Focal erythema

Petechiae

Retina

Hemorrhage

“Cotton wool” exudates  
(eg, candidal endophthalmitis)

Skin Skin rash Central venous catheters

Pruritus (focal or diffuse) Insertion site erythema/pain

History of drug reactions Tunnel site erythema/pain

Focal pain/swelling Exit site erythema/pain/ 
exudate

IV catheter site(s) Peripheral IV catheters

Focal tenderness

Focal erythema

Exudate at the insertion site

Skin rash

Papular/macular/vesicular 
morphotypes

Ulceration

Focal areas of necrosis

(eg, ecthyma gangrenosum)

Distribution

Upper respiratory tract Painful ear External auditory canals

Nasal stuffiness Tympanic membrane  
erythema

Sinus tenderness

Epistaxis

Lower respiratory tract Cough Tachypnea (RR >20/minute)

Increased volume of  
respiratory secretions

Tachycardia (HR >90/minute)

Hyperpnea Localized crepitations

Dyspnea Effusions (reduced breath 
sounds)

Hemoptysis Consolidation (bronchial 
breathing)

Chest pain Friction rub

Upper gastrointestinal Odynophagia Gingival bleeding

Dysphagia Pseudomembranous exudate 
over buccal and gingival  
surfaces and tongue

History of herpes stomatitis Mucosal erythema

History of denture use Mucosal ulceration

Focal pain

Preexisting periodontitis

Findings to Be Sought

Body System Historical Clues Physical Findings

Lower gastrointestinal 
tract

Abdominal pain Focal abdominal pain

Constipation Right upper quadrant pain 
(eg, biliary tree)

Diarrhea ± bleeding 

Perianal pain with defecation Right lower quadrant pain  
(eg, cecum/ascending colon)

Jaundice Left lower quadrant pain 
(eg, diverticular disease)

Perianal abnormalities

Focal tenderness

Focal/diffuse erythema

Fissures

Ulcerations

Hemorrhoidal tissues

HR, heart rate; IV, intravenous; RR, respiratory rate.

  TABLE 68-2    Clinical Evaluation of the Febrile Neutropenic Patient
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anterior nasal mucosa, the vermilion border of the lips, and the 
mucosal surfaces of the oropharynx. The funduscopic examination 
should look for retinal hemorrhages as evidence of a bleeding dia-
thesis and retinal exudates (often described as “cotton wool”) that 
would suggest endophthalmitis associated with disseminated can-
didiasis. Examination of the external auditory canals and tympanic 
membranes for erythema or vesicular lesions can implicate this as a 
focus for infection by respiratory pathogens or herpes group viruses. 
The anterior nasal mucosal surfaces should be examined for ulcer-
ated lesions suggesting the presence of a local filamentous fungal 
infection such as Aspergillus. The skin of the external nares should 
be examined for vesicular or crusted lesions suggesting HSV. Nasal 
stuffiness and maxillary sinus tenderness suggests the presence of 
sinusitis.

The oropharyngeal examination consists of inspection of the denti-
tion, gingival surfaces, mucosal surfaces of the cheeks, hard and soft 
palate, tongue surfaces, and posterior pharyngeal wall. The presence 
of decaying teeth and gingival hyperemia implicates those sites as pos-
sible sources of bacteremic infection. The presence of shallow, painful 
mucosal ulcers on an erythematous base suggests herpes mucositis. 
Progression of this kind of lesion with local tissue necrosis can suggest 
a polymicrobial infection due to oropharyngeal anaerobic bacteria (eg, 
Fusobacterium nucleatum, Bacteroides melaninogenicus, peptostrepto-
cocci), particularly if cultures for HSV are negative or if such lesions 
develop during prophylactic or therapeutic administration of acyclovir. 
Oral thrush or pseudomembranous pharyngitis evolves from an over-
growth of opportunistic yeasts such as Candida species. These lesions 
are characterized by a thick creamy pseudomembrane consisting of 
masses of fungi existing in both the yeast and the mycelial phases. The 
distribution may be patchy, confluent, or discrete. The pseudomembrane 
is frequently closely adherent to the underlying mucosal surface such 
that attempts at removal reveal an erythematous or hemorrhagic base. 
The diagnosis is suspected by the clinical appearance and confirmed by 
the demonstration of the pathogen in culture and by the appearance of 
budding yeasts and pseudohyphae on a Gram stain or KOH preparation.

Chest examination should emphasize evaluation of the lower respi-
ratory tract and central venous catheter sites. The typical signs of 
pulmonary consolidation may be muted or absent in neutropenic 
patients; however, localized crepitation often precedes the appearance of 
pulmonary infiltrates radiologically and thus often represents the earli-
est (and often only) clue to a developing pneumonia in a neutropenic 
patient. Purulent sputum is similarly reduced in incidence and amount. 
The neutropenic patient with a developing pneumonia, therefore, may 
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manifest only as febrile illness associated with an increased respiratory 
rate and a few localized crepitations, with or without an associated 
cough or radiologic changes.132 The clinician must search for additional 
differential diagnostic clues such as the origin of the suspected pneu-
monia (community or hospital acquired), the tempo of the illness, the 
association of the illness with other potentially noninfectious factors 
such as pulmonary edema, exposure to certain chemotherapeutic agents 
associated with lung injury (bleomycin, busulfan, cytarabine), radiation 
therapy, pulmonary thromboemboli, pulmonary hemorrhage, or hyper-
leukocytosis. Chest physical examination can do little to differentiate 
infectious or noninfectious causes of pulmonary findings, but it can help 
identify the lower respiratory tract as the potential infected focus.

The symptoms and signs of an intra-abdominal infection may be 
obvious or muted, focal, or diffuse. The most important finding is 
focal tenderness.130 For example, tenderness in the right lower quadrant 
might suggest neutropenic enterocolitis (typhlitis); right upper quadrant 
tenderness, a biliary tract focus or hepatomegaly; epigastric pain, an 
upper GI focus; and left lower quadrant tenderness, colitis or diverticu-
lar disease. It is important to examine the perianal tissues for signs of 
excoriation, local erythema, swelling, tenderness, fissure formation, or 
hemorrhoidal tissues, since this area is frequently the site of major life-
threatening infection in neutropenic patients. Digital examination of 
the rectum is not recommended in neutropenic patients because of the 
additional risk of tissue damage, bleeding, and infection. A light perianal 
digital examination, however, can be informative about focal areas of 
cellulitis without increasing the risk of bacteremic infection.

Examination of the skin should consist of a thorough search for 
focal areas of pain, swelling, or erythema, especially in association with 
indwelling vascular access devices. Particular attention should be paid 
to the venous insertion, tunnel, and exit sites associated with central 
venous catheters. In contrast, nonspecific local pocket tenderness may 
be the only clue to infection associated with the totally implantable 
venous access port-reservoir systems.

Skin rashes are a common phenomenon among neutropenic patients. 
The differential diagnosis must include both infectious and noninfec-
tious causes. Among the former group are focal ulcerative and necrotic 
lesions caused by metastatic pyogenic bacterial infection such as that 
associated with bacteremic P aeruginosa or Staphylococcus aureus (infec-
tions causing ecthyma gangrenosum), or by disseminated angioinvasive 
filamentous fungi such as that due to Aspergillus species, Scedosporium 
apiospermum, or Fusarium species (Fig. 68-3A and B). Pustular ery-
thematous lesions diffusely distributed over the skin surface suggest 
the possibility of disseminated fungal infection such as that caused by 
Candida tropicalis. Vesicular skin lesions suggest the possibility of infec-
tion due to HSV or herpes zoster virus.

The list of possible noninfectious causes of skin rash is long. The three 
most important considerations are hemorrhagic petechial or ecchymotic 
rashes associated with profound thrombocytopenia; hypersensitivity 

rashes associated with specific drugs such as β-lactam antibacterial 
drugs, allopurinol, or trimethoprim-sulfamethoxazole (TMP/SMX); and 
specific chemotherapy regimen–related rash syndromes (eg, the exfo-
liative palmar/plantar syndrome associated with high-dose cytarabine; 
Fig. 68-4). These skin rash syndromes may coexist simultaneously.

Once the relevant historical details and physical findings are established, 
the complete evaluation of the febrile neutropenic patient should include a 
series of laboratory and radiologic investigations designed to complement 
the clinical examination. Specimens of body fluids such as blood, urine, 
cerebrospinal fluid, and lower respiratory secretions should be submitted to 
the clinical microbiology laboratory for culture and antimicrobial suscep-
tibility testing where appropriate. At least two sets of blood cultures should 
be obtained, one of which should be from a peripheral venous site. Further, 
it has been recommended that for patients with multilumen indwelling cen-
tral venous catheters in situ, each lumen of the catheter should be sampled 
in addition to blood from the peripheral venous site.120,129

The basic radiologic investigation is the chest radiograph. When 
suggested by clinical clues, sinus radiographs are useful for detecting 
sinus opacification or fluid levels. Panorex radiographs can be help-
ful for evaluating periodontal infection. High-resolution computed 
tomographic (HRCT) examination of the lungs has a high yield of 
abnormalities in febrile neutropenic patients despite nondiagnostic 
chest radiographs.133,134 In one study, 60% of febrile neutropenic patients 
with normal chest radiographs had a pulmonary infiltrate demonstrable 
on the chest HRCT.133 Computed tomography (CT) of the abdomen 
or hepatic ultrasonography is valuable for assessing the significance of 
abnormalities in cholestatic enzymes (γ-glutamyltransferase [GGT] and 
alkaline phosphatase). This is particularly important if the possibility of 
hepatosplenic candidiasis exists. Abdominal pain and tenderness with 
diarrhea in a persistently febrile neutropenic patient suggests the possi-
bility of neutropenic enterocolitis. Abdominal CT looking for bowel wall 
thickening, pneumatosis, wall nodularity, mucosal enhancement, bowel 
dilation, ascites, and mesenteric stranding may be useful.135

■■ RISK ASSESSMENT
Neutropenia-related febrile episodes are heterogeneous with respect to 
the cause and duration of neutropenia, as well as fever risks and causes. 
Patients differ in their response to treatment and in their risks of com-
plications. Accordingly, the practice standard has been to hospitalize all 
febrile neutropenic patients for assessment, empirical broad-spectrum 
antimicrobial therapy,136 and monitoring for and management of com-
plications. Problems in neutropenic fever include organ failures such as 
hemodynamic instability (eg, shock, dysrhythmias); respiratory insuf-
ficiency; acute kidney injury; pain, nausea, vomiting, and dehydration; 
delirium; hemorrhage requiring blood product transfusion; changes in 
metabolic function requiring intervention; and death.

Investigators from the Dana-Farber Cancer Institute137 examined the 
natural history of febrile neutropenic patients to identify patients at risk 

FIGURE 68-3.  A. Necrotic ulcerated skin lesion in a 53-year-old man on day 15 of remission-induction therapy for AML. This lesion was caused by skin infarction secondary to angioinvasive 
infection due to Aspergillus flavus. B. Periodic acid-Schiff stain of a biopsy from this lesion demonstrates the invasion of broad, acutely branching septate hyphae into blood vessels.
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for complications due to neutropenia, infection, underlying cancer, and 
other comorbid conditions. Based on comorbidities and complications, 
patients could be classified into three groups at high risk for complica-
tions and one low-risk group. Group I (39% of the total) comprised 
hospitalized patients usually with hematologic malignancies or hemato-
poietic stem cell transplant. Complication and morbidity rates were 34% 
and 23%, respectively. Group II (8% of the total) comprised outpatients 
with concurrent comorbidity and had complication and mortality rates 
of 55% and 14%, respectively. Group III (10% of the total) comprised 
outpatients with as yet uncontrolled or progressive cancer and had 
complication and mortality rates of 31% and 15%, respectively. Group 
IV (the low-risk group, 43% of the total) comprised outpatients with 
controlled or responding cancer and no comorbid processes. This group 
had a complication rate of 2% and no deaths. These observations were 
prospectively validated in follow-up studies.137,138 These results suggest 
that high-risk patients with characteristics corresponding to groups I to 
III should be admitted and managed as inpatients with careful monitor-
ing for serious complications, whereas low-risk patients (group IV) can 
be managed on an outpatient basis.138-146

The Multinational Association for the Supportive Care in Cancer 
developed and validated a scoring system to identify patients at low 
risk for serious medical complications that would require admission to 
hospital.52,53,147 Identifying factors included absence of symptoms; hypo-
tension; airflow obstruction; hematological malignancy; invasive fungal 
infection; or dehydration. Further, status as an outpatient at the onset of 
the febrile neutropenic episode and age <60 years were also identify-
ing factors. This system has been offered as a strategy for identifying 
patients eligible for studies of more cost-effective, safe, outpatient-based 
management strategies.148

■■ EMPIRICAL ANTIMICROBIAL THERAPY
The empirical initial therapy for suspected infection in febrile neutrope-
nic patients is based on three assumptions.

	 1.	 The majority of infections are due to bacteria.149

	 2.	 The principal pathogens are aerobic gram-negative bacilli (E coli, 
K pneumoniae, and P aeruginosa)107,149, the predominance of gram-
positive organisms in blood cultures102,106 notwithstanding.

	 3.	 Inappropriate therapy for aerobic gram-negative bacteremia may be 
associated with a high mortality150 and a median survival of less than 
72 hours.151

Accordingly, empirical first-line therapy regimens are chosen for 
their activity against these pathogens. The rising prevalence of multi-
drug resistant (MDR) bacteria152 has required a more critical approach 
to the choice of initial empirical agents. The increase in infections due  

to gram-negative bacilli carrying extended-spectrum β-lactamases 
(ESBL) as well as genes conferring coresistance to other antibacterial 
classes such as the tetracyclines, fluoroquinolones, and aminoglycosides 
has led to recommendations for carbapenems as initial treatments in 
environments where ESBL-producing gram-negative bacteria are preva-
lent.21 In environments where carbapenemase-producing gram-negative 
bacterial infections are prevalent, choices are restricted to tigecycline,153 
or colistimethate (polymyxin E)154 with poor outcomes in neutropenic 
cancer patients.155

The clinical assessment may identify features favoring infection by 
gram-positive organisms,156 warranting additional agents in the initial 
empirical antibacterial regimen. These predictors include infection sites 
such as skin and soft tissue or central venous access devices associated 
with S aureus and coagulase-negative staphylococci; colonization by 
MDR bacteria that warrant consideration of glycopeptides (eg, vanco-
mycin) for MRSA, oxazolodinones (eg, linezolid), or lipopeptides (eg, 
daptomycin) for VRE.21,153 Community-acquired pneumonia in a region 
with high-level macrolide-resistant Streptococcus pneumoniae may also 
require combination initial therapy.157

Several guidelines panels recommend that febrile neutropenic cancer 
patients at high risk for medical complications52 be hospitalized for 
intravenous empirical antibacterial therapy with a single antipseudo-
monal agent (monotherapy).21,118,129,158,159 While there are circumstances 
where combination regimens may have an advantage (vide supra and 
Table 68-4), published evidence does not support routine use of com
bination regimens containing aminoglycosides160 or glycopeptides in 
high-risk patients.161 In contrast, guidelines recommend consideration 
of orally administered combination initial empirical antibacterial ther-
apy (eg, ciprofloxacin and amoxicillin/clavulanate) for low-risk febrile 
neutropenic patients being considered for outpatient management.21 
Tables 68-3 and 68-4 list the commonly used agents and the circum-
stances where they may be considered.

Combination regimens include two β-lactam agents26,162,163, combined with 
aminoglycosides107-109,111,112,114,115 or combined with fluoroquinolones.106,164,165  
Single-agent regimens consist of β-lactam agents113-115,117,166-169 with or 
without β-lactamase inhibitors (tazobactam, clavulanic acid, or sulbac-
tam) or fluoroquinolones.170-172 Monotherapy with aminoglycosides is 
not recommended.120

β-lactam antibacterial agents may be categorized as extended-
spectrum antipseudomonal penicillins (eg, carbenicillin, ticarcillin with 
or without clavulanic acid, piperacillin with or without tazobactam, 
azlocillin, or mezlocillin), third- or fourth-generation antipseudomonal 
cephalosporins (eg, moxalactam, ceftriaxone, ceftazidime, cefoperazone 
with or without sulbactam, cefpirome, or cefepime), or as carbapen-
ems (eg, imipenem/cilastatin, meropenem, or ertapenem). The addi-
tion of β-lactamase inhibitors enhances spectrum of activity against 
β-lactamase-producing bacteria.112,116,173-191

In a review of prescribing behavior for 214 febrile neutropenic 
patients in Canadian centers, single-agent initial empirical therapy was 
administered in 42% of cases (third-generation cephalosporin—32%, 
carbapenem—2.3%, fluoroquinolone—0.9%).192 Combination therapy 
was administered in 58% of cases (antipseudomonal penicillin plus 
aminoglycoside—29%, antipseudomonal cephalosporin plus aminogly-
coside—15%, antipseudomonal β-lactam plus glycopeptide—11%).192 
Vancomycin was part of the initial empirical antibacterial therapy in 
15% of cases. First modification with second-line therapy for persistent 
fever was administered in 87% of the cases after a median of 5 days. 
Empiric amphotericin B was administered for persistent fever in 48% 
of cases after a median of 9 days. Previous studies have demonstrated 
that glycopeptides are used as empirical second-line therapy in 40% to 
50% of cases after first-line empiric therapy with extended spectrum  
cephalosporins.113,116,174-177,193-204

The Role of Aminoglycosides:  Aminoglycosides have been part of the 
standard combination empirical antibacterial therapy for the manage-
ment of febrile neutropenic patients from the early 1970s to the 1990s. 
The combination of an aminoglycoside with an antipseudomonal 

FIGURE 68-4.  Palmar/plantar desquamation occurring on day 9 of treatment in a patient 
receiving high-dose cytarabine.
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β-lactam antibacterial agent was designed to provide a broad spectrum 
of antibacterial activity, achieve bactericidal serum concentrations, exert 
a synergistic antibacterial effect, and prevent emergence of resistance. 
Such combinations have been recommended in the published guide-
lines by the Infectious Diseases Society of America,65,120,136 the National 
Comprehensive Cancer Network,205,206 and the Infectious Diseases 
Working Party of the German Society of Hematology and Oncology118 
but not the Spanish guidelines.207 The choice of aminoglycoside must be 
based on bacterial susceptibility patterns, availability of serum amino-
glycoside concentration monitoring, and drug cost.

A large randomized controlled trial (N = 733) compared piperacillin/
tazobactam to piperacillin/tazobactam plus amikacin.116 The primary 
outcome was defervescence of all signs and symptoms of infection 
without modification of the initial antibacterial regimen. Response 
was observed in 49% monotherapy versus 53% combination recipients  
(p = 0.2). The response rates in single pathogen gram-positive bactere-
mias were low (27% and 32%, respectively) because of the high propor-
tion of coagulase-negative staphylococcal bacteremias. In contrast, the 
response rates for streptococcal and enterococcal bacteremias between 
the two groups were significantly higher (60% and 71%, respectively,  
p = 0.7). The response rates for single gram-negative bacteremias were 
also similar (36% and 34%, respectively; p = 0.9). The aminoglycoside 
failed to enhance the response rates in any circumstance. The overall 
mortalities in the monotherapy and combination therapy groups were 
4% and 6%, respectively (p = 0.2).

Two systematic reviews of the literature have examined the safety 
and efficacy of β-lactam plus aminoglycoside combinations in febrile 
neutropenic patients in comparison to monotherapy.160,208 Furno et al 
reviewed 4795 heterogeneously treated febrile neutropenic episodes 
from 29 randomized controlled clinical trials comparing monotherapy 
(ceftazidime, 9 trials; cefepime, 2 trials; cefoperazone, 1 trial; imipenem/
cilastatin, 9 trials; meropenem, 4 trials; ciprofloxacin, 2 trials; ofloxacin, 
2 trials) and aminoglycoside-based combination therapy. The pooled 
odds ratios for overall treatment failure and for treatment failure in 
bloodstream infections were significant at 0.88 and 0.70, respectively, 
demonstrating fewer failures in the monotherapy groups.160 Paul et al 
examined 7807 febrile neutropenic patients entered into 47 randomized 
controlled trials comparing β-lactam monotherapy to β-lactam plus 
aminoglycoside combination therapy.208 The main outcome was overall 
mortality. While there was no significant difference in overall mortal-
ity (7.8% vs 9.1% for monotherapy and combination therapy, respec-
tively; RR 0.85; p = 0.08), there were fewer failures among β-lactam 
monotherapy recipients.208 Monotherapy recipients had fewer adverse 
events overall and less nephrotoxicity.208 On the basis of these analyses, 
β-lactam plus aminoglycoside combinations appear to offer no advan-
tages over broad-spectrum β-lactam-based monotherapy. Further, the 
combination regimens present significant disadvantages with respect to 
toxicity and costs related to drug monitoring and administration.

β-Lactam Antibiotics Typical Dosing

  Ticarcillin + clavulanic acid 200-300 mg/kg per day IV in 4-6 divided doses

  Piperacillin + tazobactam 200-300 mg/kg per day IV in 3-4 divided doses

  Cefoperazone 2 g q12 h IV

  Ceftriaxone 2 g q24 h IV

  Ceftazidime 2 g q8 h IV

  Cefepime 2 g q8 h IV

  Imipenem/cilastatin 500 mg q6 h IV

  Meropenem 1 g q8h IV

Aminoglycosides

  Gentamicin 1.5-2 mg/kg q8 h IV

  Netilmicin 1.5-2.0 mg/kg q8 h IV

  Tobramycin 1.5-2 mg/kg q8 h IV

  Amikacin 7.5 mg/kg q12 h IV

Fluoroquinolones

  Ciprofloxacin 400 mg q12 h IV

500-750 mg q12 h PO

  Levofloxacin 500-750 mg q24 h PO/IV

  Norfloxacin 400 mg q12 h PO

  Moxifloxacin 400 mg Q12 h PO/IV

Macrolides

  Erythromycin 0.5-1.0 g q6 h IV

  Azithromycin 500 mg IV/PO day 1, then 250 mg IV/PO q24 h 

Glycopeptides

  Vancomycin 1.0 g q12 h IV or 30 mg/kg IV q24 h

  Teicoplanin 800 mg IV day 1, then 400 mg IV q24 h

  Dalbavancin 1 g IV day 1, then 500 mg IV q7days

Other antibacterial agents

  TMP-SMX 10-20 mg/50-100 mg/kg per day in  
4 divided doses

  Metronidazole 500 mg q8 h IV/PO

  Linezolid 600 mg q12 h IV/PO

Daptomycin 4-6 mg/kg/24 hours IV

Antiviral agents

  Acyclovir HSV: 400 mg 5 times daily, or 5 mg/kg q8 h IV

VZV: 800 mg 5 times daily PO, or 10 mg/kg q8 h IV

  Valacyclovir HSV: 500 mg q12 h PO

VZV: 1000 mg q8 h PO

  Famciclovir HSV: 500 mg q12 h PO

VZV: 750 mg q24 h or 500 mg q12 h PO

  Ganciclovir 5 mg/kg q12 h IV

  Valganciclovir 900 mg q12 h PO

Polyene antifungal agents

  Amphotericin B deoxycholate 0.5-1.0 mg/kg per day IV

  Amphotericin B lipid complex 5 mg/kg per day IV

  Liposomal amphotericin B 3-5 mg/kg per day IV

Triazole antifungal agents

  Fluconazole 200-400 mg IV/PO q day

  Itraconazole 200-400 mg PO q day

β-Lactam Antibiotics Typical Dosing

  Voriconazole 6 mg/kg IV q12 h day 1, then 4 mg/kg q12 h IV, 
or 200-300 mg PO q12 h

  Posaconazole 200 mg q8 h PO

Echinocandin antifungal agents

  Caspofungin 70 mg IV day 1, then 50 mg per day IV

  Micafungin 100 mg q24 h IV

  Anidulafungin 200 mg IV day 1, then 100 mg q24 h IV

Other antifungal agents

  5-Fluorocytosine 150 mg/kg per day PO in 4 divided doses

  Terbinafine 250 mg q8 h PO

HSV, herpes simplex virus; IV, intravenously; kg, kilogram; PO, orally; TMP-SMX, trimethoprim-sulfa-
methoxazole; VZV, varicella-zoster virus.

  TABLE 68-3    Antimicrobial Therapy Used for Therapy in Febrile Neutropenic Patients
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Despite these observations, guidelines recommend consideration of 
aminoglycoside combination therapy for seriously ill neutropenic can-
cer patients with hypotension or pneumonia.21 A systematic review of 
randomized or observational studies in patients with serious bacterial 

  TABLE 68-4    Considerations Governing the Choice of Empiric Antibacterial Regimen

β-Lactam/β-lactamase inhibitora mono-
therapy, or carbapenemb monotherapy

High-riskc neutropenic fever syndromes

Aminoglycosided monotherapy Not recommended

β-Lactam ± β-lactamase inhibitora + 
a fluoroquinolonee or aminoglycosided

High-riskc neutropenic fever with severe sepsis/
septic shock

Risk of MDRf gram-negative bacilli such as P aeru-
ginosa, E coli, K pneumoniae, Enterobacter spp, 
Acinetobacter spp, Stenotrophomonas spp 

Severe sepsis or septic shock syndromes

Tigecycline or colistimethate Risk of metallocarbapenemaseg-producing Gram-
negative bacillary infection

Monobactamh or third-generation 
cephalosporini + vancomycin 

Patients with known penicillin hypersensitivity

High-riskc neutropenic episodes

Oral therapy: fluoroquinolonee + a 
β-lactam/β-lactamase inhibitora

Short-term neutropenic episodes (ANC <0.5 × 
109/L, <7 days)

Low-riskc neutropenic episodes

Other gram-positive active agents:

Vancomycin Suspected or proven coagulase-negative  
staphylococcal infection

Suspected vascular catheter infection

Skin or soft tissue infection

Suspect MRSAj

Hemodynamic instability/severe sepsisk

Pneumoniak

Linezolid or daptomycin Suspect MRSAj or VREl

Metronidazole Suspect intra-abdominal infection

Necrotizing gingivitis

Severe oral mucositis

Suspect perianal infection

Proven Clostridium difficile–associated diarrhea
aβ-Lactam/β-lactamase inhibitor: IV agents include piperacillin/tazobactam, ticarcillin/clavulanate, 
cefoperazone/sulbactam; oral agents include amoxicillin/clavulanate.
bCarbapenem: imipenem/cilastatin, meropenem.
cRisk is defined by the Multinational Association of Supportive Care in Cancer (MASCC) as the risk for 
medical complications that require either admission or prolong an admission to hospital.52 A risk index 
score of <21 denotes high-risk for neutropenic fever–related medical complications, and a score of 
≥21 denotes low-risk.
dAminoglycoside: gentamicin, tobramycin, amikacin.
eA fluoroquinolone (eg, ciprofloxacin) may be considered only if the patient has not received an agent in 
this class for antibacterial chemoprophylaxis.
fMDR, multidrug-resistant gram-negative bacillary infections based on extended-spectrum β-lactamase 
(ESBL) production.
gMetallocarbapenemase: a plasmid-mediated genetic product that inactivates all known β-lactam  
antibacterial agents including penicillins, cephalosporins, monobactams, and carbapenems.
hMonobactam: aztreonam.
iThird-generation cephalosporin: ceftazidime where the patient with a history of penicillin  
hypersensitivity is known to have tolerated cephalosporins in the past.
jSyndromes developing in environments with high MRSA prevalence.
kMRSA, methicillin-resistant Staphylococcus aureus.
lVRE, vancomycin-resistant Enterococcus spp.

infections observed a survival benefit of combination therapy among 
patients with severe sepsis or septic shock where the mortality risk 
associated with monotherapy was >25% (OR 0.88; p = 0.0447).209 
Where the risk of death among monotherapy recipients was ≤15%, 
mortality was higher among combination therapy recipients (OR 1.53; 
p = 0.003). This effect was confirmed in a retrospective propensity 
matched multicenter cohort study in which timely (within the first hour 
of shock) administration of the combination of the β-lactam agent with 
an aminoglycoside, fluoroquinolone, or a macrolide was associated with 
the lowest 28-day mortality.210 The all-cause mortality risk among febrile 
neutropenic patients receiving β-lactam monotherapy or β-lactam 
plus aminoglycoside-based combination therapy reported in clinical 
trials has been <10%.208 These observations may explain the apparent 
discordance between these meta-analyses208,209 and support the IDSA 
recommendations for restricting combination therapy to neutropenic 
fever associated with severe sepsis or septic shock where the mortality 
risk is very high, and for administering monotherapy for patients who 
are hemodynamically stable.
Fluoroquinolones in the Treatment of Febrile Neutropenic Patients:  The 
fluoroquinolones evaluated in studies of the empirical treatment of 
febrile neutropenic patients include ciprofloxacin,106,211 perfloxacin,212  
ofloxacin,140,141 levofloxacin,213 clinifloxacin,170,172 and moxifloxacin.214,215  
These agents have the advantage of availability in both oral and intra-
venous formulations.211,216,217

Studies of empirical fluoroquinolones as first-line therapy for febrile 
neutropenic patients have largely targeted those patients at lower risk 
for medical complications. Ciprofloxacin with and without other agents 
such as clindamycin, aztreonam, or amoxicillin has been the most com-
pletely studied.140,142,143,145,185,218-222 The administration of ciprofloxacin 
750 mg orally and amoxicillin/clavulanate 625 mg orally—both every  
8 hours—was well tolerated and as effective as intravenous ceftriaxone 
plus amikacin218 or ceftazidime219 administered on an inpatient basis. 
Similar results have been reported for trials comparing oral ciproflox-
acin-based regimens and intravenous regimens on an outpatient basis. 
These strategies appear to be safe and effective for low-risk patients.  
A recent survey of 1207 physician members of the American Society of 
Clinical Oncology demonstrated that 82% of these physicians prescribed 
outpatient antibacterial therapy for low-risk neutropenic fever patients.223

The National Comprehensive Cancer Network Clinical Practice 
Guidelines in Oncology have included ciprofloxacin plus an antip-
seudomonal penicillin as an alternative empiric regimen for higher  
neutropenia.224 One large trial compared piperacillin plus ciprofloxacin 
to piperacillin plus tobramycin in intermediate- to high-risk febrile 
neutropenic cancer patients.106 Success rates (ie, defervescence without 
initial regimen modification) were similar; however, times to defer-
vescence were faster among the piperacillin/ciprofloxacin recipients,  
5 versus 6 days (p = 0.005).

Reports of gram-negative fluoroquinolone resistance in neutropenic 
cancer patients began to emerge in the early 1990s.225-227 The incidence 
of fluoroquinolone-resistant Escherichia coli (FREC) bacteremia among 
patients treated on the EORTC-IATCG clinical trials from 1983 to 
1993 increased from zero (1983-1990) to 28% (1991-1993).225 However, 
Pseudomonas aeruginosa and Klebsiella pneumoniae resistance remained 
largely unchanged at less than 10%.225 This has been more of a problem 
in institutions with rates for gram-negative bacillary fluoroquinolone 
resistance of over 10% despite community-related resistance prevalence 
of less than 1%.228 Several investigators have reported high fluoroquino-
lone resistance rates.227,229

Fluoroquinolone resistance among community-derived gram-
negative bacilli, and FREC in particular, has emerged in parallel with the 
increased prescribing of these products in the community.230-232 There is 
a significant correlation between the incidence of ciprofloxacin-resistant 
Escherichia coli bloodstream infection and the increased community and 
hospital use of fluoroquinolones.230 Among those who had not hereto-
fore received fluoroquinolone therapy, Garau and colleagues reported 
the prevalence of FREC in the stool sample to be approximately 25%.232 
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These investigators also observed a very high prevalence of FREC in 
the stools of pigs and poultry and argued that the increased prevalence 
of human carriage of FREC may be linked to the high prevalence in 
animal-based food products. The increased use of fluoroquinolones in 
animal feeds and in humans is believed to play a role in the selection 
for FREC. In an environment with a high prevalence of gram-negative 
fluoroquinolone resistance, patients receiving ciprofloxacin chemo-
prophylaxis while undergoing high-dose chemotherapy with stem cell 
rescue became colonized with FREC in one-third of cases,233 increasing 
the likelihood of FREC bloodstream infections.234

Inappropriate use of fluoroquinolones is common. A case:control 
study of fluoroquinolone use in emergency departments demonstrated 
inappropriate prescription of these agents in 81% of cases.235 Lastly, 
coresistance gram-negative bacilli to fluoroquinolones and other anti-
bacterials is being reported more frequently.232,236 Inappropriate use of 
fluoroquinolones in the community is strongly linked to resistance and 
reduces the likelihood that this class of agents will be useful.225,227

Double β-lactam Combinations:  Regimens consisting of an antipseu-
domonal broad-spectrum β-lactam plus an extended spectrum third-
generation cephalosporin are safe and effective alternatives to β-lactam 
plus aminoglycoside regimens26,163,237; however, they are costly and do 
not offer any advantages over broad-spectrum β-lactam/β-lactamase 
inhibitor monotherapies. These regimens may have an occasional role 
with preexisting renal insufficiency, where the patient is receiving con-
comitant nephrotoxic agents (eg, cyclosporine or cis-platin) or where 
gram-positive organisms such as viridans streptococci are suspected.26,93 
The availability of effective β-lactam–fluoroquinolone or β-lactam 
monotherapy-based strategies has largely rendered double β-lactam 
regimens obsolete.21

Extended-Spectrum Cephalosporins:  The intrinsic activity of many 
of the third- and fourth-generation cephalosporins against aero-
bic gram-negative bacilli is high. These agents have been used 
effectively as single agents for empirical treatment of suspected  
infection.107-115,169,238 Empirical monotherapy has been shown to be 
effective in both low- and high-risk febrile neutropenic patient popu-
lations and in those whose expected duration of severe neutropenia 
(ANC <0.5 × 109/L) is either longer or shorter than 7 days. Experience 
suggests that single-agent empirical regimens require modification in 
one-third to one-half of patients with neutropenic periods in excess 
of 1 week.111,113-115 There is a lower likelihood that modifications will 
be necessary with short-term (<1 week) neutropenia.

A meta-analysis examining the efficacy of ceftazidime monotherapy 
compared to standard combination therapy for the empirical treat-
ment of febrile neutropenic patients failed to demonstrate a difference 
in the odds of overall treatment failure and failure in bloodstream  
infections.169 Another meta-analysis238 compared the efficacy of cef-
triaxone with (7 trials) or without (1 trial) an aminoglycoside and 
ceftazidime with (6 trials) or without (1 trial) an aminoglycoside or 
azlocillin plus an aminoglycoside (1 trial). There were no differences in 
any outcomes, including mortality, noted in these comparative analy-
ses. These analyses demonstrate that empirical antibacterial therapy of 
febrile neutropenic patients with once-daily ceftriaxone is as effective as 
thrice daily ceftazidime. This has important implications for potential 
outpatient once-daily intravenous therapy.

Carbapenems for Treatment of Febrile Neutropenic Patients:  Both imipe-
nem/cilastatin and meropenem have been studied widely as empirical 
therapy in febrile neutropenic patients. A meta-analysis examined 
the efficacy of imipenem/cilastatin compared to a β-lactam plus ami-
noglycoside (11 trials) and to β-lactam monotherapy (ceftazidime,  
4 trials; cefoperazone/sulbactam, 1 trial) or β-lactam plus glycopep-
tide (ceftazidime, 3 trials) or double-β-lactam therapy (cefoperazone/ 
mezlocillin, 1 trial; cefoperazone/piperacillin, 1 trial). There were 
fewer treatment failures among imipenem/cilastatin recipients com-
pared to β-lactam plus aminoglycoside combinations or to non-
aminoglycoside-containing regimens.168 These analyses support the 

superiority of imipenem/cilastatin over control arms largely based on 
third-generation cephalosporins.

Another meta-analysis comparing carbapenem monotherapy to 
β-lactam plus aminoglycoside combination therapy demonstrated fewer 
treatment failures among with carbapenems160 in contrast to antipseudo-
monal cephalosporin monotherapy. A similar analysis of the published 
clinical trials of meropenem monotherapy compared to ceftazidime-
based regimens with or without an aminoglycoside demonstrated greater 
response rates among meropenem recipients.239 Such observations  
suggest the inferiority of third-generation cephalosporin monotherapy 
regimens compared to carbapenem monotherapy.

Piperacillin/Tazobactam for the Treatment of Febrile Neutropenic Patients:  
Piperacillin/tazobactam plus amikacin therapy was successful in 61% 
of febrile neutropenic patients studied by the European Organisation 
for the Research and Treatment of Cancer compared to 54% of patients 
receiving ceftazidime plus amikacin (p = 0.05).112 Furthermore, the 
time to defervescence was shorter among piperacillin/tazobactam 
recipients (p = 0.01) and the frequency with which the initial regi-
men was modified by the addition of a glycopeptide was lower (24% 
vs 35%; p = 0.002). Another large Italian trial examined the role of 
the aminoglycoside, amikacin, when combined with piperacillin/
tazobactam. 116 The response rates overall between the two groups 
were similar regardless of the classification of the febrile neutropenic 
episode as bacteremic, clinically documented, or unexplained fever. 
Clearly, aminoglycosides offered no advantage over piperacillin/
tazobactam monotherapy. Piperacillin/tazobactam monotherapy has 
been studied compared to extended spectrum cephalosporins with 
or without aminoglycosides.173-177 Overall unmodified success rates 
were significantly higher among piperacillin/tazobactam recipients.177 
Further, the frequency of second-line glycopeptide therapy was lower 
with piperacillin/tazobactam.177 These observations demonstrate 
the superiority of initial piperacillin/tazobactam monotherapy over 
extended spectrum cephalosporins with or without aminoglycosides. 
Further, the need to modify the initial antibacterial regimen by the 
addition of a glycopeptide (eg, vancomycin) for persistent fever is 
also significantly less than for the cephalosporin-based comparator 
groups. This has important implications with respect to cost, drug-
related toxicities, and for selection of resistant microorganisms  
(eg, vancomycin-resistant Enterococcus).

The Role of Glycopeptides in Febrile Neutropenic Patients:  For more than 
a decade, gram-positive bacteria have dominated as pathogens in 
microbiologically documented infections observed in neutropenic 
patients. Two decades ago approximately 70% of bacteremic isolates 
were gram-negative bacilli, whereas more recently approximately 60% 
to 70% are gram-positive cocci.102,106,156 Almost 30 years ago, a ceftazi-
dime-based empirical trial observed more fatal gram-positive super-
infections than expected.240 Subsequently, a small study demonstrated 
that the addition of vancomycin to ceftazidime therapy reduced the 
superinfection rate from 24% to zero, and the infection-related mor-
tality rate by 91%.241 Such observations have led investigators to advo-
cate the inclusion of glycopeptides as part of the first-line empirical 
antibacterial therapy in febrile neutropenic patients.

In contrast, two studies from the National Cancer Institute suggested 
that the vancomycin therapy may be safely delayed without increased 
morbidity or mortality.114,242 In order to examine this question further, 
the European Organization for Treatment and Research in Cancer 
and the National Cancer Institute of Canada Clinical Trials Group 
conducted a large randomized trial comparing empirical therapy with 
ceftazidime plus amikacin (CA) and ceftazidime plus amikacin plus 
vancomycin (CAV).110 The overall response rate was 76% among CAV 
recipients versus 63% among CA recipients (p < 0.001), the difference 
largely due to differential response rates for gram-positive bloodstream 
infections among CAV recipients. Despite the apparent superiority of 
the CAV arm, persistently febrile CA patients at day +3 received van-
comycin resulting in no differences in overall success rates or mortality. 
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Treatment failures were due to lack of prompt response and to persistent 
fever very early after the initiation of the allocated regimen rather than 
objective indicators of failure (eg, persistence of resistant pathogens or 
progression at foci of infection). Patients receiving CA were more likely 
to receive vancomycin with persistence of fever at day +3 than recipi-
ents of the CAV regimen.243 Since the median time to defervescence 
among high-risk febrile neutropenic patients is day 5106,112,113,115,204 many 
were considered failures unnecessarily because of regimen modifica-
tion before they would have had a chance to defervesce. Compulsion to 
modify the initial antibacterial regimen for persistent fever at day +3 is 
driven, in part, by previously published protocols114 reinforced by previ-
ously published guidelines.120,136

Three other trials244-246 examining the role of initial glycopeptide 
therapy in febrile neutropenic cancer patients came to similar conclu-
sions as the EORTC/NCIC trial110; that is, the inclusion of glycopeptides 
as initial therapy results in modest improvements in response rates, 
particularly with gram-positive bacteremia, but has no impact on over-
all survival of the neutropenic episode. Second-line glycopeptide-based 
empirical antibacterial therapy for persistent fever has become quite 
common. As noted above, almost half of cases enrolled in clinical tri-
als have a glycopeptide administered for these reasons.113,116,174-177,193-204 
The efficacy of empiric second-line glycopeptide therapy has been 
studied in two randomized controlled trials.178,247 Both studies failed to 
demonstrate a significant treatment effect with regard to defervescence 
or overall mortality compared to placebo.248 Three systematic reviews 
with meta-analyses of this subject have concluded independently that 
glycopeptides should not be used routinely for the initial empirical 
regimen.161,248,249 These observations have led to recommendations by 
the American, German, and Spanish guideline panels that glycopeptides 
not be used as part of the initial empirical regimen for neutropenic fever 
unless there is evidence of gram-positive infection.21,65,118,207,250

The use of glycopeptides as part of the initial first-line regimen 
should be reserved for patients at highest risk for serious gram-positive  
infection.21,65,224 Such circumstances include clinical catheter-related infec-
tion, infection in patients receiving fluoroquinolone-based antibacterial 
chemoprophylaxis associated with severe mucositis predisposing patients 
to viridans group Streptococcal bloodstream infections,97,98,251 infection 
in the setting of colonization by methicillin-resistant Staphylococcus 
aureus (MRSA), bloodstream isolate characterized as gram-positive cocci 
in groups and clusters (suggesting Staphylococcus spp and the likelihood 
of a methicillin-resistant coagulase-negative Staphylococcus), and the set-
ting of septic shock without an identified pathogen. The caveat is that the 
glycopeptide antibiotic should be discontinued in 2 to 3 days if a resistant 
gram-positive infection has not been identified.

The Role of Hematopoietic Growth Factors in the Management of Febrile 
Neutropenic Patients:  The inclusion of hematopoietic growth fac-
tors (HGF), granulocyte (G-CSF), and granulocyte-macrophage 
(GM-CSF) colony-stimulating factors in strategies for the prevention 
and management of febrile neutropenic patients remains unsettled.252 
In an older retrospective study in which 30 unstable febrile neutrope-
nic patients given HGF upon admission to the ICU were compared to 
30 similar patients not given HGF, there were no detectable treatment 
effects upon the duration of neutropenia, the length of ICU stay, or 
overall survival.253 Berghmans and colleagues published a meta- 
analysis to critically examine the evidence for use of these products 
in the treatment of febrile neutropenia.254 Eleven studies encompass-
ing 1218 febrile neutropenic episodes published between 1990 and 
1998 were considered. Although six trials reported treatment effects 
for mortality, overall there was no effect on mortality. Further, there 
were no differences when analysis was conducted by G-CSF ver-
sus GM-CSF. The impact of HGF on length of hospitalization was 
decreased in four trials, unaffected in four trials, and not reported in 
three trials. Only three of six trials reporting on the impact of HGF 
on duration of antibacterial therapy demonstrated a reduction in this 
outcome. In nine trials wherein the impact of HGF on the duration of 
fever was reported, no treatment effects were observed in seven trials, 

fever reduction was observed in one trial, and no analysis was pro-
vided in one other. The studies included in this analysis were flawed 
by the failure to control for important variables including the dura-
tion and intensity of neutropenia, type of cytotoxic therapy, and type 
of malignancy. On the basis of this review, Berghmans and colleagues 
could not recommend routine use of HGF in the treatment of febrile 
neutropenic episodes.254

American Society of Clinical Oncology guidelines do not recommend 
HGF use as in neutropenic fever with suspected infection.255,256 However, 
most do not follow these guidelines, as usage seems to be influenced 
more by reimbursement than evidence.257-259,260

HGF have been evaluated in other nonneutropenic patient populations 
including community-acquired pneumonia, human immunodeficiency 
virus infection, neonatal sepsis, diabetic foot ulcer infections, acute  
hepatic failure or cirrhosis, orthotopic liver transplantation, and critical 
care. While there appears to some promising results in some subgroups 
of patients, HGF have no proven benefit in nonneutropenic critically ill 
patients with regard to morbidity or mortality.261

Considerations in the Assessment of Initial Empirical Antibacterial Therapy-
related Treatment Effects:  Response to the initial empirical antibacterial 
regimen has been defined by defervescence of neutropenic fever, and 
resolution of the associated signs and symptoms of infection. In unex-
plained neutropenic fever, defervescence may be the only objective sign 
by which to gauge response. In clinical trials of empirical antibacterial 
therapy of high-risk febrile neutropenic patients, defervescence fol-
lowed by the maintenance of an apyrexial state for 4 to 5 consecutive 
days has been used as a common definition of response. Defervescence 
plus resolution of baseline clinical foci of infection have been the major 
criteria for response in clinically documented infections. Defervescence, 
resolution of the baseline signs and symptoms associated with the focus 
of infection, and eradication of the pathogen have been the criteria that 
define response for microbiologically documented infections.

Treatment success, defined as above, and without modification of the 
initial empirical antibacterial regimen, has been reported in systematic 
reviews to be of the order of 60%.208 Another recent meta-analysis 
was able to demonstrate lower all-cause mortality rates among febrile 
neutropenic patients receiving piperacillin/tazobactam as compared to 
other agents.262 In that same review, carbapenems were associated with 
similar all-cause mortality rates as other antibacterial regimens; lower 
failure rates and lower rates of antibacterial regimen modifications were 
observed for the carbapenems. Of note, carbapenems have been associ-
ated with a higher risk for Clostridium difficile–associated diarrhea.262

The correctness of the initial empirical choice of antibacterial regimen 
has an important impact upon outcome in sepsis.150 Some environments 
with a high prevalence of multidrug-resistant (MDR) bacteria con-
found the clinician’s initial empirical choice.263 In circumstances where 
the neutropenic fever is due to a bacterium resistant to the empirical 
β-lactam, the rates of clinical success have been significantly lower, at 
less than 10% and with higher all-cause mortality rates of approximately 
25%.264 Carbapenems offer broad-spectrum activity against ESBL-
producing gram-negative bacilli and may have an advantage where such 
organisms are prevalent.265

There are several patterns by which failure of the initial empirical 
antibacterial therapy to resolve the neutropenic fever is recognized. The 
International Antimicrobial Therapy Cooperative Group of the EORTC 
defines failure in several ways including death due to the primary 
infection; persistence of bacteremia beyond the first 24 hours of therapy; 
breakthrough bacteremic infection while receiving the initial regimen; 
resistance to the initial β-lactam agent independent of the patient’s 
condition; failure to defervesce after the first 72 hours of initial therapy; 
modification of the initial empirical regimen within the first 72 hours 
for reasons of shock, multiorgan damage, ARDS, or progression of the 
primary infection.113 Based on these clinical trial-based definitions of 
failure, a number of syndromes may be recognized.

First, patients may experience a persistence of the initial neutropenic 
fever (PNF).266 This occurs in 20% of cases.
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Second, there may be progression of the primary infection requiring 
modification of the initial empirical regimen. This occurs in about 15% 
of neutropenic fevers and may be manifested by isolation of a pathogen-
resistant to the empiric β-lactam (the majority are coagulase-negative 
staphylococci), progression of a clinical focus, persistent bacteremia 
despite antibacterial therapy, or severe sepsis/septic shock113

Third, patients may develop a recrudescent neutropenic fever266 after 
an initial defervescence (~15% occurrence).112,113,267-269 Thirty percent of 
these are clinically documented infections, 40% are microbiologically 
documented, and 30% are unexplained.269

Fourth, treatment-related toxicities may lead to discontinuation of the 
initial empirical therapy. This is uncommon among the β-lactam-based 
regimens (0.3%-3.2%).262 Discontinuance due to nephrotoxicity among 
aminoglycoside-containing regimens occurs in 5.5% of cases.208

Fifth, patients may die during treatment of their neutropenic fever. 
This is relatively rare, ranging from 3.3% for piperacillin/tazobactam 
regimens to 6.1% for other β-lactam regimens.262

Modification of the initial empirical regimen, regardless of the reason, 
is a common reason cited for failure of the initial regimen in clinical 
trials. One of the most common modifications has been the addition of 
a glycopeptide antibiotic. This occurs in 20% to 33% of cases.262 In one 
trial, glycopeptides constituted 88% of the modifications to the initial 
regimen.177 Some of these modifications have been deemed unnecessary, 
particularly if for persistent fever alone without clear evidence of gram-
positive infection.21,113 Widespread vancomycin use has been linked to 
colonization and infection by vancomycin-resistant Enterococcus spp.270

There are a number of factors that influence treatment failure. In 
one study from Athens, treatment failure occurred more often among 
patients with hematological malignancies that those with solid tumors 
(30% vs 12%). Severe sepsis, a documented focus of infection, and a bac-
terium resistant to the β-lactam agent in the initial regimen have been 
associated with treatment failures.264 In contrast, patients with unex-
plained neutropenic fevers are more likely to have treatment success.

Time to Response and Duration of Antibacterial therapy:  The expected 
time to response to the initial empirical regimen varies with the 
underlying condition and the risk for medical complications. The 
median time to defervescence for high-risk patients is 5113,115,177,271 to  
7 days.204 In contrast, the median times to response for low-risk 
patients are shorter (2-3 days)218,219 and are influenced by the timing 
of myeloid reconstitution.28

The IDSA recommendations for duration of the antibacterial regimen 
encompass the period until neutrophil recovery (absolute neutrophil 
count >0.5 × 109/L for at least 2 consecutive days), resolution of all 
signs and symptoms of infection, and normothermia for ≥48 hours.21,129 
Treatment duration is determined by resolution of signs at site of infec-
tion or by the pathogen isolated, and is generally at least until myeloid 
reconstitution.21 For high-risk patients with prolonged severe neutrope-
nia who have defervesced and for whom no focus of infection appears to 
be ongoing, some recommend that the initial empirical regimen may be 
discontinued after 4 to 5 days without fever and after fluoroquinolone-
based antibacterial chemoprophylaxis has been reinstituted while the 
patient remains under careful observation.

Neutropenic fever typically develops on day 12 to 15 of the chemo-
therapy cycle.31 Defervescence following empirical therapy is expected at 
a median of day 2 to 3 or day 5 for low- and high-risk patients, respec-
tively. If the patients receive antibacterial therapy for 4 to 5 days beyond 
defervescence, duration of antibacterial therapy is 6 versus 10 days for 
low- versus high-risk patients.

Considerations for the Approach to Persistent or Recrudescent Fever in 
the Neutropenic Cancer Patient:  Fever persisting beyond 72 hours 
on broad-spectrum antibiotic therapy should be reevaluated care-
fully.65,224 Table 68-5 lists several possible explanations for this. A 
nonbacterial etiology for the fever should be considered. Factors 
such as localized tenderness, change in sensorium, hyperventilation, 
hypotension, progressive renal insufficiency, and acidosis suggest an 

infectious cause. The reevaluation should occur between days 3 and 
5 and include a thorough examination to identify a focus. Cultures of 
blood (one set from each lumen of the central venous catheter and 
one set from a peripheral vein), urine, and other potentially infected 
sites should be submitted. Repeat chest radiography or diagnostic 
imaging studies such as ultrasonography or high-resolution com-
puterized tomographic (HRCT) studies may be performed when 
abnormalities suggest a specific organ as a potential site for infec-
tion. When reevaluation fails to identify the etiology of the persistent 
fever, the clinician may elect either to continue the initial empirical 
regimen if the patient shows no clinical deterioration21 or to modify 
the empirical regimen appropriate to the findings of the reevaluation 
(Table 68-6).

Neutropenic patients with fever beyond 3 to 5 days of broad-spectrum 
antibacterial therapy are at risk of having an infection that is outside the 
spectrum of activity of the initial empirical regimen. The frequency with 
which central venous access device–related coagulase-negative staphylo-
coccal bloodstream infections are observed under these circumstances 
have compelled some to employ a glycopeptide as the first modification 
to the initial empirical antibacterial regimen.177

An invasive fungal infection as the cause for the ongoing fever was 
first demonstrated by Pizzo and colleagues in 1982.21,65,266,272,273 Such 
patients are candidates for empirical antifungal therapy21 with ampho-
tericin B deoxycholate, 273,274 a lipid formulation of amphotericin B,275 
an echinocandin,276 or an extended spectrum azole.277,278 However, the 

  TABLE 68-5   � Differential Diagnosis of Fever >72 Hours Despite Broad-
Spectrum Antibacterial Therapy

Fever is due to a nonbacterial process

  Viral infection (HSV, CMV)

 � Fungal infection (invasive candidiasis, invasive aspergillosis, invasive non-Aspergillus 
mold infection)

  Noninfectious fever (blood products, drugs, etc)

Bacterial infection is resistant to the antibiotic regimen

Second or subsequent infection has developed

Bacterial infection is not responding because of inadequate antibiotic serum/tissue levels

Infection is associated with an undrained focus (eg, abscess or prosthetic material [IV catheters])

CMV, cytomegalovirus; HSV, herpes simplex virus.

  TABLE 68-6    Considerations for Regimen Modification: Day 5

Progressive necrotizing mucositis/gingivitis Anaerobic coverage (metronidazole)

Progressive ulcerating mucositis/gingivitis Antiviral therapy (acyclovir)

Dysphagia Antifungal (± antiviral) therapy if 
pseudomembranous pharyngitis

Cellulitis or inflammatory changes at venous 
access sites

Antistaphylococcal therapy (vancomycin)

Interstitial pulmonary infiltrates TMP-SMX ± erythromycin

Consider bronchoalveolar lavage

Focal pulmonary infiltrates Observe if ANC is recovering

Consider lung biopsy

Empiric amphotericin B

Abdominal foci Typhlitis

Diverticulitis

Anaerobic disease coverage

Perirectal focus

ANC, absolute neutrophil count; TMP-SMX, trimethoprim-sulfamethoxazole.
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two randomized trials upon which the practice of empirical antifungal 
therapy has been based failed to demonstrate a treatment effect with 
respect to defervescence compared to an untreated control group273,274

Most persistent fevers in the setting of severe neutropenia do not 
represent invasive fungal infections. Among severely neutropenic cancer 
patients, the reported proven/probable invasive fungal infection event 
rate has been 2% to 15%.279-281 Invasive fungal infection as the cause of 
the persistent neutropenic fever in clinical trials of empirical antifungal 
therapy was observed in only 3.6%.266 These observations notwithstand-
ing, empirical antifungal therapy has been prescribed to 22% to 69% of 
patients receiving intensive cytotoxic anticancer therapy after 5 to 7 days 
of broad-spectrum antibacterial therapy.266 Such patients should undergo 
a second workup for persistent fever to investigate the possibility of  
invasive fungal infection, which includes blood cultures from vascular 
access sites, HRCT images of the chest,133,134 and serum galactoman-
nan (GM) studies.282 In 60% of persistently febrile neutropenic patients 
with normal or nondiagnostic chest roentgenograms, the chest HRCT 
demonstrates a pulmonary infiltrate.133 Such procedures can permit 
earlier diagnosis and management of invasive mold infections involving 
the lungs by approximately 1 week.283 The bronchoalveolar lavage GM 
test has been useful in establishing the diagnosis of invasive pulmonary 
aspergillosis in persistently febrile neutropenic cancer patients.284,285

Surveillance cultures for detecting potential fungal pathogens have 
had some limited usefulness. Filamentous fungi in a nasopharyngeal 
surveillance culture of a persistently febrile, neutropenic patient on 
broad-spectrum antibiotics, with new focal pulmonary infiltrates raises 
suspicion of Aspergillus pneumonia286; however, this does not substitute 
for HRCT of the chest followed by bronchoalveolar lavage for culture, 
microscopy, and GM detection.21 The recovery of Candida albicans from 
oropharyngeal, rectal, or urine surveillance cultures has a low positive 
predictive value of 10% to 15% for systematic candidiasis. The recovery 
of other non-albicans Candida species, particularly from multiple sites, 
has a positive predictive value of >70% for systemic infection.287,288 In 
contrast, the failure to recover Candida species in surveillance cultures 
has been associated with a negative predictive value of >90% for inva-
sive disease from C albicans or C tropicalis.287 This experience suggests 
that clinicians cannot use surveillance cultures to predict the presence of 
a candidal infection (except perhaps for C tropicalis). The clinician may 
be reassured, however, by negative surveillance cultures, that antifungal 
therapy may not be indicated.65 Several prediction rules for invasive can-
didiasis (IC) in the ICU setting have been studied. Ostrosky-Zeichner 
and colleagues observed an IC rate of 10% to 18% with the following 
criteria: mechanical ventilation, use of any systemic antibiotic, presence 
of an indwelling central venous catheter within 3 days of admission, and 
≥2 of the following: total parenteral nutrition, dialysis, major surgery, 
pancreatitis, corticosteroid, or other immunosuppressive drug use.289,290

Surrogate molecular markers of yeasts and molds are showing prom-
ise in the diagnosis of invasive fungal infection. Galactomannan is a 
component of the cell wall of Aspergillus spp, certain dematiaceous fungi 
such as Alternaria spp, and some Penicillium spp,291-293 and has been 
used to aid in the diagnosis of invasive aspergillosis.283,294 An enzyme-
linked immunosorbant serum assay that uses a rat monoclonal antibody 
EB-A2 that targets the (1→5)-β-D-galactofuranoside side chains of 
the Aspergillus spp galactomannan295 has been developed for the diag-
nosis of invasive aspergillosis.296 The antibody may cross react with 
galactomannan-like materials from other molds such as Penicillium spp, 
Paecilomyces spp, and Alternaria spp297 or from foods that may become 
exposed to molds originating from the soil during growth or harvesting 
such as rice, pasta, cereals, vegetables,298 and even milk299 consumed by 
premature infants.300 Translocation of dietary antigens into the blood of 
healthy adults is well documented.301 The antibody also reacts with the 
lipoteichoic acid of Bifidobacterium spp, organisms that heavily colonize 
the gut of neonates and infants.302 Translocation of Bifidobacterium spp 
has occurred in the setting of reduced integrity of the intestinal mucosal 
barrier.303 The clinical setting of severe mucositis or intestinal graft- 
versus-host diseases with intestinal mucosal damage may be circumstances 

wherein false-positive serum galactomannan tests may be expected. 
Further to this, false-positive serum tests have been reported in asso-
ciation with administration of certain antibiotics such as piperacillin/
tazobactam or amoxicillin derived from cross-reacting species of mold 
such as Penicillium spp.298,304-306 While this has implications for clinicians 
using this test to investigate the possibility of invasive aspergillosis while 
coadministering drugs like piperacillin/tazobactam for the treatment of 
infection, improved manufacturing processes have largely eliminated 
the rate of false positivity.307

Duration of Antibacterial Therapy:  In general, the IDSA and ASCO rec-
ommendations for duration of the antibacterial regimen encompass 
the period until neutrophil recovery (absolute neutrophil count >0.5 ×  
109/L for at least 2 consecutive days), all signs and symptoms of 
infections have resolved and the temperature has remained normal 
for 48 hours or more.21,129 For high-risk patients with prolonged 
severe neutropenia who have defervesced and for whom no focus 
of infection appears to be ongoing, the antibiotic regimen may be 
discontinued after 2 weeks, provided the patient remains under care-
ful observation. Some investigators have advocated substituting a 
fluoroquinolone-based antibacterial chemoprophylaxis regimen for 
the systemic antibacterial regimen under these circumstances.308 The 
response assessment definitions used in clinical trials of antibacterial 
therapy have often included a stipulation that the patient must remain 
afebrile for 4 to 5 days in addition to resolution of other signs and 
symptoms of infection in order for a response to be valid. While the  
time until response to empirical antibacterial therapy varies with  
the underlying causes of neutropenia,115,309 the median time to response 
(defervescence) for high-risk patients is 5 to 7 days106,110-112,115,164,177  
and 2 to 4 days for low-risk patients.218,219 If the antibacterial regimen 
is to be administered for an additional 4 to 5 days by the above crite-
ria, then high-risk patients and low-risk patients would be expected 
to have received a 9- to 12-day and 6- to 9-day course of antibacterial 
therapy, respectively.

SPECIFIC INFECTION SYNDROMES IN PATIENTS 
UNDERGOING CYTOTOXIC CHEMOTHERAPY
Infections occur at a limited number of sites in febrile neutropenic 
patients and usually involve microorganisms colonizing those sites.224 
The systems commonly involved are the GI tract (oropharynx, gingiva 
and teeth, esophagus, gut, and perirectal tissues), respiratory system 
(sinuses, middle ear, nasopharynx, tracheobronchial tree, and lung 
parenchyma), and skin (biopsy sites, vascular access sites such as indwell-
ing central venous catheter exit sites, tunnel sites, or insertion sites).

■■ OROPHARYNGEAL MUCOSAL AND ESOPHAGEAL INFECTIONS
The natural history of oral mucositis is influenced by the cytotoxic 
therapy–induced neutropenia,97 which plays a permissive role in the 
clinical expression of acute-on-chronic periodontal infections.310 This 
process usually reaches its maximum intensity at the time of neutrophilic 
nadir, approximately days 10 to 14.90,92,94,95 At this time, polymicrobial 
infection becomes superimposed on the chemotherapy-induced mucosi-
tis. This, in turn, extends the morbidity into the third and fourth weeks 
following the commencement of chemotherapy. Although oropharyngeal 
bacterial flora (viridans group streptococci, anaerobic gram-negative 
bacilli, and anaerobic gram-positive cocci) probably contribute to disease 
in most cases of simple mucositis, fungi (eg, C albicans) play important 
pathogenic roles in up to 60% of the oral infections among patients with 
acute leukemia.311 In addition, reactivated latent HSV infections of the 
oral cavity have been reported in 50% to 90% of seropositive patients 
undergoing remission-induction therapy or HSCT with a median onset 
between 7 and 11 days.312,313 Acute exacerbations of preexisting, asymp-
tomatic, chronic periodontitis occurred in 59% of one series of adult 
patients undergoing remission-induction therapy for acute leukemia.310 
These infections typically occurred when the ANC was <0.13 × 109/L. 
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The severity and duration of chemotherapy-associated mucositis cor-
relate to some degree with the extent of preexisting dental plaque and 
periodontal disease.314

Clinical Approach:  Herpetic infections of the oropharynx and esopha-
gus may be anticipated in patients with a history of herpetic stomatitis 
or in those with IgG antibodies to HSV, indicating infection in the 
past. Although typical discrete vesicular lesions on an erythematous 
base may be observed in neutropenic patients, herpetic infections 
may also manifest as areas of painful ulceration over a diffusely 
erythematous base. Such lesions must be distinguished from a typi-
cal presentation of oropharyngeal candidiasis or cytotoxic therapy–
induced mucositis. Pseudomembranous pharyngitis suggests yeast 
infection. A thorough examination of the gingival and periodontal 
tissues for focal areas of pain, erythema, swelling, and bleeding can 
suggest the periodontium as a potential focus of infection (particu-
larly as a source of bacteremic infection) by viridans streptococci and 
oropharyngeal gram-negative anaerobic bacilli.315

Laboratory aids include virus culture techniques, direct fungal stains, 
direct electron microscopic examination for virus particles, cytologic 
examination of cellular material from the base of the ulcer (eg, Tzanck 
preparation for the detection of multinucleated giant cells and intra-
nuclear inclusions), or direct herpes simplex antigen detection tech-
niques. The material from a specific lesion should be submitted to the 
microbiology laboratory for culture and for direct examination. Routine 
Gram stain can be helpful in demonstrating the presence of budding 
yeasts and pseudohyphae suggestive of Candida species. A potassium 
hydroxide mount (to digest extraneous unwanted cellular material) can 
also provide a clue to this diagnosis by demonstrating the presence of 
these structures.

Management:  The morbidity associated with oropharyngeal or esoph-
ageal mucositis can be life threatening, particularly when local pain 
interferes with adequate nutritional intake. Pain control becomes a high 
priority. Topical anesthetics such as lidocaine in a 2% water-soluble gel 
or 5% water-insoluble ointment has been used widely with inconsis-
tent success. Continuous intravenous morphine infusions have been 
successful for symptom control among HSCT recipients with cytotoxic 
therapy–induced mucositis or acute oral graft-versus-host disease. 
Herpetic mucositis involving the oropharynx or esophagus should 
be treated with acyclovir. Intravenous acyclovir (250 mg/m2 q8h)  
may be administered for severe cases until oral administration  
(200 mg q4 h) can be tolerated for a total course of 7 days. Pseudo
membranous candidiasis involving the oropharynx or esophagus may 
be treated with various approaches. Topical therapy with oral nystatin 
suspension remains a popular first-line approach. Many physicians 
prefer to prescribe orally absorbed azole antifungal agents such as flu-
conazole (50-400 mg daily). Invasive candidal esophagitis should be 
treated with intravenous amphotericin B to a cumulative dose of 500 
to 1500 mg (approximately 5-15 mg/kg); oropharyngeal candidiasis 
has been treated successfully with cumulative doses of about 500 mg 
(5 mg/kg). Necrotizing polymicrobial anaerobic mucositis responds 
well to metronidazole (500 mg PO or IV q8h).224

Evidence is accumulating that much of the extramorbidity caused by 
these infections superimposed on chemotherapy-induced mucositis can be 
reduced by the prophylactic use of antiviral agents such as acyclovir among 
HSV-seropositive individuals,316 antiseptics such as chlorhexidine, 317  
and antifungal agents such as oral azoles.318 Further work is required to 
determine optimal doses and routes of administration for these agents.

■■ ENTERIC INFECTIONS
Invasive enteric bacterial infections of the gut due to Salmonella or 
Shigella species are relatively uncommon in neutropenic patients. Two 
clinical entities must be considered in febrile neutropenic patients with 
abdominal pain and diarrhea: toxigenic enterocolitis from the toxin 
elaborated from an overgrowth of Clostridium difficile and neutropenic 
enterocolitis (typhlitis).

Clostridium Difficile–Associated Diarrhea:  Diarrhea and enterocolitis 
due to the toxin elaborated by C difficile is not a rare problem among 
neutropenic patients receiving broad-spectrum antibiotic therapy, 
particularly those who are recipients of antibacterial agents that have 
high biliary excretion rates and are active against intestinal anaerobic 
bacteria. The spectrum of clinical syndromes of Clostridium Difficile–
associated diarrhea (CDAD) ranges from nuisance diarrhea (loose 
watery stooling with no other symptoms) to severe enterocolitis 
defined by ≥2 of the following: abdominal cramping, fever, leuko-
cytosis with neutrophilia, hypoalbuminemia, CT-detected intestinal 
mural thickening, and endoscopic documentation of pseudomembra-
nous changes in the intestinal mucosal surface.319 The antibacterial 
agents most commonly associated with CDAD include clindamycin, 
the penicillins, and the cephalosporins.320 These agents may produce 
diarrhea at rates of 5% to 25% independent of C difficile, however. 
Event rates for diarrhea may also be similar independent on route of 
administration. There is an association between CDAD and the admin-
istration of antibacterial agents commonly used in febrile neutropenic 
patients such as the carbapenems262 and fluoroquinolones.321 High-
dose cytotoxic chemotherapy with agents such as methotrexate, pacli-
taxel, or fluorouracil has also been linked to this complication.322-324  
Risk factors include age older than 60 years, prolonged periods of 
hospitalization, and exposure to antibacterial therapy. The prevalence 
of intestinal colonization with C difficile may be higher (20%-30%) 
among hospitalized patients compared to approximately 3% among 
outpatients. Accordingly, this diagnosis must be considered when 
older, hospitalized cancer patients who have received anticancer regi-
mens containing such agents or who may have received recent anti-
bacterial therapy develop abdominal pain in association with watery 
diarrhea with or without blood.

The emergence of a hypervirulent (NAP1/B1/027) strain of C difficile 
that produces toxins A and B at concentrations 16- to 23-fold higher 
than the wild-type strains is associated with more severe clinical disease 
and a higher risk for treatment failure. Such infections may also occur in 
lower risk patients who have not received antibiotic therapy.

Treatment has been based on the administration of oral metro-
nidazole (500 mg thrice daily or 250 mg four times daily) for mild-
to-moderate cases or oral vancomycin (125 mg four times daily) for 
moderate-to-severe cases over a 10-day course.325 Clinical response is 
defined by resolution of the diarrhea (three or fewer unformed stools 
per 24 hours over 2 consecutive days). Overall, cure rates of 90% 
are common; however, those with severe disease have lower rates of 
response, 86% among those with severe disease compared to 94% among 
those with mild disease.319 The median times to response have been 60 to 
120 hours in clinical trials. Those with severe disease respond less well 
to metronidazole (76%) as compared to vancomycin (97%). Similarly, 
relapse rates for those with severe disease receiving metronidazole are 
higher (21%) than for those receiving vancomycin (10%). Relapse rates 
among patients with the hypervirulent strain of C difficile are higher 
among vancomycin recipients (14%-36%).
Typhlitis and neutropenic Enterocolitis:  Typhlitis, also called neutrope-
nic enterocolitis, necrotizing enterocolitis, or ileocecal syndrome, is a 
serious, potentially life-threatening infection of the bowel wall seen 
in up to 32% of patients undergoing remission-induction therapy for 
acute leukemia.326-329 The pathological process includes diffuse dila-
tion and edema of the bowel wall, with varying degrees of mucosal 
and submucosal hemorrhage, and ulceration.330 The cecum appears 
to be favored for the development of this syndrome, possibly related 
to its relatively tenuous blood supply. Bacterial invasion through 
an ischemic gut wall in the setting of neutropenia and cytotoxic 
therapy–induced mucosal surface damage is the probable pathogen-
esis.328,329 The syndrome presents a spectrum of severity from mild 
self-limiting cecal inflammation to fulminant bowel wall necrosis 
with perforation. The clinical syndrome is typically characterized by a 
triad of diarrhea, abdominal pain, and fever in the setting of cytotoxic 
therapy–induced neutropenia.330,331 Abdominal distention, nausea, 
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vomiting, and diffuse watery or bloody diarrhea are also commonly 
observed. Bacteremia with enteric microorganisms (Escherichia coli, 
Klebsiella species) and Pseudomonas aeruginosa is associated with 
typhlitis in up to 28% of cases.329 Clinical examination usually reveals 
a diffusely tender abdomen; however, localization to the right lower 
or upper quadrant is not uncommon. Ultrasonographic332 or CT 
imaging of the abdomen frequently demonstrates thickening and 
edema of the colonic walls with or without inflammatory changes 
in the surrounding pericolic tissues (Fig. 68-5). Gas in the intestinal 
wall (pneumatosis) or an inflammatory phlegmon may also be seen in 
approximately 20% of cases.135 CDAD is associated with the greatest 
degree of bowel wall thickening.135 There appears to be a correlation 
between the thickness of the bowel wall, presumably reflecting the 
degree of inflammation, and mortality. Cartoni and colleagues using 
ultrasonographic examinations noted mortality rates of 60% among 
those with mural thickness of more than 10 millimeters.332 Mural 
thickness also correlated with prolonged duration of symptoms com-
pared to patients without thickening (mean duration of symptoms, 
7.9 days vs 3.8 days).332

Neutropenic enterocolitis is associated with significant impairment 
in the functional integrity of the gut mucosa, increasing the risk for 
translocation of bacteria and fungi. Malabsorption of D-xylose has been 
shown to precede clinical neutropenic enterocolitis by at least a week.93 
Candida mannoprotein antigen associated with intestinal colonizing 
Candida spp may be detected in patients with neutropenic enteroco-
litis.333 Translocation of colonizing yeast is part of the pathogenesis of 
invasive candidiasis with portal fungemia and subsequent hepatosplenic 
fungal infection.93,96

Management consists of early recognition, bowel rest with naso-
gastric decompression, intravenous fluid replacement, blood product 
transfusion, and broad-spectrum antibacterial agents. Although early 
surgical consultation is recommended before an intra-abdominal catas-
trophe occurs, medical management is recommended for the majority 
of patients who do not have such a catastrophe. Right hemicolectomy or 
local resection of necrotic segments of bowel with anastomosis or divert-
ing ileostomy or colostomy should only be considered with cecal perfora-
tion, massive uncontrollable GI bleeding, uncontrollable sepsis, complete 
bowel obstruction, or pneumatosis cystoides intestinalis.327 With optimal 
management, the mortality rate has declined from over 50% to less than 
20%.330,331 It is important to recognize the high risk of recurrence (up to 
two-thirds of cases) with subsequent cycles of cytotoxic therapy.328

Perirectal Infections:  The majority of cancer patients with this compli-
cation have received cytotoxic therapy for leukemia or lymphoreticular 

malignancy within the preceding month and are severely neutropenic.334  
Perirectal infection must be suspected if there is focal tenderness, 
perirectal induration, or erythema with or without fluctuance or tissue 
necrosis.130 Although some cases may be associated with a preexisting 
pathologic process such as an anal fissure or thrombosed hemorrhoidal 
tissues, most patients present no obvious predisposing factor. The 
etiology of these infections is polymicrobial.335,336 The most common 
microorganisms are enteric gram-negative bacilli, obligate anaerobes, 
enterococci, and peptostreptococci. Recurrent episodes of infection 
are frequent among receiving subsequent cycles of cytotoxic therapy.334

The optimal approach to management is controversial. In general, 
neutropenic patients should be managed medically unless local care, 
systemic antimicrobials, and blood product support fail to contain the 
infection and if an obvious inflammatory collection must be surgically 
drained. The likelihood of medical management success is increased 
if the antimicrobial regimen contains agents effective in severe intra-
abdominal sepsis.337 Vancomycin may be added if despite these anti-
microbials the cellulitis appears to progress. The therapeutic role of 
antimicrobial agents active against Enterococcus spp remains difficult 
to evaluate since the role of these bacterial species in the pathogen-
esis in these infections is controversial. Cephalosporins are inactive 
against Enterococcus spp and the carbapenem-related susceptibility 
profiles tend to mirror that of ampicillin and therefore are less reliable.338  
Enterococcal colonization must be differentiated from infection. The 
rising incidence of vancomycin-resistant Enterococcus spp argues to 
minimize its use.224 Recent observations with regard to the emergence 
of vancomycin-resistant Enterococcus spp following piperacillin-based 
antibacterial therapy339 is of concern given the frequency of use of this 
agent in cancer patients.

■■ RESPIRATORY VIRUS INFECTIONS
Respiratory virus infections in cancer patients may be associated with 
considerable morbidity, including respiratory failure. Such viruses 
include respiratory syncytial virus (RSV), influenza viruses types A and 
B, parainfluenzaviruses types I-IV, human metapneumovirus (HMPV), 
human coronavirus (hCoV), human bocavirus (hBoV), and human 
rhinovirus (hRhV).340,341 These viruses cause a spectrum of clinical syn-
dromes in immunocompetent patients including common cold symp-
toms of rhinorrhea and coryza, croup, bronchiolitis, and pneumonia.342 
As a function of contact and aerosol-mediated modes of transmission, 
the initial infection is usually focused in the upper respiratory tract 
(URTI). Progression to lower respiratory tract infection (LRTI) has been 
associated with pneumonia or a late onset airflow obstruction syndrome, 
particularly in HSCT recipients.343 In HSCT patients with URTI, the risk 
for progression to LRTI and 30-day mortality, enhanced by severe lym-
phopenia, may occur in approximately 40% and 45% of HSCT patients 
with RSV URTI, respectively; 18% to 44% and 35% to 37% of patients 
with parainfluenzavirus URTI, respectively; and approximately 18% 
and 25% to 28% of patients with influenzavirus URTI, respectively.341 
Cancer patients with LRTI from respiratory viruses such as influenza 
often develop critical illness, particularly if the time from disease onset 
to treatment is delayed beyond 48 hours.344

■■ INVASIVE FUNGAL INFECTIONS
Opportunistic Yeast Infections:  This group of opportunistic unicellular 
fungal organisms of the form-class Blastomycetes and form-family 
Cryptococcaceae includes six genuses: Cryptococcus (eg, C neofor-
mans, the agent of cryptococcal meningitis), Malassezia (eg, M furfur, 
the agent of pityriasis versicolor), Rodotorula (eg, R rubra, an agent 
causing pulmonary and systemic infections), Candida (eg, C albicans, 
the most common etiology of invasive candidiasis), Trichosporon 
(eg, T beigelii, the agent of white piedra and systemic infections in 
compromised hosts), and Torulopsis (eg, T glabrata, now reclassi-
fied under the genus Candida). C albicans, C tropicalis, C glabrata, 
and Trichosporon species are part of the normal microflora of the 
mouth, colon, and vagina. Consequently, it is not surprising to find 

FIGURE 68-5.  CT scan of the abdomen of a woman receiving high-dose cytarabine for 
acute leukemia who complained of severe right lower quadrant pain. The wall of the cecum is 
thickened and edematous consistent with typhlitis.
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those agents involved in the pathogenesis of infections among immu-
nocompromised patients with damaged mucosal and integumental 
surfaces. This has been recently reviewed.345

Invasive candidiasis encompasses deep infections of various organ 
sites.272,346,347 C albicans is the most commonly observed; however, C trop-
icalis, C glabrata, C parapsilosis, C krusei, and C guilliermondii are seen 
in neutropenic patients as well. When multiple organ sites are involved, 
the term disseminated candidiasis is more appropriate. The most com-
mon forms of invasive candidiasis encountered in neutropenia are  
candidemia with or without associated central venous catheter infection, 
chronic systemic candidiasis (hepatosplenic candidiasis), endophthal-
mitis, hematogenously spread skin infection, and renal candidiasis. The 
pathogenesis is invasion of damaged integumented surfaces by coloniz-
ing yeasts during immunosuppression.

Candidemia without evidence of metastatic infection is frequently 
associated with indwelling central venous catheters. Such patients 
should have the catheter removed where possible347,348 and should 
receive at least a 14-day course of antifungal therapy starting from the 
day of the first negative blood culture with intravenous amphotericin 
B deoxycholate 0.6 to 1.0 mg/kg per day or an intravenous lipid for-
mulation of amphotericin B 3 mg/kg per day, intravenous fluconazole 
800 mg initially followed by 400 mg daily, or an echinocandin (intra-
venous anidulafungin 200 mg loading dose followed by 100 mg daily, 
micafungin 100 mg daily, or caspofungin 70 mg on day 1 followed by 
50 mg daily).148,349 Step-down to fluconazole 400 mg to 800 mg daily may 
be considered for stable patients with susceptible organisms and nega-
tive follow-up blood cultures.349 When the central venous access device 
cannot be removed, chronic suppressive therapy with fluconazole or 
voriconazole may be considered.272,349

Patients with dissemination to other end organs may be treated with 
fluconazole 400 mg/day (6 mg/kg/day) if clinically stable, or with ampho-
tericin B deoxycholate or a lipid-based formulation of amphotericin B 
or an echinocandin if clinically unstable272,349 until the clinical foci have 
resolved (often several weeks to months)349. The overall response rates for 
amphotericin B in candidemia have been as high as 70%.350-353 Patients 
with CNS involvement probably also should receive 5-flucytosine (5-FC) 
and be treated until all signs, symptoms, cerebrospinal fluid, and radio-
logical abnormalities have resolved.349 Imidazoles (eg ketoconazole or 
miconazole) are not recommended under these circumstances.

In a systematic review of the five clinical trials351-355 comparing flu-
conazole and amphotericin B deoxycholate in patients with invasive 
candidiasis, a meta-analysis suggested the superiority of amphotericin B 
deoxycholate with respect to defervescence-based response.356 Moreover, 
there was evidence of a greater risk for persistent fungemia among flu-
conazole recipients.356 These differences notwithstanding, there were 
no differences in the all-cause mortality.356 Observations such as these 
raise the question of the clinical relevance of the concept of the use of 
agents such as the polyenes that are “cidal” for Candida spp compared to 
fluconazole, which is felt to be “static.”357,358 That said, voriconazole, an 
extended-spectrum triazole, was shown to be noninferior to amphoteri-
cin B deoxycholate followed by a step-down to fluconazole in patients 
with candidemia and invasive candidiasis.359

The echinocandins (caspofungin, micafungin, and anidulafungin) have 
been effective and safer alternatives to the polyenes for the treatments 
of invasive candidiasis.272,360 Moreover, this class of antifungal agents 
has been considered fungicidal against Candida spp.361 Mora-Duarte 
and colleagues demonstrated similar response rates of caspofungin and 
amphotericin B deoxycholate, yet caspofungin recipients experienced 
fewer adverse drug effects, particularly nephrotoxicity.350 Similarly, Kuse 
and colleagues demonstrated noninferiority of micafungin and liposo-
mal amphotericin B.362 In contrast, anidulafungin, a fungicidal agent for 
Candida spp, was associated with higher global response rates than flu-
conazole.363 Further, the rates of persistent infection were higher among 
fluconazole recipients than for anidulafungin recipients363 providing 
additional evidence for the importance of considering the “cidality” of an 
antifungal agent in severely ill patients with invasive candidiasis.

The combination of a triazole and a polyene antifungal may be poten-
tially antagonistic given that both classes act upon the fungal cell mem-
brane.364,365 Azoles interfere with the 14-demethylation of lanosterol in 
the synthetic pathway of ergosterol, the predominant sterol in the fungal 
cell membrane to which polyene antifungal agents such as amphotericin 
B bind to produce their fungicidal effects. Clinical reports suggest that 
sequential treatment with lipophilic azoles such as itraconazole followed 
by amphotericin B may be deleterious.366 This effect may not be as 
prominent with the more lipophobic azoles such as fluconazole with less 
accumulation of the agent in the lipid-rich environment of the cell mem-
brane. In one randomized, blinded placebo-controlled trial comparing 
the safety and efficacy of fluconazole with or without amphotericin B 
for the treatment of candidemia in severely ill nonneutropenic patients, 
the response rates were higher in the combination group with no  
evidence of antagonism.355 Treatment failure increased in those with 
high APACHE II scores, and decreased in those with C parapsilosis.355

Most episodes of candidemia are caused by C albicans272,367; how-
ever, there is an increasing incidence of non-albicans candidemia.367 
In a multicenter prospective, observational study of candidemia in 427 
consecutive patients from four tertiary care hospitals during the early 
1990s,368 C albicans accounted for 52% of the bloodstream isolates over-
all. However, over the course of the 3.5-year study, the proportion of all 
bloodstream isolates that were non-albicans candidal species increased 
from 40% to 53%. Risk factors for candidemia due to C albicans included 
no prior use of antifungal therapy, solid organ transplant recipient,  
and having a wound as portal of entry. This same epidemiological pattern 
has been observed from 2004 to 2008.367 Risk factors for non-albicans 
infections include neutropenia, prior use of amphotericin B or fluconazole, 
hemodialysis, and an abdominal portal of entry.368 These observations 
have important implications for neutropenic patients in whom agents such 
as fluconazole are used widely for prophylaxis279,280 and therapy.356

Chronic systemic candidiasis, also referred to as granulomatous hepa-
titis, focal hepatic candidiasis, or hepatosplenic candidiasis, has emerged 
as a significant problem among recipients of high-dose cytotoxic 
therapy.346,369-373 The typical clinical presentation is a leukemia patient 
who has received HDARA-C,374 with persistent fever despite broad-
spectrum antimicrobial therapy and neutrophil recovery. The incidence 
has been reported to range from 3.8% to 7.4% in acute leukemia patients 
receiving cytotoxic therapy and somewhat higher in autopsied HSCT 
recipients, 7.3% to 11.5%.375-380 There may be associated right upper 
quadrant tenderness, hepatomegaly, splenomegaly, and elevated serum 
alkaline phosphatase and γ-glutamyl transferase levels. The diagnosis 
may be established by ultrasonography, CT, or MRI381,382 showing mul-
tiple abscesses in the liver and splenic parenchyma (Fig. 68-6). Where 
possible, a tissue biopsy should be considered for histopathologic and 
microbiologic confirmation. Liver biopsy is the most reliable means of 
definitively establishing the diagnosis, either by CT-guided transhepatic 
biopsy, transjugular hepatic biopsy, or open biopsy.383 Biopsy of these 
lesions demonstrates the presence of necrotizing granulomata, frequently 
(but not uniformly) containing budding yeasts and pseudohyphal ele-
ments. Liver biopsy specimens should be submitted in a dry, sterile con-
tainer to the clinical microbiology laboratory and processed for pyogenic 
bacteria, mycobacteria, viruses, and fungi. Specimens for histopathologic 
evaluation may be submitted to the pathology laboratory in fixative 
and processed for staining with hematoxylin and eosin, with periodic 
acid-Schiff (PAS), with an acid-fast stain, and with methenamine silver. 
Multiple sections through the paraffin-embedded tissue fragments may 
be necessary to detect the pathogens. The pathogen is often not grown 
despite appropriate culture of the tissue specimen. The determination 
of a correct diagnosis becomes an important factor contributing to the 
planning of potentially curative post-remission therapeutic strategies.

The antifungal regimen choices for the treatment of chronic sys-
temic candidiasis involving the liver or spleen are as for candidemia 
(vide supra).272 The duration of therapy, however, may be significantly 
longer. Response outcomes include resolution of fever, cholestasis, and 
radiologically detectable hepatosplenic microabscesses.381,382 Resolution 
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of abnormal baseline surrogate markers of systemic inflammation such 
as the erythrocyte sedimentation rate or the C-reactive protein may also 
provide confidence in a treatment effect.384 One must remember that 
focal hepatosplenic lesions tend to become radiologically detectable  
with neutrophil recovery and may disappear during subsequent periods 
of severe neutropenia.373,385,386 Accordingly, the timing of diagnostic  
imaging relative to the ANC is important in making an accurate diag
nosis and response assessment.

The Infectious Diseases Society of America and the Association of 
Medical Microbiology and Infectious Diseases, Canada, have suggested 
that patients with prolonged neutropenia who are persistently febrile 
despite 4 to 7 days of broad-spectrum antibacterial therapy266—may 
be candidates for empirical amphotericin B.21,65,272,387 This is based on 
trials arguing a high risk for invasive fungal infection in this circum-
stance.273,274,388 Empirical antifungal therapy is significantly higher than 
the incidence of documented invasive fungal infection in neutropenic 
patients with acute leukemia.119,389-391 and HSCT recipients.392-395

The IDSA guidelines recommend the removal of all indwelling vas-
cular access catheters in candidemic patients whenever possible,349 in 
order to reduce the risk for metastatic visceral infections and excess 
mortality.396 Previous studies suggest that catheter removal at diagnosis 
of candidemic episodes reduces the duration of candidemia397 and mor-
tality.396 More recent studies among candidemic patients receiving either 
an echinocandin antifungal agent or an amphotericin B formulation 
with or without central venous catheters left in situ failed to confirm 
those earlier observations, however.350,362,398

Opportunistic Filamentous Fungal Infections:  Opportunistic filamentous 
fungal infections are frequently life-threatening complications among 
neutropenic patients undergoing remission-induction treatment for acute 
leukemia or hematopoietic stem cell transplantation. These infections 
are most often caused by Aspergillus species (most often Aspergillus 
fumigatus), Fusarium spp, the dematiaceous fungi (black molds), or the 
Zygomycetes (eg, Absidia spp, Rhizopus spp, Rhizomucor spp, Mucor spp, 
or Cunninghamella spp).345,399 Invasive aspergillosis in the ICU setting has 
been observed at a median rate of 6.3 per 1000 admissions and with a crude 
mortality rate of 63%.400 The isolation of Aspergillus spp from the respiratory 
tract of mechanically ventilated ICU patients is a predictor of mortality401  
particularly in HSCT recipients (p < .01), hematological malignancies 
(p = .02), and those receiving broad-spectrum antibacterial therapy  
(p = .02).

Molds produce similar syndromes in compromised hosts, including 
necrotizing nasal mucosal infection, sinusitis, endophthalmitis, cerebral 
parenchymal infection, pulmonary parenchymal infection, cutaneous 
infection, typhlitis, hepatosplenic abscesses, osteomyelitis, and intravas-
cular infections.402

Infections by these molds are characterized by blood vessel invasion 
resulting in thrombosis, which, in turn, causes ischemia and infarc-
tion of distal tissues.292,293,403,404 This is the mechanism for the clinical 
manifestations such as pulmonary cavitary disease, hemoptysis, cutane-
ous infarcts (see Fig. 68-3), stroke-like syndromes due to intracranial 
infection (Fig. 68-7), and parenchymal hepatic infarction (Fig. 68-8). 
Infection occurs following the germination of inhaled conidia on the 
respiratory epithelium with the production of invasive hyphae.292

Characterization of these infections is important in determining prog-
nosis and outcome of antifungal therapy. In 2002, the National Institute 
of Allergy and Infectious Diseases Mycoses Study Group (NIAID/MSG) 
of the National Institutes of Health and the European Organization 
for the Treatment and Research of Cancer/Invasive Fungal Infections 
Cooperative Group (EORTC/IFICG) published an international consen-
sus of diagnostic criteria for invasive fungal infections (IFI)405 and that 
was since updated in 2008.406 The diagnosis of IFI may be classified into 
three levels of probability as “proven,” “probable,” or “possible” based on 
the robustness of the evidence supporting the diagnosis. “Proven” IFI 
requires the demonstration of fungal elements in tissue specimens either 
in histopathological tissue sections or in culture.405,406 Diagnoses of IFI 
based on less robust evidence are defined by a composite of host factors, 
clinical signs and symptoms, and mycological criteria.405 The revised 
EORTC/MSG definitions expanded the definition of “probable” and 

FIGURE 68-6.  CT scan of the abdomen in a 22-year-old male recipient of high-dose cytara-
bine for relapsed high-grade non-Hodgkin lymphoma. Multiple areas of decreased attenuation 
are noted in the hepatic and splenic parenchyma consistent with hepatosplenic candidiasis.

FIGURE 68-7.  CT scan of the brain shows an intracerebral infarct in a 27-year-old man 
being treated for AML complicated by disseminated aspergillosis.
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diminished the definition of “possible”.406 These observations underscore 
the need for more sensitive and predictive tests. Despite the limitations 
of diagnostic technology, however, it seems prudent to use these criteria 
as guidelines for determining the robustness of the clinical diagnosis 
and the need to proceed to more invasive diagnostic procedures or for 
epidemiological research.407

The robustness of the diagnosis at the time antifungal therapy is initi-
ated has direct relationship with mortality. A Spanish study in patients 
undergoing peripheral blood stem cell transplants who developed IFI 
reported mortality rates of 20%, 57%, and 80% for IFIs classified as pos-
sible, probable, and proven, respectively.408 The presence of a pulmonary 
nodular infiltrate surrounded by an area of ground glass opacification, 
the so-called halo sign, has been regarded as early evidence for angioin-
vasive invasive pulmonary mold infection with infarction, coagulative 
necrosis, and surrounding hemorrhage.409 While the halo sign may be 
typical of invasive pulmonary aspergillosis, it should be noted that its 
presence may be associated with other etiologies including Pseudomonas 
aeruginosa and zygomycete infections.409-412 Radiological evidence for 
invasive aspergillosis often precedes the ability to detect microbiological 
evidence of infection.413-415 Treatment at an early stage of infection may 
be associated with better outcomes.134 Greene and colleagues observed 
that patients had an 80% and 34% improvement in overall response rates 
and 12-week survivals, respectively, if antifungal therapy was initiated 
when the halo sign was apparent compared to circumstances without 
the halo sign.416 Cornely and colleagues reexamined the outcomes for 
patients enrolled on a study of dose-intensive antifungal therapy for 
proven/probable invasive pulmonary aspergillosis based on the revised 
EORTC/MSG definitions.417 Patients reclassified as “possible” cases 
(previously classified as “probable” on the basis of a halo sign only418) 
had response rates and 12-week survival rates 28% and 36% higher as 
compared to “proven/possible” cases. Ascioglu et al caution, however, 
that these criteria were developed in the context of clinical trials rather 
than for clinical application.405 The clinical applicability is limited by 
false-negative observations wherein patients classified as only probable 
IFI may ultimately have widespread IFI at postmortem examination.419 
These points notwithstanding, the current experience argues strongly 
for institution of early treatment based on the “possibility” of invasive 
aspergillosis in subjects at high risk for these infections, rather than 
waiting until the process is classifiable as “probable” or “proven. ”

Molds are ubiquitous in the environment293,403,420 and present in a 
wide variety of natural and synthetic materials such as soil, decaying 
vegetation, fireproofing materials,421 water,422 and air.423 Aspergillus 
species frequently have been detected in the air of hospital rooms, par-
ticularly during construction and renovation.424,425 Use of specialized 

self-contained hospital nursing units outfitted with high-efficiency 
particulate air filtration (HEPA) has reduced the incidence of invasive 
aspergillosis426 and overall mortality rates.427 Guidelines are available for 
planning infection control strategies where hospital maintenance and 
renovation projects are underway.428-430 HEPA-filtered nursing units have 
lower concentrations of airborne fungal conidia than their non-HEPA-
filtered counterparts.431 Despite these observations, a meta-analysis of 
the impact of HEPA-filtered protected environments failed to detect a 
mortality benefit in neutropenic or nonneutropenic patients.432 A recent 
systematic review did observe a treatment effect for preventing the 
development of “all-cause” pulmonary infiltrates.433

Invasive aspergillosis has high mortality rates regardless of treatment.434 
The risk of this infection increases with the duration of neutropenia to 
a plateau of 70% to 80% at 5 weeks435 particularly in environments with 
high degrees of contamination with mold conidia.436 Marrow recovery is 
the most important factor relating to survival.437

The clinical findings relate to the infected organ site. Fever is almost 
invariably present. Evidence of tissue ischemia and infarction may pro-
vide clues to the diagnosis. The most common presentation is that of 
focal macronodular pulmonary infiltrates, with or without a surround-
ing “halo” or cavitation, in a persistently febrile, severely neutropenic 
patient unresponsive to broad-spectrum antibacterial therapy.416 Some 
investigators have suggested that nasal cultures positive for Aspergillus 
species can be highly predictive (~90%) of invasive aspergillosis.286 
Positive cultures from other respiratory specimens such as sputum, bron-
chial brushings, or bronchoalveolar lavage fluid can also be predictive of 
invasive aspergillosis in high-risk patients.346,406 Based on multivariate 
analysis of patients with acute leukemia, a number of factors predictive 
of invasive opportunistic fungal disease have been identified.435,437-440  
The duration of severe neutropenia was the most important indepen-
dent variable. Others included duration of cytotoxic therapy, duration 
of neutropenia associated with antibacterial therapy, and colonization 
by fungi at surveillance culture sites.

The definitive diagnosis of invasive aspergillosis requires micro-
scopic and microbiological examination of tissue biopsied from sites of 
infection.403,406 The demonstration of dichotomously branching septate 
hyphae at acute angles in methenamine silver– or PAS-stained tissue 
sections suggests the diagnosis; however, these morphologic characteris-
tics in stained tissue sections are also shared by species of Fusarium spp 
and Scedosporium spp.403 Microbiologic culture identification is required 
to confirm the diagnosis. This is important because organisms such as 
Fusarium spp, S apiospermum, and S prolificans are not susceptible to 
amphotericin B. Immunodiagnostic techniques may increase the posi-
tive predictive value of the “classical” microscopic appearance of these 
organisms in tissue sections.441

In leukemia patients, the reported attributable mortality rates from 
invasive pulmonary aspergillosis have decreased from 60% in the late 
1980s to 32% in 2003.442 This is likely due to earlier diagnoses and more 
effective treatments. In contrast, the reported attributable mortalities 
among HSCT recipients have been higher443 based on factors such as 
the hematopoietic stem cell source (autologous versus allogeneic), pro-
gression of the underlying malignancy, prior noninfectious respiratory 
disease, renal impairment, corticosteroid therapy, monocytopenia, dis-
seminated aspergillosis, diffuse (>one lobe) pulmonary involvement,  
pleural effusion, “proven/probable” invasive aspergillosis (versus  
“possible”), and use of a nonvoriconazole-based regimen.444 Marrow 
recovery is the most important determinant of survival.437,444

There are several published guidelines for the treatment of invasive 
mold infections.445-447 Voriconazole remains the agent of choice for 
primary treatment for invasive aspergillosis. Alternatives including 
lipid formulations of amphotericin B and the echinocandins are also 
recommended. Primary combination antifungal therapy is not recom-
mended at this time, given the lack of prospective randomized clinical 
trial evidence of efficacy. A recent randomized, double-blinded trial of 
treatment of invasive aspergillosis with voriconozole plus anidulafungin 
versus voriconazole plus placebo in HSCT recipients or patients with 

FIGURE 68-8.  CT scan of the abdomen in a patient with AML shows massive hepatic 
infarction secondary to disseminated aspergillosis.
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hematological malignancies with a positive galactomannan test showed 
a 42% survival benefit in combination recipients.448

Caspofungin is approved in the United States for the treatment of 
invasive aspergillosis in patients refractory or intolerant of polyene-
based therapy.449 The initial experience in such patients demonstrated 
response rates of 50% in invasive pulmonary aspergillosis, 23% in 
disseminated aspergillosis, and 26% in neutropenic patients. Among 
patients receiving caspofungin for empirical therapy of suspected fungal 
infection in neutropenic patients and in whom invasive aspergillosis 
ultimately was determined to be the cause of the persistent fever, the 
response rate was 42% compared to only 8% among liposomal ampho-
tericin B recipients.450

Amphotericin B lipid complex (ABLC) has been widely used in 
patients with invasive fungal infections refractory to or intolerant of con-
ventional amphotericin B deoxycholate. In a review of 556 such patients 
receiving ABLC on an emergency drug release program, the response 
rate among 130 patients with invasive aspergillosis was 42%.451 A 47% 
response rate was reported in a historical controlled study of ABLC 
in 39 solid organ transplant recipients with invasive aspergillosis.452  
In a series of pediatric patients with invasive aspergillosis, a 56% 
response rate was reported.453

Amphotericin B–related nephrotoxicity impacts morbidity, mortality, 
and the cost of management.454-456 The safety profiles in the published 
literature of the lipid formulations of amphotericin B have been con-
sistent in demonstrating advantages in reduced amphotericin B–related 
nephrotoxicity.275,456 Even among patients with elevated serum creati-
nine levels at the outset of ABLC therapy, the advantage persists. These 
elevated serum creatinine levels have been observed to fall after the first 
week with continued administration of the drug.451 This reduction in 
elevated serum creatinine after the first week of therapy may occur even 
when initially normal serum creatinine levels rise within the first week 
of ABLC therapy.455

The extended spectrum azoles are useful in the management of inva-
sive mold infections. Voriconazole proved to be superior to conventional 
amphotericin B deoxycholate or other licensed antifungal therapy for 
the management of invasive aspergillosis in a large multinational trial.457 
The treatment effect was observed in hematopoietic stem cell transplant 
recipients, neutropenic patients, proven or probable invasive aspergil-
losis, and pulmonary and extrapulmonary aspergillosis.

There is a high risk of infection relapse, in the range of 10% to 50% 
in cancer patients surviving an initial episode of invasive aspergillosis 
during subsequent cytotoxic treatments.458-461 For this reason, many 
investigators recommend secondary prophylaxis with antifungal agents 
such as the mold-active azoles for those with treated invasive fungal 
infection undergoing subsequent high-dose cytotoxic therapy.21,65,445,462 
Voriconazole reduced this event rate to 6.7% in allogeneic HSCT recipi-
ents with previous proven/probable invasive fungal infection.463

■■ INDWELLING CENTRAL VENOUS ACCESS DEVICE INFECTIONS
Indwelling central venous catheters (CVCs) have long been recognized 
as a source of sepsis for critically ill cancer patients. This topic has been 
the subject of numerous reviews.348,464-466 CVC-related infections may 
be categorized as systemic, which include CVC-related bloodstream 
infections, or localized, which include skin and soft tissue infections 
involving the exit site (the site from which the catheter egresses the 
skin), tunnel site (the subcutaneous track extending from the exit site to 
the insertion site), insertion site (the site at which the catheter cannu-
lates the vein), or the subcutaneous surgical pocket created for implant-
able venous access ports systems.

There are four types of central venous access catheter devices com-
monly used in cancer patients: nontunneled CVCs, tunneled CVCs, 
subcutaneous indwelling ports systems, and peripherally inserted 
central venous catheters (PICC). Infection rates related to these sites 
are commonly expressed as a function of the number of days with 
the catheter in situ. These are usually expressed as infections per 1000 
catheter-days.467,468

Nontunneled noncuffed CVCs, intended for short-term use, are 
positioned into the superior vena cava via a percutaneous insertion 
into the subclavian or internal jugular veins. Nontunneled CVC-related 
bloodstream infections have been reported as 2.6 to 2.9 per 1000 catheter-
days.469 The most common bloodstream isolates from these devices 
include CoNS, S aureus, Candida spp, and enteric gram-negative bacilli.470

Tunneled cuffed CVCs are intended for longer-term access and are 
implanted through a surgically created tunnel under the skin to a vein—
usually subclavian or internal jugular. The proximal end of the catheter 
projects from an exit site on the anterior chest wall. The catheter becomes 
anchored in place by a fibrous tissue reaction with the aid of a dacron cuff 
around the outside of the catheter located within the tunnel and provides 
a barrier to the migration of microorganisms along the outside of the 
catheter. Erythema, exudate, and focal tenderness at the exit site suggest, 
but do not prove, the presence of infection. A quantitative increase in 
bacterial colony counts in culture swabs from the exit site has been asso-
ciated with an increased probability that central venous catheter infec-
tion is present.471,472 Staphylococcus epidermidis and C jeikeium are the 
most commonly isolated colonizing microorganisms at the exit site and 
represent the most common etiologic agents of catheter sepsis in cancer 
patients.473,474 Tunneled cuffed catheter-related bloodstream infections 
have been reported at rates of 1.5 to 1.7 per 1000 catheter-days.469

The use of the PICC lines has become popular for the management 
of cancer patients in the outpatient setting usually over the timeframe of  
6 weeks to 6 months. These devices are implanted into a peripheral vein 
in the arm. The rates of PICC-related bloodstream infections in the out-
patient setting have been reported as in the range of 0.4 to 1.2 per 1000 
catheter-days,475 whereas the rates for adult inpatients have been higher 
at 1.0 to 3.2 per 1000 catheter-days.469,475 PICCs are more vulnerable 
to thrombosis and malfunction.476-479 In order of prevalence, the most 
common isolates from PICC-related bloodstream infections are CoNS, 
facultatively anaerobic gram-negative enteric bacilli, S aureus, and afer-
mentative gram-negative bacilli such as P aeruginosa.470

Totally implantable venous access ports made of plastic or titanium 
are implanted underneath the skin in a surgically fashioned subcutane-
ous pocket usually on the anterior chest wall. The catheter extending 
from the port reservoir is implanted into either the subclavian or inter-
nal jugular veins. Ports-related bloodstream infection rates have been 
significantly lower than for other types of CVCs, 0 to 0.1 per 1000 port 
days in situ.469,480 Port pocket infections suspected by tenderness, indura-
tion, and erythema of the soft tissues overlying the device, or by erosion 
and necrosis of the overlying skin have a low event rates of 0.01 to 0.09 
per 1000 port days.480 Bloodstream infections associated with ports have 
been reported at rates of 0.07 to 0.12 per 1000 port days in situ.469,480,481

The definitive diagnosis of catheter-related bloodstream infection 
(CRBSI) requires concordance in the bacterial isolate recovered from a 
peripheral blood culture and the isolate grown from the catheter tip.348 In 
this situation, the catheter should be removed, though this is not always 
possible in patients with limited venous access. Alternatively, paired and 
site-labeled blood cultures should be obtained from a peripheral vein 
and from the hubs of the CVC lumens.482-484 Quantitative blood cultures 
are the most predictive for CRBSI; however, few clinical microbiology 
laboratories offer such testing. The differential time to positivity as a cri-
terion for CRBSI requires that bacterial growth in a blood culture drawn 
from a CVC hub occur at least 2 hours before the growth is detected in 
blood cultures drawn from a peripheral vein.

Empirical antibacterial therapy of suspected but unproven CRBSI 
should include combination antibacterial therapy targeting multidrug 
resistant gram-negative bacilli such as Pseudomonas aeruginosa as well as 
S aureus and methicillin-resistant CoNS.485 The choice of the antibacte-
rial agent for gram-negative bacilli should be based on local susceptibility 
patterns and upon the severity of the clinical syndrome.210 Methicillin-
resistant CoNS are the most common pathogens causing CVC-related 
infections. Accordingly, vancomycin for suspected CRBSI is recom-
mended for health care facilities where methicillin-resistant CoNS and 
MRSA are prevalent.21,348 Since vancomycin-driven clearance of MRSA 
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with vancomycin minimum inhibitory concentrations (MIC) of ≥2 mg/L  
may be prolonged, empirical daptomycin may be more appropriate in 
facilities with a high prevalence of MRSA with MICs of ≥2 mg/L.486,487

Consideration for echinocandin-based anti-Candida coverage should 
be given for cancer patients, particularly for those with hematological 
malignancies or who are HSCT recipients, with risk factors including 
recent use of broad-spectrum antibacterial therapy or total parenteral 
nutrition, femoral CVC, or colonization by Candida spp at multiple 
sites.272,488 Following removal of the CVC, the duration of treatment of 
uncomplicated candidemia (defined by absence of suppurative throm-
bophlebitis, or visceral infection such as endophalmitis) should be for at 
least 14 days following the first negative blood culture.272,348,349

Current guidelines recommend catheter removal for certain CVC-
related bloodstream infections due to S aureus, gram-negative bacilli, 
and Candida spp.21,348 Coagulase-negative staphylococci (CoNS) have 
been the most common isolate from hospitalized patients with sus-
pected bloodstream infections489 and biofilm-producing CoNS have 
been the leading cause of CRBSI.490,491 The attributable mortality with 
such infections is low. CVC retention among patients with CRBSI due to 
CoNS has not been associated with treatment failure, but has been asso-
ciated with a higher risk of recurrence.492 Accordingly, administration of 
antibacterial therapy for CoNS CRBSI with the CVC retained in situ has 
been recommended. In general, CRBSI due to S aureus, gram-negative 
bacilli, or opportunistic yeast in patients with severe sepsis, suppura-
tive thrombophlebitis, or persistently positive blood cultures after  
>72 hours of appropriate therapy should be managed with CVC 
removal and appropriate antimicrobial therapy.348

CVC removal among candidemic patients has been advocated based 
on clinical trial–driven observations of better outcomes; namely, higher 
rates of treatment success (defined as resolution of signs and symptoms 
of infection plus mycological eradication of the baseline pathogen), more 
rapid mycological eradication, decreased rates of persistent and of recur-
rent candidemia, and increased hospital survival.355,397,398,493 The median 
time to eradication of Candida spp from blood cultures with or without 
CVC removal has been reported to of the order of 5 days.494 Independent 
predictors for treatment failure in candidemic patients include use of cor-
ticosteroids, persistent severe neutropenia, increased severity of illness, 
and older age. Survival is reduced in candidemic patients with persistent 
severe neutropenia, increased severity of illness, and who are older.494

The onset of a new fever in ICU patients with indwelling CVCs poses 
a difficult problem for critical care clinicians.495,496 Fever is used as a sur-
rogate of the activity of infection.495 The observation of a relative brady-
cardia in patients with temperatures of ≥38.9°C (the pulse-temperature 
deficit) who are not receiving β-blocker therapy and who have a nega-
tive chest radiograph suggests a drug fever.497 Single isolated temperature 
elevations rarely indicate infection; rather, the most common associa-
tion is with administration of blood products.497

Fever in critically ill patients with neurological or neurosurgical dis-
ease is common and may have infectious or noninfectious causes. The 
latter include neuronal injury–driven release of endogenous pyrogens, 
and the presence of blood in the cerebral parenchyma, ventricles, or 
subarachnoid space.498

Venous and arterial cannulae physically disrupt the integrity of the 
skin and blood vessels, thus providing an avenue for ingress of bacteria 
or fungi colonizing the skin surfaces at the site of cannula placement. 
Determinants of intravenous cannula infection include the type of 
cannula, the duration of use, the technique of skin preparation for 
insertion, and the use of venotoxic infusates. The most common micro-
organisms causing intravenous site infection are gram-positive organ-
isms (eg, Staphylococcus aureus), coagulase-negative staphylococci, and 
Corynebacterium jeikeium; gram-negative bacilli; and fungi such as 
Candida species. Erythema, swelling, exudate, and focal tenderness at 
a peripheral intravenous catheter site should alert the clinician to these 
etiologic possibilities. Suspect catheters should be removed promptly 
and carefully using aseptic technique and submitted to the microbiology 
laboratory in a sterile, dry container for microbiologic evaluation.

Erythema, exudate, and focal tenderness at the exit site suggest, 
but do not prove, the presence of infection. A quantitative increase in 
bacterial colony counts in culture swabs from the exit site has been 
associated with an increased probability that central venous catheter 
infection is present.471,472 Staphylococcus epidermidis and C jeikeium are 
the most commonly isolated colonizing microorganisms at the exit site 
and represent the most common etiologic agents of catheter sepsis in 
cancer patients.473,474 Catheter-related sepsis is suspected if bacteremia 
or fungemia is present unassociated with any other site of suspected 
infection. The predominant mechanism of infection appears to be 
bacterial migration from the exit site along the outside surface of the 
catheter.465 Suspected catheter exit-site infection, with or without bacte-
remia, may be treated with antimicrobials without removing the line.499 
Unless exit-site surveillance cultures dictate otherwise, the empirical 
antibacterial therapy should include an agent such as vancomycin that 
is active against S epidermidis and C jeikeium in addition to S aureus 
and streptococci. Infection of the subcutaneous tunnel site is more 
difficult to control with antimicrobial agents alone and often requires 
catheter removal.348 Catheter removal is also often recommended in the 
setting of bacteremia due to more highly pathogenic organisms such as  
S aureus, P aeruginosa, or Serratia marcescens, catheter-related funge-
mia, or persistent catheter-related bacteremia that has not responded 
to appropriate antibacterial therapy. The differential time to positivity  
(ie, the time difference between the time that the blood culture from the 
peripheral site and central venous catheter site was obtained to the time 
the cultures became positive) of >2 hours has been used as a method for 
predicting catheter-related infections.65,466

INFECTION PREVENTION IN THE NEUTROPENIC HOST

■■ ANTIBACTERIAL PROPHYLAXIS
Antibacterial chemoprophylaxis is used widely for preventing or modi-
fying the etiology of bacterial infection in patients for whom the 
expected duration of neutropenia is longer than 7 days.433,500-504 Oral 
nonabsorbable antimicrobial regimens consisting of agents such as 
aminoglycosides, vancomycin, polymyxin B, colistin, and oral nystatin 
or amphotericin B have not been consistently effective for reducing the 
incidence of febrile neutropenic episodes, documented superficial or 
invasive infection, or overall mortality. In addition, they are unpalatable 
and costly. On the other hand, oral absorbable antibacterial regimens 
consisting of trimethoprim/sulfamethoxazole (TMP/SMX) or fluoro-
quinolones including norfloxacin, ciprofloxacin, enoxacin, ofloxacin, 
levofloxacin, or perfloxacin have proved useful, though efficacy appears 
to be linked with compliance,505 personal hygiene, the spectrum of 
antimicrobial activity of the regimen,23 the cytotoxic potential of the 
antineoplastic regimen,96 and the timing of the administration of the 
regimen relative to the onset of the neutropenia-related risk for bacte-
rial infection.23

Oral fluoroquinolones have shown a significant reduction in mor-
bidity and mortality due to infection by aerobic gram-negative bacilli 
compared with TMP/SMX.433,500 The trade-off for this appears to be an 
increase in the risk of infection due to gram-positive organisms such 
as coagulase-negative staphylococci, Enterococcus spp, and viridans 
group streptococci. The presence of a tunneled indwelling central 
venous catheter adds to the risk for infections due to coagulase-negative 
staphylococci,506 whereas severe mucositis and periodontal disease 
appear to predispose to viridans streptococcal infection.97,98,315,507 A 
syndrome of viridans streptococcal bacteremia has been recognized 
among high-dose cytarabine or HSCT recipients that is often associated 
with pulmonary infiltrates and hypotension.97,508,509 The pathogenesis is 
believed to involve severe cytotoxic therapy–induced intestinal mucosal 
damage in the setting of severe prolonged neutropenia and GI luminal 
colonization by these organisms. Oral fluoroquinolone use tends to 
select for these microorganisms.510 The inconsistent susceptibility of 
these organisms to penicillin G and the apparent need to modify the 
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empirical antibacterial regimen by the addition of intravenous vanco-
mycin to improve the outcome for the febrile neutropenic episode are 
important points to remember. Bacterial infections among TMP/SMX 
recipients have been due to coagulase-negative staphylococci, viridans 
streptococci, and TMP/SMX-resistant aerobic gram-negative bacilli 
such as P aeruginosa.511

Eight systemic reviews encompassing 29 meta-analyses have been 
published examining the role of fluoroquinolone-based antibacterial 
chemoprophylaxis in neutropenic cancer patients.433 Fluoroquinolone-
based antibacterial prophylaxis strategies have emerged as the preferred 
strategy for the prevention of pyrogenic, predominantly gram-negative 
bacterial infection among cancer patients with expected neutropenia 
beyond 7 to 10 days.65 These systematic reviews were able to detect 
prophylactic treatment effects for the fluoroquinolones in a variety of 
outcomes including microbiologically documented infection overall, 
gram-negative infections overall, and gram-negative bacteremia regard-
less of whether the controls were placebo, no treatment, or TMP/SMX. 
Fluoroquinolone-based prophylaxis has been demonstrated to have an 
effect upon infection-related mortality and overall mortality.433

The combination of fluoroquinolones with agents having additional 
gram-positive activity such as penicillin, macrolides, or rifampin effec-
tively prevents gram-positive bacteremias as well.433 A meta-analysis 
of 1202 randomized subjects in 9 trials comparing fluoroquinolones 
plus augmented gram-positive coverage to fluoroquinolones alone 
demonstrated a reduction in total bacteremic episodes, streptococcal 
infections, coagulase-negative staphylococcal infections, and incidence 
of fever.251 The incidence of documented infections, unexplained fever, 
and infection-related mortality were not affected. Gram-positive pro-
phylaxis, however, increased the incidence of prophylaxis-related drug 
toxicities, particularly with the use of rifampin.251

Accordingly, chemoprophylaxis using oral fluoroquinolones where 
the prevalence of fluoroquinolone-related gram-negative bacillary-
resistance is low (<3%-5%) can reliably reduce the risk for invasive 
gram-negative bacillary infection, and, if supplemented by gram-positive 
agents such as rifampin, penicillin, or macrolides, can reduce the risk for 
invasive infections due to gram-positive microorganisms including viri-
dans streptococci and coagulase-negative staphylococci, although this 
strategy is not recommended.65

Under the appropriate conditions, it is possible that fluoroquinolone-
based chemoprophylaxis can influence prescribing behavior for febrile 
neutropenic episodes.512-514 A study from Duke University among 
autologous hematopoietic transplant recipients with ciprofloxacin pro-
phylaxis demonstrated that febrile neutropenic episodes could be safely 
treated with an empirical glycopeptide-based regimen.513 A study from 
the University of Manitoba demonstrated that patients developing 
febrile neutropenic episodes while receiving ciprofloxacin prophylaxis 
during remission-induction therapy for AML could be treated safely and 
effectively with vancomycin plus ceftazidime-based strategy wherein the 
ceftazidime was discontinued before the patient defervesced provided 
the serial rectal surveillance cultures and 24- to 36-hour blood cultures 
revealed no evidence of aerobic gram-negative bacilli.514 In both these 
studies, the oral ciprofloxacin prophylaxis regimen was continued 
throughout the treatment for the febrile neutropenic episode. Another 
study demonstrated that empirical systemic antibacterial therapy for 
febrile neutropenic episodes could be safely discontinued after 72 to  
96 hours if the initial workup failed to provide evidence for clinically 
or microbiologically documented infection and if prophylaxis was 
continued.512 These observations, while provocative, have not been fol-
lowed up in large randomized controlled studies.

Not all fevers in neutropenic patients represent infection; fever is 
a poor outcome for trials of antibacterial prophylaxis in this patient 
population. Better discriminators for infection are needed515-517 to 
guide empirical therapy. Although antibacterial prophylaxis studies 
have not yet had a major influence on use of empirical antibacterial 
therapies, there is optimism for the future. The prophylaxis-related 
decrease in documented infections has been offset by an increase in 

unexplained fevers.119 It is possible that these unexplained fevers may be 
due to increased absorption of pyrogenic endotoxins through cytotoxic 
therapy–induced damaged intestinal epithelium.518 This consideration 
suggests that some unexplained fevers do not require continued anti-
bacterial therapy.

■■ ANTIFUNGAL PROPHYLAXIS
The major goals of antifungal prophylaxis strategies are to reduce the 
morbidity and mortality due to superficial and invasive opportunistic 
fungal infections and to reduce the use of toxic expensive antifungal 
therapy. Prophylactic strategies should be applied with a clear under-
standing of the pathogenesis of the microorganisms involved.

Filamentous Fungi:  Filamentous fungi such as Aspergillus species, the 
dematiaceous fungi, Fusarium spp, Zygomycetes, and Scedosporium spp 
are acquired by inhalation of spores called conidia. The conidia germi-
nate on the respiratory epithelium to produce invasive hyphae. There 
are three possible ways to prevent this. First, patients may be managed 
in units outfitted with high-efficiency particulate air (HEPA) filtration 
systems. Though effective for reducing the risk of filamentous fungal 
infection,426,427,519 and possible all-cause pulmonary infiltrates,433 it is 
expensive and has no impact for patients exposed to high concentra-
tions of airborne conidia outside the nursing unit or for those who are 
already infected before entering the unit. Second, topical agents such 
as amphotericin B sprayed by aerosol into the nares theoretically might 
reduce the risk of conidial germination. One randomized study520 evalu-
ated the use of intranasal amphotericin B (5 mg/mL in sterile water with 
a total daily dose of 10 mg in three divided doses) in 90 neutropenic  
episodes. There was no significant difference in the empirical use of 
intravenous amphotericin B (35% vs 27%); however, only 1 of 46 recipi-
ents of aerosolized amphotericin B developed suspected or proven 
invasive aspergillosis compared with 7 of 44 controls. Though encour-
aging, intranasal amphotericin cannot be accepted as a satisfactory 
alternative to air filtration until further studies are done. Inhalation 
of aerosolized amphotericin B has been studied as a strategy to reduce 
invasive aspergillosis.521 The incidence of possible, probable, or proven 
invasive aspergillosis in the aerosolized amphotericin B recipients was 
4% compared to 7% in untreated control subjects. Further, there were 
no differences in overall mortality or in infection-related mortality. 
Third, systemic antifungal therapy might prevent the progression of 
hyphal growth once germination occurs. Systemic amphotericin B plus 
5-FC has been used successfully to prevent reactivation of previously 
documented invasive pulmonary aspergillosis among leukemia patients 
undergoing further postremission cytotoxic therapy.522 Since this com-
bination may be myelotoxic as well as nephrotoxic, it may be prudent 
to reserve this approach for those in whom opportunistic filamentous 
fungal infection has been proved by microbiologic or histopathologic 
methods. The prophylactic role of newer approaches such as lipid for-
mulations of amphotericin B, echinocandins, or the extended-spectrum 
triazole antifungal agents is being studied.

Itraconazole, a lipophilic extended-spectrum azole, has been exten-
sively evaluated for antifungal prophylaxis in a number of trials of very 
heterogeneous patient populations. Two meta-analyses of these trials 
failed to identify a prophylactic benefit of itraconazole, particularly when 
administered as oral capsules, against mold disease due to Aspergillus 
spp.280,523 Studies performed in patients at higher risk for invasive asper-
gillosis have been more positive, however.524,525 Winston and colleagues 
evaluated itraconazole in hematopoietic stem cell allograft recipients.524 
There was a significant reduction in the overall incidence of proven 
invasive fungal infection but the protective effect upon mold infection 
was not statistically significant. A similar study from the Fred Hutchison 
Cancer Center was able to demonstrate a significant reduction in the 
overall incidence of invasive fungal infection and in invasive mold 
infections.525 Despite this promising result, treatment-related adverse 
events necessitating treatment withdrawal resulted in a higher overall 
mortality among itraconazole recipients. Study drug was discontinued 
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for reasons of intolerance in 36% of itraconazole recipients compared 
to 16% of fluconazole recipients.525 A meta-analysis of itraconazole effi-
cacy for antifungal prophylaxis against invasive fungal infection in 13 
randomized controlled trials encompassing 3597 randomized subjects 
demonstrated reductions in the mean relative risks for invasive fungal 
infection overall, invasive yeast infection, and fungal infection-related 
mortality in neutropenic cancer patients.523 The risk for invasive asper-
gillosis was reduced only in trials using the cyclodextrin-based oral or 
intravenous formulations of itraconazole.523

Echinocandin antifungal agents may also be useful for prophylaxis in 
high-risk patient populations. A study comparing micafungin to flucon-
azole in a heterogeneous group of autologous and allogeneic transplant 
recipients demonstrated a significant reduction in the use of empirical sys-
temic antifungal therapy among the micafungin recipients (15% compared 
to 21%, p = 0.018).526 The incidence of invasive aspergillosis was 0.2% and 
1.5% in micafungin and fluconazole recipients, respectively (p = 0.07).

Opportunistic Yeasts:  Yeast infections, primarily Candida spp, colonize 
the patient and cause infection by invading damaged integumental 
surfaces. HEPA filtered protected environments play no role in the pre-
vention of these infections. The use of topical agents such as nystatin or 
amphotericin B has had a modest impact on colonization profiles but no 
significant impact on the incidence of invasive fungal infection or the 
need to use empirical systemic amphotericin B for suspected invasive fun-
gal infection. Topical chlorhexidine mouth rinses (0.12% chlorhexidine 
digluconate three times daily) have been effective in reducing the mor-
bidity of oropharyngeal candidiasis in a series of marrow allograft recipi-
ents.317 Further, a reduction in candidemia was also noted, suggesting the 
oropharynx as a possible source for these events. The overall value of this 
strategy must be evaluated in further trials in different populations at risk.

Systemic antifungal therapy for the prevention of opportunistic yeast 
infections is better established.279,280,433,523,527,528 Published studies using 
imidazoles have demonstrated a reduction in yeast colonization but 
have failed to demonstrate a consistent reduction in clinical disease or 
the need to use empirical systemic amphotericin B. There has also been 
a selection for more resistant yeasts such as Candida krusei and Candida 
glabrata in the surveillance cultures of azole recipients.368 The triazole 
antifungal agents, fluconazole and itraconazole, have been shown to 
be effective in reducing the need for empirical antifungal therapy with 
amphotericin B, superficial fungal infection, proven invasive yeast infec-
tion, and fungal infection–related mortality.280 Further, these agents are 
effective when applied to patient populations with a high risk for inva-
sive fungal infection (10%-15%),279,280 when doses of 400 mg or more 
daily are administered,280,523 and when the agents are absorbed.523

It is recommended that antifungal prophylaxis be administered only 
to defined populations at highest risk for invasive fungal infection and 
for whom clinical trials have been able to demonstrate a treatment effect. 
Accordingly, the populations of patients for whom this applies include 
patients undergoing remission-induction or reinduction therapy for 
acute leukemia, patients undergoing allogeneic hematopoietic stem cell 
transplantation, and those undergoing autologous hematopoietic stem cell 
transplantation without hematopoietic growth factor support.65,272 While 
some have argued to initiate prophylaxis in parallel with the initiation of 
cytotoxic therapy,280,529 others have, in consideration of potential triazole 
interaction with anthracyclines (QT prolongation), vincristine (augmenta-
tion of peripheral neuropathy risk), and alkylating agents (hepatotoxicity), 
argued to initiate prophylaxis only after cytotoxic treatments have been 
administered.272 Furthermore, the duration of prophylaxis should be until 
myeloid reconstitution in acute leukemia patients. For allogeneic hema-
topoietic stem cell transplant recipients anti-yeast prophylaxis treatment 
from the first day of conditioning until day 75 to 100 is recommended.272

■■ ANTIVIRAL PROPHYLAXIS
Reactivation of HSV infection is one of the most common causes of oro-
pharyngeal and esophageal mucositis in patients undergoing remission 
induction for leukemia or BMT.530 This painful complication can impair 

nutritional intake and drug administration. Herpes mucositis, stomati-
tis, or esophagitis may be prevented by prophylactic use of nucleoside 
analogues such as acyclovir or valacyclovir. Those at risk have a history 
of previous herpetic infection and can be identified by a history of the 
typical vesicular lesions of herpetic stomatitis or by the identification of 
IgG antibodies against HSV in their sera. Between 60% and 80% of HSV-
seropositive patients will reactivate during cytotoxic therapy. Patients 
undergoing remission-induction therapy, consolidation therapy, or 
salvage therapy for acute leukemia and those undergoing bone marrow 
allografting or autografting who are IgG-seropositive for HSV-1 are 
candidates for acyclovir prophylaxis.316,531 It is not clear whether oral is 
as effective as intravenous administration in patients receiving regimens 
highly toxic to intestinal mucosal surfaces such as high-dose cytarabine 
or etoposide-containing regimens or BMT conditioning regimens. 
Acyclovir in doses of 250 mg/m2 administered intravenously every 8 to 
12 hours or oral acyclovir administered in doses of 200 to 400 mg four  
to five times daily has prevented HSV mucositis successfully.316 
Prophylaxis for 1 month or less from initiation of treatment has been 
associated with recurrences in 58% to 70% of patients after the acyclovir 
was discontinued. Accordingly, it has been recommended that pro-
phylaxis be continued for 6 weeks from the beginning of induction or  
conditioning316 or up to 6 weeks following marrow recovery in BMT recipi-
ents. Acyclovir doses of 800 mg orally every 12 hours appear to be effective 
for this. Valacyclovir has been shown to be as effective as acyclovir.433
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KEY POINTS

•• The acquired immunodeficiency syndrome (AIDS) is caused by 
chronic infection with the human immunodeficiency virus (HIV), 
which through its relentless replication causes progressive depletion 
of T-helper lymphocytes leading to severe cellular immunodeficiency.

•• In the absence of treatment, after a variable period, usually years 
from infection, multiple opportunistic infections or neoplasms 
characteristic of AIDS develop.

•• Combination antiretroviral therapy has been shown to prolong survival 
as well as disease-free interval. Furthermore, antiretroviral therapy has 
emerged as an effective primary prevention. Despite substantial prog-
ress in antiretroviral therapy, cure of the disease remains elusive.

•• Acute respiratory failure (ARF) secondary to Pneumocystis jirovecii 
pneumonia (PJP) is now less common than during the early years 
of HIV/AIDS as a cause of ICU admission among HIV-infected 
individuals with advanced HIV infection.

•• PJP usually is diagnosed in the ICU using bronchoalveolar lavage 
(BAL). BAL fluid should always be processed to allow identification 
of P jirovecii, fungi, common bacteria, mycobacteria, and viruses.

•• The mortality of PJP-related ARF has decreased substantially with 
the use of adjunctive systemic corticosteroids. Patients developing 
ARF despite corticosteroid treatment, however, continue to have a 
dismal prognosis.

•• Because of better treatment and prolonged survival, more patients 
are admitted to ICU who have HIV/AIDS as an underlying illness 
as opposed to the cause of ICU admission.

•• HIV cannot be transmitted through casual contact. Universal pre-
cautions, however, must be implemented and enforced routinely 
to minimize the risk of occupational exposure to HIV (as well 
as other infectious agents). The rate of seroconversion following 
a single accidental needle stick or mucous membrane exposure 
appears to be well below 1%.

•• The issue of life support should be discussed early and reassessed 
frequently with HIV-infected individuals. Because the outlook 
of AIDS and its related diseases has improved dramatically, rigid 
policies regarding ICU admission are not appropriate.

INTRODUCTION
It has been over three decades since the initial reports of unusual oppor-
tunistic infections and malignancies heralded the onset of the human 
immunodeficiency virus (HIV) epidemic.1,2 Over the last 30 years, our 
understanding of HIV transmission, pathogenesis, and viral replica-
tion has advanced considerably. The use of combination antiretroviral 
therapy (ART) has been shown to halt progressive immunologic decline 
with concomitant improvements in morbidity and mortality due to 
HIV-related acquired immunodeficiency syndrome (AIDS).3,4 As a 
result, survival rates among HIV-infected individuals who are able to 
access ART may begin to approximate those of the general population.5,6 
In the United States, recent epidemiologic data suggest that mortality 
due to HIV infection has now dropped below that related to hepatitis 
C infection.7 Similar benefits have now also been demonstrated in 
resource-limited settings where ART programs have been implemented, 
such as in South Africa,8 Zambia,9 Uganda,10 and South East Asia.11,12

The proportion of AIDS cases requiring either hospitalization or 
admission to the ICU has declined since the introduction of ART in 
1996. In recent years, HIV-related hospitalizations are less often due to 
opportunistic diseases compared with the pre-ART era. Management of 
patients presenting to the intensive care unit (ICU) should reflect these 
developments, and HIV infection alone should not affect decisions to 
pursue life-saving interventions among patients requiring ICU support. 
HIV-infected patients are now as likely to present with common rea-
sons for admission such as trauma, drug-related overdose, or bacterial 
sepsis, as they are to present with HIV-related complications. That is, 
HIV/AIDS is now an important underlying condition as opposed to the 
cause of ICU admission. Physicians working in the ICU must remain 
informed regarding the management of common opportunistic infec-
tions that remain a cause of hospitalization for HIV-infected individuals. 
Physicians caring for critically ill patients who have HIV/AIDS must 
also become familiar with antiretroviral therapies and the need to avoid 
inadvertent harm due to treatment discontinuations, or toxicities arising 
due to drug-drug interactions.

HIV EPIDEMIOLOGY
There were an estimated 34 million individuals living with HIV/AIDS 
worldwide in 2010.13 The majority of individuals (22.9 million) reside in 
sub-Saharan Africa, with an estimated 2 to 3 million individuals living in 
North America and Europe. Globally, the incidence of HIV infection has 
declined from 3.0 million new infections in 2000 to 2.7 million in 2010. 
Within the United States, by the end of 2008 there were an estimated  
1.1 million individuals living with HIV—of whom 20% are thought to be 
undiagnosed.14 Estimated 40 to 60,000 new diagnoses occur annually.14-16  
The majority of diagnoses are occurring in men who have sex with men 
(MSM), with heterosexual transmission now accounting for approxi-
mately 30% of diagnoses.14 Since the widespread adoption of HIV 
screening of donated blood, parenteral transmission of HIV is limited 
almost exclusively to intravenous drug use. Finally, the infection can 
also be transmitted perinatally, although this is rare in a North American 
context. Uptake of ART has resulted in decreases in AIDS diagnoses and 
AIDS-related mortality (ie, patients are HIV positive without complica-
tions of AIDS) within the United States. Despite advances in therapy, 
a significant proportion of individuals estimated to be infected within 
the United States remain undiagnosed, linkage to care among HIV-
infected individuals who are aware of their status remains incomplete, 
and accordingly such patients may present with common opportunistic 
infections and morbidities related to untreated HIV.

HIV PATHOGENESIS
Briefly, HIV preferentially infects T lymphocytes bearing the surface 
marker CD4, the so-called helper T cells. This tropism is mediated 
through a specific interaction between GP160, a viral envelope glyco-
protein, and the CD4 molecule itself. HIV is also capable of infecting 
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a number of other bone-marrow-derived cells, including monocytes, 
macrophages, Langerhans dendritic cells, and microglial cells.17,18

Once within the cell, the viral ribonucleic acid (RNA) and reverse 
transcriptase are released. The reverse transcriptase generates a deoxyri-
bonucleic acid (DNA) sequence complementary to the viral RNA, which 
then integrates into the host cell’s genome to produce new viral particles, 
which in turn will infect other susceptible cells. Relentless HIV replica-
tion ultimately causes CD4 cell dysfunction and cell death, leading to 
severe cellular immunodeficiency.

The CD4+ lymphocyte count is thus regarded as one of the key surro-
gate markers for prognostic staging and therapeutic monitoring of HIV-
infected individuals (see Table 69-1). A range of 400 to 1400 cells/mm3  
(0.40-1.40 × 109/L) is considered normal in most laboratories. The CD4 
count usually is reported as a fraction and an absolute count. Although 
the absolute CD4 count is usually a good reflection of the degree of 
immunodeficiency in a given patient, it must be noted that under spe-
cific circumstances this may be misleading. It is therefore advisable to 
monitor the CD4 percentage to ensure that this is in general agreement 
with the absolute CD4 count. Absolute CD4 counts are used widely 
to guide therapeutic decisions regarding the use of antiretrovirals and 
preventive strategies, yet they are subject to considerable variability. 
CD4 counts show circadian variation, which is lowest in the morning 
and highest in the evening. In normal individuals, the evening CD4 cell 
count can be nearly double the morning nadir. Despite controlling the 
time of collection, HIV-infected individuals who are stable clinically 
will still show considerable variation in CD4 counts. Short-term CD4 
count fluctuations of nearly 30% may occur that are not attributable to a 
change in disease status. In addition, acute infection or illness may lead 
to a transient decline in absolute CD4 cell count with preserved CD4 
percentage, a finding also associated with advanced liver disease.19,20

Overall, it is important to monitor the trends in CD4 counts over time 
to avoid placing too much emphasis on the specific number derived 
from a single determination. Despite these limitations, the CD4 count 
remains a valuable tool when attempting to establish the differential 
diagnoses in a given patient. For example, it would be very unusual 
(although still possible, particularly in the context of immune reconsti-
tution inflammatory syndromes) to have a case of Pneumocystis jirovecii, 
Mycobacterium avium complex (MAC), or cytomegalovirus (CMV) 
disease with a CD4 count within the normal range.

Plasma viral load has been shown to be an independent predictor of 
disease progression and death in untreated HIV-infected individuals.21

NATURAL HISTORY
Acute HIV infection is associated with retrospectively identified transient 
symptomatic illness in 40% to 90% of patients.22 This is most often a non-
specific flu-like illness often confused with acute infectious mononucleosis 
and characterized by fever (>80%-90%), fatigue (>70%-90%), rash 
(>40%-80%), headache (32%-70%), lymphadenopathy (40%-70%), phar-
yngitis (50%-70%), and aseptic meningitis (24%), as well as other symp-
toms. This usually known as seroconversion illness, is believed to be an 
immune-complex-mediated phenomenon resulting from early antibody 
response to the infection by HIV. Typically, after a variable period (rarely 
less than 2 years) with few or no symptoms, progressive immunodefi-
ciency develops, rendering the individual susceptible to the development 
of opportunistic infections, wasting, and/or neoplasms characteristic of 
AIDS. AIDS remains incurable despite considerable progress in antiretro-
viral therapy. The often prolonged period of clinical latency is character-
ized by continued viral replication and decline of the immune system, as 
illustrated by the progressive destruction of the lymph node architecture.23

ANTIRETROVIRAL THERAPY IN THE ICU
Combination therapy regimens have been shown to prolong survival and  
the disease-free interval substantially among HIV-infected individuals. 
Therapeutic guidelines issued by national and international organiza-
tions for the management of HIV-infected individuals have evolved 
substantially in response to findings from clinical trials, cohort studies 
and pathogenesis research, and are updated on a regular basis.24-27

Individuals with symptomatic disease or AIDS-defining conditions 
require initiation of ART. With the recognition that the inflammatory 
consequences of unchecked HIV replication may serve as a driver of 
non-AIDS-defining clinical events, current guidelines support early 
initiation of therapy in asymptomatic individuals.28,29 At present, there is 
broad consensus that therapy should be initiated at an absolute CD4+ 
cell count threshold of 350 cells/mm3 and is recommended at thresholds 
<500 cells/mm3 in most guidelines.24,25 In addition, the presence of other 
coinfections such as active hepatitis B, HIV-associated nephropathy, 
HIV-associated neurocognitive impairment, and preexisting coronary 
artery disease are recognized as conditions that would benefit from 
initiation of ART regardless of CD4 cell count.25,27,30

■■ ANTIRETROVIRAL DRUG CLASSES
There are six major classes of antiretroviral therapy, targeting virtually all 
aspects of the viral lifecycle of the HIV including CCR5 coreceptor, reverse 
transcriptase inhibitors, integrase inhibitors, and protease inhibitors (PI). 
Commonly available agents within each drug class are listed in Table 69-2.

Recommended regimens for first-line therapy are now either once 
or twice daily, and most patients have few side effects or toxicities. 
The currently recommended regimens include the combination of two 
nucleoside reverse transcriptase inhibitor (NRTI) agents (usually teno-
fovir/emtricitabine or abacavir/lamivudine as coformulated tablets) with 
either a non-nucleoside reverse transcriptase inhibitor (NNRTI) such as 
efavirenz or rilpivirine or a protease inhibitor (atazanavir or darunavir) 
or an integrase inhibitor (raltegravir or elvitegravir). Protease inhibi-
tors (PIs) commonly require pharmacokinetic boosting with ritonavir, 
a potent cytochrome P450 3A4 inhibitor. The use of low-dose ritonavir 
allows for extended dosing intervals for the primary protease inhibi-
tor (once or twice daily dosing) with associated improvements in pill 
burden and adherence.31 Low dose ritonavir also increases potency and 
decreases likelihood of PI resistance compared to unboosted PIs.32,33 
Elvitegravir is combined with a novel boosting agent namely cobicistat 
which again acts as a cytochrome P450 inhibitor.34,35

■■ POTENTIAL ISSUE RELATING TO ART IN THE ICU
When to Start/Discontinue Antiretroviral Therapy:  Initiation of antiret-
roviral therapy is rarely required on an urgent basis within the ICU 
for individuals newly diagnosed or not previously treated. In most 

  TABLE 69-1    Common Laboratory Evaluation of the HIV-Infected Patient

Test Comment

HIV-specific tests

Plasma HIV RNA (viral load)

CD4+ lymphocyte count (absolute and 
percentage)

Baseline HIV resistance testing (HIV 
genotype)

HLA-B5701 assay Presence of this marker is associated with 
increased risk of abacavir hypersensitivity reaction

Coinfection/opportunistic diseases assessment

Serologic testing for syphilis Rapid plasma reagin (RPR)

Serologic testing for hepatitis A, B, and C

Toxoplasma serology Disease seen in those with CD4 <100

Serum cryptococcal antigen Sensitive screen for cryptococcal meningitis

Mycobacterial blood cultures Disseminated mycobacterium avium complex 
seen with CD4 <50

CMV Retinitis screen with CD4 <50
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  TABLE 69-2    Common Antiretroviral Agents by Drug Class25

Class Agent Common Side effects/Comments

Nucleoside reverse transcriptase inhibitors  
(NRTIs)

Zidovudine (AZT) Bone marrow suppression: macrocytic anemia, leucopenia. GI intolerance, headache, insomnia, lactic acidosis, 
and hepatic steatosis and myositis (with elevated CPK). An IV formulation is available 

Didanosine (DDI) Pancreatitis, lactic acidosis, peripheral neuropathy, hypertriglyceridemia, hyperuricemia, gout, lactic acidosis, 
and hepatic steatosis

Stavudine (D4T) Pancreatitis, lactic acidosis, sensory peripheral neuropathy, neuromuscular weakness, and hepatic steatosis

Lamivudine (3TC)a A liquid formulation is available

Emtricitabine (FTC)a Skin color change, rash 

Tenofovira Renal impairment—classically Fanconi syndrome with proximal tubular injury 

Abacavira Hypersensitivity reaction—requires prescreening with HLA B5701 assay

Hypersensitivity reaction may be fatal (symptoms may include fever, rash, fatigue, vomiting, abdominal pain, diar-
rhea, cough, shortness of breath). If hypersensitivity diagnosed, then abacavir should be stopped and never restarted

A liquid formulation is available

Non-nucleoside reverse transcriptase inhibitors 
(NNRTIs)

Efavirenza Potentially teratogenic

Neuropsychiatric side effects common in first 4 weeks. Rash, central nervous system symptoms (eg, abnormal 
dreams, confusion, agitation, hallucinations), hepatitis. Drug interactions caused by induction of cytochrome P450

Nevirapine Hypersensitivity reaction. Rash, hepatitis. Drug interactions caused by induction of cytochrome P450. Should 
not be used in men with CD4 >400 and women with CD4 >250 cells/mm3

Etravirine Rash, GI intolerance, rare severe hypersensitivity (DRESS syndrome).

Rilpivirine Central nervous system symptoms occur infrequently compared to efavirenz, headache, rash, lipid abnormali-
ties, transaminase elevations. Should not be used if viral load >100,000 copies/mL.

Protease inhibitors (PIs) Atazanavira Requires acid environment for absorption—concomitant proton-pump inhibitor therapy should be avoided

These require boosting by ritonavir and as such 
potential drug interactions caused by inhibition  
of cytochrome P450 must be considered

Asymptomatic hyperbilirubinemia, QT-interval prolongation, possible increased bleeding episodes in hemophilia

Darunavira GI intolerance, headache, fatigue, hypertriglyceridemia. Potential cross-reactivity in severe sulfa allergy

Lopinavir Only agent coformulated with ritonavir. Diarrhea, headache, hyperlipidemia, diabetes

A liquid formulation is available

Saquinavir GI intolerance, headache, transaminase elevation, possible increased bleeding episodes in hemophilia

Fosamprenavir GI intolerance, rash, hyperlipidemia 

Integrase inhibitors Raltegravira Few side effects, but BID dosing recommended

Elvitegravir Requires boosting with cobicistat

Entry inhibitors Enfuvirtide Administered subcutaneously

Injection site reactions, pneumonia, eosinophilia

CCR5 antagonists Maraviroc Requires prescreening with viral tropism assay to evaluate if CCR5 coreceptor is utilized in binding process. 
Diarrhea, anemia, rash, depression, transaminase elevation

aCommon first-line agents.

circumstances, baseline HIV-related laboratory work (Table 69-1) can 
be done to then determine an optimal regimen. Consultation with 
an HIV-experienced physician/service is very helpful in selecting 
appropriate therapy and to provide follow-up after ICU discharge for 
long-term management.

In circumstances in which the individual presents with an oppor-
tunistic infection, early initiation of ART is desirable. In the AIDS 
Clinical Trials Group (ACTG) 5164 trial, 282 HIV-infected individuals 
with acute opportunistic infections were randomized to receive early 
(within 14 days of starting appropriate management for the infection) 
compared to delayed ART (initiated only after completion of therapy 
for the infection).36 Overall 63% of individuals had Pneumocystis pneu-
monia as the underlying infection. Patients randomized to early ART 
(ART was started a median 12 days after initiation of antimicrobial 
therapy directed at the opportunistic infection) had significantly fewer 
AIDS progression events and deaths (odds ratio [OR] = 0.51; 95% CI =  
0.27-0.94) and a greater time to AIDS progression or death (stratified 
hazard ratio [HR] = 0.53; 95% CI = 0.30-0.92).36 There was no differ-
ence between early and delayed ART in adverse events; that is, early ART 

did not significantly increase rates of adverse events. In cases in which 
tuberculosis is the opportunistic infection, results of early observational 
studies support early initiation of ART in individuals with CD4 cell 
counts <100 cells/mm3.37 This observation and recommendation has 
subsequently been validated in several randomized controlled trials, 
which clearly demonstrate the benefits of early initiation of ART within 
2 weeks of tuberculosis therapy, particularly in patients with CD4 cell 
counts <50 cells/mm3.38-40 In patients with tuberculosis and higher CD4 
cell counts, antiretroviral therapy should be initiated within 8 to 12 weeks  
of starting antituberculous therapy. One important potential risk of early 
therapy is the development of immune reconstitution inflammatory 
syndrome (discussed below).

Commonly, patients with underlying HIV are on antiretroviral 
therapy when admitted to the ICU. It is important to remain open to the 
possibility of new and previously unrecognized adverse effects of these 
therapies. Use of antiretroviral therapy in the ICU poses concerns and 
questions regarding potential drug-drug interactions, poor absorption 
of medications in critically ill patients, and the risk of ART resistance if 
antiretroviral medications are abruptly discontinued. Agents such as the 
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NNRTI class are known to have longer pharmacologic half-life, lead-
ing to essential monotherapy if the ART regimen is stopped abruptly. 
This period of monotherapy is associated with the development of 
drug resistance41 and therefore, replacement with a protease inhibitor is 
recommended.42 If a regimen is to be discontinued due to toxicity, then 
the offending agent should be substituted with another agent if possible. 
If the entire NNRTI regimen is to be discontinued, a staggered stop 
in which the nucleoside backbone is continued for an additional 7 to  
10 days can be considered.24

Drug-Drug Interactions:  Both the NNRTI and PI classes are active at the 
level of the cytochrome P450 isoenzyme system, with the potential to 
act as either potent inducers or inhibitors of metabolism of many other 
medications. Conversely levels of NNRTI and PI may be altered by the 
cytochrome P450 isoenzyme system action of other medications used 
in the ICU setting. Accordingly, specific antiarrythmics, antihistamines, 
and some benzodiazepines may be contraindicated. Antiseizure medi-
cations pose particular concern, as do rifampin, statins (simvastatin 
and lovastatin are contraindicated), and even inhaled corticosteroids. 
Inhaled corticosteroids may induce steroid excess or adrenal suppres-
sion.43,44 Use of acid-lowering therapies may alter absorption of the PI 
atazanavir and the NNRTI agent rilpivirine.

Immune Reconstitution Inflammatory Syndrome:  Suppression of HIV 
replication through the use of ART, and the associated CD4 cell count 
increase, occasionally causes exaggerated inflammatory responses 
to newly recognized antigens. This phenomenon has been named 
immune reconstitution inflammatory syndrome (IRIS). The current 
understanding of the pathophysiology of IRIS includes interactions 
between immune recovery, previously unrecognized (subclinical 
or residual) antigenic burden, and possible host genetic variation.45 
Among HIV-negative patients, this phenomenon occurs occasionally 
during the course of chronic hepatitis B and during treatment for 
borderline lepromatous leprosy (reversal reaction, Lepra type I) or 
tuberculosis (eg, central nervous system tuberculomas) and is due to 
improvement in cell-mediated immunity.46 IRIS has been described 
as both an unmasking of subclinical latent infection or a worsen-
ing of already documented preexisting disease. IRIS has been well 
described in the context of CMV retinitis, tuberculosis (MTb), MAC, 
Pneumocystis jirovecii pneumonia (PJP), cryptococcosis, progressive 
multifocal leukoencephalopathy, and herpes zoster infection.45,47

Proposed criteria for diagnosis include documented viral load 
decreases and new or worsening symptoms of an infectious or inflam-
matory condition after initiation of ART.48 The differential diagnosis 
may include adverse drug effects and coexisting unrecognized infections 
(nosocomial or community acquired). Some opportunistic infections 
show atypical features in the context of IRIS, particularly MAC, CMV 
retinitis, and cryptococcal meningitis.49,50 For preexisting opportunistic 
infections, the diagnosis of IRIS should be consistent with published 
case definitions, but to some extent is one of exclusion, including con-
sideration of coexisting opportunistic infections and also drug-resistant 
opportunistic infections. MAC IRIS is usually an unmasking of subclini-
cal infection in the setting of a virologic response to ART, and when the 
organism is recovered from a normally sterile body site, the diagnosis is 
established. IRIS is important to consider in the differential diagnosis of 
any HIV-infected patient who appears to worsen during the course of 
therapy for tuberculosis or PJP after initiation of antiretroviral therapy. 
M tuberculosis immune reconstitution syndrome (MTb-IRIS) is a para-
doxical worsening of the signs and symptoms of tuberculosis during the 
course of antituberculous therapy. MTb-IRIS has been reported to occur 
in up to 36% of HIV-infected patients who initiate ART.51 The manifes-
tations of MTb-IRIS may include fever, worsening pulmonary infiltrates, 
lymphadenopathy, and CNS granulomas. Case definitions for MTb-IRIS 
have been developed and help appropriately classify cases.52

Initiation of combination antiretrovirals during therapy for PJP 
has been associated with a paradoxical worsening of the pulmonary 
infiltrates and lung function in up to 5% to 18% of patients.53 Among  

17 patients with PJP immune reconstitution syndrome, the clinical 
worsening was observed 3 to 17 days after starting the antiretroviral 
regimen. Flow cytometry of BAL specimens in such patients may show 
a higher CD4/CD8 ratio than usually observed in PJP owing to an 
influx of CD4 cells during immune reconstitution.54 Transbronchial lung 
biopsy may reveal a prominent alveolar infiltrate consisting of lympho-
cytes, macrophages, and neutrophils with few or no demonstrable PJP 
organisms.55 The diagnosis is established by bronchoscopy and trans-
bronchial biopsy in order to demonstrate the above-mentioned findings 
and exclude other possible opportunistic diseases.

IRIS has been described in patients with cryptococcosis who sub-
sequently receive ART.56 Presentations may include pulmonary or soft 
tissue lesions that often are culture negative but demonstrate organisms 
consistent with cryptococcus on smear or histology. Others may experi-
ence an exacerbation of cryptococcal meningitis associated with a nega-
tive CSF culture and a higher than usual CSF pleocytosis.50 The optimal 
timing for initiation of ART in the setting of cryptococcal meningitis is 
unclear because of concerns of risk of potentially life-threatening IRIS. 
A randomized trial in Africa showed that concurrent initiation of both 
antifungal therapy and ART (within 72 hours) increased mortality.57 
Current guidelines suggest a minimum 2-week course of antifungal 
therapy; however, a longer duration (4-6 weeks) may be necessary. 
Clinical trials are ongoing to address this issue.

Clinical management of IRIS usually includes nonsteroidal 
anti-inflammatory agents or corticosteroids. A randomized clinical trial 
supports the role of corticosteroids in the management of MTb-IRIS.58 
Timing of initiation of antiretroviral therapy in the context of IRIS is 
discussed above. If antiretroviral therapy has already been initiated, it 
should be continued unless life-threatening features are present.45

CHANGING SPECTRUM OF ICU PRESENTATIONS 
AMONG HIV-INFECTED PATIENTS IN THE ART ERA
In retrospective series, approximately 5% to 12% of hospitalized HIV-
infected patients require ICU support.59 Admissions in the pre-ART 
era were driven predominantly by opportunistic infections, notably 
Pneumocystis jirovecii pneumonia. Causes of admissions in the ART era 
are generally unrelated to HIV infection and are now very similar to the 
general non-HIV ICU population of comparable age and risk groups. 
Patients with these conditions usually respond to standard management, 
and their prognosis appears to be similar to that of non-HIV-infected 
patients who have the same condition unless there is concomitant severe 
immunodeficiency, in which case the prognosis tends to be determined 
by the severity of the immunodeficiency. Overall, survival of HIV-
infected patients in the ICU has also improved, with over 70% surviving 
to hospital discharge.60

Acute respiratory failure (ARF) remains the most common reason for 
admission. Community-acquired bacterial pneumonia and complica-
tions of chronic obstructive lung disease are common reasons for ICU 
admission of HIV-infected patients, while PJP accounts for 3% to 12% 
of cases.60 Sepsis due to bacteria and other bacterial infections such as 
endocarditis remain important etiologies of ICU admission and morbid-
ity among HIV-infected individuals, particularly those with comorbid 
injection drug use.61 The mean age of HIV-infected individuals has 
increased because of better chronic HIV management. Comorbidities 
related to the aging of the HIV-infected population such as cardiovas-
cular disease or end-stage liver disease (due to hepatitis C coinfection) 
are also common reasons for need for ICU support. Other conditions, 
such as cerebral toxoplasmosis, gastrointestinal bleeding, Kaposi sar-
coma, lymphoma, and other malignancies account for the remaining 
HIV-related ICU admissions. The broad differential diagnosis of oppor-
tunistic infections and diseases should be kept in mind to avoid delays 
in diagnosis or misdiagnosis.

Less frequently, patients with AIDS may be admitted to the ICU 
without prior knowledge of their HIV status. Certainly, the presence or 
history of minor or major opportunistic infections, wasting, otherwise 
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unexplained extensive herpes zoster, or persistent generalized lymph-
adenopathy combined with a history (or clinical evidence) of high-risk 
activities must trigger consideration of HIV infection in the differen-
tial diagnosis. Furthermore, laboratory abnormalities found commonly 
among HIV-infected individuals can provide the clues to consider HIV 
infection. Common laboratory abnormalities in HIV-infected patients 
include lymphopenia, anemia, thrombocytopenia, and hypergamma-
globulinemia. It must be emphasized, however, that HIV infection should 
not be diagnosed unless HIV has been confirmed using specific serologic 
tests, most commonly, enzyme-linked immunosorbent assay (ELISA) and 
Western blot. We reemphasize that universal precautions must be followed 
by all clinical staff caring for ICU (and indeed all hospitalized) patients.

APPROACH TO THE HIV-INFECTED PATIENT IN THE ICU

■■ RESPIRATORY DISEASE COMPLICATING HIV INFECTION
Pulmonary and radiologic manifestations of HIV infection are diverse and 
include both infectious and noninfectious conditions (see Table 69-3).62 
Bacterial pneumonias remain most common causes of pulmonary infec-
tion and cause considerable morbidity and mortality worldwide.63,64 
The most common etiology of bacterial pneumonia in HIV-infected 
individuals is Streptococcus pneumoniae, followed by Haemophilus  
influenzae.63,65,66 Other bacterial agents identified in the setting of 
HIV-related bacterial pneumonia include Pseudomonas aeruginosa, 
Staphylococcus aureus, and less commonly Legionella pneumophila.65,67-69

The rates of hospitalization for pneumonia have decreased. Population-
based national data from Denmark demonstrated that hospitalization 
rates for pneumonia among HIV-infected individuals have decreased 
in the ART era, dropping 50.6 hospitalizations per 1000 person-years 
during 1995-1996 to 19.7 hospitalizations per 1000 person-years during 
2005-2007.70 Nosocomial bacterial pneumonias among HIV-infected 
individuals are indistinguishable from those occurring in other hospital-
ized patients. These are usually caused by gram-negative organisms and 
tend to have a high mortality despite appropriate therapy.

Ventilator-associated pneumonia (VAP) may complicate the course of 
HIV-infected patients who require mechanical ventilation. There is an 
increasing frequency of S aureus (methicillin-resistant S aureus [MRSA] 
or methicillin-sensitive S aureus [MSSA]) as a cause of VAP. In addition, 
aerobic gram-negative bacilli remain common causes of VAP. The other 
diagnosis to consider in patients who have pulmonary infiltrates and who 
require mechanical ventilation is ventilator-associated lung injury. The 
details of mechanical ventilation are discussed in Chaps. 48, 49, 51, and 52.  

HIV-infected patients who have acute respiratory distress syndrome 
should receive lung-protective ventilation.71

Clinical features of community-acquired or ventilator-associated 
bacterial pneumonia are indistinguishable from those described in the 
immunocompetent host. Chest radiographs usually demonstrate seg-
mental or lobar consolidation.

Opportunistic infections and malignancies should be considered 
when the CD4 cell count is below 200 cells/mm3 although occasionally 
PJP may present at higher CD4 thresholds. Initial therapy for pneumo-
nia should include broad-spectrum antimicrobial therapy and empiric 
influenza coverage should also be considered during winter. Empiric 
coverage for PJP is not unreasonable if the radiographic findings are 
supportive (see Fig. 69-1).

Initial workup should include sputum culture and sensitivity for bac-
teria, fungi, and mycobacteria. Blood cultures should also be obtained, 
and in selected patients (ie, in those with advanced disease and CD4 
cell counts below 50 or 100 cells/mm3), mycobacterial and fungal blood 
cultures should be obtained. The key to diagnosis often requires suction 
for tracheobronchial secretions. In the ICU setting, particularly in ven-
tilated patients, bronchoscopic bronchoalveolar lavage (BAL) is the pre-
ferred approach. Experienced specialists should perform BAL because 
critically ill patients with pneumonia are often at risk of complications 
from bronchoscopy and BAL (such as hypoxemia and hypotension) and 
because of the need for care regarding the handling of specimens. In the 
few patients for whom the initial BAL does not provide a diagnosis, a 
transbronchial or open lung biopsy should be considered. However, the 
appropriateness of such intervention is best decided on a case-by-case 
basis after careful assessment of the general status of the patient, as well 
as the likelihood of diagnosing a treatable condition.

PNEUMOCYSTIS JIROVECII PNEUMONIA
Pneumocystis jirovecii (formerly carinii), recently reclassified as a fungus 
but having some properties of protozoa, is a ubiquitous organism that 
produces human disease throughout the world, usually in the setting of 

  TABLE 69-3    Major Radiologic Differential Diagnosis of Lung Involvement in AIDS

Normal chest x-ray PJP, MAC, MTb

Diffuse or localized interstitial pattern PJP, MTb, CMV, ALI/ARDS, cryptococcosis

Diffuse alveolar pattern PJP, viral pneumonia, cryptococcosis, cardiogenic 
pulmonary edema, ALI/ARDS, VALI, ventilator-
associated pneumonia

Miliary pattern or reticulonodular MTb, histoplasmosis, coccidiodomycosis,  
cryptococcosis

Consolidation Common bacteria, MTB, PJP, KS, ventilator-
associated pneumonia

Nodular opacity MTb, cryptococcosis, histoplasmosis, coccidioidomy-
cosis, common bacteria, KS, lymphoma, carcinoma

Upper lung field involvement PJP, MTb

Pneumothorax PJP, ventilator-associated barotrauma

Cavity Bacteria, MTb, aspergillosis, histoplasmosis,  
coccidioidomycosis, PJP 

Pleural effusion Common bacteria, mycobacteria, KS

ALI, acute lung injury; CMV, cytomegalovirus; KS, Kaposi sarcoma; MAC, Mycobacterium avium complex; MTb,  
M tuberculosis; PJP, Pneumocystis jirovecii pneumonia; VALI, ventilator-associated lung injury.

FIGURE 69-1.  Posteroanterior chest x-ray of PJP patient demonstrating interstitial 
disease preferentially localized to the right hilum and lower lung zone.
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severe immunosuppression.72,73 Asymptomatic primary infection gener-
ally occurs early in life. Rarely, P jirovecii can be found incidentally at 
autopsy in the absence of symptoms. It is not clear whether this repre-
sents late infection or early disease not yet manifested clinically.

Pneumocystis remains an important pulmonary pathogen, predomi-
nantly among individuals who were unaware of their HIV status prior to 
presentation, or among individuals nonadherent to either prophylactic 
strategies or ART in general.74 Rates of PJP were high in the pre-ART 
era, with an incidence of 20 cases per 100 person-years in patients 
with CD4 cell counts less than 200 cells/mm3.75 The incidence of PJP 
declined markedly after the introduction of ART. Rates of PJP in the 
United States declined 21.5% per year from 1996 to 1998.76 Similarly, 
in the EuroSIDA cohort, the incidence of PJP declined from 4.9 cases  
per 100 person-years prior to the introduction of ART to 0.3 cases per 
100 person-years in 1998.77

■■ CLINICAL AND RADIOLOGIC FEATURES
PJP presents initially as a subacute condition, with a history of progressive 
exertional dyspnea accompanied by fever and cough. Occasionally a more 
acute illness with progression over the span of a several days may be seen. 
Acute dyspnea with chest pain may be indicative of a pneumothorax. 
In critically ill patients, the physical examination usually demonstrates 
evidence of acute respiratory distress, with surprisingly few adventitious 
sounds on auscultation of the chest. Acute hypoxemic respiratory failure 
requiring mechanical ventilation has been reported to occur in as many 
as 20% of hospitalized patients.78 Most often this occurs within the first 
3 days of starting antimicrobial therapy; less frequently acute hypoxemic 
respiratory failure develops as a complication of diagnostic bronchoscopy 
and rarely as the initial presentation to the emergency room.78

Classically, radiographic imaging demonstrates bilateral interstitial 
infiltrates; however, other presentations are possible including cystic 
changes, pneumothoraces, nodular or masslike opacities, and even 
cavities.79 Clinically overt PJP usually develops over a period of several 
days to weeks, and in this time, the radiologic picture tends to progress 
from a normal chest radiograph to a diffuse bilateral interstitial pattern. 
Varying degrees of alveolar involvement may also be seen; even frank 
consolidation may occur, as seen in Figures 69-1 through 69-4. Upper 
lung field involvement, as seen in Figure 69-5, has also been recognized 
increasingly, particularly (but not exclusively) in the context of aerosol 
pentamidine prophylaxis. To what extent aerosol pentamidine prophy-
laxis is responsible for the apparent increased frequency of PCP-related 
pneumothoraces remains controversial. Hypoxemia is indicative of 
more severe disease.

■■ DIAGNOSIS
Laboratory abnormalities may include elevated lactate dehydrogenase, 
although this is not diagnostic. Bronchoscopy with bronchial brushings 
and BAL can establish the diagnosis. BAL is a rapid, safe, and effective 
means of obtaining tracheobronchial secretions to provide an adequate 
diagnostic specimen. Unlike in non-HIV cases of PJP, lung biopsy is 
seldom required to confirm the diagnosis of PJP in those with HIV, 
because of a greater organism load. Organisms can be demonstrated by 
staining with either toluidine blue, methenamine silver, or Giemsa stain 
(see Fig. 69-6).

As seen in Figure 69-6, the usual pathologic picture of PJP consists of a 
mild to moderate interstitial inflammatory reaction with predominance 
of lymphocytes and alveolar macrophages and the presence of a foamy 
alveolar exudate (as seen with hematoxylin and eosin [H&E] staining). 
The foamy appearance of the alveolar exudate is caused by the presence 
of the cystic form of the organism, which is not stained with H&E but 
can be easily recognized using readily available special stains (Figs. 69-7 
and 69-8). As seen in Figure 69-8, BAL allows clear identification of the 
organism if the specimen is concentrated and stained appropriately.

The composition of the alveolar exudate has not been established con-
clusively. However, BAL studies suggest that this is an inflammatory exu-
date rich in immunoglobulins, macrophages, and suppressor cytotoxic 

FIGURE 69-2.  Posteroanterior chest x-ray of PJP demonstrating extensive bilateral 
basilar lung involvement.

FIGURE 69-3.  Anteroposterior chest x-ray demonstrating diffuse bilateral lung disease 
secondary to PJP in a patient with respiratory failure immediately prior to intubation. Air bron-
chograms can be seen throughout the lung, particularly in the upper lung fields bilaterally.
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FIGURE 69-4.  Posteroanterior chest x-ray of a patient with PJP who presented with a 
left-sided pneumothorax.

FIGURE 69-5.  Posteroanterior chest x-ray of a patient with PJP who presented with 
bilateral upper lung disease.

FIGURE 69-6.  Characteristic foamy honeycomb material seen in alveolar spaces in 
Pneumocystis pneumonia (H&E stain, × 3100).

FIGURE 69-7.  Cup-and-saucer-shaped Pneumocystis organisms seen on BAL (GMS 3 100).

lymphocytes.80 Although P jirovecii infection is usually confined to the 
lungs, systemic pneumocystosis (involving liver, spleen, lymph nodes, 
adrenals, and eyes) has been reported occasionally.81 Polymerase chain 
reaction (PCR) methodology has been applied to the diagnosis of PJP 
using blood, sputum, and BAL but is not widely available and remains 
investigational.

FIGURE 69-8.  BAL specimen showing characteristic granular material found in 
Pneumocystis pneumonia infection (H&E stain, × 3100).
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■■ MANAGEMENT
Trimethoprim-sulfamethoxazole (TMP-SMX) is effective against P 
jirovecii, as well as various gram-negative and gram-positive bacte-
rial organisms. Intravenous trimethoprim-sulfamethoxazole (15 mg/kg  
of the trimethoprim component divided three times daily) is recom-
mended for severely ill patients (eg, PaO2 <70 mm Hg, A-a gradient  
>45 mm Hg).82 The optimal duration of therapy is 21 days (see 
Table  69-4). Side effects of trimethoprim-sulfamethoxazole include 
rash (including severe mucocutaneous reactions), cytopenias, and renal 
dysfunction. A number of reports have documented successful desensi-
tization of TMP-SMX-allergic patients using progressively larger doses 
of the drug. Hypersensitivity-type reactions such as fever or rash can 
also be treated with diphenhydramine or corticosteroids.83

Dapsone (100 mg by mouth daily), a sulfone, is effective against 
Pneumocystis in combination with trimethoprim (TMP) (15 mg/kg daily, 
in three doses per day). This combination has similar efficacy and better 
tolerability and safety compared to TMP-SMX.84 Nonetheless, adverse 
reactions of this combination are common, including hemolytic anemia 

with methemoglobinemia, thrombocytopenia, neutropenia, liver dys-
function, rash, and gastrointestinal upset, which often interferes with 
oral drug administration. Dapsone-induced methemoglobinemia and 
hemolytic anemia are particularly severe among individuals with glucose-
6-phosphate dehydrogenase deficiency, so prescreening for this glucose-
6-phosphate dehydrogenase deficiency should be considered. It is also 
important to note that the hemolytic anemia will produce an increase in 
LDH that should not be misinterpreted as a sign of worsening PJP.85

If used for therapy, pentamidine is usually administered intravenously 
(4 mg/kg once daily diluted in 250 mL of 5% dextrose and water) for 14 
to 21 days. Adverse reactions to pentamidine are common, occurring in 
up to 100% of patients in some series. Common adverse drug reactions 
include renal and hepatic dysfunction, neutropenia, thrombocytopenia, 
hyponatremia, rash, fever, and gastrointestinal upset. Hypotension 
is common with pentamidine infusion. Administering pentamidine 
slowly over several hours can minimize hypotension. If severe or long-
lasting hypotension occurs, this should be treated supportively with a 
vasopressor because it is readily reversible. Occasionally, carbohydrate 

  TABLE 69-4    Antimicrobial Therapy of Common Infections in AIDS Patients

Infection Drug of Choice Total Daily Dose Dose Interval Route Usual Duration Alternative Therapy

Protozoa

Toxoplasmosis 
(Toxoplasma gondii)

Pyrimethaminea 200 mg loading dose, then 
50 mg (if <60 kg), or 75 mg (if 
>60 kg)

Daily PO ≥6 weeksb Pyrimethamine (leucovorin) plus 
clindamycin 600 mg IVc or PO q6h,

Or

TMP-SMX (TMP 5 mg/kg and SMX 
25 mg/kg) IV or PO BID 

plus

Sulfadiazine 4000 mg (if <60 kg), or 6000 mg  
(if >60 kg)

6 h PO >6 weeks

plus 10-25 mg

Leucovorin Daily PO >6 weeks

Maintenance therapy:

Pyrimethaminea 25-50 mg Daily PO Indefinitely Pyrimethaminea 25-50 mg/d PO

plus plus leucovorin 10-25 mg PO daily

plus clindamycin 600 mg PO q8h

Or

TMP-SMX DS 1 tablet BID

Sulfadiazine 2000-4000 mg 12 h PO Indefinitely

plus

Leucovorin 10-25 mg Daily PO Indefinitely

Cryptosporidiosis 
(Cryptosporidium)

No proven effective therapy Nitazoxanide 500-1000 mg PO BID for 
14 d, or Paromomycin 500 mg PO QID 
for 14-21 d (optimize antiretroviral 
therapy, rehydrate)

Rehydration and electrolyte replacement

Optimize antiretroviral therapy

Isosporiasis (Isospora 
belli)

Trimethoprim-sulfamethoxazole 640 mg

3200 mg 6 h PO, IV 10 dd Pyrimethamine 50-75 mg PO daily plus 
leucovorin 5-10 mg PO daily for 4 weeks; 
or ciprofloxacin 500 mg PO BID × 7 d

Maintenance therapy:

Trimethoprim, 160 mg,  
sulfamethoxazole, 800 mg

3 times per week PO Until CD4 >200 
for >6 months

Pyrimethamine 25 mg PO daily plus 
folinic acid 5 mg PO daily

(Continued)
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  TABLE 69-4    Antimicrobial Therapy of Common Infections in AIDS Patients

Infection Drug of Choice Total Daily Dose Dose Interval Route Usual Duration Alternative Therapy

Pneumocystosis  
(P jirovecii)

Intravenous therapy

TMP-SMX TMP 15-20 mg/kg and SMX 
75-100 mg/kg

6-8 h IV 21 d Clindamycin 600 mg q6h IV plus  
primaquine 30 mg (base) daily PO

or

Pentamidine 4 mg/kg per day IV

Oral therapy

TMP-SMX TMP 15-20 mg/kg and SMX 
75-100 mg/kg

8 h PO 21 d TMP-SMX 2 DS tablets q8h PO;

or dapsone 100 mg daily plus TMP 
5 mg/kg PO TID

or clindamycin 450 mg q6h PO plus 
primaquine 30 mg (base) daily

or atovaquone 750 mg q12h PO with 
food

Primary Prophylaxis or Maintenance 
therapy:

TMP-SMX 1 DS tablet (preferred) Daily PO Indefinitely Dapsone 100 mg PO daily,

Or 1 SS tablet Or atovaquone 1500 mg PO daily

Candidiasis  
oropharyngeal

Fluconazole 100 mg Daily PO 7-14 d Itraconazole 100 mg PO daily for 14 de 
(or 100 mg BID for 7 d); or  
topical antifungal (nystatin or  
clotrimazole 3-5 times daily)

Esophageal Fluconazole 100-400 mg Daily PO/IV 14-21 d Itraconazole 200 mg PO daily  
(3 weeks)e

or Voriconazole 200 mg PO/IV BID,

or Posaconazole 400 mg PO BID,

or an echinocandin,

or amphotericin B formulation

Fluconazole refrac-
tory mucosal 
candidiasis (oral 
esophageal)

Itraconazole oral solutione 200-400 mg 12 h PO 
(swish 
and 
swal-
low)

2 weeks An echinocandin IV

or an amphotericin B formulation IV,

or Voriconazole PO/IV,

or posaconazole PO/IV

Cryptococcal men-
ingitis (Cryptococcus 
neoformans)

Liposomal amphotericin B 3-4 mg/kg Daily IV ≥2 weeks amphotericin B 0.7 mg/kg/d IV 
plus 5-flucytosine; or fluconazole 
800 mg/d, plus 5-flucytosine 

Plus

5-Flucytosine 100 mg/kg 6 h PO ≥2 weeks

Then consolidation:

Fluconazole 400 mg Daily PO/IV 8 weeks Itraconazole 200 mg bid POe

Maintenance therapy:

Fluconazole 200 mg Daily PO ≥12 months

Viral infections

CMV (cytomega-
lovirus peripheral 
retinitis, esophagitis, 
colitis, or pneumonia)

Ganciclovir 10 mg/kg 12 h IV 21 d Foscarnet 90-100 mg/kg IV q12 h 
(infusion over 2 h by pump).d For 
non-ICU patients with CMV retinitis; 
valganciclovir 900 mg PO BID for 21 d. 
For sight-threatening retinitis add 
intravitreal ganciclovir or foscarnet

(Continued)

(Continued)
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metabolism abnormalities (hypo- or hyperglycemia) may develop, 
including insulin-dependent diabetes mellitus. Ventricular arrhythmias 
and pancreatitis have also been reported.

Atovaquone, a hydroxynaphthoquinone, is a useful second-line agent 
for the treatment of mild to moderate PJP, being less effective than TMP-
SMX but having a very favorable safety profile. Atovaquone is available 
only in an oral formulation. Furthermore, atovaquone is contraindicated 
in the presence of moderate to severe diarrhea. For these reasons, atova-
quone does not lend itself well to use in the critical care setting.86

Adjunctive corticosteroids for PJP are recommended in severe cases 
because they have been shown to reduce mortality and morbidity.78,87 
Prospective, randomized placebo-controlled studies have demonstrated 
a beneficial short-term effect of adjunctive corticosteroid therapy,88,89 
which prevents the characteristic early deterioration in gas exchange 
seen in untreated patients and results in a faster resolution of the epi-
sode (as measured by respiratory rate, temperature, heart rate, PaO2, and 
LDH). Systemic corticosteroids are recommended routinely as adjuvant 
therapy for moderate and severe PJP if no contraindications are present.87  
A regimen consisting of oral prednisone 40 mg twice daily for the initial 
7 days followed first by 40 mg orally daily for 7 days and then by 20 mg 
orally daily for the final 7 days is recommended.87 Corticosteroids 
should be started early in the course of the disease, and to this end, a 
PaO2 threshold of 70 mm Hg has been proposed.87 It must be emphasized 
that adjuvant corticosteroid therapy should be continued while patients 
are on anti-PJP antimicrobials to avoid the rapid deterioration often 
seen following premature discontinuation of adjuvant corticosteroids. 
Prednisone therapy should be tapered slowly until discontinuation of 
the treatment phase of antimicrobial therapy. Following completion 
of initial therapy, long-term secondary prophylaxis with TMP-SMX, 
dapsone or atovaquone must continue until such time as ART-related 
immune reconstitution occurs (CD4 cell count >200 cells/mm3 for three 
successive months)90 (Table 69-5).

Response to antimicrobials generally is slow, and significant improve-
ment usually does not occur until after 5 to 7 days.83 With the use of 
adjunctive corticosteroids, however, significant improvement can be 
observed within the first 3 days of treatment.89 Patients who fail to 
improve within the first 5 days of therapy should be reviewed thor-
oughly to rule out potential intercurrent infections (such as ventilator-
associated pneumonia) or other complications, including pneumothorax 
and fluid volume overload. Evidence of P jirovecii resistance to sulfa-
methoxazole has been demonstrated in patients with prior sulfonamide 
exposure by the presence of mutations in the gene of sulfamethaxazoles’ 
target enzyme, dihydropteroate synthase (DHPS).91 The results of stud-
ies that have evaluated the clinical significance of such mutations are 
conflicting. A retrospective Danish study suggested that DHPS muta-
tions are predictive of mortality,92 whereas another did not confirm this 
prediction.93 Lack of improvement within 7 days of therapy generally 
is interpreted as a failure of treatment and therefore an indication for 
a trial of the alternative agent. A meta-analysis of salvage therapy sug-
gested that clindamycin in combination with primaquine was the most 
effective alternative to the initially prescribed regimen.94 This finding 
has been substantiated in more recent cohort analyses when compared 
to older therapies such as pentamidine.95 A change in antimicrobial 
would also be warranted if severe adverse reactions develop despite the 
use of adjunctive corticosteroids.

■■ PROGNOSIS
Untreated, PJP is universally fatal. With the use of appropriate antimi-
crobials, overall mortality of AIDS-related PJP is below 10%. However, 
the mortality clearly increases with the severity of the episode.78,87 The 
expected mortality of a mild first episode of PJP, therefore, usually 
is negligible. In addition, young age and early diagnosis have been 
correlated with better outcome.78,96 The mortality of ARF secondary 
to AIDS-related PJP appears to be changing. In the early days of the 

  TABLE 69-4    Antimicrobial Therapy of Common Infections in AIDS Patients

Infection Drug of Choice Total Daily Dose Dose Interval Route Usual Duration Alternative Therapy

Maintenance therapyf:

Valganciclovir 900 mg Daily PO For ≥3-6 
months and until 
CD4 >100 and if 
considered safe  
to stop by  
ophthalmologist

Foscarnet 90-120 mg/kg once daily IV 
(infusion over 2 h by pump)  
5-7 d/week

Bacteria

M avium complex 
(MAC)

Clarithromycin 1000 mg 12 h PO ≥12 mo Alternative includes azithromycin 
500 mg daily (instead of 
clarithromycin) 

plus

Ethambutol 15 mg/kg Daily PO ≥12 mo

plus/minus

Rifabutin 300 mg Daily PO >12 mo

d, days; IM, intramuscular; IV, intravenous; PO, by mouth; q6h, every 6 h; qid, four times per day; tid, three times per day.
aPyrimethamine should be used in conjunction with leucovorin (10-50 mg/d for primary therapy, 10-20 mg/d for maintenance therapy) in order to minimize hematologic toxicity (anemia, leukopenia, thrombocyto-
penia). AZT should be used with caution during the acute phase of treatment of toxoplasmosis.
bPrimary therapy for toxoplasmosis should be continued until complete resolution or marked improvement has occurred clinically and radiologically (≥6 weeks).
cClindamycin (plus pyrimethamine) is as effective as sulfadiazine (plus pyrimethamine) for induction but less effective for maintenance therapy of cerebral toxoplasmosis.
dSaline loading may reduce foscarnet-associated nephrotoxicity.
eTake itraconazole capsules with food or cola. However, itraconazole solution is best absorbed fasting.
fMaintenance therapy is mandatory for CMV retinitis but not always required for gastrointestinal involvement.

(Continued)
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epidemic, mortality was greater than 80% in most series.97 Mortality 
has been reduced to less than 50% with the addition of systemic cortico-
steroids.78,87,88 However, if PJP-related acute respiratory failure develops 
despite early intervention with maximal therapy, including corticoste-
roids and appropriate antimicrobial agents, the prognosis appears to be 
dismal, with a mortality greater than 90% in some series.98

MYCOBACTERIUM TUBERCULOSIS
HIV is associated with significantly increased risk of reactivation 
of latent tuberculosis and progression to active disease in recently 
acquired infections. Tuberculosis occurs with varying degrees of fre-
quency among HIV-infected individuals, reaching 20% in some series. 
Tuberculosis is now seen as a major pulmonary infection in HIV-infected  
positive patients in many resource-limited settings.99 Because the risk 
of developing tuberculosis is proportional to the risk of developing 
it prior to the acquisition of HIV, its incidence in North America is 
greatest among intravenous drug users, aboriginal populations, and 
individuals originally from TB-endemic regions. Tuberculosis usually 
develops within the year prior to the diagnosis of other AIDS-defining 
conditions. Either pulmonary or disseminated tuberculosis in an HIV-
infected individual is diagnostic of AIDS according to the CDC clas-
sification of HIV disease.

■■ CLINICAL AND RADIOLOGIC FEATURES
The symptoms of tuberculosis in the context of HIV generally are 
nonspecific because “classic” tuberculosis symptoms (fatigue, malaise, 
weight loss, fever, and night sweats) are extremely common, even in 
moderately advanced stages of HIV disease. In contrast to the immuno-
competent host, in the context of HIV disease, reactivating tuberculosis 
usually has radiologic features similar to those of primary tuberculosis, 
including hilar and/or mediastinal adenopathy, middle and lower lung 
infiltrates, pleural effusions, or a miliary pattern. Apical infiltrates or 
cavities are seen only in a minority of patients. As many as 9% of patients 
with AIDS-related TB with CD4 counts of less than 200 cells/mm3 have 
a normal chest x-ray with a positive sputum culture for tuberculosis.100 
Furthermore, PJP is diagnosed simultaneously in as many as 25% of the 
cases of tuberculosis.

■■ DIAGNOSIS
Tuberculin skin testing (PPD) with a threshold of 5 mm induration may 
be useful among HIV-infected individuals because tuberculosis devel-
ops more frequently in patients known to have a previously positive test; 
however, at the time of diagnosis of AIDS, at least 30% of patients are 
anergic. Other modalities such as interferon-γ release assays (IGRAs) 
may supplement the PPD to diagnose prior tuberculosis exposure and 
thus play a role in evaluating potential risk for active tuberculosis.101

Tuberculosis is usually diagnosed with smear and culture of sputum 
or BAL. Of particular note, blood culture may have a diagnostic yield 
(2%-12% in some patients). Rapid diagnostic tests (within 24 hours) 
have been approved for the detection of M tuberculosis RNA or DNA 
in respiratory tract specimens. Such tests are particularly useful in the 
management of selected patients who are positive or negative for an 
acid-fast bacilli smear, particularly for those with an intermediate pretest 
probability of having tuberculosis.102,103

■■ MANAGEMENT
Current therapeutic guidelines (revised recently by the American 
Thoracic Society [ATS] and the CDC) recommend a standard approach 
to tuberculosis therapy in the setting of HIV infection, that is, first-line 
therapy with quadruple-drug regimens initially for the first 2 months 
consisting of isoniazid (plus pyridoxine), rifampin, pyrazinamide, and 
ethambutol. The continuation phase of treatment consists of isoniazid  
(plus pyridoxine) and rifampin for four more months (total  
6 months).104,105 Patients who respond slowly to treatment should 
have the continuation phase of treatment increased to 7 months (total  
9 months, or 6 months after documented culture conversion). During 
the continuation phase, treatment may be administered either on a daily 
basis or three times weekly. Due to concerns regarding increased risk of 
rifampin resistance, the use of daily treatment, as opposed to twice or 
three times weekly dosing schedules, is recommended, particularly in 
patients with CD4 cell counts under 100 cells/mm3.104,105

A high proportion of patients with multidrug-resistant tuberculosis 
(MDR-TB) have been HIV-infected.106,107 MDR-TB should be suspected 
in patients with persistent fevers after 14 days of therapy, particularly in 
areas of high prevalence.108 Persistent fevers have also been associated 
with extensive pulmonary or miliary disease in cases of non-MDR-TB. 
In contrast to previous reports, HIV-infected patients with MDR-TB 
had survival rates similar to those with non-MDR-TB when an early 
diagnosis was established and treatment was initiated with a regimen 
containing at least two drugs to which the isolate was susceptible in 
vitro.108 Expert consultation is recommended for the management of 
patients with suspected or proven drug-resistant TB. Principles of ther-
apy include the use of at least three previously unused drugs, not limiting 
regimens to three drugs if other active unused drugs are available (since 
four- to six-drug regimens appear to be more effective), using directly 
observed therapy (DOT), and avoiding intermittent therapy except pos-
sibly for injectable drugs after the first 2 to 3 months.104 MTb-IRIS is 
important to consider in the differential diagnosis of any HIV-positive 
patient who appears to worsen during the course of therapy for MTb.

Drug interactions occur predominantly due to rifampin-related 
induction of the cytochrome P-450 isoenzyme 3A4. Concomitant use 
of rifampin leads to reductions in concentrations of the non-nucleoside 
reverse transcriptase inhibitors.109,110 This effect is greater for nevirapine, 

  TABLE 69-5    Guidelines for Discontinuation of Primary and Secondary Prophylaxis for Selected Opportunistic Infections Following Antiretroviral-induced Immune Reconstitution82

Opportunistic Infection Initiate Primary Prophylaxis Discontinue Primary Prophylaxis Discontinue Secondary Prophylaxis

Pneumocyctis jirovecii pneumonia •	 CD4 <200 cells/mm3 or history of  
oropharyngeal candidiasis

•	 CD4 >200 cells/mm3 for ≥3 months •	 CD4 >200 cells/ mm3 for ≥3 months

Toxoplasma encephalitis (TE) •	 Toxoplasma seropositive and CD4  
<100 cells/ mm3

•	 CD4 >200 cells/mm3 for ≥3 months •	 CD4 >200 cells/ mm3 for ≥6 months, completed initial 
therapy and remain free of signs and symptoms of TE

Mycobacterium avium complex •	 CD4 <50 cells/ mm3 •	 CD4 >100 cells/ mm3 for ≥3 months •	 CD4 >100 cells/ mm3 for ≥6 months on ART, and 12 months of 
MAC therapy with documented clinical and microbiologic resolution

Cryptococcus neoformans Not indicated Not applicable •	 CD4 ≥100 cells/ mm3 for ≥3 months with suppressed plasma 
HIV RNA, and asymptomatic for cryptococcal infection, after 
completion of initial therapy and 1 year of maintenance 
therapy

Cytomegalovirus Retinitis Not indicated Not applicable •	 CD4 >100 cells/mm3 for ≥6 months with suppressed plasma 
HIV RNA. Requires confirmation of clinical resolution of disease
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leading to a recommendation for the preferential use of efavirenz use 
in ART regimens in coinfected patients on rifampin-based regimens.105 
The use of PI is contraindicated in patients receiving rifampin-based 
regimens due to profound decreases in plasma concentrations of PIs. 
Accordingly, alternative rifamycins such as rifabutin are recommended 
in patients who require PI-based ART.105 The use of rifabutin is limited 
by cost in the developing world.

In addition, there is remaining debate regarding optimal timing for 
initiation of antiretroviral therapy in patients with TB. The risks of tox-
icities and tuberculosis-related immune reconstitution syndrome must 
be balanced with consideration of the risk of increased mortality if ART 
is delayed.

OTHER CAUSES OF PULMONARY INFILTRATES  
IN HIV-INFECTED INDIVIDUALS

■■ CYTOMEGALOVIRUS DISEASE
CMV is commonly isolated from cultures from BAL samples in patients 
with underlying PJP, but is not likely a pathogen in this setting.111 
Patients with confirmed PJP respond to anti-Pneumocystis treatment 
whether or not CMV is also recovered in BAL specimens.112 However, 
the prominent role of CMV as a gastrointestinal or ocular pathogen 
among these patients is clearly recognized.

In advanced HIV infection, CMV can occasionally cause inter-
stitial pneumonitis. However, this diagnosis must be made by tissue 
biopsy demonstrating evidence of CMV cytopathic effect (ie, intra-
nuclear and intracytoplasmic inclusions) and excluding other respira-
tory pathogens.113 Presentation of CMV infection is similar to that of 
PJP (dry cough, dyspnea, and diffuse infiltrates on chest radiograph).114 
Appropriate therapy for CMV is intravenous ganciclovir with consider-
ation of step-down to oral valganciclovir.

■■ FUNGAL INFECTIONS IN THE HIV-INFECTED PATIENT
Fungal pneumonias are a rare cause of respiratory failure among 
HIV-infected individuals. Disseminated infection is often present. 
Aspergillosis, cryptococcosis, histoplasmosis, and coccidioidomy-
cosis are encountered most frequently and usually are associated 
with advanced HIV disease. Reported rarely in AIDS prior to 1990, 
invasive aspergillosis had an incidence estimated to be between 0.9% 
and 8.6% among patients with AIDS in the pre-ART era,115 but much 
less common in recent years. Respiratory tract syndromes caused by 
Aspergillus spp in AIDS include invasive pulmonary aspergillosis, 
obstructing bronchial lesions, and tracheobronchitis. The presenting 
symptoms frequently are cough and fever; less common complaints 
include dyspnea, chest pain, and hemoptysis.115 A common radiologic 
finding in AIDS-related invasive pulmonary aspergillosis is a thick-
walled cavity.116

■■ HISTOPLASMOSIS
In North America, histoplasmosis is usually restricted geographically 
to the endemic zone extending from Mexico and Texas up through the 
central United States (especially the Mississippi Valley area) and into 
eastern Canada. Most patients with histoplasmosis will have a history 
of exposure to endemic areas.117-119 Although less common at present, 
during the pre-ART era (before 1996), histoplasmosis occurred in 2% 
to 5% of HIV-infected patients in endemic areas but in as many as 25% 
in certain cities. Although over 90% of cases have occurred in patients 
whose CD4 count was less than 100 cells/μL, histoplasmosis was the first 
AIDS-defining illness in half the cases.120

Histoplasmosis in the context of AIDS is almost always a disseminated 
infection. The clinical presentation is usually that of a nonspecific febrile 
illness often accompanied by other features such as pulmonary infil-
trates, hepatosplenomegaly, lymphadenopathy, pancytopenia, and liver 
enzyme elevations.120 The spectrum of disease ranges from a nonspecific 
febrile illness (often with constitutional and/or respiratory symptoms) 

to a syndrome resembling septic shock (10% of patients) with respira-
tory and multiorgan failure. Chest radiographs reveal diffuse infiltrates 
(interstitial or reticulonodular) in approximately half the patients, but 
radiologic findings are normal in one-third of patients.121 A rapid pre-
sumptive diagnosis can be obtained by demonstrating the organism in a 
buffy coat smear (30% sensitivity), bone marrow biopsy, or occasionally 
other tissues. The small intracellular yeast forms may be seen within leu-
kocytes. The diagnosis is confirmed by fungal culture (blood, bone mar-
row, respiratory tract specimens, lymph node, or skin biopsy), although 
a positive result may take several weeks.122 Complement-fixation titers 
are negative in up to 30% of non-AIDS patients with histoplasmosis. 
Similarly, in AIDS patients, a negative serology for histoplasmosis does 
not reliably exclude the disease. However, antigen detection in serum 
and urine is rapid and reliable, but the test is not widely available, and 
specimens must be sent to the reference laboratory.123 A helpful clue to 
the diagnosis of disseminated histoplasmosis is the presence of a markedly 
elevated serum LDH concentration (>600 IU in 73% of patient in one 
series),124 which may also be seen in AIDS-related disseminated toxoplas-
mosis. A prospective, double-blind study in moderate to severe AIDS-
related disseminated histoplasmosis demonstrated greater efficacy and 
significantly increased survival with liposomal amphotericin B (3 mg/kg  
per day) compared with conventional amphotericin B (0.7 mg/kg per day) 
as induction therapy.125 Itraconazole is effective therapy for patients with 
mild to moderate disease.117,126

■■ COCCIDIOIDOMYCOSIS
The endemic zone for coccidioidomycosis in North America is limited 
to the southwestern United States and extends into northern Mexico. 
Coccidioidomycosis is an important opportunistic infection in endemic 
areas, occurring in 6% of HIV-infected patients in Arizona during the 
pre-ART era (before 1996), either as reactivation disease, but primarily 
due to recent acquisition.127,128 Most patients have a CD4 count of less 
than 250 cells/μL at the time of diagnosis. This infection should be 
considered in HIV-infected individuals who have history of exposure 
to endemic areas and who present with a compatible illness. Clinical 
features are nonspecific and may include fevers, dyspnea, focal or 
diffuse pulmonary infiltrates, meningitis, skin lesions, arthritis, and 
lymphadenopathy. Some patients have fevers and weight loss with no 
focal lesions.129 The most common clinical presentations include diffuse 
or focal pulmonary infiltrates and meningitis. The diagnosis is made 
by histologic examination and fungal culture of respiratory secretions, 
tissue biopsies (skin or lymph node), spinal fluid, and blood. The char-
acteristic coccidioidal spherules may be identified using lactophenol 
cotton blue stain, Gomori silver methenamine stain, or Papanicolaou 
stain. The CSF characteristics in coccidioidal meningitis usually include 
a pleocytosis of greater than 50 cells/μL that consists of predominantly 
lymphocytes. The CSF glucose concentration is low, and the protein 
concentration is elevated. Serology for coccidioidomycosis is positive in 
approximately 80% of HIV-related cases, but seronegative pulmonary 
disease has been described.129 Positive CSF serology (complement fixa-
tion) for C immitis usually indicates the presence of coccidioidal men-
ingitis. Fluconazole represents an important advance in the therapy of 
coccidioidomycosis because of the efficacy and lower side-effect profile 
of fluconazole compared with amphotericin B.130 Lifelong suppressive 
azole therapy is required in coccidioidal meningitis.131-133

■■ KAPOSI SARCOMA
Kaposi sarcoma (KS) involves the lungs in up to 15% of patients with 
mucocutaneous KS.134 Clinically significant pulmonary KS without 
obvious mucocutaneous involvement is rare. Pulmonary KS often is 
indistinguishable from other HIV-related pulmonary diseases. Cough 
and dyspnea are common presenting features. Fever, wheezing, hoarse-
ness, and even upper airway obstruction can occur. Sputum production 
usually is scant or absent. Hemoptysis is relatively frequent. Chest radio-
graph usually shows nodular opacities of varying sizes coexisting with 
varying degrees of interstitial disease.135 Pleural and nodal involvement 
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is also frequent. Bronchoscopic evaluation usually rules out a super-
imposed treatable HIV-related disease in patients with pulmonary KS. 
Bronchoscopy and BAL may also allow visualization of the characteristic 
red-violaceous lesions in the endobronchial tree. Although biopsy of 
these bronchial lesions at times can provide diagnostic confirmation, 
this is rarely required135 and is not recommended due to concern regard-
ing hemorrhage. Despite improvements in outcomes with ART-related 
immune reconstitution and the use of chemotherapeutic regimens such 
as liposomal doxorubicin (alternatively paclitaxel), mortality of KS 
remains high.136,137 Corticosteroids may cause progression of cutaneous 
or visceral KS and are contraindicated.

■■ NEUROLOGIC MANIFESTATIONS IN HIV-INFECTED PATIENTS
Neurologic disease secondary to opportunistic infection or neoplasm 
in HIV-infected individuals may be associated with a depressed level 
of consciousness and occasionally precipitates ICU care. The most 
frequently encountered neurologic syndromes in HIV-infected patients 

are meningitis, dementia, encephalopathy, focal neurologic deficits, 
myelopathy, peripheral neuropathy, and myopathy.138,139 Often the neu-
rologic disease may be associated with systemic illness rather than a 
focal neurologic insult. The prevalence of CNS opportunistic infections 
is again dependent on the level of immune suppression. In addition to 
common viral and bacterial etiologies of meningoencephalitis, which 
can affect even immune-competent individuals, unusual infections 
such as Cryptococcus neoformans and Toxoplasma are AIDS-defining 
conditions. With advanced disease (CD4 cell counts <200 cells/mm3) 
progressive multifocal leukoencephalopathy (PML) associated with JC 
virus and primary CNS lymphomas must be considered although are 
most commonly seen in those with CD4 cell counts <50 cells/mm3.

The various etiologic agents responsible for these syndromes, in addi-
tion to key points of clinical presentation and diagnostic evaluation, are 
summarized in Table 69-6. In general, most of the treatable infections 
complicating AIDS produce either meningitis or progressive focal neu-
rologic deficits due to localized inflammatory lesions in the brain, often 

  TABLE 69-6    Neurologic Complications in HIV-Infected Individuals 

Neurologic Syndrome Etiologic Agents Clinical Presentation Diagnostic Evaluation

Meningitis

Aseptic (HIV) Headache, meningismus, and fever (all less 
common in chronic cases), with/without cranial 
neuropathies (V, VII, VIII); may occur with serocon-
version, but more common later in HIV disease

CSF examination: mild mononuclear pleocytosis, elevated 
protein, glucose normal (differential diagnosis also 
includes syphilis and lymphomatous meningitis)

Bacterial (S pneumoniae, N meningiditis, 
Listeria monocytogenes, H influenzae)

Fever, headache with/without meningeal signs, 
confusion, seizures. Bacterial meningitis rare in 
HIV-infected patients

CSF examination: polymorphonuclear pleocytosis, high 
protein, low glucose, with/without positive Gram stain 
bacterial cultures of blood and CSF

M tuberculosis Usually subacute-chronic meningitis. Clinical 
manifestations similar to those in HIV-negative 
patients. Fever (89%), headache (59%), meningeal 
signs (65%), altered mentation (43%), focal deficits 
(19%), and clinical or radiologic evidence of extra-
meningeal tuberculosis (65%)

CSF examination: lymphocytic pleocytosis, low glucose, and 
increased protein; smear for acid-fast-bacilli insensitive;  
cultures for M tuberculosis required. Rapid CSF diagnosis 
through the use of nucleic acid amplification assays is 
promising, but assays have not been validated in CSF

C neoformans Often headache, fever, and vomiting; sometimes 
confusion, seizure, meningismus, cranial nerve  
palsies; occasionally meningitis symptoms are 
minimal and presentation is fever, fungemia, and/
or extrameningeal lesion (eg, skin, pneumonia)

CSF white blood count usually <20/µL; CSF, glucose, 
and protein often normal; cryptococcal antigen positive 
in CSF (>90%) and serum (94%-100%); 50% will have 
associated fungemia

Coccidioides immitis Fever, lethargy, headache, with/without meningis-
mus, confusion (consider if travel/residence history 
for endemic zone, eg, southwestern United States).

Complement-fixing (CF) antibody titer positive in 83% of 
patients with AIDS-related coccidioidomycosis. Any positive 
CSF titer of CF antibodies is usually diagnostic of meningitis. 
CSF profile: lymphocytic pleocytosis usually >50 cells/µL,  
elevated protein, low glucose. Fungal cultures of blood and CSF

Diffuse brain disease

HIV-associated dementia HIV Usually alert, but impaired cognition (usually 
concentration and memory), behavior (apathy, 
personality change), and motor function (slowing 
and reduced coordination); sometimes organic 
psychosis or mania

Abnormalities on neurocognitive testing. Other findings 
may include hyperreflexia, ataxia, release signs, leg 
weakness, incontinence, and mutism. CT or MRI: atrophy 
± patchy or diffuse abnormalities of hemispheric white 
matter seen on MRI (T2-weighted)

Diffuse encephalopathies Toxic metabolic disorders (eg, hypoxia, sepsis, 
drugs), CNS toxoplasmosis, CNS lymphoma, 
occasionally viral infection (CMV, HSV)

Impaired alertness and cognition, with/without 
focal neurologic deficits

Blood chemistry to exclude metabolic causes, with/ 
without drug levels, serology for toxoplasmosis. MRI or 
contrast-enhanced CT head scan: focal lesions may be seen 
in toxoplasmosis, lymphoma, herpes simplex encephalitis

Focal brain disease

Toxoplasmosis Toxoplasma gondii Headache (55%), confusion (52%), fever (47%), 
seizures (29%), reduced level of consciousness 
(42%), and focal deficits (69%) usually progressing 
over days

MRI or contrast-enhanced CT scan: spherical ring–enhancing 
lesions in cortex, thalamus, or basal ganglia, but may have 
atypical appearances. Toxoplasma serum serology (IgG)  
usually positive (84%); possible brain biopsy if no response 
to empiric therapy for toxoplasmosis (see Fig. 69-1).

(Continued)
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  TABLE 69-6    Neurologic Complications in HIV-Infected Individuals 

Neurologic Syndrome Etiologic Agents Clinical Presentation Diagnostic Evaluation

Lymphoma Strong association with Epstein-Barr virus 
(EBV)

Confusion, lethargy, memory loss, progressive focal 
deficit(s), headache, seizure; more slowly progres-
sive than toxoplasmosis. CD4 count usually  
<50 cells/µL

MRI or contrast-enhanced CT scan: usually 1-2 lesions in 
white matter (often periventricular), may mimic toxoplas-
mosis but enhancement usually weaker and homogenous; 
possible brain biopsy. Conflicting results for utility of spinal 
fluid PCR for EBV DNA for diagnosis, but may have improved 
sensitivity and specificity when combined with increased 
uptake on thallium SPECT scan

Progressive multifocal 
leukoencephalopathy 
(PML)

JC virus (papovavirus) Slowly progressive focal deficits (over weeks), but 
no systemic toxicity or reduced level of conscious-
ness in the early stage

MRI or contrast-enhanced CT scan: nonenhancing white 
matter lesions without mass effect. Definitive diagnosis 
requires brain biopsy (sensitivity 64%-96%). Spinal fluid PCR 
for JCV 72%-92% sensitive and 92%-100% specific in pre-
ART era, (lower sensitivity for patients on ART). Compatible 
clinical presentation plus positive PCR supports diagnosis

Neurosyphilis Treponema pallidum Focal neurologic deficits (meningovascular involve-
ment) with prodromal symptoms for weeks-
months such as headache and behavioral changes. 
Syphilitic meningitis may include cranial nerve 
palsies. Ocular syphilis (eg, optic neuritis) often 
associated with CNS involvement

Positive serum RPR and FTA-ABS; CSF examination: mono-
nuclear pleocytosis (>20/µL), with/without positive VDRL 
(sensitivity ~50%); mild CSF leukocytosis of 6-20 cells/µL 
(if CSF VDRL negative) may be indistinguishable from CSF 
abnormalities caused by HIV and require CSF-FTA-ABS test-
ing or treatment for possible neurosyphilis

Myelopathy

a) � Subacute chronic  
(diffuse)

HIV (vacuolar), HTLV-1 Slowly progressive, painless ataxia, and spasticity; 
bowel-bladder dysfunction occurs late; often coexistent 
with dementia. Usually no distinct sensory/motor level

MRI or CT scan best reserved for patients with atypical 
findings where segmental lesions are to be excluded. 
Consider HTLV-1 serology

b) � Acute, subacute 
(transverse myelitis)

Varicella zoster, lymphoma, cytomegalovirus More rapid onset of myelopathy than for HIV CT scan or MRI, myelography

Radiculopathies Varicella-zoster virus Herpes zoster dermatomal vesicular lesions Clinical diagnosis, with/without positive viral PCR from skin lesions 

Cytomegalovirus Subacute and progressive ascending polyradicu-
lopathy with sensory loss, urinary retention, and 
flaccid paraparesis

CSF: polymorphonuclear pleocytosis, elevated protein, 
low glucose, with/without CSF PCR positive for CMV

Mononeuritis multiplex Autoimmune vascular lesion in early HIV 
(CD4 200-500/µL)

Findings compatible with involvement of multiple 
distinct peripheral nerves. More severe in advanced 
HIV disease

Nerve conduction studies

associated with headache. However, most of the causes of diffuse brain 
involvement are not associated with headache. A suggested sequence of 
investigations in the HIV-infected patient with headache or CNS dys-
function is outlined in Figure 69-9.

■■ MENINGITIS
The clinical presentation of both acute and chronic meningitis is little 
different in the AIDS patient from that seen in the immunocompetent 
host: headache, fever, and nuchal rigidity of variable duration and sever-
ity. Common causes of bacterial meningitis are similar to the general 
adult population (pneumococcus, meningococcus, and Listeria mono-
cytogenes). The most important cause of meningitis in the HIV-infected 
patient is Cryptococcus neoformans. Uncommon etiologies include 
Mycobacterium tuberculosis,140,141 Coccidioides immitis,127 Histoplasma 
capsulatum, and Treponema pallidum (syphilis). HIV-related aseptic 
meningitis may occur at the time of seroconversion but is more common 
later in the course of HIV disease.

CRYPTOCOCCUS NEOFORMANS

■■ CLINICAL PRESENTATION
Although less common since the introduction of ART, cryptococcosis 
occurred in approximately 5% to 10% of individuals at some point dur-
ing the course of HIV infection in the pre-ART era. Cryptococcal disease 
in AIDS usually presents as a subacute to chronic meningitis, and con-
comitant pulmonary infection may be present. The duration of symptoms 
before presentation varies from a few days to several weeks. It is important 

to note that the diagnosis of meningitis may be overlooked because head-
ache and other neurologic symptoms may be mild or absent. Furthermore, 
meningeal signs are present in only a minority of cases. Other presenta-
tions of cryptococcosis include skin lesions and unexplained fever.

An elevated opening pressure at lumbar puncture is common in cryp-
tococcal meningitis. Abnormalities in CSF cell count and glucose and 
protein concentrations may be minimal or absent despite positive results 
for cryptococcal antigen and positive fungal cultures. The CSF white blood 
cell count usually is less than 20/μL and predominantly lymphocytic. The 
CSF glucose concentration is usually normal but may be low. The serum 
cryptococcal antigen determination provides a rapid, noninvasive test that 
is highly sensitive for diagnosing extrapulmonary disease. The organism 
may be cultured from spinal fluid, blood, urine, sputum, and skin lesions. 
Patients with C neoformans initially isolated from the lung, skin, or blood 
should be investigated for the presence of disseminated disease, including a 
lumbar puncture, even in the absence of headache or neurologic symptoms.

■■ MANAGEMENT
A suggested sequence of investigations in the HIV-infected patient with 
headache or CNS dysfunction is outlined in Figure 69-9. An HIV-infected 
patient presenting with an illness compatible with cryptococcosis whose 
serum cryptococcal antigen titer is positive (unless the serum crypto-
coccal antigen titer is 1:8 or less, which may represent a false-positive 
result) should be started on antifungal therapy before completion of the 
investigations if there are delays involved in obtaining neurologic imag-
ing, or if contraindications to performing a lumbar puncture exist (eg, 
mass lesion or shift on CT head scan or coagulopathy). Initial treatment 
of AIDS-related cryptococcal meningitis is amphotericin B at 0.7 mg/kg  

(Continued)
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per day in combination with flucytosine (5FC) 25 mg/kg orally four 
times daily82 (Table 69-4). Initial clinical trial data showed that the 
addition of flucytosine to amphotericin B improves CSF sterilization at 
2 weeks of treatment and has fewer subsequent relapses; however, there 
was no survival benefit.142 Additional observational studies have also 
demonstrated the enhanced fungicidal activity of this combination.143  
Recent trials have suggested that in resource-limited settings where flu-
cytosine may not be available, addition of fluconazole to amphotericin 
may also be associated with similar early fungicidal activity.144 Liposomal 
amphotericin B is better tolerated than conventional amphotericin B, 
particularly if renal dysfunction occurs. Similar efficacy of treatment 
was observed with liposomal amphotericin at either lower or higher 
dose (3 or 6 mg/kg per day) compared with conventional amphotericin B  
(0.7 mg/kg per day).145 More recently, improved efficacy with a survival 
benefit was demonstrated with the combination of amphotericin B 
plus 5-flucytosine (vs amphotericin B alone, or amphotericin B plus 
fluconazole) in AIDS-related cryptococcal meningitis.142 Individuals 
with major intolerance to amphotericin formulations may be consid-
ered for treatment with a salvage regimen of high-dose fluconazole 
(800-1200 mg/d) plus 5-flucytosine (100 mg/kg per day divided q6h).  
However, the fungicidal activity of the latter regimen is inferior to 
amphotericin-based therapy.146,147

Increased intracranial pressure is common, and its documentation 
and management are vital.148 Serial lumbar punctures or placement of 
a CSF shunt are often necessary to reduce intracranial pressure. After 

FIGURE 69-9.  Approach to the HIV-infected patient with headache or CNS dysfunction. aFactors that favor Primary Central Nervous System Lymphoma (PCNSL) include: (i) negative serum 
serology for toxoplasma, (ii) on chronic prophylaxis with TMP-SMX or dapsone, and (iii) neuroimaging lesions that are periventricular, or involve deep white matter, or demonstrate diffuse (vs 
ring enhancement) or weak contrast enhancement. EBV, Epstein-Barr virus; PCNSL, primary central nervous system lymphoma; PCR, polymerase chain reaction; PML, progressive multifocal 
leukoencephalopathy.
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a clinical response has been obtained (usually after 2-3 weeks), patients 
should be switched to oral fluconazole (400-800 mg daily) to complete 
10 weeks of therapy. Thereafter, the fluconazole dosage is reduced to 
200 mg daily.82 Lifelong suppressive therapy is recommended, unless the 
patient undergoes immune reconstitution with antiretroviral therapy 
in which case prophylaxis can be discontinued149 (see Table 69-5). An 
unacceptably high relapse rate has been observed during suppressive 
therapy with itraconazole at 200 mg daily (24%) compared with flucon-
azole at 200 mg daily (4%).150 Despite its importance for initial diagnosis, 
the serum cryptococcal antigen titer has not been helpful in assessing 
either the response to initial treatment or a suspected relapse of crypto-
coccal meningitis.151

IRIS has been described in patients with cryptococcosis who 
subsequently receive ART (see the section Immune Reconstitution 
Inflammatory Syndrome above).

FOCAL NEUROLOGIC DISEASE
Patients presenting with focal neurologic deficits should have urgent 
magnetic resonance imaging (MRI) or a computed tomographic (CT) 
head scan with contrast material, because these investigations usu-
ally show evidence of CNS toxoplasmosis (Fig.  69-10), lymphoma 
(Fig. 69-11), cryptococcoma, tuberculoma, or PML. Occasional cases of 
subacute focal brain disease may be caused by aspergillosis, cryptococ-
coma, tuberculoma, varicella-zoster virus infection, or herpes simplex 
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encephalitis. PML usually presents with radiologic evidence of white 
matter disease without mass effect. The abrupt onset of focal neuro-
logic deficit suggests either a seizure or vascular disorder. Patients with 
a CT scan or MRI compatible with toxoplasmosis should be treated 
empirically with pyrimethamine and sulfadiazine in combination with 
leucovorin, or alternatively pyrimethamine and clindamycin again in 
combination with leucovorin (to alleviate the hematologic toxicities of 
pyrimethamine).82 The diagnosis of toxoplasmosis usually is presump-
tive based on (1) positive toxoplasmosis serology (IgG antibody) in most 
individuals, (2) compatible neuroimaging, and (3) subsequent clinical 
and radiologic response to empiric therapy.152 Corticosteroids should 
be given (dexamethasone 4 mg q6h) if there is brain imaging showing a 
midline shift, or signs of critically elevated intracranial pressure, or early 
clinical deterioration within the first 48 hours of treatment. However, 
lymphoma may respond transiently to corticosteroids, confounding 
the assessment of response to toxoplasmosis therapy and also reducing 
the diagnostic yield of any subsequent brain biopsy. Early brain biopsy 
should be considered for patients with mass lesion(s) who are less likely 
to have toxoxplasmosis based on the combination of neuroimaging find-
ings, negative toxoplasma serology, and whether the patient developed 
the lesions while taking TMP-SMX prophylaxis. Those who do not 
respond to a short (10 day) course of empiric toxoplasma therapy should 
be considered for brain biopsy. Initiation of ART has been associated 
with improved clinical course and survival time in HIV-related PML for 
the subset of patients having relatively high CD4 counts and low spinal 
fluid JC viral load at the time of diagnosis.153 JC viral load in spinal fluid 
usually becomes undetectable for PML patients who respond to ART. 
No antiviral agent directed against JC virus has been demonstrated to  
be effective in the management of PML.154 Neurosyphilis is responsible 
only occasionally for focal neurologic deficit, but it is important to con-
sider this treatable condition.

DIFFUSE BRAIN DISEASE (DEMENTIA  
AND ENCEPHALOPATHY)
AIDS dementia complex, now called HIV-associated dementia (HAD), 
is the most severe manifestation of the spectrum of HIV-associated 
neurocognitive disorders (HAND).139 HIV-associated dementia appears 
to be caused by chronic HIV infection of the CNS.155 Patients with HAD 
present with varying degrees of impaired cognition, behavior, and motor 
function but usually remain alert. In contrast, the diffuse encephalopa-
thies associated with toxic and metabolic disorders, CNS toxoplasmosis, 
lymphoma, or viral infection (eg, herpes simplex or CMV) usually impair 
cognition and decrease consciousness. Patients with HAD should be 
treated with combination antiretroviral therapy. Antiretroviral therapy 
can both prevent and ameliorate HAD156; improved efficacy may be 
associated with regimens that include drugs that have good CNS pen-
etration (eg, zidovudine [AZT], abacavir, nevirapine).157

OTHER COMMON OPPORTUNISTIC INFECTIONS

■■ MYCOBACTERIUM AVIUM COMPLEX
MAC disease typically occurs when the CD4 lymphocyte count is less 
than 50 cells/mm3 and MAC is often disseminated. MAC occurs later 
than MTb in the course of HIV infection, typically when the CD4 lym-
phocyte count has fallen below 50 cells/μL. Several nonspecific symp-
toms, signs, and routine laboratory abnormalities occur frequently in 
patients with MAC, including fever (87%), night sweats (78%), diarrhea 
(47%), weight loss (38%), anemia (85%), and elevated serum alkaline 
phosphatase levels (53%).158 Clinical and radiologic evidence of lower 
respiratory tract involvement (4%-10%) is usually absent. Occasional 
patients have few or no symptoms in the face of MAC bacteremia.

Diagnosis:  The diagnosis of MAC is established by isolating the 
organism from blood (mycobacterial blood culture) or less often 
from tissue biopsy (eg, bone marrow, liver) or other normally sterile 

FIGURE 69-10.  Double-dose delayed CT scan of the head demonstrating two lesions 
of cerebral toxoplasmosis. Note the ring-enhancing appearance of the right cerebral lesion.

FIGURE 69-11.  Double-dose delayed CT scan of the head demonstrating a lesion of 
cerebral lymphoma in a patient with HIV infection. Note the subependymal localization of the 
lesion, which is common in cerebral lymphoma.
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body fluids. In a prospective study, multivariate analysis identified 
three independent predictors of mycobacteremia in patients with 
CD4 counts of less than 50 cells/mm3: (1) fever for 30 days during 
the previous 3 months, (2) serum albumin concentration of less than 
3.0 g/dL, and (3) hematocrit of less than 30%.159 When applied pro-
spectively to a validation set, the presence of at least one of the three 
predictors had high sensitivity (94%), modest specificity (42%), and 
modest positive predictive value (30%).159

Management:  A three-drug combination of clarithromycin, etham-
butol, and rifabutin significantly improved survival (median = 8.6 vs  
5.2 months; compared to a four-drug regimen of ciprofloxacin, 
rifampin, ethambutol, and clofazimine) and eradication of myco-
bacteremia in a randomized controlled trial160 (Table 69-4). Adverse 
effects of rifabutin included uveitis, which occurred much less often 
at a daily dose of 300 mg (6%) compared with 600 mg (38%).160 Results 
from a randomized trial of combination therapy for MAC bacteremia 
indicated a survival benefit for a regimen containing clarithromycin 
500 mg bid compared with 1000 mg bid.161 In a randomized trial, 
Chaisson and coworkers162 reported higher mortality among patients 
receiving clofazimine (61%) compared with placebo (38%, p = 0.032) 
in combination with clarithromycin and ethambutol.

At present, rifabutin may not need to be added routinely to clarithro-
mycin/ethambutol for treatment of AIDS-related MAC bacteremia. In a 
comparison of dual versus triple therapy including rifabutin, no clinical 
benefit was observed. However, among those who responded to therapy, 
subsequent development of clarithromycin resistance occurred in 2%  
(1 of 44) and 14% (6 of 42) who received rifabutin and placebo, respec-
tively (p = 0.055).163 Nonetheless, the significance of the protective effect 
of rifabutin on subsequent clarithromycin resistance is doubtful in the 
ART era because long-term survival and subsequent MAC bacteremia 
relapses are related primarily to immune reconstitution rather than  
continued clarithromycin susceptibility of the MAC isolate.

Primary prophylaxis of MAC is indicated for patients with CD4 
counts below 50 cells/mm3 (see Table 69-5). A randomized compara-
tive study indicated that azithromycin 1200 mg once weekly is a more 
effective prophylactic than rifabutin 300 mg daily,164 in addition to being 
less expensive and less problematic with respect to drug interactions. 
Clarithromycin is also effective for MAC prophylaxis; however, when 
breakthrough mycobacteremia occurs, 29% to 58% of MAC isolates are 
clarithromycin resistant. MAC drug resistance has not been a problem 
among failures of rifabutin prophylaxis and was observed in only 11% 
of azithromycin failures.164 The desire to preserve clarithromycin as an 
active drug for treatment of MAC bacteremia provides the rationale for 
restricting its use as an alternative prophylaxis drug. Primary prophy-
laxis for MAC bacteremia may be discontinued if there is a sustained rise 
in the CD4 count to more than 100 cells/μL for at least 3 months82 (see 
Table 69-5). Both primary and secondary prophylaxis may be discontin-
ued after documentation of immune reconstitution.

HIV INFECTION CONTROL AND POSTEXPOSURE 
PROPHYLAXIS
It is important to emphasize that HIV is not transmitted through casual 
contact. This is particularly reassuring for the families and health care 
providers of AIDS patients. Within the hospital setting, the advent of  
HIV and similar blood-borne pathogens has led to the evolution  
of practices designed to reduce the risk of transmission to health care 
workers, that is, universal precautions. At present implementation of 
Isolation Precautions practices within the health care system begins with 
the assumption that blood and certain bodily fluids from any patient 
could be infectious in nature. As such, Standard Precautions require the 
use of personal protective equipment (gloves/gown/possible face shield) 
when interacting with blood, bodily fluids, nonintact skin, and mucus 
membranes of patients.165 Current guidelines also detail steps required 
to reduce the risk for work-place needle stick injuries.165 Appropriate 
education regarding these practices is important within the ICU as the 

prevalence of HIV and hepatitis C within hospitalized patients is likely 
significant—a cross-sectional prevalence study at a tertiary care hospital 
in Germany found that the prevalence of HIV infection in hospital-
ized patients was 5.3%—15-fold higher than the general population.166 
Needlestick injuries are a common workplace occurrence—an estimated 
300 to 800,000 occurred annually in the United States in 1998.167 After 
a single accidental needle stick exposure to contaminated material, the 
rate of seroconversion to HIV is approximately 1 per 300 exposures, or 
0.3 percent. Risk factors for seroconversion were evaluated in a case-
control study and include visibly contaminated needles/devices, the 
device being used directly in an artery or vein, and a deep injury.168 
Prompt risk assessment postinjury and initiation of postexposure pro-
phylaxis with antiretroviral therapy reduce the risk of seroconversion by 
at least 80%.168 Guidelines for the management of occupational exposure 
recommend the use of a standard combination regimen of three agents 
for high-risk exposures for a 28-day period postinjury, with close moni-
toring for potential toxicities.169

SUPPORTIVE CARE FOR AIDS PATIENTS IN THE ICU
Resuscitation and supportive care of AIDS patients in the ICU includes 
airway protection, noninvasive ventilation, mechanical ventilation, 
cardiovascular monitoring and support, gastrointestinal and nutritional 
management, and psychological supportive care. Airway assessment is 
important in patients who have a depressed level of consciousness, usu-
ally because of neurologic problems or systemic sepsis, and in patients 
who have acute respiratory failure. Detailed discussion of the manage-
ment of acute hypoxemic respiratory failure is presented in Chap. 43.  
In general, patients with arterial hypoxemia require supplemental 
high-flow, high-concentration oxygen. If hypoxemia is refractory to 
supplemental oxygen, then mask continuous positive airway pres-
sure (CPAP) of 5 to 10 cm H2O may improve arterial hypoxemia and 
decrease respiratory rate in alert patients who are able to protect their 
airway.98 Mask CPAP has been used for up to 11 days. Pneumothorax 
occurs infrequently, in approximately 5% of patients.170 Mask CPAP also 
allows speech and therefore ongoing discussion regarding prognosis and 
therapeutic options. Noninvasive ventilation using BiPAP may also pre-
clude the need for intubation and mechanical ventilation. Endotracheal 
intubation and mechanical ventilation are indicated in patients who 
require airway protection, or who do not respond to CPAP or BiPAP. 
Assist-control ventilation with positive end-expiratory pressure is usu-
ally necessary for PCP patients who require mechanical ventilation.

In patients who meet the criteria of ARDS,71 lung-protective venti-
lation with a tidal volume of 6 mL/kg of ideal body weight is recom-
mended because this decreases the mortality of ARDS from 40% to 30% 
(ARDSnet). It is recommended to use the ARDSnet protocol, which 
includes titration of positive end-expiratory pressure (PEEP) and FiO2 
according to a simple algorithm. Use of higher PEEP generally is not 
recommended because of the risk of barotrauma (especially in PCP) and 
because a randomized, controlled trial of higher PEEP versus “usual” 
PEEP171 found no significant improvement in mortality.

Critically ill AIDS patients may develop cardiovascular instability. 
Systemic arterial catheterization is appropriate for continuous arterial 
pressure monitoring and arterial blood gas determinations. Hypotension 
has many causes, including hypovolemia, autonomic neuropathy, pentami-
dine, or septic shock. Hypovolemia may be caused by increased insensible 
fluid losses, diarrhea, and inadequate intake. Autonomic neuropathy occurs 
in some AIDS patients and appears to explain the occasionally sudden 
fatal hypotension and bradycardia.172 The hypotension that may occur 
during infusion of pentamidine can be minimized by administering the 
drug slowly over 4 hours, as described earlier. Hypotension in critically 
ill AIDS patients may be the result of septic shock owing to bacterial 
sepsis (eg, pneumococcus, H. influenzae, Staphylococcus, or enteric 
gram-negative bacilli), PJP, or other systemic fungal infection such as his-
toplasmosis. Patients who have PJP, similar to patients who have bacterial 
sepsis, have tachycardia, decreased systemic vascular resistance, increased 
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cardiac output, and hypotension.98 The clinical approach to management 
is similar to that for other critically ill patients, detailed in Chap. 64. The 
evaluation of adrenal insufficiency and use of corticosteroids for septic 
shock173 are relevant; furthermore, patients with PJP or suspected PJP 
should be treated with hydrocortisone, as discussed earlier.

Enteropathy, malnutrition, and weight loss are very common gastroin-
testinal problems in AIDS patients. Up to 30% of AIDS patients have mul-
tiple gastrointestinal pathogens.174 The causes of common gastrointestinal 
problems in AIDS patients are listed in Table 69-7. Esophagitis may be 
caused by Candida, CMV, and herpes simplex virus (HSV). Candida 
esophagitis usually presents with dysphagia, but marked odynophagia 
suggests either HSV or CMV esophagitis. Oropharyngeal and esopha-
geal Candida infection rarely gives rise to deep visceral involvement or 
disseminated candidiasis. Antifungal treatment options for esophagitis 
include fluconazole or echinocandins, while management of candidemia 
and other invasive forms of candidiasis include echinocandins, flucon-
azole, lipid formulations of amphotericin B, and amphotericin B. AIDS 
patients with esophageal symptoms and thrush may be treated empiri-
cally with fluconazole 100 to 200 mg daily. If there is no response, then 
esophagoscopy and biopsy should be performed. Diarrhea occurs in 
about 50% of AIDS patients and is caused by gastrointestinal infections, 
AIDS-associated enteropathy, and much less commonly, gastrointestinal  
neoplasms. Gastroenteritis may be secondary to Cryptosporidium, 
Giardia, Isospora, Salmonella, MAC, and CMV. Cryptosporidium and 
Microsporidia may cause severe diarrhea, and although specific anti-
microbial therapy for cryptosporidiosis has not been proved effective, 
clinical and microbiologic resolution has been reported anecdotally in 
association with ART-induced immune reconstitution. Enterocolitis may 
be the result of infection with Shigella, Campylobacter, Entamoeba histo-
lytica, and CMV. Finally, sexually transmitted proctitis caused by gonor-
rhea, syphilis, Chlamydia, or HSV may produce severe rectal symptoms 
accompanied by frequent small-volume stools associated with blood and 
mucus. Clostridium difficile colitis should also be considered in patients 
treated recently with antibacterial agents. Others have diarrhea caused 
by AIDS-associated enteropathy,175 which may represent an unidentified 
infectious cause, possibly HIV or an autoimmune disorder.

Investigation of diarrhea includes examination of stool for ova and 
parasites, stool culture, and C difficile toxin assay, and occasionally, 
flexible sigmoidoscopy and upper gastrointestinal endoscopy.176 The 
treatment of critically ill AIDS patients who have diarrhea includes 
bowel rest, standard antimicrobial therapy for isolated pathogens,174,177 
intravenous fluid and electrolytes, symptomatic antidiarrheal therapy, 
and nutritional therapy. Antimotility agents should be avoided when 
certain enteric pathogens (eg, Salmonella, Shigella, E histolytica, and C 
difficile) are suspected. Total parenteral nutrition may be necessary in 
critically ill patients who have significant diarrhea because enteral nutri-
tion frequently exacerbates the diarrhea. Malnourished AIDS patients 
who are critically ill and do not have diarrhea often respond adequately 
to enteral nutrition supplemented as appropriate with potassium, mag-
nesium, calcium, and phosphate.

AIDS patients, family, and friends may also suffer important emotional 
and psychological problems that require counseling, psychological sup-
port, and the empathy of health care workers. In many communities 

with a high prevalence of AIDS patients, active peer support groups may 
be extremely helpful. In addition, family physicians and referring spe-
cialists who have long-term care relationships with patients can provide 
valuable support to the critical care team.

ICU ELIGIBILITY OF AIDS PATIENTS
The two fundamental issues determining ICU eligibility in a patient 
with AIDS are the patient’s prognosis and the patient’s wishes regarding 
life support. Concerning prognosis, it is necessary to assess both the 
prognosis of the acute illness necessitating life support and the prognosis 
of the underlying HIV disease. Prior to the development of AIDS, the 
prognosis of HIV disease generally was dictated by the CD4 count and 
the remaining antiretroviral treatment options available.

As in any other critical illness, it is of utmost importance to involve 
the patient or those close to the patient, whenever possible, in discus-
sions regarding the appropriateness of ICU admission and life support. 
Often the issue of life support has been considered previously, and the 
patient has already made his or her wishes known to primary physi-
cians, friends, or relatives.178 ICU admission and life support gener-
ally are inappropriate for patients with life-threatening complications 
for which there is no particularly effective therapy (eg, high-grade 
lymphoma). It is reasonable, however, to offer ICU admission and life 
support to patients with an acceptable quality of life who have a potent
ially reversible acute illness.179

In every instance, clear goals of ICU admission should be established 
with the patient, family, and treating physicians. Obviously, a lucid, well-
informed patient and his or her family may refuse life support. Finally, it 
must be emphasized that the outlook of AIDS and its related conditions 
has improved considerably. For this reason, rigid policies regarding ICU 
admission are undesirable, and detailed evaluation of each situation on 
a case-by-case basis is required. For patients who still have antiretrovi-
ral therapy options and in whom there is some expectation of partial 
immune reconstitution, there is no CD4 count that by itself would be 
considered justification for exclusion of the patient from admission to 
the ICU. It should also be noted that the initiation of ART may be associ-
ated with clinical improvement in patients with opportunistic diseases 
for which there is no proven specific effective therapy (eg, microspo-
ridiosis, cryptosporidiosis, PML, and macrolide-resistant disseminated 
MAC infection).

  TABLE 69-7    Causes of Common Gastrointestinal Problems in AIDS Patients

Problem Organisms

Esophagitis Candida, CMV, HSV

Gastroenteritis Cryptosporidium, Microsporidium, Giardia lamblia, Isospora 
belli, Salmonella, MAC, CMV

Enterocolitis Shigella, Campylobacter, Entamoeba histolytica, CMV, 
Cryptosporidium, MAC, Clostridium difficile

Sexually transmitted proctitis N gonorrhea, Chlamydia trachomatis, Treponema pallidum, HSV

CMV, cytomegalovirus; HSV, herpes simplex virus; MAC, Mycobacterium avium complex.
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INTRODUCTION
Invasive fungal infections are an increasingly prevalent problem in 
hospitalized patients, especially those in intensive care units (ICU).1-9 
Candida species cause more than 90% of fungal infections in the ICU 
setting. Candida species are the third most frequent cause of blood-
stream infections in ICUs in US hospitals and are responsible for 10% 
of nosocomial infections in some European ICUs.1,4 The reasons for 
the increase in invasive Candida infections in ICU patients include the 
expanding numbers of immunocompromised patients, longer survival 
in the ICU of patients who have multiple medical problems, increased 
use of devices and invasive procedures that disrupt the host’s natural 
barriers to infection, and the adverse effects of broad-spectrum antimi-
crobial agents on the normal human microbiota.

Far less frequent are infections due to Aspergillus species, but there  
are increasing reports of invasive aspergillosis in nonneutropenic 
patients in the ICU.10,11 Occasional patients who have endemic mycoses, 
such as histoplasmosis and blastomycosis, cryptococcosis, or non-
Aspergillus mold infections, such as mucormycosis, are cared for in the 
ICU, but these infections will not be addressed in this chapter. The main 
focus will be on invasive Candida infections.

EPIDEMIOLOGY OF FUNGAL INFECTIONS IN THE ICU

■■ SOURCES OF CANDIDA CAUSING INVASIVE INFECTION
Candida species are part of the normal human microbiota. Most infec-
tions are due to those strains of Candida that have colonized the gastro-
intestinal tract, genitourinary tract, or skin of the patient.5,9 Colonization 
with Candida is a prerequisite for subsequent infection except in those 
rare circumstances in which exogenous introduction of Candida species 
has occurred.12,13 Disruption of the gastrointestinal mucosa, as occurs 
during surgery or with chemotherapy-induced ulcerations, in concert 
with broad-spectrum antimicrobial agents, allows overgrowth of the 
patient’s own commensal Candida strains and subsequent egress to the 
bloodstream.5,14 In addition, Candida that exists on the skin can enter 
the bloodstream directly by ingress along an indwelling intravenous 
catheter.15 Less commonly, candidemia is due to Candida originating 
from the genitourinary tract, and then almost always in the setting of 
obstruction.16 Rarely, if ever, are Candida species colonizing the oro-
pharynx responsible for invasive infection and candidemia.17

Uncommonly, outbreaks of Candida infections have been linked to 
transmission from the hands of health care workers, especially those 
who have onychomycosis or onycholysis or those who wear artificial 
nails.12,18-20 Candida parapsilosis, the predominant species that colonizes 
hands, is the species most often associated with outbreaks, but other 
species have also been implicated.21

■■ CANDIDA SPECIES CAUSING INVASIVE INFECTION
Candida albicans remains the most common cause of candidemia in 
ICU patients2,5,6,9,22 (Table 70-1). In the last two decades, increasing 
numbers of ICUs in the United States have reported a shift upward in the 
proportion of candidemias that are caused by other Candida species.22-28  
In some tertiary care centers, nearly 50% of candidemias now are caused 
by non-albicans Candida species.28 The most prominent species to 
emerge in the United States is Candida glabrata.5,22,29,30 Although many 
hospitals in Europe report a picture similar to that seen in the United 
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KEY POINTS

•• �Candida species are the third most frequent cause of bloodstream 
infections in ICUs in US hospitals and are responsible for 10% of 
nosocomial infections in some European ICUs.

•• Candida albicans is the most common cause of candidemia in ICU 
patients. In the last two decades in the United States, there has been 
a shift upward in the proportion of candidemias that are caused by 
other Candida species, especially Candida glabrata. The prominent 
Candida species in many neonatal ICUs is Candida parapsilosis.

•• The risk factors for invasive candidiasis include extremes of age, 
trauma, burns, high APACHE II score, recent abdominal surgery, 
gastrointestinal tract perforation, pancreatitis, mechanical ventila-
tion, central venous catheters, parenteral nutrition, dialysis, and 
broad-spectrum antibiotic therapy.

•• Candiduria is common in the ICU and is mostly related to the 
presence of indwelling bladder catheters and broad-spectrum anti-
microbial agents. The vast majority of patients who are candiduric 
are colonized, do not develop upper tract infection or candidemia, 
and do not require treatment.

•• All patients who have documented candidemia should have a 
dilated eye examination by an ophthalmologist to determine 
whether metastatic infection is present in the eye.

•• All patients with documented candidemia should be treated with 
an antifungal agent. Prompt treatment of candidemia significantly 
decreases the mortality rate, and delay for 24 hours or more after 
the blood culture is taken is associated with increased mortality.

•• In an ICU in which C glabrata is a commonly isolated organism, 
initial treatment should be with an echinocandin. If the ICU histor-
ically has had few infections caused by C glabrata, initial treatment 
shoud be with fluconazole. After the organism has been identified, 
therapy should be switched to the most appropriate agent.

•• Removal of central venous catheters in patients with candidemia 
leads to more rapid clearing of the organism from blood and 
improved outcomes.

•• Prophylaxis against invasive candidiasis with fluconazole could be 
considered in ICUs that have rates of candidemia that exceed 10%; 
it should not be used in most ICUs.
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States, others have few candidemias due to C glabrata.2,31 Most hospi-
tals in South and Central America report very few cases of C glabrata 
infection and many more infections due to C parapsilosis and Candida  
tropicalis.32 Additionally, several studies have confirmed that C glabrata 
is an uncommon cause of infection in children, but becomes an increas-
ingly important pathogen in older adults.25,29 Medical centers that treat 
many patients with hematological malignancies report higher rates of 
isolation of C glabrata and Candida krusei.33 This is due, in part, to 
increased use of fluconazole in these centers.34

The prominent Candida species in many neonatal ICUs is C parap-
silosis, and this organism is especially likely to colonize central venous  
catheters.21,22 Candida tropicalis is prominently noted in cancer 
patients.9,33 Other species, such as Candida lusitaniae, Candida guillier-
mondii, and Candida dubliniensis, are uncommon causes of candidemia 
and invasive candidiasis.35

■■ RISKS FACTORS FOR INVASIVE CANDIDIASIS
The risk factors for invasive candidiasis are many and include extremes 
of age, trauma, burns, high APACHE II score, recent abdominal sur-
gery, gastrointestinal tract perforation, pancreatitis, mechanical ven-
tilation, central venous catheters, parenteral nutrition, dialysis, and 
broad-spectrum antibiotic therapy2,4,7,9,22,29,36-38 (Table 70-2). A large 
prospective multicenter study in the United States that evaluated risks 
for candidemia in over 4000 patients admitted to surgical ICUs found 
that prior surgery, acute renal failure, parenteral nutrition, and central 
venous catheters were independently associated with increased risk for 
developing candidemia.22 Another multicenter study in Spain noted 
that the independent risk factors for development of candidemia were 
sepsis, prior surgery, parenteral nutrition, and Candida colonization at 
multiple sites.2

The risks of infection with non-albicans Candida species include 
those noted above for Candida in general, but also include prior 
exposure to antifungal agents.27,28 For C glabrata, risk factors include 
older age, recent abdominal surgery, use of multiple antibiotics, and 
receipt of parenteral nutrition.29,30,38 Among cancer patients who had C 
tropicalis fungemia, the independent risk factors included leukemia and 
prolonged neutropenia.39 Patients with C krusei candidemia have been 
noted to be more likely to have had prior exposure to antifungal agents, 
have a hematologic malignancy or a stem cell transplant, have neutrope-
nia, and have been treated with corticosteroids.33

CLINICAL DISEASE CAUSED BY CANDIDA SPECIES
A variety of different organ systems can be involved with invasive can-
didiasis (Table 70-3). Forms of candidiasis other than candidemia are 
less well defined. A common problem that arises in the ICU is how to 
determine invasive disease in the abdomen, the urinary tract, and the 
respiratory tract. The presence of Candida in cultures from these sites 
may reflect colonization, which is extremely common in these sites, or 
may be an indicator of invasive infection. These sites have a rank order 
for the likelihood of invasive candidiasis, with intra-abdominal infec-
tions being the most common, urinary tract infections the next most 
common, and respiratory tract infections, rare. Uncommon sites of 
Candida infection, such as endocarditis, meningitis, and osteoarticular 
infections, will not be discussed here.

■■ CANDIDEMIA
Candidemia is simply defined as the presence of Candida species in the 
blood. It is the most studied syndrome caused by Candida because it is 

  TABLE 70-2    Risk factors for Candidemia and Invasive Candidiasis

Medical/surgical Interventions
Dialysis
Central venous catheters
Broad-spectrum antibiotics
Parenteral nutrition
Prior surgery, especially GI tract
Mechanical ventilation
Gastric acid suppression
Immunosuppressive therapy
ICU stay >7 days

Host factors
Neonates, especially low birth weight
Older adults
Neutropenia
Renal failure
Bowel perforation
Pancreatitis
Burn wounds
Trauma
High APACHE II score

Candida colonization

APACHE II, acute physiology and chronic health evaluation.

  TABLE 70-3    Types of Systemic Illnesses Caused by Candida Species in ICU Patients

Common
Candidemia
Intra-abdominal infections

peritonitis
abscesses
cholangitis

Less common
Urinary tract infections

cystitis
pyelonephritis
fungus balls

Endophthalmitis
Uncommon

Endocarditis
Meningitis
Osteoarticular infections

Rare
Pneumonia

  TABLE 70-1    Candida Species Causing Infection in ICU Patients

Species Comments

Candida albicans Most common species; susceptible to fluconazole; can treat 
with fluconazole or echinocandins

Candida glabrata Increasingly found in ICUs, especially those with heavy fluconazole 
use; MICs high and many isolates resistant to fluconazole; more 
common in older adults; echinocandins preferred treatment

Candida parapsilosis More common in neonatal ICUs; susceptible to fluconazole; 
most common central venous catheter–associated species; 
low mortality rates; higher MICs to echinocandins; fluconazole 
preferred treatment

Candida tropicalis More common in cancer patients; susceptible to fluconazole; 
high mortality rates

Candida krusei More common in cancer patients; resistant to fluconazole;  
echinocandin preferred; high mortality rates

Candida lusitaniae Uncommon species; resistant to amphotericin B; fluconazole  
preferred treatment

Candida guilliermondii Uncommon species; higher MICs to echinocandins; fluconazole 
preferred treatment

Candida dubliniensis Uncommon species; similar to C albicans; susceptible to fluconazole

MIC, minimum inhibitory concentration.

section05_c61-73.indd   644 1/23/2015   12:48:26 PM

http://www.myuptodate.com


CHAPTER 70: Fungal Infections 645

easily defined and the end points for success are clear-cut. Candidemia 
can be an isolated event, or it can be a herald for disseminated infection 
involving multiple organs. Candidemia can culminate with sepsis, but 
many patients, especially those with an indwelling central venous cath-
eter, may be merely febrile with no localizing signs. Conversely, patients 
can have invasive candidiasis, but not be candidemic.

■■ INTRA-ABDOMINAL INFECTION
Intra-abdominal infections with Candida species most often occur sec-
ondary to bowel perforation, anastomotic leaks after bowel surgery, and 
acute necrotizing pancreatitis.40,41 Peritonitis and/or abscess formation 
can occur, and sepsis may ensue. C albicans is most often found, but 
in some medical centers, C glabrata predominates. The symptoms of 
intra-abdominal infection due to Candida do not differ from those seen 
with bacterial pathogens, and in fact, mixed bacterial-yeast infections 
are the rule.

The diagnosis is made when peritoneal fluid or abscess material 
obtained by ultrasound or CT-guided aspiration or at the time of sur-
gery yields Candida species. Growth of yeast from an indwelling drain 
is not adequate for the diagnosis of intra-abdominal Candida infection 
because it usually reflects only colonization of the drain.

■■ URINARY TRACT INFECTION
Candiduria is common in the ICU; this is mostly related to the pres-
ence of indwelling bladder catheters and broad-spectrum antimicrobial 
agents.42 The vast majority of patients who are candiduric are colonized 
and do not develop upper tract infection or candidemia. In one large 
prospective series in a general hospital setting, of 861 patients who had 
candiduria, only 7 became candidemic.43 With obstruction, however, 
pyelonephritis and subsequent fungemia can ensue.16 Further diagnostic 
studies, such as ultrasound and/or a CT urogram, are often needed to 
assess hydronephrosis and the presence of fungus balls.44 Several studies 
have noted an increase in mortality in patients who are candiduric, but 
this is believed to be a marker for significant underlying illnesses and 
cannot be attributed to Candida urinary tract infection.44,45

■■ RESPIRATORY TRACT INFECTION
Pneumonia due to Candida species is rare. When pulmonary involve-
ment does occur, it is secondary to hematogenous spread in markedly 
immunosuppressed patients.17 Infection is usually manifested as mul-
tiple nodules throughout the lung field; lobar infiltrates are uncommon. 
Sputum and bronchoalveolar lavage samples that yield Candida species 
have low specificity, and lung biopsy is needed to establish the diagnosis. 
In a prospective study of 232 ICU patients who died with pneumonia 
and underwent autopsy, none of 77 patients with Candida species 
isolated from a tracheal aspirate or bronchoalveolar lavage fluid had 
histopathologic evidence of Candida pneumonia.46 As is true of candi-
duria, respiratory tract colonization with Candida species is associated 
with increased mortality in ICU patients, likely reflecting the severity of 
underlying illnesses.47

OUTCOMES OF INVASIVE CANDIDA INFECTIONS
Invasive candidiasis is associated with a high mortality rate.3,22,23,48-52 
Crude mortality rates as high as 71% have been reported.49 For many 
patients, invasive candidiasis is a marker for serious underlying illness, 
but is not the cause of death. Attributable mortality has been difficult 
to evaluate, and estimates have varied from 30% to 62%.3,49 A recent 
prospective observational study in French ICUs found that independent 
factors associated with mortality from invasive candidiasis included 
diabetes mellitus, immunosuppression, and mechanical ventilation,52 
whereas a study that included all hospitalized patients in four medical 
centers in Sao Paulo, Brazil, found the highest risk factors were advanced 
age and high APACHE II score.51 The association of a high APACHE 
II score and increased mortality in patients with candidemia has been 
noted by others,23 as has increased mortality with increasing age.38 

Several studies have shown that prompt treatment of candidemia signifi-
cantly decreases the mortality rate, and delay for as long as 48 hours after 
the blood culture is performed is associated with increased mortality.53,54

Mortality appears to be higher in patients with candidemia due to C 
krusei, but this could reflect the fact that this species is seen more often 
in patients who have hematological malignancies.27,33 Mortality associ-
ated with candidemia due to C parapsilosis is consistently lower than that 
found with other species.23,51 In some studies, mortality rates for patients 
who have C glabrata fungemia have been noted to be higher than that 
seen with C albicans,27 but in other studies, there was no difference or 
the rates were lower.23,29,55

DIAGNOSIS
The diagnosis of invasive candidiasis requires clinical suspicion that 
Candida infection could be present. The patient might be only mildly ill 
or may have sepsis. Many of the manifestations of invasive candidiasis 
and candidemia do not differ from those seen with bacteremia and 
other serious bacterial infections, and patients, especially those with an 
intra-abdominal process, can have polymicrobial infection with yeasts 
and bacteria.

■■ CLINICAL CLUES
Several findings can help point one toward a diagnosis of candidemia. 
Skin lesions can occur on any area of the body. The lesions are usually 
nontender, nonpruritic pustules on an erythematous base. They may be 
tiny, looking similar to folliculitis, with little erythema, or the erythema 
can extend for a centimeter around the lesion (Figs. 70-1 and 70-2). 
Biopsy of these lesions reveals budding yeasts and sometimes both yeast 
and hyphal forms typical for Candida (Figs. 70-3 and 70-4).

Findings in the retina can also lead one to a diagnosis of candidemia 
although most often the retinal findings are prompted by an ophthalmo-
logical examination after blood cultures have yielded Candida species. 
The major symptom is visual loss; however, patients in the ICU often 
cannot complain of changes in visual acuity. Chorioretinitis appears as 
white spots on the retina that are distinctive enough to be considered 
diagnostic when seen by an ophthalmologist (Fig. 70-5). Vitreal exten-
sion of the infection causes worsening vision, and the ophthalmological 
examination reveals inflammatory changes in the vitreous and markedly 
abnormal visual acuity (Fig. 70-6). In patients in whom blood cultures 
yield Candida, a retinal examination by an ophthalmologist is strongly 

FIGURE 70-1.  Rather inconspicuous pustular skin lesions in a patient with candidemia.
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recommended, as the treatment regimen will change if endophthalmitis 
is documented.

■■ CULTURES
Culture of blood has sensitivity for yielding Candida species of only 50% 
to 60%, based on data using older methods for culturing blood. Using 
current automated systems, the yields are improved, but no analysis has 
been done to accurately assess the sensitivity of these systems in an ICU 
population at risk for candidiasis.56,57

Because Candida species are part of the microbiota of humans, 
growth of this organism from mucous membranes, abdominal drains, 
and sputum merely documents colonization with Candida species.17 
Candida pneumonia can only be diagnosed by finding tissue invasion 
in lung biopsy material, and not from culture of respiratory secretions.17 

FIGURE 70-2.  Skin lesions that show a central pustule surrounded by a large area of 
erythema in a patient with candidemia.

FIGURE 70-3.  Budding yeasts seen on Giemsa stain performed on a scraping taken from 
a pustular skin lesion in a patient with candidemia.

FIGURE 70-4.  Punch biopsy specimen from a pustular skin lesion stained with methena-
mine silver stain and showing yeasts and hyphae characteristic of Candida.

FIGURE 70-5.  Multiple different size chorioretinal lesions seen in a candidemic patient 
who developed endophthalmitis that did not extend into the vitreous body.

FIGURE 70-6.  Candida endophthalmitis showing extension of infection into the vitreous 
body causing cloudy appearance and inability to visualize the retina.
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In most patients, candiduria represents colonization of the urinary tract, 
and further studies are necessary to establish a diagnosis of Candida 
urinary tract infection.44 On the other hand, culture of Candida species 
from normally sterile sites, characteristic skin lesions, and involved tis-
sues implies invasive infection.

It takes 1 to 3 days for yeasts to grow in blood culture bottles and for 
the laboratory to notify the clinician of this event. In most laboratories, 
subculture onto solid media is required to determine the species of 
Candida, adding an additional few days until a final identification is 
reported. Several studies have shown increased mortality when anti-
fungal therapy is delayed more than 48 hours after blood is taken for 
culture.53,54 An increasing number of laboratories use a rapid specific 
fluorescence-based assay, PNA-FISH, that can identify C albicans and  
C glabrata within 1 to 2 hours of finding yeasts in a blood culture bottle.58,59

■■ NONCULTURE TECHNIQUES
Many years have been spent trying to develop an antigen assay for the 
diagnosis of invasive candidiasis. The most promising target is an assay 
for (1,3)-β-D-glucan, a component of the cell wall of fungi.60-63 This 
assay is not specific for Candida because the antigen is present in the cell 
wall of many fungi. However, it could be used as an indirect test for the 
possibility of candidiasis in appropriate high-risk hosts, such as those 
in the ICU. In one multicenter study in the United States and another 
single center in Japan (using a different assay), approximately 80% of 
patients with documented invasive candidiasis had a positive test, and 
the sensitivity was 70% to 85%.62,63 However, a study conducted specifi-
cally in ICU patients found a sensitivity of only 52%.61 At this point, it 
is not clear that this assay will prove to be more useful than obtaining 
cultures of blood.

PCR technology appears to hold promise for the diagnosis of invasive 
candidiasis and for identification of the infecting Candida species, but 
has yet to be developed as a commercially available, standardized assay. 
In some studies, but not in others, PCR facilitated earlier diagnosis.64,65

IDENTIFYING PATIENTS AT RISK  
FOR INVASIVE CANDIDIASIS
Because of the difficulty in quickly establishing a diagnosis of invasive 
candidiasis, strategies to determine which patients are at greatest risk 
for invasive candidiasis have been developed with the intent of allowing 
therapy for invasive candidiasis to begin as early as possible in appropri-
ate patients.66,67 A number of prediction rules have been formulated to 
identify high-risk patients. The prediction rules are of two types: one 
type uses the presence of Candida colonization as one component of the 
rule and is more commonly used in European medical centers36,68,69; the 
other does not use Candida colonization in formulating the rule and is 
more common in North American medical centers.70,71

■■ COLONIZATION INDEX AND CANDIDA SCORE
The initial studies by Pittet et al utilized daily cultures of multiple 
body sites for Candida in patients in a surgical ICU and showed that 
a Candida Colonization Index (number of body sites yielding same 
Candida species/number body sites tested) that was >0.5 was able to 
identify those patients who developed invasive candidiasis.36 A modifi-
cation of this index is the Corrected Candida Colonization Index, which 
takes into account the density and degree of colonization as determined 
by semiquantitative cultures of each body site.36 Piarroux et al used a 
Corrected Candida Colonization Index ≥0.4 to determine the need 
for early antifungal therapy and showed that the Corrected Candida 
Colonization Index performed better than the Candida Colonization 
Index to identify patients at risk for invasive candidiasis.72

Other prediction rules integrate colonization with clinical risk factors 
to try to increase specificity. The Candida Score is a bedside scoring 
system that combines evidence of multifocal colonization with Candida 
with other risk factors (total parenteral nutrition, recent surgery, 
and sepsis) and has been reported to have a sensitivity of 81% and a 

specificity of 74%.68 A prospective multicenter study compared the use-
fulness of the Candida Score to the Candida Colonization Index to iden-
tify ICU patients at greatest risk of invasive candidiasis and found that 
the Candida Score was more sensitive in predicting the development of 
invasive candidiasis than the Candida Colonization Index.69

■■ CLINICAL PREDICTION RULES
The potential use of colonization indices and scores seems obvious, but 
they are not utilized by many ICUs because it is quite costly to perform 
repeated surveillance cultures from multiple different sites in all patients 
in an ICU when, for most units, the risk of developing invasive candi-
diasis is less than 5%. Because of this, others have proposed prediction 
rules based solely on clinical risk factors.70,71 One such rule identified 
several factors that, if present within a few days of ICU admission, were 
highly predictive of invasive candidiasis. These factors included systemic 
antibiotic therapy, presence of a central venous catheter, parenteral 
nutrition, dialysis, major surgery, pancreatitis, corticosteroids, and other 
immunosuppressive agents.70 Currently, none of these rules or indices is 
widely used, and the benefit appears to be greatest for those units that 
have high rates of candidiasis.71

STRATEGIES TO PREVENT INVASIVE CANDIDIASIS
Several strategies have been developed to reduce the risk of develop-
ment of invasive candidiasis in patients in the ICU setting. These strate-
gies include prophylaxis, preemptive therapy, and empirical therapy73 
(Table 70-4).

■■ PROPHYLAXIS
Prophylaxis has been used for patients who are at risk for invasive candi-
diasis, but who do not have documented colonization.66,67 In some stud-
ies, prophylaxis was given to most patients at the time of their admission 
to the ICU; other studies selectively used prophylaxis only for those 
patients felt to be at the highest risk for invasive candidiasis.74-81 Two pla-
cebo-controlled studies have shown that fluconazole, 100 mg or 400 mg 
daily, given on admission to the ICU can prevent invasive candidiasis, but 
in both studies, there was no decrease in mortality.74,77 In a small placebo-
controlled blinded trial that specifically targeted patients at high risk for 
Candida intra-abdominal infections, fluconazole prophylaxis was able 
to prevent both intra-abdominal Candida colonization and infection.78

In an attempt to obviate the issue of selection of fluconazole-
resistant yeasts, such as C glabrata, the use of an echinocandin, caspo-
fungin, as prophylaxis in the ICU setting has been studied. A small 

  TABLE 70-4   � Strategies for Prevention of Candidemia and Invasive Candidiasis 
in the ICU

Empirical antifungal therapy Begin antifungal therapy when patient develops signs 
and symptoms of possible invasive Candida infection, but 
no organism has been identified 

Example: the patient who is febrile, on broad-spectrum  
antibiotics, with CVC, APACHE II >1683

Preemptive antifungal therapy Begin antifungal therapy when the patient has Candida  
colonization and certain risk factors for invasive candidiasis

Example: the patient with Candida Score >3, calculated 
as follows: parenteral nutrition = 1, surgery = 1, severe  
sepsis = 2, multifocal Candida colonization = 169

Prophylactic antifungal 
therapy

Antifungal therapy given to all patients with certain 
risk factors for invasive candidiasis without evidence for 
Candida colonization

Example: the patient with antibiotics or CVC on day 1-3 
and at least two of the following: parenteral nutrition, 
pancreatitis, dialysis, immunosuppressive agents, surgery71

APACHE II, acute physiology and chronic health evaluation; CVC, central venous catheter.
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noncomparative study in patients who had recurrent gastrointestinal 
perforation/anastomotic leakage or acute necrotizing pancreatitis found 
that caspofungin was effective in preventing invasive candidiasis in 18 of 
19 patients.79 Results should soon be available from a randomized, pla-
cebo-controlled study of caspofungin in ICUs that had rates of invasive 
candidiasis of approximately 10% and that targeted only those patients 
that were deemed at high risk of invasive infection for prophylaxis.

Several meta-analyses have attempted to establish whether there 
is benefit from prophylaxis in the ICU setting.75,76,80,81 Results varied 
depending on the different methodologies used, the trials that were 
included, the azoles used, and the patient populations studied. All of 
these studies showed that rates of invasive candidiasis and/or candidemia 
were significantly reduced by the use of prophylactic fluconazole. One of 
these meta-analyses noted a concomitant reduction in mortality,75 but 
three found no change in mortality.76,80,81 None of these analyses assessed 
the important issue of changes in the epidemiology of Candida species 
brought about by the broad use of azole prophylaxis in an ICU setting. 
Given the association of increasing C glabrata infections in hematology 
units in which fluconazole is widely used, there is great concern that 
widespread use of fluconazole prophylaxis in ICUs will contribute to 
selection of C glabrata in that setting. In 2009, the IDSA Guidelines Panel 
concluded that a beneficial effect of fluconazole prophylaxis outweighed 
the risk of selection for increasingly resistant Candida species only for 
those ICUs that had high rates (about 10%) of invasive candidiasis.82 In 
other units, use of prophylaxis was discouraged.

■■ PREEMPTIVE THERAPY
Preemptive therapy targets those patients who are colonized with 
Candida and have certain risk factors for developing invasive infection 
and treats before actual infection occurs. The Candida Colonization 
Index and the Candida Score were both developed with the goal of uti-
lizing effective preemptive therapy.68,72 One prospective study enrolled 
478 patients, and then treated preemptively, with 400 mg fluconazole for 
2 weeks, the 96 patients who had a Candida Colonization Index >0.4.72 
The rate of invasive candidiasis in this group was only 3.8%. This rate 
was significantly less than the 7% rate noted previously in this ICU, but 
the use of historical controls weakens this study. Unfortunately, there 
are no randomized blinded placebo-controlled trials that show this 
approach is helpful.

■■ EMPIRICAL THERAPY
Empirical antifungal therapy is given when patients have signs of systemic 
infection but before the laboratory identifies the causative organism.  
A blinded placebo-controlled trial assessed this approach in 270 ICU 
patients who had the following: fever while on broad-spectrum antibi-
otics, a central venous catheter, and an APACHE II score >16; patients 
were randomized to receive either fluconazole, 800 mg daily, or placebo 
for 2 weeks.83 Six patients receiving fluconazole versus 11 patients receiv-
ing placebo developed invasive candidiasis, a difference that was not sig-
nificant. Because the rate of development of candidemia in the placebo 
arm was only 1.6%, the study was markedly unpowered to show any 
benefit of empiric therapy. As is true of prophylaxis, it appears that the 
empirical use of antifungal agents is unlikely to have any benefit unless 
the rate of invasive candidiasis is close to 10%.82

TREATMENT OF FUNGAL INFECTIONS
The treatment of Candida infections in ICU patients has changed mark-
edly over the last decade. Amphotericin B is now rarely used, and most 
patients are treated with an azole, usually fluconazole, or an echinocandin. 
Toxicity is much less than that seen with amphotericin B formulations. 
The Infectious Diseases Society of America (IDSA) has published guide-
lines for the management of various forms of candidiasis that are helpful 
for directing antifungal therapy, as well as other aspects of management.82 
Treatment of only the most common types of invasive candidiasis that are 
frequently seen in the ICU will be discussed (Table 70-5).

■■ CANDIDEMIA
All patients with documented candidemia should be treated with an 
antifungal agent. Even if it is thought that an intravascular catheter was 
the source of the Candida, removal of the catheter alone is not adequate 
therapy. The sooner that antifungal therapy is started, the better the 
outcome,53,54 and thus, preemptive or empirical therapy is appropriate 
for severely ill patients who have not responded to broad-spectrum 
antimicrobial therapy and who are at risk for candidemia.82

Antifungal Agent:  Three randomized controlled trials have shown the 
efficacy of fluconazole when compared with amphotericin B,84-86 and 
five trials have shown the efficacy of echinocandins for candidemia.87-91 
The echinocandins have been shown to be as efficacious as ampho-
tericin B,87,88 and in one study, anidulafungin appeared to be superior 
to fluconazole.89 When candidemia is due to C glabrata or C krusei, it is 
recommended that echinocandins, and not fluconazole, be used.82 When 
candidemia is due to C parapsilosis, it is recommended that fluconazole, 
and not an echinocandin, be used.82 Voriconazole has been shown to 
be as effective as amphotericin B followed by fluconazole, but it is not 
recommended as first-line therapy for candidemia.92

Most times, the clinician has to start therapy before the infecting yeast 
has been identified to species level. In this case, in an ICU in which  
C glabrata is a commonly isolated organism, it is prudent to begin with 
an echinocandin. Echinocandins are also recommended for patients 
who are clinically unstable and for those who had been on an azole prior 
to the onset of candidemia. If the patient is stable, has not been treated 
with azoles previously, and historically, the specific ICU has had few 
infections caused by C glabrata, then fluconazole should be the initial 
choice. After the organism has been identified, therapy can be switched 
to the most appropriate agent. Switching to fluconazole allows oral dos-
ing and is considerably cheaper than continuing with an echinocandin.

Follow-up Studies:  Follow-up to evaluate the response to antifungal therapy 
is essential. Blood cultures should be obtained daily until it is documented 
that candidemia has cleared. It is recommended that antifungal therapy con-
tinue for 2 weeks, starting from the time of the first negative blood culture.

All patients who have documented candidemia should have a dilated eye 
examination to determine whether metastatic infection is present in the 
eye.82 Many patients in an ICU cannot tell their caregivers that they have eye 
complaints, so routine consultation with an ophthalmologist is essential. 
The presence of endophthalmitis requires longer therapy with drugs that 
achieve adequate levels within the posterior compartment of the eye.

  TABLE 70-5   � Treatment Recommendations for Candidemia in Nonneutropenic 
Patients

•	 Fluconazole, loading dose 800 mg (12 mg/kg), then 400 mg (6 mg/kg) daily or
•	 Echinocandin: caspofungin 70 mg load, then 50 mg daily; anidulafungin 200 mg load, 

then 100 mg daily; micafungin 100 mg daily
•	 Echinocandin recommended for patients with moderately severe to severe disease and 

recent azole exposure
•	 Fluconazole recommended for patients with less severe disease and no recent azole use
•	 Transition from echinocandin to fluconazole recommended when organism shown to be 

susceptible to fluconazole and in patients who are clinically stable
•	 For C glabrata, echinocandins preferred
•	 For C parapsilosis, fluconazole preferred
•	 Amphotericin B, 0.5-1.0 mg/kg daily, or lipid formulation amphotericin B, 3-5 mg/kg 

daily, can be used if intolerant to other antifungal agents
•	 Voriconazole, 6 mg/kg (400 mg) twice daily for two doses, then 3 mg/kg (200 mg) twice 

daily, is an option for step-down therapy for C krusei or voriconazole-susceptible C glabrata, 
but not initial therapy

•	 Recommended duration of therapy 2 weeks after first negative blood culture assuming 
resolution of symptoms and no secondary site of infection, such as endophthalmitis

•	 Intravenous catheter removal strongly recommended

Data from Pappas PG, Kauffman CA, Andes D, et al. Clinical practice guidelines for the management of candi-
diasis: 2009 update by the Infectious Diseases Society of America. Clin Infect Dis. March 1, 2009;48(5):503-535.
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Management of Central Venous Catheters:  Both the guidelines for the 
management of candidiasis and those for the management of central 
venous catheters recommend removing a central venous catheter 
when a patient develops candidemia.15,82 These recommendations are 
based on data showing faster clearance of candidemia and better out-
comes when the catheter is removed.86,93,94 However, there is a school 
of thought that believes that for many patients, especially those who 
are neutropenic, the source of candidemia is the gut, and the catheter 
should remain in place.95,96 It is further argued that removal of cath-
eters, many of which are tunneled catheters, in neutropenic patients 
is not without risk. At the crux of this debate is the problem that 
there are no sensitive and specific tests that will unequivocally reveal 
the source of candidemia to be either the catheter or the gut and 
there have been no controlled trials aimed specifically at addressing 
the issue of catheter retention. After consideration of these data, the 
IDSA Guidelines Panel strongly recommended removal of catheters 
in nonneutropenic patients and suggested that catheter removal be 
considered for those who are neutropenic.82

■■ INTRA-ABDOMINAL CANDIDIASIS
Treatment is similar to that of candidemia in regard to the antifungal 
agent selected. Except for cases of peritonitis and phlegmon without a 
discrete abscess, drainage of purulent material is necessary and can be 
accomplished by either interventional radiologic or surgical procedures. 
Longer therapy is often required than that needed for candidemia in 
order to ensure complete resolution of the intra-abdominal infection.

■■ URINARY TRACT INFECTIONS
The most important steps in treating candiduria are to remove indwell-
ing bladder catheters, stop broad-spectrum antibiotics, and be sure there 
is no obstruction to urine flow. For many patients in the ICU, catheters 
must remain in place and antibiotics must continue. It is important to 
not treat every patient who has asymptomatic candiduria, but to treat 
only those in whom there is some proof of infection.

If infection has been documented, then fluconazole is the drug of 
choice. No other azoles and no echinocandins achieve concentrations 
in the urine that are adequate to treat Candida infection.97 Although C 
albicans infections are usually readily treated (as long as all obstructing 
lesions are removed or bypassed), C glabrata and C krusei infections 
can be extremely recalcitrant to treatment. Amphotericin B remains an 
effective agent for these infections, and low-dose therapy (0.3-0.6 mg/kg 
daily) for a few days is adequate usually.82,97 The standard deoxycholate 
formulation rather than a lipid formulation must be used, as the lipid 
formulations do not achieve adequate concentrations in the kidney. 
Nephrostomy drainage or placement of stents is often required to manage  
obstructing lesions, such as fungus balls.

■■ USE OF SPECIFIC ANTIFUNGAL AGENTS IN THE ICU
Fluconazole:  Fluconazole is active against C albicans and most, but not 
all, other species of Candida. C krusei, an uncommon species infecting 
ICU patients, is inherently resistant to fluconazole. C glabrata, which is 
increasingly isolated from ICU patients, has decreased susceptibility to 
fluconazole. Even when reported as susceptible, the minimum inhibi-
tory concentration (MIC) is higher than that noted in other species, and 
many C glabrata isolates are resistant to fluconazole.98

Fluconazole is available as both oral and intravenous formulations 
(Table 70-6). The pharmacokinetics of this agent are ideal; it has excel-
lent bioavailability, distributes to most tissues, including cerebrospinal 
fluid and vitreous body, is excreted in the urine as intact drug, and has 
a long half-life allowing once daily dosing.99 For patients who have nor-
mal renal function, a loading dose of 800 mg (12 mg/kg) should always 
be given, followed by the daily dose of 400 mg (6 mg/kg). The dosage is 
adjusted for those who have renal insufficiency100 (Table 70-6).

Fluconazole is not metabolized extensively by the cytochrome P450 
(CYP450) system, as are many azole agents; however, it does inhibit 

CYP2C19, CYP2C9, and CYP3A4 enzymes, to varying degrees. This 
inhibition can lead to significant drug-drug interactions with resultant 
increased serum concentrations of drugs, such as warfarin, phenytoin, 
calcineurin inhibitors, and agents that can increase the QT interval.99

Adverse events are uncommonly reported with fluconazole. However, 
as is true of all azoles, hepatotoxicity can occur and liver enzymes should 
be monitored. Generally, mild elevations in transaminases are noted, 
and these resolve when the drug is stopped. Nausea and vomiting can 
occur but are uncommon.

Other Azoles:  The only azole other than fluconazole to have use in the  
ICU for treating invasive Candida infections is voriconazole. This 
agent has been shown to be as effective as amphotericin B followed 
by fluconazole for treating candidemia.92 It has activity against all 
strains of C krusei, but cross-resistance between fluconazole and 
voriconazole occurs with C glabrata.98,101 Voriconazole is used mostly 
for step-down oral therapy for organisms shown to be susceptible to 
fluconazole, rather than primary therapy.82

Voriconazole is available in both oral and intravenous formulations 
and distributes to most tissues, including cerebrospinal fluid and vitre-
ous body102 (Table 70-6). Active drug is not excreted in the urine. The 
oral formulation is well absorbed on an empty stomach, but serum 
levels are highly variable, in part because voriconazole is metabolized 
by three different CYP 450 pathways and has many drug-drug interac-
tions.99 If given intravenously, a loading dose of 6 mg/kg intravenously 
twice daily for 1 day should be given, after which the dose is usually  
3 to 4 mg/kg twice daily. If given orally, the loading dose is 400 mg twice 
daily, followed by 200 mg twice daily thereafter. Voriconazole cannot  
be given intravenously if the creatinine clearance is <50 mL/min because 
of toxicity of the cyclodextrin vehicle in which it is solubilized, but the 
oral formulation can be given safely in renal failure and there is no  
dose reduction needed.

  TABLE 70-6    Characteristics of Azoles Used in the ICU

Fluconazole Voriconazole

Formulation IV and oral IV and oral

Dosage 12 mg/kg loading dose, 
then 6 mg/kg once daily

6 mg/kg bid on first day, then 
3-4 mg/kg bid 

Bioavailability (%) >90 >90

Effect of food No effect Decreases absorption; give on 
empty stomach

Protein binding (%) 11-12 58

Distribution (L/kg) 0.7-1 4.6

Half-life (h) 22-31 6

Substrate/inhibitor of 
CYP450

Inhibitor of CYP 2C9, 
2C19, and 3A4

Substrate and inhibitor of CYP 
2C9, 2C19, and CYP 3A4 

Metabolism Minimal Hepatic CYP 450 2C19, 2C9, 3A4

CSF penetration (%serum) 50-94 42-67

Elimination Urine as active drug Urine and feces after metabolized, 
<1% active drug in urine

Dosage adjustment in 
renal impairment

Cr Cl >50 mL/min: none None; cannot use IV formulation 
if Cr Cl <50 mL/min

Cr Cl <50 mL/min: reduce 
by 50%

Dosage adjustment in 
hepatic impairment

None Child-Pugh <7: none

Child-Pugh >7: 6 mg/kg bid 
loading dose, then 2 mg/kg bid

CSF, cerebrospinal fluid; IV, intravenous.

Adapted from references 99 and 100.
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Voriconazole can cause hepatotoxicity, as can other azoles, and has 
also several unique adverse effects. These include photosensitivity, 
generally not a problem for ICU patients, and visual changes, including 
blurry vision, wavy lines, and flashes of light that occur about a half hour 
after administration and usually resolve within an hour. They have no 
lasting effect on the retina.102 Separate from these ocular effects, high 
serum levels of voriconazole are associated with visual hallucinations 
and other central nervous system toxicities.103 It is recommended that all 
patients treated with voriconazole have serum levels measured to ensure 
that adequate levels (>1 µg/mL) are achieved for efficacy and to prevent 
toxicity associated with levels >5.5 µg/mL.103

Itraconazole does not have a role for treating invasive candidiasis, 
and there are no studies assessing the efficacy of posaconazole for this 
indication. Both of these agents are available only as oral formulations 
and absorption issues are problematic, so they cannot be relied on in 
the ICU setting.
Echinocandins:  The echinocandins are fungicidal for most Candida 
species, which contrasts with the azoles, which are fungistatic for 
Candida. The exception is C parapsilosis, for which the echinocan-
dins are less active than the azoles.104 The three echinocandin agents 

share many similarities, but do have pharmacological differences105 
(Table 70-7). The spectrum of activity of all three is similar, and the 
IDSA Guidelines consider all three equivalent in efficacy.82 Most hos-
pitals select only one agent for their formulary, a decision often based 
on cost considerations.

The echinocandins are only available as intravenous formulations. 
The half-life is long, and once daily dosing is appropriate. They are large 
molecules that are highly protein bound and distribute poorly into the 
cerebrospinal fluid and the eye.105 They are not excreted as active drug 
into the urine. The dosing of each of the echinocandins is noted in 
Table 70-7.

Among all the antifungal drug classes, echinocandins appear to have 
the fewest side effects.106 This can be attributed to two factors. They 
interfere with synthesis of the fungal cell wall, a structure not shared 
with mammalian cells. They are also not metabolized through the CYP 
450 system, but rather are broken down in the liver (micafungin and 
caspofungin) or the blood (anidulafungin), and thus, drug-drug interac-
tions are few. They can cause phlebitis when given through a peripheral 
vein; hypokalemia and hepatotoxicity have been reported, but the latter 
has not been clearly defined.

  TABLE 70-7    Characteristics of Echinocandins Used in the ICU

Anidulafungin Caspofungin Micafungin

Formulation IV IV IV

Dosages 200 mg loading dose, then 100 mg daily 70 mg loading dose, then 50 mg daily 100 mg daily; no loading dose needed

Protein binding (%) 84 97 99

Distribution (L/kg) 0.7-0.9 N/A 0.24

Half-life (h) 24-26 9-11 11-17

Substrate/inhibitor of CYP450 No Poor substrate/weak inhibitor Poor substrate/weak inhibitor

Metabolism Chemical degradation in serum Hepatic peptide hydrolysis and N-acetylation Hepatic arylsulfatase and catechol-O-methyltrans-
ferase 

Elimination Feces; <1% in urine 35% in feces, 41% in urine (1% active drug) 40% in feces, 15% in urine (<1% active drug)

CSF penetration Low Low Low

Dosage adjustment in renal impairment None None None

Dosage adjustment in hepatic impairment None Child-Pugh <7: none; Child-Pugh 7-9: 35 mg 
after 70 mg loading dose; Child-Pugh >9: no data

Child-Pugh ≤9: none; Child-Pugh >9: no data

CSF, cerebrospinal fluid; IV, intravenous.

Adapted from References 104 and 105.

  TABLE 70-8    Characteristics of Formulations of Amphotericin B Used in the ICU

Category Amphotericin B deoxycholate Amphotericin B lipid complex; 
ABLC; Abelcet

Amphotericin B colloidal disper-
sion; ABCD; Amphotec, Amphocil

Liposomal amphotericin B; 
AmBisome

Formulation Micelle Ribbons/sheets Lipid disk Unilamellar vesicles

IV infusion IV infusion IV infusion IV infusion

Size (nm) <10 1600-11000 122(±48) 80-120

Dosage and rate of infusion 0.7-1 mg/kg daily infuse over 4 h 5 mg/kg daily infuse over 2 h 3-6 mg/kg daily infuse over 2 h 3-5 mg/kg daily infuse over 2 h

Peak serum concentration (µg/mL) 0.5-2 1-2 3 11-35

Metabolism Unknown Unknown Unknown Unknown

Elimination Urine; 15 days or longer Unknown Unknown unknown

Half-life (h) 91 173 28 24

CSF penetration (%serum) <10 <10 <10 <10

Dosage adjustment in renal impairment None None None None

Dosage adjustment in hepatic  
impairment

None None None None

CSF, cerebrospinal fluid; IV, intravenous.

Data from Zilberberg MD, Shorr AF, Kollef MH. Secular trends in candidemia-related hospitalization in the United States, 2000-2005. Infect Control Hosp Epidemiol. October 2008;29(10):978-980.
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Amphotericin B:  Amphotericin B deoxycholate is used infrequently in 
the ICU setting because of its renal toxicity and infusion-related side 
effects, which can be especially problematic in severely ill patients 
in an ICU.107 However, there are instances in which it may be neces-
sary to use amphotericin B, which is fungicidal for most Candida 
species.108 For example, amphotericin B is useful for treating urinary 
tract infections due to C krusei and C glabrata that are resistant to 
fluconazole,97 and in many neonatal ICUs, amphotericin B is the 
preferred agent to treat invasive candidiasis.109 In both of these cases, 
amphotericin B deoxycholate is the formulation used. The dose of 
amphotericin B deoxycholate is usually 0.7 to 1.0 mg/kg daily, but for 
Candida urinary tract infections, 0.3 to 0.6 mg/kg daily is adequate. 
Infusion time is 4 to 6 hours for amphotericin B deoxycholate.

In most adult ICUs, lipid formulations of amphotericin B are pre-
ferred in an attempt to decrease toxicity.108 There are three preparations 
available: liposomal amphotericin B (L-AmB), amphotericin B lipid 
complex (ABLC), and amphotericin B colloidal dispersion (ABCD) 
(Table 70-8). The latter is used infrequently because infusion-related 
side effects occur as frequently with this formulation as with amphoteri-
cin B deoxycholate. Each of these preparations has different pharmaco-
kinetic attributes.110 The usual dose for treating invasive candidiasis or 
candidemia is 3 mg/kg for L-AmB and 5 mg/kg for ABLC given once 
daily over a 2-hour period.100

Although the lipid formulations are less toxic, they still cause some 
degree of renal insufficiency, as well as hypokalemia and hypomagnese-
mia. Giving a bolus of 500 mL of normal saline prior to the infusion of 
any amphotericin B formulation is recommended to try to obviate the 
risk for nephrotoxicity.111 Other nephrotoxic agents, such as aminogly-
cosides, should be avoided when using amphotericin B.
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KEY POINTS

•• Adults with bacterial meningitis usually present clinically with 
fever, headache, meningismus, and/or signs of cerebral dysfunc-
tion; elderly patients, however, may present with insidious disease 
manifested only by lethargy or obtundation, variable signs of men-
ingeal irritation, and no fever.

•• Occasionally, a patient with acute bacterial meningitis has a low 
cerebrospinal fluid (CSF) white cell count despite high bacterial 
concentrations in CSF; therefore, a Gram stain and culture should be 
performed on every CSF specimen, even if the cell count is normal.

•• Neuroimaging techniques have little role in the diagnosis of acute 
bacterial meningitis. However, computed tomography (CT) should 
be performed before lumbar puncture when a space-occupying 
lesion of the central nervous system (CNS) is suspected. Clinical 
features for which patients should undergo CT scanning prior 
to lumbar puncture are immunocompromise, a history of CNS 
disease, a history of seizure within 1 week before presentation, 
papilledema, and specific neurologic abnormalities.

•• Empirical antimicrobial therapy, based on the patient’s age and 
underlying disease status, should be initiated as soon as possible in 
patients with presumed bacterial meningitis; therapy should never 
be delayed while diagnostic tests such as CT are awaited.

•• Adjunctive dexamethasone therapy has been shown to decrease the 
morbidity rate in infants and children with acute Haemophilus influen-
zae type b meningitis and, if commenced with or before antimicrobial 
therapy, may also be beneficial for pneumococcal meningitis in child-
hood. Adjunctive dexamethasone is also associated with decreased 
morbidity and mortality rates in adults with pneumococcal meningitis 
when administered before the first dose of antimicrobial therapy.

•• Fewer than 50% of patients with brain abscess present with the 
classic triad of fever, headache, and focal neurologic deficit; 
the clinical presentation of brain abscess in immunosuppressed 
patients may be masked by the diminished inflammatory response.

•• The diagnosis of brain abscess has been revolutionized by the develop-
ment of CT; magnetic resonance imaging offers advantages over CT in 
the early detection of cerebritis, cerebral edema, and satellite lesions.

•• Aspiration of brain abscess under stereotaxic CT guidance is useful 
for microbiologic diagnosis, drainage, and relief of increased intra-
cranial pressure.

section05_c61-73.indd   651 1/23/2015   12:48:33 PM

http://www.mhprofessional.com/hall
http://www.myuptodate.com


PART 5: Infectious Disorders652

Bacterial infections of the central nervous system (CNS) are frequently 
devastating. The brain possesses several defense mechanisms (eg, intact 
cranium and blood-brain barrier) to prevent entry of bacterial species, but 
once microorganisms have gained entry to the CNS, host defense mecha-
nisms are inadequate to control the infection. Antimicrobial therapy is 
limited by the poor penetration of many agents into the CNS and by the 
ability of antibiotics to induce inflammation in the CNS via their bacte-
riolytic action, thereby contributing to brain damage. We review menin-
gitis, brain abscess, subdural empyema, epidural abscess, and suppurative 
intracranial thrombophlebitis, with an emphasis on recent developments in 
diagnosis and therapy as they pertain to the care of the critically ill patient.

MENINGITIS

■■ EPIDEMIOLOGY AND ETIOLOGY
The rates of morbidity and mortality from bacterial meningitis remain unac-
ceptably high despite the availability of effective antimicrobial therapy. In a 
surveillance study of all cases of bacterial meningitis in 27 states of the United 
States from 1978 through 1981, the overall annual attack rate of bacterial 
meningitis was approximately 3.0 cases per 100,000 population, although 
there was variability according to geographic area, sex, and race;1 incidences 
for the various meningeal pathogens are listed in Table 71-1. Bacterial 
meningitis is also a significant problem in hospitalized patients. In a review 
of 493 episodes of bacterial meningitis in adults 16 years or older from the 
Massachusetts General Hospital from 1962 through 1988, 40% of cases were 
nosocomial in origin, and these episodes carried a high mortality rate (35% 
for single episodes of nosocomial meningitis).2 With the introduction of 
Haemophilus influenzae type b conjugate vaccines in the United States and 
elsewhere, dramatic declines in the incidence of invasive H influenzae type 
b disease have been reported.3 In a study that evaluated the epidemiology of 
bacterial meningitis in the United States during 1995 in laboratories serving  
all the acute care hospitals in 22 counties in four states (Georgia, Tennessee, 
Maryland, and California),4 the incidence of bacterial meningitis decreased 
dramatically as a result of the vaccine-related decline in meningitis caused 
by H influenzae type b (see Table 71-1). In another CDC surveillance study 
performed from 1998 to 2003, there was also a significant decline in the inci-
dence of cases of pneumococcal meningitis,5 likely a result of introduction of  
the heptavalent pneumococcal conjugate vaccine in 2000. Implementation 
of the use of conjugate vaccines has dramatically changed the incidence of 
bacterial meningitis, such that it now occurs more commonly among adults.6

Before the development of effective vaccines against it, H influenzae 
type b was isolated in almost half of all cases of bacterial meningitis in 
the United States, but this microorganism currently accounts for only 
7% of cases.4,5 About 40% to 60% of cases were seen in children ages 
2 months to 6 years; of these, 90% were due to capsular type b strains. 
Disease is most likely initiated after nasopharyngeal acquisition of a 
virulent organism with subsequent systemic invasion. Haemophilus 
influenzae is unusual after age 6 years; isolation of the organism in this 
older group should suggest the possible presence of certain predispos-
ing factors, including sinusitis, otitis media, epiglottitis, pneumonia, 
head trauma with a cerebrospinal fluid (CSF) leak, diabetes mellitus, 
alcoholism, splenectomy or asplenic states, and immune deficiency (eg, 
hypogammaglobulinemia).7 In a prospective evaluation of adult patients 
with community-acquired bacterial meningitis in the Netherlands,  
H influenzae accounted for 2% of culture-proven cases.8

Meningitis due to Neisseria meningitidis is most often found in 
children and young adults and may occur in epidemics, although 
more than 98% of cases are sporadic.9 Nasopharyngeal carriage of 
virulent organisms accounts for initiation of infection. In the United 
States, 32% of cases are caused by serogroup B, 32% by serogroup 
C, and 24% by serogroup Y.6 Infection is more likely in persons who 
have deficiencies in the terminal complement components (C5, C6, 
C7, C8, and perhaps C9), the so-called membrane attack complex; 
the incidence of neisserial infections is more than 8000-fold greater 
in this group than among other persons.10 An increased risk has also 
been observed in patients with dysfunctional properdin, suggesting 
a potential role for the alternative complement pathway in resistance 
against meningococci. It has been suggested that a screening test for 
complement function (ie, CH50) should be performed for patients 
who have invasive meningococcal infections,11 with consideration 
for direct assessment of terminal complement components and pro-
perdin proteins; this approach should be considered in patients with 
recurrent neisserial infection.

Pneumococcal meningitis is observed most frequently in adults  
(>30 years) and is often associated with distant foci of infection, such 
as pneumonia, otitis media, mastoiditis, sinusitis, and endocarditis; this 
organism currently accounts for 58% of cases of bacterial meningitis in 
the United States.5 Serious pneumococcal infections may be observed  
in persons with predisposing conditions, such as splenectomy or asplenic 
states, multiple myeloma, hypogammaglobulinemia, and alcoholism. 
In children with cochlear implants with positioners who are beyond  
24 months after implantation, there is an increased incidence of bacte-
rial meningitis with most cases caused by S pneumoniae.12 Streptococcus 
pneumoniae is the most common meningeal isolate in head trauma 
patients who have basilar skull fracture with subsequent CSF leakage13; 

  TABLE 71-1    Etiology of Bacterial Meningitis in the United States

Percent of Total

Organism 1978-1981 1995 1998-2003

Haemophilus influenzae 48 7 7

Neisseria meningitidis 20 25 14

Streptococcus pneumoniae 13 47 58

Streptococcus agalactiae 3 12 18

Listeria monocytogenes 2 8 3

Othera 8 — —

Unknown 6 — —
aIncludes Escherichia coli, other Enterobacteriaceae, staphylococci, Pseudomonas species, and other  
streptococcal and Haemophilus species.

Data from Schlech WF, Ward JI, Band JD, et al. Bacterial meningitis in the United States, 1978 through 
1981. The national bacterial meningitis surveillance study. JAMA. 1985;253:1749-1754.

Schuchat A, Robinson K, Wenger JD, et al. Bacterial meningitis in the United States in 1995. N Engl J Med. 
1997;337:970-976.

Thigpen MC, Whitney CG, Messonnier NE, et al. Bacterial meningitis in the United States—1998-2007.  
N Engl J Med. 2011;364:2016-2025.

•• A short course of corticosteroids may be useful in patients with brain 
abscess who have deteriorating neurologic status and increased intra-
cranial pressure.

•• Cranial subdural empyema should be suspected in patients with 
headache, vomiting, fever, change in mental status, and rapid  
progression of focal neurologic signs.

•• Spinal epidural abscess may develop acutely or chronically, with 
symptoms and signs of focal vertebral pain, nerve root pain, motor or 
sensory defects, and paralysis; the transition to paralysis may be rapid, 
indicating the need for emergent evaluation, diagnosis, and treatment.

•• Surgical therapy is essential for the management of subdural 
empyema because antibiotics do not reliably sterilize these lesions.

•• Rapid surgical decompression should be performed in patients 
with spinal epidural abscess who have increasing neurologic deficit,  
persistent severe pain, or increasing temperature or peripheral 
white blood cell count.

•• Lateral gaze palsy may be an early clue to the diagnosis of cav-
ernous sinus thrombosis because the abducens nerve is the only  
cranial nerve traversing the interior of the cavernous sinus.

•• The noninvasive diagnostic procedure of choice for suppurative 
intracranial thrombophlebitis is magnetic resonance imaging, which 
can differentiate between thrombus and normally flowing blood.
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remote head injury and CSF leak are important predisposing factors 
for recurrent bacterial meningitis.14 In one study of 352 episodes of  
community-acquired pneumococcal meningitis in adults, 70% of episodes 
were associated with an underlying disorder and the overall in-hospital 
mortality rate was 30%.15 Rates of pneumococcal meningitis have been 
reported to decrease among children and adults since introduction of the 
heptavalent pneumococcal conjugate vaccine,16 although there has been 
an increase in meningitis caused by nonvaccine serotypes. A 13-valent 
pneumococcal conjugate vaccine, which covers some of these additional 
serotypes, has recently been licensed and recommended for use.17

Listeria monocytogenes accounts for only about 3% of all cases of bac-
terial meningitis in the United States, but carries a high mortality rate.4,5 
Infection with Listeria is more likely in neonates, the elderly, alcoholics, 
cancer patients, and immunosuppressed adults (eg, renal transplant 
patients).18,19 Cases have also been reported in patients receiving anti-
tumor necrosis factor α agents (eg, infliximab and etanercept). Listeria 
meningitis is found infrequently in patients with human immunodefi-
ciency virus infection, despite its increased incidence in patients with 
deficiencies in cell-mediated immunity. However, up to 30% of adults 
and 54% of children and young adults with listeriosis have no appar-
ent underlying condition. Listeriosis has been associated with several 
food-borne outbreaks involving contaminated cole slaw, milk, cheese, 
and processed meats. In recent years, the incidence of invasive disease 
caused by L monocytogenes has been decreasing, likely as a result a 
decrease in organism contamination in ready-to-eat food.20

Meningitis due to aerobic gram-negative bacilli is observed in specific 
clinical situations.13,21 Escherichia coli is isolated in 30% to 50% of infants 
younger than 2 months with bacterial meningitis. Klebsiella species,  
E coli, and Pseudomonas aeruginosa may be isolated in patients who 
have had head trauma or neurosurgical procedures, in the elderly, 
in immunosuppressed patients, and in patients with gram-negative 
bacteremia. Some cases have been associated with disseminated 
strongyloidiasis in the hyperinfection syndrome, in which meningitis 
is caused by enteric bacteria due to seeding of the meninges during 
persistent bacteremia associated with migration with infected larvae; 
alternatively, larvae may carry enteric organisms on their surfaces or 
within their own gastrointestinal tracts as they exit the gut and invade 
the meninges.

Specific clinical situations also predispose to the development of 
meningitis due to staphylococcal species. Staphylococcus epidermidis 
is the most common cause of meningitis in persons with CSF shunts.13 
Meningitis due to Staphylococcus aureus is frequently found (when 
compared with other pathogens) after head trauma or soon after neuro-
surgery, or in those with infective endocarditis or paraspinal infection.22  
Underlying diseases among persons with no prior CNS disease who 
develop S aureus meningitis include diabetes mellitus, alcoholism, 
chronic renal failure requiring hemodialysis, and malignancies. 
Conditions that increase S aureus nasal carriage rates (eg, injection drug 
abuse, insulin-requiring diabetes, and hemodialysis) may also predis-
pose to staphylococcal infection of the CNS.

Group B streptococcus (Streptococcus agalactiae) is a common cause 
of meningitis in neonates21,23; 66% of all cases have been reported during 
the first 3 months of life. The risk of transmission from the mother to 
her infant is increased when the inoculum of organisms and number of 
sites of maternal colonization are large; horizontal transmission has also 
been documented from the hands of nursery personnel to the infant. 
Risk factors for group B streptococcal meningitis in adults include age 
older than 60 years, diabetes mellitus, parturient status in women, car-
diac disease, collagen vascular disease, malignancy, alcoholism, hepatic 
failure, renal failure, and corticosteroid therapy. No underlying illnesses 
were found in 43% of patients in one review.24

■■ CLINICAL PRESENTATION
The classic clinical presentation in adults with bacterial meningitis includes 
fever, headache, meningismus, and signs of cerebral dysfunction.21  
In one review of 493 cases of acute bacterial meningitis in adults,2 the 
triad of fever, nuchal rigidity, and change in mental status was only 

found in two-thirds of patients, but all had at least one of these find-
ings. In another review of 696 cases of community-acquired bacterial 
meningitis,25 the triad of fever, neck stiffness, and altered mental status 
was found in only 44% of episodes, although almost all patients (95%) 
presented with at least two of four symptoms (headache, fever, stiff neck, 
altered mental status). Also seen are nausea, vomiting, rigors, profuse 
sweating, weakness, and myalgias. The meningismus may be subtle or 
marked or accompanied (rarely) by the Kernig and/or Brudzinski signs. 
The Kernig sign is elicited by flexing the thigh on the abdomen with the 
knee flexed; the leg is then passively extended, and, if there is meningeal 
inflammation, the patient resists leg extension. The Brudzinski sign is 
present when passive flexion of the neck leads to flexion of the hips 
and knees. However, these signs are elicited in fewer than 5% of cases 
of bacterial meningitis in adults,26 indicating that they do not accurately 
distinguish patients with meningitis from those without meningitis. 
Cerebral dysfunction is manifested by confusion, delirium, or a declin-
ing level of consciousness ranging from lethargy to coma. Cranial nerve 
palsies (especially involving cranial nerves III, IV, VI, and VII) and focal 
cerebral signs are uncommon (10%-20% of cases). Seizures occur in 
about 30% of all cases. Papilledema is rare (<5%) and should suggest an 
alternate diagnosis, such as an intracranial mass lesion. To further char-
acterize the accuracy and precision of the clinical examination in adult 
patients with acute meningitis, data from 845 episodes were reviewed 
and demonstrated that individual items of the clinical history (ie, head-
ache, nausea, and vomiting) had a low accuracy for the diagnosis of 
acute meningitis; on review of the physical examination, the absence 
of fever, neck stiffness, and altered mental status effectively eliminated 
the likelihood of acute meningitis (sensitivity 99%-100% for the pres-
ence of one of these findings in diagnosis).27 However, despite these 
results, physicians should have a low threshold for performing a lumbar  
puncture in patients with suspected bacterial meningitis. Late in the 
disease, patients may develop signs of increased intracranial pressure, 
including coma, hypertension, bradycardia, and third-nerve palsy; these 
findings are ominous prognostic signs.

Certain symptoms and signs may suggest an etiologic diagnosis in 
patients with bacterial meningitis.21 Persons with meningococcemia 
present with a prominent rash, principally on the extremities (∼50% 
of cases). Early in the disease course, the rash may be erythematous 
and macular, but it quickly evolves into a petechial phase, with further 
coalescence into a purpuric form. The rash often matures rapidly, with 
new petechial lesions appearing during the physical examination. A 
petechial, purpuric, or ecchymotic rash may also be seen in other forms 
of meningitis (ie, those due to echovirus type 9, Acinetobacter species,  
S aureus, and, rarely, S pneumoniae or H influenzae), in Rocky 
Mountain spotted fever or S aureus endocarditis, and in overwhelm-
ing sepsis (due to S pneumoniae or H influenzae) in splenectomized 
patients. An additional suppurative focus of infection (eg, otitis media, 
sinusitis, or pneumonia) is present in 30% of patients with pneumococ-
cal or H influenzae meningitis but is rarely found in meningococcal 
meningitis. Meningitis due to S pneumoniae is relatively likely after 
head trauma in persons who have basilar skull fractures in which a 
dural fistula is produced between the subarachnoid space and the nasal 
cavity, paranasal sinuses, or middle ear.10 These persons commonly 
present with rhinorrhea or otorrhea due to a CSF leak; a persistent 
defect is a common explanation for recurrent bacterial meningitis. 
Patients with Listeria meningitis have an increased tendency to have 
seizures and focal neurologic deficits early in infection and may pres-
ent with other features consistent with rhombencephalitis (ie, ataxia, 
cranial nerve palsies, or nystagmus).18,19

Certain subgroups of patients may not manifest the classic signs 
and symptoms of bacterial meningitis.21 Usually in a neonate there is 
no meningismus or fever, and the only clinical clues to meningitis are 
listlessness, high-pitched crying, fretfulness, refusal to feed, irritability, 
vomiting, diarrhea, respiratory distress, seizures, or bulging fontanelle.28 
Elderly patients, especially those with underlying conditions such as 
diabetes mellitus or cardiopulmonary disease, may present with insidi-
ous disease manifested only by lethargy or obtundation, variable signs 
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of meningeal irritation, and no fever. In this subgroup, altered mental 
status should not be ascribed to other causes until bacterial meningitis 
has been excluded by CSF examination. A patient after neurosurgery or 
a patient who has undergone head trauma also presents a unique clinical 
situation because these patients already have many of the symptoms and 
signs of meningitis from their underlying disease processes13; clinical 
features are variable, but most commonly include fever and an altered 
level of consciousness. One must have a low threshold for CSF exami-
nation in these patients should they develop any clinical deterioration.

■■ DIAGNOSIS
The diagnosis of bacterial meningitis rests on the CSF examination.21,29,30 
The opening pressure is elevated in virtually all cases; values above 
600 mm H2O suggest cerebral edema, the presence of intracranial suppu-
rative foci, or communicating hydrocephalus. The fluid may be cloudy or 
turbid if the white blood cell count is elevated (>200/µL). If the lumbar 
puncture is traumatic, the CSF may appear bloody initially, but it should 
clear as flow continues. Xanthochromia, a pale-pink to yellow-orange 
color of the supernatant of centrifuged CSF, is found in patients with 
subarachnoid hemorrhage, usually within 2 hours after hemorrhage.

The CSF white cell count is usually elevated in untreated bacterial 
meningitis, ranging from 100 to at least 10,000 per microliter, with a  
predominance of neutrophils. About 10% of patients present with  
a lymphocytic predominance (>50%) in CSF. Some patients (especially 
those with septic shock and systemic complications) have a very low 
CSF white cell count (0-20/µL) despite high bacterial concentrations in 
CSF; these patients have a poor prognosis. Therefore, a Gram stain and 
culture should be performed on all CSF specimens, even those with a 
normal cell count. A CSF glucose concentration of less than 40 mg/dL  
is found in about 60% of patients with bacterial meningitis, and a 
CSF:serum glucose ratio of less than 0.31 is observed in 70% of cases. 
The CSF glucose level must always be compared with a simultaneous 
serum glucose concentration. The CSF protein concentration is elevated 
in virtually all cases of bacterial meningitis, presumably because of dis-
ruption of the blood-brain barrier.

CSF examination by Gram stain permits a rapid, accurate identifica-
tion in 60% to 90% of cases of bacterial meningitis; the likelihood of 
detecting the organism by Gram stain correlates with the specific bacte-
rial pathogen and the concentration of bacteria in CSF. False-positive 
findings may occur as a result of contamination in the collection of tubes 
or during staining. Cultures of CSF are positive in 70% to 80% of cases. 
These percentages may be lower in patients who have received prior 
antimicrobial therapy.

Several rapid diagnostic tests have been developed to aid in the diag-
nosis of bacterial meningitis.21,29,30 Latex agglutination tests are rapid 
and sensitive, although the routine use of CSF bacterial antigen tests 
for the etiologic diagnosis of bacterial meningitis has been questioned; 
positive results have not modified therapy and false-positive and false-
negative results may occur. Measurement of serum C-reactive protein 
or procalcitonin may also be useful in discriminating between bacterial 
and viral meningitis because elevated serum concentrations of these 
proteins (≥20 mg/L and ≥0.5 ng/mL, respectively) have been observed 
in patients with acute meningitis. In patients with acute meningitis 
in whom the CSF Gram stain is negative, serum concentrations of 
C-reactive protein or procalcitonin that are normal or below the limit 
of detection have a high negative predictive value in the diagnosis of 
bacterial meningitis. An immunochromatographic test for the detection 
of S pneumoniae in CSF was found to have an overall sensitivity of 95% 
to 100% for the diagnosis of pneumococcal meningitis,31 although more 
studies are needed. Nucleic acid amplification tests, such as polymerase 
chain reaction (PCR), have been used to amplify DNA from patients with 
bacterial meningitis. Several studies have shown that broad-based PCR 
has excellent sensitivity, specificity, and positive and negative predic-
tive values in the diagnosis of bacterial meningitis.21,29,30 The sensitivity  
and specificity of PCR for the diagnosis of pneumococcal meningitis are 
92% to 100% and 100%, respectively.31 A recently developed nucleic acid 

amplification test, loop-mediated isothermal amplification, is a promis-
ing tool especially in resource-poor settings.28 Further refinements in 
PCR may render it useful in the diagnosis of bacterial meningitis when 
the CSF Gram stain and cultures are negative; PCR may also prove to 
be beneficial to detect in vitro susceptibility of meningeal pathogens to 
specific antimicrobial agents.

Neuroimaging techniques have little role in the diagnosis of acute 
bacterial meningitis, except to rule out the presence of other pathologic 
conditions or to identify a parameningeal source of infection.21 However, 
computed tomography (CT) or magnetic resonance imaging (MRI) 
may be useful in patients who have a persisting fever several days after 
initiation of antimicrobial therapy, prolonged obtundation or coma, 
new or recurrent seizure activity, signs of increased intracranial pres-
sure, or focal neurologic deficits. MRI is better than CT for evaluation 
of subdural effusions, cortical infarctions, and cerebritis, although it is 
more difficult to obtain an MRI in a critically ill patient, which limits its 
usefulness in many patients with meningitis.

■■ TREATMENT
Antimicrobial Therapy:  The initial approach to the patient with sus-
pected bacterial meningitis is to perform a lumbar puncture to deter-
mine whether the CSF findings are consistent with that diagnosis 
(Fig. 71-1).21,29,30 Patients should receive empirical antimicrobial therapy 
based on their age and underlying disease status (Table  71-2),21,29,32 
if no etiologic agent is identified by Gram stain; if the Gram stain is 
positive, targeted antimicrobial therapy can be initiated (Table  71-3). 
In patients with certain clinical features at presentation (see below), CT 
should be performed immediately to exclude an intracranial mass lesion 
because lumbar puncture is relatively contraindicated in that setting. 
However, obtaining a CT scan generally entails some delay, so empiri-
cal antimicrobial therapy should be started immediately, before the CT 
scan and lumbar puncture are done and after obtaining blood cultures, 
because of the high mortality rate in patients with bacterial meningitis 

FIGURE 71-1.  Management algorithm for adults with suspected bacterial meningitis. 
See text and tables for specific recommendations for empirical (Table 71-2) and targeted 
therapy (Table 71-3). (Reproduced with permission from Tunkel AR, Hartman BJ, Kaplan SL, 
et al. Practice guidelines for the management of bacterial meningitis. Clin Infect Dis. November 
1, 2004;39(9):1267-1284.)
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in whom antimicrobial therapy is delayed. Although many clinicians 
routinely perform CT before lumbar puncture, this is probably not 
necessary in most patients. In a recent retrospective study of 301 adults 
with suspected meningitis,33 the clinical features at baseline that were 
associated with an abnormal finding on CT of the head were an age of at 
least 60 years, immunocompromise, a history of CNS disease, a history 
of seizure within 1 week before presentation, and the following neuro-
logic abnormalities: an abnormal level of consciousness, an inability to 
answer two consecutive questions correctly or to follow two consecutive 
commands, gaze palsy, abnormal visual fields, facial palsy, arm drift, 
leg drift, and abnormal language. These results need to be validated but 
are a reasonable guide in determining which patients require CT before 
lumbar puncture. It is reasonable to proceed with lumbar puncture 
without performing a CT scan in patients who do not have new-onset 
seizures, an immunocompromised state, signs that are suspicious for 
space-occupying lesions (eg, papilledema or focal neurologic findings), 
or moderate or severe impairment of consciousness.29 However, despite 
these guidelines, the decision to perform a lumbar puncture without 
first doing a CT scan must be individualized. In addition, a normal 
CT scan does not always mean that performance of a lumbar puncture 
is safe; clinical signs that suggest the need to delay lumbar puncture 
include those of impending herniation (eg, deteriorating level of con-
sciousness, particularly a Glasgow Coma Scale score ≤11; brain stem 
signs such as pupillary changes, posturing, or irregular respirations; or 
a very recent seizure).34

Our choices for empirical antibiotic therapy in patients with presumed 
bacterial meningitis, based on age, are presented in Table 71-2.21,29,32 For 
neonates younger than 1 month, the most likely infecting organisms are 
E coli, S agalactiae, and L monocytogenes; for those ages 1 to 23 months, 
infection may be due to S pneumoniae, N meningitidis, S agalactiae, E 
coli, or H influenzae. From age 2 to 50 years, most cases of meningitis 
are due to N meningitidis and S pneumoniae. In older adults (≥50 years), 
the meningococcus and the pneumococcus are possible causes, as are 
L monocytogenes and gram-negative bacilli. For all patients in whom  
S pneumoniae is a possible causative pathogen (essentially all patients 
≥1 month of age), vancomycin should be added to empirical therapeutic 
regimens because highly penicillin- or cephalosporin-resistant strains of 

S pneumoniae may be likely (see below). One other situation deserves 
comment—in patients after neurosurgery or patients with CSF shunts or 
foreign bodies, likely infecting organisms include staphylococci (S epi-
dermidis or S aureus), diphtheroids (including Propionibacterium acnes), 
and gram-negative bacilli (including P aeruginosa).13,29 Antimicrobial 
therapy in these situations should consist of vancomycin plus either 
ceftazidime, cefepime, or meropenem pending culture results.

Once an infecting microorganism has been isolated, antimicrobial 
therapy can be modified for optimal treatment.21,29,32 Our antibiotics of 
choice are listed in Table 71-4. Dosages for adults are listed in Table 71-5. 
For bacterial meningitis due to susceptible strains of S pneumoniae 
or N meningitidis, penicillin G and ampicillin are equally efficacious. 
Although in past years pneumococci remained uniformly susceptible to 
penicillin (minimal inhibitory concentration ≤0.06 µg/mL), worldwide  
reports have now documented resistant strains of pneumococci. In 
view of these recent trends, and because sufficient CSF concentra-
tions of penicillin are difficult to achieve with standard high paren-
teral doses (initial CSF concentrations of ∼1 µg/mL), penicillin can 
never be recommended as empirical antimicrobial therapy when  
S pneumoniae is considered a likely infecting pathogen. Further, suscep-
tibility testing must be performed on all CSF isolates. For strains that are 
resistant to penicillin (MIC ≥0.12 µg/mL, but sensitive to a third-genera-
tion cephalosporin (MIC <1 µg/mL), cefotaxime or ceftriaxone should be 
used; for strains resistant to penicillin and third-generation cephalospo-
rins, vancomycin in combination with a third-generation cephalosporin  
is the antimicrobial regimen of choice because vancomycin used alone, 
especially when combined with adjunctive dexamethasone, may not be 
optimal therapy for patients with pneumococcal meningitis. This com-
bination should be continued pending results of susceptibility testing. 
Adequate CSF concentrations of vancomycin, however, may be attained 

  TABLE 71-4    Antimicrobial Therapy of Bacterial Meningitis

Organism Antibiotic of Choice

Streptococcus pneumoniae

  Penicillin MIC ≤0.06 µg/mL Penicillin G or ampicillin

  Penicillin MIC ≥0.12 µg/mL

  �  Ceftriaxone or cefotaxime MIC <1.0 µg/mL Third-generation cephalosporina

  �  Ceftriaxone or cefotaxime MIC ≥1.0 µg/mL Vancomycin plus a third- 
generation cephalosporina,d

Neisseria meningitidis Penicillin G or ampicillin, or a  
third-generation cephalosporina

Haemophilus influenzae

  β-Lactamase negative Ampicillin

  β-Lactamase positive Third-generation cephalosporina

Enterobacteriaceaeb Third-generation cephalosporina

Pseudomonas aeruginosa Ceftazidimec or cefepimec

Streptococcus agalactiae Penicillin Gc or ampicillinc

Listeria monocytogenes Ampicillinc or penicillin Gc

Staphylococcus aureus

  Methicillin sensitive Nafcillin or oxacillin

  Methicillin resistant Vancomycin

Staphylococcus epidermidis Vancomycind

aCefotaxime or ceftriaxone.
bChoice of a specific antimicrobial agent should be guided by in vitro susceptibility testing.
cAddition of an aminoglycoside should be considered.
dAddition of rifampin may be indicated.

MIC, minimal inhibitory concentration.

  TABLE 71-2    Empirical Therapy of Purulent Meningitis

Age Standard Therapy

<1 mo Ampicillin plus cefotaxime, or ampicillin plus an aminoglycosideb

1-23 mo Vancomycin plus a third-generation cephalosporina

2-50 y Vancomycin plus a third-generation cephalosporina

>50 y Vancomycin plus ampicillin plus a third-generation cephalosporina

aCefotaxime or ceftriaxone.
bGentamicin, tobramycin, or amikacin.

  TABLE 71-3   � Targeted Antimicrobial Therapy for Acute Bacterial Meningitis  
with Presumptive Pathogen Identification by Gram Stain

Microorganism Recommended Therapy

Streptococcus pneumoniae Vancomycin plus a third-generation cephalosporina,b

Neisseria meningitidis Third-generation cephalosporina

Haemophilus influenzae Third-generation cephalosporina

Streptococcus agalactiae Ampicillinc or penicillin Gc

Listeria monocytogenes Ampicillinc or penicillin Gc

aCefotaxime or ceftriaxone.
bSome experts would add rifampin if dexamethasone is also given.
cAddition of an aminoglycoside should be considered.
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even when patients are receiving adjunctive dexamethasone as long 
as appropriate dosages of vancomycin are administered; in one study 
of 14 patients,35 administration of intravenous vancomycin (15 mg/kg  
loading dose, followed by a continuous infusion of 60 mg/kg per day) 
led to mean CSF concentrations of 7.2 µg/mL. Some investigators 
have recommended the addition of rifampin (if the organism is sus-
ceptible) to the combination of vancomycin plus the third-generation 
cephalosporin for the treatment of meningitis caused by highly resistant 
pneumococcal strains,21,29,32 although there are no firm data to support  
this. Meropenem, a carbapenem antimicrobial agent, yields microbio-
logic and clinical outcomes similar to those of cefotaxime or ceftriaxone 
in the treatment of patients with bacterial meningitis. The newer fluo-
roquinolones (eg, moxifloxacin) have in vitro activity against resistant 
pneumococci and have shown activity in experimental animal models 
of resistant pneumococcal meningitis,21,29,32 but should not be used  
as first-line therapy in patients with bacterial meningitis, pending 
results of ongoing clinical trials. Trovafloxacin was shown to be thera-
peutically equivalent to ceftriaxone with or without vancomycin for the 
treatment of pediatric bacterial meningitis,36 although this agent is no 
longer used because of concerns of liver toxicity. The combination of  
moxifloxacin plus either vancomycin or a third-generation cephalospo-
rin may emerge as a treatment option for patients with pneumococcal 
meningitis.

Meningococcal strains that are relatively resistant to penicillin have 
also been reported from several areas (in particular Spain); however, 
most patients harboring these strains have recovered with standard 
penicillin therapy, so their clinical significance is unclear. In addition, in 
one study in Ontario, there was no association between invasive menin-
gococcal disease in decreased susceptibility to penicillin and mortality, 
although there was a marked increase in mortality associated with  
infection caused by serogroups B and C.37 In the United States, approxi-
mately 3% of meningococcal strains have shown intermediate suscep-
tibility to penicillin.21,29,32 Some authorities would treat meningococcal 
meningitis with a third-generation cephalosporin (cefotaxime or ceftri-
axone) pending results of in vitro susceptibility testing.

Treatment of H influenzae type b meningitis has been hampered 
by the emergence of β-lactamase–producing strains of the organism, 

which accounted for approximately 25% to 33% of all isolates in the 
United States.21 Chloramphenicol resistance has also been reported in 
the United States (<1% of isolates) and Spain (≥50% of isolates). In 
addition, a study found chloramphenicol to be bacteriologically and 
clinically inferior to certain β-lactam antibiotics (ampicillin, ceftriax-
one, and cefotaxime) in childhood bacterial meningitis, and most of 
these cases were due to H influenzae type b. From these findings and 
those of other studies, the third-generation cephalosporins (eg, cefo-
taxime and ceftriaxone) seem to be at least as effective as ampicillin plus 
chloramphenicol for therapy of H influenzae meningitis. Cefuroxime, a 
second-generation cephalosporin, has also been evaluated for therapy of 
H influenzae meningitis. A prospective randomized study of ceftriaxone 
versus cefuroxime for the treatment of childhood bacterial meningitis 
documented the superiority of ceftriaxone; patients receiving this drug 
had milder hearing impairment and more rapid CSF sterilization than 
did those receiving cefuroxime.38 We currently recommend a third-
generation cephalosporin for empirical therapy when H influenzae is 
considered a likely infecting pathogen. Cefepime has similar in vitro 
activity and cure rates for bacterial meningitis caused by H influenzae,  
N meningitidis, and S pneumoniae; in a prospective randomized trial 
comparing cefepime to cefotaxime for the treatment of bacterial menin-
gitis in infants and children,39 cefepime was found to be safe and thera-
peutically equivalent to cefotaxime.

The treatment of bacterial meningitis in adults that is caused by gram- 
negative enteric bacilli has been revolutionized by the third-generation 
cephalosporins,21,29 with cure rates of 78% to 94%. Ceftazidime or 
cefepime are also active against P aeruginosa meningitis; ceftazidime, 
alone or in combination with an aminoglycoside, resulted in cure of 19 
of 24 patients with Pseudomonas meningitis in one report. Intrathecal 
or intraventricular aminoglycoside therapy should be considered if 
there is no response to systemic therapy, although this therapy is now 
rarely needed. The fluoroquinolones (eg, ciprofloxacin or pefloxacin) 
have been used in some patients with gram-negative bacillary men-
ingitis, but at this time they can be considered only for patients with 
meningitis due to multidrug-resistant gram-negative bacilli or for 
patients in whom conventional therapy has failed. Given the emergence 
of strains of gram-negative bacilli that are resistant to third-generation 
cephalosporins, use of other intravenous agents, with or without intra-
ventricular administration, may need to be considered.13,32 Especially in 
patients with meningitis caused by multidrug-resistant Acinetobacter 
species, empiric therapy should be meropenem, with or without an 
aminoglycoside administered by the intraventricular or intrathecal 
route. Colistin (usually formulated as colistimethate sodium) should be 
substituted for meropenem if the organism is found to be resistant to 
carbapenems, and may also need to be administered by the intraven-
tricular or intrathecal route.

The third-generation cephalosporins are inactive against meningitis 
caused by L monocytogenes, an important meningeal pathogen; this is a 
major drawback of these agents. Therapy in this situation should consist 
of ampicillin or penicillin G; addition of an aminoglycoside should be 
considered in documented infection, at least for the first several days of 
treatment.18,19,21,29,32 Alternatively, trimethoprim-sulfamethoxazole can 
be used. In one retrospective series, the combination of trimethoprim-
sulfamethoxazole plus ampicillin was associated with a lower failure rate 
and fewer neurologic sequelae than the combination of ampicillin plus 
an aminoglycoside, although more data are needed before this combi-
nation can be recommended. Patients with S aureus meningitis should 
be treated with nafcillin or oxacillin; vancomycin should be reserved 
for patients allergic to penicillin and patients with suspected or proven 
disease caused by methicillin-resistant organisms.21,22,29,32 Linezolid has 
been successfully utilized in some patients with MRSA CNS infections, 
and the combination of daptomycin plus rifampin was successful in 
some patients with MRSA meningitis. Infection with S epidermidis, the 
most likely isolate in a patient with a CSF shunt, should be treated with 
vancomycin, with rifampin added if the patient fails to improve.13,29 
Shunt removal is often essential to optimize therapy.

  TABLE 71-5   � Recommended Doses of Antibiotics for Intracranial Infections 
in Adults With Normal Renal Function

Antibiotic Total Daily Dose in Adults (Dosing Interval)

Amikacina 15 mg/kg (q8h)

Ampicillin 12 g (q4h)

Aztreonam 6-8 g (q6-8h)

Cefepime 6 g (q8h)

Cefotaxime 8-12 g (q4-6h)

Ceftazidime 6 g (q8h)

Ceftriaxone 4 g (q12-24h)

Ciprofloxacin 800-1200 mg (q8-12h)

Gentamicin,a tobramycina 5 mg/kg (q8h)

Meropenem 6 g (q8h)

Metronidazole 30 mg/kg (q6h)

Nafcillin, oxacillin 9-12 g (q4h)

Rifampin 600 mg (q24h)

Trimethoprim-sulfamethoxazole 10-20 mg/kgb (q6-12h)

Vancomycinc 30-60 mg/kg (q8-12h)
aNeed to monitor peak and trough serum concentrations.
bDosage based on trimethoprim component.
cMaintain serum trough concentrations of 15-20 µg/mL.
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The duration of therapy for bacterial meningitis should be 10 to 14 days  
for most causes of nonmeningococcal meningitis and 3 weeks for men-
ingitis due to gram-negative enteric bacilli.21,29 Seven days of therapy 
appear adequate for meningococcal meningitis; several reports have 
suggested that 7 days of therapy is effective also for H influenzae men-
ingitis. Patients with S agalactiae meningitis should be treated for 14 to  
21 days, and patients with meningitis caused by L monocytogenes should 
be treated for at least 21 days. However, therapy must be individual-
ized; on the basis of clinical response, some patients may require longer 
courses of treatment.

Adjunctive Therapy:  Despite the availability of effective antimicrobial 
therapy, the morbidity and mortality rates of bacterial meningitis remain 
unacceptably high. Work in experimental animal models of meningitis 
has suggested a potentially useful role for anti-inflammatory agents (eg, 
corticosteroids and nonsteroidal anti-inflammatory agents) in decreas-
ing the inflammatory response in the subarachnoid space, which may 
be responsible for the development of neurologic sequelae. Adjunctive 
dexamethasone therapy has been evaluated in a number of published 
trials.21,29,32 A meta-analysis of clinical studies published from 1988 to 
1996 confirmed the benefit of adjunctive dexamethasone (0.15 mg/kg 
every 6 hours for 2-4 days) in infants and children with H influenzae 
type b meningitis and, if commenced with or before parenteral anti-
microbial therapy, suggested benefit for pneumococcal meningitis in 
childhood.40 Administration of dexamethasone before or with initiation 
of antimicrobial therapy is recommended for optimal attenuation of 
the subarachnoid space inflammatory response; patients must be care-
fully monitored for the possibility of gastrointestinal hemorrhage. In 
a prospective, randomized, double-blind trial in adults with bacterial 
meningitis, adjunctive treatment with dexamethasone was associated 
with a reduction in the proportion of patients who had unfavorable 
outcome and in the proportion of patients who died; the benefits were 
most striking in the subset of patients with pneumococcal meningitis.41 
The use of adjunctive dexamethasone, however, is of particular concern 
in patients with pneumococcal meningitis caused by highly penicil-
lin- or cephalosporin-resistant strains who are treated with vancomycin 
because a diminished inflammatory response may significantly decrease 
CSF vancomycin penetration and delay CSF sterilization, perhaps lead-
ing to a worse outcome. In the study cited above, only 72% of the 108 
CSF cultures that were positive for S pneumoniae were submitted for 
susceptibility testing, and all were susceptible to penicillin. However, 
CSF concentrations of vancomycin were adequate (mean of 7.2 µg/mL)  
in another study of 14 patients when vancomycin was administered 
as a continuous infusion at a dosage of 60 mg/kg per day.34 Therefore, 
routine use of adjunctive dexamethasone is warranted in most adults 
with suspected or proven pneumococcal meningitis.21,29,42 In patients 
with meningitis caused by pneumococcal strains resistant to penicillin 
and/or cephalosporins, careful observation and follow-up are critical to 
determine whether dexamethasone therapy is associated with an adverse 
outcome. When dexamethasone is used, the timing of administration 
is crucial. Administration of dexamethasone before or concomitant 
with the first dose of antimicrobial therapy is recommended for opti-
mal attenuation of the subarachnoid space inflammatory response. 
Dexamethasone is not recommended in patients who have already 
received antimicrobial therapy. If the meningitis is found not to be 
caused by S pneumoniae in adults, dexamethasone therapy may be dis-
continued. In patients receiving adjunctive dexamethasone who are not 
improving as expected or have a pneumococcal isolate with a cefotaxime 
or ceftriaxone MIC ≥2 µg/mL, a repeat lumbar puncture 36 to 48 hours 
after initiation of antimicrobial therapy is recommended to document 
CSF sterility.

Despite these positive results, the routine use of adjunctive dexameth-
asone for patients with bacterial meningitis in the developing world 
has been controversial.32 In one prospective, randomized, placebo-
controlled, double-blind trial in adolescents and adults in Vietnam,43 
adjunctive dexamethasone was associated with a reduction in risk and 

disability in patients with proven bacterial meningitis. In contrast, two 
prospective, randomized, double-blind, placebo-controlled trials from 
Malawi, one in children44 and one in adults,45 revealed no significant dif-
ferences in mortality in the patients treated with adjunctive dexametha-
sone. However, in these trials, many patients were infected with HIV 
or had other associated comorbidities, and delayed presentation may 
have been associated with lack of benefit. In a recent meta-analysis that 
included 4041 individual patients entered into 24 randomized trials,46  
there were no significant differences in mortality between patients who 
received corticosteroids and those who did not, although there was a 
trend in decreased mortality in adult patients who received corticoste-
roids and a subgroup analysis revealed a reduced mortality in patients 
with pneumococcal meningitis. Corticosteroids were associated with 
lower rates of severe hearing loss, any hearing loss, and neurologic 
sequelae, although there was no benefit of corticosteroid therapy in low-
income countries.

Other adjunctive therapies may be useful in critically ill patients with 
bacterial meningitis.21 Patients who are stuporous or comatose (preclud-
ing assessment of worsening neurologic function) and who show signs of 
increased intracranial pressure (eg, altered level of consciousness; dilated, 
poorly reactive, or nonreactive pupils; and ocular movement disorders) 
may benefit from the insertion of an intracranial pressure monitoring 
device. Increased intracranial pressure can be lowered by elevating the 
head of the bed to 30° to maximize venous drainage with minimal com-
promise of cerebral perfusion, by the use of hyperosmolar agents, and 
by hyperventilation. However, the routine use of hyperventilation (to 
maintain the partial arterial pressure of CO2 between 27 and 30 mm Hg) 
has been questioned in patients with bacterial meningitis. Infants and 
children with bacterial meningitis and normal initial CT scans can be 
treated with hyperventilation to decrease elevated intracranial pressure 
because it is unlikely that cerebral blood flow will be decreased to ischemic 
thresholds. However, in children in whom CT shows cerebral edema, 
cerebral blood flow is likely to be normal or decreased, so hyperventila-
tion might decrease intracranial pressure at the expense of cerebral blood 
flow, possibly reducing flow to ischemic thresholds. The use of hyperos-
molar agents (eg, mannitol, glycerol) may be useful in reducing increased 
intracranial pressure in patients with bacterial meningitis. In one study in 
infants and children with bacterial meningitis, oral glycerol appeared to 
help prevent neurologic sequelae.47 In a more recent study, oral glycerol 
prevented severe neurologic sequelae in children with bacterial meningi-
tis,48 although methodological questions have been raised about this study. 
However, in another randomized, double-blind trial in 383 children with 
bacterial meningitis, there was no significant relief in hearing impairment, 
with use of adjunctive glycerol, intravenous dexamethasone, or their com-
bination.49 Furthermore, in a randomized controlled trial of 265 Malawian 
adults with bacterial meningitis, use of adjuvant glycerol was harmful 
and increased mortality.50 Further studies are needed before adjunctive 
glycerol can be routinely recommended. A detailed discussion of the 
management of raised intracranial pressure is found in Chap. 86. Seizures 
must be treated promptly to avoid status epilepticus, which might lead to 
anoxic brain injury (see Chap. 85). Another important adjunctive measure 
in patients with bacterial meningitis is fluid restriction to combat hypo-
natremia caused by excess secretion of antidiuretic hormone, although 
this measure is not appropriate in the presence of shock or dehydration 
because hypotension may predispose the patient to cerebral ischemia. 
Many patients, particularly children, with bacterial meningitis are hypo-
natremic (serum sodium level <135 mEq/L) at presentation; the degree 
and duration of hyponatremia may contribute to neurologic sequelae. The 
management of hyponatremia is discussed in greater depth in Chap. 99.

■■ PREVENTION
A final point concerns chemoprophylaxis of contacts of meningitis 
cases, which is indicated for close contacts of patients with N meningiti-
dis or H influenzae type b meningitis.21 The definition of close contact 
generally refers to persons who have had prolonged (≥8 hours) contact 
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  TABLE 71-6    Predisposing Conditions and Microbiology in Brain Abscess

Predisposing Condition Usual Bacterial Isolates

Otitis media or mastoiditis Streptococci (anaerobic or aerobic), Bacteroides 
and Prevotella sp, Enterobacteriaceae

Sinusitis (frontoethmoidal or  
sphenoidal)

Streptococci, Bacteroides sp, Enterobacteriaceae, 
Staphylococcus aureus, Haemophilus sp

Dental sepsis Mixed Fusobacterium, Prevotella, Bacteroides, 
Actinomyces, and Streptococcus sp

Penetrating trauma or postneurosurgical 
state

Staphylococcus aureus, streptococci, 
Enterobacteriaceae, Clostridium sp

Congenital heart disease Streptococci, Haemophilus sp

Lung abscess, empyema, bronchiectasis Fusobacterium, Actinomyces, and Bacteroides 
sp Nocardia asteroides; streptococci

Bacterial endocarditis Staphylococcus aureus, streptococci

Immunosuppressed host Nocardia, Enterobacteriaceae

while in close proximity (≤3 feet) to the index patient. For meningococ-
cal meningitis, chemoprophylaxis usually is recommended only for close 
contacts (eg, household contacts, day-care contacts, nursery school con-
tacts, contacts who eat or sleep in the same dwelling, and close contacts 
such as in a military barracks or boarding school); it is not indicated 
for other groups (eg, office coworkers or classmates) unless there has 
been intimate contact. However, one study has suggested that school-
aged children may be at increased risk of secondary infection when 
classrooms are crowded and/or when contact during lunch or recess is 
frequent. For travelers, chemoprophylaxis should be considered for any 
passenger who had direct contact with the respiratory secretions of the 
index patient, or anyone sitting next to the index patient on a prolonged 
flight (≥8 hours). Prophylaxis is not necessary for medical personnel 
caring for cases unless there has been intimate contact (eg, mouth-to-
mouth resuscitation, or those who perform endotracheal intubation or 
endotracheal tube management). Chemoprophylaxis may also need to 
be administered to the index patient before hospital discharge because 
certain antimicrobial agents (eg, high-dose penicillin or chlorampheni-
col) do not reliably eradicate meningococci from the nasopharynx of 
colonized patients. All contacts (children and adults) of a patient with  
H influenzae meningitis should receive chemoprophylaxis if exposure 
has occurred in a household or day-care center containing children  
4 years or younger (other than the index case), provided that the expo-
sure to H influenzae type b was in the week before presentation.

The recommended drug of choice for chemoprophylaxis, for contacts 
of patients with either type of meningitis, is rifampin.21 For contacts of  
patients with H influenzae meningitis, rifampin at a daily dose of 20 mg/kg  
(not exceeding 600 mg) for 4 consecutive days is most effective. For 
contacts of meningococcal cases, one rifampin dose of 10 mg/kg 
(not exceeding 600 mg) twice a day for 2 days is effective. One dose 
of ciprofloxacin (500 or 750 mg) may also be effective for eradicat-
ing nasopharyngeal carriage of meningococci; ciprofloxacin is not 
recommended in pregnant women or in persons younger than 18 years 
because of concerns of cartilage damage. Ciprofloxacin may well sup-
plant rifampin for chemoprophylaxis in adults. However, three cases 
of ciprofloxacin-resistant N meningitidis have been reported in North 
Dakota and Minnesota,51 leading the CDC to no longer recommend 
ciprofloxacin for meningococcal chemoprophylaxis in selected coun-
ties in these states. In one study, ceftriaxone (250 mg intramuscularly in 
adults or 125 mg in children) was shown to eliminate the meningococ-
cal serogroup A carrier state in 97% of patients for up to 2 weeks and is 
probably the safest alternative for meningococcal chemoprophylaxis in 
pregnant women. Azithromycin (500 mg orally once) was also shown to 
be as effective as a four-dose regimen of rifampin in the eradication of 
meningococci from the nasopharynx.21

BRAIN ABSCESS

■■ EPIDEMIOLOGY AND ETIOLOGY
Brain abscess is one of the most serious complications of head and neck 
infections. Even in the antibiotic era, mortality from brain abscess was 
not appreciably different from that in the era before antibiotics (about 
30%-60%) until the past decade, when mortality decreased to between 
0% and 24%.52 This improvement is likely due to recent developments 
in diagnosis and treatment, which includes the availability of more 
effective antimicrobial therapy, new surgical techniques, and especially 
the availability of CT scanning, which allows for an improved mortality 
related to earlier diagnosis and a more accurate method of postoperative 
follow-up. The incidence of neurologic sequelae in patients who survive 
their brain abscess ranges from 20% to 70%; mortality rates are much 
higher (27%-85%) in those whose abscess is complicated by intraven-
tricular rupture.53

Bacteria can reach the brain by several different mechanisms. The 
factors predisposing to brain abscess and the etiologic agents in each 
circumstance are presented in Table 71-6.52,54 The most common patho-
genic mechanism of brain abscess formation is spread from a contiguous 

focus of infection, most often in the middle ear, mastoid air cells, or 
paranasal sinuses. Early studies associated 40% of brain abscesses with 
otitis media, but this number has been decreasing in recent years. 
However, if antibiotic therapy of otitis is neglected, there is an increased 
risk of intracranial complications. Brain abscess secondary to otitis 
media is bimodally distributed, with peaks in children (acute otitis 
media) and in persons older than 40 years (chronic otitis media). Most 
cases of brain abscess due to otitis media occur in the temporal lobe 
and cerebellum. The etiologic agents in brain abscess secondary to otitis 
media include a broad range of bacterial species, including streptococci, 
Bacteroides fragilis, and members of the Enterobacteriaceae.

Paranasal sinusitis continues to be an important condition predispos-
ing to brain abscess, most commonly in persons ages 10 to 30 years. The 
frontal lobe is the predominant abscess site; when brain abscess com-
plicates sphenoid sinusitis, the temporal lobe or sella turcica is usually 
involved.52,54 Streptococci are the predominant bacterial species involved 
in brain abscess secondary to sinusitis, although anaerobes, S aureus, 
and gram-negative bacilli have been isolated.

Dental infections are a less common source of brain abscess; infec-
tions of molar teeth seem most often to be the cause. The frontal lobe is 
usually involved, but temporal lobe extension has also been described.

A second mechanism of brain abscess formation is hematogenous 
dissemination to the brain from a distant focus of infection. These 
abscesses are usually multiple and multiloculated, and they have a higher 
mortality rate than do abscesses that arise secondary to contiguous 
foci of infection.52,54 The most common sources in adults are chronic 
pyogenic lung diseases, especially lung abscess, bronchiectasis, empy-
ema, and cystic fibrosis. Anaerobes (Fusobacterium and Bacteroides 
species) and streptococci are likely infecting pathogens in this situation, 
as are Nocardia and Actinomyces species. Brain abscess may also occur 
hematogenously from wound and skin infections, osteomyelitis, pelvic 
infection, cholecystitis, and other intra-abdominal infections. Another 
predisposing factor leading to hematogenously acquired brain abscess 
is cyanotic congenital heart disease (accounting for 5%-15% of all brain 
abscess cases, with higher percentages in some pediatric series), most 
commonly due to tetralogy of Fallot and transposition of the great ves-
sels. Brain abscess is rare during bacterial endocarditis (<5% of cases in 
most series), despite the presence of persistent bacteremia. Hereditary 
hemorrhagic telangiectasia is a predisposing factor almost always 
observed in patients with coexisting pulmonary arteriovenous malfor-
mations; perhaps it allows septic emboli to cross the pulmonary circula-
tion without capillary filtration. The risk of developing brain abscess in 
patients with hereditary hemorrhagic telangiectasia ranges from 5% to 
9%, and is 1000 times greater than in the general population.52,55 Brain 
abscesses have also developed after esophageal dilatation and sclerosing 
therapy for esophageal varices.
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Trauma is a third pathogenic mechanism in the development of 
brain abscess, whether secondary to an open cranial fracture with dural 
breach, to neurosurgery, or (especially in children) to a foreign body 
injury.52,54 The incidence of brain abscess formation after head trauma 
ranges from 3% to 17% in military populations, where it is usually sec-
ondary to retained bone fragments or contamination of initially “sterile” 
missile sites with bacteria from skin, clothes, and the environment. 
Predisposing traumatic conditions in the civilian population (incidence 
of 2.5%-10.9%) include compound depressed skull fractures, dog bites, 
rooster pecking, and, especially in children, injury from lawn darts and 
pencil tips. Likely infective microorganisms after trauma include staphy-
lococci, streptococci, gram-negative bacilli, and anaerobes.

Brain abscess is cryptogenic in about 10% to 35% of patients.52 Many 
of these cases are secondary to unrecognized dental foci of infection; 
patent foramen ovale has also been suggested as a possible predisposing 
factor. In this subgroup of patients, broad antimicrobial therapy is indi-
cated pending culture results (see the section Treatment below).

Overall, the most commonly isolated bacterial species in brain abscess 
are streptococci (aerobic, anaerobic, and microaerophilic), which are 
present in approximately 70% of cases, and are frequently isolated in 
mixed infection (30%-60% of cases).52,54 These bacteria (especially the 
Streptococcus milleri/anginosus/intermedius group) normally reside in 
the oral cavity, appendix, and female genital tract and have a procliv-
ity for abscess formation. Staphylococcus aureus, which was isolated in 
25% to 30% of cases in the era before antibiotics, currently accounts for 
10% to 20% of isolates, although the frequency of isolation of S aureus  
is increased in certain clinical situations (eg, cranial trauma and endo-
carditis). Attention to proper culture techniques has increased the rate 
of isolation of anaerobes, with Bacteroides species isolated in 20% to 
40% of cases, often in mixed culture. Enteric gram-negative bacilli 
(Proteus species, E coli, Klebsiella species, and Pseudomonas species) are 
isolated in 23% to 33% of patients. Other bacterial species occur less 
commonly (<1% of cases) and include H influenzae, S pneumoniae, 
L monocytogenes, and Nocardia asteroides (Nocardia is more often 
isolated in patients with T lymphocyte or mononuclear phagocyte 
defects). Nocardial brain abscesses have increased in incidence with 
the increasing numbers of immunosuppressed patients, although up to 
48% of patients with nocardiosis have no underlying conditions. Brain 
abscesses due to Actinomyces species are commonly associated with pul-
monary and odontogenic infections. Multiple organisms are cultured in 
14% to 28% of cases; the incidence of negative cultures ranges from 0% 
to 43%, with an increased frequency often correlated with use of prior 
antimicrobial therapy.

■■ CLINICAL PRESENTATION
The clinical course of brain abscess may be indolent or fulminant; 75% 
of patients have symptoms for less than 2 weeks. Most of the clini-
cal manifestations are due to the presence of space-occupying lesions 
within the brain.52,54 The most common symptom is headache, present  
in an average of 70% to 75% of patients. The headache is usually mod-
erate to severe and hemicranial, but it may be generalized; sudden  
worsening with the onset of new-onset meningismus may signify 
intraventricular rupture of the abscess. Other findings include nausea 
and vomiting (∼50% of cases), nuchal rigidity (25%), and papilledema 
(∼25%). Mental status changes ranging from lethargy to coma occur in 
the majority of cases. Seizures, usually generalized, occur in 13% to 35% 
of patients. Fever appears in only 32% to 79% of cases; afebrile patients 
tend to be older and to have a longer duration of illness and a higher 
mortality rate. Fewer than 50% of patients present with the classic triad 
of fever, headache, and focal neurologic deficit. Patients with frontal 
lobe abscess often present with headache, drowsiness, inattention, and 
deterioration in mental status; the most common focal neurologic 
signs are hemiparesis, with unilateral motor signs, and a motor speech 
disorder. The clinical presentation of cerebellar abscess may include 
ataxia, nystagmus, vomiting, and dysmetria. Persons with abscess of the 
temporal lobe may present with ipsilateral headache and aphasia, if the 

lesion is in the dominant hemisphere. A visual field defect (eg, an upper 
homonymous quadrantanopia) may be the only presenting sign of a 
temporal lobe abscess. Persons with brain stem abscesses usually pres-
ent with facial weakness, fever, headache, hemiparesis, dysphagia, and  
vomiting. Clues to the site of origin of the infection should also be 
sought; these include otorrhea, orbital cellulitis, purulent nasal dis-
charge, dental sepsis, and postoperative or posttraumatic cranial infec-
tion; such findings occur in about 60% of cases. It is important to note 
that the clinical presentation of brain abscess in immunosuppressed 
patients may be masked by the diminished inflammatory response.

■■ DIAGNOSIS
The diagnosis of brain abscess has been revolutionized by CT, which 
not only is an excellent means to examine the brain parenchyma but 
also is superior to standard radiologic procedures for examination of 
the paranasal sinuses, mastoid cells, and middle ear.52,54 The sensitiv-
ity of CT is 95% to 99% for brain abscess; it also yields information 
concerning the extent of surrounding edema, the presence or absence 
of a midline shift, the presence of hydrocephalus, and the possibility of 
imminent ventricular rupture. The characteristic appearance of brain 
abscess on CT is a hypodense center with a uniform peripheral ring 
enhancement after the injection of contrast material; this is surrounded 
by a variable hypodense area of brain edema. A similar appearance 
is seen with neoplasms, granulomas, cerebral infarction, or resolving 
hematoma. Contrast enhancement of the ependymal lining suggests 
ventriculitis. Other CT findings include nodular enhancement and areas 
of low attenuation without enhancement; the latter finding is observed 
during the early stage of cerebritis, before abscess formation; as the 
abscess progresses, contrast enhancement is observed. In later stages, as 
the abscess becomes encapsulated, contrast no longer differentiates the 
lucent center, and the CT appearance is similar to that in the early stage 
of cerebritis. The use of delayed films may be helpful because the pres-
ence of contrast material in the center of the lesion suggests cerebritis. 
The absence of contrast material likely indicates a well-encapsulated 
lesion. This difference is important therapeutically because cerebritis 
may respond to medical therapy alone, whereas most encapsulated 
lesions require surgical intervention. CT is also useful for following the 
course of brain abscess, although, after aspiration, improvement in the 
CT appearance may not be seen for up to 5 weeks or longer. Complete 
resolution may take 4 to 5 months.

MRI has an important role in the diagnosis of brain abscess, for which 
it has several advantages over CT, and has now become the first imaging 
modality of choice in patients with brain abscess.52 MRI is more effec-
tive for the early detection of cerebritis. Also, in cases of cerebral edema, 
MRI shows a stronger contrast between an edematous and a normal 
brain and more clearly shows the spread of inflammation into the ven-
tricles and subarachnoid space. MRI also permits earlier detection of 
satellite lesions. T1-weighted images characteristically demonstrate a 
peripheral zone of mild hypointensity (representative of edema forma-
tion) related to adjacent brain, which surrounds a central zone of more 
marked hypointensity (indicative of the necrotic center of the abscess); 
these two regions are separated by a capsule that appears as a discrete 
rim, which is isointense to mildly hyperintense. On T2-weighted images, 
there is an area of marked hyperintensity in the zone of edema when 
compared with adjacent brain, whereas the central core is isointense 
to hyperintense compared with gray matter; the capsule appears as a 
well-defined hypointense rim at the margin of the abscess. Contrast-
enhanced MRI, using the paramagnetic agent gadolinium diethylene-
triamine pentaacetic acid, has the advantage of clearly differentiating 
the central abscess, the surrounding contrast-enhancing rim, and the 
cerebral edema surrounding the abscess. MRI is the current diagnostic 
procedure of choice for detection of brain abscess, although it is not 
always feasible in critically ill patients.

A major advance in the use of CT is the availability of stereotaxic 
CT-guided aspiration of the abscess to facilitate bacteriologic diagnosis.52 
However, aspiration during the early cerebritis stage may be complicated 
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  TABLE 71-7    Empirical Antimicrobial Therapy for Brain Abscess

Predisposing Condition Antimicrobial Regimen

Otitis media or mastoiditis Metronidazole plus a third-generation cephalosporina

Sinusitis Vancomycin plus metronidazole plus a third- 
generation cephalosporina

Dental sepsis Penicillin plus metronidazole

Cranial trauma or postneurosurgical 
state

Vancomycin plus a third-generation cephalosporina

Congenital heart disease Third-generation cephalosporina

Unknown Vancomycin plus metronidazole plus a third- 
generation cephalosporina

aCefotaxime or ceftriaxone; ceftazidime or cefepime is used if Pseudomonas aeruginosa is suspected.

  TABLE 71-8    Antimicrobial Therapy for Brain Abscess

Organism Standard Therapy Alternative Therapies

Streptococcus milleri and 
other streptococci

Penicillin G Third-generation cephalosporin,a 
vancomycin

Bacteroides fragilis Metronidazole Clindamycin

Fusobacterium sp, 
Actinomyces

Penicillin G Metronidazole

Staphylococcus aureus Nafcillin Vancomycinc

Enterobacteriaceaeb Third-generation 
cephalosporina

Aztreonam, trimethoprim-
sulfamethoxazole, fluoroquinolone, 
meropenem

Haemophilus sp Third-generation 
cephalosporina

Aztreonam, trimethoprim-
sulfamethoxazole

Nocardia asteroides Trimethoprim-
sulfamethoxazole

Minocycline, third-generation 
cephalosporin,a imipenem, meropenem, 
amikacin

aCefotaxime or ceftriaxone.
bChoice based on in vitro susceptibility testing.
cUse vancomycin if methicillin-resistant S aureus is isolated or suspected.

by hemorrhage. At the time of aspiration, a specimen should be sent for 
Gram stain (and other special stains, eg, Ziehl-Nielsen, modified acid-
fast, and silver stains, when appropriate), routine culture, and anaerobic 
culture. In patients with a likely bacterial brain abscess, 16S rDNA 
metagenomic analysis and amplification may be important in patients 
with histologic evidence of brain abscess and negative cultures; two 
studies found that this technique dramatically increased the number of 
agents identified,56,57 although confirmation is needed to determine the 
importance of these multiple agents as true pathogens in patients with 
brain abscess. The use of this modality in the treatment of brain abscess 
is discussed under Surgical Therapy in the section Treatment.

Lumbar puncture is contraindicated in patients with suspected or 
proven brain abscess because of the risk of life-threatening cerebral 
herniation after removal of CSF. When lumbar puncture is performed, 
the CSF profile is nonspecific, with a predominantly mononuclear 
pleocytosis and an elevated protein concentration. Hypoglycorrhachia 
is present in only 25% of cases, and fewer than 10% of CSF cultures are 
positive. Microorganisms usually are not demonstrated on Gram stain, 
unless the abscess has ruptured into the subarachnoid space or there is 
accompanying meningitis.

■■ TREATMENT
Antimicrobial Therapy:  Perhaps related to the alteration of the blood-
brain barrier in the area of the brain abscess, there is increased pen-
etration of normally excluded antibiotics into the brain. However, this 
increased penetration into the brain does not predict penetration into 
cerebral abscesses. Brain abscess concentrations of antibiotics have 
been measured, and several generalizations can be made:52 (a) met-
ronidazole can be expected to achieve inhibitory levels for sensitive 
anaerobic microorganisms and (b) concentrations of various penicil-
lins and cephalosporins in brain tissue and abscess are usually poor, 
although when given in large parenteral doses, these agents achieve 
therapeutic concentrations for sensitive microorganisms.

When a diagnosis of brain abscess is made, whether presumptively on 
the basis of radiologic studies or through aspiration of the abscess, anti-
microbial therapy should be initiated. Aspiration may provide an etiologic 
diagnosis on Gram stain examination, but when aspiration is impractical 
or delayed, we recommend empirical therapy based on the likely etio-
logic agent, if a predisposing condition can be identified (Table 71-7).52 
Because of the high rate of isolation of streptococci (particularly the  
S milleri group) from brain abscesses of various etiologies (see Table 71-6), 
high-dose penicillin G (20-24 million U/day) or another drug that is 
active against this organism (eg, a third-generation cephalosporin, either 
cefotaxime or ceftriaxone) should be included in the initial therapeutic 
regimen. Penicillin is also active against most anaerobic species, with 
the notable exception of B fragilis, which is isolated in a high percentage  
(20%-40%) of brain abscess cases. When B fragilis is suspected, we rec-
ommend the addition of metronidazole (7.5 mg/kg every 6 hours). The 
advantages of metronidazole over other agents include its bactericidal 
activity against B fragilis (the others are frequently bacteriostatic for this 

organism) and the high concentrations it attains in brain abscess pus, 
even with concomitant corticosteroid administration. In addition, met-
ronidazole may improve mortality rates in patients with brain abscess. In 
cases in which S aureus is a likely infecting pathogen (eg, cranial trauma 
or prior neurosurgery), vancomycin (which penetrates into brain abscess 
fluid) should be used empirically while awaiting results of in vitro sus-
ceptibility testing. The penetration of clindamycin, erythromycin, and the 
first-generation cephalosporins into brain abscesses is usually inadequate 
to achieve therapeutic concentrations, thus precluding their use in this 
setting. For empirical therapy when members of the Enterobacteriaceae 
are suspected (eg, in cases of abscess of otitic origin), a third-generation 
cephalosporin or trimethoprim-sulfamethoxazole should be used.

One regimen that has theoretical advantages and covers a broad range 
of possible infecting bacterial pathogens is metronidazole, vancomycin, 
and a third-generation cephalosporin (cefotaxime or ceftriaxone; see 
Table 71-7).52 In addition to activity against gram-negative bacilli, these 
third-generation cephalosporins have excellent antistreptococcal activ-
ity and possess antistaphylococcal action. However, it is important to 
note that there are no clinical trials comparing this regimen with tradi-
tional penicillin-containing formulas. If P aeruginosa is a likely infecting 
pathogen, ceftazidime, cefepime, or meropenem is the agent of choice. 
However, if ceftazidime is the third-generation cephalosporin used in 
empirical therapy of brain abscess, the regimen must also include peni-
cillin G to treat a possible streptococcal infection because ceftazidime 
has unreliable activity against gram-positive organisms.

Once an infecting pathogen is isolated, antimicrobial therapy can be 
modified (Table 71-8).52 Antimicrobial therapy with large-dose intra-
venous antibiotics should be continued for 6 to 8 weeks and is often 
followed by oral antibiotic therapy for 2 to 3 months, if an appropriate 
agent is available, although the efficacy and necessity of this approach 
has not been established. A shorter course (3-4 weeks) may be adequate 
for patients undergoing excision of the abscess. Surgical therapy (see 
below) is often required for treatment of brain abscess, although certain 
subgroups of patients can be managed without surgery. These include 
patients with medical conditions that increase the risks from surgery, 
patients with multiple abscesses or an abscess in a deep or dominant 
location, patients with coexisting meningitis or ependymitis, patients in 
whom antimicrobial therapy results in early abscess reduction and clini-
cal improvement, and patients with an abscess smaller than approxi-
mately 3 cm. Patients treated with medical therapy alone may require 
more prolonged treatment (up to 12 weeks), with careful clinical and 
radiographic follow-up. In all patients, biweekly neuroimaging up to  
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3 months is also suggested to monitor for abscess reexpansion or failure 
to resolve.

Surgical Therapy:  Most patients require surgical management for opti-
mal treatment of brain abscess. The two procedures judged equivalent 
by outcome are aspiration of the abscess after burr hole placement and 
complete excision after craniotomy.51,58,59 The choice of procedure must 
be individualized for each patient. Aspiration may be performed using 
stereotaxic CT guidance, which affords the surgeon rapid, accurate, and 
safe access to virtually any intracranial point. Aspiration can also be 
used for swift relief of increased intracranial pressure. Incomplete drain-
age of multiloculated lesions is a major disadvantage of aspiration; these 
lesions frequently require excision. Other risks of aspiration are that it 
may allow the abscess to rupture into the ventricle, and that pus may 
leak into the subarachnoid space, resulting in ventriculitis or meningitis.

Complete excision after craniotomy is most often employed in 
patients in a stable neurologic condition. Surgery is also indicated for 
abscesses exhibiting gas on radiologic evaluation and for posterior fossa 
abscesses. In patients with worsening neurologic deficits, including 
deteriorating consciousness or signs of increased intracranial pressure, 
surgery should be performed emergently. Excision is contraindicated in 
the early stages, before a capsule is formed. All brain abscesses larger 
than 2.5 cm in diameter should be aspirated or excised for optimal 
management.52,60

Adjunctive Therapy:  Intracranial pressure monitoring has become 
important in the intensive care management of brain abscess patients 
who have cerebral edema (see Chap. 86). The use of these monitoring 
devices has diminished the likelihood of transtentorial herniation, brain 
stem compression, and further injury from cerebral ischemia.

Corticosteroids have been used as one method to manage increased 
intracranial pressure, although their use remains controversial.52 These 
agents may retard the encapsulation process, reduce antibiotic entry into 
the CNS, increase necrosis, and alter the appearance of ring enhance-
ment on CT as inflammation subsides, thereby obscuring information 
from sequential studies. Steroids (at a dexamethasone dose for adults of 
4 to 6 mg every 6 hours) are most useful in the patient with deteriorat-
ing neurologic status and increased intracranial pressure, for whom 
steroids may prove lifesaving. When used to treat cerebral edema, ste-
roids should be used for the shortest time possible and withdrawn when 
the mass effect no longer poses a significant danger to the patient. The 
management of increased intracranial pressure is discussed in Chap. 86.

SUBDURAL EMPYEMA AND EPIDURAL ABSCESS

■■ EPIDEMIOLOGY AND ETIOLOGY
The term subdural empyema refers to a collection of pus in the space 
between the dura and arachnoid. This process accounts for about 15% 
to 20% of all localized intracranial infections.61-64 The disease was essen-
tially lethal before the advent of antimicrobial therapy, with current 
methods of diagnosis and treatment, mortality rates are 10% to 20%. 
The most common predisposing conditions are otorhinologic infec-
tions, especially infection of the paranasal sinuses, which are affected in 
40% to 80% of cases. The pathogenesis involves spread of infection to 
the subdural space through valveless emissary veins in association with 
thrombophlebitis or by extension of an osteomyelitis of the skull with 
accompanying epidural abscess. The mastoid cells and middle ear are the 
source in 10% to 20% of patients, especially in geographic areas where 
many cases of otitis media are not treated promptly with antibiotics.  
Other predisposing conditions include skull trauma, neurosurgical 
procedures, and infection of a preexisting subdural hematoma. The 
infection is metastatic in a minority of cases (∼5%), principally from 
the pulmonary system. In infants, meningitis is an important predispos-
ing condition for the development of subdural empyema, which occurs 
in about 2% of infants with bacterial meningitis. Different bacterial 
species have been isolated from cranial subdural empyemas, including 

streptococci (25%-45% of cases), staphylococci (10%-15%), aerobic 
gram-negative bacilli (3%-10%), and anaerobes (33%-100%, when care-
ful culturing is performed); these organisms constitute the microbial 
flora that are frequently isolated from patients with chronic sinusitis and 
cranial abscesses.

Spinal subdural empyema is a rare condition occurring secondary to 
metastatic infection from a distant site.64 Staphylococcus aureus is the 
most frequent isolate, whereas streptococci are found less frequently.

The term epidural abscess refers to a localized infection between the 
dura mater and the overlying skull or vertebral column.64 Cranial epidural  
abscess can cross the cranial dura along emissary veins, so subdural 
empyema often is also present. Therefore, the etiology, pathogenesis, 
and bacteriology of intracranial epidural abscess are usually identical 
to those described for subdural empyema (see above), with the initial 
focus of infection in the middle ear, paranasal sinuses, or mastoid cells.

In contrast, spinal epidural abscess usually follows hematogenous 
dissemination from foci elsewhere in the body to the epidural space or, 
by extension, from vertebral osteomyelitis.64-68 Hematogenous spread 
occurs in 25% to 50% of cases, secondary to infections of the skin 
(furuncles, cellulitis, or infected acne), urinary tract infections, peri-
odontal abscesses, pharyngitis, pneumonia, or mastoiditis. Mild blunt 
spinal trauma (15%-35% of cases) may provide a devitalized site sus-
ceptible to transient bacteremia. Infection of the epidural space has also 
been reported after penetrating injuries, extension of decubitus ulcers 
or paraspinal abscesses, back surgery, lumbar puncture, and epidural 
anesthesia. Bacteremia may be an important predisposing factor because 
the incidence of spinal epidural abscess is increased in patients who 
use injection drugs or have intravenous catheters. The infecting micro-
organism in the vast majority of cases is S aureus (50%-90% in vari-
ous series). Other isolates include aerobic and anaerobic streptococci  
(8%-17% of cases) and gram-negative aerobic bacilli (10%-17%), espe-
cially E coli and P aeruginosa.

■■ CLINICAL PRESENTATION
Persons with subdural empyema can present in a rapidly progressive, 
life-threatening clinical condition.61-64 Symptoms and signs relate to the 
presence of increased intracranial pressure, meningeal irritation, or focal 
cortical inflammation. In addition, 60% to 90% of patients have evidence 
of the antecedent infection (eg, sinusitis or otitis). Headache, initially 
localized to the infected sinus or ear is a prominent complaint and can 
become generalized as the infection progresses. Vomiting is common 
as intracranial pressure increases. Early in the infection, about 50% of 
patients have altered mental status, which can progress to obtundation 
if the patient is not treated. Fever with a temperature above 39°C is 
present in most cases. Focal neurologic signs appear in 24 to 48 hours 
and progress rapidly, with eventual involvement of the entire cerebral 
hemisphere. Hemiparesis and hemiplegia are the most common focal 
signs, although ocular palsies, dysphasia, homonymous hemianopsia, 
dilated pupils, and cerebellar signs have been observed. Seizures (focal 
or generalized) are observed in 25% to 80% of cases. Signs of menin-
geal irritation (eg, meningismus) are found in approximately 80% of 
patients, although fewer have Kernig or Brudzinski sign. If the patient 
remains untreated, neurologic deterioration occurs rapidly, with signs 
of increased intracranial pressure and cerebral herniation. Papilledema 
develops in fewer than 50% of patients. This fulminant picture may 
not be seen in patients with subdural empyema after cranial surgery or 
trauma, in patients who have received prior antimicrobial therapy, in 
patients with infected subdural hematomas, or in patients with infec-
tions metastatic to the subdural space.

Spinal subdural empyema usually manifests as radicular pain and 
symptoms of spinal cord compression, which may occur at multiple 
levels.64 Clinically, this lesion is difficult to distinguish from a spinal 
epidural abscess (see the section Diagnosis below).

The onset of symptoms in cranial epidural abscess may be insidi-
ous and overshadowed by the primary focus of infection (eg, sinusitis 
or otitis media).64 Headache is a usual complaint, but the patient may 
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otherwise feel well unless the clinical course is complicated (eg, by devel-
opment of subdural empyema or involvement of deeper intracranial 
structures). Because the dura is closely opposed to the inner surface of 
the cranium, the abscess usually enlarges too slowly to produce sudden 
major neurologic deficits (in contrast to subdural empyema) unless 
there is deeper intracranial extension. However, there may eventually be 
development of focal neurologic signs and focal or generalized seizures. 
In the absence of treatment, papilledema and other signs of increased 
intracranial pressure develop as the abscess enlarges. An epidural 
abscess near the petrous bone may present as Gradenigo syndrome, 
characterized by involvement of cranial nerves V and VI, with unilateral 
facial pain and weakness of the lateral rectus muscle.64

Spinal epidural abscess may develop within hours to days (after hema-
togenous seeding) or may grow slowly over months (associated more 
often with vertebral osteomyelitis).64-68 Most abscesses pass through 
the following stages: focal vertebral pain; root pain; defects of motor, 
sensory, or sphincter function; and paralysis. Pain is the most consistent 
symptom and is accompanied by local tenderness at the affected level in 
70% to 90% of cases. Subsequently, radicular pain develops; it is followed 
by progression to weakness and paralysis. Fever occurs in most patients 
during the course of the illness. Headache and neck stiffness may also 
occur. Respiratory function may be impaired if the cervical spinal cord 
is involved. The usually irreversible manifestations of cord involvement 
include muscle weakness, sensory deficits, and disturbances of sphincter 
control. At this juncture there may be rapid transition to paralysis (usu-
ally within 24 hours from onset of weakness), indicating the need for 
emergent evaluation, diagnosis, and treatment.

■■ DIAGNOSIS
Subdural empyema should be suspected in any patient with meningeal 
signs and a focal neurologic deficit. Lumbar puncture is contraindicated 
in this setting because of the risk of cerebral herniation. When lum-
bar puncture is performed, CSF findings are nonspecific and include 
elevated opening pressure, moderate neutrophilic pleocytosis, and an 
increased protein concentration. Unless the course is complicated by 
bacterial meningitis, CSF Gram stain and cultures are negative. Skull 
radiographs may demonstrate evidence of concurrent sinusitis or osteo-
myelitis.

The diagnostic procedures are CT with contrast enhancement or 
MRI.61-64 The typical CT appearance is a crescentic or elliptical area 
of hypodensity below the cranial vault or adjacent to the falx cerebri. 
Loculations may also be seen. Depending on the extent of disease, 
there is often an associated mass effect with displacement of midline 
structures. After the administration of contrast material, a fine, intense 
line of enhancement can be seen between the subdural collection and 
the cerebral cortex. However, false-negative CT scans do occur. MRI 
provides greater clarity of morphologic detail and may detect empyema 
not clearly seen on CT; it is of particular value in identifying subdural 
empyemas located at the base of the brain, along the falx cerebri, or 
in the posterior fossa. On the basis of signal intensity, MRI can dif-
ferentiate extraaxial empyemas from most sterile effusions and chronic 
hematomas. Based on these findings, MRI is considered the modality 
of choice for the diagnosis of subdural empyema. CT and MRI are also 
useful for demonstrating sinusitis and otitis, although CT is better than 
MRI at imaging bone and should be used in cases of penetrating injury 
or osteomyelitis. MRI is the diagnostic procedure of choice for spinal 
subdural empyema because it more accurately defines the extent of the 
lesion than does CT.64

CT and MRI are also the diagnostic procedures of choice for cranial 
epidural abscess because both demonstrate a superficial, circumscribed 
area of diminished density.64 The possibility of adjacent subdural empy-
ema or other intracranial involvement can also be assessed. MRI should 
be performed in cases of suspected spinal epidural abscess, and is the 
diagnostic procedure of choice because it can visualize the spinal cord 
and epidural space in sagittal and transverse sections and can identify 
accompanying osteomyelitis, intramedullary spinal cord lesions, and 

joint space infection; the response to therapy can also be assessed read-
ily with this technique.64,68 CT myelography may be performed if MRI is 
unavailable or contraindicated.

■■ TREATMENT
The therapy of subdural empyema and epidural abscess optimally 
requires a combined medical and surgical approach. Surgical therapy is 
essential for three reasons: because antibiotics do not reliably sterilize 
these lesions without concurrent drainage; because cultures of purulent 
material guide antimicrobial therapy; and because surgical decompres-
sion is useful in controlling increased intracranial pressure or avoiding 
cord compression.

Antimicrobial Therapy:  Once purulent material is aspirated in patients 
with cranial subdural empyema, antimicrobial therapy should be initi-
ated; it should be based on a Gram stain and on the site of primary  
infection.64 For suspected S aureus, vancomycin (15 mg/kg every 12 hours) 
is recommended pending in vitro susceptibility testing. Metronidazole 
(15 mg/kg loading dose and then 7.5 mg/kg every 6-8 hours) is used when 
anaerobes (eg, B fragilis) are suspected. For aerobic gram-negative 
bacilli, a third-generation cephalosporin (cefotaxime or ceftriaxone) 
should be used, with ceftazidime or cefepime reserved for cases in which 
P aeruginosa is likely. Parenteral antibiotics should be continued for 3 to 
4 weeks, depending on the patient’s clinical response. Longer periods of 
intravenous therapy (and perhaps oral therapy) may be required if an 
associated osteomyelitis is present.

Presumptive antimicrobial therapy for spinal epidural abscess must 
include a first-line antistaphylococcal agent (ie, vancomycin); coverage 
for gram-negative organisms should be included for any patient with a 
history of a spinal procedure or of injection drug abuse.64 In addition, 
pending culture results, empirical antimicrobial therapy in patients who 
have undergone a spinal procedure should include vancomycin for pre-
sumed involvement by S epidermidis.

Surgical Therapy:  The optimal surgical approach for subdural empy-
ema is controversial, and there are several unanswered questions with 
regard to management.61,64 First, should drainage be performed by 
craniotomy or via burr holes? Previous studies have documented a 
lower mortality rate in patients undergoing craniotomy,69 although it 
may be that a larger percentage of gravely ill patients were treated with 
burr holes because of the greater surgical risk. Burr hole therapy may 
be more efficacious in the early stages of subdural empyema, when the 
pus is liquid, because thickening occurs as the disease progresses, mak-
ing aspiration more difficult. If burr holes are to be placed, they should 
be multiple to allow extensive irrigation. However, craniotomy may be 
essential for posterior fossa subdural empyema, and it is also needed in 
10% to 20% of patients initially treated with trephination. Thus, burr 
hole drainage, even with catheter irrigation, may not adequately drain 
the empyema. When craniotomy is performed, wide exposure should 
be afforded to allow adequate exploration of all areas where subdural 
pus is suspected. Second, should antibiotics be instilled locally to irri-
gate the subdural space? Although antibiotic irrigation has become 
common, there are no data on the potential benefits of this practice. 
Third, should drains, or catheters, be left in the subdural space? This 
decision is best made by the neurosurgeon intraoperatively; however, 
with drains in place, the risk of nosocomial superinfection must be kept 
in mind. Further, surgical correction of the antecedent otorhinologic 
infection may also be necessary.

In patients with spinal epidural abscess, laminectomy with decom-
pression and drainage may need to be performed as a surgical emer-
gency to minimize the likelihood of permanent neurologic sequelae.64,68 
However, in a literature review of 38 patients with spinal epidural 
abscess treated with antimicrobial therapy alone, 23 recovered, two 
died, one worsened, and the rest remained the same or improved.70 In 
contrast, a retrospective analysis of 57 cases revealed that patients could 
be treated safely and effectively with prolonged intravenous antimi-
crobial therapy alone or combined with percutaneous needle drainage 
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irrespective of neurologic abnormality at presentation71; however, the 
numbers of patients in each of the outcome groups were small. In 
another study of 52 patients, 24 of 29 treated with medical therapy alone 
had a good or excellent outcome.72 There have been no prospective, 
randomized trials comparing the efficacy of antimicrobial agents plus 
surgery with antimicrobial therapy alone. Antimicrobial therapy alone 
can be considered in patients who have localized pain and radicular 
symptoms without long-tract findings, although these patients require 
frequent neurologic examinations and serial MRI studies to demon-
strate resolution of the abscess. Rapid surgical decompression should 
be performed in patients with increasing neurologic deficit, persistent 
severe pain, or increasing temperature or peripheral white blood cell 
count.73 Surgery is unlikely to be helpful in patients who have experi-
enced complete paralysis for longer than 24 to 36 hours, although some 
experts would perform surgery if complete paralysis has lasted less than 
72 hours; surgical therapy may also be required to treat the epidural 
infection and control sepsis.64,68

Adjunctive Therapy:  Patients may also require various adjunctive mea-
sures to control increased intracranial pressure. Preoperative use of 
mannitol, hyperventilation, and/or dexamethasone may be effective 
in controlling intracranial pressure before surgical decompression. 
However, corticosteroids should be tapered rapidly after surgical therapy 
because of the increased risk of secondary infection. We believe a short 
course of corticosteroids is appropriate in cases in which surgical inter-
vention is delayed or contraindicated. Anticonvulsants should be used 
in patients with seizures.

SUPPURATIVE INTRACRANIAL THROMBOPHLEBITIS

■■ EPIDEMIOLOGY AND ETIOLOGY
Septic intracranial thrombophlebitis involves venous thrombosis and 
suppuration. It may begin within veins and venous sinuses or may 
follow infection of the paranasal sinuses, middle ear, mastoid, face, or  

oropharynx, and it may involve additional vessels by propagation 
or discontinuous spread. Septic thrombophlebitis may also occur in 
association with epidural abscess, subdural empyema, or bacterial 
meningitis. Occasionally, there is metastatic spread from distant sites 
of infection. Conditions that increase blood viscosity or coagulability, 
such as dehydration, polycythemia, pregnancy, oral contraceptive use, 
sickle cell disease, malignancy, and trauma, increase the likelihood of 
thrombosis.

The antecedent conditions that predispose to the development of 
intracranial venous sinus thrombosis depend on the close proximity 
of various structures to the dural venous sinuses64,74 (Fig. 71-2). The 
usual predisposing conditions for cavernous sinus thrombosis are 
paranasal sinusitis (especially frontal, ethmoidal, or sphenoidal) and 
infection of the face or mouth. Likely infecting bacterial pathogens 
depend on the initial source—staphylococci, streptococci, gram-
negative bacilli, and anaerobes—if the antecedent condition is sinus-
itis, and predominantly S aureus in the case of facial infections. Otitis 
media and mastoiditis are infections associated with lateral sinus 
thrombosis and infection of the superior and inferior petrosal sinuses. 
Infections of the face, scalp, subdural space, and epidural space and 
meningitis are associated with suppurative thrombophlebitis of the 
superior sagittal sinus. The likely infecting microorganisms depend 
on the associated primary condition.

In cavernous sinus thrombosis, S aureus is the most important infect-
ing microorganism, having been isolated in 60% to 70% of cases. This 
relates to the importance of this organism in infections of the face and 
scalp and in acute sphenoid sinusitis. Less common isolates include 
streptococci (isolated in about 17% of cases), pneumococci and gram-
negative bacilli (5% each), and Bacteroides species (2%).

■■ CLINICAL PRESENTATION
The clinical manifestations of suppurative cortical thrombophlebitis 
depend on the location of involvement. With involvement of the cortical  
venous system, the appearance of neurologic deficits depends on the 

FIGURE 71-2.  Lateral cross section of the skull, demonstrating the major dural venous sinuses. Note that the cavernous sinus is close to the sphenoid air sinus and that the anterior  
segment of the superior sagittal sinus is near the frontal air sinus. (Reproduced with permission from Southwick FS, Richardson EP Jr, Swartz MN. Septic thrombosis of the dural venous  
sinuses. Medicine. March 1986;65(2):82-106.)
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focus of infection), although, in septic thrombosis of the superior sagit-
tal sinus, there may be findings consistent with frank meningitis; often 
the causative organism is isolated on CSF culture. Blood cultures may 
be positive, especially in patients with a rapidly progressive course. 
Chest radiographs may show evidence of septic pulmonary emboli after 
propagation of thrombus into the inferior petrosal sinus and jugular  
vein. Sinus radiographs may document involvement of the paranasal 
sinuses, although conventional radiographs are inferior to MRI and CT 
in the detection of sphenoid sinusitis.

■■ TREATMENT
Antimicrobial Therapy:  Appropriate antimicrobial therapy of septic 
intracranial thrombophlebitis depends on the antecedent clinical con-
dition. The likely organisms are similar to those observed in cranial 
subdural empyema and epidural abscess; empirical antibiotic therapy 
should be directed toward those organisms.64 If the antecedent condi-
tion is paranasal sinusitis, empirical therapy should be directed toward 
gram-positive organisms (staphylococci and streptococci), aerobic 
gram-negative bacilli, and anaerobes. In cavernous sinus thrombosis, 
an antistaphylococcal agent should always be included (because of the 
high incidence of S aureus isolates) in the empirical therapeutic regimen 
pending culture results. Vancomycin is recommended, pending results 
of in vitro susceptibility testing. Intravenous antimicrobial therapy is 
usually continued for 3 to 4 weeks, but the duration of therapy should 
be individualized depending on the clinical response.

Surgical Therapy:  Surgical intervention may be required for optimal 
therapy.64 Surgical drainage of infected sinuses is necessary when anti-
microbial therapy alone is ineffective. This is especially important in 
patients with cavernous sinus thrombosis secondary to sphenoid sinus-
itis; some investigators have recommended operative intervention for 
patients who develop cavernous venous thrombosis as a complication 
of sinusitis. Internal jugular vein ligation has been used for lateral sinus 
vein thrombosis, and thrombectomy has also been used in some situa-
tions, but the efficacy of these procedures is poorly defined and not part 
of routine management. Surgical therapy may also be required for other 
infections (eg, dental abscess).

Adjunctive Therapy:  The use of anticoagulants (ie, unfractionated hepa-
rin) is recommended in patients with aseptic cerebral sinus thrombosis,75,76 
but is controversial in patients with septic intracranial thrombophlebitis. 
There is literature to support their use in prevention of the spread of 
thrombus from the cavernous sinus to other dural venous sinuses and 
cerebral veins.64,74 Recent evidence has indicated that anticoagulation 
(in combination with antibiotics) decreases mortality rate and is most 
beneficial early in the treatment of cavernous sinus thrombosis to reduce 
the morbidity rate among survivors. However, the hazards of intracranial 
hemorrhage (bleeding from sites of cortical venous infarction or from 
sites on the intracavernous walls of the carotid artery) must be recog-
nized. In the absence of specific contraindications, anticoagulation is 
most likely to be useful early in the course of cavernous sinus thrombosis.

adequacy of collateral venous drainage.64,74 Persons with inadequate 
collateral flow present with impairment of consciousness, focal or gen-
eralized seizures, symptoms of increased intracranial pressure, and focal 
neurologic signs (eg, hemiparesis). Aphasia is common if the dominant 
cerebral hemisphere is involved.

The findings in dural venous sinus thrombosis also depend on 
location.64,74 In cavernous sinus thrombosis, the most common com-
plaints are periorbital swelling (73% of cases) and headache (52%). 
Headache is more common if the antecedent condition is sinusitis rather 
than a facial infection. Other symptoms include drowsiness, diplopia, 
eye tearing, photophobia, and ptosis. Fever is present in more than 90% 
of patients. Other common signs are proptosis, chemosis, periorbital 
edema, and weakness of the extraocular muscles (due to involvement 
of cranial nerves III, IV, and VI). Because the abducens nerve is the 
only cranial nerve traversing the interior of the cavernous sinus, lateral 
gaze palsy may be an early neurologic finding. Papilledema or venous 
engorgement and a change in mental status are observed in 65% and 
55% of patients, respectively. Meningismus is present in about 40% of 
cases, usually secondary to retrograde spread of the thrombophlebi-
tis. About 25% of patients have dilated or sluggishly reactive pupils, 
decreased visual acuity (frequently progressing to blindness), and dys-
function of cranial nerve V. As the infection spreads to the opposite cav-
ernous sinus through the intercavernous sinuses, findings are duplicated 
in the opposite eye. Persons with septic cavernous sinus thrombosis may 
present with acute or chronic illness. In the acute presentation (generally 
secondary to facial infection), the time between primary infection and 
cavernous sinus thrombosis is short (<1 week), and the patient presents 
in a significantly toxic state, with rapid development of the symptoms 
and signs described above; there is also rapid progression to bilateral 
eye signs. In contrast, there is a more indolent form of cavernous sinus 
thrombosis, usually secondary to dental infection, otitis media, or para-
nasal sinusitis. In these patients, the orbital manifestations are often 
unimpressive, and involvement of the contralateral eye is a late and 
inconsistent finding.

Patients with septic lateral sinus thrombosis complain predominantly 
of headache (>80% of cases); earache, vomiting, and vertigo may also 
occur because otitis media is a common predisposing condition.64,74 
Fever and abnormal ear findings are observed in most patients (79% 
and 98%, respectively), and there may be seventh nerve palsy, facial 
pain and altered facial sensation, papilledema, and mild nuchal rigidity. 
Thrombosis of the superior sagittal sinus produces an abnormal mental 
status, motor deficits, nuchal rigidity, and papilledema. Seizures occur in 
more than 50% of these patients. Patients with sinusitis as a predisposing 
condition tend to have a subacute onset of symptoms. Involvement of 
the inferior petrosal sinus may produce ipsilateral facial pain and lateral 
rectus muscle weakness (Gradenigo syndrome).

■■ DIAGNOSIS
The noninvasive diagnostic procedure of choice for suppurative intra-
cranial thrombophlebitis is MRI.64 This technique visualizes blood 
vessels and differentiates between thrombus and normally flowing 
blood. It can also demonstrate the evolution and resolution of the entire 
venoocclusive process. CT, with and without use of intravenous contrast 
material, also permits diagnosis of venous sinus thrombosis, although it 
is considerably less sensitive and reliable than MRI. CT usually visualizes 
unilateral or bilateral multiple irregular filling defects in the enhancing 
cavernous sinus, with or without orbital inflammatory change. An addi-
tional benefit of MRI and CT is the ability to fully evaluate the paranasal 
sinuses and to provide information concerning subdural and epidural 
infection, cerebral infarction, cerebritis, hemorrhage, and cerebral 
edema. Magnetic resonance angiography and venography can directly 
visualize the cerebral vasculature, differentiating thrombus from normal 
blood flow.

Other laboratory studies are usually nonspecific.64,74 Lumbar puncture 
demonstrates a mild pleocytosis (mononuclear, neutrophilic, or mixed) 
and an elevated protein concentration (consistent with a parameningeal 
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KEY POINTS

•• Encephalomyelitis should be suspected in patients with neurologic 
findings including fever, headaches, odd behavior, altered senso-
rium, seizures, and focal neurologic deficits without obvious cause.

•• Course of symptoms, season of the year, travel, local outbreaks, 
occupation, animal or insect exposure, recent illness, immune status,  
age, and recent vaccine history all play a part in trying to establish 
a diagnosis. Physical examination is not usually revealing, but 
rashes, inoculation reactions, or pneumonia can be helpful clues.

•• An individualized workup based on the above includes culture, 
PCR, antigen detection, serologic IgM and IgG titers of noncentral 
nervous tissue, as well as cerebrospinal fluid (CSF) analysis if not 
contraindicated by examination. The results must be used carefully 
based on the context of the presentation.

•• CSF is almost always abnormal but a normal study does not pre-
clude disease. A positive PCR or antigen study should help guide 
treatment. Cell counts in the CSF can be clues to nonviral causes 
(eg, eosinophilia with parasites and coccidioidomycosis).

•• Magnetic resonance imaging (MRI) is a key part of the workup 
and is more reliable than CT scan. Either of these tests should be 
obtained prior to lumbar puncture if possible.

•• Herpes simplex virus (HSV) is the most common cause of non-
epidemic fatal encephalitis. Early treatment with acyclovir signifi-
cantly reduces mortality.

•• Arboviruses are the most common cause of epidemic outbreaks 
worldwide and depending on the area and season may be a clue 
to the origin.

•• In all suspected cases of encephalomyelitis treatment with full-dose 
acyclovir should begin quickly until a diagnosis is established. A nega-
tive workup does not preclude HSV so empiric therapy is appropriate.

•• Supportive care, along with appropriate therapy, is essential 
because some patients recover even following protracted illness.

•• Consider bioterrorism in unexplained outbreaks, especially when 
the presentation is unusual or out of season.

INTRODUCTION
Encephalomyelitis is a combination of two disease states affecting the 
central nervous system (CNS). Encephalitis is defined as an inflamma-
tory process of the brain associated with neurologic dysfunction; myeli-
tis is an inflammatory process affecting the spinal cord. These may occur 
separately or together. Occasionally the covering of the brain is involved 
and therefore the term meningoencephalitis or meningoencephalomy-
elitis may be more appropriate.

There are about 20,000 cases of encephalomyelitis reported per year. 
The approach to each suspected case of encephalomyelitis should be 
standard yet individualized based on that patient’s clinical presenta-
tion. The course of symptoms, season of the year, travel, local out-
breaks, occupation, animal or insect exposure, recent illness, immune  
status, age, and recent vaccine history all play a part in establishing a 
diagnosis. Physical examination is not usually revealing, but rashes, 
inoculation reactions, or pneumonia can be helpful clues.

Though viruses are the predominant cause of encephalomyelitis, 
autoimmune and acute disseminated encephalomyelitis (ADEM) may 
account for approximately 20% of cases. Other noninfectious causes of 
this syndrome must also be excluded, such as vasculitis, connective tissue  
diseases, and paraneoplastic syndromes.

A clinical correlation between non-CNS infections and CNS manifes-
tations is not always clear or evident. An individualized workup includes 
culture, PCR, antigen detection, and serologic IgM and IgG titers of 
noncentral nervous tissue (ie, sputum, stool, blood, and nasopharyngeal 
swabs). CSF analysis is of great value if lumbar puncture is not contrain-
dicated by findings on clinical examination or imaging. The results must 
be used carefully based on the context of the presentation.

CSF is almost always abnormal but a normal study does not preclude 
disease. A positive PCR or antigen study should help guide the treat-
ment. Cell counts in the CSF can be clues to nonviral causes (eg, eosino-
philia with parasites and coccidioidomycosis).

Magnetic resonance imaging (MRI) is a key part of the workup, is 
more reliable than CT, and should be obtained prior to lumbar puncture 
if possible. If MRI cannot be done or is impractical, CT with and with-
out contrast can be helpful. PET, EEG, and brain biopsy are not usually 
required. MRI or CT can occasionally be diagnostic or help guide the 
workup in other directions. In the presence of a raised intracranial 
pressure, a cisternal puncture can be done to obtain CSF. EEG can be 
useful in patients with persistent altered mental status to evaluate for 
nonconvulsing status epilepticus and temporal activity associated with 
herpes simplex encephalitis. 

Despite all efforts to obtain a diagnosis, most cases of meningoen-
cephalitis remain cryptic. Arboviruses are the most common epidemic 
causes of encephalomyelitis; they are usually preceded by zoonotic out-
breaks, that is, chickens in St Louis encephalitis, birds in West Nile, and 
horses in Eastern Equine Encephalitis.

Herpes simplex virus (HSV) is the most common cause of non-
epidemic fatal encephalitis. If untreated, mortality is approximately 
60% to 80%; early treatment with acyclovir significantly reduces 
mortality to approximately 10% to 20%. All suspected cases of 
encephalomyelitis should be treated with acyclovir while the results 
of the workup are pending. In addition, antibiotics, antifungals, 
and antituberculosis medications may be appropriate based on the 
clinical presentation. In patients with ADEM, corticosteroids should 
be considered, as well as plasma exchange if the patient’s condition 
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continues to deteriorate. The care of these patients is mostly sup-
portive and recovery can occur after long and even extreme changes 
in mental function.

A wide range of viruses, bacteria, fungi, and parasites are associated with 
encephalitis, though viruses are the most common etiology. See Table 72-1 
for the most common causes of encephalitis, and Table 72-2 for the less 
common causes, as well as diagnostic and treatment information.

HERPES VIRIDAE
Viruses that are associated with encephalomyelitis in the Herpesviridae 
family are herpes simplex virus 1 and 2 (HSV-1 and HSV-2), varicella-
zoster virus (VZV), cytomegalovirus (CMV), Epstein-Barr virus (EBV), 
human herpesvirus 6 (HHV-6), and herpes B virus. Viral shedding 
occurs in symptomatic and asymptomatic persons infected with HSV, 
CMV, EBV, and HHV-6 and can be transmitted by virus-containing 
body fluids to susceptible hosts.

  Table 72-1    Common Causes of Encephalitis

Viral
Herpes viridae

Herpes simplex virus (HSV-1, HSV-2)
Varicella-zoster virus (VZV)
Cytomegalovirus (CMV)
Epstein-Barr virus (EBV)
Human herpes virus 6 (HHV-6)
Herpes B virus

Flaviviridae
West Nile virus
Japanese encephalitis virus
St Louis encephalitis virus
Powassan virus
Murray Valley encephalitis virus
Tick-borne encephalitis virus

Picornaviridae
Polio virus
Nonpolio enteroviruses
Echoviruses
Coxsackieviruses
Numbered enteroviruses

Bunyaviridae
California encephalitis group
La Crosse virus
Jamestown Canyon virus

Togaviridae
Eastern equine encephalitis virus
Western equine encephalitis virus
Venezuelan equine encephalitis virus
Rubella virus

Rhabdoviridae
Rabies virus

Orthomyxoviridae
Influenza virus

Paramyxoviridae
Measles virus
Mumps virus
Nipah virus
Hendra virus

Retroviridae
Human immune deficiency virus
Human T-cell lymphotropic virus

Adenoviridae
Adenovirus

Poxviridae
Vaccinia virus

Papovaviridae
JC virus—progressive multifocal 
leukoencephalopathy

Prion disease
Creutzfeldt-Jakob disease (CJD)
Variant Creutzfeldt-Jakob disease 

(vCJD)
Bacteria

Bartonella species (henselae  
and bacilliformis)
Listeria monocytogenes
Mycoplasma pneumoniae

Mycobacteria
Mycobacterium tuberculosis

Rickettsia and ehrlichioses
Rickettsia rickettsii (Rocky Mountain 
spotted fever)
Anaplasma phagocytophilum (human 
granulocytotrophic ehrlichiosis)
Ehrlichia chaffeensis (human 
monocytotrophic ehrlichiosis)
Coxiella burnetii (Q fever)

Spirochetes
Borrelia burgdorferi (Lyme disease)
Treponema pallidum (syphilis)

Fungi
Coccidioides species
Cryptococcus neoformans
Histoplasma capsulatum

Protozoa
Toxoplasma gondii
Acanthamoeba species
Balamuthiamandrillaris
Naegleria fowleri
Plasmodium falciparum (malaria)
Trypanosoma bruceigambiense (West 
African trypanosomiasis)
Trypanosoma bruceirhodesiense (East 
African trypanosomiasis)

Helminths
Baylisascaris procyonis
Gnathostoma species
Taenia solium (cysticercosis)

Postinfectious
Acute disseminated encephalomyelitis

■■ HERPES SIMPLEX VIRUS ENCEPHALITIS
Herpes simplex virus type 1 (HSV-1) encephalitis is the most com-
mon recognizable cause of sporadic fatal encephalitis worldwide. Early 
recognition is of utmost importance due to its significant mortality and 
morbidity.1,2 Treatment with acyclovir should be initiated early even with 
minimal clinical suspicion.

Epidemiology and Pathogenesis:  Herpes simplex virus encephalitis 
(HSVE) is the most common cause of fatal nonepidemic encephalitis. 
It is estimated to affect at least 1 in 500,000 individuals per year.1 
HSVE occurs in all age groups, with a bimodal peak distribution 
in patients younger than 20 years and older than 50 years of age. It 
occurs equally in both sexes and has no racial predilection. This is 
seldom a disease of the immunocompromised. Indeed, it is hard to 
predict who is at risk for HSVE.3

HSV infection of the central nervous system arises from either 
primary infection or reactivation. Primary infection, which is most 
common in children, occurs due to direct CNS invasion via the olfac-
tory tract following HSV infection of the oropharynx. Alternatively, 
latent infection most common in adults >50 years occurs due to viral 
reactivation in the trigeminal ganglia and reaches the CNS along a 
neurotropic route. HSVE is the most common clinical presentation 
of HSV and has a characteristic temporal lobe predilection. In most 
cases, necrosis of the temporal lobes is seen with associated clinical 
deficits. Much of the pathogenesis of HSVE seems to be immune 
mediated.4,5

Clinical Features and Diagnosis:  There are no typical clinical features of 
HSVE. The clinical syndrome is often characterized by acute onset of 
fever, headache, seizures, focal neurologic deficits, and altered mental 
status. There may be an influenza-like prodrome. CSF examination typi-
cally shows lymphocytic predominance, elevated protein, and normal 
glucose levels. Red blood cells are present in 75% to 80% of samples, 
indicating the hemorrhagic nature of this encephalitis.6 Unilateral 
temporal lobe abnormalities on brain imaging are characteristic for 
HSVE. CT scans have only 50% sensitivity early in the course of illness,3 
but can be performed to exclude raised intracranial pressure prior to 
lumbar puncture. Abnormalities include localized edema, low-density 
lesions, mass effect, contrast enhancement, and hemorrhage. On the 
other hand, MRI is the most sensitive and specific neurodiagnostic test 
for HSVE and has excellent delineation of the temporobasal lobe of 
the brain (Figs. 72-1 and 72-2). Diffusion-weighted MRI is especially 
preferred early in the course of the disease (Fig. 72-3).7,8 MRI shows 
abnormal signal earliest in FLAIR sequences and diffusion-restricted 
images of the medial temporal lobes and insulas. Brain perfusion SPECT 
scan shows increased tracer accumulation in the affected temporal lobe 
with high specificity.9 Focal EEG findings occur in 80% to 90% of cases 
of HSVE, but are nonspecific. The EEG typically shows focal spiked and 
slow wave (theta and delta slowing) patterns localized to the area of the 
brain involved. Paroxysmal lateralized epileptiform discharges are also 
seen but are nonspecific. PCR analysis to detect HSV DNA in CSF is the  
gold standard for establishing the diagnosis of HSVE, especially in  
the early phase of the disease. It has a sensitivity of 98% and a specific-
ity of 99%. In very early cases, PCR can be negative and it also becomes 
negative by the second or third week of the disease.10,11 Treatment of 
HSVE should be initiated while awaiting PCR results. Later in the 
course of the disease, HSV antigen and antibody become positive. Brain 
biopsy, should only be considered in very select circumstances, when 
the diagnosis remains uncertain despite all available investigations and 
particularly when the patient is deteriorating clinically despite empiric 
therapy.12 Biopsy specimens are tested for presence of HSV by culture, 
for HSV antigens by immunohistochemistry, and for viral DNA by in 
situ hybridization. Pathology shows perivascular cuffs of lymphocytes 
and numerous small hemorrhages.

Management:  HSVE is a devastating infection, with significant mor-
tality and a grim prognosis. Even with treatment two-thirds of the  
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  Table 72-2    Less Common Causes of Encephalitis, Diagnosis and Treatment Summary

Etiology Epidemiology Clinical Features Diagnosis Treatment

Lyme disease:

Borrelia burgdorferi

Vector—tick

North America

Europe, and Asia

In the United States, highest 
incidence in the North Eastern 
states as well as Minnesota and 
Wisconsin in the Upper Midwest

CNS involvement in about 15% of untreated 
patients during early disseminated illness 
(weeks to months after infection)

Encephalitis is rare

More common are unilateral or bilateral 
cranial nerve palsies (especially facial 
nerve), motor or sensory radiculopathy

Late Lyme (months to years after infection) 
may develop chronic axonal polyneuropathy

CSF—lymphocytic pleocytosis, elevated 
protein, normal glucose concentration

Serology—blood and CSF ELISA with 
confirmatory Western blot

CSF PCR low sensitivity

Ceftriaxone or cefotaxime or penicil-
lin G

Rocky Mountain 
spotted fever:

Rickettsia rickettsii

Vector—tick

North and Central America and 
South America—Brazil, Bolivia, 
Argentina

In the United States highest inci-
dence extends from

N Carolina to Oklahoma

Incubation 2-14 days

Fever, headache, myalgia, maculopapular, 
petechial rash appearing 3-5 days after 
onset of symptoms. Rash begins typically 
on wrists and ankles and spreads and may 
involve the palms and soles.

Complications include meningitis or 
meningoencephalitis with altered mental 
status and seizures

Thrombocytopenia, elevated serum 
transaminases

CSF—WBC <100 with neutrophil or  
lymphocytic predominance, elevated  
protein and normal glucose concentration

Serologic testing—indirect fluorescent 
antibody assay 95% sensitive

PCR and direct immunofluorescence of 
skin biopsy specimen at site of rash

Doxycycline

If doxycycline is contraindicated, 
chloramphenicol is an option

Human  
granulocytotrophic 
ehrlichiosis (HGE):

Anaplasma  
phagocytophilum

Vector—tick

Incidence: June-December

Mid-Atlantic and Northern United 
States and Europe

Fever, headache, myalgias

Rash <10%

Encephalitis is a rare complication, 
brachial plexopathy and demyelinating 
polyneuropathy may be seen

Leukopenia, mild anemia, 
thrombocytopenia, elevated hepatic 
transaminases

Morulae within PMNs in blood smear 
may be seen in 20%-80% of cases

Serology—IFA

PCR of whole blood. Serology, PCR of 
CSF specimens (low yield)

Doxycycline

Human monocyto-
trophic ehrlichiosis 
(HME):

Ehrlichia chaffeensis

Vector—tick

Incidence: May through August

US—South central, South eastern, 
Mid-Atlantic, coastal states

Fever, headache, myalgia.

Rash in <50%.

Confusion, stupor, hallucinations, sei-
zures and coma

Leukopenia, thrombocytopenia, 
elevated hepatic transaminases

CSF—pleocytosis with lymphocytic 
predominance and elevated protein 
concentration

Morulae in mononuclear cells of blood 
and CSF smears (low sensitivity)

Serology—IFA

PCR of whole blood specimens

PCR of CSF specimens (low yield)

Doxycycline

Q fever:

Coxiella burnetii

Contact with cats, sheep especially 
placental tissues

Occasionally transmitted through 
tick bite, inhalation of infectious 
aerosols, and consumption of 
unpasteurized milk products

Meningoencephalitis rare- <1%

Seizures and coma

Serology—IFA

PCR to detect C burnetii DNA in clinical 
samples may be helpful

Doxycycline plus a fluoroquinolone 
plus rifampin

Cryptococcus 
neoformans

Inhalation of spores from bird 
droppings

Commonly seen in immunocom-
promised persons, especially AIDS

Occasionally in immune  
competent persons

Chronic meningitis is the most common 
presentation

Acute presentation as meningoencephalitis 
may also be seen

Blood and CSF fungal culture

Serum and CSF cryptococcal antigen

CSF Indian ink

Amphotericin B deoxycholate plus 
flucytosine followed by fluconazole 
is the preferred regimen

Repeated lumbar puncture to reduce 
increased intracranial pressure

May need to consider lumbar drain 
or VP shunt

Coccidioides species Southwestern United States, 
Mexico, and South America

Disseminated disease in extremes 
of age, pregnancy, and  
immunosuppression

Immunosuppression increases the risk of 
disseminated disease with CNS involve-
ment and more common in men

The risk of CNS involvement is very low, 
<0.1% of all exposures

Subacute or chronic meningitis is the 
usual presentation

Serum and CSF complement fixing or 
immunodiffusion antibodies

CSF culture

Fluconazole is preferred.

Other options are itraconazole,  
voriconazole, amphotericin B  
(intravenous and intrathecal)

(Continued)
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  Table 72-2    Less Common Causes of Encephalitis, Diagnosis and Treatment Summary

Etiology Epidemiology Clinical Features Diagnosis Treatment

Histoplasma  
capsulatum

Inhalation of spores

Throughout Americas

Africa

Endemic in Ohio and Mississippi 
River valleys in the United

States

Also found in Africa, eastern Asia, 
and Australia

Infection more common in  
immunocompromised persons

May present as chronic meningitis  
(frequent), mass lesion, or cerebritis

CNS findings may be isolated or associ-
ated with systemic findings such as 
pneumonia, hepatosplenomegaly

Urine and CSF Histoplasma antigen

Special stains for yeast in sputum, 
blood, or CSF

Parenteral liposomal amphotericin B  
followed by oral itraconazole

Malaria:

Plasmodium falci-
parum

Vector—mosquito

Travel to endemic areas

Fever, headache, altered sensorium,  
seizures, and focal neurologic deficits.

Thin and thick blood smears reveal 
characteristic erythrocytic phase of parasite

Antigen detection—Binax card test 
(FDA approved)—highly specific, may 
miss low parasitemias

Parenteral quinidine or artesunate

Corticosteroids not recommended

Exchange transfusion with >10%  
parasitemia or severe cerebral 
malaria

West African  
trypanosomiasis:

Trypanosoma brucei 
gambiense

Vector—tsetse fly

West and Central Africa

Humans are primary reservoirs

Slowly progressive illness with CNS 
involvement is late in the disease with 
asymptomatic period for months to years

Progressive diffuse meningoencephalitis 
with headache, irritability, personality 
changes, psychosis, ataxia, and other 
extrapyramidal signs. Progressive dete-
rioration resulting in coma and death

Giemsa staining for organism from  
chancre (if present), lymph node aspirate, 
CSF, thin and thick smears of blood or 
bone marrow specimens.

Serology—card agglutination test for  
trypanosomes (CATT) 96% sensitivity

CSF IgM detection is sensitive

Eflornithine or melarsoprol

East African  
trypanosomiasis:

Trypanosoma brucei 
rhodesiense

Vector—tsetse fly

East Africa

Antelope and cattle are primary 
reservoir

Rapid progression of disease with early 
CNS disease Acute febrile illness associ-
ated with sleep disturbances, severe 
headaches leading to coma and death 
within weeks to months

Giemsa staining for organism from 
chancre (if present), lymph node 
aspirate, CSF, thin and thick smears of 
blood or bone marrow specimens

CSF IgM detection is sensitive

Melarsoprol

Toxoplasmosis:

Toxoplasma gondii

Reactivation of infection in  
immunosuppressed patients

Intrauterine infection can result in 
necrotizing encephalitis

Focal or nonfocal neurologic signs and 
symptoms.

More common presentations are  
seizures, hemiparesis, and cranial nerve 
abnormalities

A positive serum IgG antibody suggests 
infection and may define those at risk 
for reactivation.

CSF PCR not very sensitive

MRI/CT brain may show multiple  
ring-enhancing lesions

Pyrimethamine plus either sulfadia-
zine or clindamycin

Granulomatous 
amebic meningoen-
cephalitis:

Acanthamoeba 
species

Immunocompromised patients 
especially with cell-mediated 
immunodeficiency and chronic 
alcoholics 

CNS infection is rare

Subacute manifestation with fever, 
altered mental status, seizures, and focal 
deficits

Almost always fatal

Serology (available in specialized  
laboratories)

Brain biopsy and culture

Trimethoprim-sulfamethoxazole

plus rifampin plus ketoconazole

or

Fluconazole plus sulfadiazine

plus pyrimethaminecan be considered

Primary amebic 
meningoencephalitis:

Naegleria fowleri

Acquired by swimming in lakes 
and brackish water

CNS infection is rare

2-5 days after exposure, change in taste 
or smell followed by meningismus,  
nystagmus, and papilledema

Progression to coma and death

CSF shows neutrophilic pleocytosis with 
low glucose concentration

Motile trophozoites may be seen in wet 
mount of warm CSF

Intravenous

and intrathecal amphotericin B

plus rifampin

plus one or more of the following 
can be considered:

azithromycin, sulfisoxazole,

miconazole

Balamuthia  
mandrillaris

Immunocompromised patients  
especially with cell-mediated  
immunodeficiency and immuno-
competent hosts

CNS infection is rare

Fever, headache, vomiting, ataxia,  
hemiparesis, cranial nerve palsies

Encephalopathy

Almost always fatal

PCR of brain tissue or CSF

Serologic testing available through CDC 
and California Encephalitis

Project

Histopathologic examination and 
indirect immunofluorescence of brain 
biopsy specimen

Most cases diagnosed postmortem

Pentamidine

plus a macrolide

plus flucytosine plus fluconazole

plus sulfadiazine plus a phenothiazine  
may be considered

(Continued)

(Continued)
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FIGURE 72-1.  Axial FLAIR image of MRI of the brain showing increased signal intensity 
in bilaterial temporal lobes.

FIGURE 72-2.  Coronal FLAIR of MRI of the brain showing increased signal intensity in 
bilateral temporal lobes.

  Table 72-2    Less Common Causes of Encephalitis, Diagnosis and Treatment Summary

Etiology Epidemiology Clinical Features Diagnosis Treatment

Cysticercosis

Taenia solium

Mexico, Central and South 
America, Southeast Asia

Acquired by ingestion of eggs

In humans larval stage causes CNS 
disease

Most common presentation is new onset 
seizures due to CNS cysticercosis

Rarely encephalitic presentation with 
very high cyst burden in the brain or after 
treatment

Serology

CSF antibodies (negative test does not 
rule out the diagnosis)

CT/MRI of brain may show cystic lesions 
with or without calcifications

Ring enhancement and edema may be seen

Decision to treat must be individualized

Albendazole and corticosteroids are 
preferred

Praziquantel is an alternative

Surgical resection when indicated

Baylisascaris  
procyonis

Children often affected

Contact with dirt contaminated 
with raccoon feces (playing in or 
eating dirt)

Unilateral neuroretinitis, meningoen-
cephalitis

High rates of permanent neurologic 
sequelae and mortality

CSF and peripheral eosinophilia

Serology not readily available

Larvae identification in tissue

MRI may show white matter lesions

Albendazole plus diethylcarbamazine 
plus

adjunctive corticosteroids should be 
considered

Gnathostoma  
spinigerum

Southeast Asia and Latin America

Ingestion of undercooked fish, 
frogs, eels, snakes, and poultry

Eosinophilic meningoencephalitis (a less 
common manifestation)

Sudden onset of headache, radicular 
pain, parasthesias followed by paralysis, 
cranial nerve palsies, and bladder

Incontinence

CSF—often xanthochromic or bloody 
with eosinophilic pleocytosis

Peripheral eosinophilia

Worms identification in tissues

Serology not readily available

Albendazole or ivermectin

Addition of corticosteroids may be 
beneficial in suppressing inflammation

survivors end up with significant neurologic deficits.2 Empiric ther-
apy should be initiated even with minimal clinical suspicion before 
the onset of dominant temporal lobe hemorrhagic necrosis and sig-
nificant deterioration of consciousness. The recommended treatment 
of HSVE is acyclovir at a dose of 10 mg/kg every 8 hours for 14 to 
21 days. It prevents viral replication by inhibiting the viral (as well 
as the cellular) DNA polymerase in infected cells. Introduced in the 
mid-1980s, it replaced vidarabine and was shown to reduce mortality 
from 70% to 20%.13,14 Relapses occur commonly in children within 2 
weeks of completing antiviral therapy necessitating a second course 
of acyclovir.15 Acyclovir has renal and neurologic toxicity manifesting 
as crystalluria, renal failure, and encephalopathy. Effective hydration, 
dose adjustment, or discontinuation of therapy is helpful. Patients 
receiving acyclovir for suspected HSVE should also receive other 
broad-spectrum antibiotics for the first 48 to 72 hours until CSF and 
other cultures for bacteria are negative. The time period that HSV 

DNA can be detected in the CSF once therapy has been initiated 
is unclear. Discontinuation of therapy based on negative CSF PCR 
results depends on the clinical probability of HSVE and is a matter of 
judgment.16 Use of corticosteroids is controversial though a few stud-
ies have shown favorable outcomes.17

In spite of effective treatment, mortality is still up to 20% to 30%.3 The 
precise factors that determine the therapeutic response are unknown. 
Patients with low initial level of consciousness and age over 30 have 
a very poor prognosis in general. Long-term complications of HSVE 
infection are common and include neurocognitive impairment, residual 
dysphasias, paresis, paresthesias, behavioral changes, and a Korsakoff-
like amnesia.18

■■ HERPES SIMPLEX VIRUS TYPE 2
HSV-2 encephalitis is seen primarily in neonates, where brain involve-
ment is generalized and is usually acquired during vaginal delivery from 

(Continued )
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asymptomatic infected mothers. Neonatal encephalitis is associated with 
serious mortality and morbidity.19 In adults, HSV-2 primarily causes 
genital infection and remains latent in sacral ganglia with viral shedding. 
Neonatal infection occurs with a frequency of 26 per 100,000 deliveries 
and although infection may be localized to the skin, it is more often dis-
seminated. It is recommended that all women in labor be examined for 
genital HSV-like lesions and cesarean section be performed if lesions are 
present and membranes are intact.20 One can neither predict nor prevent 
these exposures. Approximately 50% of neonates with encephalitis are 
premature, and clinical illness typically begins 1 to 3 weeks after birth. 
Although CNS disease can occur in isolation, more commonly there is 
evidence of diffuse disease with accompanying skin lesions, hepatitis, 
pneumonitis, or disseminated intravascular coagulation.21 The symptoms 
in newborns are very nonspecific and consist of lethargy, failure to feed, 
tremors, irritability, or seizures and, in the absence of skin lesions, may 
be difficult to distinguish from other newborn encephalitides. The diag-
nosis should be suspected in any infant who becomes encephalopathic 
during the initial weeks of life. Skin vesicles are the easiest source of 
viral isolation and confirmation of diagnosis, but up to 20% of newborns 
with HSV infection never have skin involvement. These infants often 
excrete virus from peripheral sites in the absence of skin lesions; hence, 
conjunctival, throat, and CSF specimens should be submitted for viral 
studies.22 PCR testing for HSV-2 DNA in CSF is important to confirm 
the diagnosis.23 Unlike adult HSVE, viral cultures of the CSF for HSV-2 
are often positive in neonates. Further diagnostic evaluation may include 
EEG, brain scan, CT, ultrasonography, and MRI, alone or in combina-
tion, depending on the circumstances. MRI shows more diffuse disease 
and may reveal cavitary lesions and hemorrhages.24 Diffusion-weighted 
MRI is more sensitive in detection of early lesions in neonatal encepha-
litis. Early empirical treatment with acyclovir is important in decreasing 
mortality and morbidity rates. Without treatment, the mortality rate 
is 50% to 85% and the morbidity rate is 100%.25 Acyclovir at 20 mg/kg 
every 8 hours for 21 days is the current recommended dose for neonatal 
HSVE.26 With this larger-dose treatment, the mortality has decreased to 
5% and about 40% of the survivors develop normally.

■■ VARICELLA-ZOSTER VIRUS
Varicella-zoster virus is exclusively a human DNA virus of Herpesviridae 
family. It causes chickenpox primarily, becomes latent in cranial nerves 
and dorsal root ganglia, and reactivates with immunosuppression to 

cause shingles (zoster) and postherpetic neuralgia. VZV is the only 
human virus known to replicate in arteries. VZV involves both small 
and large vessels and the term, VZV vasculopathy rather than encepha-
litis best suits this syndrome.27 The incidences of neurologic complica-
tions with primary varicella are 1 to 3 per 10,000 cases.28 Among them 
cerebellar ataxia and encephalitis are common, while other entities 
such as aseptic meningitis, transverse myelitis, Guillain-Barré or Reye 
syndromes have been reported.29 Cerebellar ataxia is seen in children 
and occurs with a frequency of 1 per 1000 cases of chickenpox. It is 
characterized by ataxia, nystagmus, headache, nausea, vomiting, and 
nuchal rigidity. This illness is usually self-limited, lasting 2 to 4 weeks, 
and most children have a complete recovery. The mortality rate is only 
0.5%. A more severe form of encephalitis occurs mostly in adults and 
infants, with an incidence of one to two episodes per 10,000 cases of 
VZV. It most often begins approximately 1 week after the varicella rash 
and is manifested by altered sensorium, seizures, and focal neurologic 
signs and has a mortality rate of 5% to 10%.29 Neurologic complications  
from zoster can occur acutely for weeks to months after the rash. 
Other than the common postherpetic neuralgia, encephalitis, myelitis, 
cranial nerve palsies (Bell palsy and Ramsay Hunt syndrome), and 
ophthalmic zoster are associated with VZV.30 Zoster encephalitis usu-
ally manifests as delayed contralateral hemiparesis/stroke due to large 
vessel vasculopathy. This is most commonly observed in the elderly and 
can occur weeks to months after an episode of herpes zoster, typically 
involving the first division of the trigeminal nerve. It is thought that 
VZV directly invades cerebral arteries by extension along intracranial 
branches of the trigeminal nerve.31 Diagnosis is usually supported by 
angiography that shows narrowing and thrombosis of the anterior and 
middle cerebral arteries. The mortality rate is 20% to 25% and there is 
a strong probability of permanent neurologic sequelae.32 Chronic zoster 
encephalitis is a variant of zoster encephalitis, seen almost exclusively in 
the immunocompromised, especially in AIDS patients and those with 
impaired cell–mediated immunity. They present with headache, fever, 
mental status changes, seizures, and focal neurologic signs. The onset 
may occur months after the zoster rash, making the diagnosis more 
difficult. Pathology shows small vessel vasculopathy and demyelination. 
The clinical course is often progressive deterioration and death.33 VZV 
myelitis is a more common complication of zoster compared to varicella. 
In most patients, spinal cord involvement is subtle or asymptomatic 
manifesting as paresis, sphincter dysfunction, and impaired sensation 
with a level compatible with the segment of VZV reactivation. Complete 
recovery is the usual course.34 The diagnosis of VZV encephalitis may be 
suspected on the basis of the characteristic lesions of varicella or zoster. 
The virus may be identified from vesicular scrapings on Tzanck smear, 
immunofluorescence, electron microscopy, or culture. The virus grows 
slowly, usually requiring 2 to 3 weeks for a positive culture. Serologic 
recognition of specific IgM antibody is useful for diagnosing primary 
chickenpox. As with HSVE, PCR analysis for CSF VZV DNA and VZV 
antibody may be used to confirm the diagnosis.35 Intravenous acyclovir 
is the drug of choice for VZV encephalitis, at dose of 10 mg/kg every  
8 hours for 7 to 10 days. A short course of steroids for 3 to 5 days is also 
recommended. Immunocompromised patients may require a longer 
course. Treatment should be continued until negative CSF PCR tests.30

■■ CYTOMEGALOVIRUS
CMV infections of the CNS occur mostly in immunocompromised 
patients, especially in those with AIDS and after bone marrow and 
solid organ transplantation.36,37 CMV rarely affects immunocompetent 
patients. CNS infections can manifest as diffuse encephalitis, meningo-
encephalitis, ventriculoencephalitis, CNS mass lesions, transverse myeli-
tis, and polyradiculopathy. CMV encephalitis (CMVE) is diffuse and 
is the most common CMV infection of the CNS. Typically, it presents 
subacutely, with lethargy, confusion, cranial nerve palsies, and coma.38 
CT of the brain is nonspecific, with the exception of periventricular 
enhancement seen in ventriculoencephalitis. MRI is preferred over CT 
even though it also has limitations. MRI findings include periventricular 

FIGURE 72-3.  Increased temporal lobe signal on axial DWI image.
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enhancement, diffuse hyperintense lesions, and ring-enhancing lesions, 
depending on the type of involvement.39 CSF is nonspecific and typi-
cally shows mixed pleocytosis, high protein and low glucose levels.40 
The most specific finding is CMV DNA by PCR in the CSF.41 A high 
level of CMV DNA in the CSF may be an indicator of significant CMV 
encephalitis. CSF viral cultures are often insensitive but very specific. 
CMV inclusions or cytomegalocytes with typical “owl eye” appearance 
are seen in 50% of patients.42 The diagnosis is especially challenging 
in AIDS patients because the clinical presentation is widely variable 
and there may be coexisting processes including HIV encephalopathy, 
toxoplasmic encephalitis, CNS lymphoma, or coinfection with HSV or  
VZV. CMVE in immunocompetent individuals manifests similar to 
immunocompromised patients though they are relatively younger and 
have better prognosis.43 Ganciclovir, an acyclic nucleoside analogue 
of acyclovir, and its prodrug valganciclovir are the accepted antiviral 
agents of choice for CMV. The standard dose of ganciclovir is 5 mg/kg 
intravenously every 12 hours, given for 2 to 3 weeks. The dose should 
be adjusted in patients with renal dysfunction.38 Ganciclovir should be 
continued as a maintenance dose until the CD4 counts are maintained 
above 100 for at least 6 months. The main side effect of ganciclovir is 
bone marrow suppression. In AIDS and ganciclovir-resistant patients, 
adding foscarnet or cidofivir may be considered.44

■■ EPSTEIN-BARR VIRUS
EBV is associated with infectious mononucleosis and a large number of 
other illnesses and is transmitted through intimate contact with symp-
tomatic or asymptomatic persons shedding the virus. The virus can be 
cultured from oropharyngeal secretions in about 10% to 20% of healthy 
asymptomatic adults. The incidence of asymptomatic shedding of the 
virus is much higher in immunosuppressed persons. The majority of 
persons acquiring the infection have a subclinical illness or are asymp-
tomatic. CNS involvement as a complication of EBV infection occurs in 
less than 1% of cases. Neurologic complications reported are encephalitis, 
aseptic meningitis, transverse myelitis, Guillain-Barré syndrome, cranial 
nerve palsies, optic neuritis, and peripheral neuritis.45 Most patients who 
develop encephalitis present with features of acute mononucleosis, such 
as fever, pharyngitis, and lymphadenopathy. It is rare that the neurologi-
cal manifestations are the only feature of EBV infection. Encephalitis may 
present as a rapidly progressive and severe illness with seizures, person-
ality changes and rarely may result in a coma. The majority of patients 
with neurologic complications recover completely. The peripheral white 
blood cell count may range from 12,000 to 18,000/μL with lymphocy-
tosis. CSF analysis often reveals mononuclear pleocytosis with normal 
glucose and normal or slightly elevated protein concentration. Atypical 
lymphocytes may also be present in the CSF. Heterophile antibodies in 
the serum may be detectable either at the beginning or later during the 
acute illness. Serologic testing for IgM antibodies to viral capsid antigen 
(IgM VCA) is highly specific and sensitive in the diagnosis of acute EBV 
infection. CSF PCR assay for EBV viral DNA may assist in the diagnosis 
of EBV encephalitis, but may give false-positive results. Therefore, a 
positive EBV PCR result in the CSF should be interpreted with caution, 
taking into consideration other supporting clinical and laboratory data 
to support a diagnosis of EBV infection.46 T2-weighted MRI of the brain 
may show increased signal in the cortical white, gray matter and spinal 
cord. Treatment is supportive. The 2008 Clinical Practice Guidelines by 
the Infectious Diseases Society of America do not recommend the use of 
acyclovir in the treatment of encephalitis due to EBV. With regard to the 
use of corticosteroids, the Society opined that such therapy may provide 
some benefit, but recommended weighing the potential risks against the 
benefits.47 Successful treatment with IV ganciclovir has been reported in 
immunocompromised patients with EBV encephalitis.48

■■ HUMAN HERPES VIRUS 6
Almost all humans are infected with human herpes virus 6 (HHV-6) 
by the age of 2 years.49 HHV-6 is associated with exanthema subitum 
(roseola), an illness in infants and young children that is a major cause 

of febrile seizures. Reactivation of HHV-6 in immunocompromised  
persons, especially in hematopoietic stem cell transplant patients, has 
been recognized as an important cause of limbic encephalitis, charac-
terized by short-term memory loss, seizures, and insomnia.50,51 Focal 
encephalitis with HHV-6 has been reported in immunocompetent hosts, 
but its role in causing encephalitis in immunocompetent hosts is unclear.52 
Diagnosis can be made by PCR assay for HHV-6 DNA in serum, plasma, 
and CSF. CSF PCR has a sensitivity of >95%. The increased frequency 
of latent virus in the CNS lowers the positive predictive value, but a high 
CSF viral load may support the diagnosis of encephalitis due to HHV-6.52  
Serologic assays for HHV-6 IgM antibodies are often unreliable.53  
MRI of the brain may show hyperintense signal on T2 images of the 
medial temporal lobe. Intravenous administration of ganciclovir or 
foscarnet is recommended for the treatment of HHV-6 encephalitis in 
immunocompromised patients and may be considered in immunocom-
petent patients.47

■■ HERPES B VIRUS
Old World primates (macaques) are infected with B virus and they 
remain lifelong carriers, asymptomatically shedding the virus. Human 
infection occurs after exposure to saliva, genital, or ocular secretions 
or CNS tissue of infected monkeys. Human infection can result in fatal 
encephalitis.54 Human-to-human transmission has also been reported.55 
Vesicular eruptions appear at the site of inoculation followed by flu-
like illness with fever, chills, myalgia, malaise, and headache. When 
the virus invades the CNS, patients may develop cranial nerve deficits, 
dysarthria, ataxia, hyperesthesia, agitation, seizures, and paralysis. 
After CNS symptoms develop, mortality is almost 100%. The diagnosis 
is made by viral detection by culture or PCR assay of vesicles at site of 
bite or serology by demonstrating a fourfold increase in convalescent 
stage antibody titers. Serologic testing is not helpful as there is antigenic 
cross-reactivity between herpes B virus and HSV-1 and HSV-2. The 
yield of CSF culture for the virus is low but PCR assay for the virus in 
 the CSF can be performed.47 Treatment is prompt decontamination of the  
wound inflicted by the monkey and starting prophylactic antiviral 
therapy. Valacyclovir is the preferred agent and should be initiated at 
the time of exposure and not delayed until symptoms develop.56 For 
established disease without signs or symptoms of CNS involvement, 
acyclovir, valacyclovir, or ganciclovir is appropriate. In patients with 
CNS symptoms, IV ganciclovir is recommended for a minimum of  
14 days or until all CNS symptoms have resolved.47,56 Suppression  
of latent infection with oral administration of valacyclovir may be  
considered after treating an acute infection.

FLAVIVIRIDAE
The viruses in this genus associated with infections of the central ner-
vous system are Japanese encephalitis virus, West Nile virus, St Louis 
encephalitis virus, Powassan virus, Murray Valley encephalitis virus, 
and Tick-borne encephalitis virus. They are zoonotic viruses and are 
transmitted to humans by arthropods.

■■ WEST NILE VIRUS
West Nile virus (WNV) is a positive-stranded RNA virus in the family 
Flaviviridae. It was first described in Uganda in 1937 and has made its 
way to North America in 1990s.57 Humans are infected through mos-
quito (Culex) bites. Most of the WNV infections are asymptomatic or 
cause a mild self-limiting febrile illness. Less than 1% of infected patients 
develop neurologic disease manifesting as meningitis, encephalitis, 
and poliomyelitis-like disease.58 WNV encephalitis presents with rapid 
onset of headache, photophobia, back pain, confusion, and continued 
fever. Endemic areas, summer months, and mosquito exposure should 
lead one to consider WNV infection. Diagnosis is by serology, WNV 
antigen–specific ELISA, and IgM antibody–specific ELISA will confirm 
infection.59 MRI is the imaging of choice and basal ganglia, thalami, 
brain stem, ventral horns, and spinal cord are commonly involved. 
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Findings can vary from normal to hyperintense lesions.60 Treatment is 
supportive care; several vaccines are in the developmental stages.61

■■ JAPANESE ENCEPHALITIS VIRUS
Japanese encephalitis virus (JEV) is an arbovirus of flaviviridae family, 
spread to humans by mosquito bites (culex), and is a major public health 
problem in Southeast Asia, causing around 50,000 cases and 10,000 deaths  
per year especially in children below 10 years of age.62 JEV causes severe  
fatal encephalitis with high mortality and survivors are left with  
severe neurologic sequelae. JEV infection is most often asymptomatic. 
When symptoms are present, they usually manifest as meningitis,  
seizures, and motor paralyses. A progressive decline in alertness may 
take place, eventually progressing to coma.63 Recovery usually leaves 
serious neurologic sequelae such as persistent altered sensorium, extra-
pyramidal syndrome, epileptic seizures, and severe mental retardation. 
The JE virus shows a fairly strong tropism for the thalamus, and bilateral 
asymmetric hemorrhagic lesions of the thalamus are characteristically 
seen on MRI and CT.64 Hyponatremia from inappropriate antidiuretic 
hormone secretion is reported. JEV specific anti-IgM antibody detec-
tion by ELISA may help establish a diagnosis. HSV, dengue virus, and 
West Nile virus are the major viruses to be considered in differential 
diagnosis. Treatment is usually supportive and there is no effective anti-
viral treatment. Prevention is by vector control and vaccination.62

■■ ST LOUIS ENCEPHALITIS
St Louis encephalitis (SLE) is endemic in western United States, with 
large periodic outbreaks in the eastern United States, Central and South 
America. It is the second leading cause of epidemic viral encephalitis in 
the United States, after West Nile virus. The illness is mostly seen during 
summer months when the vector, culex mosquito is active. Symptomatic 
illness is uncommon in children; among adults, 1 in 300 exposed to the 
virus develop symptomatic illness.65 The incubation period is 4 to 21 days  
after the bite of an infected mosquito. Illness begins with a prodrome of 
flu-like symptoms such as fever, headache, myalgia, nausea, and vomit-
ing. Clinical features of SLE include altered sensorium, seizures, cranial 
nerve palsies, eyelid and lip tremors, nystagmus, ataxia, myoclonic move-
ments, and coma. A unique feature in SLE is the development of urinary 
symptoms such as dysuria, urgency, and incontinence prior to the 
appearance of central nervous system signs. CSF analysis is consistent 
with viral meningitis with mild elevation in protein, normal to mildly 
decreased glucose, and WBC counts ranging from 50 to 500 cells/μL  
with mononuclear cell predominance. Syndrome of inappropriate 
secretion of antidiuretic hormone (SIADH) has been documented in 
one-third of patients. A positive serum IgM ELISA provides a presump-
tive diagnosis of SLE, but a fourfold increase in convalescent phase IgG 
antibody titer is required to establish the diagnosis. False-positive serol-
ogy due to cross-reaction with other flaviviruses, especially West Nile 
virus, can occur. The presence of SLE-specific IgM antibody in the CSF 
is indicative of infection of the central nervous system, and by day 7 of 
illness, 100% of CSF samples will yield a positive result. Abnormalities 
specific to SLE have not been identified in brain imaging. MRI of the 
brain may show hyperintense lesions in the basal ganglia, substantia 
nigra, and thalamus. Treatment is supportive. There are no approved 
antiviral agents available for the treatment of SLE, though interferon-
α-2b may reduce the severity and duration of complications associated 
with SLE.47,66 Case-fatality rate is 3% to 30% with higher rates seen in 
persons over the age of 60 years.

■■ POWASSAN VIRUS
Powassan virus is a rare cause of encephalitis in the New England states 
and eastern Canada. Rodents are the reservoir for the virus, which is 
transmitted by ticks to humans. Infection occurs mostly during summer 
months and asymptomatic infection is more common than symptomatic 
illness. The incubation period is about 8 to 34 days.67 When symp-
tomatic, patients often present with fever, headache, confusion, focal 

neurologic abnormalities, gastrointestinal symptoms, and seizures. The 
diagnosis can be made by testing serum and CSF for IgM and neutral-
izing antibodies. A fourfold increase in convalescent phase IgG antibody 
titer is required to establish the diagnosis. Treatment is supportive. Case-
fatality rate is 10% to 15% with a high incidence of residual neurologic 
abnormalities among survivors.

■■ MURRAY VALLEY ENCEPHALITIS VIRUS
Murray Valley encephalitis virus is found in Australia and New Guinea, 
transmitted to humans by mosquitoes and mostly affects the aboriginal 
children. Illness may progress rapidly in children with a case fatality rate 
of 15% to 30%. Diagnosis is made by the detection of IgM antibody in 
the CSF or demonstrating a fourfold increase in IgG antibodies in paired 
acute and convalescent sera. MRI may show high signal intensities in 
basal ganglia. Treatment is supportive.

■■ TICK-BORNE ENCEPHALITIS VIRUS
Tick-borne encephalitis virus (TBE) is found in Eastern Russia, central 
Europe, and the Far East. The virus is transmitted to humans by ticks. 
Outbreaks of TBE viral encephalitis have been reported following 
ingestion of unpasteurized milk products from infected sheep and goat. 
Clinical spectrum of illness ranges from mild to severe encephalitis 
along with myelitis- and poliomyelitis-like paralysis.68,69 Diagnosis is 
made by the detection of IgM antibody in the serum and CSF or dem-
onstrating a fourfold increase in IgG antibodies in paired acute and 
convalescent sera. In the early viremic phase, TBE virus may be cultured 
from blood. Treatment is supportive.

PICORNAVIRIDAE
Encephalitis causing viruses in the Picornaviridae family are distributed 
worldwide and can be grouped into polio and nonpolio enteroviruses. 
With a few exceptions, the predominant mode of transmission is by the 
ingestion of food or water contaminated with feces. Coxsackievirus A21 
is transmitted via respiratory secretions.

■■ POLIOVIRUS
Poliovirus is a neurotropic virus, the causative agent of paralytic polio-
myelitis. The virus is primarily transmitted by fecal oral route with 
pharyngeal spread occurring during epidemics. Incubation period is 1 
to 2 weeks and over 90% of infections are asymptomatic. Presentation 
of symptomatic illness is similar to a viral illness. Initial symptoms are 
headache, fever, nausea, vomiting, and malaise. In infants this may 
progress to meningoencephalitis with altered sensorium and seizures. 
Paralytic polio occurs in less than 1% of all polio infections and may 
present as asymmetric flaccid paralysis, diaphragmatic and respira-
tory muscle paralysis leading to respiratory failure. Lower extremities 
are more often involved than the upper extremities. Poliovirus causes 
damage only to the motor neurons, therefore the sensation is preserved. 
Oral polio vaccine (OPV) has been associated with a few cases of acute 
flaccid paralysis. Outbreaks of poliomyelitis due to vaccine derived 
strains of virus have occurred, when OPV was administered in areas 
with low immunization rates. This is unlikely to occur in the USA, as the 
Advisory Committee on Immunization Practices has recommended the 
use of inactivated polio vaccine for primary immunization since 2000. 
Early in the illness, CSF evaluation reveals predominance of polymor-
phonuclear cells with a shift to lymphocytic predominance after a few 
days. CSF protein concentration is often elevated to 100 to 300 mg/dL  
and the glucose concentration is normal. Virus can be cultured from 
pharyngeal secretions and stool. CSF culture for the virus is unreliable. 
The diagnosis can be confirmed by PCR amplification of poliovirus 
RNA in the CSF. Serologic testing by demonstrating a fourfold increase 
in convalescent phase antibody titer can also be used to establish the 
diagnosis. At the present time, treatment of poliomyelitis is supportive. 
None of the available antiviral agents have demonstrated any benefits in 
the treating this enterovirus-associated acute paralysis.
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■■ NONPOLIO ENTEROVIRUSES
Echovirus, coxsackievirus, and other numbered enteroviruses belong 
to this group and are associated with a wide spectrum of CNS disease 
such as aseptic meningitis, encephalitis, acute poliomyelitis–like ill-
ness, optic and cranial neuritis. They account for more than 80% of 
cases of aseptic meningitis, but less than 5% of all cases of encephalitis. 
Enterovirus encephalitis occurs during late summer and early fall and 
affects mostly children and young adults. The spectrum of illness can 
range from mild encephalitis to severe disease with seizures, paresis, 
and coma. Enterovirus 71 has been associated with a severe form of 
brain stem encephalitis presenting with myoclonus, tremors, ataxia, 
and cranial nerve defects, often with fatal outcomes.70,71 CSF cell count 
is usually 10 to 500/μL with a lymphocytic predominance. CSF glucose 
concentration is often normal with a normal or slightly elevated pro-
tein concentration. The sensitivity of CSF PCR to detect enteroviruses 
ranges from 66% to 90%. A CSF culture for enteroviruses is less sensi-
tive than PCR. MRI of the brain in encephalitis due to enterovirus 
71 may show increased signal abnormalities in midbrain, pons, and 
medulla. At the present time, no approved antiviral agents are avail-
able for the treatment. In majority of cases, the illness is benign and 
the treatment is supportive. Intraventricular γ-globulin therapy can 
be considered for chronic or severe enteroviral encephalitis in patients 
with agammaglobulinemia.47,72

BUNYAVIRIDAE
In the Bunyaviridae family, the viruses belonging to the California 
encephalitis group, La Crosse virus and Jamestown Canyon virus, are 
responsible for disease in the United States, with La Cross virus being 
responsible for the majority of cases. Another member of this group, 
Tahyna virus, is predominantly seen in Russia.

■■ LA CROSSE VIRUS
La Crosse virus (LACV), a bunyavirus, is a leading cause of pediatric 
arboviral encephalitis in the Midwestern United States and is transmitted 
primarily by the eastern tree hole mosquito (Ochlerotatus triseriatus).73  
Though initially confined to Midwest area, it has recently been reported 
in the southeastern United States.74 Most human LACV infections 
occur in summer and in children under the age of 15.75 LACV encepha-
litis is the most common presentation, with nonspecific findings such 
as fever, headache, altered mental status, vomiting, and stiff neck. 
Approximately half of the cases of LACV encephalitis manifest seizures 
during the acute illness. Persistent paresis, learning disabilities, cogni-
tive defects, and neurobehavioral disorders such as attention deficits 
and hyperactivity are some of the rare sequelae seen with LACV. This 
encephalitis rarely results in death with a case-fatality rate of about 
0.3%.75 Currently, there is no standard therapy for LACV encephalitis; 
however, ribavirin has been shown to inhibit LACV infection by inhib-
iting RNA polymerase.76

TOGAVIRIDAE

■■ WESTERN, EASTERN, AND VENEZUELAN EQUINE 
ENCEPHALITIS VIRUSES

WEEV, EEEV, and VEEV are alphaviruses that cause encephalitis in 
horses and humans. The primary amplifying vector for these viruses 
includes birds, rodents, and horses. These viruses are transmitted 
primarily by mosquitoes in the genera Culex, Culiseta, and Aedes.73 
EEEV is the most virulent, but has lowest incidence of human cases.77 
In contrast, VEEV is the least virulent, more transmissible in humans, 
and capable of producing epidemics. Case fatality rates for WEEV fall 
between those of EEEV and VEEV. Detection of virus-specific IgM, 
virus isolation, and viral nucleic acid helps in diagnosis. Currently, there 
are no vaccines against WEEV, EEEV, or VEEV that are effective in 
humans; however, several are under development.

■■ RUBELLA VIRUS
Encephalitis is an extremely rare postinfectious complication of rubella. 
Rubella virus infection causes a benign disease, and neurological 
complications are rare. The onset of viral encephalitis most frequently 
occurs within 1 to 8 days after the development of the typical rash. 
The main neurologic findings are headache, ataxia, and hemiplegia.78 
Diagnosis of rubella encephalitis is generally confirmed by determin-
ing the presence of rubella antibodies in CSF serum by ELISA, though 
rarely the virus can be isolated from CSF.79 Guillain-Barré syndrome and 
acute postinfectious demyelinating encephalomyelitis have also been 
described. Rubella encephalitis is generally self-limiting, with about an 
80% recovery rate without any sequelae. The treatment is supportive. 
The case fatality rate has been found to vary between 0% and 30%.80 A 
rubella SSPE-like syndrome occurs mainly in young adults, as opposed 
to measles-associated SSPE, which tends to occur in children.

RHABDOVIRIDAE

■■ RABIES VIRUS
Rabies is one of the oldest described in human history and causes highly 
fatal encephalitis. Rabies virus is a bullet-shaped RNA virus, transmitted 
to humans usually by saliva from infected animal bites. Other modes 
of transmission include scratches, respiratory droplets, contact with 
infected secretions, and through corneal transplants.81 Domestic animals 
(dogs, cats) account for only 10% of human exposures, whereas wild 
animals account for the other 90% (skunks, foxes, raccoons, and bats). 
Dogs are still the primary source in underdeveloped countries, while 
bats are the major source in the United States.82 Rabies is a neurotropic 
virus that spreads from site of contact through peripheral nerves to the 
brain, ultimately leading to fatal encephalomyelitis.83 Rabies can present 
as either a classical encephalitic form or much less common paralytic 
form. An asymptomatic incubation period of 20 to 90 days is followed by 
a prodrome of nonspecific flu-like symptoms. Tingling and paresthesia 
at the site of bite are reliable symptoms of a rabid bite. Eventual acute 
neurologic syndrome is characterized by manic behavior with agita-
tion, dysarthria, dysphagia, diplopia, vertigo, nystagmus, seizures, and 
hallucinations. Hydrophobia with hypersalivation secondary to painful 
contractions of pharyngeal muscles is unique sign of rabies. Ultimately 
coma, generalized flaccid paralysis, and death occur due to vascular and 
respiratory collapse.84 The case fatality rate with rabies is 100%. The par-
alytic form is characterized by flaccid paralysis in the bitten limb, which 
ascends symmetrically or asymmetrically. A diagnosis of rabies needs a 
high index of clinical suspicion and good history, even in the absence 
of a definitive history of an animal bite. Rabies can be diagnosed by 
detecting virus-specific fluorescent material in skin biopsy, isolation of 
the virus from patient saliva, or presence of antirabies antibodies in the 
serum or CSF of nonimmunized patients.85 Rabies is a disease of preven-
tion, with effective immunization of domestic animals, avoiding contact 
with wild animals and postexposure prophylaxis (active vaccination and 
passive immunoglobulins). High-risk groups likely to be exposed to 
rabid animals like lab personnel, veterinarians, and travelers to endemic 
countries need preexposure prophylaxis.86 Treatment is supportive, but 
the outcome is dismal. Patients should be isolated and caregivers should 
take precautions to avoid exposure to their body fluids.87

ORTHOMYXOVIRIDAE

■■ INFLUENZA VIRUS
Influenza-associated acute encephalopathy/encephalitis (IAE) is an 
uncommon but serious complication with high mortality and neurologi-
cal sequelae. It is a rapidly progressive encephalopathy seen in the early 
phase of influenza infection, affecting mostly children under the age  
of 5 years, and is caused by influenza A, B, and C viruses, including the 
novel H1N1. There is no CNS inflammation in IAE.88 Along with the flu 
symptoms, the neurologic manifestations include altered mental status, 
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seizures, decreased cognition, delirium, motor and sensory deficits.89 
Neurologic sequelae seen with IAE are impaired cognition, mutism, 
behavioral changes, ataxia, paralysis, dystonia, and hand tremor.90 Along 
with the clinical syndrome, diagnosis is based on laboratory, neuroimag-
ing, and EEG confirmation. Positive viral culture, viral antigen detec-
tion, and viral RNA PCR are used.91 Neuroimaging may show diffuse 
cerebral cortical involvement with edema in severe cases. The acute 
necrotizing form shows multifocal, symmetric, necrotizing lesions in 
the brain.92 EEG abnormalities include focal diffuse slowing or sharp 
waves in the frontal or temporal area and seizures. Other common 
encephalitides should be excluded. Antiviral therapy with amantadine 
and oseltamivir is used.88 Febrile seizures, Reye syndrome, postinfluenza 
encephalitic Parkinson, encephalitis lethargica are some of the other 
neurologic manifestations of influenza.93

PARAMYXOVIRIDAE

■■ MUMPS VIRUS
Mumps virus is an enveloped RNA virus that belongs to the family 
Paramyxoviridae. The hallmark of infection is parotid gland swelling. 
Aseptic meningitis, encephalitis, orchitis, oophoritis, pancreatitis, and 
deafness are some of the complications. Mumps is a highly contagious 
infection restricted to human beings and is transmitted by direct con-
tact, droplet spread, or contaminated fomites.94 The virus enters the 
cerebrospinal fluid (CSF) via the choroid plexus or infected mononu-
clear cells during plasma viremia. Though CSF pleocytosis is common, 
clinical meningitis occurs in only up to 10% of patients. Meningitis is a 
common benign condition with no mortality or long-term sequelae. In 
up to 50% of cases, mumps meningitis occurs in the absence of salivary 
gland involvement. Encephalitis on the other hand is a rare but serious 
entity seen in 0.1% of patients. The presence of seizures, pronounced 
changes in the level of consciousness, and focal neurological symptoms 
are indicative of mumps encephalitis.94 There is bimodal distribution of 
illness: an early onset illness that coincides with parotitis and represents 
damage to neurons directly due to viral invasion, and a more common 
late onset illness that develops 7 to 10 days after the onset of parotitis, 
which is a postinfectious demyelinating process (ADEM). The virus 
may be isolated from CSF on tissue culture. Immunofluorescence and 
PCR also help in virus detection.95 Serology-like virus-specific IgM and 
IgG in CSF is useful in confirming the diagnosis. There is no specific 
antiviral treatment for mumps; management is supportive and symp-
tom based. Other neurologic syndromes rarely associated with mumps 
include deafness, cerebellar ataxia, facial palsy, transverse myelitis, 
ascending polyradiculitis, and a poliomyelitis-like syndrome. The best 
prevention is by a live attenuated mumps vaccine, but recent outbreak 
occurred in USA even in vaccinated people.96 The reason for this is 
unclear and needs further research.

■■ MEASLES VIRUS
Measles is highly contagious RNA virus of the Paramyxoviridae family.  
The secondary attack rate is at least 90% in susceptible household con-
tacts, especially unvaccinated children and adults. This virus is spread 
through respiratory droplets; there have been recent increases in the 
incidence of measles.97 Acute encephalitis is the most common neu-
rologic complication of measles, seen more commonly in adults than 
in children with an incidence of 1 in 1000 to 2000 patients.98 It occurs 
during the convalescent phase, typically a week after the onset of rash, 
and presents as abrupt onset of fever, along with headaches, seizures, and 
altered consciousness. These manifestations may be mild or severe, but 
can lead to permanent neurologic sequelae in a substantial number of 
patients. It is not clear whether this is due to direct invasion or a postin-
fectious process from a hypersensitivity reaction to the virus.99 The 
abrupt onset of the encephalomyelitis in the setting of the typical exan-
them is a characteristic feature that helps differentiate this from other 
forms of viral encephalitis that have a more gradual onset. Treatment is 
supportive with fluids and antipyretics.100

A less common neurologic complication of measles infection is sub-
acute sclerosing panencephalitis (SSPE). It is a chronic, degenerative 
CNS disease from a defective viral production of membrane or envelope 
proteins and occurs on an average of 6 years after the initial infection.101  
The prevalence is estimated at 1 per 100,000 cases. The onset is insidi-
ous with subtle personality changes, prominent psychiatric manifesta-
tions, myoclonic seizures, motor disturbances, and ultimate akinetic 
mutism. Often, coma and death follows. This condition occurs particu-
larly in those who had measles before the age of 2 years and it occurs 
despite a vigorous host immune response to the virus. The diagnosis is 
clinical, supported by periodic complexes on electroencephalography, 
brain imaging suggestive of demyelination, and increased levels of 
globulin and measles antibody in CSF or detection of viral RNA.102,103 
Management is supportive with seizure control and prevention of sec-
ondary complications. Trials with ribavirin, interferon, and isoprinosine 
have shown some benefit.104,105 However, only 5% of SSPE patients 
undergo spontaneous remission and 95% of them eventually die within 
5 years.101 Subacute measles encephalitis (SME) is a third form of 
measles encephalitis that occurs mainly in immunosuppressed children 
in whom it acts like an opportunistic infection. Measles virus RNA can 
be detected in the brain of SME patients and it follows a rapidly progres-
sive course.106

■■ NIPAH VIRUS
Nipah virus is a highly pathogenic paramyxovirus that first emerged in 
Malaysia and Singapore in 1999. It was responsible for the outbreak of 
febrile encephalitis mostly in adult males in close contact with pigs.107 
Since its initial description it has subsequently caused fatal human 
encephalitis in India and Bangladesh. Nipah virus is closely related to 
another zoonotic paramyxovirus, Hendra virus, which infects horses 
and rarely humans. After an incubation period of 10 days, patients pres-
ent with nonspecific symptoms such as fever, headache, myalgia, sore 
throat, and altered mental state along with distinctive clinical signs like 
segmental myoclonus, areflexia, hypertension, and tachycardia.108 Nipah 
virus specific ELISA is useful in diagnosing infection.109 Treatment with 
ribavirin was shown to reduce mortality.110 The mortality rate reported 
from the outbreak in Malaysia was 41%, while it was close to 70% in 
Bangladesh and India.111

ADENOVIRIDAE
Adenovirus has been associated with meningitis and encephalitis in 
children and immunocompromised patients, and can present as the 
primary manifestation or as a complication of respiratory tract infec-
tion. CSF cell count, glucose and protein concentration are variable and 
not helpful in establishing the etiologic diagnosis. A definite diagnosis 
can be made by viral culture or PCR of CSF or brain tissue. Treatment 
is supportive.

BACTERIAL ENCEPHALITIS

■■ BARTONELLA SPECIES
Infections due to Bartonella species can involve the CNS and cause 
encephalitis. Exposure to cats through bites and scratches can result 
in infection with Bartonella henselae, the etiologic agent of cat scratch 
disease (CSD). Cat fleas have also been implicated in the transmission 
of the bacteria. CSD is a disease seen most often in young adults and 
children and in 90% of cases it manifests as an ulcer at the site of inocu-
lation of B henselae, which appears within 7 to 10 days of exposure and 
subsequently develops tender enlarged regional lymph nodes, which 
may suppurate. CSD is often a self-limited illness, but in some the organ-
ism may disseminate to involve many organs including the CNS. CNS 
involvement can present as encephalitis, which is the most common 
form of presentation. Onset of symptoms of encephalitis such as confu-
sion and disorientation begins about 5 to 6 weeks after the initial ulcer-
node syndrome and may progress to coma. Seizures, focal neurologic 
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abnormalities, transverse myelitis, radiculitis, and cerebellar ataxia 
have also been reported with CSD.112 A small percentage of patients 
with CSD may also develop neuroretinitis. Patients with neuroretinitis 
often present with unilateral visual acuity abnormalities. Examination 
reveals retinal hemorrhages, cotton wool exudates, and stellate macular 
exudates. In patients with CNS involvement, pleocytosis is often present 
in the CSF. Diagnosis of CSD is based on history of exposure to cats, 
clinical findings suggestive of CSD, and laboratory testing such as serol-
ogy, culture or PCR of blood, CSF, and tissue. However, the yield from 
culture and PCR is low. Treatment is with doxycycline or azithromycin. 
Rifampin is sometimes added to these antibiotics. Patients with CSD 
and CNS involvement recover with treatment but may have permanent 
neurological defects.

■■ LISTERIA MONOCYTOGENES
Listeria is one of the common causes of bacterial meningitis in neonates, 
adults over the age of 50 years, and immunosuppressed patients. Patients 
may present only with meningitis or a combination of meningitis 
and encephalitis. In rare instances Listeria can present as encephalitis 
without any signs of meningitis.113 Patients with encephalitis present 
with fever, headache, altered sensorium, or cognitive dysfunction and 
may mimic herpes encephalitis.114 A complication of encephalitis is the 
progression to brain abscess formation. Another rare form of listerial 
brain infection is rhomboencephalitis, which typically occurs, in healthy 
adults. Rhomboencephalitis typically presents as a biphasic illness; the 
initial phase of headache, fever, nausea, and vomiting for a few days is 
followed by the development of cranial nerve palsies, cerebellar signs, 
altered sensorium, seizures, and hemiparesis. Development of respira-
tory failure has been reported in about 40% of patients.115 CSF analysis 
reveals pleocytosis with either polymorphonuclear cell or mononuclear 
cell predominance. CSF protein concentration is moderately elevated 
with a low glucose concentration. In rhomboencephalitis, the CSF find-
ings may be only mildly abnormal.115 Culturing blood or CSF specimens 
can establish the diagnosis. MRI imaging of the brain is helpful in 
demonstrating rhomboencephalitis. Combined intravenous ampicil-
lin and gentamicin is the treatment of choice. In penicillin allergy, 
trimethoprim-sulfamethoxazole as a single agent is a good alternative.

■■ MYCOPLASMA PNEUMONIAE
M pneumoniae, a common cause of community acquired respiratory 
tract infections, has been associated with extrapulmonary disease 
including the CNS. It is unclear if the CNS manifestations are due to 
direct infection or an immune-mediated illness.116,117 CNS involvement, 
most often presenting as encephalitis, is seen year round and is more 
common in children. Other manifestations of CNS involvement that 
have been reported are aseptic meningitis, transverse myelitis, Guillain-
Barré syndrome, cranial nerve palsies, and cerebellar ataxia. Peripheral 
neuropathy has also been reported. The development of CNS manifes-
tations preceded by a recent upper or lower respiratory tract infection 
may be a clue to the diagnosis. CSF in patients with neurologic involve-
ment typically shows pleocytosis with lymphocytic predominance, 
elevated protein and normal glucose concentration. Diagnosis is made 
by serology detecting serum IgM and IgG antibodies against M pneu-
moniae. PCR to detect M pneumoniae in respiratory samples has a high 
sensitivity and specificity, but CSF PCR is not a sensitive test to aide in 
the diagnosis.117 Antimicrobial therapy for M pneumoniae includes mac-
rolides, doxycycline, or fluoroquinolones. In one case report, addition of 
glucocorticoids to the antimicrobial agent in a child with M pneumoniae 
CNS infection appeared to be beneficial.118 Patients who develop neuro-
logic complications with mycoplasma infections appear to have a higher 
incidence of morbidity and mortality compared to those without CNS 
involvement.116

■■ MYCOBACTERIUM TUBERCULOSIS
The CNS involvement in tuberculosis is approximately 10% to 15% of 
all cases of tuberculosis infections. This may involve meninges, brain 

parenchyma, spinal cord and present as tuberculous meningitis, brain 
tuberculomas, and spinal tuberculosis. Another entity named tuber-
culous encephalopathy (TBE) was described by Dastur and Udani in a 
paper published in 1966.119 However, TBE as a disease entity remains 
controversial. Tuberculomas are caseous foci within the brain paren-
chyma and may present as single or multiple nodular lesions, and may 
be associated with Tb meningitis or miliary Tb. Tuberculomas often 
manifest with focal neurological signs and symptoms of an intracranial 
mass lesion. Systemic symptoms or signs of meningeal inflammation 
may or may not be associated with this depending on whether it is 
associated with Tb meningitis or with miliary Tb without meningitis. 
Tuberculomas appear as enhancing lesions on CT scan or MRI of the 
brain. CSF analysis may show elevated protein and low glucose con-
centrations with a mononuclear pleocytosis. If the meninges are not 
involved, the CSF may be normal. CNS Tb presenting as tuberculoma 
is uncommon in the USA. This entity is seen more often in children in 
Asia. Patients with tuberculous encephalopathy present predominantly 
with signs of diffuse cerebral involvement, with or without clinical and 
CSF changes seen in Tb meningitis. TBE is quite distinct from tuber-
culomas or tuberculous meningitis, where the brain parenchyma may 
become involved. TBE as described by Dastur and Udani is seen less 
commonly and has been reported more often in children. Presentation 
of TBE is similar to encephalitis with seizures, stupor, and coma often 
without meningeal signs. The common neuropathological feature seen 
in TBE is diffuse brain edema with diffuse or patchy rarefaction of white 
matter and demyelination. The pathogenesis of TBE is not well under-
stood. It has been postulated that TBE may represent immune-mediated 
white matter damage similar to acute disseminated encephalomyelitis. 
Some researchers have put forth other hypotheses that lead to TBE such 
as hypoxia with ischemic damage of brain parenchyma, direct toxic 
effect of some of the antituberculosis drugs such as streptomycin and 
isoniazid on the brain, and hypersensitivity reaction to the tuberculo-
protein in the brain. TBE may be a heterogeneous group of conditions 
both immune and nonimmune, affecting the brain parenchyma.120 
Varying manifestations of TBE have been reported from acute fulminant 
disease resulting in death within a few days to chronic disease lasting 
over months.121 Clinical features of TBE without clinical evidence of Tb 
meningitis reported in the literature are fever, vomiting, tongue trem-
ors, ophthalmoplegia, papilledema, involuntary movements, myoclonic 
jerks, seizures, decerebrate spasm, hypotonia, stupor, and coma.

CSF is usually normal, but in some cases an increase in protein, low 
glucose, and lymphocytic pleocytosis may be seen.121 Diagnosis of TBE 
may be difficult if the CSF does not show any abnormalities, as TBE 
may mimic many other forms of encephalopathies and encephalitis. 
The level of adenosine deaminase in the CSF may not be elevated as in 
Tb meningitis. MRI may show diffuse hyperintense lesions in the white 
matter on T2-weighted images and disseminated gadolinium enhance-
ment on T1-weighted images.122 CSF culture and PCR for mycobacteria 
are not helpful as the yield is very low in TBE. Brain biopsy may help 
in the diagnosis with characteristic histopatholgy and reveals acid-fast 
bacilli with specific stains. Treatment of tuberculomas and TBE is with 
a four-drug regimen that includes isoniazid(INH), rifampin(RIF), pyra-
zinamide, and either ethambutol or streptomycin for 2 months followed 
by INH and RIF alone, if the isolate is fully susceptible. Adjunctive 
glucocorticoid therapy with either dexamethasone or prednisone is 
beneficial in reducing mortality and is recommended.123

PROTOZOAN

■■ TOXOPLASMOSIS
Toxoplasma gondii is a ubiquitous intracellular protozoan that causes 
asymptomatic toxoplasmosis in nearly half of the world’s population. 
Encephalitis is the most common manifestation of toxoplasma, which 
was historically a rare disease seen sporadically in immunocompro-
mised patients. However, with the HIV epidemic this has risen to promi-
nence and is one of the most frequent and life-threatening opportunistic 
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infection in severe AIDS patients. It is believed that toxoplasmic enceph-
alitis results from reactivation of chronic latent infection seen in patients 
with CD4 counts less than 50 cells/μL.124 However, with the introduc-
tion of antiretroviral therapy and prophylaxis with trimethoprim- 
sulfamethoxazole, the incidence is decreasing. Clinically, cerebral 
involvement is more common and takes the form of cerebral mass 
lesions, meningoencephalitis, or diffuse encephalitis. The symptoms are 
nonspecific, and include fever, seizures, headache, hemiparesis, altered 
mental status, and coma. CT or MRI of the brain in toxoplasmosis 
shows multiple homogenous or ring-enhancing lesions with mass effect 
commonly in the region of the basal ganglia, midbrain, or brainstem. 
Imaging may be normal in diffuse toxoplasmosis. MRI is reportedly 
more sensitive than CT.125 The diagnostic serologic studies for toxoplas-
mosis are seldom seen in AIDS patients. Detection of Toxoplasma DNA 
on PCR testing of CSF may facilitate diagnosis and follow-up care.126,127 
In AIDS patients with suspected toxoplasmic encephalitis, it is desirable 
to have a confirmed diagnosis because similar lesions may be due to 
tuberculosis, other bacteria or fungi, or even lymphoma. Brain biopsy 
is reserved for patients who fail to respond to therapy or whose neuro-
logic status is rapidly deteriorating. In AIDS patients with encephalitis 
that is clinically and radiographically compatible with toxoplasmosis, a 
therapeutic trial with pyrimethamine and sulfadiazine should be initi-
ated early. The standard treatment regimen includes pyrimethamine, 
folinic acid, and sulfadiazine. Trimethoprim-sulfamethoxazole can be 
used as an alternative treatment and clindamycin can be used in sulfa 
allergic patients.128 Primary therapy is continued for at least 6 weeks. 
In AIDS patients, discontinuation of therapy has been associated 
frequently with relapse of toxoplasmic encephalitis, so maintenance 
therapy should be continued at reduced doses. The duration of main-
tenance therapy depends on the response to highly active antiretroviral 
therapy (HAART) and can be discontinued when persistent CD4 counts 
are greater than 200 cells/μL and if lesions have disappeared on MRI.129

POSTINFECTIOUS

■■ ACUTE DISSEMINATED ENCEPHALOMYELITIS
Acute disseminated encephalomyelitis (ADEM) is an inflammatory 
demyelinating disease of the central nervous system. It is usually mono-
phasic but a multiphasic variety has also been recognized.130 ADEM 
includes postinfectious and postvaccination encephalomyelitis, which 
together make up more than three-quarters of cases of ADEM. ADEM 
is one of the categories of the inflammatory demyelinating diseases,  
others being multiple sclerosis, transverse myelitis, optic neuropathy, 
and neuromyelitis optica (Devic disease). Postinfectious ADEM has 
been described with both viral and bacterial infections, including mea-
sles, mumps, rubella, varicella-zoster, EBV, CMV, herpes simplex virus, 
hepatitis A or B, coxsackievirus, influenza A or B, human immunode-
ficiency virus (HIV), human T-cell lymphotropic virus-1 (HTLV-1),  
human herpes virus 6, Rocky Mountain spotted fever, human corona 
virus, Mycoplasma pneumoniae, Borrelia, Campylobacter, Leptospira, 
Chlamydia, Legionella, and group A beta-hemolytic streptococci. ADEM 
has been described postvaccination with rabies, mumps measles rubella, 
diphtheria pertussis, tetanus, polio, influenza, and hepatitis B vaccines. 
ADEM has an estimated annual incidence of 0.8 per 100,000 with a 
median age of onset of 6.5 years.131 ADEM has a distinct pattern of 
perivenous inflammation surrounding small vessels in both the CNS 
gray and white matter. Most of these lesions seem of similar age with 
predominant lymphocytic infiltration. Eventual demyelination in a 
“sleeve-like” fashion is pathognomic.131 In ADEM, the timing of a febrile 
event is associated with the onset of neurological disease. Symptoms 
occur rapidly with a combination of altered consciousness and multifo-
cal neurological deficits. Multiple sclerosis (MS) is an important dif-
ferential for ADEM but encephalopathy, fever, seizures, and meningeal 
signs are very rare in MS. Infection should be ruled out first with lumbar 
puncture, microbiological and serological tests. MRI is the imaging 
modality of choice and shows scattered, focal, or disseminated areas 

of inflammation and demyelination involving cerebral subcortical and 
deep cortical white matter, and gray matter.132 Spontaneous recovery 
or recovery with corticosteroids is usually reported, though permanent 
sequelae can occur in few patients. Once infection is ruled out, the 
recommended treatment regime is intravenous methylprednisolone 1 g 
daily with a cumulative dose of 3 to 5 g followed by 1 to 2 months of oral 
prednisolone on a tapering regimen. Plasma exchange and intravenous 
immunoglobulin can be considered in patients who fail to respond to 
corticosteroids.130
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73
C H A P T E R Life-Threatening Infections 

of the Head, Neck, and 
Upper Respiratory Tract
Anthony W. Chow

KEY POINTS

•• �A thorough knowledge of the deep cervical fascial spaces and their 
interrelationships and anatomic routes of spread is a prerequisite to 
optimal management of life-threatening head and neck infections.

•• �The microbial etiology of deep infections of the head and neck is 
complex and typically polymicrobial.
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Life-threatening infections of the head, neck, and upper respiratory tract 
have become less common in the post-antibiotic era. Consequently, 
many physicians are unfamiliar with these conditions. Furthermore, 
with widespread use of antibiotics and profound immunosuppression 
in some patients, the classical manifestations of these infections are 
often altered. Features of systemic toxicity, such as chills and fever, 
and local signs, such as edema and fluctuance, may be absent. Thus, 

physicians unfamiliar with these entities may underestimate their extent 
and severity. In this chapter, the key clinical manifestations of several 
life-threatening infections of the head, neck, and upper respiratory tract 
are highlighted, and the critically important anatomic relationships that 
underlie their diagnosis and management are emphasized.

GENERAL ANATOMIC CONSIDERATIONS
Life-threatening infections of the head, neck, and upper respiratory tract 
most commonly originate from suppurative complications of dental, 
oropharyngeal, or otorhinolaryngeal infections. From these sites, infec-
tion may extend along natural fascial planes into deep cervical spaces 
or vascular compartments (Fig. 73-1).1 The deep cervical fascia ranges 
from loose areolar connective tissue to dense fibrous bands. It invests 
muscles and organs, thus forming planes and spaces. Notably, these 
fascial planes both separate and connect distant areas, thereby both lim-
iting and directing the spread of infection. These infections may be fatal 
either by local airway occlusion or by direct extension to vital structures 
such as the mediastinum or carotid sheath. Otorhinocerebral infections 
may cause intracranial suppuration such as cerebral or epidural abscess, 
subdural empyema, and cavernous or cortical venous sinus thrombosis 
(Fig. 73-2).2 A thorough knowledge of the deep fascial spaces, their 
interrelationships, and the potential anatomic routes of infection is a 
prerequisite to understanding the etiology, manifestations, and compli-
cations of life-threatening head and neck infections. Such knowledge 
will not only provide valuable information on the nature and extent of 
infection but will also suggest the optimum surgical approach for effec-
tive drainage.

•• �The development of marked asymmetry in the course of a 
submandibular space infection should be viewed with great con-
cern, since it may be indicative of extension to the lateral pharyn-
geal space.

•• �In immunocompromised patients, the classical manifestations of 
infection, such as edema and fluctuance at the local site and fea-
tures of systemic toxicity, may be absent.

•• �β-lactam-β-lactamase inhibitor or penicillin in combination with 
metronidazole is the antibiotic regimen of choice for odontogenic 
deep neck infections, but immunocompromised patients require a 
broader-spectrum against organisms such as Staphylococcus aureus 
and enteric gram-negative rods.

•• �Chronic sinusitis, otitis, and mastoiditis are the most important 
causes of parameningeal infection and intracranial suppuration. 
Computed tomography is the single imaging technique proven to 
be the most useful for the diagnosis of these conditions.

FIGURE 73-1.  Relation of lateral pharyngeal, retropharyngeal, and prevertebral spaces to the posterior and anterior layers of deep cervical fascia: 1, superficial space; 2, pretracheal space; 
3, retropharyngeal space; 4, “danger” space; 5, prevertebral space. A. Midsagittal section of the head and neck. B. Coronal section in the suprahyoid region of the neck. C. Cross section of the neck 
at the level of thyroid isthmus. (Reproduced with permission from Chow AW. Infections of the oral cavity, neck and head. In: Mandell GL, Bennett JE, Dolin R. Principles and Practice of Infectious 
Diseases. 7th ed. Philapelphia, PA: Elsevier Churchill Livingstone, Inc; 2010:855-871.)
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MICROBIAL ETIOLOGY AND PATHOGENESIS
The microbial etiology of deep infections of the head and neck is com-
plex and typically polymicrobial. As a rule, it reflects the autochthonous 
microflora of the contiguous mucosal surfaces from which the infection 
originated.3 Owing to their close anatomic relationship, the resident flora 
of the oral cavity, the upper respiratory tract, and certain parts of the ears 
and eyes share many common organisms (Fig. 73-3).4 Anaerobes gener-
ally outnumber aerobes at all sites by a factor of 10 : 1. Although less is 
known about the pathogenic potential of individual species, it is clear 
that as a group these organisms are structural opportunists and invade 
deep tissues when normal mucosal barriers are disrupted (eg, during 
pharyngitis, odontogenic infections, or direct trauma). Invasiveness 
is often enhanced by synergistic interactions of multiple species, both 
aerobic and anaerobic. Moreover, certain species or combinations may 
be more invasive or more resistant to therapy than others.

Bacteria most commonly isolated from deep space infections include 
Bacteroides, Porphyromonas, Prevotella, Peptostreptococcus, Actinomyces, 
Fusobacterium, and microaerophilic streptococci. Most remain sensitive 
in vitro to penicillin G, but an increasing number of species are now 
resistant, particularly among pigmented Porphyromonas spp, Prevotella 
spp, and Fusobacterium spp.5 While anaerobes are likely to be involved 
in most head and neck infections, a small but significant propor-
tion of cases in immunocompromised patients will also involve other  
pathogens such as Staphylococcus aureus (including methicillin-resistant 
strains) and facultative gram-negative rods (including Pseudomonas 
aeruginosa).

CLINICAL SYNDROMES

■■ DEEP CERVICAL FASCIAL SPACE INFECTIONS
Deep fascial space infections of the head and neck are most frequently 
odontogenic in origin (Fig. 73-4).1 Cervical fascial space infections  
considered to be life-threatening include those of the submandibular 

FIGURE 73-2.  Major routes for intracranial extension of infection either directly or via the vascular supply. The coronal section demonstrates the structures adjoining the sphenoid sinus. 
(Reproduced with permission from Chow AW. Infections of the sinuses and parameningeal structures. In: Gorbach SL, Bartlett JG, Blacklow NR. Infectious Diseases. 3rd ed. Philadelphia, PA: 
Lippincott Williams & Wilkins; 2004:428-443.)
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space, the lateral pharyngeal space, and the retropharyngeal, “danger,” 
and prevertebral spaces36 (Figs. 73-1, 73-5, and 73-6). Their salient 
clinical features are summarized in Table 73-1. The potential pathways 
of extension of these infections from one space to another are illus-
trated in Figure 73-7.6 The approach to radiographic and microbiologic 
diagnosis is discussed toward the end of this chapter. Recommended 
antimicrobial regimens for initial empirical therapy are summarized in 
Table 73-2.

■■ SUBMANDIBULAR SPACE INFECTIONS
The prototypical infection of this space is known as Ludwig angina. In 
1836, von Ludwig described five patients with “gangrenous induration 
of the connective tissues of the neck, which advances to involve the 
tissues that cover the small muscles between the larynx and the floor 
of the mouth.” The infection is characteristically an aggressive, rapidly 
spreading “woody” or brawny cellulitis involving the submandibular 
space. Although the submandibular space is divided by the mylohyoid 
muscle into the sublingual space above and the submylohyoid space 
below (Fig. 73-5), it can be considered a single unit owing to a direct 
communication around the posterior aspect of the mylohyoid muscle. 
Thus, classical Ludwig angina is a bilateral infection involving both 
the submylohyoid as well as the sublingual spaces. Ludwig angina 
most commonly follows infection of the second or third mandibular 
molar teeth (70%-85% of cases). The submylohyoid space is initially 
involved, as the roots of these teeth are located below the attachments 
of the mylohyoid muscle to the mandible (Fig. 73-4). Also, since the 
lingual aspects of periodontal bone around these teeth are thinner, 
medial spread of infection is facilitated. Infection extends contiguously 
(rather than by the lymphatics which would limit the infection to one 
side) to involve the sublingual and thus the entire submandibular space 
in a symmetrical manner. Less commonly, an identical process initially 
involving the sublingual space arises from infection of the premolars 
and other teeth or from trauma to the floor of the mouth. Once estab-
lished, infection can evolve rapidly. The tongue may enlarge to two or 
three times its normal size and distend posteriorly into the hypophar-
ynx, superiorly against the palate, and anteriorly out of the mouth. 
Immediate posterior extension of the process will directly involve the 
epiglottis. There exists a little-regarded dangerous connection between 
the submandibular and lateral pharyngeal spaces known as the buc-
copharyngeal gap. This gap is created by the styloglossus muscle as it 

FIGURE 73-4.  Routes of spread of odontogenic infections. A. Coronal section at first molar 
teeth: a, maxillary antrum; b, nasal cavity; c, palatal plate; d, sublingual space (above mylohyoid 
muscle); e, submylohyoid space; f, intraoral presentation with infection spreading through the buc-
cal plates inside the attachment of the buccinator muscle; and g, extraoral presentation to buccal 
space with infection spreading through the buccal plates outside the attachment of the buccinator 
muscle. B. Lingual aspect of the mandible: a, tooth apices above the mylohyoid muscle with spread 
of infection into sublingual space; b, tooth apices below the mylohyoid muscle with spread of 
infection into submylohyoid space. (Reproduced with permission from Chow AW. Infections of the 
oral cavity, neck and head. In: Mandell GL, Bennett JE, Dolin R. Principles and Practice of Infectious 
Diseases. 7th ed. Philapelphia, PA: Elsevier Churchill Livingstone, Inc; 2010:855-871.)
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leaves the tongue and passes between the middle and superior con-
strictor muscles to attach on the styloid process. Thus, cellulitis of the 
submandibular space may spread directly into the lateral pharyngeal 
space and thereby to the retropharyngeal space and the mediastinum.

Clinically, the patient is febrile and complains of mouth pain, stiff neck, 
drooling, and dysphagia, leaning forward to maximize the airway diame-
ter (Fig. 73-7). A tender, symmetrical, and indurated swelling, sometimes 

with palpable crepitus, is present in the submandibular area. The mouth 
is held open by lingual swelling. Respirations are usually difficult, while 
stridor and cyanosis are considered ominous signs. Radiographic views 
of the teeth may indicate the source of infection, and lateral views of 
the neck will demonstrate the degree of soft tissue swelling around the 
airway and possibly submandibular gas. Computed tomography (CT) is 
the imaging modality of choice for the diagnosis of Ludwig angina and 
other deep neck space infections (Fig. 73-8).7 The development of signifi-
cant asymmetry of the submandibular area should be viewed with great 
concern, since it may be indicative of extension to the lateral pharyngeal 
space. Well-timed surgical drainage will reduce the risk of spread to this 
space and subsequently to the superior mediastinum.8,9

The therapy of Ludwig angina has undergone a number of modifica-
tions since its initial description.10 While maintenance of an adequate 
airway is the primary concern and may necessitate urgent tracheostomy, 
most cases can be managed initially by close observation and intravenous 
antibiotics. If cellulitis and swelling continue to advance or if dyspnea 
occurs, artificial airway control should be established immediately. There 
is general agreement that blind oral or nasotracheal intubation is both 
traumatic and unsafe in advanced Ludwig angina because of the potential 
for severe laryngospasm. A recommended approach is to use a flexible 
fiberoptic scope to assess the airway and to aid in inserting an endo-
tracheal tube under direct observation.9 Tracheostomy is still the most 
widely recommended means of airway control, although cricothyroid-
otomy is advocated by some experts because of a lower complication rate.

Penicillin G with metronidazole, or a similar regimen effective against 
β-lactamase–producing anaerobic flora of the mouth, is the antibiotic 
regimen of choice, but immunocompromised patients require a broader 
spectrum of antibiotic coverage against facultative gram-negative rods 
as well as S aureus (Table 73-2). Early surgical decompression, much 
advocated in the pre-antibiotic era, is unlikely to locate pus and at best 
may only moderately improve the airway. Pus collections develop rela-
tively late (they are not usually present in the first 24-36 hours) and are 
sometimes difficult to detect clinically. If the patient is not responding 
adequately to antibiotics alone after this initial period or if fluctuance 
is detectable, needle aspiration or a more formal incision and drainage 
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  TABLE 73-1    Comparative Clinical Features of Deep Fascial Space Infections

Space Pain Trismus Swelling Dysphagia Dyspnea

Submandibular Present Minimal Mouth floor; submylohyoid Present if bilateral involvement Present if bilateral involvement

Lateral pharyngeal

Anterior Severe Prominent Anterior lateral pharynx; angle of jaw Present Occasional

Posterior Minimal Minimal Posterior lateral pharynx (hidden) Present Severe

Retropharyngeal (and “danger”) Present Minimal Posterior pharynx Present Present 

Parotid Severe None Angle of jaw Absent Absent

Peritonsillar Severe Present Anterior tonsillar pillar and soft palate Prominent Occasional
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FIGURE 73-7.  Potential pathways of extension in deep fascial space infections. 
(Reproduced with permission from Chow AW. Infections of the oral cavity, neck and head. 
In: Mandell GL, Bennett JE, Dolin R. Principles and Practice of Infectious Diseases. 7th ed. 
Philapelphia, PA: Elsevier Churchill Livingstone, Inc; 2010:855-871.)
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  TABLE 73-2    Usual Causative Organisms and Initial Empirical Antimicrobial Regimens for Life-Threatening Infections of the Head, Neck, and Upper Respiratory Tract

Infection Usual Causative Organisms

Antimicrobial Regimens

Normal Host Compromised Host

Deep cervical fascial space infections

Submandibular space infections (including 
Ludwig angina)
•	 Predominantly odontogenic

Viridans and other streptococci, 
Peptostreptococcus spp, Bacteroides 
spp, Porphoromonas spp, Prevotella 
spp, and other oral anaerobes

Penicillin G 2–4 MU IV q4-6h, plus  
metronidazole 0.5 g IV q6h; or

Cefotaxime 2 g IV q6h plus metronidazole 0.5 g IV 
q6h; or

Ampicillin-sulbactam 2g IV q4h; or Ceftriaxone 1 g IV q12h plus metronidazole 0.5 g IV q6h; or

Clindamycin 600 mg IV q6h; or Cefepime 2 g IV q12h plus metronidazole 0.5 g IV q6h 

Doxycycline 200 mg IV q12h; or Piperacillin-tazobactam 4.5 g IV q6h; or

Moxifloxacin 400 mg IV q24h Imipenem 500 mg IV q6 h or meropenem 1 g IV q8h

Lateral pharyngeal or retropharyngeal space 
infections
•	 Odontogenic

Viridans and other streptococci, 
Staphylococcus spp, Peptostreptococcus 
spp, Bacteroides spp, Porphoromonas spp, 
Prevotella spp, and other oral anaerobes

Same as above for submandibular space 
infections

Same as above for submandibular space infections

•	 Rhinogenic or otogenic Streptococcus pneumoniae, 
Haemophilus influenzae, viridans and 
other streptococci, Bacteroides spp, 
Peptostreptococcus spp, and other oral 
anaerobes

Ampicillin-sulbactam 3 g IV q6h; or Same as for odontogenic space infections

Ciprofloxacin 0.2 g IV q12h, plus metroni-
dazole 0.5 g IV q6h; or

Ciprofloxacin 400 mg IV q12h plus 
clindamycin 600 mg IV q6h

Suppurative parotitis Staphylococcus aureus, viridans and 
other streptococci, Bacteroides spp, 
Peptostreptococcus spp, and other oral 
anaerobes

Nafcillin 1.5 g IV q4-6h plus metronidazole 
0.5 g IV q6h; or clindamycin 600 mg IV q6h

Vancomycin 1 g IV q12h or linezolid 600 mg IV q12h; 
each plus

Cefotaxime 2 g IV q6h; or

Piperacillin-tazobactam 4.5 g IV q6h; or

Imipenem 500 mg IVq6h

Peritonsillar abscess (Quinsy) Group A Streptococcus (S pyogenes), 
Fusobacterium spp, Porphoromonas 
spp, Prevotella spp, Peptostreptococcus 
spp, and other oral anaerobes

Penicillin g 2–4 MU IV q4-6h, plus metroni-
dazole 0.5 g IV q6h; or

Cefotaxime 2 g IV q6h or ceftriaxone 1 g IV q12h; 
each plus metronidazole 0.5 g IV q6h and vancomycin 
1 g IV q12h Ampicillin-sulbactam 3 g IV q6h; or

Clindamycin 600 mg IVq6h; or

Suppurative jugular thrombophlebitis 
(Lemierre syndrome)

Viridans and other streptococci, 
Staphylococcus spp, Peptostreptococcus 
spp, Bacteroides spp, Porphoromonas spp, 
Prevotella spp, and other oral anaerobes

Same as for odontogenic space infections Same as for odontogenic space infections

Suppurative cavernous sinus thrombosis Depending on source, same as odonto-
genic or rhinogenic space infections

Same as for odontogenic or rhinogenic 
space infections

Same as for odontogenic or rhinogenic space infections

Extension of osteomyelitis from prevertebral 
space infection

Staphylococcus aureus, facultative  
gram-negative bacilli

Nafcillin 1.5 g IV q4-6 h, plus tobramycin 
2 mg/kgq8h; or

Vancomycin 0.5 g IV q6h linezolid 600 mg IV q12h, 
each plus

Nafcillin 1.5 g IV q4-6 h plus ciprofloxacin 
0.2 g q12h

Cefotaxime 2gIVq6h; or

Piperacillin-tazobactam 4.5 g IV q6h; or

Imipenem 500 mg IVq6h

Pott puffy tumor (frontal osteitis) Same as for rhinogenic space infections Same as for rhinogenic space infections Same as for rhinogenic space infections

Acute epiglottitis Streptococcus pneumoniae, 
Haemophilus influenza, Staphylococcus 
aureus

Ampicillin-sulbactam 3 g IV q6h; or Cefotaxime 2 g IV q6h or ceftriaxone 1 g IV q12h, each 
plus vancomycin 1 g IV q12h Cefepime 2 g IV q12h 

Malignant otitis media and petrous osteitis Pseudomonas aeruginosa Ciprofloxacin 200 mg IV q12h; or Ciprofloxacin 200 mg IV q12h; or

Tobramycin 2 mg/kg q8h plus ceftazidime 
2 g IV q6h; or

Tobramycin 2 mg/kg q8h plus ceftazidime 2 g IV 
q6h; or

Piperacillin-tazobactam 4.5 g IV q6h; or Piperacillin-tazobactam 4.5 g IV q6h; or

Imipenem 1 g IV q6h Imipenem 1 g IV q6h

IV, intravenous; MU, million units; q, every.

procedure under general anesthesia should be performed. In addition, 
the infected teeth implicated in the sepsis should be extracted.

With the combined use of systemic antibiotics and aggressive surgical 
intervention, the mortality rate for Ludwig angina has declined dramati-
cally from over 50% in the pre-antibiotic era to 0% to 4% currently.8

■■ LATERAL PHARYNGEAL SPACE INFECTIONS
Lateral pharyngeal space infections are potentially life threatening 
because of involvement of vital structures within the carotid sheath and 
a tendency to bacteremic dissemination. Anatomically, the lateral pha-
ryngeal space (also known as the pharyngomaxillary space) is shaped 
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like an inverted cone in the lateral neck, with its base at the skull and 
its apex at the hyoid bone (Fig. 73-1B). Its medial wall is continuous 
with the carotid sheath, and anteriorly it lies between the superior pha-
ryngeal constrictor muscle medially and the internal pterygoid muscle, 
mandibular ramus, and parotid gland laterally (Fig. 73-6). It is divided 
into an anterior (prestyloid or muscular) compartment and a posterior 
(retrostyloid or neurovascular) compartment by the styloid process and 
its attached muscles, the stylomandibular ligament, and the insertion of 
these structures into the hyoid bone. The anterior compartment contains 
no vital structures, but only fat, lymph nodes, connective tissue, and 
muscle. It is the compartment most closely related to the tonsillar fossa 
and the internal pterygoid muscle. The posterior compartment contains 
the ninth to twelfth cranial nerves, the carotid sheath and its contents, 
and the cervical sympathetic trunk. Infections of the lateral pharyngeal 
space may arise from sources throughout the neck. Dental infections are 
the most common source, followed by peritonsillar abscess (postanginal 
sepsis) and rarely suppurative parotitis or mastoiditis (Bezold abscess).

Infection of the anterior compartment is often suppurative. Because 
most patients are already compromised by infection elsewhere, diagno-
sis of lateral pharyngeal involvement is often delayed. The cardinal clini-
cal features, in order of importance, are (a) trismus, (b) induration and 
swelling below the angle of the mandible, (c) systemic toxicity with fever 
and rigors, and (d) medial bulging of the pharyngeal wall. Although not 
prominent, dyspnea can occur. Suppuration may advance quickly to 
other spaces, particularly to the retropharyngeal space and the medias-
tinum, or may spread to involve the posterior compartment of the lateral 
pharyngeal space. In these cases, timely surgical incision and drainage 
are of utmost importance.

Postanginal sepsis arising from a peritonsillar abscess can involve 
either the anterior or the posterior compartment, but as lymphatic 

drainage is the most important mechanism of spread, it most often 
involves the carotid sheath alone. A history of sore throat, while usually 
present on admission, is not invariable; it may only be mild or unilateral, 
and there may be a latent period of up to 3 weeks before manifestations 
of deep infection develop. The patient presents either in a toxic condition 
or insidiously with a fever of undetermined origin. Trismus is absent, 
and signs of local suppuration may be subtle clinically because of the 
tight connective tissue around and within the carotid sheath. This bar-
rier confines the infection and may limit it to only the internal jugular 
vein. Dyspnea may be prominent as edema and swelling descend directly 
to involve the epiglottis and larynx. Swelling of the pharyngeal wall, if 
present, will be behind the palatopharyngeal arch and is easily missed.

Suppurative jugular thrombophlebitis (Lemierre syndrome) is the most 
common vascular complication of a lateral pharyngeal space infection.11,12 
An indurated swelling a few centimeters long may be palpable behind the 
sternocleidomastoid muscle or may be found more deeply behind the 
palatopharyngeal arch. Trismus is minimal and may be absent. Vocal 
cord paralysis or other neurologic signs representing lower cranial nerve 
involvement may be present. These signs are frequently missed unless 
specifically sought and may be transient. The patient may thus present 
with sepsis but no obvious source (50% of cases). Metastatic abscesses 
are common, characteristically involving the lungs, bones, and joints or 
other sites. There may be retrograde spread of infection with cerebral 
abscess or meningitis. A diagnosis of right-sided bacterial endocarditis 
may be considered. In common with other anaerobic septic conditions, 
hepatic enlargement, tenderness, abnormal liver function tests, and even 
frank jaundice may be present, which may misdirect investigations and 
further delay diagnosis.13 Positive gallium or white-cell–labeled indium 
uptake in the neck is a useful diagnostic aid in these cases. CT of the 
neck reveals edema within the lateral pharyngeal space and the presence 
of thrombus in the internal jugular vein (Fig. 73-9).37 Thrombosis of the 
jugular vein can also be demonstrated by magnetic resonance angiogra-
phy. Rarely, the carotid artery is involved, leading to an arteritis and to 
the formation and eventual rupture of an aneurysm. This complication 

FIGURE 73-8.  Early appearance of a patient with Ludwig angina with a brawny, board-
like swelling in the submandibular spaces. (Reproduced with permission from Megran DW,  
Scheifele DW, Chow AW. Odontogenic infections. Pediatr Infect Dis. May-June 1984;3(3):257-265.)

FIGURE 73-9.  Contrast-medium enhanced axial computed tomographic scan of the neck 
in a young adult with jugular venous thrombosis–associated lateral pharyngeal space infection 
secondary to a right peritonsillar abscess. The common carotid arteries (C) are normal but the right 
internal jugular vein (J) is enlarged with a dense or enhancing wall that surrounds the more lucent 
intraluminal clot (arrow). (Reproduced with permission from Chow AW. Head and neck infections. In:  
Baddour L, Gorbach SL. Therapy of Infectious Diseases. 1st ed. Philadelphia, PA: Saunders; 2003:25-39.)
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is usually heralded by several minor bleeds before a major hemorrhage 
occurs and signals the need for urgent surgical intervention. Such bleed-
ing may involve the oral cavity, nose, or ear or appear as ecchymosis in 
the neck and surrounding tissues. An ipsilateral Horner syndrome, and 
otherwise unexplained ninth to twelfth cranial nerve palsies, is an addi-
tional premonitory syndrome of carotid sheath involvement.

Treatment of lateral pharyngeal space infection initially depends on 
whether local suppuration is present, but often this is difficult to deter-
mine. CT, careful needle aspiration, or more-definitive incision and 
drainage may be required. Most cases of postanginal sepsis with sup-
purative jugular thrombophlebitis can be managed medically without 
the need for ligation or surgical resection of the infected vein. Prolonged 
courses of intravenous antibiotics (3-6 weeks) will be required. Since 
anaerobic bacteremia caused by Bacteroides species or Fusobacterium 
necrophorum is frequently present,14 and penicillin resistance among 
these organisms is increasingly recognized, therapy generally requires 
addition of metronidazole, clindamycin, β-lactamase–stable cephalo-
sporins, or a carbapenem. Fever may be slow to resolve, even in cases 
successfully treated, particularly if there is metastatic involvement. 
Anticoagulants have sometimes been used in this setting, but their 
efficacy is unconfirmed. Surgical ligation of the internal jugular vein, 
the only available therapeutic option in the pre-antibiotic era, is now 
required only in the rare patient who fails to respond to antibiotic 
therapy alone. When there is impending or frank rupture of the carotid 
artery, the artery must be ligated immediately, with special attention 
given to the airway and to restoration of blood volume. Predictably, 
morbidity (eg, stroke) and mortality are high (20%-40%). In all such 
cases, early surgical intervention is the key to a successful outcome.
Infections of the Retropharyngeal, “Danger,” and Prevertebral Spaces:  The 
retropharyngeal, “danger,” and prevertebral spaces all lie between the 
deep cervical fascia surrounding the pharynx and esophagus anteri-
orly and the vertebral spine posteriorly (Fig. 73-1). The retropharyn-
geal space is bound anteriorly by the constrictor muscles of the neck 
and their fascia, and posteriorly by the alar layer of the deep cervical 
fascia, extending from the base of the skull to the level of the superior 
mediastinum, where the two fascial layers fuse. The “danger” space 
is interposed between the retropharyngeal space anteriorly and the 
prevertebral space posteriorly. It extends from the base of the skull 
and descends freely through the entire posterior mediastinum to the 
diaphragm. The prevertebral space is bound anteriorly by the alar 
fascia, and posteriorly by the prevertebral fascia, which originates 
on the spinous processes and encircles the splenius, erector spinae, 
and semispinalis muscles. Before completing its circle anterior to the 
vertebral bodies, it fuses to the transverse processes. The prevertebral 
space extends from the base of the skull to the coccyx, thus allowing 
infectious spread as far down as the psoas muscle sheath.

Retropharyngeal abscesses are among the most serious of deep space 
infections, since infection can extend directly into the superior mediasti-
num, or the entire length of the posterior mediastinum via the “danger” 
space (Fig. 73-1).

Retropharyngeal infections may occur in both children and adults. In 
young children, infection usually reaches this space via lymphatic chan-
nels, most commonly as complications of suppurative adenitis following 
an upper respiratory tract infection. The onset may be insidious, with 
little more than fever, irritability, drooling, or possibly nuchal rigidity. 
More acute symptoms include dysphagia and dyspnea. The latter may be 
due either to a local mass effect or to laryngeal edema. Generally there is 
little pain, but the neck may be held rigidly and tilted to the unaffected 
side. Definite bulging of the posterior pharyngeal wall is usually seen 
but may need careful palpation to be appreciated. The main dangers 
are severe laryngeal edema with airway obstruction and abscess rupture 
with consequent aspiration pneumonia or asphyxia. Many cases will 
respond to antibiotic therapy alone if treatment precedes the develop-
ment of frank suppuration.

In adults, infection may reach the retropharyngeal space from either 
local or distant sites. The former usually results from penetrating trauma 

(eg, from chicken bones or following instrumentation); in such cases, the 
presence of a sore throat or difficulty in swallowing or breathing may be 
the first indications of infection. More distant sources include odonto-
genic sepsis and peritonsillar abscess (now a rare cause). Infection from 
these sources may often obscure the diagnosis because of associated 
trismus, which makes direct examination of the posterior pharyngeal 
wall difficult. In this setting, CT and radiographic views of the lateral 
neck are especially helpful and may demonstrate cervical lordosis with 
swelling and gas collections in the retropharyngeal space, causing ante-
rior displacement of the larynx and trachea (Fig. 73-10). Radiographs 
may also help differentiate this infection from prevertebral space sepsis 
arising from cervical osteomyelitis. Once a diagnosis is made, surgical 
exploration and wide drainage should be carried out without delay.

Acute necrotizing mediastinitis is the most feared complication of ret-
ropharyngeal space infections.15,16 The onset is rapid and is characterized 
by the following: (a) widespread necrotizing process extending the length 
of the posterior mediastinum and occasionally into the retroperitoneal 
space, (b) rupture of mediastinal abscess into the pleural cavity with 
empyema or development of loculations, and (c) pleural or pericardial 
effusions, frequently with tamponade. Aspiration pneumonia is also a 
significant problem (50% of cases) and may be secondary to impairment 
of swallowing or spontaneous rupture of the abscess into the airway. 
As might be expected, the mortality in adults is high (25%), even when 
appropriate antibiotics are administered. Early diagnosis and timely 
debridement are the mainstays of successful treatment. Mediastinal 
drainage may be attained by either the cervicomediastinal or transtho-
racic approach. Although the cervical approach may be effective in early 
mediastinitis, thoracotomy is generally indicated once the necrotizing 
process has entered the danger space. In patients who are recovering, it 
is important to restrict all oral intake until the swallowing impairment, 
which may have a prolonged course, has resolved completely.

■■ SUPPURATIVE PAROTITIS
Acute bacterial parotitis primarily affects the elderly, malnourished, 
dehydrated, or postoperative patient.17 Ductal (Stensen) obstruction 
secondary to sialolithiasis appears to be a major predisposing condi-
tion. Other antecedent factors include sialogogic drugs and trauma. 
Clinically, there is sudden onset of firm, erythematous swelling of the 
pre- and postauricular areas extending to the angle of the mandible. This 
is associated with exquisite local pain and tenderness but not trismus. 
Systemic findings of high fevers, chills, and marked toxicity are gener-
ally present. Contiguous spread may lead to osteomyelitis of the adjacent 
facial bones. S aureus has been the predominant causative organism. 
Early surgical drainage and decompression of the gland are generally 
required, since spontaneous drainage is uncommon. Because of its close 
relationship with the posterior aspect of the lateral pharyngeal space, 
progression of infection into the parotid space may lead to massive 
swelling of the neck with respiratory obstruction and has the added 
potential risk of direct extension into the “danger” and retropharyngeal 
spaces and hence to the posterior mediastinum (Fig. 73-1).

■■ PERITONSILLAR ABSCESS
This condition, also known as quinsy, is a suppurative complication of 
acute tonsillitis involving the peritonsillar space. The latter consists of 
loose areolar tissue overlying the tonsil surrounded by the superior pha-
ryngeal constrictor muscle and the anterior and posterior tonsillar pillars  
(Fig. 73-6). Peritonsillar abscesses may affect patients of all ages but 
are most common among young adults between the ages of 15 and  
30 years. The patient appears ill, with fever, sore throat, dysphagia, tris-
mus, pooling of saliva, and a muffled voice. The abscess is usually unilat-
eral, with associated cervical lymphadenitis. Examination of the pharynx 
in the majority of cases reveals swelling of the anterior pillar and the 
soft palate and, less commonly, the middle portion or lower pole of the 
tonsil. Initially, needle drainage in the Trendelenburg position should be 
attempted, and the patient should be monitored closely and managed 
with intravenous antibiotics alone. Failure to obtain pus is an indication 
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for surgical incision and more formal exploration. Delays increase the 
risk of spontaneous rupture. Aspiration of purulent material is the main 
hazard, particularly in the recumbent patient. More serious complica-
tions include (a) airway obstruction, especially with bilateral disease or 
when laryngeal edema develops and (b) lateral dissection (usually from 
infections of the middle or lower portions of the tonsil) through the 
superior pharyngeal constrictor muscle to involve the lateral pharyngeal 
space (Fig. 73-5B). Continued signs of sepsis after drainage of the peri-
tonsillar space usually indicate coexisting, undrained lateral pharyngeal 
space infection. Fatalities associated with peritonsillar abscess (over 50% 
in the pre-antibiotic era) were due largely to this complication.

Ideally, antibiotics should be tailored according to the results of 
cultures of aspirated pus, but these are infrequently performed. Also, 
cultures are unlikely to be helpful unless specimens are collected with-
out oropharyngeal contamination and are transported anaerobically in 
appropriate media. Group A β-hemolytic streptococci (often as part 
of a mixed flora containing anaerobes) are most commonly isolated. 
Occasionally other β-hemolytic streptococci, Haemophilus influenzae,  
S aureus, or anaerobes alone are cultured. Penicillin G plus metroni-
dazole or a β-lactam-β-lactamase inhibitor combination is effective in 
most cases. Bilateral tonsillectomy should be performed once the patient 
has recovered to avoid recurrences. Interim antibiotic prophylaxis 
should be considered in high-risk cases.

■■ ACUTE EPIGLOTTITIS AND LARYNGOTRACHEOBRONCHITIS
Acute Epiglotitis:  Acute epiglottitis is a nonsuppurative infection 
causing inflammatory edema in the supraglottic structures and the 
epiglottis. Once caused mainly by H influenzae, widespread use of 

vaccination in children against this organism has greatly reduced its 
prevalence, so that other bacteria, such as Streptococcus pneumoniae,  
S aureus, Haemophilus parainfluenzae, and oral anaerobes, are 
increasingly implicated. Also because of vaccination in children, the 
majority of cases now occur in adults.18

In older children and adults, the chief initial complaint is a sore throat 
and later odynophagia. Typically, the triad of fever, stridor, and drooling 
is present. The patient tends to sit up and remain quiet, often leaning 
forward to facilitate breathing. The voice is muffled rather than hoarse. 
Inspiration tends to draw down the epiglottis and further obstruct the 
airway, so respirations are deliberately slow rather than rapid. Cyanosis, 
pallor, and bradycardia are late signs of severe airway obstruction that 
signal the urgent need to establish an artificial airway.

Once the diagnosis is suspected, rapid confirmation by imaging 
studies is recommended, bearing in mind that the patient’s condition 
can change rapidly and unexpectedly due to impending airway obstruc-
tion. Radiographic views of the lateral neck usually show an enlarged 
epiglottis with edematous supraglottic structures and ballooning of the 
hypopharynx (Fig. 73-11).19 A concurrent pneumonia is demonstrated 
on chest x-ray in about 25% of cases. If the patient (particularly an 
adult) appears not to be in great distress, antimicrobial therapy and 
close observation in an ICU without endotracheal intubation is fre-
quently all that is required.20 However, approximately 20% of adults 
and 70% of children may require placement of an artificial airway due 
to worsening stridor with respiratory distress or inability to easily clear 
secretions.21 If intubation is indicated, it should be performed by direct 
visualization and in the operating room, preferably by a skilled anesthe-
tist. Equipment including a laryngoscope and personnel necessary for 
emergency tracheostomy should be immediately available. Attempts to 

A B

FIGURE 73-10.  Lateral radiograph of the neck. A. Normal lateral cervical view. B. Expansion of the retropharyngeal soft tissues due to lateral pharyngeal space infection. (Reproduced with 
permission from Gorbach SL, Bartlett JG, Blacklow NR. Infectious Diseases. 3rd ed. Philadelphia, PA: Lippincott Williams & Wilkins; 2003.)
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visualize the cherry-red epiglottis by direct laryngoscopy in an awake 
patient in the absence of these precautions for immediate intubation 
are discouraged, since acute airway obstruction can be precipitated by 
dislodging a mucus plug or causing the patient to gag.

Laryngotracheobronchitis (Croup):  Laryngotracheobronchitis is a viral 
upper respiratory infection that primarily affects young children. It is 
caused by a variety of respiratory viruses including influenza, para-
influenza, respiratory syncytial virus, adenovirus, and occasionally 
Mycoplasma pneumoniae.20 Inflammation results in edematous swell-
ing of the conus elasticus and narrowing of the infraglottic structures. 
Laryngotracheobronchitis follows a more gradual course than bacterial 
epiglottitis and may either be self-limiting or progress to respiratory 
obstruction. Clinical findings include a “brassy” or “barking” nonpro-
ductive cough associated with varying degrees of inspiratory stridor, 

hoarseness, and respiratory distress. Respirations are noisy, often 
accompanied by chest wall retractions and inspiratory and expiratory 
wheezing. Nasal discharge and pharyngeal injection are common, but 
the epiglottis and supraglottic structures appear normal. Fever and mal-
aise are present as part of the upper respiratory viral syndrome. A lateral 
radiograph of the neck can be helpful by showing the characteristic 
infraglottic narrowing. Management is similar to that for supraglottic 
laryngitis, including humidification, hydration, oxygen administration, 
and antibiotic therapy for secondary bacterial infection. Use of sedatives 
and narcotics, which suppress the cough reflex, is to be avoided. 
Inhalational or oral steroids are of proven benefit.22 Occasionally, an 
artificial airway is required for 2 to 5 days or more. Extubation is some-
times difficult because of additional edema secondary to the endotra-
cheal tube itself. It seems reasonable that if the patient fails extubation, a 
tracheostomy should be considered instead of reintubation.

■■ PERICRANIAL INFECTIONS
Contiguous Extension From Sinusitis and Mastoiditis:  Fortunately, sup-
purative and life-threatening complications of acute and chronic 
sinusitis or mastoiditis have become relatively infrequent in the post-
antibiotic era. However, because of the unique pericranial location of 
these air spaces and the rich vascular supply in this region, contiguous 
spread of infection may extend intracranially via the diploic veins and 
result in serious complications such as meningitis, brain abscess, sub-
dural or epidural empyema, osteomyelitis of the skull, and cavernous 
and other cortical venous sinus thrombosis (Fig. 73-2).23 The clinical 
spectrum of such complications may be quite varied (Table 73-3).

Since the roof of the frontal and ethmoidal sinuses forms the anterior 
cranial fossa, infection in either sinus may produce a frontal epidural 
abscess, subdural empyema, or a frontal lobe brain abscess (Fig. 73-2). 
Frontal sinusitis may also result in thrombosis of the superior sagittal 
sinus, which arises in the roof of the frontal air sinuses. Extension of 
infection anteriorly into bone can lead to “Pott puffy tumor of the fore-
head,” while an orbital extension may lead to periorbital cellulitis and 
orbital fissure syndromes.

The ethmoidal sinuses are separated from the orbital cavity by a 
paper-thin orbital plate. Perforation of the plate allows direct spread of 
infection into the retroorbital space. Ethmoidal sinusitis can also spread 
to the superior sagittal vein or the cavernous venous sinus (Fig. 73-2).

The sphenoid sinus occupies the body of the sphenoid bone in close 
proximity to the pituitary gland above, the optic nerve and optic chi-
asma in front, and the internal carotids, the cavernous sinuses, and the 
temporal lobes of the brain on each side (Fig. 73-2). Thus, sphenoid 
sinusitis can spread locally to cause cavernous sinus thrombosis, menin-
gitis, temporal lobe abscess, and orbital fissure syndromes.2,24 The supe-
rior orbital fissure syndrome (also known as the orbital apex syndrome) 
is characterized by orbital pain, exophthalmos, and ophthalmoplegia 

  TABLE 73-3    The Clinical Spectrum and Investigation of Intracranial Complications

Computed Tomography

Complication Clinical Signs Cerebrospinal Fluid Plain With Contrast

Meningitis Headache, fever (++), stiff neck, lethargy (++), rapid 
course

High PMN and protein levels;  
low glucose level

Normal Diffusely enhanced

Cranial osteomyelitis Pott puffy tumor (±) Normal Bony defect Bony defect

Epidural abscess Headache (±), fever (±) Normal Lucent area Biconvex capsule

Subdural empyema Headache (±), convulsions (±), hemiplegia (±), rapid 
course (±)

High PMN and protein levels; normal 
glucose level

Lucent area Crescent-shaped  
enhancement

Cerebral abscess Convulsions (+), headache (+), personality change (+) Lymphocytosis; normal glucose level Lucency with mass effect Capsule

Venous sinus thrombosis 
(cavernous)

“Picket-fence” fever (++), rapid course (++),  
orbital edema (++), ocular palsies (++)

Normal or high PMN count Nonspecific Enhancing lesion

(++), characteristically seen; (+), frequently seen; (±), may or may not be seen; PMN, polymorphonuclear leukocyte.

FIGURE 73-11.  Lateral view of the neck in an adult with acute epiglottitis, showing soft 
tissue swelling of the epiglottis (A) and aryepiglottic folds (B). (Reproduced with permission from 
Chow AW, Bushkell LL, Yoshikawa TT, Guze LB. Case report. Haemophilus parainfluenzae epiglot-
titis with meningitis and bacteremia in an adult. Am J Med Sci. June 1974;267(6):365-368.)
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due to involvement of the abducens, oculomotor, and trochlear nerves 
and the ophthalmic division of the trigeminal nerve as they pass through 
the orbital fissure.25,26

Extension of infection from the maxillary sinus into the adjacent 
structures may result in osteomyelitis of the facial bones and prolapse 
of the orbital antral wall with retro-orbital cellulitis, proptosis, and oph-
thalmoplegia. Direct intracranial extension from the maxillary sinus is 
rare, except in rhinocerebral mucormycosis and other types of invasive 
fungal sinusitis.

Nosocomial sinusitis occurring after prolonged endotracheal intuba-
tion is a common complication of ventilation-associated pneumonia 
and may present as fever of unknown origin in a substantial proportion 
of patients.27 The prevalence likely exceeds 15% in patients intubated 
longer than 5 days, and is probably more frequent following nasal than 
endotracheal or gastric intubation.28 CT studies of patients with pro-
longed intubation often demonstrate mucosal thickening or an air-fluid 
level, which by themselves do not establish the diagnosis of nosocomial 
sinusitis. Sinus aspiration may be useful to identify the precise microbial 
etiology and guide antimicrobial therapy.29 The consequence of unrec-
ognized infection can be catastrophic, with intracranial extension and 
fulminant sepsis.

Infections of the middle ear or mastoid within the petrous bone may 
invade the middle fossa to involve the temporal lobe or into the poste-
rior fossa to involve the cerebellum or brain stem. The skull overlying 
the dura of the cerebrum is covered extracranially by the galea aponeu-
rotica. Pericranial infections, due either to head trauma or to a crani-
otomy, may result in a subgaleal abscess and cranial osteomyelitis, with 
possible retrograde spread through the emissary veins to the epidural, 
subdural, and subarachnoid spaces.

Rhinocerebral Mucormycosis and Malignant Otitis Externa:  Rhinocerebral 
mucormycosis is a progressive and destructive infection of the parana-
sal sinuses caused by fungi of the family Mucoraceae: Absidia, Mucor, 
Rhizomucor, and Rhizopus.30,31 It occurs primarily in debilitated 
patients with uncontrolled diabetes and ketoacidosis, in profoundly 
dehydrated children, and in neutropenic patients receiving cytotoxic 
therapy. The infection begins in the nose or nasopharynx and spreads 
through the sinuses into the orbit or central nervous system. It may 
extend through the cribriform plate to involve the meninges and the 
adjacent frontal lobe and cranial nerves or it may extend through the 
nasolacrimal duct to involve the orbit, producing panophthalmitis. 
These fungi have a predilection for the walls of arteries, and infection 
spreads by this route, causing thrombosis and tissue infarction. The 
internal carotid artery or its major branches may be involved, as may 
the cavernous sinus. Clinically, black necrotic lesions may be found 
on the nasal mucous membranes or the soft palate. When orbital 
involvement is seen, there is proptosis, ophthalmoplegia, blindness, 
chemosis, and corneal anesthesia. Extension into the cranial cavity 
is manifested by headache, meningismus, trigeminal or facial cranial 
nerve palsy, seizures, and other focal neurologic signs. Progressive 
obtundation is seen, culminating in coma. The diagnosis is confirmed 
by the presence of broad, nonseptate hyphae in biopsy specimens and 
a positive culture. Treatment requires aggressive surgical debridement 
and systemic amphotericin B. With early diagnosis, control of the 
underlying condition, and appropriate antimicrobial therapy com-
bined with surgical treatment, long-term survival has been reported 
in 70% of cases.32

Malignant otitis externa is a progressive and necrotizing infection of 
the external ear caused by P aeruginosa, with spread through the carti-
laginous and bony canal to the base of the skull. Affected patients are 
usually debilitated and often have poorly controlled diabetes mellitus. 
The infection is associated with severe otalgia, hearing loss, purulent 
discharge, edema, and granulation tissue or “polyp” in the cartilagi-
nous portion of the external ear canal. Three stages of progression are 
recognized clinically: (a) locally invasive disease; (b) disease associated 
with facial palsy; and (c) disease associated with multiple cranial nerve 
palsies. In the latter stages, infection may involve the infratemporal fossa 

by extension into the temporal or occipital bone. Prolonged medical 
therapy in conjunction with local debridement of granulation tissue 
and infected cartilage is effective in the majority of patients. In patients 
with more extensive disease involving the base of the skull and multiple 
cranial nerve palsies, therapy is not as successful, and up to 20 months 
of antimicrobial treatment may be required to achieve eradication of 
infection without relapse.

■■ INTRACRANIAL SUPPURATION
These dreaded complications that most commonly arise from chronic 
sinusitis, mastoiditis, or deep fascial space infections are only briefly 
reviewed here. Readers are referred to Chaps. 71 and 88 for a more 
comprehensive description of these entities.

Brain Abscess:  Most brain abscesses occur in association with three iden-
tifiable clinical settings: (a) a contiguous focus of infection, particularly 
sinusitis, otitis, or mastoiditis; (b) cranial trauma or postcraniotomy; 
and (c) hematogenous spread from an extracranial focus of infection, 
especially the lung and heart valves. Otogenic (eg, temporal lobe or 
cerebellum) and sinusitis-related (eg, frontal lobe) brain abscesses 
account for approximately 50% of all pericranial sources of infection.33 
Hematogenous brain abscesses are frequently multiple and located in 
the distribution of the middle cerebral artery (ie, in the posterior frontal 
or parietal lobes). The clinical presentations of brain abscesses are quite 
variable and appear to be influenced primarily by the anatomic loca-
tion of the abscesses; their proximity to the ventricles, cisterns, or dural 
sinuses; and major alterations in the intracranial pressure dynamics sec-
ondary to the mass effect. Thus, a pontine abscess may bulge posteriorly 
and block the aqueduct of Sylvius acutely to cause obstructive hydro-
cephalus. An occipital lobe abscess could rupture or leak into the ven-
tricular system, causing ventriculitis, or it could involve the transverse 
sinus and cause septic thrombophlebitis or a subdural empyema. Four 
distinctive clinical presentations of a brain abscess can be recognized 
based on unique pathophysiologic events: (a) rapid focal mass expan-
sion; (b) intracranial hypertension; (c) diffuse brain destruction; and  
(d) focal neurologic deficit.33 In the last category, temporal progression of 
infection is so slow that it is often misdiagnosed as a neoplasm. Fever is  
present in only 45% to 50% of patients; therefore, absence of fever 
should not be used to exclude the diagnosis of brain abscess.

Subdural Empyema and Epidural Abscess:  Intracranial subdural empy-
ema in the adult usually results from a suppurative infection of the 
paranasal sinuses, mastoid, or middle ear (Fig. 73-2). An acute flare-
up with local pain and increase in purulent nasal or aural discharge 
and onset of generalized headache and high fevers are the first indi-
cations of intracranial spread. They are followed within days by focal 
neurologic findings such as unilateral motor seizures, hemiplegia, 
hemianesthesia, or aphasia, and signs of increased intracranial pres-
sure with progressive lethargy and coma. The neck is stiff, but cere-
brospinal fluid (CSF) examination is more consistent with an aseptic 
meningitis syndrome. In infants and young children, however, an 
intracranial subdural empyema is almost invariably a complication 
of bacterial meningitis. Early signs such as irritability, poor feeding, 
or increased head size are nonspecific, but hemiparesis, convulsions, 
stupor, and coma may rapidly ensue. S pneumoniae, Streptococcus 
agalactiae, and H influenzae are the most common causes.

Cranial epidural abscess is usually associated with a postcraniotomy 
infection or a cranial osteomyelitis secondary to chronic sinusitis or 
middle ear infection. The onset of symptoms may be insidious and 
overshadowed by the localized inflammatory process. Focal neurologic 
findings are less common than in subdural empyema. Rarely, a fifth and 
sixth cranial nerve palsy may develop in association with infections of 
the petrous portion of the temporal bone (Gradenigo syndrome).

Septic Intracranial Thrombophlebitis and Mycotic Aneurysm:  Septic intra-
cranial thrombophlebitis most frequently follows infection of the para-
nasal sinuses, middle ear, mastoid, or oropharynx.23 If collateral venous 
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drainage is adequate, septic venous thrombosis may produce only 
transient neurologic findings or may be silent. If the thrombus outstrips 
collateral flow, however, progressive neurologic deficits will result, 
with impairment of consciousness, focal or generalized seizures, and 
increased intracranial pressure. The clinical findings vary with the 
location of cortical veins or dural sinuses involved. Thrombosis of the 
superior sagittal sinus produces bilateral leg weakness and may cause 
communicating hydrocephalus. Occlusion of the lateral sinus produces 
pain over the ear and mastoid and may cause edema over the mastoid 
(Griesinger sign). Involvement of cranial nerves V and VI produces 
ipsilateral facial pain and lateral rectus weakness (Gradenigo syndrome).

Cavernous sinus thrombosis is characterized by abrupt onset with 
diplopia, photophobia, orbital edema, and progressive exophthalmos. 
Involvement of cranial nerves III, IV, V, and VI produces ophthalmople-
gia, a midposition fixed pupil, loss of the corneal reflex, and diminished 
sensation over the upper face. Obstruction of venous return from 
the retina results in papilledema, retinal hemorrhage, and visual loss. 
Contrast-enhanced CT (Fig. 73-12) and MRI are the imaging modalities 
of choice. Treatment requires early recognition, high-dose intravenous 
antibiotics, and surgical decompression of the underlying predisposing 
infection. Anticoagulation and steroids are not indicated. Mortality 
remains high, approximately 15% to 30%.

Intracranial mycotic aneurysm usually results from septic emboliza-
tion as a complication of bacterial endocarditis. This produces infection 
and necrosis in the arterial wall, which leads to dilation and possible 
rupture. Mycotic aneurysms can be multiple and are usually found on 
distal branches of the middle or anterior cerebral arteries. The early 
clinical manifestations are similar to those of cerebral emboli and infarc-
tion. The weakened vessel may be seen to increase progressively in size 
on serial angiograms. Since the clinical course of a mycotic aneurysm is 
quite variable and the risk of rupture with catastrophic cerebral hemor-
rhage cannot be predicted even after successful therapy of the underly-
ing endocarditis, early surgical intervention is advised.

DIAGNOSTIC CONSIDERATIONS

■■ MICROBIOLOGIC TECHNIQUES
It is imperative that clinical specimens for the diagnosis of deep head 
and neck infections be obtained without contamination by the resident 
oronasopharyngeal flora.34 This is best accomplished using a needle and 

syringe for aspiration of loculated pus through an extraoral approach. 
After the skin is cleansed, pus is aspirated into the syringe. All air is 
carefully expressed, and the needle tip is inserted into a rubber stopper. 
This allows the exclusion of air, and the specimen can then be trans-
ported directly to the laboratory. This method of specimen collection 
is superior to using swabs. If a swab is used, it should be saturated with 
purulent material and inserted into a commercially available transport 
tube specifically designed to transport swabs under anaerobic condi-
tions. An additional swab should be taken for Gram staining. The Gram 
stain is particularly useful in the assessment of head and neck infec-
tions because a polymicrobial flora is generally present, and anaerobic 
bacteria may require 48 hours or longer for growth. The microscopic 
morphology of some of the bacteria may be characteristic enough to 
suggest a provisional diagnosis and, ultimately, therapy. Infected tissues 
obtained intraoperatively are also suitable for anaerobic and aerobic 
processing, provided that care is taken to prevent contamination by the 
normal resident flora.

Apart from routine culture and special stains for examination of direct 
smears, specimens may also be collected for histopathologic examina-
tion and direct detection of microbial antigens using immunological 
or molecular techniques.34 Nucleic acid amplification methods such 
as polymerase chain reaction (PCR) and sequence-based analysis are 
particularly suited for detection of fastidious microorganisms, certain 
viruses and fungi, as well as antibiotic resistance and virulence genes.

■■ IMAGING TECHNIQUES
Plain radiographs have limited value in the management of critically 
ill patients, other than placement of intravenous catheters and endo-
tracheal or nasogastric intubation. An exception is a lateral radiograph 
of the neck, which may demonstrate compression or deviation of the 
tracheal air column or the presence of gas within necrotic soft tissues 
(Fig. 73-10). The normal soft tissues of the posterior wall of the hypo-
pharynx are approximately 5 mm deep, less than one-third the diameter 
of the fourth cervical vertebra (C4). The retropharyngeal soft tissues 
should be approximately two-thirds the width of C4, and the retrotra-
cheal space slightly less. Thus, a lateral radiograph of the cervical spine 
or a CT can determine if the soft tissue swelling or abscess originated 
from the retropharyngeal space or the prevertebral space. The former 
suggests an odontogenic or oropharyngeal source, whereas the latter 
likely suggests involvement of the cervical spine.

Ultrasound can characterize soft tissue neck masses and collections 
but is limited by its inability to penetrate bone or air-filled structures.

CT or MRI are the best imaging techniques for detecting and delin-
eating the source and extent of deep fascial space infections of the head 
and neck and pericranial or intracranial suppuration.7 The choice of 
a CT versus MRI examination depends on the location and nature of 
soft tissue involvement. CT gives excellent visualization of osseous 
structures, particularly the temporal bones and paranasal sinuses, which 
are poorly visualized by MRI. The advantage of MRI is in providing 
soft tissue contrast resolution, further delineating the extent of soft 
tissue inflammation or bleeding. Normal anatomy is well depicted by 
T1-weighted images, while pathology is best shown by T2-weighted 
images and after gadolinium enhancement.7

The typical CT finding in brain abscess is an area of decreased attenu-
ation that is surrounded by a ring of enhancement following injection of 
contrast. CT will also detect cerebral edema, hydrocephalus, an associ-
ated mass effect, and the presence of extracranial infection. In subdural 
empyema, CT reveals inward displacement of cerebral substance due to 
an extracerebral mass. In epidural abscess, CT demonstrates a thick and 
circumscribed area of diminished density associated with extracerebral dis-
placement and contiguous cranial osteomyelitis. MRI is particularly useful 
for the detection and characterization of the early stages of cerebritis or epi-
dural abscess. MRI angiography is also useful for imaging vascular lesions, 
such as jugular thrombophlebitis and cranial septic venous thrombosis.23

Radionuclide brain scans and cerebral angiography remain useful 
as complementary procedures for the localization of certain central 

FIGURE 73-12.  Computed tomographic scan of the head in a patient with cavernous sinus 
thrombosis secondary to sphenoid sinusitis. Arrow indicates thrombus in the right cavernous sinus.
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nervous system infections, particularly posterior fossa lesions and 
demonstration of mycotic aneurysms. Technetium bone scanning, used 
in combination with gallium- or indium-labeled white blood cells, is 
particularly useful for the diagnosis of cranial or cervical osteomyelitis.

THERAPEUTIC CONSIDERATIONS
Although resuscitation and surgical measures are of primary importance 
in the initial management of these life-threatening infections, appropri-
ate antibiotics are essential for a successful outcome. The initial selection 
of empirical antimicrobial regimens should be guided by knowledge 
of the most likely causative organisms, their predicted antimicrobial 
spectrum, as well as bioavailability and other considerations. Maximum 
doses of systemic antimicrobials should be administered to optimize 
penetration of bone and the blood-brain barrier. Therapy should be 
continued for 2 to 3 weeks. Intracranial and vascular or bone infections 
may require at least 6 to 8 weeks of intravenous antibiotics.

Empirical antimicrobial regimens for head and neck and upper respi-
ratory tract infections are presented in Table 73-2. Recommendations 
for intracranial suppurative complications are discussed in Chap. 61. 
Although soft tissue infections of odontogenic origin were almost 
universally susceptible to penicillin G in the past, this is no longer the 
case due to the prevalence of β-lactamase–producing anaerobes such as 
pigmented Prevotella spp, Porphoromonas spp, and Fusobacterium spp. 
Failure of penicillin therapy for such infections have been well docu-
mented.5,35 Thus, combination of a β-lactam and β-lactamase inhibi-
tor (such as ampicillin-sulbactam or amoxicillin-clavulanate) should 
be considered. Penicillin G in combination with metronidazole is an 
alternative. However, metronidazole lacks activity against gram-positive 
anaerobic cocci such as Peptostreptococcus and facultative organisms 
such as streptococci and S aureus, thus precluding its use as monother-
apy for head and neck infections. Clindamycin is useful as an alternative 
in the penicillin allergic patient. Erythromycin and tetracycline are not 
recommended because of increasing resistance among some strains of 
streptococci and their lack of optimal anaerobic activity.1 Infections 
arising from the paranasal sinuses or the middle ear should be covered 
for aerobic or facultative gram-negative bacilli, such as H influenzae 
and Enterobacteriaceae spp. Ciprofloxacin plus either metronidazole 
or clindamycin, or a “respiratory” fluoroquinolone (levofloxacin or 
moxifloxacin) are recommended. For immunocompromised and criti-
cally ill patients, broad-spectrum coverage for aerobic gram-negative 
rods and S aureus (including methicillin-resistant strains) may be 
required (Table 73-2). The antibiotic regimen must be broad spectrum, 
bactericidal, and appropriate in dose and schedule. Ciprofloxacin or a 
third or fourth generation cephalosporin (eg, cefotaxime, ceftriaxone, 
ceftizoxime, cefepime), each in combination with metronidazole, is 
recommended. Monotherapy with an extended-spectrum penicillin-
β-lactamase inhibitor (ie, ampicillin-sulbactam, ticarcillin-clavulanate, 
or piperacillin-tazobactam), or a carbapenem (imipenem-cilastatin or 
meropenem) is an alternative choice. The final selection of antimicrobial 
therapy should be guided by culture results and susceptibility data.
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CLASSIFICATION OF SOFT TISSUE INFECTIONS
In severe soft tissue infections, the initial cutaneous presentation 
often belies the relentless progression of subcutaneous tissue necrosis 
and dissection that lies beneath a normal-appearing skin. Successful 
management of these soft tissue infections depends on early recogni-
tion, appropriate investigations to establish a specific diagnosis, and 
combined surgical and medical intervention. A clear understanding 
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•• Soft tissue infections characterized by extensive necrosis of subcu-
taneous tissue, fascia, or muscle are uncommon, but they require 
prompt recognition and urgent surgical treatment.

•• The classic hallmarks of necrotizing soft tissue infections are exten-
sive involvement of the subcutaneous tissues and a relative paucity 
of cutaneous involvement until late in the course of the infection.

•• Rapidly spreading soft tissue infections present acutely with severe 
systemic toxicity.

•• Successful management of these critically ill patients depends on 
prompt diagnosis by clinical and radiologic means.

•• The principles of management include fluid resuscitation, hemo-
dynamic stabilization, a broad-spectrum antimicrobial regimen, 
and early surgical intervention.

•• Prompt surgery, in which a definitive diagnosis is reached and all 
necrotic tissue is debrided, should be considered the mainstay of  
treatment.

•• The mortality rate is highest when the diagnosis is delayed or ini-
tial surgical treatment is limited.
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of a classification of these entities is required, but, unfortunately, the 
published literature in this area may be confusing because of a lack of 
uniformity in descriptive terminology and the use of different classifi-
cation schemes. The confusion is compounded by the fact that certain 
clinical entities may involve one or more anatomic planes within the 
subcutaneous tissue, and one or more bacterial species may be respon-
sible for the same or different clinical entities. Although classification 
schemes based on microbial etiology may be the most complete, they 
offer little to the clinical diagnostic process necessary to expedite appro-
priate management.1 To place a useful clinicoanatomic classification into 
perspective, a review of the basic anatomy and microbial ecology of the 
skin and subcutaneous tissues is necessary.

■■ ANATOMY AND MICROBIAL ECOLOGY OF THE SKIN AND SOFT TISSUES
The skin consists of an outer layer, the epidermis, and an inner layer, the 
dermis, which resides on a fibrous connective tissue layer, the superficial 
fascia. Beneath this layer, the avascular deep fascia overlies and separates 
muscle groups and acts as a mechanical barrier against the spread of 
infections from superficial layers to the muscle compartments. Between 
the superficial and deep fascia lies the fascial cleft, which is mainly 
composed of adipose tissue and contains the superficial nerves, arteries, 
veins, and lymphatics that supply the skin and adipose tissue.

Our understanding of the numbers and types of microbial species 
present on the skin has significantly changed with the use of 16S ribo-
somal RNA techniques, directly from their genetic material, compared 
to previous microbiological culture.2,3 This understanding will likely 
continue to evolve with additional work being conducted on the Human 
Microbiome Project, which will undertake to fully characterize the 
human microbiota.2

Normally, the skin has a resident and a transient flora. The resident 
flora includes both bacteria and fungi but bacteria are most prevalent. 
The gram-positive cocci, including corynebacteria, propionibacteria, 
coagulase-negative staphylococci, Micrococcus, streptococci, lactococci, 
and Bacillus make up over 75% of the skin flora. Certain areas of the 
body such as the buttocks, perineum, fossae and web spaces between 
the digits contain a more diverse flora and some gram-negative bacte-
ria may be found including Acinetobacter, Serratia, Pseudomonas, and 
occasionally anaerobic gram-negative bacteria.3,4 Staphylococcus aureus 
is not considered part of the resident flora, but colonization rates of 
10% to 30% in the anterior nares, axillae, groins, and perineum are not 
uncommon. The transient flora is made up of bacteria that are collected 
from extraneous sources and colonize the cutaneous surface for only a 
short period (hours to days). These organisms are highly variable but 
often include pathogenic gram-negative bacilli such as Escherichia coli, 
Proteus species, Klebsiella-Enterobacter species, among others.5 Critically 
ill patients frequently have compromised natural defense barriers, with 
concomitant increases in transient flora colonization.6

■■ CLINICOANATOMIC CLASSIFICATION OF SOFT TISSUE INFECTIONS
Most classification schemes for soft tissue infections are based on clini-
cal presentation and/or microbiologic etiology.5,7,8 Figure 74-1 provides 
a practical approach to the classification that is based on the affected 
anatomic plane of the soft tissues, the most commonly encountered 
clinical terms, and the microbial etiology. With respect to the terminology, 
it is important to recognize that many authors and professional societies  
are urging the use of the more simplified terms, nonnecrotizing and  
necrotizing soft tissue infections, to describe these entities, not only 
to avoid the confusion over terminology but because they often share 
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FIGURE 74-1.  Clinicoanatomic classification of soft tissue infections.
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a common pathophysiology, diagnostic schemes, and management 
strategies.1,7 The classification provided illustrates the classical termi-
nology, which is still frequently used clinically and also facilitates the 
understanding of the primary soft tissue planes involved in these soft 
tissue infections. Depending on the stage of presentation and the rate 
of spread, it is important to recognize that an infectious process that 
initially may have primarily involved a specific anatomic plane may have 
progressed to multiple soft tissue planes.

The common superficial pyodermas include erysipelas, impetigo, 
ecthyma, furunculosis, and carbunculosis. These entities do not extend 
beyond the skin or its appendages and are not discussed further.

The cellulitides include what is commonly referred to as cellulitis, 
anaerobic (or gangrenous) cellulitis, and the clinically distinctive variant 
of gangrenous cellulitis called progressive bacterial synergistic gangrene 
(Meleney gangrene). Cellulitis is an acute spreading infection of the 
skin extending below the superficial fascia and involving the upper half 
of the subcutaneous tissues. These infections do not involve the deep 
fascial layer. The production of gas by anaerobic organisms and the 
subsequent presence of soft tissue gas, either palpable or demonstrable 
radiographically, and the propensity to produce necrosis in the sub-
cutaneous tissue (and eventually in the skin) are major differentiating 
features of anaerobic and classic cellulitis. Both of these latter entities 
may progress to suppuration and lead to a subcutaneous and/or cutane-
ous abscess. Progressive bacterial synergistic gangrene (Meleney gangrene) 
was the original term used to describe a distinct form of cellulitis often 
occurring postoperatively, with necrotic ulcer formation in the center of 
a cellulitic area.9

Necrotizing fasciitis is an acute infection involving the deep fascia, 
subcutaneous tissue, and superficial fascia to variable degrees.10 The 
muscle tissue beneath the deep fascia is unaffected. The skin may not 
be involved early in the course of the infection, but as the process con-
tinues the skin becomes involved. Fournier syndrome (or gangrene) is 
a form of necrotizing fasciitis that affects the scrotum and genitalia.11  
In this setting, because there is virtually no subcutaneous fat between 
the epidermis and dartos fascia, cutaneous gangrene readily develops.

The myonecroses include clostridial myonecrosis (otherwise known 
as gas gangrene), nonclostridial myonecrosis (which has also been 
termed synergistic necrotizing cellulitis, although that is a misnomer), 
pyomyositis, and vascular gangrene. Rapid necrosis of the muscle and 
subsequent necrosis of the overlying subcutaneous tissue and skin are 
characteristic of the myonecrotic syndromes. Pyomyositis, an exception, 
is a bacterial abscess localized to the muscle, usually occurring after 
penetrating trauma. Vascular gangrene occurs in a limb devitalized by 
arterial insufficiency.

MAJOR SOFT TISSUE INFECTIONS

■■ CELLULITIS
Pathogenesis:  Cellulitis most often occurs secondary to trauma of 
the skin with local inoculation of microorganisms, secondary to an 
underlying skin lesion or a postoperative wound infection, or by 
contiguous spread from a suppurative infection of other soft tissues 
or bone. However, cellulitis may also occur in the absence of any 
obvious local trauma. After inoculation of microorganisms into the 
subcutaneous tissues and skin, an acute inflammatory response is 
seen in the epidermis, dermis, adipose tissue, and superficial fascia, 
to varying degrees.

Etiology:  The most common organisms causing classic cellulitis are 
Streptococcus pyogenes and S aureus, with other streptococci (groups 
B, C, F, and G), Streptococcus pneumoniae, and gram-negative bacilli 
encountered less frequently. Over the past decade, community-associated 
methicillin-resistant S aureus (CA-MRSA), predominantly of the USA 
300 pulsotype and containing the Panton-Valentine leukocidin, has been 
increasingly associated with a progressive type of cellulitis, often sup-
purating and causing large subcutaneous abscesses.12 Cellulitis due to  

gram-negative bacilli including Escherichia coli, Klebsiella-Enterobacter 
species, Pseudomonas aeruginosa, and yeast such as Cryptococcus neo-
formans occurs primarily in immunosuppressed or granulocytopenic 
patients. A severe form of cellulitis may occur in individuals exposed 
to Aeromonas hydrophila in fresh water, when the organism gains 
access through lacerations during swimming or wading.13 A severe 
and fulminant form of cellulitis that progresses rapidly to necrosis and 
bacteremia may be caused by Vibrio species, especially Vibrio vulnificus, 
acquired by exposure of a traumatic wound to salt water or raw seafood 
drippings.7,14

Presentation:  Classic cellulitis is characterized by erythema, pain, 
edema, and local tenderness involving an area of the skin with ill-
defined borders. The area of initial cutaneous involvement expands 
rapidly. There may be associated lymphangitis and regional lymph-
adenopathy. Systemic manifestations include fever, malaise, and 
rigors. With untreated or rapidly progressive cellulitis, the process 
may spread to involve an entire extremity, producing severe systemic 
toxicity. Dehydration, mental apathy or obtundation, disseminated 
intravascular coagulopathy, respiratory failure, and septic shock may 
follow, necessitating intensive care management.

Management:  Appropriate laboratory diagnostic studies should be 
performed before antimicrobial therapy is begun. Any skin abrasions 
or draining sites should be swabbed for immediate Gram stain and 
culture. The stain is examined for the presence of organisms, their 
morphologic appearance, and the number and types of cells. Fine nee-
dle aspiration into the leading edge of the cellulitis may be attempted; 
potential pathogens have been isolated in 10% to 38% of cases.15,16 
A combination of needle aspiration, skin biopsy, and blood cultures 
results in isolation of pathogens in approximately 25% of cases.17

For severe infections in which streptococci and methicillin-susceptible 
staphylococci are considered possible, parenteral administration of a 
large-dose penicillinase-resistant penicillin (nafcillin or cloxacillin),  
8 to 12 g/day in four or six divided doses, is most appropriate. Alternate 
agents include a first-generation cephalosporin, such as cefazolin  
(6 g/day in three divided doses), vancomycin (2 g/day in two divided 
doses), or clindamycin (1200-2400 mg/day in three divided doses). In 
settings where community- or hospital-associated MRSA predominate, 
which is increasingly encountered in many jurisdictions, vancomycin 
(2 g/day in two divided doses) or another agent with reliable activity 
against MRSA in skin and soft tissue infections, including linezolid, 
daptomycin, or ceftaroline is indicated.7,18 An additional approach rec-
ommended by some authors is to use a penicillinase-resistant penicillin 
(nafcillin or cloxacillin) or a first-generation cephalosporin in addition 
to vancomycin.19 If the etiologic agent proves to be streptococcal, 
penicillin G should be substituted (6-12 million U/day). In the immu-
nocompromised host, empiric broad-spectrum administration of agents 
active against both gram-positive, including MRSA, and gram-negative 
organisms is appropriate such as a combination of vancomycin plus an 
antipseudomonal cephalosporin or a carbapenem or an aminoglyco-
side plus an extended spectrum penicillin agent.18 In the presence of a 
rapidly progressive cellulitis developing after a freshwater or saltwater 
exposure, where Aeromonas or Vibrio, respectively, may be potential 
pathogens, alternative agents are more appropriate . Aminoglycosides, 
third-generation cephalosporins, and carbapenems have reliable activ-
ity versus Aeromonas hydrophila and any of these agents represents an 
appropriate empiric choice. A combination of a third-generation cepha-
losporin (cefotaxime or ceftazidime) with doxycycline has synergistic 
activity against Vibrio vulnificus and some reports have suggested an 
improved outcome with this combination for the treatment of Vibrio 
vulnificus infections.20

Local care of cellulitis includes immobilization and elevation of the 
affected area. These measures are most appropriate when an extremity 
is affected. Analgesic drugs are administered as necessary. Cool com-
presses may help alleviate pain. The extent of the cellulitis should be 
outlined on the skin with an appropriate marker at the time of admission 
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to facilitate objective daily assessments of the extent of spread. Frequent 
inspection of the involved area is necessary to detect the development 
of any areas of crepitus or suppuration, which may require surgical 
drainage. Abscesses of the subcutaneous tissue are not infrequent after 
extensive cellulitis; judicious use of repeated needle aspiration may be 
necessary. Failure to achieve defervescence and a decrease in systemic 
toxicity within 48 to 72 hours after institution of appropriate antimicro-
bial therapy should arouse suspicion of suppuration or a more virulent 
soft tissue infection, such as necrotizing fasciitis or myonecrosis.

■■ ANAEROBIC CELLULITIS
Pathogenesis:  The term anaerobic cellulitis is not properly descrip-
tive, and many terms are used for this process including gas abscess, 
gangrenous cellulitis, localized gas gangrene, necrotizing cellulitis, and 
epifascial gangrene. The process usually represents infection of already 
devitalized subcutaneous tissue without involvement of the deep 
fascia or underlying muscle. Microorganisms are introduced into the 
subcutaneous tissues from an operative or traumatic wound or from 
a preexisting local infection. The subcutaneous tissues are devital-
ized owing to a local injury, an inadequately debrided wound, or a 
metabolic disturbance that compromises vascular supply (eg, diabetes 
mellitus). Usually, the infectious process is not invasive but instead 
remains localized in the area of devitalized tissue.21,22 Extensive gas 
formation and suppuration, usually limited to the area of devitalized 
tissue, are present.

Etiology:  Anaerobic cellulitis may be clostridial or nonclostridial. 
Clostridium perfringens is the most commonly isolated clostridial 
species, followed by Clostridium septicum. Gram-negative rods, 
staphylococci, or streptococci are occasionally present but are not the 
predominant isolates. The nonclostridial form of anaerobic cellulitis 
is essentially the same process as clostridial cellulitis, but has a differ-
ent microbiologic etiology. Obligate anaerobes are the predominant 
isolates, with Bacteroides fragilis, other Bacteroides species, Prevotella 
species, Porphyromonas species, Peptostreptococcus and Peptococcus 
species encountered most frequently. Other bacteria that may be 
present include the gram-negative enteric bacilli (Escherichia coli and 
Klebsiella species), staphylococci, and streptococci.

Presentation:  The clinical pictures of clostridial and nonclostridial 
anaerobic cellulitis are very similar and may be discussed together. 
Because this infection represents the local invasion of already devital-
ized tissue, the process does not generally have a virulent progressive 
course. The onset is gradual, with mild to moderate local pain and 
only mild to moderate tissue swelling. Constitutional symptoms are 
not prominent; the relative paucity of symptoms is helpful in dis-
tinguishing this entity from myonecrotic infections. A thin, dark, 
malodorous discharge from the wound or inoculation site, sometimes 
containing fat globules, with extensive and prominent gas formation, 
is characteristic. A dusky erythema may be present, and there may be 
extensive crepitus in the involved area. Although not initially inva-
sive beyond the area of devitalized tissue, the condition must not be 
considered benign. If it is inadequately managed, the infection will 
eventually spread and lead to a rapid and extensive undermining of 
the skin similar to that seen in necrotizing fasciitis, with correspond-
ing systemic toxicity.

A distinctive variant of gangrenous cellulitis was described and 
named by Meleney several decades ago.9 It has been called progres-
sive bacterial synergistic gangrene, postoperative progressive gangrene, 
Meleney gangrene, and—if associated with burrowing necrotic tracts 
producing distant lesions—Meleney ulcer. The process usually begins 
postoperatively, particularly after abdominal or thoracic procedures, 
with a slowly developing shaggy ulcer with a gangrenous center sur-
rounded by an inner zone of purple discoloration, which in turn is  
surrounded by an outer zone of erythema. Without treatment, the course 
is one of relentless indolent extension, but without significant systemic 
toxicity. Satellite lesions may occur, which represent tracts of burrowing 

subcutaneous infection that surface to produce a gangrenous ulcer on 
the skin. Pathologically, the process is usually limited to the upper third 
of the subcutaneous fat, but occasionally it extends down to fascia. The 
lesion was originally thought to be caused by a synergistic interaction 
between microaerophilic streptococci and S aureus, but other micro-
organisms, including Proteus species and other gram-negative enteric 
bacilli, have been implicated.

Management:  Drainage from the wound or site of local injury should 
be sent for immediate Gram stain and culture. A simple method for 
obtaining anaerobic specimens for culture is to use a needle and syringe 
to aseptically aspirate the crepitant area at a site removed from the 
wound. All air should be carefully expressed from the syringe. If a swab 
is used, contact with normal flora should be avoided, and a commercial 
anaerobic transport medium should be used. Blood cultures should 
also be obtained. Imaging studies with ultrasonography, computed 
tomography, and magnetic resonance imaging can be very valuable to 
assess the presence and extent of the soft tissue involvement.23,24

Initial antimicrobial selection is guided by the Gram stain of the 
purulent drainage. If only large “boxcar-shaped” gram-positive bacilli 
are present, the causative microorganism is Clostridium, and moderate 
to large doses of parenteral penicillin G (10-20 million U/day in six to 
eight divided doses) are indicated. If multiple organisms of different 
morphologies are present on the Gram stain, then one may assume that 
the process is polymicrobial, and an empirical broad-spectrum antimi-
crobial regimen should be instituted. An aminoglycoside (gentamicin or 
tobramycin, 3-5 mg/kg per day in three divided doses or, alternatively, 
5-7 mg/kg as a single daily dose) and clindamycin (1200-2400 mg/day in 
three or four divided doses), with or without penicillin G (10-20 million 
U/day in six to eight divided doses), would be appropriate. In patients 
with impaired or changing renal function, a third-generation cephalo-
sporin, such as cefotaxime, ceftriaxone, or ceftazidime, or a fluoroqui-
nolone can be used in place of the aminoglycoside for gram-negative 
coverage. Alternately, a carbapenem such as imipenem, meropenem, or 
doripenem may be used as a single agent.

The major conditions to be differentiated from anaerobic cellulitis are 
necrotizing fasciitis and the myonecrotic syndromes.5,25 Distinguishing 
between clostridial myonecrosis and anaerobic cellulitis is necessary 
to avoid unnecessary extensive debridement and imaging studies may 
be very valuable in this regard.23,24 The distinction is made definitively 
at the time of surgery, however, which is mandatory to establish the 
diagnosis. The involved soft tissue must be laid open widely; devitalized 
tissue must be debrided; suppurative foci should be drained; and all 
involved fascial planes should be opened. The deep fascia and muscle 
must be carefully examined; if they are healthy, no further surgery is 
necessary. Further debridement may be necessary, depending on the 
amount of devitalized tissue present. The management of Meleney gan-
grene includes wide excision of the lesion plus antimicrobials as dictated 
by the culture results.

■■ NECROTIZING FASCIITIS
Pathogenesis:  Necrotizing fasciitis is an uncommon but severe infec-
tion involving the subcutaneous tissues and the deep fascia. It spreads 
rapidly in the fascial cleft but spares the overlying skin until later stages 
in the process. Extensive undermining of the skin is the hallmark of this 
infection. It affects persons of all ages but is most common in middle-
age and elderly adults. However, with an increase in the occurrence of 
group A Streptococcus and the emergence of community-associated 
methicillin-resistant S aureus (CA-MRSA), predominantly of the USA 
300 pulsotype and containing the Panton-Valentine leukocidin, as a 
cause of soft tissue infections, the incidence of necrotizing fasciitis 
in previously healthy young adults has increased.7,26-28 The infections 
may occur anywhere, but infections in the perineal region and in the 
extremities are most commonly reported.

The most common initiating injury leading to infection is minor 
trauma (~80% of reported cases); operative wounds and decubitus ulcers 
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account for most remaining cases. The presentation is usually acute 
or subacute, ranging from 3 to 14 days after the injury. In some cases, 
particularly those associated with group A Streptococcus or CA-MRSA, 
the onset is very sudden; the condition may progress dramatically from 
a tiny abrasion to septic shock, with massive subcutaneous necrosis, 
within 24 hours.7,26,28 Many patients have underlying chronic illnesses,27,29  
with diabetes present in 20% to 50% of patients, severe arteriosclerosis 
in 20% to 33%, and cardiovascular or renal disease in 50%. Nutritional 
status is also an important consideration, with marked obesity or 
marked wasting noted in many cases. With infection due to group A 
Streptococcus, more than 50% of patients have no underlying illness 
and were previously in good health. Similarly, necrotizing fasciitis due 
to CA-MRSA has also been often associated with individuals who have 
been previously in good health.

After the initial bacterial invasion, the infection spreads rapidly along 
fascial planes and subcutaneous fat, with ischemic tissue facilitating 
spread of the necrotizing process. At an early stage, histologic examina-
tion of full-thickness skin biopsies shows no abnormality. However, the 
subcutaneous fat and fascia show a contiguous nonspecific inflammatory 
reaction, with fibrinoid arteriolitis and thrombosis of vessels, with angio-
thrombotic microbial invasion and subsequent liquefactive necrosis.31 If 
the condition is left untreated, the overlying skin becomes extensively 
necrotic because of thrombotic occlusion of the venules and arterioles 
supplying it.

It has been shown that traumatic surgical and vascular injuries gen-
erate areas of relative tissue anoxia, with the result that carbohydrate 
and protein metabolism proceed anaerobically, generating lactic acid. 
Buffer systems become depleted and acidosis develops, which causes 
lysosomal disruption and, hence, local autolysis and destruction. This 
environment provides an ideal milieu for anaerobic growth. Whether 
actual infection evolves is determined by several factors, including the 
means of inoculation and the size of the inoculum, altered host defense 
mechanisms, and the virulence of the bacteria. Altered host defenses 
play an important role in propagation of the infection. For example, 
high blood alcohol levels, steroids in large doses, and metabolic aci-
dosis inhibit adherence of phagocytes, and patients with cirrhosis and 
metastatic carcinoma have poor phagocyte chemotaxis. The virulence 
of the bacteria is determined, to some extent, by their capacity to pro-
duce various enzymes (hemolysins, fibrinolysin, hyaluronidase, and 
collagenase). In addition, for S pyogenes, the presence of M protein on 
the surface of the organism has an anticomplement effect and may func-
tion as a superantigen, leading to a massive release of potent vasoactive 
mediators such as tumor necrosis factor, interleukin 1, and myocardial 
depressant factor. The streptococcal pyrogenic exotoxins A, B, and C 
or other unknown antigens may also function as superantigens and 
have been found to share DNA sequence homology with staphylococcal 
toxic shock syndrome toxin. Functioning as superantigens, these toxins 
share the ability to mediate nonspecific binding to antigen-presenting 
macrophages and T-helper cells, leading to polyclonal activation of large 
numbers of these lymphocytes. The cytokine release associated with 
this activation is responsible for the severe toxic shock–like syndrome 
associated with S pyogenes infections. Synergistic activity of different 
bacterial species has also been postulated on the basis of evidence 
from clinical experience and from experimental infections in animals.32 
It is commonly assumed that aerobic organisms assist the growth of 
anaerobes by using oxygen, diminishing redox potential, and supply-
ing catalase. Local ischemia and reduced host defense mechanisms in 
the presence of virulent pathogens combine to produce a milieu that is 
responsible for the alarmingly rapid spread (Fig. 74-2).
Etiology:  Necrotizing fasciitis may be due to a synergistic polymicrobial 
bacterial infection in which at least one anaerobic organism (usually a 
Bacteroides, Prevotella, Porphyromonas, Peptostreptococcus, or Peptococcus 
species) is isolated in combination with one or more facultative organisms 
(usually streptococci, E coli, Klebsiella or Proteus species, or S aureus),5,33 
or it may be due to a single organism, either S pyogenes or CA-MRSA. 
It has been reported that the highest recovery rate of anaerobes was in  

the buttocks, trunk, neck, external genitalia, and inguinal areas.5 In most 
cases of polymicrobial origin, multiple organisms are present, with an 
average of three or four isolates per patient. Some investigators distin-
guish acute group A streptococcal or CA-MRSA necrotizing fasciitis 
as a separate entity. Vibrio vulnificus and Aeromonas hydrophila have 
also been reported to cause a particularly virulent form of necrotizing 
fasciitis.

Presentation:  With necrotizing fasciitis, there is often a trivial injury 
followed, after several hours or days, by the onset of pain and swelling 
accompanied by chills and fever. The pain is progressive, relentless, 
and severe and is often out of proportion to the severity of the physical 
findings. There may be considerable pale erythema in the involved area; 
brown-to-bluish skin discoloration is not uncommon later in the course 
of the illness (Fig. 74-3). If the condition is left to progress, frank cuta-
neous gangrene may be seen. Pain is gradually replaced by numbness or 
analgesia as a result of compression and destruction of cutaneous nerves. 
Hypesthesia of the affected area may be a useful sign of the extensive 
undermining that occurs. Edema is present in most patients. Crepitation 
is not usual, but it may be found in patients seen later in the course of 
the illness. Fluid-filled vesicles may appear in the area of erythema, often 

FIGURE 74-3.  Necrotizing fasciitis of the lower leg. Dusky erythema is present, with 
blistering and small patches of dermal gangrene.

FIGURE 74-2.  The pathogenic process in necrotizing fasciitis.
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quickly followed by frank cutaneous gangrene. If an exudate is present, 
it may be serosanguineous and foul smelling. Systemic toxicity with dis-
orientation is often severe. Large extracellular fluid shifts, hypotension, 
shock, and jaundice may follow.

Recently, a more indolent form of necrotizing fasciitis has been 
described, and the term subacute necrotizing fasciitis has been used. 
The process is much slower and the clinical presentation evolves slowly 
over weeks to months with a slowly progressing soft tissue infection 
with minimal pain and discomfort.31 A variant of necrotizing fasciitis, 
involving the perineum, scrotum or penis, or vulva is known as Fournier 
gangrene and has a similar presentation but the findings are focused on 
the perineal and genital areas (Fig. 74-4).34

A significant manifestation of necrotizing fasciitis is extensive under-
mining of the skin (Fig. 74-5) associated with necrosis of subcutaneous 
fat and deep fascia.1,5,31 The undermining can be demonstrated by passing 

a sterile instrument along the plane just superficial to the deep fascia 
(Fig. 74-6); the instrument cannot be passed with ordinary cellulitis.

Management:  Before antimicrobial therapy is started, samples for 
immediate Gram stain and for aerobic and anaerobic cultures should 
be obtained by direct needle aspiration of the involved area. Probing 
the lesion through an existing drainage site or through a small skin 
incision will reveal the characteristic undermining of skin seen in 
necrotizing fasciitis. The use of full-thickness skin biopsy with frozen  
section may aid the diagnosis,35,36 although some authors suggest that 
this approach may not be practical in many settings.1,37 Imaging stud-
ies using computed tomography and magnetic resonance imaging can 
be very valuable to assess the presence and extent of the soft tissue 
involvement,23,24 but the use of imaging studies may be limited in 
severely septic patients due to motion artifact and the valuable time 
it takes in transporting an unstable patient for imaging studies1,31,37 A 
scoring system termed the Laboratory Risk Indicator for Necrotizing 
Fasciitis (LRINEC)38 was suggested as a diagnostic tool for necrotiz-
ing fasciitis, based on the values of multiple laboratory parameters for 
patients presenting with soft tissue infections but was based on a retro-
spective cohort and has not been substantiated in validation studies.37

The principles of management include general supportive measures, 
administration of antimicrobial agents, and definitive surgery. General 
measures include the placement of central venous and arterial monitor-
ing catheters, administration of intravenous fluids to correct dehydra-
tion, maintenance of adequate oxygenation, treatment of any underlying 
diseases (eg, correction of ketoacidosis or congestive heart failure), and 
attention to the patient’s nutritional needs. Enteral, and occasionally  
parenteral, nutrition is required in the postoperative state to meet the  
dramatically increased nitrogen requirements associated with tissue repair, 
hyperthermia, sepsis, and vital organ requirements. Antibiotic selection 
may be guided by the initial Gram stain, if available. Unfortunately there 
are few, if any, randomized controlled trials to guide antimicrobial selec-
tion in necrotizing fasciitis and in the absence of specific microbiologic 
data, broad-spectrum coverage should be given promptly, including 
coverage for anaerobes, especially B. fragilis. An aminoglycoside (gen-
tamicin or tobramycin), 3 to 5 mg/kg per day in three divided doses 
or, alternatively, 5 to 7 mg/kg as a single daily dose, plus clindamycin, 
1200 to 2400 mg/day in three or four divided doses, is adequate initial 
therapy for patients in whom renal function is not compromised. If large 
gram-positive rods are noted on smear, suggesting clostridia, or if for 
some reason clostridial infection is clinically suspected or if group A 
Streptococcus is suspected, penicillin G should be added (20-24 million 
U/day in divided doses). The combination of clindamycin and penicillin 
is considered the treatment of choice for severe soft tissue infection due 
to group A Streptococcus. In patients whose renal function is impaired 
or rapidly changing owing to underlying disease or acute tubular 
necrosis, a third-generation cephalosporin, such as cefotaxime, ceftri-
axone, or ceftazidime, or a fluoroquinolone can be used in place of the 
aminoglycoside for gram-negative coverage. Alternatively, a carbapenem 
such as imipenem, meropenem, or doripenem may be used as a single 

FIGURE 74-6.  Necrotizing fasciitis with unopposed passage of a blunt instrument along the fas-
cial cleft, indicating the characteristic undermining between the subcutaneous tissue and deep fascia.

FIGURE 74-4.  Fournier gangrene. Patches of necrotic skin are present on the scrotum 
and dusky erythema is present in the perineum and scrotum.

FIGURE 74-5.  Postoperative appearance of the lower leg presented in Figure 74–3. All 
necrotic subcutaneous tissue was excised.
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agent.1,7,18,37 In settings where community associated MRSA is suspected, 
vancomycin (2 g/day in two divided doses) or another agent with reli-
able activity against MRSA in skin and soft tissue infections, including 
linezolid, daptomycin, or ceftaroline is indicated.7,18 In penicillin-allergic 
patients, metronidazole or chloramphenicol is useful as an alternative 
anaerobic agent. The addition of intravenous immunoglobulins, 0.4 g/kg  
per day for 4 to 5 days or 2 g/kg as a single dose with a repeat dose in  
48 hours if the patient remains unstable, may be a useful adjunct for 
streptococcal toxic shock syndrome.7,37,39-41

The mainstay of management is surgical exploration, debridement, 
and drainage, which should be done as soon as possible.1,7,37 Debridement 
and excision of all necrotic subcutaneous adipose tissue and fascia is 
required. The wound should be packed open. Daily exploration under 
general anesthesia is indicated for truncal or perirectal infections and for 
all patients who remain in a toxic condition. Frequent dressing changes 
are performed after suitable analgesia and are continued until healthy 
granulation tissue appears. Careful and regular reinspection of the 
wound is necessary because initial debridement is seldom complete, and 
small foci of infection and necrotic tissue often lead to further progres-
sion. It must be emphasized that conservative surgery leads to relapse of 
the process. In the pelvic and upper thigh regions, a hip disarticulation 
or hemipelvectomy may be required.

Mortality rate is extremely variable, ranging from 4% to 74%. High 
scores on the Acute Physiology and Chronic Health Evaluation on 
admission, age older than 50 years, diabetes, truncal disease, and failure 
to achieve adequate initial debridement have been associated with high 
mortality rates.42

■■ MYONECROSIS
Pathogenesis:  The bacterial myonecrotic syndromes involve bacte-
rial invasion of previously undamaged healthy muscle, resulting in 
its rapid destruction. The process often referred to as gas gangrene 
is a fulminant, life-threatening infection for which early diagnosis 
and intervention are essential. Bacterial myonecrotic syndromes may 
be of clostridial or nonclostridial origin. Both entities have a similar 
pathogenesis, clinical presentation, and management.5,7 Clostridial 
myonecrosis occurs in the setting of muscle injury and concurrent 
inoculation with clostridial spores from the soil or a foreign body. 
Although most commonly encountered in penetrating war wounds, it 
is seen in other settings as well: (a) trauma, especially motor vehicle 
or agricultural accidents involving open fractures; (b) the postopera-
tive period, especially after bowel or biliary surgery; (c) malignancy, 
especially colorectal tumors; (d) arterial insufficiency in an extremity; 
(e) septic abortion; (f) occasionally, burn wounds; and (g) rarely, after 
intravascular or intramuscular injections. Although colonization of a 
traumatic wound by clostridia is common, the frequency of clostridial 
myonecrosis is very uncommon. In an animal model, the minimal 
dose of C. perfringens required to produce a fatal infection is reduced 
by a factor of 106 when the organism is injected into devitalized, as 
opposed to normal, muscle. Clinically, however, clostridial myonecro-
sis does occasionally occur even in the absence of devitalized muscle. 
Once the clostridia begin to proliferate, several potent exotoxins  
are produced that have the capacity to destroy host tissue. At least 
17  toxins are produced by C. perfringens, including α toxin, a phos-
pholipase that disrupts cell membranes and results in hemolysis, 
platelet destruction, widespread capillary damage, and myofibril 
destruction. The μ toxin, a hyaluronidase, facilitates tissue spread and 
is thought to be responsible for the massive edema associated with 
this condition. As the process spreads, the involved muscle undergoes 
rapid destruction. Early pallor, edema, and loss of elasticity give way to 
a discolored, noncontractile muscle, which eventually becomes friable 
and disintegrates. The histologic findings are of coagulation necrosis.

Myonecrosis due to organisms other than clostridia has a patho-
genesis not unlike that of necrotizing fasciitis. The infection may be 
introduced through a break in the skin, through intravenous injection 
of illicit drugs,43 a surgical wound or enterostomy, a decubitus ulcer, or a 

fistula. Predisposing factors include diabetes mellitus, obesity, advanced 
age, renal disease, and local trauma; diabetes mellitus is reported most 
commonly. With myonecrosis due to group A streptococci, no predis-
posing factors may be present. In drug addicts, infections of the extremi-
ties are more common, whereas perineal and buttock infections are 
more common in other populations.

When multiple microorganisms are responsible for myonecrosis, the 
facultative bacteria assist the growth of anaerobes by using available 
oxygen and destroying tissue (reducing the redox potential), which 
promotes a favorable milieu for the proliferation of anaerobic organ-
isms. The process often involves muscle and fascia extensively, and it 
may secondarily involve areas of subcutaneous tissue and skin. It should 
be noted that necrotizing fasciitis will ultimately involve muscle, if left 
to progress.

Etiology:  Clostridium perfringens is the most common cause of clos-
tridial myonecrosis, producing 80% to 95% of cases (Fig. 74-7). 
Clostridium novyi and Clostridium septicum are responsible for 5% to 
20%, with other species implicated rarely. Nonclostridial myonecrosis is 
usually polymicrobial, although group A Streptococcus and CA-MRSA 
may be single causative agents, the latter having been described in only 
the last few years.44 Most commonly, a mixture of facultative bacteria 
(E coli, Klebsiella species, Enterobacter species, Proteus species, and  
S aureus) and anaerobic bacteria (Bacteroides species, Peptostreptococcus, 
Peptococcus, Prevotella and Porphyromonas species) is found, an etiol-
ogy similar to that seen in necrotizing fasciitis. Aeromonas hydrophila 
has also been described as causing severe myonecrosis after penetrating 
muscle injury in a freshwater environment.

Presentation:  The incubation period of clostridial myonecrosis, from 
time of injury to appearance of symptoms, is usually 2 to 3 days, but it 
may be as brief as 6 hours. Intense pain, out of proportion to the extent 
of injury, is characteristic. The pain rapidly progresses in intensity 
and distribution. Fever is not present until later in the course. Within 
hours there appear signs of severe systemic toxicity: mental confu-
sion, irritability, marked tachycardia, tachypnea, sweating, pallor, and 
hypotension. Delirium and stupor may supervene, although a period 
of intense mental alertness may occur before the onset of delirium. 
Renal failure, progressive hypotension and septic shock, intravascular 
hemolysis, and disseminated intravascular coagulopathy may ensue. 
Bacteremia occurs in only 10% to 15% of cases. Profound metabolic 
acidosis is common and can overwhelm compensatory hyperventi-
lation, causing respiratory failure. Examination of the wound may 
initially show only tense edema and mild erythema. Later a spreading 
zone of woody edema appears, in addition to a characteristic bronzing 
of the skin. A thin, watery, brownish discharge with a sickly sweet odor 

FIGURE 74-7.  Gram stain of Clostridium perfringens.
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may be present. Gas bubbles may be present in the discharge. Crepitus 
is usually present but is not a prominent feature. Tense blebs containing 
a thin serosanguineous fluid develop in the overlying skin, and areas of 
cutaneous necrosis appear in later stages. If an open wound is present, 
edematous muscle may herniate through the wound to the skin surface.

In nonclostridial myonecrosis, the process has its onset over several 
days. The port of entry is usually evident in the vicinity of the area of 
involvement. Moderate to severe pain and erythema, rather than edema, 
are more prominent. Progression is rapid, and systemic toxicity is severe; 
it may progress to shock and multisystem organ failure. Local crepitus 
may be present, as may a “dirty dishwater” discharge. Progression of the 
infection is rapid and may involve fascia and subcutaneous tissues. With 
infection due to group A streptococci and CA-MRSA, it is not uncommon 
to find myofasciitis and a toxic shock syndrome.
Management:  Early diagnosis is critical; its importance cannot be 
overemphasized. Confusion about the types of gas gangrene, failure to 
recognize that the infection does not have the usual signs of pyogenic 
inflammation, and failure to recognize that clostridial infections can 
develop without a history of recent trauma can create diagnostic dif-
ficulties. The major considerations are other gas-forming necrotizing 
infections of the soft tissues, including anaerobic cellulitis and necrotiz-
ing fasciitis. However as mentioned previously, it is most important to 
simply differentiate a necrotizing soft tissue infection, given the common 
pathophysiology, diagnostic schemes, and management strategies.1,7 
Severe toxemia, limited crepitus, tense edema, and characteristic bronz-
ing of the skin are suggestive, but not definitive, evidence of clostridial 
myonecrosis. Similarly, areas of cutaneous necrosis in a severely toxic 
patient with a “dirty dishwater” discharge suggest a nonclostridial myo-
necrosis. Adjunctive diagnostic tools include Gram stain and imaging 
studies but definitive surgical management should not be delayed for 
imaging studies in a severely septic patient. A Gram stain of the dis-
charge or of soft tissue aspirate in clostridial myonecrosis reveals large, 
gram-positive bacilli with blunt ends, but few or no pus cells (which are 
destroyed by the clostridial lecithinase). A mixed flora or gram-positive 
cocci (streptococci and/or staphylococci) may be seen with nonclos-
tridial myonecrosis. Precautions should be taken to ensure that anaero-
bic specimens are collected appropriately and transported promptly to  
the laboratory.

The principles of management include general supportive measures, 
antimicrobials, and surgery. Surgical exploration is definitive and is 
mandatory for the mere suspicion of clostridial or nonclostridial myo-
necrosis. Urgent surgical intervention is the ultimate diagnostic and 
therapeutic maneuver, and its importance cannot be overemphasized. 
Bacterial myonecrosis is characterized by a darkened, “cooked” appear-
ance of the muscle, which does not contract on stimulation and bleeds 
very little on incision. Excision of involved muscles or amputation, if 
necessary, and decompressive fasciotomies are the mainstays of surgi-
cal treatment. Any necrotic fascia or subcutaneous tissue should be 
debrided. General supportive therapy includes insertion of appropriate 
monitoring lines, administration of isotonic crystalloid to maintain 
blood pressure, maintenance of adequate oxygenation, correction of 
severe acidosis, and maintenance of electrolyte balance. Blood should be 
given sparingly during the acute stages if evidence of extensive hemo-
lysis is present. Nutritional support is necessary in these critically ill 
patients, especially in the postoperative period.

For clostridial myonecrosis, the antimicrobial treatment of choice is 
large-dose penicillin G, 20 to 24 million U/day in six to eight divided 
doses.18 The dose must be reduced appropriately if a significant degree 
of renal failure is present. Metronidazole, 1 to 2 g/day in two to four 
divided doses, and chloramphenicol, 1 to 2 g/day in four divided doses, 
are alternatives in the penicillin-allergic patient. If a mixed flora is found 
on Gram stain, the antimicrobial regimen should include an aminogly-
coside (gentamicin or tobramycin), 3 to 5 mg/kg per day in three divided 
doses, or 5 to 7 mg/kg per day as a single daily dose, plus clindamycin, 
1200 to 2400 mg/day in three to four divided doses. If clostridia are pres-
ent on Gram stain, then penicillin should also be added to the regimen 

because some clostridia are resistant to clindamycin. In patients whose 
renal function is impaired or rapidly changing owing to underlying 
disease or acute tubular necrosis, a third-generation cephalosporin, 
such as cefotaxime, ceftriaxone, or ceftazidime, or a fluoroquinolone 
can be used in place of the aminoglycoside for gram-negative coverage. 
Alternatively, a carbapenem such as imipenem, meropenem, or doripe-
nem may be used as a single agent.1,7,18,37 If streptococcal myonecrosis 
or myofasciitis is suspected, the use of clindamycin plus penicillin in 
combination is recommended. In settings where community associ-
ated MRSA is suspected, vancomycin (2 g/day in two divided doses) or 
another agent with reliable activity against MRSA in skin and soft tissue 
infections, including linezolid, daptomycin, or ceftaroline is indicated.7,18 
In addition, the use of intravenous immunoglobulin, as discussed in the 
previous section, may be a useful adjunct.

Hyperbaric oxygen has been advocated as an adjunctive measure in 
patients with clostridial myonecrosis, but its role is controversial.30,37,45 
Randomized controlled trials have not been completed to date and are 
unlikely to be done because of the limited number of cases that might 
be seen at a given institution and ethical considerations. Evidence sup-
porting the use of hyperbaric oxygen comes from animal experiments, 
case reports, and uncontrolled small series. Its role at present appears to 
be in the management of selected patients with extensive involvement 
in whom extensive surgical debridement would be so mutilating as to 
threaten life or limb.
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Community-acquired pyelonephritis sometimes leads to sepsis syn-
drome and intensive care unit (ICU) admission, especially when it arises 
in an obstructed urinary tract or when the host defense is compromised 
by poorly controlled diabetes. Bacteremia arises in about 15% of cases, 
at a rate of 50 per 100,000 person years, with a 28-day mortality of about 
5%.1 Urinary tract infection (UTI) is also a common sequel of ICU, 
because of the use of urinary catheters for in excess of 70% of ICU patient 
days2 and ranks in the top three or four of ICU-acquired infections.3,4 
Although older data suggested that catheter-associated UTI caused  
mortality,5,6 more recent studies that control for confounding factors 
show no such link.7-10 In addition the evidence that bacteriuria prolongs 
ICU stay or increases cost has also been challenged.11 Unfortunately 
asymptomatic bacteriuria is frequently screened for and treated, result-
ing in harmful and unnecessary antimicrobial therapy.

Quantitative culture methods distinguish true bacterial multiplica-
tion within the urinary tract from a false result due to procurement 

contamination. Significant bacteriuria is defined as ≥105 organisms/mL. 
In the presence of urinary symptoms, a count of ≥102 organisms/mL from 
a woman with pyuria represents true infection.12 In a catheterized patient 
with symptoms or signs of UTI without other explanation, a criterion of 
≥103 organisms/mL represents catheter-associated urinary tract infec-
tion (CAUTI).13 Pyuria, the presence of white blood cells in urine, is best  
measured with a counting chamber, using a criterion of ≥10 cells/µL; 
alternatively a criterion of ≥5 pus cells/high powered field is used. Pyuria 
has a sensitivity of 96% for symptomatic UTI, but should not be used 
to support a diagnosis of UTI in the catheterized patient. In assessing a 
patient with sepsis of unknown source, whether in the community or 
health care system, whether catheterized or not, the absence of pyuria is 
useful at excluding a urinary source of sepsis.13

URINARY TRACT INFECTION DUE TO BACTERIA

■■ CLINICAL FEATURES OF ACUTE PYELONEPHRITIS
Acute pyelonephritis is a syndrome of fever with evidence of renal 
inflammation, such as costovertebral angle tenderness or flank pain, usu-
ally accompanied by signs of systemic toxicity. In the very elderly or cog-
nitively impaired, acute confusion may be the sole manifestation. Patients 
with spinal cord injury are especially prone to silent and complicated 
pyelonephritis associated with urinary obstruction due to calculi. They 
often will have fever with nonspecific abdominal discomfort, increased 
spasms, and autonomic dysreflexia. Patients admitted with acute pyelo-
nephritis who subsequently deteriorate should be urgently investigated 
for urinary tract obstruction and for a suppurative focus. Alternatively, 
such deterioration may be due to a resistant urinary pathogen. Features 
that suggest obstruction include renal colic and severe costovertebral 
angle tenderness. Blood and urine cultures should always be obtained 
promptly before therapy, if necessary by a single “in-out” urinary cath-
eterization. Acute renal failure caused directly by pyelonephritis or renal 
suppuration is rare14 and if present, is usually due to sepsis, hypotension, 
or drug toxicity.

■■ MICROBIOLOGY
Most (80%) community-acquired UTIs in women are caused by 
Escherichia coli. Staphylococcus saprophyticus is the second most com-
mon community urinary pathogen in younger women, but it virtually 
never gives rise to sepsis and ICU admission. Enterobacteriaceae other 
than E coli (eg, Klebsiella, Proteus, Enterobacter, Citrobacter, Morganella, 
Providentia, Serratia species), Enterococcus species, Pseudomonas aeru-
ginosa, and Candida species are each uncommon. In men, E coli is 
also the commonest community-acquired urinary pathogen, but other 
Enterobacteriaceae and enterococci are more frequent than in women. 
The spectrum changes to more resistant species when UTI arises 
in the ICU. Gram-negative bacilli account for about half, consisting  
of Enterobacteriaceae such as E coli (21%-23%), Klebsiella (9%), and 
Enterobacter species (4%), along with the nonfermenters P aeruginosa 
(10%) and Acinetobacter baumannii (1%); Candida species account for 
21% to 29% and enterococci for 15%.15 This predominance of more 
resistant species reflects the more widespread use of broad-spectrum 
antimicrobial agents and the use of urinary catheters in the ICU. 
Bacteriuria or candiduria, acquired through urinary catheterization, 
constitutes a reservoir of resistant pathogens, which can occasionally be 
a source of epidemic spread of resistant infection within the ICU.

Almost all UTIs arise by the ascending route, but in the case of 
Candida species and S aureus, the kidneys are sometimes seeded 
through the bloodstream. Over 3 years, only four such bacteremic/
fungemic infections were identified, compared to 356 ascending UTIs 
in the same period in a Canadian ICU.8 Isolation of S aureus in a urine 
culture should prompt a search for evidence of invasive staphylococcal 
infection elsewhere. Multiple or single cortical renal abscesses (renal 
carbuncle) may be present.

Urinary Tract Infections
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KEY POINTS

•• Empiric antimicrobial therapy for acute severe urosepsis should 
initially include two agents with activity against gram-negative 
bacilli, such as a third- or fourth-generation cephalosporin, aztreo-
nam, or extended-spectrum penicillin in combination with either 
a fluoroquinolone or an aminoglycoside.

•• Where local epidemiology indicates significant prevalence of 
extended-spectrum ß-lactamases among Enterobacteriaceae, then 
a carbapenem such as imipenem, meropenem, ertapenem, or 
doripenem is preferred while awaiting definitive cultures.

•• Where local epidemiology indicates significant prevalence of carbape-
nem-resistant Enterobacteriaceae, then colistin and a carbapenem 
should be chosen while awaiting definitive cultures.

•• Urine and blood cultures should be obtained prior to the first anti-
microbial doses, which should be given without delay.

•• Once the pathogen is identified by a positive urine or blood culture, 
the antimicrobial regimen should be tailored to a single, least toxic 
agent with the narrowest spectrum, based on susceptibility data.

•• Patients with severe urosepsis requiring ICU admission should 
have imaging of the urinary tract on an urgent basis, preferably 
by computed tomography with intravenous contrast, because sup-
purative complications require drainage as a priority.

•• Percutaneous drainage by an interventional radiologist is generally 
preferred to drain definitively or stabilize temporarily a patient 
with suppurative complications.

•• Urinary catheters cause a high incidence (3%-7% per day) of  
bacteriuria and candiduria; the latter associated with broad- 
spectrum antimicrobial therapy.

•• Asymptomatic catheter–associated bacteriuria or candiduria 
should not be treated; the only exceptions are transplant and neu-
tropenic patients, and before instrumentation of the urinary tract.

•• The continued usefulness of a urinary catheter should be reas-
sessed on a regular basis, and removal in selected patients should 
be considered.

•• Fever or sepsis should only be attributed to catheter-associated  
bacteriuria and treated only after exclusion of other potential 
causes of infection.
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■■ EMERGING ANTIMICROBIAL RESISTANCE IN ENTEROBACTERIACEAE
In the 21st century, the prevalence of antimicrobial resistance in gram-
negative bacilli has increased dramatically worldwide so that many previ-
ously effective antimicrobial regimens are no longer reliable for UTI. In 
particular both extended-spectrum-ß-lactamase (ESBL)–producing and 
carbapenem-resistant Enterobacteriaceae (CRE) have emerged as major 
challenges. The genes for both ESBLs and CRE are on plasmids, which 
also commonly carry genes for resistance against most non-ß-lactam 
antimicrobial agents. Some are prone to interspecies transfer, resulting in 
widespread dissemination. Globalization has facilitated spread, especially 
for Enterobacteriaceae, which constitute such a huge proportion of the 
normal colonic flora. The absence of new agents for gram-negative bacilli 
in development raises the prospect of increased mortality for patients 
with urosepsis in the second decade of the 21st century. However, in 
2011, there is great geographic variation in resistance and in many 
regions community-acquired urinary pathogens still remain susceptible 
to standard antimicrobial regimens (Table 75-1).

Prior to 2000, resistance to fluoroquinolones in gram-negative bacilli 
was rare in the community and was only significant in P aeruginosa 
in the ICU. Fluoroquinolones were ideal urinary agents, with a broad 
spectrum of activity against urinary pathogens, excellent bioavailability 
facilitating oral switch, and high volume of distribution favoring tissue 
penetration. Predominantly renal excretion results in high urinary levels 
of ciprofloxacin, ofloxacin, and levofloxacin, but not of moxifloxacin 
or gemifloxacin; the latter two agents are not recommended for UTI.16 
With the emergence of widespread resistance, fluoroquinolones can no 
longer be relied upon empirically as monotherapy for severe urosepsis. 
The prevalence of resistance to ciprofloxacin in gram-negative bacilli, 
including P aeruginosa, increased from 14% in 1994 to 24% in 2000, in 
the ICUs of large US hospitals. This corelated with a 2.5-fold increase 
in national fluoroquinolone use.17 By 2011, nearly half of all E coli 
urinary isolates were resistant to fluoroquinolones in the Asia-Pacific 
region.18 By contrast in 2007 to 2009, the rate of such resistance in 
urinary pathogens in Canadian ICUs was 19%19 and in the community 
was 6%.20 Resistance to third- and fourth-generation cephalosporins in 
Enterobacteriaceae was previously rare but abruptly increased in the first 
decade of this century and is now common worldwide. By 2010, in excess 
of 650 molecular varieties of ESBLs had been described, which had 
evolved from older narrower spectrum ß-lactamases, such as TEM-1,  
TEM-2, and SHV-1, by one to four amino acid substitutions. The 

resultant increased resistance in third- and fourth-generation cepha-
losporins and aztreonam is mainly due to Group-1 CTX-M enzymes, 
principally CTX-M-15. In addition, these strains are usually resistant to 
fluoroquinolones, aminoglycosides, and all ß-lactams except carbapen-
ems. This multidrug resistance is due to a linkage on the plasmid of the 
CTX-M-15 gene* to a gene for aminoglycoside resistance† that also deac-
tivates fluoroquinolones and to a gene‡ encoding an inhibitor-resistant 
penicillinase. Klebsiella pneumoniae organisms with ESBLs have caused 
common source ICU outbreaks, including UTI. Of greater concern,  
E coli isolates with ESBLs have become increasingly common worldwide 
causing infection in both the hospital and community, including pyelo-
nephritis. One-third of recent E coli urinary isolates in the Asia-Pacific 
region had ESBLs, including 60% of isolates from India.18 An ICU in 
China reported that 80% of E coli isolates between 2003 and 2007 were 
resistant to third-generation cephalosporins.21 In the United Kingdom 
and Ireland, the proportion of E coli bacteremia resistant to third-
generation cephalosporins began to increase steadily from 2% in 2001 to 
12% by 2007.22 Many of these were of urinary origin in the community 
due to spread of CTM-15, often due to the international O25 : H4-ST131 
clone,23 which is commonly fluoroquinolone resistant. It had also been 
reported in many other countries by 2010, including France, Switzerland, 
Spain, Portugal, Turkey, Lebanon, Korea, Canada, and USA.24,25 The 
need to cover ESBLs has driven a more extensive use of carbapenems for 
empiric therapy, sometimes even for pyelonephritis, eroding the reserve 
role of carbapenems.

Carbapenem-resistant Enterobacteriaceae consist mainly of strains 
producing carbapenemases, which are subdivided into metallo- 
β-lactamases (IMP, VIM, NDM) or nonmetallo enzymes (KPC, 
OXA-48). Additionally, a small minority of carbapenem resistance in 
Enterobacteriaceae is due to a chromosomal mutation leading to a 
porin loss in combination with hyperexpression of an ESBL or AmpC 
enzyme. Most CRE strains are resistant to all other β-lactams and often 
have multiple aminoglycoside-modifying enzymes; those with NDM-1 
carbapenemase typically also have 16S rRNA methylases, conferring 
high-level resistance to all aminoglycosides. The vast majority are also 

  TABLE 75-1    Molecular Epidemiology of Resistance in Enterobacteriaceae

Enzyme Molecular Epidemiology Distribution and Dominant Species Cross-resistance Susceptibility and Therapy

ESBL Group-1 CTX-M enzymes, mainly 
CTX-M-15, O25:H4-ST131 

Global, hospital and community Resistant to cephalosporins, extended-spectrum 
penicillins, aztreonam, fluoroquinolones, 
aminoglycosides. Susceptible to carbapenems

Imipenem, meropenem, 
ertapenem, doripenemK pneumoniae and E coli

AmpC and porin mutation Chromosomal Global, but uncommon As above, but resistant to carbapenems Colistin, tigecycline,a fosfo-
mycin, extended-infusion 
carbapenem,b combinations 
of the above

IMP Mainly plasmid Global but uncommon As above, but resistant to carbapenems

VIM Plasmid more than clonal 
spread

Global, endemic in Greece As above, but resistant to carbapenems

Nosocomial. K pneumoniae

KPC Mainly clonal spread; limited 
plasmid spread 

USA, mainly NYC and NE states; endemic 
in Greece and Israel. Outbreaks in Europe 
Nosocomial. K pneumoniae

As above, but resistant to carbapenems

OXA-48 Plasmid and clonal spread Turkey, Mid-East, and N Africa. K pneumoniae 
Limited importation to Europe Nosocomial 

As above, but resistant to carbapenems

NDM Interspecies plasmid spread 
occurs readily and is more 
important than clonal spread

Widespread India and Pakistan Spreading 
globally. K pneumoniae and E coli 
Potential for widespread fecal  
colonization in the community

As above, but resistant to carbapenems

aInadequate blood levels and renal excretion cannot be relied upon alone for bacteremia or UTI.
bAwaiting studies.

*blaCTX-M-15
†aac61-1b-cr encoding an amikacin acetyltransferase
‡blaOXA-1
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fluoroquinolone, trimethoprim-sulfamethoxazole, chloramphenicol, 
and tetracycline resistant.

In the 1990s, a metallo-ß-lactamase termed IMP, emerged in Japan in 
the context of widespread use of imipenem26 and subsequently occurred 
sporadically worldwide but remained rare. Verona imipenemase (VIM), 
a new metallo-ß-lactamase, was first isolated in Europe from 1996, but 
initially was confined to P aeruginosa. VIM-1–producing K pneumoniae 
was first reported extensively in 2002 in the ICUs of three Athens teach-
ing hospitals and by the end of the decade had been reported from the 
majority of Greek hospitals, with 50% of K pneumoniae demonstrating 
carbapenem resistance in ICUs by 2007.27 Some Greek ICUs reported 
that few of their K pneumoniae isolates were susceptible to carbapenems.28 
The gene for this enzyme, blaVIM-1, is on a plasmid, usually linked to other 
resistance genes, including an ESBL and an aminoglycoside resistance 
gene. Many isolates with blaVIM-1 were initially reported as susceptible to 
carbapenems by automated laboratory systems, leading to an underap-
preciation of the Infection Control challenge.

In the USA, a single case of carbapenem-resistant Enterobacteriaceae 
was reported first in 1991, due to a combination of AmpC hyperproduc-
tion with a porin mutation.29 A limited outbreak (eight cases, six deaths) of 
carbapenem-resistant K pneumoniae by this mechanism was next reported 
in a surgical ICU in New York City in 1999. This was superimposed on a 
prolonged ESBL outbreak that had necessitated extensive use of imipenem 
for empiric therapy.30 The outbreak was contained and terminated by vig-
orous Infection Control and limitation of cephalosporin use.

Klebsiella pneumoniae carbapenemase (KPC), a new nonmetallic 
ß-lactamase was first detected in North Carolina in 1999.31 The gene, 
blaKPC, is on a plasmid and most are part of a genetically distinct clone, 
sequence type (ST) 258. This is currently the main mechanism of 
carbapenem resistance in the United States, concentrated in New York 
City and the North Eastern States. By 2010, KPCs had been reported 
from 36 states, Washington DC, and Puerto Rico and had also spread 
worldwide, most extensively in Israel and Greece.

By 2010, KPCs were endemic in most Israeli and Greek hospitals, add-
ing to the already established problem due to VIM-1 in Greece.32-34 In 
Israel, a National Infection Control response had reduced the number of  
new KPC cases to 30 per month by 2010. Sporadic cases and outbreaks 
of both KPC and VIM have occurred throughout Europe, usually linked 
to the larger Greek outbreak.35,36 A hospital outbreak of KPC in Warsaw 
began in 2008 and was followed by extensive outbreaks throughout 
Poland.35 Klebsiella pneumoniae carbapenemases have also emerged in 
various Latin American and Asian countries. Infections due to KPC 
and VIM-producing organisms are associated with a higher mortality 
despite usually remaining susceptible to colistin and tigecycline. As a 
result of widespread use of colistin in Greek ICUs, colistin resistance 
has emerged, spread outside of Greece, and been associated with very 
high mortality.35,37,38 Isolates demonstrating resistance to all available 
agents, including colistin and tigecycline, have also been reported.28,39 
Carbapenem-resistant K pneumoniae has followed the pathways of 
patient referral, causing hospital outbreaks along the way, and has 
remained largely a health care–associated pathogen, including CAUTI. 
Interspecies transfer of blaKPC to E coli and other Enterobacteriaceae has 
occurred but not commonly and therefore organisms with KPCs are not 
yet significant community uropathogens.

In 2008, the first of a new carbapenemase, termed New Delhi 
metallo-β-lactamase (NDM-1), was identified in a urinary isolate of  
K pneumoniae in Sweden. The patient had recently returned from  
India with a urinary catheter following extensive hospitalization. An  
E coli with the same NDM-1 was subsequently found in his stool, consis-
tent with interspecies transfer.40 In 2010, a landmark report of NDM-1 
isolates from throughout the United Kingdom and Indian subcontinent 
identified 180 isolates with NDM-1, mostly K pneumoniae or E coli, 
37 from the United Kingdom, and the rest from 20 different centers in 
India, Pakistan, and Bangladesh.41 At least 17 of the UK patients had 
traveled to India or Pakistan over the previous year, 14 of who were 
hospitalized there. Subsequent reports emerged from elsewhere in Asia, 

Europe, Australia, Kenya, Canada, and USA, many linked to travel and 
some to hospitalization in India. Many of the isolates were urinary from 
patients with UTI or from those who had been catheterized. A large 
proportion of the Indian isolates were from community-acquired infec-
tions, especially UTI. A study of stool carriage at two Pakistani military 
hospitals showed NDM in 27% of inpatients and 13% of outpatients.42 
Enterobacteriaceae isolated in 2009 from India showed that 28% were 
CRE, half of which were NDM-1.42,43 New Delhi metallo-ß-lactamase 
is likely widespread in K pneumoniae and E coli in both hospitals and 
community in India and Pakistan and has been reported from remote 
districts.44,45 However, the absence of population-based surveillance 
data and a National Reference Laboratory for resistant bacteria in both 
India and Pakistan means that uncertainty remains about the precise 
epidemiology. In 2011, the extent to which these various forms of resis-
tance, especially NDM-1, will impact on both community- and hospital-
acquired UTIs throughout the world over the second decade of the  
21st century remains uncertain, but the negative potential is enormous.

■■ ENTEROCOCCI AS URINARY PATHOGENS
Enterococcus species are the third most frequent cause of CAUTI in the 
ICU but are uncommonly a source of bacteremia and sepsis. A Spanish 
prospective multicenter observational study of 21,979 ICU admissions 
between 1997 and 2001 found enterococcal UTI in 0.15% of the total.46 
In ICUs the proportion of vancomycin-resistant enterococci (VRE), 
mostly E faecium, is increasing but varies geographically. In many 
countries, VRE has become endemic in hospitals, with a median ICU 
colonization rate of 10% in the United States, with some units as high as 
59%.47 In contrast VRE in France has only occurred in limited outbreaks, 
curtailed by effective Infection Control measures. Vancomycin-resistant 
E faecium also commonly exhibits resistance to ampicillin and high-level 
aminoglycosides.48 A US tertiary center reported a rate of bacteriuria 
due to VRE to be 23 per 10,000 admissions. Of 107 positive cultures, 
there were 13 symptomatic UTIs, two associated with bacteremia and 
one associated with death.49 Almost all VRE are susceptible to linezolid, 
daptomycin, nitrofurantoin, tigecycline, and chloramphenicol.50

■■ ANTIMICROBIAL THERAPY
The choice of antimicrobial therapy for urosepsis raises a conflict 
between the need to cover all possible pathogens and to avoid the 
adverse effects of excessively broad-spectrum regimens. The impera-
tive of wise antimicrobial stewardship applies, tempered by the danger 
that failure to provide therapy active against the subsequently identified 
pathogen is associated with increased mortality, at least for patients 
with compromised host defense or septic shock. Studies of septic shock 
associate delay in the administration of the first dose of effective antimi-
crobial therapy with death, with each hour of delay causing an increment 
in mortality of almost 8% per hour over the first 6 hours.51,52 If necessary, 
delay should be overcome by the physician administering the initial 
doses. Current local and international surveillance reports of resistance 
in gram-negative bacilli should inform the choice of empiric therapy.  
A history of recent antimicrobial consumption or of international travel 
involving hospitalization should also be taken into account. Two agents 
from different antimicrobial classes active against Enterobacteriaceae in 
blood and urine are required, with subsequent tailoring of the regimen 
to a single agent with the narrowest spectrum, least toxicity and cost, 
based on the results of cultures.

Historically, a combination of an aminoglycoside and ampicillin 
provided cost-effective, empiric therapy for pyelonephritis in the com-
munity. However, because 30% to 80% of E coli urinary isolates are now 
resistant, ampicillin can no longer be recommended. The addition of a 
β-lactamase inhibitor, such as clavulanic acid or sulbactam, eliminates 
most resistance, but not that due to ESBL or CRE. Ampicillin-sulbactam 
or clavulanic acid (available intravenously in many countries but not in 
the United States) combined with an aminoglycoside is an appropriate 
choice in regions in which ESBL prevalence remains low (Table 75-2).
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Resistance to trimethoprim-sulfamethoxazole occurs in excess of 20% 
of urinary isolates in many areas in North America and even higher rates 
in Latin America and Europe,7,53 so that trimethoprim-sulfamethoxazole 
is no longer useful for empiric therapy for severe urosepsis. A combina-
tion of a fluoroquinolone with an aminoglycoside offers effective initial 
double coverage against aerobic gram-negative bacilli in many regions. 
In the absence of ESBL or CRE, piperacillin-tazobactam or ticarcillin-
clavulanic acid will cover almost all aerobic gram-negative bacilli, as 
will aztreonam or a third- or fourth-generation cephalosporin such as 
cefotaxime, ceftriaxone, ceftazidime, cefpirome, or cefipime. An amino-
glycoside, given once per day, can be added for double coverage until 
sensitivity data emerge. A fluoroquinolone combined with a ß-lactam 
should be considered in a patient with risk factors for aminoglycoside 
toxicity, such as decompensated cirrhosis, renal or hearing impairment, 
or hypotension.

A carbapenem, such as imipenem, meropenem, ertapenem, or doripe-
nem, will cover all aerobic gram-negative bacilli (including ESBL pro-
ducers) but not CRE. The percentage of the dosing interval for which the 
carbapenem is above the MIC is the pharmacodynamic parameter that 
correlates best with optimal outcome. Cure rates are optimal for infec-
tions due to Enterobacteriaceae when carbapenem levels are above the 
MIC for in excess of 40% of the dosing interval. While awaiting further 
studies, prolonging the infusion time of a carbapenem from 30 minutes 
to 3 or 4 hours is reasonable and may even render carbapenems effective 
against CRE, when MICs are close to the resistance cutoff.54,55

Addition of colistin empirically may be warranted in the unstable 
patient with urosepsis, if local epidemiology indicates significant preva-
lence of CRE. Colistin has significant nephrotoxicity and if chosen, an 
aminoglycoside should not be used concurrently. Although the majority 
of CRE are susceptible to tigecycline, this agent is not recommended 
alone to cover CRE in the unstable urosepsis patient as blood levels 
are marginal and tigecycline is not appreciably excreted in the urine. 
Fosfomycin is active against most CRE, excreted in the urine, and is 
nontoxic. Availability varies worldwide and it is not formulated as a 
parental agent.

Piperacillin-tazobactam, ticarcillin-clavulanic acid, ampicillin- 
sulbactam, and amoxicillin-clavulanic acid all cover enterococci, but 
not VRE. If sensitive enterococci are proven as sole pathogens, then the 
therapy should be narrowed to ampicillin alone. There is no need to add 
an aminoglycoside, unless endocarditis is present. The optimal treatment 
for VRE is not known, and decisions are based on in vitro data and clinical 
case reports. Chloramphenicol and tigecycline may not be suitable for UTI 
due to VRE because of lack of excretion in urine. Linezolid, quinupristin-
dalfopristin, and daptomycin are all active against VRE, excreted in urine, 
and should be effective for both bacteremia and UTI. Combination 
therapy is only required for proven or suspected endocarditis. High-dose 
ampicillin or ampicillin-sulbactam, fosfomycin, and nitrofurantoin may 
be sufficient for VRE infection confined to the urinary tract.

Once the organism is isolated and identified, then the antimicrobial 
regimen should be promptly adjusted to a single agent with the least 

  TABLE 75-2    Empiric Therapy for Sepsis of Urinary Origin in ICU

Combination

First Agent Second Agent

Community-acquired, no ESBL or CRE  
in the community

Stable; not compromised host Ampicillin-sulbactam, amoxicillin-clavulanic acid Aminoglycoside

or

Ciprofloxacin, ofloxacin, or levofloxacin

Unstable and/or compromised host Ceftriaxone, cefotaxime, ceftazidime, cefipime, 
cefpirome, piperacillin-tazobactam, ticarcillin-
clavulanic acid, aztreonam

Aminoglycoside

or

Ciprofloxacin, ofloxacin, or levofloxacina

Community-acquired, ESBL circulating Stable; not compromised Imipenem, meropenem, doripenem, ertapenem

Unstable and/or compromised host Imipenem, meropenem, doripenem, ertapenem Amikacin

or

Ciprofloxacin, ofloxacin, levofloxacinb

Community-acquired, CRE circulating Stable; not compromised host Imipenem, meropenem, doripenem, ertapenem

Unstable and/or compromised host Colistin Imipenem, meropenem, doripenem, ertapenemb

ICU acquired. No epidemiologic evidence  
of ESBL or CRE

Stable; not compromised host Ceftriaxone, cefotaxime, ceftazidime, cefipime, 
cefpirome, piperacillin-tazobactam, ticarcillin-
clavulanic acid, aztreonam

Aminoglycoside

or

Ciprofloxacin, ofloxacin, or levofloxacin

Unstable and/or compromised host Ceftriaxone, cefotaxime, ceftazidime, cefipime, 
cefpirome, piperacillin-tazobactam, ticarcillin-
clavulanic acid, aztreonam

Aminoglycoside

or

Ciprofloxacin, ofloxacin, or levofloxacina

ICU acquired. ESBL circulating Stable; not compromised host Imipenem, meropenem, doripenem, ertapenemc

Unstable and/or compromised host Imipenem, meropenem, doripenem, ertapenem Amikacin

ICU acquired. CRE circulating Stable; not compromised host Imipenem, meropenem, doripenem, ertapenem

Unstable and/or compromised host Colistin Imipenem, meropenem, doripenem, ertapenemb

aWhen risk factors for aminoglycoside toxicity are present.
b3-to 4-hour prolonged infusion.
cIn a stable febrile patient with presumed CAUTI, removing or changing the catheter, holding antimicrobial therapy, and closely observing, including vigilance for evidence of an alternative source, are often warranted.
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toxicity and cost. Once fever has resolved, an early oral switch should 
be considered, as there is no evidence that prolonged parental therapy is 
required for UTI. For acute pyelonephritis due to a sensitive organism, a 
7-day course of ciprofloxacin gives a low relapse rate but for other agents 
10 to 14 days are required. Higher relapse rates have been demonstrated 
for β-lactams compared to non-cell wall active agents, because the 
hypertonic renal medulla may allow residual bacteria to survive as cell 
wall–deficient protoplasts.54,55 Extension of duration of therapy to 3 or  
4 weeks should be considered for acute focal bacterial nephritis 
(AFBN). Duration in patients with suppuration should be individual-
ized, but in general should be prolonged, until all collections of pus are 
drained, fever has disappeared, and C-reactive protein (CRP) levels have  
become normal.

■■ COMPLICATIONS
Imaging:  Contrast-enhanced computed tomography (CT) is the study 
of choice for most patients with severe urosepsis as it more accurately 
defines the anatomy than ultrasound and readily distinguishes AFBN 
(syn acute lobar nephronia), cortical abscess, and perinephric abscess. 
Accurate placement of percutaneous drains into suppurative collec-
tions may require CT scanning to delineate all structures precisely.56,57 
Ultrasound can be technically inadequate because of obesity, overlying 
bowel gas, subcutaneous emphysema, wounds, or dressings. Nevertheless 
it will reliably diagnose most causes of obstruction and perinephric col-
lections. Ultrasound may be chosen when transport out of the ICU is  
hazardous or there are concerns about the risk of contrast-induced  
nephrotoxicity. Interventional radiology for drainage of collections and 
relief of obstruction has replaced open surgery for most suppurative 
complications. Retrograde urography in conjunction with cystoscopy 
may be useful for a nonexcreting kidney and may permit relief of 
obstruction by passage of a stent or manipulation of a calculus.

Acute Focal Bacterial Nephritis:  Human kidneys consist of 5 to 11 lobes 
(usually 8), each of which contains a conical medullary pyramid 
whose apex converges into a renal papilla projecting into a calyx. Each 
pyramid is capped by cortical tissue to form a renal lobe and is sepa-
rated from other lobes by a renal column containing the interlobar 
arteries and veins.58 With the advent of CT scanning, there has been 
increasing recognition of AFBN.59 This is analogous to lobar pneu-
monia because the abnormalities are limited to one or more renal 
lobes. Patients with AFBN may constitute a subset of pyelonephritis 
with more severe disease that are at higher risk of abscess and scar 
formation. Patients manifest the usual features of acute pyelonephritis 
but do not respond with defervescence within 48 hours, prompting 
investigation for obstruction or a suppurative focus. Ultrasound may 
be normal or may visualize a solid, hypoechoic, and poorly defined 
mass without evidence of liquefaction. Noncontrast CT scanning is 
frequently normal, but with intravenous contrast enhancement, the 
nephrogram invariably shows one or more wedge-shaped areas of 
decreased density. Demonstration of AFBN may lead to a false impres-
sion of neoplasm, evolving renal infarct, or abscess. Demonstration of 
enhancing tissue within the mass on delayed CT images excludes 
cancer and abscess. AFBN resolves with antimicrobial therapy, but 
scarring and atrophy may result. Histopathology shows intense poly-
morphonuclear leukocyte infiltration without liquefaction, so needle 
aspiration or percutaneous drainage is not indicated.59,60

Renal and Perinephric Abscess, Pyonephrosis, Infected Cyst, and Pyocystis:  It 
is not clear whether renal abscess always progresses first through 
AFBN before suppuration, but this sequence has been demonstrated 
anecdotally. Renal abscess may resolve spontaneously by drainage 
into the calyxes or may rupture through the renal capsule to form a 
perinephric abscess. The usual pathogens are Enterobacteriaceae but 
patients at high risk for staphylococcal septicemia, such as intravenous 
drug users, or patients receiving parental therapy or hemodialysis may 
present with renal cortical abscess, sometimes with features of invasive 
staphylococcal infection at other sites. The clinical features of renal 

abscess can be subtle, but most patients have fever, back pain, and 
costovertebral angle tenderness.

Ultrasound usually demonstrates an ovoid mass of decreased attenu-
ation within the parenchyma initially mimicking AFBN, a cyst, or a 
tumor. Dependent echoes, changing with position, due to shifting debris 
or gas within the cavity, suggest abscess. Definitive characterization of 
fluid within the mass is done by demonstration of enhanced transmis-
sion of the beam through the mass and refraction of the beam at the 
fluid-solid interface. The presence of debris within a cyst or an abscess 
is a strong indication of infection. CT shows a distinctly marginated 
low-attenuation mass that fails to enhance. Sharp demarcation is dem-
onstrated between the mass and the surrounding normally enhancing 
renal tissue. There may be a surrounding rim of increased enhance-
ment (the ring sign). CT is more sensitive than ultrasound, especially 
for small lesions (<2 cm in diameter) and for gas. Because hemorrhage 
within a cyst or necrotic debris within a tumor occasionally can mimic 
an abscess, confirmation by aspiration is desirable. Alternatively, serial 
scanning until resolution, while the patient is receiving antimicrobial 
therapy, may suffice. Historically, incision and drainage and even 
nephrectomy for larger abscesses, was considered necessary. However, a 
trial of intravenous antimicrobial therapy will succeed in most patients 
once microbial etiology is established by urine, blood, or aspirate 
culture. Monitoring of the response, including disappearance of fever, 
leukocytosis, and elevated inflammatory markers along with diminu-
tion of the abscess size on ultrasound or CT, is necessary. Percutaneous 
drainage using ultrasound or CT is indicated as initial therapy when the 
abscess cavity is large.61 Magnetic resonance imaging (MRI) may have 
a role in a minority of cases to distinguish renal tumor from abscess, 
to investigate pregnant patients or for those with a history of adverse 
reaction to radiocontrast.62

The perinephric space, containing the kidney, renal fat pad, and 
adrenal gland, is conical and opens inferiorly to the pelvis. In most 
cases, it communicates to the contralateral perinephric space ante-
rior to the aorta and inferior vena cava. Bridging septae within it can 
act as barriers against the spread of infection or hematoma. Multiple 
loculations may arise, causing difficulty with percutaneous drainage.63 
Perinephric abscess is usually due to Enterobacteriaceae, but a minor-
ity is due to S aureus or pyogenic streptococci. Polymicrobial infection 
involving anaerobes and cases due to fungi have been rarely reported. 
Many patients have associated renal obstruction or diabetes mellitus. 
Historically, perinephric abscess often presented insidiously as pyrexia 
of unknown origin and diagnosis was often delayed, resulting in mortal-
ity rates of 50%. With the ready availability of ultrasound and CT, the 
diagnosis is now made sooner. Ultrasound demonstrates fluid that may 
contain debris or gas. CT shows loculated collections with decreased 
attenuation. The abscess wall may show increased attenuation after 
intravenous injection of contrast material. Thickening of the renal fascia 
and unilateral enlargement of the kidney or psoas muscle may also be 
seen. The diagnosis can be confirmed by ultrasound-guided aspira-
tion of pus. A combination of antimicrobial agents and percutaneous 
drainage is successful in most cases.

Pyonephrosis arises when infection develops proximal to an obstructed 
hydronephrotic kidney. Unilateral loss of renal function is present, as is 
infection of the renal parenchyma. The clinical presentation is similar to 
perinephric abscess and may be insidious. Ultrasound will show a dis-
tended upper urinary tract. Specific features of pyonephrosis that allow 
distinction from simple hydronephrosis include sedimented echoes and 
dispersed internal echoes within the dilated collecting system. Because 
these findings are present in a minority of patients, direct aspiration is 
indicated in a septic patient with hydronephrosis.64 CT is the preferred 
investigation as it is more sensitive for detecting radiolucent calculi and 
will establish whether there is accompanying infection in the tissues 
around the kidney. Once the diagnosis is made, a percutaneous neph-
rostomy tube or ureteric stent should be inserted to drain the infection.

Renal cysts are common, but infection (pyocyst) is extremely rare, 
except in patients with autosomal dominant polycystic kidney disease 
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(ADPKD) in whom distinction of pyocyst from hemorrhage can be 
difficult. Dependent debris in a renal cyst on ultrasound or CT sug-
gests infection; however, absence of such a finding does not exclude 
pyocyst. Aspiration of cyst fluid for Gram stain and culture establishes 
the diagnosis, but is problematic in ADPKD. Pyocysts may arise from 
ascending infection or by hematogenous seeding. Infected cysts may 
manifest as persistent sepsis unresponsive to intravenous antimicrobial 
agents. Ultrasound and CT are both poor at diagnosing infected renal 
or hepatic cysts in patients with ADPKD. Positron emission tomography 
(PET) has emerged as the diagnostic modality of choice.65 Definitive 
diagnosis by percutaneous aspiration of the particular cyst is possible in 
only a minority of cases. Lipophilic antimicrobial agents such as a fluo-
roquinolone or trimethoprim-sulfamethoxazole penetrate the cyst well 
compared to β-lactams, and may be superior, provided the organism is 
sensitive.66

Pyocystitis (pus in the urinary bladder) can present with sepsis, lower 
urinary tract signs, or pneumaturia due to gas-forming organisms. 
Patients with chronic anuria on dialysis or who have an ileal conduit are 
predisposed. Antimicrobial therapy and bladder irrigations may be suf-
ficient therapy, but necrosis of the bladder wall as demonstrated by gas 
in the muscular layers on CT will require surgical resection.67,68

Emphysematous Pyelonephritis:  Emphysematous pyelonephritis is a 
rare fulminant disorder usually arising in patients with poorly con-
trolled diabetes, and historically associated with a mortality rate of 
80%. The patient typically presents acutely with features of pyelo-
nephritis and severe sepsis with or without multiorgan failure. Gas 
formation occurs in the renal parenchyma and surrounding tissues 
due to fermentation of glucose by Enterobacteriaceae, forming hydro-
gen and carbon dioxide. Most patients have uncontrolled diabetes 
mellitus and some have obstruction of the urinary tract.69 Pathology 
demonstrates extensive necrotizing pyelonephritis with abscess for-
mation and papillary necrosis. Poor perfusion is present in most 
cases due to infarction, vascular thrombosis, arteriosclerosis, and/or 
glomerulosclerosis.69 Plain radiographs may show diffuse mottling of 
the parenchyma as an early sign. More advanced cases show extensive 
bubbles in the parenchyma and a gas crescent surrounding the kidney 
within the perinephric space. Ultrasound and CT are much more 
sensitive than plain films at detecting gas.57 Case reports prior to 1982 
associated surgical intervention within 48 hours and antimicrobial 
therapy with improved outcome. Although relief of obstruction was 
sometimes sufficient, nephrectomy was frequently necessary. More 
recent reports have suggested that a combination of antimicrobial 
agents, ICU support, tight glucose control, and percutaneous drainage 
is successful in most cases, with nephrectomy reserved for a minority 
(18% mortality rate in a series of 46 cases).69

Acute Prostatitis and Prostatic Abscess:  Acute bacterial prostatitis rarely 
causes sepsis requiring ICU admission. It presents with high fever and 
urgency, frequency, dysuria, difficulty voiding, or acute retention of 
urine, with suprapubic or perineal pain. Rectal examination demon-
strates a tender and swollen prostate. Gram-negative bacilli are the 
most frequent pathogens, and enterococci may also be responsible. 
Most antimicrobial agents cross the prostatic epithelium effectively, 
because of the intense inflammatory response. An oral antimicrobial 
agent to which the pathogen is susceptible and that penetrates the unin-
flamed prostatic acini well, such as trimethoprim-sulfamethoxazole, a 
fluoroquinolone, or doxycycline, is preferred for a total of 6 weeks to 
minimize the risk of chronic prostatitis. Prostatic abscess, if present, 
can be confirmed by transrectal ultrasonography or CT. Transurethral 
resection of the prostate or perineal aspiration of pus guided by tran-
srectal ultrasound usually provides adequate drainage.

Prostatitis and prostatic abscess generally arise by the ascending 
route; however, for the past two decades bacteremic prostatic abscess 
due to mucoid strains of K pneumoniae has been increasingly described, 
usually in Asian men with poorly controlled diabetes mellitus or cir-
rhosis. Most cases have liver abscess; a minority also have meningitis, 

endophthalmitis, brain abscess, or prostatic abscess, with some devel-
oping emphysematous prostatitis. To date, these K pneumoniae iso-
lates have remained sensitive to first-generation cephalosporins and 
fluoroquinolones.80 Transrectal biopsy of the prostate is associated with 
sepsis in approximately 2% of patients and rarely causes septic shock or 
metastatic infection. One day antimicrobial prophylaxis is protective,70 
but failures have been associated with resistant organisms.

URINARY TRACT INFECTION DUE TO CANDIDA

■■ PATHOGENESIS, EPIDEMIOLOGY, AND CLINICAL FEATURES
Asymptomatic candiduria is the most common manifestation of candidi-
asis in the urinary tract, due to the combination of urinary catheterization 
and broad-spectrum antimicrobial use. Symptoms due to Candida cys-
titis are rare in ICU, but may become manifest in the recovering patient 
after transfer to the ward. In a very small minority, candiduria ascends 
to the upper tract, causing pyelonephritis with or without dissemination. 
A fungus ball in the renal pelvis occasionally arises, sometimes causing 
obstruction. Disseminated invasive candidiasis usually originates from 
an infected central intravenous cannula but almost always involves the 
kidneys through the bloodstream and may also cause candiduria. In gen-
eral, candidiasis originates from the patient’s own endogenous flora, but 
occasionally a unique epidemic strain spreads within an ICU, from one 
catheterized patient to another due to a breakdown in Infection Control. 
A prospective observational study over 1 year in 24 adult French ICUs in 
2006 showed that cross-transmission occurring in only one ICU involv-
ing seven patients.71 In this study, the incidence of candidemia and candi-
duria was 6.7 and 27.4 per 1000 admissions, respectively, with crude ICU 
mortality of 61.8% for candidemic and 31.3% for candiduric patients. 
Eight percent of candiduric patients had candidemia with the same spe-
cies. Attributable mortality of candidemia for adults is reported between 
14.5% and 50%, but that attributed to candiduria alone is virtually zero.75

By microscopic examination, Candida species are readily recognized 
as gram-positive, ovoid, unicellular forms or as pseudohyphae and grow 
readily on routine culture. A report of ≥104 organisms/mL indicates 
colonization or infection of the bladder, but procurement contamination 
should be excluded by repeat culture. Persistent candiduria in most sta-
ble ICU patients is a benign condition that resolves with removal of the 
urinary catheter. Observation for any features of upper tract infection or 
disseminated invasive candidiasis is all that is usually required. However, 
transplant and neutropenic patients with candiduria should be treated, 
as should those undergoing invasive urologic procedures. On occasion 
candiduria may be a valuable pointer to Candida pyelonephritis or  
disseminated candidiasis as the true cause of enigmatic sepsis.

In disseminated invasive candidiasis of nonurinary origin, postmor-
tem examination of the kidneys typically reveals widespread micro-
abscesses. Neutropenia, transplantation, immunosuppressive therapy 
including corticosteroids, mucositis due to chemotherapy, burns, diabe-
tes mellitus, total parenteral nutrition, severe pancreatitis, central venous 
catheters, and upper gastrointestinal surgery all predispose to candi-
demia and disseminated invasive candidiasis. Colonization of mucous 
membranes, often accompanied by candiduria, frequently precedes 
invasion72 and delay in antifungal therapy is associated with increased 
mortality.73,74

■■ TREATMENT
With uncommon exceptions, fluconazole is the treatment of choice 
for candidiasis confined to the kidneys or urinary tract. It is primarily 
excreted in urine, is well tolerated, nontoxic, relatively inexpensive, well 
absorbed orally, and has less drug-drug interactions than other azoles. 
Urinary levels exceed 100 µg/mL, greatly exceeding MICs for fully 
susceptible yeasts (≤8 µg/mL) but also for those with dose-dependent  
susceptibility (MIC, 16-32 µg/mL) and sometimes even for resistant 
strains (MIC, ≥64 µg/mL). Tissue concentrations in the kidney are 
greater than three times that in the serum.75 All species other than  
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C krusei and C glabrata are fully susceptible to fluconazole. Candida krusei 
is usually highly resistant to fluconazole but is uncommonly encoun-
tered except in patients from Hematology, Oncology, or Transplantation 
unit. Candida glabrata is the most common non-albicans species and 
its prevalence has risen in recent years, especially in ICU, the elderly, 
diabetics, and cancer patients. Susceptibility of C glabrata to fluconazole 
is highly variable with MICs ranging from 0.25 to 256 µg/mL, with 
MIC50 and MIC90 of 4 µg/mL and 16 µg/mL, respectively.75 The majority 
of cases of C glabrata confined to the kidneys and urinary tract will be 
cured by fluconazole. A French study showed that 21.6% of ICU urinary 
isolates were due to C glabrata in 2006.71

For patients who have had adverse effects due to fluconazole or who 
have failed fluconazole, flucytosine and intravenous amphotericin-B 
deoxycholate are alternatives. Flucytosine has good activity against 
most Candida isolates and is also concentrated in urine. However, when 
used alone, resistance develops easily and treatment is limited by bone 
marrow and gastrointestinal toxicity. Amphotericin-B deoxycholate is 
also an effective alternative to fluconazole. Because urinary concentra-
tions of amphotericin-B deoxycholate exceed MICs for most Candida 
for days or weeks following a single 1 mg/kg dose, renal and infusion-
related toxicities will be limited by the recommended short duration of 
1 to 7 days. Lipid formulations of amphotericin-B should not be used 
because of low concentrations of the active drug in urine and renal tissue; 
failure has been described in experimental Candida pyelonephritis. 
Amphotericin-B deoxycholate bladder washouts, although effective for 
cystitis, have been largely abandoned in favor of fluconazole,76,77 but may 
occasionally have a role for fluconazole-resistant species confined to 
the bladder. Because of minimal urinary excretion, other azoles and the 
echinocandins are not recommended. There are animal studies and one 
small report of success with caspofungin for Candida pyelonephritis.78 
However, because of limited clinical data and poor urinary concentra-
tion, caution must be exercised if an echinocandin or voriconazole is 
used for renal candidiasis.

For critically ill unstable patients with disseminated candidiasis, an 
echinocandin (caspofungin, anidulafungin or micafungin) is recom-
mended initially over fluconazole because it covers resistant species 
better, is fungicidal, and a superior outcome has been demonstrated in 
one randomized controlled trial.79 In stable patients who are improving 
on an echinocandin, a switch to fluconazole is desirable, when the isolate 
has been identified as a species susceptible to fluconazole (C albicans, 
C parapsilosis, and C tropicalis). Fluconazole will also ensure complete 
eradication from the urinary tract. Duration of antifungal therapy is 
14 days after resolution of all clinical findings, drainage of any abscess, 
and relief of obstruction. Fungus ball requires early aggressive surgical 
debridement and fluconazole. If access to the renal collecting system is 
available, adjunctive irrigation with amphotericin-B deoxycholate at a 
concentration of 50 mg/L of sterile water may be useful but carries a risk 
of nephrotoxicity.

CATHETER-ASSOCIATED BACTERIURIA 
AND CANDIDURIA
Catheterization of the bladder is initially unavoidable in most patients 
in the ICU. The National Healthcare Safety Network (NHSN) reported 
that in 2006 to 2008 approximately 75% of patient-days in US adult ICUs 
were spent with a urinary catheter in place.2 In the United States, the 
Centers for Medicare and Medicaid Services have decided that CAUTI 
is “a reasonably preventable complication” for which hospitals are no 
longer to receive additional payment. This assertion has stimulated a 
renewed interest in prevention but also raises the possibility that inap-
propriate screening and treatment of catheter-associated bacteriuria 
(CAB) will follow as an unintended consequence.80

One percent of patients will acquire bacteriuria from a single “in-out” 
catheterization.81 Subsequent development of CAB is time dependent. 
The incidence of CAB varies from 3% to 7% per day in prospective 
research studies, using daily urine culture, but only 50% of these are 

recognized on routine testing.82,83 If systemic antimicrobial agents are 
given for other reasons, they delay the development of CAB during the 
first 4 days, but subsequently organisms with extensive antimicrobial 
resistance become prevalent, such as enterococci, coagulase-negative 
staphylococci, Candida, and Pseudomonas species. In addition to dura-
tion of catheterization, older age and female sex are independently  
associated with a higher prevalence of CAB.84

Ascent of bacteria to the bladder from the urethral meatus occurs 
outside the lumen of the catheter, when a modern closed drainage 
system is used. The space between the catheter and the urethra is filled 
by a variable amount of fluid, mucus, and inflammatory exudate, in 
which progressive ascending multiplication of organisms is presumed to 
occur. In a small minority of patients, the organism originates from the 
collecting bag and ascends intraluminally. In the latter case, the collect-
ing bag is contaminated during disconnections of the distal catheter or 
during emptying of the bag near the drainage port. Intraluminal spread, 
preceded by overgrowth of bacteria in the bag, is the mechanism associ-
ated with most epidemics of CAB. Such epidemics are usually traced 
to a breakdown in Infection Control due to inadequate hand-washing, 
colonization of urine collection jugs, or contamination during sampling 
of urine or manipulation of the catheter.85-87 Catheter-associated bacte-
riuria rarely causes local symptoms.83 The catheter limits exposure of 
the urethral mucosa to infected urine, preventing dysuria and urgency, 
and continually decompresses the bladder, preventing urgency and fre-
quency. However, symptoms of cystitis commonly arise after removal of 
the catheter.88

The attribution of systemic symptoms to CAB with any certainty is 
problematic. Fever, rigors, altered mental status, malaise, and lethargy 
are often attributed to CAB, with a presumption of renal involvement. 
However, no objective test is available to prove or disprove that CAB 
has ascended to the kidneys. Flank pain and renal angle tenderness, if 
present, are highly suggestive. In patients with fever initially attributed 
to CAB, an alternative diagnosis frequently emerges over the following 
days.89 A prospective study of almost 1500 hospitalized patients with 
urinary catheters, many in ICU, showed 235 cases with CAB. Seventy 
nine had bacteremia, but almost all were vascular cannula related. Only 
four patients had concordant results from urine and blood, but only one 
bacteremia was definitely of urinary origin, and another was possibly.83 
It is commonly difficult in practice to distinguish whether a patient 
has CAUTI or asymptomatic CAB and another cause of sepsis. Many 
patients with CAB and fever receive antimicrobial therapy directed at 
the urinary organism with uncertain benefit but sometimes with col-
lateral damage. In a stable febrile patient simply changing or removing 
the urinary catheter while holding antimicrobial therapy and observing 
closely is warranted.90 In patients without features of sepsis, screening 
for CAB should be discouraged, as positive cultures commonly give 
rise to inappropriate antimicrobial use.13 Although only 50% of CAB is 
recognized in routine care, the majority so recognized go on to receive 
inappropriate treatment.83,89,91 Asymptomatic CAB should only be 
treated before instrumentation of the urinary tract or in transplant and 
neutropenic patients.

Efforts are warranted to limit the number of catheter-days, as duration of 
use is the most important remedial factor. Urinary catheterization should 
not be used routinely to avoid incontinence. Bedside bladder scanners may 
be useful at confirming urinary retention before proceeding to catheteriza-
tion. The number of catheter-days can be reduced by withdrawal of the 
catheter as soon as the indication no longer applies. These include alert 
and stable patients who can void to a bottle or commode, patients with 
anuric renal failure for whom once-a-day intermittent catheterization will 
suffice, and male patients with an intact voiding mechanism who can be 
managed with condom drainage. Intermittent catheterization can be used 
in stable patients with neurogenic bladders and in some patients with 
disturbed consciousness.

Disconnections of the collecting tube-catheter junction increase 
bacteriuria risk. Samples should always be taken by aspiration of urine 
through the distal catheter or collection port, after local disinfection. 
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Manipulations of the bag and catheter should be kept to a mini-
mum. The bag should always be kept below the level of the bladder 
to facilitate gravitational drainage. Once in place there is no need 
for regular scheduled replacements of the catheter, which can be left 
indefinitely, provided it is functioning well and there are no encrusta-
tions. Short-term urinary catheters impregnated with silver alloy or 
nitrofurazone (an analogue of nitrofurantoin) have been shown to 
prevent asymptomatic CAB in studies of modest quality, but have not 
been shown to prevent symptomatic UTI. A survey of US hospitals 
showed that that they were in use in 30% of hospitals. We do not rec-
ommend them due to questionable efficacy, and lack of demonstrable  
cost-effectiveness.13,92,93

While rarely severe enough to warrant admission to the intensive care 
unit, gastrointestinal infections account for substantial morbidity and 
mortality among critically ill patients. Because of severe comorbid 
disease, impaired immune defenses, and the invasive interventions to 
which they are subjected, patients in the ICU are especially susceptible 
to hospital-acquired GI infection. Nevertheless, despite the frequency 
with which these infections occur, the morbidity and mortality that they 
cause, and the costs they incur, GI infections can go undetected and 
untreated in the ICU. While trying to manage patients with deteriorating 
cardiac function, marginal ventilatory performance, and life-threatening 
metabolic abnormalities, clinicians in the ICU may fail to recognize the 
important early signs of GI infection.
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KEY POINTS

•• In addition to immunologic mechanisms, physical (motility), chem-
ical (gastric acidity), and microbiologic (normal colonizing flora) 
factors normally protect the gastrointestinal tract against infection.

•• Esophagitis, most commonly caused by Candida albicans or her-
pes simplex virus, may be underrecognized among patients in the 
intensive care unit.

•• Infection with Helicobacter pylori may play a role in the pathogen-
esis of gastric stress ulceration among critically ill patients.

•• The epidemiology and microbiology of diarrheal illness is sig-
nificantly different among patients in the critical care unit than 
is observed in the community setting. Most infectious diarrhea is 
hospital acquired and is usually attributable to Clostridium difficile.

•• A systematic approach to the critically ill patient with diarrhea 
includes consideration of pathogens that cause noninflammatory, 
inflammatory, and hemorrhagic diarrhea. Thorough history tak-
ing supplements laboratory data in the diagnosis of these patients.

•• C difficile infection is the single most common cause of gastrointesti-
nal infection among patients in the intensive care unit. The spectrum 
of disease induced by C difficile infection is broad. Timely diagnosis 
and treatment is critical both for the management of the infected 
patient and to prevent the spread of infection through the unit.
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Any discussion of GI infections among critically ill patients must 
begin with a consideration of the host defenses that normally protect the 
alimentary tract. As such, the first section of this chapter is devoted to a 
description of the unique nonimmunologic mechanisms normally active 
in the GI tract. Particular consideration is given to the means by which 
these defenses may be compromised in patients in the ICU. Following 
this introduction, the clinical manifestations of infection affecting 
each segment of the GI tract are discussed (Table 76-1). In addition to 
describing the microbiology associated with each syndrome, a ratio-
nal diagnostic and therapeutic approach is offered, based on the most 
up-to-date experience reported in the medical literature. The chapter 
concludes with an expanded discussion of the unique clinical challenges 
presented by the patient in the ICU with Clostridium difficile infection.

HOST DEFENSES

■■ MOTILITY
GI motility, in addition to its central role in normal digestion, is one of 
the principal host defenses against infection. By continuously flushing 
the lumen of the GI tract, normal motility prevents the accumulation 
of infectious organisms and the virulent toxins associated with disease. 
When bacteria are permitted to collect and reproduce unchecked, such 
as in blind bowel loops rendered devoid of normal motility by surgical 
interventions, infection can ensue. Causes of abnormal GI motility can 
be multifactorial in a critically ill patient and may include drugs (notably 
narcotics and catecholamines), electrolyte abnormalities, hypoglycemia, 
shock, or abdominal surgery. The consequences of abnormal GI motil-
ity such as poor nutrition, esophagitis, increased risk of aspiration, and 
ventilator-associated pneumonia can all prolong intensive care unit stays 
and increase mortality.1

■■ GASTRIC ACIDITY
Gastric acidity provides a unique chemical barrier to the establishment 
of upper GI colonization and infection. In the highly acidic environment 
of the stomach, few pathogens are able to survive, much less thrive. 
However, the gastric pH of patients in the ICU is often much higher, 
providing an environment that is more hospitable to bacteria. More 
importantly, ingested microbes can pass into the lower GI tract. Once 
again, pharmacologic interventions are primarily responsible for this 
disruption of normal protective physiology. The attenuation of gastric 
acidity is deliberate, an effort to lessen the likelihood of stress-induced 
gastritis and resultant GI hemorrhage. Medications such as histamine 
(H2)-receptor blockers and proton-pump inhibitors are commonly 
employed for this practice in both medical and surgical ICUs.

■■ NORMAL COLONIZING FLORA
While not intuitively obvious as a component of host defense against 
infection, the normal colonizing flora of the GI tract provides as much 
protection as any physical or chemical barrier. Together, the host and 
normal GI flora comprise a delicate and varied ecology into which 
the introduction of new and potentially virulent flora is not favored. 

The bacteria that populate the GI tract are varied, depending on the 
anatomic segment under consideration. The mouth normally contains 
a mixed population of gram-positive, gram-negative, and anaerobic 
bacteria. In the esophagus, the population is less diverse. As already 
noted, the acidic environment of the stomach is distinctly inhospitable 
to the establishment of bacterial colonization. However, one organism, 
discussed in detail later, has been found to be of profound clinical rele-
vance. Because of its ability to survive in the acidic stomach, Helicobacter 
pylori plays a critical role in the pathogenesis of peptic ulcer disease. In 
contrast to the case of the stomach, the lower GI tract plays host to sub-
stantial microbiologic diversity. An enormous range of gram-negative, 
gram-positive, and anaerobic flora populates the intestines, especially 
the colon. Specific constituents include enterococci and Bacteroides spe-
cies, as well as members of the family Enterobacteriaceae.

Disturbance of the dynamic between host and bacterial colonizers, 
such as occurs after exposure to broad-spectrum antimicrobial agents, 
predisposes patients to GI infection, most notably colitis caused by 
Clostridium difficile. While this association is well recognized, the factors 
that govern this phenomenon are still not completely understood. It 
is not known if the normal flora compete with infecting pathogens 
for nutrients or substrates, occupy limited mucosal binding sites, or 
somehow otherwise alter the microenvironment in a way that reduces 
the likelihood of colonization. Regardless of the actual mechanism, 
an interesting therapeutic corollary can be inferred from the relation-
ship between the normal host and GI colonizers. Deliberate intestinal 
colonization with probiotics such as Saccharomyces cerevisiae may offer a 
means by which to preclude the onset of health care–associated infection 
or to attenuate the effects of these infections once established.2

ESOPHAGITIS
The esophagus may be easily overlooked as a site of infection in patients 
hospitalized in the ICU. These patients may be unable to verbalize or 
otherwise express to caregivers the subjective complaints that indicate 
the presence of infection. To make matters worse, mechanical instru-
mentation commonly employed in the ICU, including endotracheal, 
nasogastric, and orogastric intubation, may limit the clinician’s ability to 
thoroughly examine the patient for signs of upper GI infection. Moreover, 
even when characteristic physical findings of infection are visualized, they 
may be incorrectly attributed to mechanical irritation or inflammation 
associated with such devices. When the opportunity to diagnose upper 
GI infection is missed, directed therapy may be withheld and infection 
allowed to proceed unchecked.

■■ CLINICAL PRESENTATION
Nearly 20% of ICU patients who underwent upper endoscopy in one 
study were incidentally noted to have esophagitis.3 These patients typi-
cally experience dysphagia with or without odynophagia. The pain of 
esophagitis is described as retrosternal and is typically exacerbated by 
the recumbent position. In the alert, awake, and communicative patient, 
these hallmark complaints are easily called to the attention of caregivers. 
However, as was already noted, the intubated and sedated patient in the 
ICU may not be able to express these complaints. Fever is an unreliable 
clinical finding in the patient with esophagitis. Regardless of the caus-
ative organism, fewer than one-third of all patients with esophagitis will 
experience an elevation in temperature.4

■■ MICROBIOLOGY
Among hospitalized patients, esophagitis is most often caused by 
Candida albicans. While C albicans remains the yeast species most fre-
quently associated with esophagitis, an increasing proportion of cases 
have been linked to non-albicans Candida species, including C tropicalis, 
C parapsilosis, C krusei, and C glabrata.5 This changing epidemiology 
has been attributed to the increasingly common use of empiric and 
prophylactic therapy with triazole antifungal agents such as fluconazole, 
to which many non-albicans Candida species are resistant. Awareness 

  TABLE 76-1   � Clinical Manifestations of Infection of Different Segments  
of the Gastrointestinal Tract

Site Normal Host Defense Clinical Syndrome Typical Pathogens

Esophagus Motility, acidity Esophagitis Candida species, 
herpes simplex virus, 
cytomegalovirus

Stomach Acidity, motility Gastritis Helicobacter pylori

Small and large 
intestine

Normal flora, motility Infectious diarrhea Clostridium difficile, 
Escherichia coli, Salmonella, 
and Shigella species
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of this epidemiologic phenomenon needs to be incorporated into the 
approach to therapy for such patients.

Herpes simplex virus (HSV) is another frequent cause of esophagitis 
and is the most common serious viral infection of the upper GI tract 
among patients in the ICU. For the most part, HSV-1 is more likely to 
cause esophagitis than is HSV-2, which is more typically associated with 
genital infections. Less frequently, other viruses, including cytomegalo-
virus (CMV), can cause esophageal ulceration. For patients with CMV 
disease, lesions may extend throughout the length of the GI tract.

■■ DIAGNOSIS
Thorough physical examination is not only essential to the diagnosis of 
esophagitis, but may offer preliminary clues as to the causative pathogen. 
Both yeast and viral pathogens infecting the esophagus can produce tell-
tale lesions in the oral cavity, where they will be easily detected on routine 
physical examination. Although present in fewer than one-third of all 
patients with HSV esophagitis, oral or labial herpetic ulcers should not be 
missed in the physical examination of the critically ill patient with unex-
plained fever.6 Similarly, an adherent white coating to the lateral aspects 
of the tongue, which when scraped away reveals patches of inflamma-
tion, should point to Candida albicans as the cause of a suspected case of 
esophagitis. Despite the utility of such findings, it is equally important to 
recognize that esophagitis most often occurs in the absence of such clues. 
Nevertheless, to miss these clinical findings, when present, is to miss a 
critical opportunity for early diagnosis and intervention.

Upper GI endoscopy can be a useful tool to confirm the pathologic 
and microbiologic diagnosis of esophagitis. Unfortunately, even when 
visualized through the endoscope, the lesions of Candida and HSV 
esophagitis may appear quite similar. Even the large shallow ulcers typi-
cal of CMV esophagitis may be mimicked by Candida or HSV. Because 
of this lack of discriminatory power, it is advisable to proceed to confir-
matory biopsy. Brush specimens alone can be inadequate, especially as 
Candida species can be isolated as colonizers of the upper GI tract in up 
to 20% of asymptomatic individuals.7 Once obtained, tissue should be 
sent for viral and fungal culture as well as for histopathologic examina-
tion to confirm tissue invasion.

■■ THERAPY
Under most circumstances, directed therapy for esophagitis should be 
withheld until the causative organism has been identified. However, for 
critically ill patients with suspected esophagitis in whom endoscopy is not 
practical and microbiologic diagnosis is not feasible, it is appropriate to 
treat empirically for C albicans, based on the prevalence of this entity in 
this population. For esophagitis when C albicans is known or suspected 
to be the cause, the most effective treatment is fluconazole given intrave-
nously at a dose of 100 to 200 mg per day for 14 to 21 days. Itraconazole 
and the newer agents, voriconazole and posaconazole, can be used as 
alternatives to fluconazole. Studies have shown similar success rates of 
cure for echinocandins in comparison to fluconazole but higher rates of 
relapse among those patients receiving echinocandins. Because of higher 
cost and higher relapse rates, echinocandins should not be the first choice 
in the absence of detecting fluconazole-resistant pathogens or persistent 
infection. For those infected with Candida species resistant to flucon-
azole, or for patients with persistent infection despite first-line therapy, 
echinocandins or amphotericin B can be used as salvage therapy.8,9

For HSV esophagitis, the antiviral agent with which there is the most 
clinical and published experience is acyclovir. Most patients in the ICU 
will require parenteral therapy—5 mg/kg intravenously every 8 hours for 
7 to 14 days. If the virus is resistant to acyclovir, intravenous foscarnet 
can be substituted.

GASTRITIS
While the stomach is not typically considered an important site of infec-
tion among hospitalized patients, the association between Helicobacter 
pylori infection and gastric stress ulceration suggests another means by 

which GI pathogens may take a toll among critically ill patients. The 
etiologic relationship between the presence of Helicobacter pylori and 
ulcerative disease of the upper GI tract, and particularly the duodenum 
and stomach, has been firmly established. Importantly, treatment of  
H pylori infection with combinations of antimicrobial agents and inhibi-
tors of gastric acidity will eradicate H pylori infection, and in so doing 
promote the resolution of peptic ulcer disease.10 Antibiotics employed 
for this purpose are active against H pylori and include macrolides, 
metronidazole, and β-lactam agents. Acid suppressive agents given 
concurrently include sucralfate, H2-receptor blockers, and proton-pump 
inhibitors.11

Given these findings and a growing clinical experience with this 
strategy, it is not surprising that a link between H pylori infection and 
the stress-induced gastritis that affects patients in the ICU has been 
proposed. Thus far, the results concerning this possible association 
remain inconclusive. In a prospective, single-institution study of patients 
admitted to a medical/surgical ICU, half of all patients were positive 
for H pylori by urea breath test. After adjusting for other risk factors,  
H pylori infection was the only clinical factor significantly associated with 
subsequent major mucosal injury.12 However, the same investigators 
observed that the prevalence of H pylori infection among ICU patients 
declined to 8% by the third day of admission, and to 0% by 1 week, 
owing to intercurrent antibiotic exposure.13 In another study by Robert 
and others, 1776 intensive care unit patients were screened for H pylori 
by stool antigen testing and only 6.3% of patients were found to be posi-
tive. Of these patients who tested positive for H pylori the authors did 
not find any additional risk of gastrointestinal bleeding.14 Based on these 
conflicting results, there does not seem to be a role for routine screening 
for H pylori in all intensive care unit patients.

DIARRHEA
Diarrhea, the principal manifestation of intestinal infection among the 
critically ill, affects approximately one-third of all patients admitted 
to the ICU.15 Patients in the ICU with diarrhea are especially vulner-
able to the clinical sequelae of infection. For the critically ill patient, 
the dehydration that frequently accompanies severe diarrhea strains a 
circulatory capacity already limited by impaired cardiac contractility 
and septic hemodynamics. Such individuals are at high risk for further 
systemic deterioration, often culminating in multisystem organ failure. 
In addition to life-threatening volume loss, diarrhea in the critically ill 
patient can precipitate metabolic derangements including electrolyte 
imbalances and acidosis, further exacerbating the potential for cardiac 
rhythm irritability. Finally, uncontrolled diarrhea in a severely ill immo-
bile patient can predispose to compromise of the protective barrier of 
the skin. As such, the patient is rendered vulnerable to further infectious 
complications. Considering these dire clinical consequences, the prompt 
detection, microbiologic diagnosis, and treatment of infectious diarrhea 
must be a high priority for clinicians in the ICU.

The epidemiology of diarrheal illness among patients in the ICU is 
substantially different from that seen among less severely ill patients in 
the community. Such differences render most of the schemes used to 
classify diarrhea in other settings somewhat less useful to the evaluation 
of the critically ill patient. Infectious diarrhea acquired in the outpatient 
setting is rarely sufficiently severe to warrant admission to the ICU. 
Therefore, infectious diarrhea among patients in the ICU is most often 
acquired in the hospital. As a result, the spectrum of clinical disease and 
associated pathogens for the patient in the ICU tends to be less diverse 
than that encountered in the community. In fact, the majority of all 
cases of infectious diarrhea diagnosed in the ICU can be attributed to 
a single pathogen, Clostridium difficile. For many of these patients, the 
differential diagnosis consists largely of noninfectious entities, such as 
diarrhea induced by hyperosmolar enteral feeding solutions.16 Norovirus 
and related viral pathogens, the most common causes of endemic and 
epidemic diarrhea in the outpatient setting, are rarely identified as the 
cause of diarrhea in critically ill patients. Similarly, while outbreaks 
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of food-borne gastroenteritis have been reported among hospitalized 
patients,17 in the absence of an identified cluster, the workup of the ICU 
patient with diarrhea usually need not include consideration of these 
pathogens.

However, it is in recognition of the relative infrequency with which the 
clinician in the ICU will encounter diarrhea that is not hospital acquired 
that a review of these less familiar presentations is actually warranted. 
While the distinctions between these syndromes are somewhat arbitrary, 
and there is considerable overlap between them, it is imperative that the 
clinician caring for critically ill patients at least be able to recognize these 
syndromes. In the sections that follow, inflammatory, noninflammatory, 
and hemorrhagic diarrheas are considered separately. Each is discussed 
with respect to the most common clinical presentations and pathogens 
that could be expected in the ICU (Table 76-2). A general approach 
to the diagnosis and treatment of diarrhea among patients in the ICU 
follows. The chapter concludes with an in-depth discussion of diarrhea 
caused by C difficile—an organism whose central role as a cause of diar-
rhea among patients in the ICU has already been noted.

■■ NONINFLAMMATORY DIARRHEA
In general, the noninflammatory diarrheal syndromes are character-
ized by the production of large volumes of watery stool devoid of gross 
blood or inflammatory cells. By definition, stool examination for fecal 
leukocytes in such patients will be negative. The typical presentation and 
pathophysiology of noninflammatory diarrhea are best exemplified by 
infection with Vibrio cholerae. While this gram-negative bacillus is the 
most prevalent cause of dehydrating diarrhea throughout the world, it 
is rarely encountered as a pathogen causing serious disease in the devel-
oped world. That said, the metabolic sequelae of cholera are capable of 
generating systemic illness sufficiently severe as to require ICU admis-
sion in a returning traveler.

The diarrhea of cholera is secretory in nature. Having established 
itself in the lumen of the bowel, V cholerae releases an extracellu-
lar protein that binds to the membrane of intestinal epithelial cells. 
The enterotoxin induces an increase in intracellular cyclic adenosine 
monophosphate (cAMP). The high concentration of cAMP induces an 
increase in chloride secretion and a decrease in sodium absorption, pro-
ducing the massive fluid and electrolyte loss characteristic of cholera.18

While the diarrhea experienced by the patient infected with V cholerae 
is characteristic of the other noninflammatory diarrheal infections, the 
severity of disease is unique to cholera. Diarrhea is voluminous, often 
described as “rice water” stool and patients can lose more than 1 L of 
fluid every hour. Affected patients are at high risk for life-threatening 
dehydration. Vital signs will reveal tachycardia and hypotension. The 
metabolic abnormalities can precipitate severe acidosis. To compensate, 
the patient may become tachypneic. Skin evaluation in these individuals 
reveals decreased turgor. The mucous membranes, including conjuncti-
vae, appear dry. In extreme cases, the patient’s eyes will appear sunken, 
producing a characteristic facies. If fluids are not replaced promptly and 
in sufficient quantity, the infection will be fatal. The mainstay of therapy 

is rapid fluid replacement. Severely dehydrated patients may require 
replacement of 10% of their bodyweight within a 2 to 4-hour period. 
The timely use of antibiotic treatment, usually with a fluoroquinolone, 
doxycycline, or azithromycin, is generally recommended.19

While V cholerae is the prototypical pathogen associated with nonin-
flammatory diarrhea, an array of other organisms can produce the same 
syndrome. While the diarrhea induced by these other pathogens tends 
to be less severe than that associated with cholera, the greater frequency 
with which these organisms cause infection in the developed world 
makes them more likely to be encountered as a cause of diarrhea in this 
setting. Most important among these are the so-called enterotoxigenic 
strains of Escherichia coli. These isolates produce an extracellular toxin, 
a component of which is similar to that produced by V cholerae. The 
end result is comparable—profuse watery diarrhea that challenges the 
patient and clinician to maintain adequate hydration.

Although viral causes of diarrhea tend to be more severe and com-
mon in pediatric patients, rotavirus and norovirus do deserve mention. 
Both cause a noninflammatory diarrhea. Outbreaks of norovirus in the 
intensive care unit have been described.20 In large measure because of 
the especially high contagiousness of these pathogens, all ICU patients 
with diarrhea should be placed on contact precautions for the duration 
of their illness. Prolonged viral shedding and infection can be seen 
in immunocompromised hosts. The most common mode of trans-
mission is person-to-person contact via fecal or vomitus-oral route. 
Aerosolization as a mode of infection may occur and masks should be 
worn when clearing areas of heavy soiling with vomitus and diarrhea. 
Management for norovirus and rotavirus is supportive with special 
attention paid to avoiding volume depletion and maintaining electrolyte 
balance.20

■■ INFLAMMATORY DIARRHEA
Spanning a broad spectrum of clinical severity, inflammatory diarrhea is 
strictly defined by the presence of fecal leukocytes when the stool from 
affected patients is examined microscopically. In terms of pathophysiol-
ogy, these infections are characterized by compromise of the integrity 
of the intestinal epithelium. Depending on the causative organism, 
there may be varying degrees of bacterial invasion. As a result of this 
process, inflammatory cells, including both neutrophils and lympho-
cytes, are recruited to the affected area, where some are shed into the 
intestinal lumen.

In the most extreme cases, inflammatory diarrhea causes the clinical 
syndrome commonly referred to as dysentery. The patient with dysen-
tery presents with semisolid or liquid bowel movements that are not 
as voluminous as those seen with noninflammatory diarrhea. In fact, 
some patients report very scant production of fecal matter. For them, 
bowel movements are characterized by small quantities of gross blood 
and mucus. Fever is often present, but is usually not exceedingly high. 
Patients with dysentery may experience severe cramping abdominal 
pain or tenesmus—pain with the passage of bowel movements. Because 
of the limited ability of many critically ill patients to report such 

  TABLE 76-2    Features of Noninflammatory, Inflammatory, and Hemorrhagic Diarrhea

Noninflammatory Inflammatory Hemorrhagic

Clinical presentation Large volumes of watery stool; signs and symptoms 
of dehydration

Dysentery; small quantities of blood and mucus, often 
accompanied by fever

Grossly bloody bowel movements

Laboratory findings Fecal leukocyte studies negative; acidosis; azotemia Fecal leukocyte studies positive Anemia; azotemia in the setting of hemolytic uremic 
syndrome (HUS)

Typical pathogens Vibrio cholerae, enterotoxigenic Escherichia coli, 
rotavirus, norovirus

Shigella species, Salmonella species, Campylobacter 
jejuni

E coli type O157:H7

Pathophysiology Toxin-mediated secretory diarrhea Compromise of the intestinal epithelium with varying 
degrees of bacterial invasion

Poorly understood

Approach to 
therapy

Rehydration and antimicrobial therapy Antimicrobial therapy if severely ill or 
immunocompromised

Supportive therapy; antimicrobials may increase the 
risk of HUS
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complaints, clinicians should be alert for the presence of the unique 
stool characteristics that identify the patient with dysentery and inflam-
matory diarrhea. A number of pathogens have been described in associ-
ation with the clinical manifestations of inflammatory diarrhea, but the 
classical description of the syndrome is associated with infection with 
Shigella species, particularly S dysenteriae. As was true for cholera and 
other noninflammatory diarrheas, this association once again points to 
a shared pathophysiology. Pathogenic Shigella species elaborate an exo-
toxin (Shiga toxin) that acts by inhibiting protein synthesis, damaging 
the intestinal mucosa. Analogous Shiga-like toxins have been detected in 
association with other bacterial species linked to inflammatory diarrhea, 
including both enteroinvasive and enterohemorrhagic strains of E coli.

Like Shigella, the other bacterial species commonly identified in 
cases of inflammatory diarrhea are generally acquired through fecal 
oral transmission, often in the setting of food-borne outbreaks. In the 
United States, the most common such pathogens are members of the 
Salmonella species. Outbreaks of food-borne salmonellosis, while most 
commonly linked to undercooked poultry and dairy products, have 
even been reported in the context of a deliberate release associated 
with an episode of domestic bioterrorism.21 Other important pathogens 
identified in association with inflammatory diarrhea include E coli and 
Campylobacter jejuni and are usually associated with undercooked or 
cross-contaminated foodstuffs.

■■ HEMORRHAGIC DIARRHEA
Patients with hemorrhagic diarrhea, characterized by the presence of 
frank blood in bowel movements, are increasingly being seen in the 
setting of the ICU. In addition to the hemodynamic and metabolic 
complications that characterize other inflammatory diarrheas, patients 
with hemorrhagic diarrhea have been found to be predisposed to sys-
temic illness that can warrant admission to critical care. Infections with 
enterohemorrhagic E coli O157 : H7 and other serotypes have been epi-
demiologically linked to the development of the hemolytic uremic syn-
drome and thrombotic thrombocytopenic purpura.22,23 The mechanism 
linking infection and this syndrome is not yet completely understood. 
It is likely that the interaction between the Shiga toxin, leukocytes, and 
platelets contributes to the resultant thrombotic events that are noted on 
histopathology.24 The deposition of fibrin thrombi in the renal glomeruli 
can induce sufficient anemia, thrombocytopenia, and azotemia as to be 
life threatening. The hemolytic uremic syndrome typically follows the 
onset of diarrhea by about 1 week. While many of these patients will 
require intensive supportive therapy, including blood transfusion and 
hemodialysis, for most the condition is reversible. Of particular concern 
to clinicians caring for these patients is the observation that antimicro-
bial treatment may contribute to the emergence of this syndrome.25

■■ EVALUATION OF THE CRITICALLY ILL PATIENT WITH DIARRHEA
The foremost consideration in the evaluation of the critically ill patient 
with diarrhea is the prompt recognition of infection with C difficile, as 
is discussed in detail later. In the setting of prior exposure to antimi-
crobials or antineoplastic therapy, most hospital-onset diarrhea can be 
presumptively attributed to C difficile infection until proven otherwise. 
Identification of these patients is critical not only for the initiation of 
directed therapy, but to ensure that adequate infection control proce-
dures are followed to limit the spread of infection to other vulnerable 
patients in the ICU. A comprehensive approach to the diagnosis of  
C difficile is provided at the end of this chapter.

Whether or not C difficile infection can be excluded, the evaluation of 
diarrhea in the ICU must progress in a systematic fashion with respect to 
the microbiology of the most likely infecting organism (Table 76-3). The 
initial assessment of these patients should include an accurate history of 
both the course of diarrhea and the presence of any precipitating factors 
that might suggest a causative organism. The patient, or for the uncom-
municative patient, a family member or friend, should be queried about 
the timing of onset of diarrhea, the progression of symptoms, associated 
systemic complaints such as fever or chills, and the nature and quantity 

of bowel movements (with particular emphasis on the presence or 
absence of bloody stools). Additional essential data include information 
about recent travel, unusual dietary intake, and the presence of similar 
symptoms among companions with whom the patient has shared a meal. 
Of course, a specific history of prior antibiotic therapy or cancer che-
motherapy will be needed to distinguish individuals at especially high 
risk for C difficile colitis. By the end of this process, the clinician should 
be able to characterize the diarrhea as acute or chronic, community 
or hospital onset, and severe or mild. The last finding is of particular 
importance in that supportive therapy to alleviate severe dehydration 
should not be withheld pending further laboratory and microbiologic 
evaluation of severe cases.

Given the emphasis placed on distinguishing inflammatory from 
noninflammatory diarrhea, it will come as no surprise that the initial 
laboratory workup of the critically ill patient with diarrhea should 
include an objective measure of inflammation. Testing for fecal leuko-
cytes offers a reliable means by which to do so. The test is performed 
by mixing a drop of stool with methylene blue on a slide, followed by 
examination under a microscope. Testing for stool occult blood has 
been suggested as another useful tool to identify patients in the ICU 
with inflammatory diarrhea. Unfortunately, testing for occult blood, 
even in the presence of a new fever in a critically ill patient, may be 
of little use in discriminating inflammatory infectious diarrhea from 
other common, noninfectious causes of bloody bowel movements 
among such patients, including stress-induced gastric ulceration and 
ischemic colitis.

In the setting of noninflammatory diarrhea, epidemiologic data must 
be interpreted to assess the likelihood of infection with unexpected, but 
potentially lethal pathogens such as V cholerae. For a traveler returning 
from an endemic area presenting with signs and symptoms consistent 
with cholera, direct stool examination under darkfield or phase contrast 
microscopy can reveal the linear motility characteristic of V cholerae. 
The organism will also grow on nonselective bacteriologic media, but 
the preferred method is culture on thiosulfate-citrate-bile salts-sucrose 
agar. If infection with enterotoxigenic E coli is suspected, an assay to 
detect toxin is available from reference laboratories. Diagnosis of rotavi-
rus and norovirus is important in complicated cases, immunocompro-
mised hosts, and for infection control purposes. The diagnostic test of 
choice for rotavirus is reverse-transcription polymerase chain reaction 
on stool samples. This testing modality appears to be more sensitive 
than enzyme-linked immunoassays diagnosis. Testing for norovirus 
can be done by antigen enzyme immunoassays or reverse-transcriptase 
polymerase chain reaction on a patient’s stool.20

  TABLE 76-3    Diagnostic Approach to the Patient with Infectious Diarrhea

History

  Timing and rapidity of onset

  Associated signs and symptoms (fever)

  Nature and quantity of bowel movements

  Prior antibiotics or chemotherapy

Physical examination

  Hemodynamic compromise (tachycardia or hypotension)

  Signs of dehydration (orthostasis, skin tenting)

  Rectal examination for gross or occult bleeding

Laboratory

  Stool for fecal leukocytes

  Testing for C difficile 

  Stool culture (especially in the setting of outbreak or community acquisition)

  Stool for ova and parasites (if travel related)

  Endoscopy (reserve for persistent cases in which other tests are not revealing)
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Especially in a patient with community-onset diarrhea, the identifica-
tion of fecal leukocytes on direct observation should warrant a search 
for bacterial pathogens that cause inflammatory diarrhea, including 
E  coli, C  jejuni, Salmonella, and Shigella species.26 Stool culture can be 
particularly useful in distinguishing the bacterial pathogens that are com-
monly associated with these food-borne gastroenteritis. Selective media, 
such as MacConkey, desoxycholate, and Salmonella-Shigella agar, are 
employed in the microbiology lab to enhance the ability to detect these 
pathogens. It is useful to identify particular epidemiologic concerns to the 
microbiology lab so that the appropriate media can be employed.

The examination of stool for the presence of ova and parasites is of 
limited utility among patients in the ICU. First and foremost, the clini-
cal syndromes caused by infection with these organisms tend not to be 
so serious as to require admission to the ICU. Moreover, the incidence 
of parasitic infections in ICU patients is so low as to make the positive 
predictive value of the stool ova and parasite examination vanishingly 
small. In this context, even a positive finding on stool ova and parasite 
examination is more likely to represent a false-positive result than it is 
to represent actual infection. Many hospital-based clinical laboratories 
have gone so far as to not accept stool ova and parasite specimens from 
patients who have been hospitalized for more than 48 or 72 hours.

The role of endoscopy in the evaluation of infectious diarrhea in the 
ICU is limited. While biopsy may detect the presence of specific patho-
gens such as Entamoeba histolytica, the relatively low incidence of these 
infections in this population makes this the diagnostic procedure of 
last resort. Lower GI endoscopy will not help discriminate or diagnose 
infection with common bacterial pathogens such as E coli or C jejuni. As 
discussed later, sigmoidoscopy and colonoscopy can be helpful in the 
detection and diagnosis of colitis caused by C difficile infection.

■■ TREATMENT
The foremost objective in the care of the patient with infectious diar-
rhea is to restore the patient to a normal fluid and electrolyte balance 
as rapidly as possible. While oral rehydration solutions, such as that 
recommended by the World Health Organization, have proven safe and 
effective in settings in which intravenous therapy is either impracti-
cal or unavailable, most patients with diarrhea in the ICU will require 
parenteral replenishment. Effective regimens include lactated Ringer 
solution and normal saline with electrolyte supplementation. The use of 
large volumes of 5% dextrose and water for these patients may precipi-
tate dangerous hyponatremia. No matter the regimen selected, serum 
chemistry analyses should be performed frequently to ensure adequacy 
of electrolyte replacement.

In general, empirical antimicrobial therapy for infectious diarrhea 
not associated with C difficile should be avoided. Indiscriminant anti-
biotic use for this indication exposes the patient to needless toxicity, 
may precipitate the emergence of resistant organisms as a cause of 
systemic infection, can worsen the course of some infection (as in the 
case of E coli serotype O157:H7), and might predispose the patient 
to prolonged carriage with the offending pathogen.27 However, once 
a specific pathogen has been identified, therapy can be directed by 
documented susceptibility information—or at least trends among 
known or suspected pathogens. Pathogen-specific recommendations 
are listed in Table 76-4.

CLOSTRIDIUM DIFFICILE INFECTION

■■ EPIDEMIOLOGY
As was already noted, Clostridium difficile is the single most common 
cause of infectious diarrhea among all hospitalized patients, includ-
ing those in the ICU. It is estimated now that C difficile is the primary 
pathogen in 20% to 30% of cases of nosocomial antibiotic-associated 
diarrhea.28 Hospital costs for patients who acquire C difficile infection 
(CDI) are more than 50% higher than for those without infection and 
an episode of C difficile colitis prolongs the average length of stay for 
infected patients by nearly 4 days.29 It was estimated that annul excess 

hospital costs attributable to CDI in the United States were $3.2 billion 
per year for the years 2000 to 2002.30

The epidemiology of CDI has changed dramatically in the past 
decade. During this time period, CDI has been noted to be more fre-
quent, severe, more refractory to treatment, and more likely to relapse.31 
A study of US acute care hospital discharge data in 2001 revealed a sub-
stantial increase in the number and proportion of patients discharged 
from the hospital with the diagnosis of “intestinal infection due to 
Clostridium difficile,” with the largest increase seen among patients aged 
65 year or more.28 The increase in the incidence and severity of CDI 
is likely due to the spread of the BI/NAP1/027 strain, which has been 
associated with fluoroquinolone use. This particular strain produces 
toxins A and B, and a binary toxin. It also has a genetic deletion in the 
tcdC gene, which typically acts as a negative regulator of the produc-
tion of toxins A and B.32 A Canadian study found infection with this 
specific strain led to a doubling of the 30-day mortality compared to 
patients infected with other C difficile strain types.31,33 This strain not 
only appears to be more virulent but also resistant to fluoroquinolones. 
It is believed that increased fluoroquinolone use in North American may 
partially explain the dissemination of this strain. There also appears to 
be disease occurring in populations who were previously considered to 
be at low risk of CDI including healthy peripartum women and persons 
living in the community without prior health care contact.28

The route of transmission for C difficile is primary person to person by 
fecal-oral spread. The hands of health care workers that are transiently 
contaminated with C difficile spores are one source of transmission 
and another means of spread is through environmental contamination. 
Because the spores of C difficile are difficult to eradicate, spread via inad-
equately cleaned fomites can contribute to transmission. Asymptomatic 
colonization is likely another source of transmission. Studies have found 
asymptomatic colonization in 7% to 26% among adult inpatients in 
acute care facilities and 5% to 7% among elderly patients in long-term 
care facilities.34,35 Other studies estimate in CDI endemic areas the 
asymptomatic colonization may be higher, in the range of 20% to 50%.28

Risk factors for CDI include advanced age, hospitalization, immune 
suppression, manipulation of the gastrointestinal tract, and exposure 
to antibiotics. The antibiotics most frequently associated with CDI are 
clindamycin, expanded-spectrum penicillins, fluoroquinolones, and 
cephalosporins, but it is important to remember almost any antimi-
crobial agent can induce disease.36 Olson and colleagues reported that 
96% of patients with symptomatic CDI had antimicrobial exposure in 
the last 14 days before the onset of disease and all patients with CDI 
had received antibiotics within three previous months. The observed 
association between some antineoplastic chemotherapy agents and CDI 

  TABLE 76-4   � Recommended Antimicrobial Regimens for Patients Hospitalized 
with Bacterial Diarrhea

Pathogen
Recommended Treatment 
Regimen Notes

Campylobacter jejuni Azithromycin or  
ciprofloxacin

Fluoroquinolone resistance 
increasing in some regions

Escherichia coli O157:H7 No antimicrobial therapy 
advised

Antimicrobials may increase the 
risk of hemolytic uremic syndrome

Salmonella species Ciprofloxacin or azithromycin Treat only if symptoms are severe or 
the patient is immunocompromised

Shigella species Ciprofloxacin or azithromycin  

Traveler diarrhea Fluoroquinolone Use of antimotility agents is 
appropriate

Vibrio cholerae Ciprofloxacin, doxycycline, 
or azithromycin

Rehydration is cornerstone 
of therapy

Yersinia enterocolitica  Doxycycline + aminogly-
coside or fluoroquinolone
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similarly challenges our understanding of the pathophysiology of these 
infections.

■■ CLINICAL PRESENTATION
The clinical presentation of patients with C difficile can be quite diverse. 
In addition to asymptomatic carriage, some patients may report only 
a minimal increase in the frequency or liquidity of bowel movements. 
Such individuals, while at low risk of complication from infection, if 
not identified and appropriately isolated from other patients, represent 
a potentially important reservoir for the spread of C difficile within 
the ICU. At the other extreme, patients may experience severe clinical 
deterioration as a result infection with C difficile. The bowel movements 
of the patient with C difficile infection may be watery and voluminous, 
such as is seen in noninflammatory diarrheas. Other patients with 
C  difficile infection experience a clinical syndrome more consistent 
with that of the inflammatory gastroenteritis, occasionally even report-
ing gross blood in the stool. Fever is present in about half of patients. 
Leukocytosis, sometimes profound, is often a reliable indicator of the 
onset of C difficile colitis. Clinicians should consider testing for CDI in 
the setting of unexplained leukocytosis. In rare cases, CDI can cause 
pouchitis or ileitis in patients who have previously undergone a total 
colectomy. Symptoms of CDI usually begin soon after colonization, with 
a median time to onset of 2 to 3 days but it is important to understand 
the risk of CDI can persist for many weeks after antibiotics are stopped.28

In extreme cases, patients infected with C difficile present with the 
complication of toxic megacolon. Such patients may or may not experi-
ence diarrhea. Abdominal radiography in these cases reveals grossly 
dilated colonic loops without evidence of mechanical obstruction. The 
patients frequently demonstrate end-organ dysfunction as is typical for 
the sepsis syndrome. The diagnosis of toxic megacolon carries with it a 
high degree of mortality. Colonic perforation can result if the infection 
is not treated promptly.

■■ MICROBIOLOGY
C difficile is an obligate anaerobic gram-positive bacillus whose viru-
lence is attributed to the production of extracellular toxins. C difficile 
can be identified as part of the normal flora in patients without overt 
diarrheal disease. In these individuals, toxin-negative strains of C dif-
ficile are likely no more than harmless commensal organisms. In fact, 
there are data suggesting that progression to diarrhea occurs early after 
acquisition of C difficile or not at all.35 To produce diarrhea and other 
manifestations of clinical disease, infecting strains of C difficile must 
produce extracellular toxins. Together, toxin A (enterotoxin) and toxin 
B (cytotoxin) cause epithelial cell necrosis through the disruption of the 
actin cytoskeleton.37 More recently, strains of toxin A–negative, toxin  
B–positive C difficile have been described in association with outbreaks 
of hospital-acquired disease.38

■■ DIAGNOSIS
The spectrum of clinical disease associated with C difficile infection 
makes diagnosis solely on the basis of clinical observations impractical. 
That said, experienced clinicians often point to what they consider to be 
a typical picture of C difficile diarrhea, including foul-smelling stool that 
is greasy and green in color. Unfortunately, such observations are actu-
ally of limited value. On the other hand, readily available historical data, 
when accurately obtained, can be far more informative in leading the 
clinician to an accurate diagnosis. The onset of diarrhea due to C difficile 
infection most commonly occurs in close relation to antibiotic adminis-
tration. Twenty-five percent of cases present while dosing is ongoing.39 
However, both the published literature and clinical experience reveal 
episodes of C difficile colitis that occur within 48 hours of the initiation 
of antibiotic therapy, and others that develop months after exposure.

The diagnosis of CDI is based on clinical and laboratory findings, 
which include the following: (1) the presence of diarrhea, defined as 
passage of three or more unformed stools in 24 or fewer consecutive 
hours, (2) a positive stool test result for the presence of toxigenic C difficile 

or its toxin or colonoscopic or histopathological findings demonstrating 
pseudomembranous colitis (see Fig. 76-1). In the rare cases in which 
patients will present with colonic distension and ileus but no diarrhea, 
the diagnosis is especially difficult.28 Current SHEA/IDSA guide-
lines recommend testing for C difficile or its toxins only on diarrhea 
(unformed stools), unless ileus is suspected. Testing in asymptomatic 
individuals is not useful, including testing for cure. Repeat testing dur-
ing the same diarrheal episode is also not clinically useful.32

The optimal diagnostic strategy for CDI that is timely, cost-effective, 
and accurate still remains somewhat controversial. Previously, the gold 
standard for diagnosis was the cytotoxic assay. With this study, diluted 
stool is added to monolayers of cultured cells. Observation of a cytopathic 
effect that is neutralized by antibody against the toxins is more than 95% 
sensitive and specific for the identification of toxigenic C difficile.40  
However, this method is time consuming and beyond the technical 
capacity of many labs, rendering it impractical for general use. Similarly, 
detection of C difficile in stool culture followed by the identification of 
a toxigenic isolate (cytotoxic culture) or by cell cytotoxicity assay is also 
not useful clinically because of the slow turnaround time of both tests. 
Testing by enzyme immunoassay (EIA) was developed to detect toxin 
A or toxins A and B. This test has been adopted by many hospitals in 
the United States because results are rapidly available and it has lower 
cost than many other modalities. However, a major drawback of this 
testing method is the diminished sensitivity (63%-94%) and specificity  
(75%-100%) of this approach. A different strategy using a two-step 
method is becoming more frequency used. Stool samples are first 
screened using EIA to detect glutamate dehydrogenase (GDH). If posi-
tive, the samples are then sent for a confirmatory test using either cell 
cytotoxic assay or toxigenic culture. Although this approach has a high 
negative predicative value and is an improvement from EIA testing for 
toxin, some studies have questioned the test’s sensitivity, which can vary 
based on which commercial kit is used.28,41,42 A final method with prom-
ise is real-time polymerase chain reaction (RT-PCR), which is highly 
sensitive and specific. This approach uses nucleic acid amplification 
techniques to detect the presence of toxin genes from stool. Although 
the test is highly sensitive, specific, and rapid, cost may limit its use. But 
when widely available, PCR may prove to be the most reasonable modal-
ity to help diagnose CDI.

FIGURE 76-1.  Pseudomembranous colitis on colonoscopy. Used with permission of  
Dr David T. Rubin, The University of Chicago Medicine, Chicago, Illinois. 
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Endoscopy can be helpful in the diagnosis of C difficile colitis, but its 
widespread application for this purpose is limited. The characteristic 
finding of pseudomembranes comprised of necrotic epithelial tissue 
and inflammatory cells all but confirms the diagnosis of C difficile colitis 
in the appropriate clinical setting. However, this finding is not always 
encountered, even in severe episodes of C difficile colitis. Moreover, to 
perform colonoscopy or even flexible sigmoidoscopy in the setting of 
C difficile infection is to expose the patient to the risk of unnecessary 
trauma that could result in the accidental perforation of an already 
inflamed and friable GI tract.

■■ TREATMENT
Whenever feasible, the first and most important step in the treat-
ment of the patient with C difficile colitis is the discontinuation of the 
pharmacologic agent that precipitated the infection. In most cases, this 
means that ongoing antimicrobial therapy for other indications should 
be withdrawn as soon as it is safe to do so. However, this is a particular 
challenge when dealing with the critically ill patient. Broad-spectrum 
antimicrobial therapy, even when given empirically, may be essential to 
the survival of the septic patients commonly encountered in this setting. 
For them, the discontinuation of therapy is not advisable, and an agent 
with activity against C difficile (discussed below) must instead be added 
to the antimicrobial regimen.

The most appropriate antimicrobial strategy to treat C difficile colitis 
can be the source of some controversy and confusion for even experi-
enced caregivers in the ICU. Both metronidazole and vancomycin, when 
administered orally, have been shown to be effective in the treatment of 
C difficile colitis. Several clinical trials have pointed to the equivalence 
of vancomycin and metronidazole therapy.43 One study by Zar et al 
stratified patients based on severity of disease and randomized to receive 
metronidazole or oral vancomycin. Severity of disease was based on a 
point system, with one point given for age >60, temperature >38.3, 
albumin <2.5 mg/dL, or peripheral WBC count >15,000. Patients were 
considered to have severe CDI with a score of 2 or greater. The study 
found patients with mild disease had similar clinical cure rates with 
metronidazole (90%) or oral vancomycin (98%), respectively (p = 0.36). 
However, patients with severe disease had better rates of cure with oral 
vancomycin (97%) versus metronidazole (76%) in this study (p = .02).44 
In the absence of other rigorous trials to test this observation, manage-
ment of CDI should be based on severity of disease and patient tolerance 
of the medications (Table 76-5).

For patients with C difficile colitis who can tolerate oral therapy and are 
considered to have mild to moderated disease, treatment should be initi-
ated with metronidazole, 500 mg every 8 hours. While many clinicians 
elect to treat for longer periods, the duration of metronidazole therapy 
necessary to treat C difficile need not extend beyond 10 to 14 days. For 
patients who cannot tolerate metronidazole, enteral vancomycin is an 
effective alternative, but should not be used as first-line therapy for the 

reasons previously outlined. However, for cases of severe CDI, which is 
defined as leukocytosis >15,000 and elevation of serum creatinine >1.5 
premorbid level, oral vancomycin is the treatment of choice.28

When oral therapy is not feasible or in cases of severe complicated 
CDI, intravenous metronidazole achieves adequate intraluminal con-
centrations to eradicate C difficile colitis.45 The recommended dosage 
is 500 mg every 8 hours. Intravenous vancomycin should never be used 
to treat C difficile infection. After parenteral vancomycin administra-
tion, drug levels within the intestinal lumen are not sufficient to ensure 
eradication. The role of vancomycin in treating C difficile infection in 
the critically ill patient instead focuses on intraluminal therapy. When 
administered via a rectal tube or in the form of an enema, vancomy-
cin can serve as a useful adjunct to intravenous metronidazole for the 
severely ill patient. Such methods are particularly useful in the setting 
of toxic megacolon caused by C difficile, when GI motility has all but 
halted, and reliable delivery of drug administered orally or by a feeding 
tube cannot be assumed. However, caution is advised when employing 
these techniques. The GI mucosa is exceedingly friable in the setting of 
C difficile infection, particularly when toxic megacolon has developed. 
Such patients are at high risk for GI perforation. When the patient is 
critically ill as a consequence of C difficile colitis (rather than critically ill 
and also having C difficile colitis), combined therapy with metronidazole  
(500 to 750 mg) IV every 6 to 8 hours plus vancomycin 500 mg enterally 
every 6 hours has been advised.46

Relapse of CDI occurs in approximately 20% to 25% of cases. 
A relapse if suggested by recurrence of symptoms 3 to 21 days after treat-
ment is stopped.47 Retreatment of patients with either recurrent C dif-
ficile colitis or those who fail to respond to initial metronidazole therapy 
is controversial and bears special attention. Clinicians should avoid the 
practice of routine laboratory testing to detect C difficile toxin at the end 
of a course of therapy in an effort to confirm clearance. Infected patients 
may continue to shed detectable toxin after therapy is complete. Some 
individuals may do so intermittently for years. In these cases, additional 
therapy is not warranted. However, when diarrhea continues despite 
initial therapy or recurs soon thereafter, additional treatment is advised. 
In these circumstances, a switch to vancomycin or a more prolonged 
course of metronidazole has been advocated. However, in most cases, 
simple retreatment with metronidazole appears to be just as efficacious.

■■ PREVENTION
Prevention of CDI is one of the most important aspects of control-
ling and managing the disease. Prevention can be divided into two 
categories: preventing horizontal transmission to minimize exposure 
and decreasing risk factors for patients to develop CDI. The risk of 
horizontal transmission in the hospital increases as the length of hospital 
stay increases. Optimal infection control strategy takes a multifactorial 
approach to decrease the risk of transmission and should be put into 
practice in the intensive care unit to help combat spread. Health care 

  TABLE 76-5    Recommendations for Treatment of CDI

Initial episode: mild-
moderate disease

Leukocyte count of 15,000 or lower Metronidazole 500 mg oral three times a day Duration—10-14 days

Serum creatinine level less than 1.5 times 
premorbid level

Initial episode: severe Leukocyte count of 15,000 or higher Vancomycin 125 mg oral four times a day Duration—10-14 days

Serum creatinine level greater than or 
equal to 1.5 times premorbid level

Initial episode: severe, 
complicated

Hypotension, shock, ileus, megacolon Vancomycin 500 mg oral or via nasogastric tube four times a day plus 
metronidazole 500 mg intravenous every 8 hours, if complete ileus con-
sider rectal instillation of vancomycin, surgical consultation for colectomy

Duration will vary

First recurrence NA Same as for initial episode depending on severity Duration—10-14 days

Second recurrence NA Vancomycin in a tapered or pulsed regimen Duration will vary depending on response 
to treatment anywhere from 4 to 8 weeks
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workers and visitors should use gloves and gowns when entering the 
room and having contact with a patient with suspected or proven CDI. 
Hand hygiene is another important aspect in prevention. Because C dif-
ficile has a spore form, it is resistant to killing by alcohol, so soap and 
water should be used for hand disinfection. The mechanical action of 
soap and water appears to be more effective in removing spores from 
the contaminated hands of health care personnel. Patients with CDI 
should have a private room or cohort patients when private rooms are 
not available and a dedicated commode should be used for each patient. 
Environmental cleaning and disinfection should be done with chlorine-
containing agents or other sporicidal agent. Replacement of electronic 
rectal thermometers with single use rectal thermometers has also been 
associated with a reduction in CDI incidence.28

Decreasing patient risk factors is another important area of prevention 
and judicious use of antibiotics is one area of particular interest. Antibiotic 
use is one of the most significant risk factors for CDI. In the critical care 
setting limiting antibiotic use is difficult, especially in the setting of septic 
shock. Antimicrobial stewardship programs have been implemented to 
help minimize antibiotics use and duration. When available they should 
serve as a resource for physicians to help make prudent decisions on 
antimicrobial use.28 The use of probiotics in critically ill has been another 
area of interest. Studies have looked at their use in the treatment and 
prevention of C difficile infection, acute pancreatitis and prevention of 
aspiration pneumonia. However, systematic review of the literature has 
not demonstrated clear evidence to support the routine use of probiotics 
in the adult intensive care unit or in the prevention of CDI. This may be 
due to the lack of large randomized controlled trials.48,49

REFERENCES
Complete references available online at www.mhprofessional.com/hall

Management of the 
Critically Ill Traveler
Christian Sandrock
Hugh Black

KEY REFERENCES

•• Baehr PH, McDonald GB. Esophageal infections: risk fac-
tors, presentation, diagnosis, and treatment. Gastroenterology. 
1994;106(2):509-532.

•• Bobo LD, Dubberke ER. Recognition and prevention of hospital-
associated enteric infections in the intensive care unit. Crit Care 
Med. 2010;38(suppl 8):S324-S334.

•• Chapman MJ, Nguyen NQ, Fraser RJ. Gastrointestinal motil-
ity and prokinetics in the critically ill. Curr Opin Crit Care. 
2007;13(2):187-194.

•• Cohen SH, Gerding DN, Johnson S, et al. Clinical practice guide-
lines for Clostridium difficile infection in adults: 2010 update by 
the society for healthcare epidemiology of America (SHEA) and 
the infectious diseases society of America (IDSA). Infect Control 
Hosp Epidemiol. 31(5):431-455.

•• Johnson S, Louie TJ, Gerding DN, et al. Vancomycin, metronida-
zole, or tolevamer for Clostridium difficile infection: results from 
two multinational, randomized, controlled trials. Clin Infect Dis. 
2014; Epub ahead PMID 24799326.

•• Lee CH, Belanger JE, Kassam Z, et al. The outcome and long-term 
follow-up of 94 patients with recurrent and refractory Clostridium 
difficile infection using single to multiple fecal microbiota trans-
plantation via retention enema. Eur J Clin Microbiol Infect Dis. 
2014; Epub ahead PMID 24627239.

•• Pappas PG, Kauffman CA, Andes D, et al. Clinical practice 
guidelines for the management of candidiasis: 2009 update 
by the Infectious Diseases Society of America. Clin Infect Dis. 
2009;48(5):503-535.

•• Robertson MS, Clancy RL, Cade JF. Helicobacter pylori in 
intensive care: why we should be interested. Intensive Care Med. 
2003;29(11):1881-1888.

•• Sack DA, Sack RB, Nair GB, Siddique AK. Cholera. Lancet. 
2004;363(9404):223-233.

•• Schmidt ML, Gilligan PH. Clostridium difficile testing algorithms: 
what is practical and feasible? Anaerobe. 2009;15(6):270-273.

•• Vaishnavi C. Established and potential risk factors for Clostridum 
difficile infection. Indian J Med Microbiol. 2009;27(4):289-300.

•• Zar FA, Bakkanagari SR, Moorthi KM, Davis MB. A com-
parison of vancomycin and metronidazole for the treatment of 
Clostridium difficile-associated diarrhea, stratified by disease 
severity. Clin Infect Dis. 2007;45(3):302-307.

77
C H A P T E R

INTRODUCTION
International travel is a fact of modern life. In 2000, nearly 700 million 
people worldwide visited a separate country from their residence.1-3 In 
2006, roughly 30 million US citizens left the country and in 2007, 14% of 
the US population made a total of 64 million trips outside the borders 
of the USA.4-8 First- and second-generation immigrants in the developed 
world, who return to countries of origin while visiting friends and rela-
tives, constitute up to 40% of all travelers from the United States.9

Both returning travelers and local visitors can present with disease 
related to travel. Much of this disease will be present on arrival, or 
develop shortly thereafter. Only a minority will occur while undergoing 
travel, requiring a return to the home country, and of these returns, an 
even smaller minority will be critically ill.4,6,7 Of 100,000 travelers to the 
developing world, roughly 300 will undergo hospitalization, 50 will be 
air evacuated, and 1 will die.2,3 The major causes of mortality and serious 
morbidity associated with travel are cardiovascular disease and trauma 
sustained from motor vehicle accidents.2,3,5 Studies performed in the 
late 20th century suggest that infectious diseases account for less than 
5% of travel-associated mortality.4,6,7 Trends in international migration 
and travel, however, are likely to cause an increase in people returning 
to the developing world with severe infections. Currently 50 million 

KEY POINTS

•• The critically ill traveler can provide a diagnostic dilemma for the 
clinician given the wide array of causative agents.

•• The patient’s travel history can lay a foundation for an epidemio-
logical-based approach to therapy.

•• Certain infectious agents that respond to antimicrobial therapy 
must be considered early, with rapid administration of the appro-
priate treatment medications. These include malaria, rickettsial 
disease, meningococcus, plague, tularemia, and influenza.

•• Viral syndromes such as Middle East respiratory syndrome corona-
virus (MERS-CoV), viral hemorrhagic fever (VHF), Ebola, and den-
gue are managed with supportive care only, as there are no available 
treatment medications.

•• The management of the critically ill traveler includes early isola-
tion and HCW protection should be initiated until a diagnosis can 
be determined.
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  TABLE 77-1    Incidence Per Month of Pathogens Causing Severe Illness in Travelers. In Steffen et al 2008

people from developed countries visit the developing world yearly, and 
this number appears to be increasing.2,3,10 In addition, preliminary data 
suggest that visitors and expatriates are expanding subpopulations with 
increased risk for both injurious and infectious consequences of inter-
national travel.8,9,11 More recent estimates state that 8% of travelers to 
the developing world seek medical attention for infectious illness.1,12-14 
While the management of critical trauma and cardiovascular disease can 
be difficult, the varying exposures and subsequent infectious diseases 
associated with critical illness present the most difficult cases for the 
critical care practitioner.

This chapter offers an approach to the critically ill traveler, ranging 
from a broad empiric evaluation and treatment strategy through com-
mon disease to subsequent public health protection and impact.

THE IMPORTANCE OF THE CRITICALLY-ILL TRAVELER
The rate of illness after travel is unknown, but some self-reported rates 
suggest 22% to 64% of travelers to developing countries suffer some sort 
of illness related to travel. GeoSentinel, the global surveillance network 
of the International Society of Travel Medicine and the Centers for 
Disease Control and Prevention (CDC), publishes on travel-related ill-
ness by category and location. Sentinel data on ill travelers are collected 
at more than 40 GeoSentinel sites on six continents. In 2006, a clinical-
based surveillance study on 17,353 ill travelers who returned from travel 
in developing countries was reported from 30 sites on 6 continents via 
GeoSentinel.4,6,7 The report covered June 1996 to August 2004. The 
primary manifestations for approximately two-thirds of the returned 
travelers fell into five major syndrome categories: systemic febrile illness 
without localizing findings, acute diarrhea, dermatologic disorders, 
chronic diarrhea, and nondiarrheal gastrointestinal disorders. A later 
report from GeoSentinel specifically evaluated fever, which was the 
reason for seeking care in 28% of almost 25,000 ill returning travelers 
seen between 1997 and 2006.4,6,7 The most common specific diagnoses 
among patients with fever were malaria and dengue fever (21% and 6% 

of cases, respectively). Twenty-two percent of patients had an unspeci-
fied febrile illness that was not identified while febrile diarrheal disease 
occurred in 15% of patients. Fever and respiratory infection were seen 
in 14% of patients. Almost 70% of sick travelers at GeoSentinel sites had 
visited sub-Saharan Africa, Southeast Asia, the Caribbean, and Central 
and South America. However, the rate of critical illness and death was 
not determined by these studies, and, in fact, may be falsely low given 
the low rate of self-reporting among severely ill patients.4,6,7

Management of a febrile, critically ill traveler can be difficult, espe-
cially given the wide range of infectious agents that can cause disease. 
Many of these entities, uncommon in the developed world, present 
without specific symptoms or signs and may not seem temporally 
related to travel itself. Rare and unusual diseases are becoming more 
common, and their presenting symptoms and clinical patterns may be 
unfamiliar to health care providers in the developed world. In addition, 
diagnosis often requires ancillary testing not available to all hospitals 
and as a consequence may be delayed or require specialty public health 
laboratories. Finally, decisions concerning appropriate antimicrobial 
therapy as well as infection control measures are optimally made early 
in the course of the disease, often before clinical trajectory is known and 
diagnostic information has returned.

However, only a few diseases and organisms need early recognition 
and treatment.4,6,7 Table 77-1 identifies the most common pathogens 
that cause illnesses in travelers, ranging from the common but self-
limiting diarrhea through more rare but deadly sources of acute respi-
ratory failure. Only a small number of these cases, however, are found 
within the ICU. Severe (including cerebral) malaria, meningococcal 
meningitis, dengue fever, viral hemorrhagic fevers (eg, Ebola, Marburg), 
severe coronaviruses (SARS and MERS-CoV), influenza, plague, and 
tularemia are lethal pathogens causing rapid multiorgan system failure 
in a traveler.4,6,7 Thus, despite the wide array of etiologic possibilities, a 
systematic approach to evaluation and empiric therapy, with definitive 
diagnostics, will allow for an efficient, organized care plan for the travel-
ing patient.

Travelers’ diarrhea
(ETEC >15% of total)

Malaria (no chemoprophylaxis west africa)

Influenza A or B
Dengue infection (symptomatic)
Animal bite with rabies risk
PPD conversion
Malaria (with + without chemoprophylaxis tropical africa)

Hepatitis A
Typhoid (South Asia, N/W/Central-Africa)

Tick-borne encephalitis (Rural Austria)
Hepatitis B
Typhoid (other areas)
HIV-infection
Fatal accident

Cholera
Legionella infection
Japanese encephalitis
Meningococcal disease
Poliomyelitis

20–60%

100%

10%

1%

0.1%

0.01%

0.001%

0.0001%
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Area of Origin Endemic Organism/Syndrome

Sub-Saharan Africa Malaria (falciparum)

Acute diarrhea

Dengue

Influenza

Schistosomiasis (mansoni, haematobium)

Meningococcal meningitis

Trypanosomiasis

Chikungunya

Viral hemorrhagic fever (Ebola/Marburg, 
Rift Valley fever)

Histoplasmosis

Anthrax

Plague

Endemic typhus 

East and Southeast Asia Acute diarrhea

Dengue

Malaria (drug resistant)

Influenza

Schistosomiasis (japonicum)

Tick-born encephalitis

Melioidosis

Japanese encephalitis

Anthrax

Plague

SARS

Endemic typhus

is the most common infection in all sub-Saharan Africa.1,4,6,7,13 Second, 
dengue is an extremely common cause of illness from all developing 
areas outside of sub-Saharan Africa, followed by rickettsial diseases.

The length of time between visitation to each destination and 
symptom onset can also provide useful insight as to etiology of severe 
illness. Table 77-3 outlines the average incubation period of these 
major illnesses. Most entities have symptom onset within 7 to 10 days 
of exposure, though some diseases like Plasmodia falciparum and acute 
schistosomiasis may have a delay in onset between 1 and 2 months.1,7,8,11,15 
Pointed inquiry concerning the nature of environments encountered 
(urban, rural, cruise, adventure travel) as well as direct exposure history 
(animals, fleas, sick contacts, untreated water) is also very important in 
diagnosis (Table 77-4).1,7,8,11,15 Additional behaviors, from contact with 
wildlife and domesticated animals to sexual activity, are essential data 
points. However, many critically ill patients cannot provide this history 
due to their severity of illness (obtundation, respiratory failure with 
mechanical ventilation, sedation, agitation) and thus, epidemiologic 
investigations can be difficult in these settings.

  TABLE 77-3    Incubation periods of common pathogens causing critical illness

<10 Days 11-30 Days >30 Days

Dengue Malaria (falciparum) Malaria (falciparum)

Viral hemorrhagic fever Leptospirosis Schistosomiasis

Rickettsial disease Rickettsial disease Paragonimiasis

Yersinia Strongyloides Hepatitis A/E

Influenza Hepatitis A/E

Anthrax

Hantavirus

Melioidosis

Legionella

DIAGNOSTIC APPROACHES AND EARLY THERAPEUTICS

■■ EPIDEMIOLOGY AND TRAVEL HISTORY
The rate of critical illness among the sick traveler is largely unknown, 
but most likely occurs in a minority of cases. Given the wide array of 
clinical possibilities, and the time-sensitive nature required in critically 
ill patients with recent travel, epidemiologic clues provide the initial 
pathway of treatment. When giving consideration to the more uncom-
mon diseases, however, it is of paramount importance that investigation 
and therapeutic intervention are also directed toward less exotic com-
munity acquired pathogens.1,4,6,7,13 These epidemiologic steps are the 
first clues to potential disease, with physical examination findings and 
laboratory/radiology studies providing additional support for the diag-
nosis or path of empiric treatment. In essence, both rare and common 
illnesses should be considered in a critically ill traveler.

A detailed travel history is essential for the identification of the patho-
gen that has led to critical illness.1,4,6,7,13 Table 77-2 outlines the major 
diseases of travelers by region. Careful attention must be paid to all 
destinations, the seasons of visitation, and the extent of pretravel vacci-
nation and prophylaxis. Expatriates and visitors are more likely to forego 
prophylactic measures appropriate for their sites of travel. Recently, 
data from 30 travel and tropical medicine sites on six continents have 
been integrated to enhance our understanding of common pathogens 
encountered by travelers.1 Based on these data, a few important gener-
alizations can be made. First, malaria is among the top three pathogens 
causing severe illnesses in virtually all developing areas of the world, and 

Area of Origin Endemic Organism/Syndrome

Central Asia Acute diarrhea

Dengue

Malaria

Influenza

South and Central America and Caribbean Acute diarrhea

Dengue

Malaria (falciparum)

Influenza

Histoplasmosis

Coccidioidomycosis

Yersinia, schistosomiasis

Anthrax

Plague

Endemic typhus

Worldwide distribution Pneumococcus

Influenza

Leptospirosis

Hepatitis A/E

Rabies

Legionella
  TABLE 77-2   � Diseases Causing Critical Illness in the Traveler by Geographic Distribution
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■■ PHYSICAL EXAMINATION
In addition to extensive cardiopulmonary examination, great care 
should be given to examination of the reticuloendothelial system. In 
addition, clues to diagnosis can be gleaned from thorough skin exami-
nation for both rashes and animal or insect bites, as diseases causing 
critical illness and dermatological findings are limited.1,7,8,11,15 Table 77-5 
outlines the major physical examination findings that are seen with 
certain disease syndromes in a traveler. But most importantly, travel-
related critical illness can be categorized into clinical syndrome, which is 
essential in the early stages of empiric therapy or when a detailed epide-
miologic history is not obtainable. While there is overlap between many 
of these syndromes and some pathogens are associated with more than 
one syndrome, we believe this approach to be instrumental in further 
delineating etiology of critical illness in the traveler. Table 77-6 outlines 
these clinical syndromes and etiologic agents.1,7,8,11,15

■■ INITIAL DIAGNOSTICS
The wide array of diseases seen with worldwide travel makes early diagno-
sis difficult. Furthermore, many diseases are only diagnosed by serology 
(hantavirus), or biopsy (tularemia), or specialized culture requirements 
that make isolation difficult (Y pestis). These diagnostics also require 
time, which can be difficult given the urgency of treatment of a critically 
ill patient.16-18 However, by focusing on the most rapidly lethal diseases 
of a traveler, particularly those with time-sensitive treatment regimens, a 
systematic approach to quick diagnostics and treatment can be reached. 

�  TABLE 77-5   � Common Examination Findings of Diseases Associated  
With Travel-Associated Critical Illness

Examination Finding Associated Disease(s)

Lymphadenopathy HIV, rickettsial disease, plague, dengue

Hepatomegaly Malaria, hepatitis A/E, leptospirosis

Splenomegaly Malaria, dengue, trypanosomiasis

Jaundice Malaria, hepatitis A/E, leptospirosis, dengue, HIV, Lassa fever

Hemorrhage Dengue, viral hemorrhagic fevers, meningococcal meningitis, 
Lassa fever, rickettsial diseases

Maculopapular Dengue, HIV, rickettsial disease, leptospirosis

Ecchymosis/petechiae Rickettsial disease, meningococcal meningitis, viral hemorrhagic 
fever, leptospirosis

Eschar Rickettsial diseases (scrub typhus), anthrax, African trypanoso-
miasis, viral hemorrhagic fever

Ulcers Anthrax, plague

Urticaria Schistosomiasis

  TABLE 77-6   � Syndromes of Critical Illness and Diseases Associated With Travel-
Related Critical Illness

Clinical Syndrome Associated Disease(s)

Pneumonia/ARDS Hantavirus, SARS, pneumococcus, influenza, Legionella, 
plague (pneumonic), melioidosis, Legionella, schistoso-
miasis, histoplasmosis, coccidioidomycosis, SARS

Septic shock/multiorgan system 
failure

Meningococcal meningitis, viral hemorrhagic fever, dengue 
hemorrhagic fever, pneumococcus, melioidosis, plague 

Encephalitis/meningitis Meningococcal meningitis, dengue, Japanese encephalitis, 
African trypanosomiasis, rabies, viral hemorrhagic fever

Fulminant hepatic failure Hepatitis A/E

Diarrheal illness, hemolytic 
uremic syndrome

Enterotoxic E coli

Necrotizing soft tissue infection Vibrio fulnificans, MRSA, Streptococcus pyogenes

  TABLE 77-4    Pathogens Causing Critical Illness in Travelers Organized by Exposure

Exposure/Environment Associated Disease

Urban Dengue

Leptospirosis

Rural Plague

Mosquitoes (R) Viral hemorrhagic fever

Dengue

Malaria

Fleas, mites Plague

Endemic typhus

Animal Rabies (street dogs, bats, cats, monkeys)

Plague (rodents, rabbits, animal carcasses)

Anthrax (carcasses, goatskins)

Herpes B virus (monkeys)

Hantavirus

Influenza (birds)

Histoplasmosis (bats)

Endemic typhus (flying squirrel)

Fly, ticks African trypanosomiasis

Rocky Mountain spotted fever

Sand/dirt Leptospirosis

Coccidioidomycosis

Histoplasmosis

Fresh water swimming Leptospirosis

Schistosomiasis

Adventure travel/eco travel/hunting Leptospirosis

Histoplasmosis (spelunking)

Schistosomiasis

Melioidosis

Rocky Mountain Spotted fever

IVDA/piercing/blood products/acupuncture HIV

Hepatitis A/E

Sick contacts Influenza

Meningococcus

Viral hemorrhagic fever

Influenza

SARS

Anthrax

Plague

Untreated water Hepatitis A/E

Acute diarrhea

Air travel Influenza

SARS

Cruise ship Legionella

Unprotected sex HIV

Flooding/natural disaster Leptospirosis

Melioidosis

Endemic typhus

Pilgrimage/Hajj Meningococcus

Pregnancy Hepatitis E

Construction Melioidosis

Leptospirosis
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Severe (including cerebral) malaria, meningococcal meningitis and sepsis, 
dengue fever, viral hemorrhagic fevers (VHF) (eg, Ebola, Marburg), severe 
coronaviruses (SARS and MERS-CoV), influenza, plague, and tularemia 
are lethal pathogens causing rapid multiorgan system failure in a traveler 
and will require rapid recognition for both therapeutic and protective mea-
sures, particularly with highly contagious diseases such as viral hemorrhagic 
fever, influenza, plague, and severe coronaviruses (MERS-CoV).1,6,7,9,11,16-18  
Figure 77-1 outlines a stepwise approach to the critically ill traveler. Once 
recognized, all travelers should undergo respiratory and contact isolation. 
Due to the high risk of malaria, all critically ill patients in areas endemic 
for malaria should undergo a thick or thin blood smear with Giemsa or 
Romanowsky stain. Blood cultures, respiratory cultures, and urine cul-
tures should be obtained in all cases. If signs of meningitis or encephalitis 
are present, a lumbar puncture should be performed. Addition of a nasal 
swab for respiratory viruses (especially influenza) is rapidly available in 
most institutions and should be performed regardless of seasonal varia-
tion given the travel history to potential areas of influenza endemicity. 
Finally, additional blood should be drawn, and stored, for serology for 
the wide number of pathogens possible.1,6,7,9,11,16-18 For example, VHFs 
require specialized testing in state and federal laboratories, and thus all 
samples will need shipment with a time delay before yielding a diagnosis.8 
Additional testing based on the risk factors or clinical syndromes outlined 
in Tables 77-5 and 77-6 should be performed, but results can take time, so 
the initial testing outlined in Figure 77-1 is essential regardless of clinical 
syndromes or epidemiologic risk.8

■■ SUPPORTIVE MEASURES
In a critically ill patient with multiorgan failure, ARDS and sepsis will 
require certain support regardless of etiologic agent. Paramount is the use 
of a lung-protective ventilation strategy.19,20 Low-tidal-volume ventilation 

as based on the ARDS Network algorithm should be used in all causes as 
it has been proven to lower mortality in patients with ARDS. Initial tidal 
volumes of 6 mL/kg ideal body weight should be employed and lowered 
if the plateau pressures remain elevated above 30 cm H2O. Higher levels 
of positive end-expiratory pressure (PEEP) should also be employed, par-
ticularly if the PaO2/FiO2 remains low.19,20 Other maneuvers or modalities, 
including prone positioning or nonconventional forms of mechanical 
ventilation (eg, airway pressure release ventilation), have never been 
shown to reduce mortality, and thus should be used sparingly.20-22 Other 
adjuvant therapies for a critically ill traveler with ARDS have been tried 
as well without consistent success. Steroids and other anti-inflammatory 
agents have been used in influenza, avian influenza, anthrax, and 
VHF.23,24 However, this experience has been limited to case reports only 
and in some cases may be harmful. Other agents, such as immunoglobu-
lin therapy and aerosolized antibiotics have also been employed on a case 
report basis and cannot be recommended routinely. The management 
of septic shock should likewise be supportive. Resuscitation with intra-
venous fluids, colloid, blood, and subsequent vasopressor therapy, and 
renal replacement therapy should be administered. As with all patients in 
septic shock, the effect of therapy should be measured closely (eg, central 
venous catheter, mixed SvO2, lactate, etc).21,23

The role of noninvasive positive pressure ventilation (NPPV) in a 
traveler with hypoxemic respiratory failure and ARDS is more com-
plicated. In heterogeneous patient populations with acute hypoxemic 
respiratory failure, NPPV has been shown to reduce the likelihood of 
endotracheal intubation (57%), ICU length of stay, and mortality in some 
patient populations (eg, cardiogenic pulmonary edema, obstructive lung 
disease).25 Regarding ARDS from an infectious agent as the cause for 
acute hypoxemic respiratory failure, a recent study at experienced NPPV 
centers showed that early application of NPPV led to improvement in 

FIGURE 77-1.  A stepwise approach to the critically ill traveler.

Admission to ICU with
severe acute fever after travel

Clinical findings, gram stain, culture,
epidemiological evaluation

Targeted therapy
No isolation unless
specified bacterial

pathogen

Droplet or airborne isolation
Obtain blood, urine, respiratory

cultures thick/thin smear
Samples for serology

Start antimalarial therapy
(quinine or artesunate),

doxycycline, oseltamivir,
and broad spectrum antibodies

Specific targeted therapy
Isolation until

improved
Public health

notification as required 

Diagnosis
determined

Broad pathogens possible
Continues isolation

Further testing based on
risk and clinical syndrome

(Table 5/6)
Contact public health officials

and refer sample to public
health laboratory

Public health
investigation

Sample analysis
Case definition

No etiology found

Public health initiation

Obvious source known
(eg, Pneumococcus)

Unclear source based on
risk or exam
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gas exchange, avoidance of intubation, and less associated ventilator-
associated pneumonia. However, intubation remained high in patients 
when illness was more severe (Simplified Acute Physiology Score II 
>35) or hypoxemia did not improve after 1 hour (PaO2/FiO2 <175), sug-
gesting that NPPV may be useful in early ARDS in less severe patients 
who respond quickly.21,26 With the SARS experience in Canada, NPPV 
was also associated with an increased risk of disease transmission. This 
experience was based largely on case studies and was not reported with 
SARS cases in Asia. Thus, the likelihood of increased disease transmis-
sion with NPPV use in a febrile critically ill traveler can increase disease 
transmission.23,26-28 In summary, the use of NPPV with an infected ARDS 
patient remains controversial, with some benefit possible in less severe, 
early ARDS cases that can potentially increase disease transmission.

■■ Empiric Therapy in the Traveler
Figure 77-1 outlines the approach to a critically ill traveler with initial 
diagnostics and respiratory isolation. Severe malaria, rickettsial disease 
with multiorgan failure, and bacterial sepsis with multiorgan failure 
(meningococcus, plague, tularemia) can respond to early antimicrobial 
therapy. For viral syndromes such as MERS-CoV, VHF, and dengue, 
supportive care is essential. For influenza, however, therapy with a neur-
aminidase inhibitor is essential in the first 48 hours. Therefore, empiric 
therapy with an antimalarial, specifically artesunate or quinine, should 
be initiated while diagnostic testing is pending.18,29 The administration 
of doxycycline for rickettsial disease should occur along with a broad-
spectrum antibacterial, such as ceftriaxone, ampicillin-sulbactam, or 
imipenem.18,29 Finally, for patients traveling to areas of active influenza 
(winter months), oseltamivir should be initiated.23

SPECIFIC DISEASES AND THERAPY

■■ MALARIA
Malaria is the most classic disease associated with travel and is endemic 
throughout most of the tropics. Over 243 million will develop symptom-
atic malaria annually, with most of these cases being attributable to P 
falciparum (90%), but P vivax and P knowlesi can also cause symptomatic 
disease.30 Indeed, P vivax, P ovale, and P malariae have been associated 
with severe disease in some rare cases. Severe malaria is defined as a para-
sitemia of 5% to 10% of red blood cells (5% in low incidence regions and 
10% in high incidence regions) with signs of end organ damage: altered 
consciousness with or without seizures, respiratory distress or ARDS, 
hypotension and heart failure, metabolic acidosis, renal failure with 
hemoglobinuria (“blackwater fever”), hepatic failure, coagulopathy, severe 
anemia, and hypoglycemia.31 Cerebral malaria with encephalopathy and 
seizures carries the worst prognosis. Severe malaria requires rapid treat-
ment due to the potential for rapid decline and death within 24 hours of 
onset, and as such, therapy should be initiated when suspected.31,32

The clinical manifestations of severe malaria vary with age, species, 
and geography. Young children (ages 2-5 years) and pregnant women are 
at high risk for severe malaria.31,32 Older children and adults develop par-
tial immunity to febrile malaria episodes (but not to malaria infection) 
after repeated infection, and thus are at relatively low risk for severe 
disease. Travelers to areas where malaria is endemic generally have no 
previous exposure to malaria and thus are at high risk for progression to 
severe disease, particularly with P falciparum. For this reason, malaria is 
an extremely important consideration in all travelers with severe disease.

Parenteral therapy is preferred for rapid treatment.31,32 There are two 
major classes of drugs available by IV administration: the cinchona 
alkaloids (quinine and quinidine) and the artemisinin derivatives (arte-
sunate, artemether, and artemotil).31-35 Based on clinical trials, artesunate 
is superior for treatment of severe falciparum malaria when compared 
to quinine.31-35 If artesunate is not available, quinine (or quinidine in the 
United States) remains the drug of choice. Artesunate is not yet available 
in many countries, thus, quinine remains the treatment of choice in those 
instances. In the United States, artesunate is not approved by the Food 

and Drug Administration but is available with the Centers for Disease 
Control, and arrival of artesunate can occur quickly in many situations. 
If a long delay occurs (ie, more than 12 hours), quinidine should be 
used. Artesunate has few side effects, with a decline in reticulocyte count 
being the most common. Additional support with blood transfusions 
can be considered in cases of altered consciousness, high output heart 
failure, respiratory distress, and/or high density parasitemia.32 Exchange 
transfusion is additionally an option to reduce parasite load. Blood 
transfusion and exchange transfusion are largely supportive and have 
not been shown to reduce mortality.32 Thus they should not delay the 
onset of therapy with artesunate or quinine. In rare cases, non-falciparum 
malaria can cause severe disease, and in these cases, treatment is identical 
to falciparum therapy with artesunate or quinidine.

INFLUENZA

■■ SEASONAL INFLUENZA
An acute respiratory illness can be caused by either influenza A or B, 
usually as an epidemic during the winter season. Influenza A viruses 
are usually of the H1 and H3 subtype, which differs from the avian 
influenza A subtypes (ie, H5N1) seen recently.23,24 However, the H1N1 
pandemic of 2009 highlighted the severe number of cases that can occur 
with influenza.36,37 Most cases are self-limiting infections with systemic 
illness such as fever, headache, myalgias, and malaise (an influenza-like 
illness [ILI]).38-41 However, a smaller number of individuals, particularly 
higher risk individuals are more likely to develop a primary pneumonia, 
and in cases of H1N1 of 2009, many health individuals progressed to 
severe disease.36,37 Diagnosis is by viral detection in lung and nasal wash 
samples in a patient with appropriate clinical symptoms, with subtyping 
done by polymerase chain reaction in public health laboratories.

The treatment of influenza is dependent on the severity of illness and 
the presence of comorbidities.38 Prompt initiation of antiviral therapy 
for individuals with suspected or confirmed influenza infection should 
occur in the following settings: (1) severe or complicated illness requir-
ing hospitalization, regardless of previous health or vaccination status, 
(2) age ≥65 years, (3) pregnant women and women up to 2 weeks post-
partum, (4) high-risk individuals including immunosuppression, under-
lying lung disease, heart disease, obesity, and malignancy.36,37 All patients 
with these risk factors, including those with mild illness not requiring 
hospitalization, should be treated with antiviral therapy. Adults with 
mild illness without high-risk conditions who are younger than 65 years 
of age do not require treatment unless they have severe or complicated 
disease neuraminidase inhibitor.

Antiviral therapy with a neuraminidase can shorten the duration of 
influenza symptoms by 1 to 3 days when initiated within 48 hours of 
symptom onset in individuals at low risk.36,37 The benefit has been greatest 
when given within the first 24 to 30 hours and in patients with fever at 
presentation. Studies from the H1N1 pandemic suggested that antiviral 
therapy reduced the severity and incidence of complications of influenza, 
the duration of hospitalization in patients with severe influenza, and 
influenza-associated mortality in patients at higher risk, including hos-
pitalized individuals. As with the initial neuraminidase studies, initiation 
within 48 hours of symptom onset had the greatest mortality benefit.36,37 
Given that timing is important, therapy should be initiated immediately 
in all cases of suspected or proven severe influenza. Therapy should not 
be delayed for testing results, and prior vaccination should not alter the 
initiation of therapy when influenza is circulating in the community.38-41

Influenza should be suspected during the winter epidemic season or if 
travel to an endemic area has occurred.23,24 Spread is by droplet transmis-
sion and contact with respiratory secretions, so patients suspected with 
influenza should be placed in droplet isolation and HCWs should wear 
surgical masks, face shields, eye protection, gowns, and gloves as the 
appropriate personal protective equipment (PPE).23,24 Based on the SARS 
experience, higher risk procedures generating aerosols may require the 
use of an N-95 mask or a powered air purified respirator (PAPR).23,24
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■■ AVIAN INFLUENZA
Avian influenza A infections in humans have been increasing in inci-
dence over the past decade.42 These infections are caused by avian 
subtypes of influenza A, usually H5, H7, and H9. Most patients report 
contact with sick or dead poultry, although a few human-to-human 
cases of transmission have occurred.43-46 Some subtypes present pre-
dominately with conjunctivitis, but a number of H7 and most H5N1 
subtypes present with a severe primary pneumonia with respiratory 
failure and ARDS. Respiratory failure with multiorgan damage is seen in 
over 60% cases, and total mortality is over 60%.43-49 Once admitted to the 
ICU with respiratory failure, the mortality exceeds 90%. Diagnosis is by 
viral isolation and subsequent subtype identification by PCR in a patient 
with appropriate clinical symptom and epidemiological risk factors. 
Treatment is supportive with addition of a neuraminidase inhibitor as 
outlined for use with the H1N1 pandemic.47,48

Most cases are initially detected by the epidemiological link of con-
tact with sick and dead birds.23,24,50-52 Transmission is likely droplet, but 
airborne has been proposed by some officials prompting higher levels 
of protection. Once suspected, patients should be initially placed in 
airborne isolation and all health care workers (HCWs) should wear 
N-95 or other appropriate levels (PAPR) of protection. Cases of human-
to-human transmission have occurred among HCWs, but in all cases 
the appropriate PPE was not used.23,24,50-52 Finally, any suspected case of 
avian influenza should prompt a call to local public health officials so 
community measures to reduce spread can be instituted.

VIRAL HEMORRHAGIC FEVERS

■■ DENGUE
Current estimates suggest up to 100 million infections with dengue 
occur worldwide each year, and the dengue viruses (and subsequent 
dengue hemorrhagic fever [DHF]) are now arguably the most important 
arthropod-borne viruses from a medical and public health perspective.53 
Both epidemic and endemic transmission of dengue viruses is main-
tained through a human-mosquito-human cycle involving mosquitoes 
of the genus Aedes. Humans become infected after being bitten by an 
infected female Aedes mosquito, and viremia in humans begins toward 
the end of a 4- to 6-day incubation period. This viremia persists until 
fever resolves, which is typically 3 to 7 days’ duration. An uninfected 
Aedes mosquito may acquire the virus after feeding during a period of 
viremia. The worldwide incidence of dengue and DHF has been increas-
ing in the past several decades, largely the result of human behaviors 
such as population growth, poorly planned urbanization (overcrowding, 
poor water distribution, and poor sanitation), modern transportation, 
changing lifestyles, such as increased reliance on plastic containers and 
tires (which increase standing water and thereby supporting mosquito 
breeding), and most importantly, the lack of effective mosquito control.

The typical clinical manifestations of dengue range from self-limited 
dengue fever to dengue hemorrhagic fever with shock syndrome.54-57 
Symptoms typically develop between 4 and 7 days after the bite of an 
infected mosquito, although the incubation period may extend to 14 days. 
Dengue can be excluded as the cause of symptoms in a traveler develop-
ing an illness more than 14 days after returning from a dengue-endemic 
country. The syndromes associated with dengue include dengue fever 
(classic dengue), dengue with hemorrhagic manifestations, and DHF, 
the most serious and lethal form of dengue.54-57 Classic dengue fever is an 
acute febrile illness with headache, retroorbital pain, and myalgias and 
malaise with severe joint pain (“break-bone fever”). The fever lasts 5 to 
7 days but a minority of patients display a biphasic (“saddleback”) fever 
curve, with the second febrile phase lasting 1 to 2 days.54-57 The febrile 
period may also be followed by a period of marked fatigue that can last 
for days to weeks, especially in adults.

Hemorrhagic manifestations occur commonly in patients with clas-
sic dengue fever, and in rare cases can be life threatening. In some 
case series, up to 60% of children with dengue fever experience some 

hemorrhagic symptoms while only 25% of adults may have the same 
manifestations. The main bleeding sites are the skin and nose, with 
gastrointestinal bleeding being uncommon. This clinical presentation 
needs to be differentiated from DHF. DHF is the most serious manifes-
tation of dengue virus infection and can be associated with circulatory 
failure and shock.54-57 The four cardinal features of DHF, as defined by 
the World Health Organization (WHO), include increased vascular 
permeability (plasma leakage syndrome as defined by a hemoconcen-
tration [20% or greater rise in hematocrit]), pleural effusion, or ascites, 
marked thrombocytopenia, fever lasting up to a week, and spontane-
ous bleeding.58 The physical examination in patients with dengue is 
generally nonspecific. The frequencies of fever and rash are noted above. 
Injection of the conjunctiva, pharyngeal erythema, lymphadenopathy, 
and hepatomegaly are present in up to half of patients. The rash is 
typically macular or maculopapular and may be associated with pruritus. 
Laboratory findings include leukopenia, thrombocytopenia, and elevated 
liver enzymes.54,57,59 The gold standard for diagnosis is confirmation by  
serology. Confirmation of acute dengue virus infection is most frequently 
accomplished using serology.54,57,59

The treatment of dengue is supportive.54,57,59 Patients with dengue 
fever should be cautioned to maintain intake of oral fluid to avoid dehy-
dration. Fever and myalgias can be managed with acetaminophen. The 
most important measure to assist the patient with suspected dengue 
fever is to carefully evaluate the patient for impending complications 
or early evidence of DHF. Gastrointestinal bleeding, epistaxis, or men-
orrhagia in patients with DHF can be severe enough to require blood 
transfusion. Significant internal bleeding may occur and could mask the 
hemoconcentration seen with DHF, and in these cases, aggressive and 
massive blood product resuscitation is needed. Use of a histamine H2 
receptor antagonist or proton pump inhibitor is reasonable in patients 
with gastrointestinal bleeding, although there is no evidence of benefit. 
Platelet transfusions have not been shown to be effective at preventing 
or controlling hemorrhage, but may be warranted in patients with severe 
thrombocytopenia (<10,000/mm3) and active bleeding. Administration 
of intravenous vitamin K1 is recommended for patients with severe 
liver dysfunction or prolonged prothrombin time. Plasma leakage 
in DHF is important to manage with intravascular volume repletion 
to prevent or reverse hypovolemic shock. In mild cases, particularly 
when medical attention is received early, oral rehydration may be suf-
ficient. However, in patients with established intravascular volume loss, 
intravenous fluid administration is recommended.60 For patients with 
shock, initial resuscitation with normal saline or Ringer lactate, prefer-
ably with 5% dextrose, is recommended, either as an infusion over the 
first hour or as a bolus for patients in profound shock based on World 
Health Organization recommendations. A second infusion of an equal 
volume is recommended in patients who remain in shock. A debate as to 
whether crystalloids or colloids should be used for volume replacement 
in critically ill patients with DHF currently exists. One large randomized 
double-blind comparison of three fluids for initial resuscitation of 512 
Vietnamese children with dengue shock syndrome was performed.60 
Three hundred eighty-three patients with moderate shock were assigned 
to Ringer lactate or one of two different colloid solutions: 6% dextran 
70 or 6% hydroxyethyl starch. One hundred twenty-nine patients with 
severe shock were randomized to receive one of the two colloids. The 
treatment regimen closely followed the WHO protocol above, with 
15 mL/kg administered over the first hour and 10 mL/kg over the second 
hour. The trial established that Ringer lactate was a safe, effective, and 
inexpensive alternative in initial resuscitation of patients with moder-
ate shock. In patients with severe shock, dextran and starch performed 
similarly, although dextran was associated with more hypersensitivity 
reactions. In addition, more recent studies evaluating starch-based col-
loid infusions suggest worse outcomes in sepsis, and thus may need to 
be avoided.

Other adjuvant therapies have included steroids, although several 
trials have demonstrated that corticosteroids are no more effective 
than placebo in reducing death, need for blood transfusion, or serious 

section05_c74-81.indd   717 1/23/2015   12:37:33 PM

http://www.myuptodate.com


PART 5: Infectious Disorders718

complications in DHF.54,57,59 Other modalities, including intravenous 
immunoglobulins, pentoxifylline, and activated factor VII, have also 
been proposed for use but data continue to be very limited.54,57,59

■■ EBOLA/MARBURG
The hemorrhagic fever viruses include wide number of geographically 
distributed viruses found worldwide, including Ebola and Marburg 
viruses, Rift Valley fever, Crimean Congo hemorrhagic fever, Lassa 
fever, yellow fever, and dengue fever.61,62 Ebola and Marburg viruses 
are in the family Filoviridae. Although any of the many VHF can cause 
severe disease in a traveler, Marburg and Ebola virus serve as a classic 
template for VHFs and will be largely discussed here. Marburg virus 
has a single species while Ebola has four different species that vary in 
virulence in humans. Transmission appears to occur through contact 
with nonhuman primates and infected individuals.62,63 Settings for trans-
mission have occurred in vaccine workers handling primate products, 
nonhuman primate food consumption, nosocomial transmission, and 
laboratory worker exposure. The use of VHF in bioterrorism has also 
been postulated, largely based on its high contagiousness in aerosolized 
primate models.64 The exact reservoir for the virus was initially felt to be 
with wild primates, but recently bats have been labeled as the reservoir, 
passing the infection onto nonhuman primates in the wild. The clinical 
manifestations of both Marburg and Ebola virus are similar in presenta-
tion and pathophysiology, with morality being the only major difference 
between them. Initial incubation period after exposure to the virus is 
5 to 7 days, with clinical disease beginning with the onset of fever, chills, 
malaise, severe headache, nausea, vomiting, diarrhea, and abdominal 
pain.65-67 Disease onset is abrupt, and over the next few days, symptoms 
and signs worsen to include prostration, stupor, and hypotension. Shortly 
thereafter, impaired coagulation occurs with increased conjunctival and 
soft tissue bleeding. In some cases, more massive hemorrhage can occur 
in the gastrointestinal and urinary tract, and in rare instances, alveolar 
hemorrhage can occur.65-67 The onset of maculopapular rash on the arms 
and trunk also appears classic and may be a very distinctive sign. Along 
with the bleeding and hypotension, multiorgan failure occurs eventually 
leading to death. Reports of outbreaks and cases have largely occurred in 
developing countries where critical care resources are more limited, thus 
experience with mechanical ventilation and the development of ARDS is 
not well documented. Case fatality rates have reached 80% to 90% in the 
recent outbreak of Marburg outbreak in Angola, but Ebola case fatality 
rates appear lower at 50%.62,63 The diagnosis of VHF becomes extremely 
important in order to initiate supportive care before the onset of shock, 
alert and involve the public health department, and institute infection 
control measures.8,61,68 However, diagnosis is difficult outside of the 
endemic area. VHF should be suspected in cases of an exposed labora-
tory worker, an acutely ill traveler from an endemic area (ie, central 
Africa), or in the presence of some classic clinical findings with increas-
ing cases within the community suggesting a bioterror attack. Outside of 
travel or laboratory exposure, the presence of a high fever, malaise and 
joint pain, conjunctival bleeding and bruising, confusion, and progres-
sion to shock and multiorgan failure should raise suspicion of VHF, par-
ticularly if multiple cases are presenting in the community.64 Laboratory 
diagnosis includes antigen testing by enzyme-linked immunosorbent 
assay or viral isolation by culture, but these tests are only performed 
by the CDC currently.8,61,68-71 As no specific therapy is available, patient 
management includes supportive care, including a lung-protective 
strategy with low-tidal-volume ventilation if ARDS occurs as part of the 
disease course.8,61,68-71 In a few cases in a Zaire outbreak in 1995, whole 
blood with IgG antibodies against Ebola may have improved outcome, 
although analysis showed these patients were likely to survive anyhow. 
Although transmission appears to spread by droplet route, airborne 
precautions are recommended with respiratory protection with an N-95 
or PAPR and placement of the patient in a respiratory isolation room.72 
Equipment should be dedicated to that individual, and all higher risk 
procedures should be done with adequate, full PPE. Any suspected case 
of VHF should immediately involve public health officials and infection 

control department, as public health interventions and outbreak investi-
gation will be paramount to reduce spread of disease.72 If exposure to an 
HCW occurs, there is no specific postexposure prophylaxis, and infec-
tion control and occupational health should be involved with potential 
quarantine measures for exposed individuals.

■■ HANTAVIRUS
Hantaviruses are part of a larger genus that contains over 20 viral 
species.73,74 They make up two severe acute febrile illnesses: hemor-
rhagic fever with renal syndrome (HFRS, found in the Old World) and 
hantavirus cardiopulmonary syndrome (HPS, found in the New World). 
Particularly, HPS was classified when cases of severe acute febrile respi-
ratory illness were seen in the Southwestern United States.73,74 In North 
America, disease was originally reported mostly in the Southwest and 
California, though more recently, cases have been reported in other 
parts of the United States, Canada, Europe, China, Chile Argentina, and 
other parts of South America.75 Cyclical outbreaks tend to occur largely 
in relation to the rodent population change. Symptoms initially begin 
with a fever, chills, and myalgias in a prodromal phase. There is a lack of 
upper respiratory symptoms as disease progresses rapidly to dry cough, 
respiratory failure, and ARDS, shock, coagulopathy, and arrhythmias. 
Resolution can also occur rapidly.75,76 Notably, thrombocytopenia with 
an immunoblast predominant leukocytosis is characteristic of the early 
cardiopulmonary phase.75 Diagnosis is by serologic testing of IgM in 
early disease and IgG in later disease through public health laboratories. 
Clinical contact with rodents in an endemic area with a leukocytosis 
and thrombocytopenia should aid the diagnosis.77 Treatment is mainly 
supportive, with extracorporeal membrane oxygenation being used in 
some case. Ribavirin has been effective in HFRS, but not HPS. Mortality 
remains at roughly 20%.75,76 Transmission of hantavirus occurs through 
contact with rodent material when the virus is aerosolized.75,76 This 
mostly occurs in indoor settings where dead rodent and rodent feces are 
present. Direct live rodent contact has not been implicated in transmis-
sion, and no human-to-human transmission has been documented with 
HPS. Cases appear mostly to be isolated North America, with a spring 
to early summer cyclical pattern.75,76 The amount and extent of the expo-
sure change based on the rodent reservoir population. Hantavirus is a 
reportable disease to public health officials.

RICKETTSIAL DISEASES

■■ ROCKY MOUNTAIN SPOTTED FEVER
Rocky Mountain spotted fever (RMSF) is a potentially lethal, but curable 
tick-borne disease. The clinical spectrum of human infection ranges 
from mild to fulminant disease. The causative agent, Rickettsia rickettsii, 
is a gram-negative, obligate intracellular bacterium with a tropism for 
vascular endothelial cells.78,79 Infection leads to direct vascular injury that 
may contribute to increased vascular permeability. Activation of clotting 
factors ensues. The host response, which is secondary to vascular injury, 
can lead to a variety of clinical manifestations such as interstitial pneu-
monitis, myocarditis, and encephalitis. RMSF occurs throughout the 
United States, in Canada, Mexico, Central America, and in parts of South 
America (Bolivia, Argentina, Brazil, and Colombia) and is the most com-
mon rickettsial infection in the United States. The seasonal distribution 
of RMSF parallels the activity of the transmitting ticks, which serve as 
the vector and reservoir for rickettsia. Many patients have a history of 
tick exposure before the onset of illness.78,80,81 However, up to one-third 
of patients do not report a history of a tick bite, since the inoculation site 
is generally painless and often obscured by hair or a skin fold. The tick 
transmits infection to humans during feeding. After the tick has been 
attached to the host for 6 to 10 hours, rickettsiae are released from the 
salivary glands of the ticks. In addition, humans may become infected 
by contact with tick tissues or fluids during the process of tick removal.

Infected patients become symptomatic 2 to 14 days after being bitten 
by an infected tick, with most clinical cases occurring between 5 and 
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7 days after exposure.78,80,81 Classic symptoms of RMSF include fever, 
headache, and rash in a person with a history of a tick bite. However, 
all of these diagnostic clues are rarely identified on the initial patient 
encounter, leading to delays in appropriate therapy. In fulminant cases 
of RMSF, death may occur in as early as 5 days. Poor outcomes have 
been associated with delay of appropriate antibiotics. In the early phase 
of illness, most patients have nonspecific signs and symptoms, such as 
fever headache, malaise, myalgias, and arthralgias.78,80,81 Rash occurs 
in approximately 88% to 90% of patients between the third and fifth 
days of illness. The hallmark of RMSF is a blanching erythematous 
rash with macules (1-4 mm in size) that become petechial over time. In 
severe cases, the rash may become confluent, with some areas of skin 
undergoing necrosis due to pathogen-induced damage.78,80,81 A potential 
diagnostic problem is that rash never occurs in up to 10% of patients. 
These cases of “spotless” RMSF may be severe with a fatal outcome. In 
addition, the rash can be easily overlooked in dark-skinned individuals. 
Thus, the absence of a rash, or tick bite, should not limit treatment in the 
critically ill traveler.82 Major complications include encephalitis, noncar-
diogenic pulmonary edema, ARDS, cardiac arrhythmias, coagulopathy, 
gastrointestinal bleeding, and skin necrosis. The onset of neurologic 
involvement is associated with increased risk of mortality and morbid-
ity.83 The cases with neurologic findings and shock are often the most 
critical and progress to death rapidly.

Most patients with RMSF have a normal white blood cell count at 
presentation.82 As the illness progresses, thrombocytopenia becomes 
more prevalent and may be severe and this is a helpful diagnostic clue 
to the possibility of rickettsial disease.84 Other findings in advanced 
cases include hyponatremia, elevations in serum aminotransferases and 
bilirubin, azotemia, and prolongation of the partial thromboplastin and 
prothrombin times. Hyponatremia is a particularly common finding in 
patients with central nervous system involvement. The cerebrospinal 
fluid analysis may demonstrate pleocytosis of both monocytic and 
polymorphonuclear predominance.82 The diagnosis of RMSF is initially 
made empirically based on consistent clinical symptoms and signs in 
the appropriate epidemiologic setting.84 The clinical diagnosis must be 
confirmed by skin biopsy or through serologic testing. Early therapy for 
RMSF is important since a delay in treatment has been associated with 
an increased risk of mortality. Orally or intravenously administered dox-
ycycline is the drug of choice for the treatment of RMSF in both adults 
and children, except for pregnant women, in which chloramphenicol is 
preferred. Antimicrobial therapy has had a dramatic effect on the case 
fatality rate of patients with RMSF as very few deaths are seen with 
early, appropriate therapy.78,80,81 Given the profound importance of early 
therapy that can be altered with the difficulty of recognition and diag-
nosis, empiric doxycycline is recommended for all critically ill travelers 
returning from endemic areas.83

ULCER NODE SYNDROMES

■■ PLAGUE
Yersinia pestis is the etiologic agent of plague and has caused a number of 
pandemics throughout human history.85 Plague is a zoonosis, primarily 
affecting rodents, with humans and other animals (domestic cats) being 
accidental hosts.86 The natural ecosystem of Yersinia pestis depends 
largely on the flea and rodent interaction, with seasonal variability 
noted based on environmental conditions. Infected fleas bite their 
rodent hosts, inoculating the rodent.85,87 Mortality in these animals 
remains lower than other nonrodent mammals, and disease is passed 
from infected rodent to flea and the life cycle continues. Transmission 
to humans occurs by rodent flea bites, infected animal scratches or 
bites, exposure to infected humans, and bioterrorism.88,89 Transmission 
by infected flea bites is the most common mode, with squirrel, rabbit, 
domestic cats, and prairie dogs being the most common animals of 
transmission. Large rodent or other animal die-offs, particularly in 
more susceptible species, may herald a large epidemic in nature.90 
Plague is found worldwide, and in the United States endemic disease is 

found largely in the western states.88 The most recent outbreaks in 1992 
occurred in Africa, South America, and Asia. Three recognized clinical 
syndromes are associated with plague: bubonic plague (80%-90% of 
cases), septicemic plague (10% of cases), and pneumonic plague (very 
rare).85,87 After an incubation of 2 to 7 days, clinical symptoms usu-
ally occur and differ depending on clinical syndromes.85,87 In bubonic 
plague, a sudden onset of fevers, chills, and headache is followed by 
intense pain and swelling in the regional lymph nodes proximal to the 
site of the bite or scratch. This lymph node, or bubo, is characterized 
by intense tenderness with erythema and edema but without fluctua-
tion. Without treatment, disease disseminates leading to complications 
such as pneumonia, meningitis, sepsis, and multiorgan failure.91 The 
development of a secondary pneumonia becomes extremely concerning 
as these patients are highly contagious. With septicemic plague, acute 
fever followed by sepsis without the presence of a bubo. Additional 
gastrointestinal symptoms such as nausea, vomiting, and diarrhea are 
also known to complicate septicemic plague.85,87,92 Rapid sepsis, dis-
seminated intravascular coagulation, and multiorgan failure develop 
quickly after the inoculating flea bite. In pneumonic plague, most cases 
are secondary from bubonic or septicemic plague, but a primary pneu-
monic plague can occur after exposure to infected humans, animals, or 
aerosols in an intentional bioterror attack.85,87,92 Due to the high conta-
giousness of plague, disease can spread rapidly with primary pneumonia 
as seen with past outbreaks in human history, subsequently creating  
a sustained pandemic. Initial cases in primary pneumonic plague have a 
very short incubation period of hours to a few days, followed by sudden 
onset of fever, cough, rapid onset of respiratory failure and ARDS, and 
death.85,87,92 Diagnosis is primarily by culture of the sputum or blood as 
Yersinia pestis grows well on most laboratory media.85,87,92 Serology and 
rapid diagnostic testing by ELISA or PCR is also available but is used 
primarily in field testing. Traditionally, treatment has been streptomy-
cin, but based on its limited availability, gentamicin or doxycycline now 
is preferred.85,87,92 Chloramphenicol is preferred for cases of meningitis 
due to its ability to cross the blood brain barrier.93 Pneumonic plague 
and septicemic plague in the ICU will have multiorgan failure with 
ARDS, so management should include a protective lung strategy with 
low-tidal-volume ventilation and appropriate supportive care. Due to 
the high rate of transmission of plague via aerosols, all patients should 
be on strict airborne isolation until at least 48 hours of antibiotics have 
been given. Appropriate PPE, including an N-95 mask or PAPR, should 
be worn and any exposure by an HCW should receive prophylaxis with 
doxycycline, chloramphenicol, or trimethoprim-sulfamethoxazole.85,87,92

■■ TULAREMIA
Tularemia is caused by the gram-negative bacterium Francisella tula-
rensis and is a zoonotic disease, with humans as accidental hosts.94,95 
Francisella tularensis is found throughout the northern hemisphere 
and in a wide variety of wild and domesticated species. The organism 
persists in nature since it is passed transovarially in ticks, with disease 
coming after bites from infected vectors (ticks, flies, mosquitos).96,97 
Susceptibility varies by species with rabbits and rodents having particu-
larly severe disease with nearly 100% mortality. Human infections occur 
by vector contact (ticks and flies), handling infected animals, improperly 
prepared animal meat, animal scratches and bites, drinking contami-
nated water, or aerosolization of the organism from the environment 
or in bioterrorism.94-97 However, human-to-human transmission does 
not occur, largely since the organism is intracellular during infection 
and thus harder to spread from person to person. Approximately six 
distinct clinical syndromes occur with tularemia: ulceroglandular, glan-
dular, typhoidal, pneumonic, oropharyngeal, and oculoglandular.95,98  
Ulceroglandular disease accounts for approximately 60% to 70% of 
disease. Abrupt onset of fevers, chills, headache, and malaise occurs 
after an incubation period of 2 to 10 days. Most patients will have a 
single papuloulcerative lesion with a central eschar and associated ten-
der lymphadenopathy.95,98 In glandular disease, enlargement of lymph 
nodes occurs without the characteristic lesion (about 15% of cases). 
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Pneumonic tularemia occurs with primary inhalation or hematogenous 
spread from typhoidal tularemia and this is felt to be the main clinical 
presentation in a bioterrorism event with tularemia.95,98 The incuba-
tion period tends to be shorter in these cases, with the rapid onset of 
pneumonia developing. Radiographic studies show patchy infiltrates 
bilaterally, lobar disease, and hilar adenopathy.99,100 Pleural effusions 
and a military pattern can also occur, although this is less common. 
Respiratory failure and ARDS develop quickly.94,95 Typhoidal tularemia 
is rare and can occur with or without pneumonia, as patients present 
with a febrile illness followed by sepsis without the glandular disease. 
Oropharyngeal tularemia occurs rarely when undercooked infected 
meat or water is ingested and is associated with fever, pharyngitis, and 
cervical lymphadenopathy.94,95 Oculoglandular tularemia occurs with 
direct inoculation from contaminated fingers or accidental exposure. 
Besides conjunctival swelling and erythema, regional lymphadenopathy 
may be present.94,95,99,100 Francisella tularensis is very difficult to grow on 
culture media (requires cysteine), and since it is largely an intracellular 
organism, diagnosis is difficult.95,101,102 Clinical suspicion must be high, 
particularly if the risk factors of vector exposure, animal exposure, or 
multiple community cases suggesting aerosolization occur. Therefore, 
serology by ELISA or histologic examination showing gram-negative 
intracellular organisms is the most likely method.95,101,102 If serology is 
performed, a single elevated titer may not be specific and thus acute 
and convalescent titers are more predictive. For meningitis, chloram-
phenicol is preferred.94,95 The overall mortality for tularemia is around 
4%, but felt to be higher in aerosolized disease that causes pneumonia 
or typhoidal tularemia.95,101,102 Particular ICU management of tularemia 
includes supportive care and low-tidal-volume ventilation for ARDS.19 
Human-to-human transmission does not occur, so once the diagnosis 
is confirmed, respiratory isolation can be lifted. Tularemia is a zoonosis, 
so prevention is largely vector and exposure avoidance.94,95 Prophylaxis 
is not needed for human exposures but is indicated for aerosol exposure 
in an outbreak or bioterrorism event as well as in a laboratory worker 
exposure. Reporting tularemia to public health officials varies across 
North America, but pneumonic or typhoidal cases, particularly if felt to 
be secondary to a bioterrorism event, should be reported.94,95

ACUTE RESPIRATORY FAILURE

■■ SARS
SARS is caused by a novel coronavirus (SARS-CoV) that was first 
detected in 2003.27 Although it has not recurred, the addition of a new 
coronavirus in the Middle East, MERS-CoV, highlights the importance 
of this class of viruses to travelers. SARS can serve as a template for 
detection and management. Thousands of cases occurred worldwide in 
the initial epidemic in 2003, but the epidemic abated and new cases have 
not been reported since.26,28,103-105 The clinical presentation is character-
ized by fever, chills, rigors, malaise, nausea, and shortness of breath. The 
symptoms occurred on average 7 days after contact. Pneumonia develops 
approximately 8 days after onset of fever, with 45% of patients developing 
hypoxia.26,28,103-105 About 20% of patients then develop ARDS and require 
mechanical ventilation.28 Development of ARDS form onset of fever is 
bimodal, with peaks at 11 and 20 days.26,28,103-105 The global fatality rate 
was 11% with most cases over age 65. No deaths were reported in chil-
dren. Diagnosis includes an influenza-like illness with severe pneumonia 
in the presence of the epidemic with viral isolation by PCR in respira-
tory samples.26,28,103-105 A serum immunofluorescence assay may detect 
cases long after onset. Treatment is largely supportive, but steroids were 
used in some cases that progressed to ARDS. Initial cases in 2003 were 
difficult to identify, which led to spread extensively to HCWs.103 Spread 
is by droplet transmission, although many cases suggest that airborne 
and contact routes also occur.106,107 Spread to HCWs who wore appro-
priate personal PPE suggests airborne spread, and additional spread by 
aerosol-generating procedures such as resuscitation (CPR), medication 
nebulization, and noninvasive ventilation further supports this method 
of spread.23,24 The experience with SARS, particularly among HCWs, has 

created a foundation of early isolation and enhanced PPE when engaging 
in certain higher risk procedures.26,108 The epidemic waned without fur-
ther cases being reported, so detection based on clinical grounds would 
require a high level of suspicion. Therefore, any consideration of SARS or 
another potential virus should promptly be reported to hospital infection 
control and the public health official.26,108

■■ MERS-CoV
Middle East respiratory syndrome coronavirus (MERS-CoV) is a beta-
coronavirus, different from the other human betacoronaviruses (severe 
acute respiratory syndrome coronavirus), but closely related to several 
bat coronaviruses.109,110 In September 2012, a case of novel coronavirus 
infection was reported involving a man in Saudi Arabia who was admit-
ted to a hospital with pneumonia and acute kidney injury in June of 
the same year.111,112 This was the first sign of this novel virus, and to 
date, over 190 cases have been detected in over six Middle East coun-
tries, most notably Saudi Arabia. Cases have also been reported from 
Tunisia, Germany, United Kingdom, France, Italy, and Spain. In all five 
European countries and Tunisia, a patient developed illness after return-
ing from the Middle East. In the United Kingdom, France, Italy, and 
Tunisia, limited human-to-human transmission occurred among close 
contacts of the index cases.111,112 MERS-CoV is thought to be of animal 
origin and appears to be related to several bat coronaviruses.109,110 Some 
infections most likely have occurred via intermittent zoonotic trans-
mission or possibly via an environmental source. The presence of case 
clusters strongly suggests that human-to-human transmission occurs. 
For epidemiologic purposes, the following case definitions have been 
proposed by the World Health Organization: Confirmed case is a person 
with laboratory confirmation of infection with MERS-CoV. Probable 
case is a person with an acute respiratory infection (with or without 
fever) with clinical, radiographic, or histopathologic evidence of pulmo-
nary parenchymal disease (eg, pneumonia or ARDS) and inability to per-
form laboratory testing or a close contact with a laboratory-confirmed 
case. The incubation period is 2 to 14 days after initial exposure as 
defined by the case clusters.109,110 The main clinical findings include 
fever (>38°C) (98%), cough (83%), shortness of breath (34%), phar-
yngitis (21%), hemoptysis (17%), GI symptoms (15%), abdominal pain 
(17%), and abnormal chest radiographs (100%).109,110 Most patients 
with MERS-CoV infection have been severely ill with pneumonia and 
ARDS, and some have had acute kidney injury.113 Over 89% require an 
ICU admission and 75% require mechanical ventilation.113 Some have 
progressed to need extracorporeal membrane oxygenation. Other than 
abnormal chest radiographs, laboratory findings are less specific.109,110 
The diagnosis is made by serology or DNA-based testing, but these are 
only performed at specialized laboratories in the public health system. 
Any suspected case should prompt an immediate call to the public health 
department along with rapid isolation in a negative pressure facility or 
room.114-116 Treatment is supportive, with lung-protective strategies for 
mechanical ventilation providing the biggest backbone of treatment.109,110 
Combination therapy with interferon (IFN)-alpha-2b and ribavirin 
appears promising but remains experimental.114-116 Due to the emerging 
nature of this disease, along with potential high level of contagiousness, 
travelers from the Middle East should be evaluated for MERS-CoV when 
presenting with ARDS and critical illness.

THE IMPACT ON PUBLIC HEALTH AND COMMUNITY
In most cases, the etiology of a febrile illness in a critically ill traveler is 
largely unknown upon admission to the ICU. While bacterial pathogens 
constitute most cases, the breadth of agents that can cause disease is 
enormous, with many having direct impacts on public health systems 
and the community. Many of these cases require further epidemiologi-
cal and diagnostic testing, which can take time and resources in order 
to determine the larger impact of one critically ill traveler. Often these 
patients will not be isolated and tested for these pathogens upon 
admission, and they will additionally undergo higher risk aerosolizing 
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procedures that will increase the likelihood for disease transmission. 
This puts both HCWs and other patients at risk for acquiring disease 
as experienced during the SARS epidemic, the H1N1 pandemic, and 
other outbreaks of highly contagious disease. Therefore, a standardized 
approach, with early isolation and testing of these cases, can reduce the 
likelihood of disease transmission of an emerging pathogen within the 
ICU. Figure 77-1 outlines an approach to early isolation, testing, and 
involvement of institutional infection control and public health in cases 
of acute febrile illness with respiratory failure admitted to the ICU. 
Upon admission, a critically ill traveler should undergo initial diag-
nostic testing as discussed earlier. If an etiologic agent is identified on 
initial screening and clinical findings (ie, gram-positive diplococci with 
a lobar pneumonia on x-ray), targeted treatment and ICU admission 
are performed with appropriate isolation based on pathogen. However, 
if an agent is not easily identified in a patient with acute febrile illness 
and respiratory failure, patients should be placed in isolation and 
further diagnostic testing should be performed based on epidemio-
logic risk. Isolation should most likely be droplet, but based on specific 
epidemiological clues, airborne isolation may be instituted. Although 
bronchoscopy generates aerosols and can increase transmission risk, 
it should not be avoid in these cases as isolation of the causative agent 
becomes important from a public health perspective.

Involvement of institutional infection control, microbiology, and 
public health services should be sought as early as possible. Usually this 
is performed after the common agents have been eliminated and a suspi-
cious high-risk pathogen is suspected. Hospital-based infection control 
will assist in isolation and HCW protection, and the hospital-based 
microbiology laboratory should be notified of suspected pathogens, 
allowing for worker protection and targeted testing of samples. Finally, 
public health involvement will allow a broader viral testing, including 
additional agents, subtyping, and resistance testing. Early public health 
involvement will allow for rapid laboratory testing, epidemiological 
investigation, case definition, and community prevention. Finally, higher 
risk procedures should be limited in these cases. Aerosol-generating pro-
cedures are most common in ICU patients with an acute febrile illness 
and respiratory failure, and reducing unnecessary risky procedures will 
reduce patient and HCW risk. However, these procedures should not be 
avoided if needed. Appropriate PPE should be worn by HCWs at all time, 
and if worn properly, disease transmission is low risk. Most cases during 
the SARS and avian influenza epidemic appeared to have occurred when 
HCWs did not wear the appropriate PPE.

CONCLUSIONS
The critically ill traveler can provide a diagnostic dilemma for the clini-
cian given the wide array of causative agents. However, an approach of 
early empiric therapy for select disease, followed by a thorough evalua-
tion based on epidemiologic risk, provides a balanced approach for all 
critically ill patients. Severe malaria, rickettsial disease with multiorgan 
failure, and bacterial sepsis with multiorgan failure (meningococcus, 
plague, tularemia) can respond to early antimicrobial therapy. For viral 
syndromes such as MERS-CoV, VHF, and dengue, supportive care is 
essential. For influenza, however, therapy with a neuraminidase inhibi-
tor is essential in the first 48 hours. Early isolation and HCW protection 
should also be initiated until a diagnosis can be determined.
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KEY POINTS

•• Malaria should be excluded as a cause of fever in any febrile patient 
who has traveled recently to a malaria-endemic area, or who may 
have been infected by contaminated blood through transfusions, 
needlestick injury, or other methods of direct infection.

•• Immunity to malaria may be short lived, so that even those who 
have been brought up in malaria-endemic areas can develop severe 
disease when they return as travelers.

•• Severe malaria is a medical emergency and ideally should be  
managed by experienced personnel in an intensive care setting.

•• Although Plasmodium falciparum is the most important cause of 
serious malaria, P vivax and P knowlesi can also cause severe and fatal  
infections.

•• Intravenous artesunate should be given as soon as practicable and 
alternative or additional diagnoses should be excluded.

•• Complications of malaria such as hypoglycemia, lactic acidosis, 
seizures, organ failure, and secondary infections should be diag-
nosed early by regular monitoring and managed aggressively.

•• Malaria can be particularly severe in immunocompromised  
individuals including those who have been splenectomized.
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THE BIOLOGY OF MALARIAL PARASITES
Since antiquity malaria has been a potent selective force on humanity’s 
history and its genes.1 Some Egyptian pharaohs carried malarial parasites2 
and there are many descriptions of fevers in ancient cultures that are 
consistent with the diagnosis of malaria. Alphonse Laveran in Algiers in 
1880 discovered that protozoan parasites cause malaria.3 Since then, four 
species of Plasmodium: P falciparum, P vivax, P malariae, and P ovale are 
established as causes of natural human malaria infections, with a fifth 
species, P knowlesi, usually infecting monkeys, emerging as an important 
human pathogen in some geographic areas4 (Fig. 78-1). All species of 
malarias are naturally transmitted to humans by female Anopheles mos-
quitoes when infected insects feed on blood. Annually, they account for 
an estimated 400 million episodes of malaria and 800,000 deaths.5 Deaths 
have been falling in recent years due to concerted efforts to control trans-
mission of malaria, for example, by the use of insecticide treated bed nets, 
and the use of effective artemisinin combination therapies to treat clinical 
episodes. Most cases of severe malaria are attributed to infections with  
P falciparum although P vivax is increasingly recognized as causing severe 
morbidity in a minority of cases, as well as fatalities in some patients.6,7 
P knowlesi can also cause severe disease and death.8 Mixed species infec-
tions are common in some areas.

When infected mosquitoes bite humans (Fig. 78-2), needle-shaped 
sporozoite stages of infection (approximately half a dozen) are injected 
and migrate within an hour to the liver to begin a clinically silent stage of 
intense multiplication within hepatocytes. One sporozoite can produce 
tens of thousands of progeny within 5 to 16 days, depending on species; 
the median time for P falciparum is 6 days. These progeny are then 
released into the bloodstream and multiply by asexual division in red 
cells until after several cycles of logarithmic growth sufficient parasites 
are generated to result in symptoms of disease. The numbers of parasites 
needed to produce symptoms in an individual vary with species of para-
site, as well as being influenced by host factors such as prior exposure to 
malaria, which can produce variable immunity to disease. P vivax and  
P ovale can also generate curious dormant or hypnozoite stages of arrested 
development in liver cells. These hypnozoites can activate months after 
cure of the blood stages of infection by standard antimalarial treat-
ments so that an additional course of an 8-aminoquinoline class of drug 
(primaquine) is needed to completely cure these species of infection.

The time parasites take to replicate for one cycle in the blood depends 
on species: P knowlesi has a 24-hour cycle, and P malariae has a 72-hour 
cycle with the other species needing 48 hours to feed, grow, multiply, 
and reinvade red cells. P falciparum can produce up to 36 merozoites 
or daughter cells, with other species producing sometimes as few 
as 4. Together with innate and acquired host defense mechanisms, the 
replicative cycle length and multiplicative capacity (number of progeny 
produced by one parasite each cycle) are important determinants of 
the total numbers of parasites in a human, and these numbers in turn 
are broadly related to risk of disease and death (discussed in greater 
detail below).9,10

EPIDEMIOLOGY
There are almost 100 tropical countries that are endemic for malaria 
with 67 of these implementing malaria control efforts of varying 
extent and 32 aiming to eliminate malaria. These concerted efforts to 
“shrink the malaria map” are having measurable and significant ben-
efits in many areas, particularly those with moderate or low malaria 
endemicity.11 The degree of endemicity of infection refers to the risk 
to an individual of being exposed to bites of infected mosquitoes. This 
can range from more than one infected bite a day in some sub-Saharan 
countries, to less than one a year in many Asian countries. The age and 
duration of exposure to infected bites, together with other variables 
such as the presence of host resistance genes to malaria and nutritional 
status, act to influence the clinical features of disease (below). Even in 
tropical areas, Anopheline mosquitoes cannot transmit malaria when 
the environment is too cold (<16°C) or too hot (>33°C) or too dry, 
and altitudes >1500 m are also inhospitable for parasite propagation. 
This still leaves an estimated 1.4 billion individuals living with a stable 
risk of P falciparum malaria with about half in sub-Saharan Africa, half 
in Central and South East Asia, and 0.04 billion in the Americas. In 
Central Asia, many countries have transmission of both P falciparum 
and P vivax, whereas in Africa P vivax is found mainly in the Horn.  
P knowlesi is limited in its distribution to southeast Asia, where vectors 
(eg, of the A leucosphyrus group) can bite the natural hosts (long- and 
pig-tailed macaques) and also encounter humans. This primarily zoo-
notic means of transmission usually takes place when humans enter 
forested areas. P knowlesi has been mistaken for P malariae in these areas 
although the latter infection is more common in African countries.4  
P ovale is found mainly in sub-Saharan Africa.

The force of selection imposed by P falciparum infections was sug-
gested by JBS Haldane to be the reason why high heterozygote fre-
quencies of blood disorders such as thalassemias were maintained in 
populations, because these hemoglobinopathies might confer a degree 
of protection against sequelae of infection. This hypothesis has stood 
the test of time and detailed investigations, and has been extended to 
include many other hemoglobinopathies (such as sickle cell disease12), 
red cell enzymopathies (such as G6PDH deficiency), red cell antigens 

FIGURE 78-1.  Asexual stage parasites of Plasmodium species causing disease in human. 
Falciparum malaria is responsible for most severe and cerebral malaria. (Used with permission 
of Dr. Kamolrat Silamut.)
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(such as the Duffy blood group, which when absent makes red cells 
refractory to invasion by most P vivax, and P knowlesi13), as well as 
polymorphisms in host innate (such as cytokine and NO genes) and 
acquired defense genes.

PATHOPHYSIOLOGY
Theories on how infection with Plasmodium spp causes severe disease 
and death should accommodate the variable clinical spectra observed 
with different species of parasite, as well as age-related or geographic 
variations9,14,15 (see Table 78-1 for links between pathophysiology and 
disease). This spectrum extends from asymptomatic carriage of parasites 
(especially in older children and adults with acquired immunity in high 
transmission areas), to uncomplicated malaria that manifests as fever 
and other “flu-like” cytokine-mediated symptoms, to severe disease 
that involves one or more major organ systems and may cause lethal 
complications.

Most research since the discovery of parasites has inevitably focused 
on P falciparum as this is more likely than other species to cause severe 
disease and death. P falciparum’s 48-hour red cell life cycle can be 
divided broadly into two halves. The first 24 hours after invasion of red 
cells, parasites grow slowly and are relatively metabolically quiescent.16 
These “ring” stages are most commonly visible in the peripheral blood 
so that regular examination of blood films not only aids in diagnosis 
but also allows monitoring of responses to treatment.10 As parasites 
mature during the second 24 hours of their red cell cycle, they increase 
rapidly in size and in their metabolic demands. There is enhanced glu-
cose utilization (up to 100 times higher than that of uninfected cells) 
and concomitant lactate production by anaerobic glycolysis, increased 
degradation of hemoglobin and detoxification of heme iron by render-
ing it insoluble as crystalline hemozoin (parasite pigment), increased 

uptake of other synthetic precursors (for example of amino acids and 
choline) and remodeling of the red cell. These physiological changes are 
mediated by parasite-encoded transport proteins and are associated with 
modifications to the surface of the infected red cell that also increase 
its permeability.17 Such major changes to infected red cells might be 
expected to predispose them to increased clearance by the reticuloen-
dothelial system, but additional adaptations described below can avoid 
this defense mechanism.

Parasites synthesize a family of proteins that are exported to the 
surface of red cells, where they mediate adhesion to endothelial cells, 
particularly in low flow regions such as capillaries and postcapillary 
venules. These proteins (collectively called Pfemp1) encoded by a var 
gene family (so-called, because they are antigenically highly variable, 
being exposed to selection by the immune system) can attach to several 
host receptors, including CD36, E-selectin, chondroitin-4-sulphate, and 
hyaluronic acid, on placental villi and members of the integrin family 
such as intercellular adhesion molecule 1 (ICAM1) and vascular cell 
adhesion molecular (VCAM).18 This phenomenon is called cytoadher-
ence and is a key process in the pathogenicity pathway for severe disease. 
Cytoadherence causes sequestration of the infected erythrocytes in the 
microcirculation, obstructing flow19 (Fig. 78-3). Microcirculatory flow 
is further compromised by adherence of infected cells to each other 
mediated through their interaction with platelets (autoagglutination),20 
or adherence to uninfected cells (rosetting). A reduction in deformabil-
ity of both infected and uninfected erythrocytes further contributes to 
abnormal rheology and is a prognostic indicator of adverse outcomes.21 
Sequestration of these late stages of parasitized cells prevents clearance 
from the circulation by conventional means.

P vivax preferentially invades and multiplies in reticulocytes, so para-
sitemia is limited by the number of circulating reticulocytes and young 
erythrocytes. P vivax can cause severe and sometimes fatal disease, 

FIGURE 78-2.  The life cycle of the human Plasmodium species by addition of estimates of parasite burden at different stages of development in the human host. (Modified with permission 
from White NJ. Antimalarial drug resistance. J Clin Invest. April 2004;113(8):1084-1092.)
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although these complications are more likely to develop in those with 
chronic underlying morbidities such as renal impairment or diabetes. 
The degree to which P vivax also exhibits cytoadherence is not well stud-
ied, with some reports suggesting that P vivax can cytoadhere and form 
rosettes in ex vivo models.22,23 Unlike for many P falciparum infections, 
however, circulating parasites often include later stages of development 
suggesting that the numbers of adherent mature stages of P vivax are fewer.

P knowlesi is now an established cause of severe and fatal disease, and 
infections can be associated with very high peripheral parasitemias that 
are comparable in density to those seen in some P falciparum infections. 
The shorter (24 hours) life cycle may also explain, at least in part, why 
later stages of development can also be seen on the peripheral blood 
film. In a single fatal case studied at postmortem, there was accumula-
tion of parasitized erythrocytes in organ capillaries and venules, giving 
appearances similar to those of fatal cases of cerebral malaria caused by 
P falciparum, although coma was not a prominent clinical feature ante 
mortem.4,8 There is also some evidence that P knowlesi can cytoadhere 
to host ligands in ex vivo studies, providing further mechanistic insights 
into its pathophysiology.

P ovale and P malariae are also infections that have been identified in 
nonhuman primates, although they are not zoonoses, unlike P knowlesi. 
Their parasitemias are not usually very high, and these infections can 
persist for long periods of time. P malariae, for example, can persist for 
decades, and a chronic infection can cause an immune complex glomer-
ulonephritis and nephrotic syndrome. They otherwise very rarely cause 
severe or fatal infections, unless they predispose to splenic rupture, 
which can take place with all species of malaria.

■■ CYTOADHERENCE, CYTOKINES, AND SEVERE DISEASE
Cytoadherence of parasitized cells to blood vessels in different organs, 
and the release of host cytokines and other mediators when infected 
red cells rupture are important causes of disease and death due to 
malaria. Pigment produced by maturing parasites may contribute 
to both pathophysiological pathways by stimulating production of 
host cytokines as well as reducing red cell deformability and enhanc-
ing properties that favor cytoadherence. The relative contributions 
of cytoaherence and cytokines or other host responses to infection 
may vary with the genetic and immune status of the individual, as 
well as the species or strain of parasite. In one comparative study,  
P knowlesi patients had lower markers of macrophage activation such 
as MIP-1β and MCP-1 compared with P falciparum infections, while 

  TABLE 78-1    Manifestations and Complication of Severe Falciparum Malaria

Manifestation or 
Complication Pathophysiology Treatment

Coma (Glasgow 
Coma Score <11; 
Blantyre Coma 
Score <3) and  
convulsions

Sequestration of parasitized 
red blood cells in the cerebral 
microcirculation and other 
factors

Hypoglycemia and other causes 
of meningo/encephalitis should 
be excluded. Good general 
intensive nursing care, including 
close observation of breathing, 
eye care, nasogastric tube, Foley 
catheter. If feasible: intubation to 
protect airway. Frequent moni-
toring of blood glucose. Treat 
convulsions (eg, lorazepam). 
Prophylactic anticonvulsive treat-
ment is not recommended

Anemia (Hct 
<20%, in presence 
of parasitemia 
>100,000/μL)

Loss of parasitized red blood cells, 
increased splenic clearance of unin-
fected red blood cells (decreased 
red cell deformability, immuno-
logical factors?), dyserythropoiesis

General recommendation: 
transfusion if in distress, or Hct 
<20% (adults), or Hb <5 g/dL 
in children

Hyperparasitemia 
(>10% infected 
red blood cells)

Host immunological factors 
and parasite virulence factors 
(multiplication rate, red cell 
selectivity)

Promptly start parenteral anti-
malarial drugs in effective doses 
(artemisinins; if quinine: give load-
ing dose). Exchange transfusion (?)

Hypoglycemia  
(blood glucose 
<40 mg/dL)

Increased use, decreased  
production, quinine related 
hyperinsulinism

Glucose 10%, 4 mg/kg body-
weight

Acute kidney injury Acute tubular necrosis Record fluid balance (Foley 
catheter)

Prerenal component  
(dehydration)

Check biochemistry (BUN, 
electrolytes), early start of renal 
replacement therapy (hemofil-
tration or hemodialysis preferred 
over peritoneal dialysis)

Severe jaundice 
(bilirubin >3.0 mg/
dL, with parasitemia 
>100,000/μL)

Mainly in adults; multifactorial No specific treatment, monitor 
blood glucose

Fluid, electrolyte 
imbalances, meta-
bolic acidosis (venous 
plasma bicarbonate 
<15 mmol/L or 
lactate >4 mmol/L)

Dehydration, SIADH (?), only 
minor increase in capillary per-
meability, compromised micro-
circulation by sequestration and 
other factors causing anaerobic 
glycolysis

Careful fluid resuscitation. 
Dialysis as treatment for severe 
acidosis has been advocated

Respiratory distress 
and pulmonary 
edema

Acidosis-related deep breathing. 
Pulmonary edema (ARDS) mainly 
in adults and pregnant women. 
Etiology unknown; cytokines 
mediated (?)

See also “acidosis”; ARDS: 
restricted fluid management, 
positive-pressure mechanical 
ventilation with PEEP etc. Do not 
allow “permissive hypercapnia” 
(cerebral edema)

Distinguish from pneumonia

Blackwater fever Related to severe malaria,  
quinine use and G6PD deficiency

Transfusion if needed; bicarbon-
ate administration (?)

Shock Rare in malaria (NO binding by 
free hemoglobin?), consider 
concurrent bacteremia

Fluids, inotropic drugs (don’t use 
norepinephrine because of induc-
tion of lactic acidosis), antibiotics

Abnormal bleeding Disseminated intravascular 
coagulation: consider concomi-
tant bacterial infection

No specific treatment, packed 
red cell transfusion if indicated

Isolated thrombocytopenia (very 
common)

Controversial aspects are marked with “?.”

FIGURE 78-3.  Postmortem brain smear from an adult with cerebral malaria showing 
intense sequestration of parasitized erythrocytes in brain capillaries. (Used with permission 
of Dr. Kamolrat Silamut.)
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the anti-inflammatory cytokines IL-1ra and IL-10 were detected in all 
patients, including those with P vivax infection.24

■■ CEREBRAL MALARIA
One of the most clinically discrete manifestations of severe disease 
caused by P falciparum infections is coma in the absence of other 
causes.25 Investigations over the past three decades have established 
that coma is associated with an increased density of parasitized eryth-
rocytes in cerebral capillaries when compared with patients who died 
from severe malaria without coma.26-28 There is no large increase in 
blood-brain barrier permeability. Coma is also associated with increased 
anaerobic glycolysis,29 retinal hemorrhages and exudates and whiten-
ing of the retina,30 focal or generalized seizures, and clinical features of 
a metabolic encephalopathy such as dysconjugate gaze, bruxism, and 
abnormal extensor or flexor posturing31 (Fig. 78-4). Deep tendon, plan-
tar, and abdominal reflexes are variably altered and may be increased or 
absent. These features are common to cerebral malaria in both African 
children and adults, but the syndromes in two age groups also differ in 
some aspects. CSF opening pressures are usually normal in adults with 
cerebral malaria, and usually elevated in children. Coma often recovers 
within a few hours in children and associated seizures (focal or general-
ized) are very common. Coma can take much longer (often 48-72 hours) 
to reverse in adults. Approximately 10 % of African children are left with 
significant neurological sequelae, whereas adults usually make a full 
recovery.31 The radiological features of cerebral malaria may also differ 
between adults and children.

■■ METABOLIC COMPLICATIONS
Both children and adults with malaria show many metabolic derange-
ments associated with severe malaria. Hypoglycemia may occur in up 
to a quarter of children with cerebral malaria and is associated with 
other complications such as seizures and neurological sequelae. It is 
also associated with lactic acidosis and shares an underlying common 
mechanism of greatly increased anaerobic glycolysis from host tissues 
that have impaired microcirculation, as well as increased production 
of lactic acid due to anemia, seizures, fever, and decreased clearance 
of lactate by the liver.32 Acidosis may also interfere with compensatory 
shifts in the hemoglobin oxygen dissociation curve toward the right 
(Bohr shift) associated with anemia, by decreasing relatively the red cell 
synthesis of 2,3-diphosphoglycerate.33

Hypoglycemia is also associated with hyperinsulinemia due to qui-
nine or quinidine as both antimalarial drugs exert direct effects on pan-
creatic beta cells.34 Hypoglycemia is less commonly seen in adults, unless 

it is associated with quinine use and particularly in the more susceptible 
pregnant patient with malaria. Lactic acidosis, especially if sustained 
after a patient has been admitted and treatment has begun, is one of the 
best prognostic indicators of a fatal outcome.35,36 In children, acidosis is 
associated with the syndrome of respiratory distress,37,38 and in adults it 
has been exacerbated by the use of epinephrine treatment as supportive 
intensive care therapy.39 Many of the neurological and metabolic features 
of severe malaria are mimicked by thiamine deficiency, which has been 
unmasked by severe malaria in some southeast Asian adults.40 Plasma 
alanine levels like lactate are raised in severe malaria, consistent with 
decreased gluconeogenesis. Lactate/pyruvate ratios are raised (to ~30) 
and are much higher than values commonly seen in septic patients 
(~15). Plasma glutamine levels in children are lower in moderate than 
uncomplicated malaria, but are not significantly reduced in severe 
disease.32 Hypophosphatemia is associated with fever in malaria and 
disease severity. There are increases in plasma triglyceride levels during 
acute infection in children and adults with malaria.

■■ PULMONARY COMPLICATIONS
Acute respiratory distress syndrome (ARDS) can be associated with 
several species of Plasmodium and often develops when parasitemia is 
clearing or has disappeared. It may be a manifestation of disease that is 
less directly associated with cytoadherence of parasites to the pulmonary 
microvasculature, and perhaps more associated with alterations in the 
patterns of circulating and local cytokines or other mediators. ARDS 
is associated with a particularly high mortality, and often arises in the 
context of multiorgan failure.41

■■ ACUTE RENAL IMPAIRMENT
Renal impairment in severe malaria is of the acute tubular necrosis vari-
ety and probably arises as a consequence of microcirculatory obstruction 
complicated by prerenal causes. It can be precipitated by massive intra-
vascular hemolysis, or “blackwater fever” that is variably due to infection, 
host red cell enzyme deficiency, and oxidant drugs used in treatment.42

■■ HEMATOLOGICAL COMPLICATIONS
Anemia in malaria is due to decreased erythropoiesis in acute infec-
tion together with increased clearance of uninfected as well as infected 
erythrocytes. It can be exacerbated by acute intravascular hemolysis in a 
small percentage of patients, sometimes associated with the use of anti-
malarial drugs. Direct destruction of red cells when parasites multiply 
and lyse them may be significant when a high proportion of cells are 
infected, particularly bearing in mind that the number of infected cells 
may be underestimated as the more mature parasites are largely absent 
from the circulation.

Thrombocytopenia is common in all malarias and is usually due to 
increased clearance by splenic mechanisms when it has been studied. 
The degree of thrombocytopenia is inconsistently linked to disease 
severity in falciparum infections. Thrombocytopenia is more marked 
in P knowlesi compared with P vivax or P falciparum infections, and 
is correlated with parasitemia. Despite frequent thrombocytopenia, 
bleeding complications and features of florid disseminated intravascular 
coagulation are relatively rare in severe malaria. Patients can occasionally 
develop peripheral gangrene, sometimes in the absence of marked coag-
ulopathy or evidence for coincident bacterial sepsis or use of particular 
antimalarial. This complication is then attributed to microcirculatory 
abnormalities (sequestration of parasites) rather than vasculitis.43

■■ HEPATIC DYSFUNCTION
Jaundice of the conjugated bilirubin type can be marked in severe 
infections although serum aminotransferases may not be markedly 
elevated (beyond five times the upper limit of normal). Impaired syn-
thetic capacity is shown by falling albumin levels and prolongation in 
prothrombin times.FIGURE 78-4.  Posturing in an African child with cerebral malaria.
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■■ CIRCULATORY CHANGES
Shock is not a common complication of severe malaria in either 
children or adults. In children, there has been controversy about the 
degree of intravascular volume depletion and the need for aggressive 
fluid administration.44,45 A recent randomized study in African chil-
dren found that both normal saline and albumin fluid bolus strategies 
increased mortality compared to a no-bolus strategy.46 The study was 
conducted in the absence of intensive care unit facilities. In adults, the 
risk of pulmonary edema and the ability to monitor hemodynamic 
status of patients comparatively easily guide implementation of the sug-
gestion that patients should not be “overhydrated.” In children, although 
there is less risk of pulmonary edema, there is a potential increased 
risk of raised intracranial pressure and intracerebral displacement syn-
dromes, suggesting that decisions about volume replacement should be 
guided by real-time assessments of hemodynamic status (see Chap. 34 
regarding hemodynamic assessment).

DIAGNOSIS
The diagnosis of malaria should be considered in any traveler return-
ing from malaria-endemic areas even if they have adopted appropriate 
malaria-prevention measures. In case patients have been pretreated with 
antimalarials, peripheral parasitemia may be very difficult to detect, 
and the decision to begin antimalarial treatment becomes a clinical 
one, although the presence of malaria pigment in leukocytes and a 
positive PfHRP2-based rapid test can confirm the recent presence of  
P falciparum. Malaria can occasionally arise in the vicinity of airports in 
nonendemic areas where infected mosquitoes are delivered by airplanes.

Headaches, myalgias, and fever are the commonest features of malaria. 
These symptoms can emerge many months after travel, and sometimes 
even longer if antimalarial prophylaxis was used. Most travelers (~80%) 
develop symptoms of malaria within a month of leaving endemic areas, 
and cannot develop symptoms earlier than 1 week after being bitten by 
an infected mosquito. Other nonspecific symptoms such as diarrhea, 
vomiting, cough, fatigue, and weakness are also common. Periodicity of 
fever so well described in classical texts on malaria is not a diagnostically 
useful sign for falciparum malaria as often fevers are irregular.

The onset of coma indicating cerebral involvement can be heralded 
by seizures or confusion. Often there is biochemical evidence of other 
organ involvement, such as renal or hepatic impairment. Metabolic 
derangements and thrombocytopenia are also frequently observed.

Microscopic diagnosis is still the gold standard for confirming 
malaria. Good quality thick and thin films stained conventionally 
should be examined by experienced microscopists.43 Thick films are 
more sensitive at detecting parasites but thin films are better at reveal-
ing morphological details useful to speciate most parasites. P knowlesi 
cannot be distinguished from P malariae or sometimes other species by 
microscopy. Rapid diagnostic tests available as kits that rely on detecting 
parasite antigens (lactate dehydrogenase or histidine rich protein 2) can 
be useful in confirming species. They are relatively insensitive at detec-
tion of low parasitemias, but they can increase confidence in a result if a 
microscopist is inexperienced.47 One of the most sensitive ways to distin-
guish species and detect parasites uses PCR, but this is not in routine use.

PCR-based tests that have been used in research and epidemiological 
studies can also identify mutations in genes associated with drug resis-
tance (eg, increased pfmdr1 copy number predisposes to failure after 
mefloquine+artesunate combination treatment).48

CT or MRI imaging in adults may not reveal major shifts or focal 
defects in adults with cerebral malaria, beyond a degree of reversible 
swelling. There are, however, several case reports of variable focal 
changes, subarachnoid hemorrhage, and infarction in thalamic and 
cerebellar structures in some patients with fatal disease. In African 
children, there may be more marked abnormalities, with focal features. 
Susceptibility-weighted imaging with MR has recently shown diffuse 
petechial hemorrhages in a case of cerebral malaria that may represent 
in vivo findings hitherto seen only at postmortem.49

CSF examination in the absence of contraindications is advised 
in adults with cerebral symptoms to exclude coincident infections 
(bacterial or viral, for example). In children, because of possible risks 
associated with raised intracranial pressure, some suggest delaying 
CSF examination until antimalarial treatment has begun. A case can be 
made for children and adults for starting empirical antibiotic therapies, 
as about a quarter of adults in intensive care in France had coinfections 
(both gram-positive and gram-negative and community acquired or 
nosocomial) diagnosed during their admission, and these were signifi-
cantly more common in fatal cases.50 The CSF shows little if any eleva-
tions in cell count (usually below 50 cells/µL) and protein content.

DIFFERENTIAL DIAGNOSIS
Malaria should be distinguished from other acute infections (bacterial 
sepsis or meningitis), viral encephalitides (particularly dengue fever with 
thrombocytopenia), enteric fevers and leptospirosis, severe influenza, 
viral hepatitis or hepatic failure due to other causes (Reye syndrome in 
children), intoxications, and other noninfective causes of coma.

TREATMENT OF SEVERE FALCIPARUM MALARIA
Severe falciparum malaria is a medical emergency with a high case 
fatality rate. In hospitalized African children with strictly defined severe 
malaria, mortality is around 11%, but this increases to 20% if the child 
presents with cerebral malaria (coma) where supportive facilities may be 
limited. Death occurs early after admission, with 65% of fatalities within 
the first 24 hours and 83% within the first 48 hours.51 In Asian adults 
overall inhospital mortality in low resource settings is higher, around 
24% in severe malaria and 34% in cerebral malaria; 50% of patients die 
within the first 48 hours after admission.52 In high resource settings 
with state-of-the-art critical care facilities, mortality of imported severe 
malaria is around 11%.50 In this setting, higher parasitemia, increased 
age, and depth of coma independently predicted fatal outcome.

Management of severe malaria consists of promptly starting adequate 
parenteral antimalarial treatment, treatment of concomitant diseases, 
and supportive treatments. No adjuvant therapies have been proven to 
be beneficial.

Blood glucose (and lactate) should be monitored frequently and regu-
larly together with peripheral parasitemia and its response to treatment. 
Hematological changes including worsening anemia should be detected 
and corrected. Changes in the white count are variable, and phagocytic 
cells can be seen carrying malarial pigment in blood films. Electrolyte 
examinations often show mild hyponatremia and hypophosphatemia. 
Other abnormalities in electrolytes or biochemistry are indicative of 
specific organ involvement.

■■ ANTIMALARIAL TREATMENT
The available parenteral antimalarial drugs (see Table 78-2 for sum-
maries of doses) include the artemisinin derivatives—artesunate and 

  TABLE 78-2   � Dosing Schemes for Parenteral Antimalarials Used for the 
Treatment of Severe Malaria

Artesunate 2.4 mg/kg IV or IM stat, at 12 h, 24 h, then daily. Artesunic acid (60 mg) is 
dissolved in 0.6 mL of 5% sodium bicarbonate and injected IV as a bolus, or 
diluted to 5 mL with 5% dextrose for IM injection. 1 ampule = 60 mg.

Artemether 3.2 mg/kg IM stat followed by 1.6 mg/kg daily. Not for IV administration. 
1 ampule = 80 mg.

Quinine 20 mg/kg of dihydrochloride salt by intravenous infusion over 4 h followed 
by 10 mg/kg infused over 2-8 h every 8 h.

Quinidine 10 mg base/kg infused at constant rate over 1-2 h followed by 0.02 mg/kg/min  
as constant infusion, with electrocardiographic monitoring.

Parenteral artesunate is the drug of choice for the treatment of severe malaria in both adults and  
children, irrespective of the endemic setting.

section05_c74-81.indd   726 1/23/2015   12:37:39 PM

http://www.myuptodate.com


CHAPTER 78: Severe Malaria 727

artemether—and the cinchona alkaloids—quinine and quinidine. 
Parenteral sulphadoxine-pyrimethamine and chloroquine are no longer 
useful because of global widespread resistance.53 In comparative studies 
with quinine, parenteral artesunate has significantly reduced mortality 
in both adults and children. Parenteral artesunate is recommended by 
the WHO as the first-line treatment of severe malaria in both adults52 
and children,51 irrespective of the endemic setting.

The artemisinins or qinghaosu compounds are derived from the 
plant Artemisia annua. They all contain an unusual chemical structure 
consisting of a sesquiterpene within which is a unique endoperoxide 
bridge that is essential for its biological activity. Derivatives of artemis-
inin, which is the parent compound extracted from plants, are made by 
simple chemical modifications.54

Artemisinins are potent and rapidly acting blood schizonticides 
against all Plasmodium species. They have an unusually broad activity 
against asexual parasites, killing all stages from young rings to schiz-
onts. This property distinguishes them from all other antimalarials, 
and is probably the pharmacodynamic basis for artesunate’s superiority 
in the treatment of severe malaria, since it prevents the maturation of 
ring form parasites to the more pathogenic trophozoite and schizont 
forms, which sequester in the microcirculation of vital organs.9,10 
Artemisinin and its derivatives are generally safe and remarkably well 
tolerated.55 Reported side effects include dizziness, tinnitus, reticulo-
cytopenia, dose-dependent neutropenia, and elevated liver enzyme 
values.56 Although electrocardiographic abnormalities, including pro-
longation of the QT interval, have been mentioned in some reports, 
significant QT prolongation was not observed in severe malaria 
patients treated with parenteral artesunate.57 Potentially serious adverse 
effects reported with this class of drugs are type 1 hypersensitivity 
reactions in approximately 1 in 3000 patients and dose-dependent 
neutropenia. The artemisinins are considered safe in the second and 
third trimesters of pregnancy.

Artesunate is a water-soluble artemisinin derivative that acts as a pro-
drug for dihydroartemisinin (DHA); both have antimalarial activity.54 
Artesunate has a plasma elimination half-time of a few minutes, and DHA 
of ~45 minutes. Artesunate can be given intravenously over 2 minutes. It 
has reliable bioavailability after intramuscular administration, reaching 
peak levels within 20 to 40 minutes in children58 and adults.59 The 
recommended dose is 2.4 mg/kg immediately followed by the same dose 
at 12 hours, 24 hours, and then daily until oral medication can be taken 
reliably.60 Oral follow-on treatment is most easily given as a full course 
of an artemisinin combination therapy such as artemether-lumefantrine.

There have been two large trials comparing artesunate with quinine 
for the treatment of severe malaria. The Asian SEAQUAMAT trial in 
mainly adult patients with severe malaria found a 35% reduction in 
inhospital mortality in favor of intravenous artesunate, which was not 
at the expense of an increase in neurological sequelae.52 In the African 
AQUAMAT trial in pediatric severe malaria, mortality was 23% lower 
in patients treated with parenteral artesunate, also with no difference in 
severe neurological sequelae between treatment groups.51 Hypoglycemia 
was more frequent with quinine treatment in both studies. Availability 
of quality assured parenteral artesunate compliant with strict Good 
Manufacturing Practice was a problem until 2010. In that year, a Chinese 
manufacturer obtained WHO prequalification for their parenteral 
artesunate product. It is expected that this will facilitate registration of 
the product in both malaria endemic and nonendemic countries. In 
addition, the Walter Reed Army Institute in the USA has developed a 
formulation of intravenous artesunate, which is available for compas-
sionate use within the USA.

Artemether is an oil-soluble artemisinin derivative. The parenteral 
formulation of artemether can only be administered by intramuscular 
route and the recommended dose is 3.2 mg/kg on admission followed 
by a 24-hourly dose of 1.6 mg/kg. Intramuscular artemether has shown 
erratic bioavailability in patients with severe malaria, with very low 
plasma levels in a subset of patients.54 This probably explains why a 
meta-analysis of randomized trials comparing artemether with quinine 

for the treatment of severe malaria did not show a significant difference 
in mortality between these drugs.61

Until artesunate becomes more widely available, parenteral quinine 
will remain the most widely used drug for the treatment of severe 
malaria, including in several nonendemic countries. In order to obtain 
parasitocidal blood levels rapidly and safely, it is essential to give the first 
quinine dose in the loading form of 20 mg salt/kg, except in patients who 
have received quinine in the 24 hours before admission.62,63 The loading 
dose is followed by an 8-hourly dose of 10 mg salt/kg. Because of its 
cardiotoxicity, intravenous infusions should be administered over 2 to 
4 hours. A shorter loading dose regimen can be used with rate controlled 
infusion pumps.

If intravenous infusion is not practicable, quinine can be given by 
deep intramuscular injection into the anterior thighs. Quinine solutions 
are relatively concentrated (300 mg/mL) so they should be diluted (1 : 1 
vol : vol) in saline and the loading dose should be divided and given in 
two sites, based on studies in children.64 Injection into the buttocks can 
cause sciatic nerve damage.

Quinine is a relatively toxic drug with a narrow therapeutic ratio. 
Quinine-induced hyperinsulinemic hypoglycemia is a particular prob-
lem in patients with severe malaria, especially during pregnancy, and 
is impossible to diagnose clinically in the already unconscious patient. 
Frequent monitoring of blood glucose concentrations is therefore 
essential. The total apparent volume of distribution of quinine and its 
systemic clearance are both reduced in proportion to disease severity, 
and in severe malaria the dose should be reduced by one-third after 
48 hours if there is no clinical improvement or if there is renal failure.62,63

Quinidine has long been the only readily available parenteral antima-
larial to treat severe malaria in the USA.65 Quinidine is a diastereomer 
of quinine but is more toxic, commonly causing hypotension and con-
centration-dependent prolongation of ventricular repolarization (QT 
prolongation).66 Administration requires electrocardiographic monitor-
ing and frequent assessment of vital signs. With the availability of bet-
ter alternatives, it can no longer be recommended for the treatment of 
severe malaria.

■■ TREATMENT OF CONCOMITANT DISEASES
African children with slide proven severe malaria have concomitant 
bacteremia in 4.6% to 7.8% of cases.67 Given the limited sensitivity of 
blood culture, the real number of children with concomitant bacteremia 
might be at least twice as high. This group represents children in high 
transmission areas where background peripheral blood parasitemia is 
common and a positive blood slide can thus be an incidental finding in 
a child with sepsis. However, severe malaria in itself is also a risk factor 
for invasive bacterial infection such as pneumonia or bacteremia with 
non-Salmonella typhi. Blood cultures should therefore be collected in 
all patients with severe malaria, although this is often not feasible in 
settings with limited resources harboring the majority of the world’s 
malaria cases. In addition to antimalarial treatment, every patient with 
a proven diagnosis of severe malaria should also be considered for 
treatment with empiric broad-spectrum antibiotics until culture results 
become available.

■■ ADJUVANT THERAPIES
Many adjunctive treatments have been tried, often in underpowered 
clinical trials, but none have convincingly improved survival in severe 
malaria. Exchange blood transfusion is a popular adjunctive therapy, 
particularly in well-resourced settings. There are a number of reasons 
for its use in severe malaria, including rapid removal of parasitized 
erythrocytes, removal of cytokines and other soluble toxins and media-
tors, and improving the rheology of the blood by replacing unparasitized 
erythrocytes having reduced deformability by fresh red cells and replen-
ishment of some plasma components. A meta-analysis of small studies 
and case series has failed to show clear benefit.68 We consider erythrocy-
topheresis in patients who are severely ill with multiorgan involvement 
and with relatively high parasitemias (>5%).
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■■ SUPPORTIVE TREATMENT
Convulsions:  Seizures in cerebral malaria should be treated with 
rectal diazepam, intravenous lorazepam, paraldehyde, or other stan-
dard anticonvulsants, after high flow oxygen and appropriate airway 
management have been initiated. In a small study, prophylactic 
phenobarbitone reduced seizures after admission of adults with 
cerebral malaria.69 A study in children using a single intramuscular 
dose of 20 mg/kg reduced seizures but increased mortality, pos-
sibly through respiratory depression caused by an interaction with 
diazepam70 in a site where mechanical ventilator support was unavail-
able. Prophylactic anticonvulsant therapy is therefore currently not 
recommended.

Anemia:  Benefits of blood transfusion should outweigh the risks 
(especially those of HIV and other pathogens), which differ between 
regions where patients with severe malaria are managed. There is no 
clear evidence supporting specific hemoglobin levels below which a 
transfusion is vital, and different figures are quoted in reviews and 
guidelines. In adults, the threshold for blood transfusion is com-
monly set at a hematocrit below 20%, and in African children at 
a hemoglobin level below 4 g/dL (absolute threshold), or 5 g/dL if 
there is coexisting respiratory distress, impaired consciousness, or 
hyperparasitemia.

Acidosis:  Adequate antimalarial treatment is essential to treat the 
underlying cause of acidosis (see above). Adequate fluid manage-
ment guided by appropriate measurements, and possibly exchange 
transfusion, can be beneficial. Antiadhesive adjunctive treatments are 
being trialed. There are no trials evaluating bicarbonate therapy. The 
“surviving sepsis” guidelines advise bicarbonate administration only 
if the blood pH falls below 7.1, but these may not necessarily apply 
to patients with severe malaria.71,72 The use of dichloroacetate to treat 
lactic acidosis in severe malaria has only been studied in trials estab-
lishing safety and pharmacodynamic efficacy and not with mortality 
as an outcome measure.73,74

Acute Kidney Injury:  Renal replacement therapy can save lives in those 
cases with acute kidney injury, a common complication in adult 
patients, having an untreated mortality of over 70%. Hemofiltration, 
when available, is superior to peritoneal dialysis in terms of mortality 
and cost-effectiveness.42

ARDS:  The treatment of ARDS, a feared complication in adult patients 
with severe malaria, does not differ from that in ARDS from other 
infections. Mechanical ventilation can be life saving, but is often 
extremely difficult in the severely diseased lung. Compliance is 
markedly reduced and unevenly distributed, ventilation/perfusion 
is mismatched and gas diffusion is compromised. Guidelines 
include the application of positive end-expiratory pressure (PEEP), 
avoidance of high tidal volumes (6 mg/kg ideal body weight), and 
prolonged periods of high inspiratory oxygen pressures. Although 
lung-protective ventilation is recommended, permissive hypercapnia 
is contraindicated because this will exacerbate the increased intra-
cranial pressure and brain swelling mainly caused by an increased 
intravascular blood volume of sequestered parasitized red blood cells. 
For the same reason, rapid sequence intubation should be adhered 
to in order to prevent hypercapnia with a subsequent further rise in 
intracranial pressure. Some case studies report the successful treat-
ment with noninvasive positive-pressure ventilation in patients with 
malaria-associated ARDS but is likely to be applicable only for milder 
respiratory compromise in specialized settings and may have to be 
converted to invasive management.50

Shock:  Shock is a relatively rare complication of severe falciparum 
malaria occurring in around 12% of patients (“algid malaria”), and 
requires adequate fluid resuscitation and hemodynamic monitor-
ing. Massive hemorrhage, from the gastrointestinal tract or rarely a 
ruptured spleen, should be excluded. A septic screen including blood 

cultures should be repeated (as it should be performed in all cases of 
severe malaria), and appropriate broad-spectrum antibiotics admin-
istered to cover the possibility of bacterial sepsis. If inotropes are 
necessary, dopamine has been used safely in malaria, and dobutamine 
and norepinephrine may also be used though there is little experience 
with them in severe malaria. Epinephrine should be avoided as it 
induces serious lactic acidosis.39

Aggressive fluid resuscitation in the management of severe malaria 
without hemodynamic shock, in both children and adults, is not recom-
mended. In a recent trial evaluating fluid bolus therapy (20-40 mL/kg) in 
3141 African children with “compensated shock” (shock without severe 
hypotension), of whom 57% had severe malaria, mortality was 110/1202 
(9.2%) with fluid bolus therapy, and 34/591 (5.8%) without a fluid bolus, 
an increased relative risk (95% CI) of dying of 1.59 (1.10-2.31).46 In this 
report, it is unclear if pulmonary edema increased intracranial pressure 
or both complications occurring after fluid bolus therapy were respon-
sible for this increased mortality. In adults with severe malaria, a subset 
of patients will have pulmonary capillary leakage. There is currently no 
early marker to identify this group of patients in whom aggressive fluid 
therapy can obviously be harmful especially in settings where endotra-
cheal intubation and mechanical ventilation are not feasible.

Blackwater Fever:  Patients with “coca-cola” colored or red urine 
should be adequately rehydrated. Bicarbonate therapy may be consid-
ered, though there are no clinical trials evaluating this.

Rhabdomyolysis can complicate severe malaria. Plasma CPK concen-
trations are usually elevated, but overt rhabdomyolysis is rare.

Other Supportive Treatments:  Good nursing care is essential, with 
particular attention to fluid balance, management of the unconscious 
patient, and detection of potentially lethal complications such as 
hypoglycemia. Endotracheal intubation in the unconscious patient 
may be necessary to protect the airway. Many resource poor coun-
tries are reaching a stage where basic ICU care in regional hospitals 
is feasible. These developments also have great potential to reduce 
malaria mortality further.
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pulmonary embolism and nosocomial infection. In developed countries, 
this disease is likely to remain an uncommon but challenging problem 
that demands an alert and aggressive approach to initial diagnosis and 
management. If this early management is coupled with attentive sup-
portive care and avoidance of complications over a period of prolonged 
critical illness, excellent outcomes are possible in most cases.

EPIDEMIOLOGY
Historically, tetanus was a feared complication of wound infections. 
This Clostridium tetani toxin-mediated disease is one of several 
toxin-mediated diseases resulting from wound infections, along with 
staphylococcal and streptococcal toxic shock syndrome, wound botu-
lism, and wound diphtheria. Since the advent of routine vaccination 
after trauma injury and passive immunization for grossly contaminated 
wounds, tetanus has become uncommon in the United States with an 
average of 43 cases annually from 1998 to 2000.1 Worldwide it is still a 
major cause of morbidity and mortality, and remains one of the WHO 
targeted diseases. Overall, 500,000 to 1 million cases occur worldwide 
each year, with 213,000 deaths, the majority in children less than 5 years 
of age. This is mainly due to inadequate vaccination, either because of 
access to care or neonatal infections before vaccination is given. The 
male:female ratio is approximately 3 : 2, representing a greater incidence 
of tetanus-prone wounds in males. If patients have access to supportive 
care for respiratory failure and cardiovascular instability, recovery is 
possible in most cases, although the road to recovery can be quite long 
and fraught with complications of critical illness, most notably nosoco-
mial infections and venous thrombosis.

PATHOGENESIS
Clostridium tetani spores are found in the soil and the gastrointestinal 
tract of humans and many nonhuman animals. Spores gain access to 
tissues through trauma and may remain viable for months to years, but 
the incubation period is usually 7 to 10 days.2 The shorter the incubation 
period, the more severe the symptoms, and this is most likely related to 
an inoculation effect.3 The spores are resistant to boiling and antiseptics, 
but are killed by autoclaving at 121°C for 15 minutes.4 Usually spores get 
into tissues from a puncture wound, laceration, or abrasion, but inocu-
lation can also occur from tattoos, injections, burn wounds, frostbite, 
dental infections, and penetrating eye injuries.5 Neonatal cases can occur 
from umbilical stump infections.

When the spores germinate the bacteria secrete tetanospasmin 
and tetanolysin. Tetanolysin is a virulence factor that causes local 
tissue necrosis. Tetanospasmin is the toxin responsible for the clini-
cal syndrome seen in tetanus. It is a very potent toxin, with an esti-
mated minimum lethal dose being 2.5 ng/kg of body weight.6 Inside 
the bacteria, the toxin is inactive, but when a bacterial cell dies, the 
toxin is released and activated by proteases. If toxin is produced in 
larger amounts, it also accumulates in the lymphatic system of the 
invaded muscle, enters the bloodstream via the thoracic duct, and 
is disseminated throughout the body. Toxin passing from blood to 
skeletal muscle then accumulates in the nerve endings of the motor 
fibers and proceeds to the ventral horns or cranial nuclei or is taken 
up by the lymphatic system and recirculated in the blood. The rate of 
accumulation of toxin in the ventral horns of the spinal cord depends 
on the length of the neural pathway and the activity of the muscles 
involved.7 Since jaw muscles and spinal postural muscles have short 
neural pathways to the ventral horns and are continually active in the 
awake human, this is the likely explanation for trismus and neck stiff-
ness early in the course of the illness.

The toxin cleaves membrane proteins involved in neuroexocyto-
sis and neurons that are involved become incapable of transmitter 
release.8 Tetanospasmin binds to gangliosides on the membranes 
of local nerve terminals at the myoneural junction. It then enters 
peripheral neurons and is transported to neurons of the CNS via 
retrograde axonal transport. Tetanus appears when the toxin reaches 
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KEY POINTS

•• Tetanus is caused by Clostridium tetani and is a toxin-mediated disease.
•• Although rare in the USA, worldwide there are between 500,000 

and 1 million cases a year, with over 200,000 deaths.
•• It characterized by trismus, dysphagia, and localized muscle rigid-

ity near a site of injury, often progressing to severe generalized 
muscular spasms complicated by respiratory failure and cardio-
vascular instability.

•• The diagnosis of tetanus is made on clinical grounds alone. A clini-
cal diagnosis of presumed tetanus is sufficient to initiate treatment.

•• Patients with tetanus should be managed in an ICU. In severe 
cases, the first priority is control of the airway to ensure adequate 
ventilation and correction of hypotension related to hypovolemia 
and/or autonomic instability.

•• Antitoxin therapy with human tetanus immune globulin is given 
intramuscularly (500-3000 IU) as early as possible.

•• Treatment to limit continued production and absorption of toxin 
includes surgical debridement of the site of injury and antimicro-
bial therapy with intravenous metronidazole.

•• Traditionally muscle rigidity and spasms have been treated with 
high-dose benzodiazepines and narcotics. However, intravenous 
magnesium therapy should also be considered.

•• Cardiovascular instability due to autonomic dysfunction is man-
aged by ensuring normovolemia and using benzodiazepine,  
narcotic, and/or magnesium sulfate infusions when needed.

•• Supportive measures include early provision of nutrition, correc-
tion of electrolyte disturbances, subcutaneous heparin adminis-
tration for prophylaxis of deep venous thrombosis, and prompt 
antimicrobial therapy for nosocomial infection.

•• With meticulous management of the manifestations of this disease 
and careful attention to prevention of its major complications, 
complete recovery is possible in most cases.

Tetanus is often a disease of otherwise healthy active people. Fully 
developed tetanus is frequently rapidly fatal unless the patient is sup-
ported through a lengthy period of painful muscle spasms complicated 
by respiratory failure, cardiovascular instability, and increased risk of 
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spinal neurons. The neurons that are affected secrete inhibitory neu-
rotransmitters, that is, those that secrete GABA and glycine, are more 
sensitive to the toxin. Neurons that are involved become incapable 
of transmitter release and as a result there is no inhibition of motor 
reflex responses. This leads to contractions of agonist and antagonist 
muscles known as tetanic spasms. Once toxin is fixed to neurons, it 
cannot be neutralized, even with administration of antitoxin antibod-
ies. New nerve terminals and new synapses must form for resolution, 
on the order of 4 to 6 weeks.9 For this reason, therapy at the point of 
clinical tetanus is only supportive.

The effect of tetanus toxin on the neuromuscular junction is presyn-
aptic inhibition of acetylcholine release, which can result in paralysis of 
muscles. Paralysis is less frequent and usually localized to areas of high 
toxin concentration because the neuromuscular junction is not as sensi-
tive to tetanus toxin as the inhibitory neurons. Autonomic dysfunction 
occurs later in the course of the disease because of the longer neuronal 
path. Sympathetic and parasympathetic overactivity has been attributed 
to impaired neuronal inhibition of the adrenal glands.10

Because preformed circulating antibody to tetanospasmin can com-
pletely prevent development of the disease, tetanus occurs primarily in 
nonimmunized or inadequately immunized patients, particularly the 
poor and elderly.11,12 Although vaccination results in antitoxoid anti-
bodies that neutralize the toxin, disease is still possible in those who 
have been properly vaccinated and receive appropriate booster doses of 
vaccine. Many conditions may impair the immune response to vaccine, 
including advanced HIV infection. The course in these may be atypical 
and milder.13

CLINICAL MANIFESTATIONS
The majority of cases of tetanus follow some type of trauma or injury; 
however, in 15% to 25% of cases a portal of entry cannot be determined 
(cryptogenic tetanus).14 Portal of entry can range from minor trauma 
producing a break in the skin, burn injuries, infected umbilical stumps, 
postoperative sites, ischemic ulcers, the uterus after septic abortions, 
injection sites of narcotic addicts, and untreated otitis media.15 Cases of 
tetanus have been seen in intravenous drug users associated with skin 
infections caused by use of inadequately sterilized needles.14,16 The incu-
bation period can range from 3 days to 3 weeks, but cases have occurred 
after several months. In general, the shorter the incubation period, the 
more severe the disease. However, a long incubation does not guarantee 
a mild course. A prodrome of malaise, irritability, and headache has 
been described but is usually not seen.17

There are four basic forms of tetanus that can be distinguished clini-
cally: generalized, local, cephalic, and neonatal. Only generalized, local, 
and cephalic will be described in this chapter. In the adult intensive care 
unit setting, generalized tetanus is the most likely to be encountered.

■■ GENERALIZED TETANUS
Generalized tetanus accounts for 80% of tetanus seen in clinical practice 
and is characterized by diffuse muscle rigidity affecting any voluntary 
muscle group.4 As the disease progresses, more muscle groups become 
involved. A majority of patients (75%) will present with rigidity of the 
masseter muscle (trismus), which results in difficulty with opening the 
mouth and chewing. It is not uncommon for these patients to present 
to a dentist first. Other common manifestations include neck rigidity, 
stiffness, dysphagia, and reflex spasm. As the disease evolves the main 
manifestations are muscle rigidity and reflex spasms. Muscle rigid-
ity in the facial muscles results in risus sardonicus (sardonic smile), 
while opisthotonos is caused by rigidity of the vertebral muscles and 
antigravity muscles. Vertebral fractures are not uncommon when these 
muscle groups are involved.17 Abdominal muscle involvement may 
mimic peritonitis, while nuchal rigidity can simulate meningitis. Reflex 
spasms are present in 70% of patients and can be provoked by external 
stimuli such as noise or manipulation of the patient. These spasms 
are tonic and clonic in nature and painful. Sustained spasms can lead 

to exhaustion and hypoxia in patients. Laryngeal spasm may lead to 
asphyxia; early and aggressive airway management is indicated early in 
the disease course because laryngeal spasm may occur at any time in the 
disease course.15 In the Edmondson and Flowers series of 100 patients, 
trismus and dysphagia (described as sore throat) were the presenting 
symptoms in 75 cases and neck and back stiffness in 14 cases. However, 
in 88 cases, it was possible to demonstrate trismus on initial physical 
examination.14,18

Spasms are initially tonic, followed first by high-frequency and 
then low-frequency clonic activity. In very severe tetanus, spasms may 
occur so frequently that status epilepticus may be suspected, and may 
be forceful enough to cause fractures of long bones and of the spine. 
Spasm-induced damage to muscles can also result in rhabdomyolysis 
complicated by acute renal failure.19 Spasms may be initiated by touch, 
noise, lights, and swallowing, even in the sleeping patient. Spasms severe 
enough to require treatment may persist for up to 6 weeks.

In addition to being extremely painful, spasms can produce a variety 
of significant secondary effects. Apnea occurs when spasms involve the 
respiratory muscles or larynx. Paralysis of skeletal muscles may occur 
following periods of sustained spasms due to presynaptic inhibition of 
acetylcholine release at the neuromuscular junction. Similarly, paralysis 
of urinary bladder musculature together with spasm of perineal muscles 
has been implicated in causing acute urinary retention. In pregnancy, 
spasms can cause abortion or miscarriage, although the fetus is not 
directly affected, since the toxin does not cross the placenta. Inadequately 
treated spasms can also produce fever, although secondary infection and 
direct and indirect actions of toxin on hypothalamic temperature regula-
tion are often implicated.

The autonomic nervous system dysfunction of severe tetanus usu-
ally occurs 1 to 2 weeks after the onset of the disease but may occur 
earlier.20 Manifestations of impaired sympathetic inhibition include 
tachycardia, labile hypertension alternating with hypotension, periph-
eral vasoconstriction, fever, and profuse sweating. Overactivity of 
the parasympathetic nervous system causes increased bronchial and 
salivary gland secretions, bradycardia, and sinus arrest.21 These hemo-
dynamic findings are similar to those seen in pheochromocytomas. 
Additional complications include pulmonary edema, myocardial 
dysfunction, acute respiratory distress syndrome, pneumonia, sepsis, 
pulmonary embolism, gastrointestinal bleeding, and poor nutritional 
status.1

■■ LOCALIZED TETANUS
Localized tetanus is a less common presentation of tetanus and is char-
acterized by rigidity of the group of muscles in close proximity to the 
site of injury without systemic signs. The presence of circulating anti-
toxin prevents the systemic spread of the toxin, but there is not enough 
antitoxin to stop local toxin uptake at a wound site. The toxin causes 
painful muscle contractions that can last for weeks. The disease may be 
mistaken for pain-induced muscle spasms.17 Local tetanus may develop 
into generalized tetanus but is usually milder and less likely to be fatal, 
with mortality of approximately 1%.4

■■ CEPHALIC TETANUS
Cephalic tetanus is a rare form of the disease, occurring with otitis 
media, following head trauma or chronic infection or the head and neck. 
Cephalic tetanus after scalp or facial injury tends to occur earlier with 
an incubation period of 1 day to 2 weeks.22 It only involves the cranial 
nerves and is defined as trismus plus paralysis of one or more cranial 
nerves. Although the most common cranial nerve involved is VII, any 
cranial nerve can be affected. Patients can present with a confusing 
clinical picture that may involve dysphagia, trismus, and focal cranial 
neuropathies.17 Isolated paralysis of the facial nerve may be due to Bell 
palsy or an early manifestation of cephalic tetanus.23 In cephalic tetanus, 
cranial nerve palsies may precede trismus.14,18 Progression to the gen-
eralized form can occur with cephalic tetanus and is associated with a 
poor prognosis.4,22,24
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  TABLE 79-1    Differential Diagnosis of Tetanus: Clinical Features

Tetanus Strychnine Neuroleptics SMSa Rabies Meningitis

Trismus + + + + − −

Nuchal rigidity + + + + − +

Risus sardonicus + + − − − −

Opisthotonus + + + − + −

Muscle rigidity 
(continuous)

+ + + − − −

Muscle rigidity 
(intermittent)

− − − + + −

Encephalopathy − − − − + +

Rapid course − + + − − −
aStiff-man syndrome.

  TABLE 79-2    Drugs Used in Medical Management of Tetanus

Medication Indication Dose (Usual)

HTIGa Generalized tetanus 500-3000 IU intramuscular

Metronidazole Toxin production 
(given in all cases)

500 mg IV/PO q6h

Midazolam Spasms, sedation, and 
cardiovascular instability

0.3-30.0 mg/h IV (mean =9.0 mg/h), titrate 
to effect

Magnesium 
sulfate

Spasms and cardiovas-
cular instability

40 mg/kg IV load over 30 minutes, then 1-3 g IV/h

Titrate to serum concentrations of 2-4 mmol/L

Cisatracurium Neuromuscular block-
ade for severe muscle 
spasms

1-2 µg/kg/min IV, titrate to effect

Dantrolene Rigidity and spasms 0.5-1.0 mg/kg IV q4-6h

Clonidine Cardiovascular instability 300 µg q8h via nasogastric tube
aHuman tetanus immune globulin.

DIAGNOSIS AND LABORATORY TESTING
The diagnosis of tetanus is based on clinical manifestations rather than 
laboratory tests. In areas where tetanus is endemic diagnosis is relatively 
easy, but in developed countries where the disease is less prevalent diag-
nosis can be delayed. The spatula test is a simple test that can be helpful 
in diagnosis. In the presence of tetanus, the posterior pharyngeal wall 
will contract due to a reflex contraction of the masseters when touched 
by a spatula. In a study by Apte and Kanad used the test on 400 patients 
with suspected tetanus and was found to have sensitivity of 94% and 
a specificity of 100% for diagnosing tetanus.25 Although the clinical 
presentation for tetanus is usually characteristic, there is a differential 
diagnosis that includes malignant hyperthermia, atropine poisoning or 
an adverse effect of metoclopramide, strychnine poisoning, and acute 
hypercalcemia. In some cases, the diagnosis is difficult due to an atypi-
cal presentation. For instance, dysphagia may be the major symptom. 
The major clinical features on which the diagnosis of tetanus is based 
are listed in Table 79-1 along with the features of other conditions with 
which it can be confused.

Tissue cultures are positive in less than 50% of patients.15 Since the 
organism is noninvasive, blood cultures are of little value except in diag-
nosing secondary infection. The severity of disease is inversely related 
to the duration of the incubation period, which can be defined as the 
time of injury to the first appearance of spasms. This can be useful to 
determine the timing and need for airway protection.

A complete blood count will usually show a leukocytosis with a left 
shift, and less frequently, a lymphocytosis. Examination of urine may 
reveal proteinuria and leukocytes thought to result from accumulation 
of tetanus toxin in the kidneys.23 Other nonspecific laboratory abnor-
malities include elevation of serum transaminases, increased catechol-
amine levels in serum and urine, and decreased serum cholinesterase 
level. Creatinine phosphokinase (CPK) is usually normal initially but 
generally rises with the onset of muscular spasms. Idoko and colleagues 
reported elevated cerebrospinal fluid (CSF) protein levels in 26 of 34 
(76.5%) patients with tetanus.26 The elevation of CSF protein appeared 
to correlate with disease severity. Nineteen patients with severe disease 
(10 ultimately fatal) had significantly higher CSF protein values (mean 
= 1582 mg/L) than mild cases (mean = 400 mg/L).26

TREATMENT
The goals of tetanus treatment are to reduce the production and depo-
sition of tetanospasmin, to prevent painful and potentially harmful 
muscle spasm, and to provide supportive care.10,14,15 Limiting the reach 
of tetanospasmin is accomplished by successful management of the 
responsible wound, antibiotic therapy, and administration of antitoxin. 
Muscle tetany is controlled by minimizing muscle stimulation and 
providing pharmacotherapy to prevent the muscle spasm. Supportive 

care often begins with an assessment of airway patency and the ability 
of the patient to ventilate, later shifts focus to stabilizing the circulation 
impacted by autonomic instability, and throughout requires vigilance to 
prevent complications of what is commonly a prolonged critical illness.

For this reason, patients with a presumptive diagnosis of tetanus 
should be admitted to the intensive care unit with consultation with a 
critical care specialist to help with management and complications of the 
disease.14,15,27 Because the onset of the disease ranges from less than 1 to 
12 days, even patients with mild tetanus should be observed in a high 
acuity setting for at least 1 week, or 2 weeks if symptom resolution is 
slow. Patients with incubation periods of greater than 20 days who have 
only localized rigidity can be safely discharged to a lower acuity setting 
after a few days of observation provided no progression of the disease 
has occurred. As a general rule, the peak severity of tetanus can be 
roughly estimated by the time of injury to the first appearance of spasms; 
the earlier the spasms, the more severe the disease is likely to be. This 
information can be useful to predict the timing and need for supportive 
care.17 Medications commonly used in the management of tetanus are 
listed in Table 79-2 together with their indications and usual doses.

WOUND MANAGEMENT
Aggressive surgical treatment of tetanus-producing wounds is believed 
to result in improved survival via the removal of spores and necrotic 
tissue necessary for toxin formation. Foreign bodies should be removed 
and wounds should be aggressively debrided and left open.17 The wound 
should be excised with a several centimeter margin of viable tissue, and 
amputation should be considered if gangrene is present on an extrem-
ity wound.28 The decision to perform a hysterectomy on a patient who 
develops tetanus in the postpartum period should be based on the 
presence of associated invasive bacterial sepsis, gangrene of the uterus, 
or uterine injury. Tetanus is not itself an indication for hysterectomy.23

After debridement of necrotic tissue, the wound should be cared for as any 
other wound that has not been complicated by clinical tetanus. This includes 
vigilant observation of the wound for progression or secondary infection, as 
well as the application of a topical dressing. Local antibiotic therapy targeted 
at Clostridium tetani or direct tetanus immunoglobulin instillation to the area 
has not been well studied and its role has not been well established.17

ANTITOXIN THERAPY
The administration of antitoxin to inactivate toxin already bound to the 
central nervous system has been shown to be of no benefit.17 Since only 
unbound toxin can be neutralized, therapy is aimed at giving intramus-
cular human tetanus immune globulin (HTIG). In general, HTIG is 
given as soon as possible.10,11,15 However, controversy persists regarding 
the preferred route and dosage of antitoxin. The recommended dosage 
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of HTIG ranges from 500 to 3000 units. In areas where HTIG is not 
readily available, equine antitoxin can be administered in doses 1500 to 
3000 units intramuscularly.17 The administration on pooled immuno-
globulin has also been proposed as an alternative to HTIG. Patients also 
need to receive active immunization with three doses of tetanus toxoid, 
spaced at least 2 weeks apart following recovery from the acute infection. 
Booster doses should then be given every 10 years throughout life.17

ANTIMICROBIAL THERAPY
Antibiotics are generally given both to treat infection at the injury site 
and to eliminate continued toxin production. They likely play a minor 
role in management of the disease. Metronidazole 500 mg intravenously 
every 6 hours for 10 days is the antibiotic of choice for C tetani.29 
Penicillin G, tetracycline, erythromycin, clindamycin, and chloram-
phenicol are also effective, and penicillin has traditionally been the anti-
biotic of choice.10,29 However, penicillin can aggravate spasms because it 
is a GABA antagonist and limited evidence has shown patients treated 
with intravenous penicillin have prolonged infection with positive cul-
tures lasting up to 16 days. It is also likely that most wounds associated 
with tetanus are polymicrobial and harboring β-lactamase–producing 
bacteria which penicillin would be inactivated. In a study by Ahmadsyah 
and Salim metronidazole was compared to procaine penicillin. The 
patients in the metronidazole group had a lower mortality rate, shorter 
length of stay, and better response to treatment.29 A second study by Yen 
et al compared penicillin and metronidazole showed no difference in 
mortality.30 For these reasons, penicillin is no longer recommended for 
tetanus.17,31

Complications of tetanus are numerous and frequent. The need for 
long-term endotracheal intubation and ventilatory support coupled with 
increased risk of aspiration may result in bacterial pneumonia. Other 
nosocomial infections also occur, as many patients require a long-term 
stay in an ICU. These may include infections of vascular access catheters, 
catheter-related urosepsis, and infected decubitus ulcers. Protracted 
immobilization places the patient at risk for deep venous thrombosis 
and pulmonary thromboembolism, which is commonly reported as a 
cause of death.

MINIMIZING MUSCLE SPASM
Historically, reduction of environmental stimuli that could induce mus-
cular spasm (light, noise, touch) was the mainstay of therapy for patients 
with tetanus. This remains true in locations where medical resources are 
limited. Stimulus reduction remains a goal for patients in resource rich 
environments, but pharmacotherapy now plays the central role in reduc-
ing painful and potentially dangerous muscular spasms.

■■ BENZODIAZEPINES
The most widely used medications for treatment of muscle spasms are 
the benzodiazepines. Benzodiazepines act indirectly as an agonist in 
the GABA pathway by inhibiting an endogenous inhibitor at the GABA 
receptor.10 While diazepam has been used most extensively, shorter 
acting benzodiazepines with more favorable pharmacokinetic profiles 
(such as midazolam) are also effective. These agents should be titrated 
to reduce muscle rigidity, but also provide anxiolysis and an anesthetic 
effect that may be beneficial. As doses are escalated to achieve the desired 
effect, the patient’s ability to protect his or her airway and ventilate 
may be compromised, and intubation and mechanical ventilation may 
be required if not already instituted based on the disease process (see 
“Supportive Care” below). Daily attempts to decrease the dose will pre-
vent overtreatment and minimize side effects, but care should be taken to 
avoid sudden discontinuation, which may precipitate withdrawal.

■■ NEUROMUSCULAR BLOCKING AGENTS
When therapy with sedative medication fails to adequately control 
muscular spasms, neuromuscular blocking agents should be used. 

Nondepolarizing agents such as pancuronium, vecuronium, and atracu-
rium are most commonly administered; however, cisatracurium is pre-
ferred given it’s reliable metabolism even in the setting of kidney or liver 
dysfunction.4,26,32 Patients treated with neuromuscular blockade must 
receive adequate sedation and must be supported with mechanical ven-
tilation. These medications should be stopped daily to assess the patient 
and whether continued neuromuscular blockade is necessary. Baclofen 
has also been utilized and demonstrated to be effective in several  
studies.33,34 It is most commonly used via an intrathecal route, and com-
mon adverse events include respiratory suppression, coma, and meningitis.

■■ OTHER MEDICATIONS
Propofol has been reported to prevent muscular spasms, and may be 
used as adjunctive therapy. Magnesium sulfate, which has also been 
demonstrated to improve autonomic instability (see “Supportive Care” 
below), may reduce the requirement for benzodiazepines and neuro-
muscular blocking agents.35 Dantrolene has also been described in the 
treatment of tetanus.32,35,36 Historically, barbiturates and phenothiazines 
were also given, but their use has decreased significantly given the wide-
spread availability of the alternative agents described above.

SUPPORTIVE CARE
The high mortality associated with tetanus is attributable to the high 
acuity but also the prolonged duration of illness. Supportive care begins 
with the ABCs: Airway, Breathing, and Circulatory support. However, 
the potential for prolonged critical illness makes avoidance of complica-
tions an essential goal of therapy.

■■ AIRWAY MANAGEMENT
Intensive care unit management significantly reduces the mortality 
from tetanus largely by providing airway protection and ventila-
tory support early in the disease course.27 Patients with trismus and 
localized rigidity with no evidence of respiratory compromise do 
not require prophylactic endotracheal intubation. However, patients 
with stridor from laryngospasm, diffuse rigidity, a generalized spasm, 
severe dysphagia, or any evidence of respiratory compromise should 
be intubated. While many patients require intubation for the symp-
toms of disease, others will require intubation and ventilation due to 
escalating doses of benzodiazepines or the initiation of neuromuscu-
lar blockade.

The preferred route (nasotracheal vs orotracheal) and method (awake 
vs anesthetized) of intubation depend on the clinical situation. However, 
a clinician with extensive experience in airway management, such as an 
anesthesiologist, should perform intubation if possible. An emergency 
cricothyrotomy tray should also be available at the bedside prior to 
attempted intubation. If paralysis is required to facilitate intubation, 
a nondepolarizing agent may be preferred given the increased risk of 
hyperkalemia and cardiac arrest associated with depolarizing agents in 
patients with tetanus.37 Early tracheostomy may be beneficial given that 
prolonged airway protection is common and tracheostomy may mini-
mize stimulation and consequent muscle spasm.

■■ MANAGING AUTONOMIC INSTABILITY
Late presenting autonomic instability characterized by hypertension, 
hypotension, and arrhythmias has become the most common cause of 
death in settings where respiratory support is available. The most rigor-
ously studied medication is magnesium sulfate, which was studied in a 
randomized control trial of 256 patients. Treatment with magnesium 
sulfate intravenously for 7 days led not only to a significant reduction 
in benzodiazepine and neuromuscular blocking agent administration, 
but also to a reduction in mean heart rate and use of verapamil for 
autonomic instability (14% vs 3%).35 In addition to magnesium sulfate, 
labetalol is also widely reported as an effective treatment for autonomic 
hyperactivity. It is preferred over β-blockade alone, which has been 
associated with sudden cardiac death.38 Morphine sulfate and other 
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opioid preparations, which are commonly used for analgesia in critically 
ill patients, also help treat autonomic dysfunction. Additionally, atro-
pine, clonidine, and an epidural with bupivacaine and sufentanil have 
also been used successfully.39-41

■■ OTHER CONSIDERATIONS
General critical care supportive measures should be implemented in 
patients with tetanus. These include establishing intravenous access and 
insertion of a urinary catheter to monitor urine production and prevent 
urinary retention. Stress ulcer and venothromboembolic prophylaxis 
are indicated in critically ill tetanus patients. Enteral feeding should be 
provided assuming a normal basal metabolic rate.42

PROGNOSIS
In the developing world mortality due to tetanus exceeds 50%, with 
most deaths due to acute respiratory failure and mortality is often 
higher in the elderly.10,11,14,43 In areas with modern intensive care man-
agement, mortality ranges from 10% to 15%.10,44 The leading causes of 
death in this setting are cardiovascular collapse and pneumonia. The 
general quality of critical care support is likely a key determinant of 
prognosis. In a recent study tracking mortality from severe tetanus in 
Brazil over two decades, mortality fell from 36.5% in the early time 
frame to 18.0% in the later period, likely related to general advances in 
ICU management.45

Predicting the severity of tetanus can be based on several factors. 
An incubation period of <5 days and onset of symptoms in less than 
48 hours are both indicators of poor prognosis. Extremes of age, lack of 
previous immunity, infections of the uterus, head and neck involvement, 
and early autonomic instability are also associated with more severe 
disease. There has also been a higher mortality associated with intra-
muscular quinine injection and intravenous heroin use.1,17,30

Finally, it is important to remember that recovery from tetanus 
does not guarantee natural immunity.11 Patients should begin their 
primary immunization series prior to leaving the hospital; indeed, 
since passive immunization with HTIG does not interfere with suc-
cessful active immunization, the series can begin even before the 
patient leaves the ICU.
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80
C H A P T E R Viral Hemorrhagic Fevers

Jean-Luc Benoit

KEY POINTS

•• More than 20 RNA viruses within four families (Flaviviridae, 
Arenaviridae, Filoviridae, and Bunyaviridae) cause viral hemor-
rhagic fevers (VHFs).

•• The prevalent VHFs are dengue HF, yellow fever (YF), Lassa fever 
(LF), Rift Valley fever (RVF), and hemorrhagic fever with renal 
syndrome (HFRS).

•• Emerging VHFs include Chapare, Lujo, Alkhurma, severe fever 
with thrombocytopenia syndrome (SFTS), and novel hantaviruses.

•• Hantaviruses cause HFRS in the Old World and hantavirus cardio-
pulmonary syndrome (HCPS) in the New World. HCPS manifests as  
low-pressure pulmonary edema, pleural effusions, and cardiogenic 
shock, but not VHF.

•• Mosquitoes are the vector of dengue, YF, and RVF.
•• Ticks are the vector of Crimean-Congo HF (CCHF), Omsk HF 

(OHF), Kyasanur forest disease (KFD), Alkhurma HF, and SFTS.
•• Arenaviruses and hantaviruses are rodent-borne zoonoses.
•• Exposure to domestic animals is a major mode of infection in RVF 

and CCHF.
•• RVF causes simultaneous epizootics in animals and large epidem-

ics in humans.
•• Dengue and Seoul hantavirus are urban infections. YF is endemic 

in jungles and African savannas, but also causes urban epidemics. 
The other VHFs are rural infections because of the distribution of 
ticks and rodent or bat reservoirs.

•• Nosocomial infections are a feature of CCHF, filoviruses, arena-
viruses, Andes hantavirus, and SFTS bunyavirus. This risk is high 
when standard precautions for blood-borne pathogens are not 
followed. Attempting viral isolation requires high biosafety level 
precautions (BSL 3 or 4 for most VHF pathogens).

•• The incubation period usually is shorter than 2 weeks, but longer with  
hantaviruses. The onset of illness usually is sudden, but insidious 
with arenaviruses.

•• Clues to dengue fever are urban acquisition, break-bone fever, 
rash, hemoconcentration, and thrombocytopenia. Danger signs 
for dengue HF include abdominal pain, persistent vomiting, effu-
sions, mucosal bleed, lethargy, restlessness, liver enlargement, 
hemoconcentration, and severe thrombocytopenia.

•• YF vaccine–associated viscerotropic disease (YEL-AVD) is 
encountered only rarely in recipients who are older or have abnor-
mal thymus function.
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INTRODUCTION
Viral hemorrhagic fever (VHF) starts with a nonspecific febrile pro-
drome associated with protean manifestations, followed by widespread 
endovascular insult, viral immunosuppression, multiorgan damage, 
hemorrhagic complications, and shock. The mortality rate depends on 
the pathogen, the inoculum size, and host factors.

VHF viruses belong to four families of enveloped, single-stranded 
RNA viruses: Flaviviridae, Arenaviridae, Filoviridae, and Bunyaviridae 
(Table 80-1). They infect humans through exposure to animals (zoo-
nosis), or through the bite of an arthropod vector. Person-to-person 
transmission occurs with some viruses both in community and in health 
care settings. The geographic distribution of VHFs is limited by the dis-
tribution of the arthropod vector or the natural reservoir.1,2

•• Clues to LF are insidious onset, sore throat, chest pain, cervico-
facial edema, high maternal mortality and fetal loss during preg-
nancy, and irreversible deafness.

•• Clues to filovirus (Marburg and Ebola) infections are a rash 
around the fifth day, severe bleeding, jaundice, person-to-person 
transmission in community outbreaks and nosocomial settings, 
and a very high mortality rate.

•• A delayed-onset rash is characteristic of dengue, filoviruses, and LF.
•• Jaundice and liver failure are typical of YF, CCHF, RVF, and filo-

virus HF.
•• Bleeding is often severe with CCHF, filoviruses, South American 

VHFs, and Hantaan virus–associated HFRS, but only rarely so in 
dengue and LF.

•• Neurological complications are seen in South American HF, KFD, 
Alkhurma HF, and a small minority of RVF virus infection.

•• Acute kidney injury is typical in HFRS and YF, and also seen in HCPS.
•• Ribavirin is proven effective in Lassa fever and HFRS, and may be 

effective in South American HF and CCHF.

VHFs are identified in North America, mostly in travelers. Dengue 
fever (DF) is often diagnosed in travelers, but severe DF is not common.3-7 
Yellow fever (YF) is occasionally reported in travelers even though most of 
those at risk of exposure are immunized.8,9 Lassa fever (LF) and filovirus 
HF have been reported in travelers.10-15 Such travel-associated infections 
may increase in the future due to increased high-risk “adventure” travel to 
remote areas of the world where VHF viruses are prevalent.

Acquisition of VHF in the United States occurs. Dengue is present 
on US territory.16,17 Significant rates of Seoul hantavirus infection are 
reported in rats trapped in US cities and at-risk human populations 
have evidence of prior infection.18-20 Lab accidents and person-to-person 
transmission of VHF viruses have occurred in Western countries.21,22 
Rift Valley fever could be introduced into Europe or the United States.23 
Bioterrorism is a significant threat with VHF pathogens listed on the 
group A bioterrorism agent list.24 The manifestations of VHFs depend 
on the specific pathogens, but with significant overlap (Table 80-2). 
Physicians should consider the diagnosis of VHF in the appropriate set-
ting and recognize the severity of illness, the need to implement specific 
measures to prevent spread, and the potential benefits of ribavirin.

■■ FLAVIVIRIDAE
VHF-causing Flaviviridae include dengue and YF, which are highly 
prevalent over wide geographic areas, and three geographically restricted 
infections: Omsk hemorrhagic fever, Kyasanur forest disease, and 
Alkhurma HF.

Dengue Fever and Dengue Hemorrhagic Fever 

The Pathogen and the Life Cycle  Dengue virus (DENV) is an enveloped positive-
strand RNA flavivirus. Its genome encodes three structural proteins 
and seven nonstructural proteins.25 There are four serotypes (DENV-1, 
DENV-2, DENV-3, and DENV-4) and multiple genotypes.

DF is an urban disease. DENV is transmitted from person to person 
through the bite of Aedes mosquitoes. Aedes aegypti, the most impor-
tant vector of DF, is broadly distributed in the tropical and subtropical 
regions of the world and is well adapted to survival within and around 
urban homes where its larvae infest water-filled artificial containers.26  

  TABLE 80-1    Etiology and Epidemiology of Viral Hemorrhagic Fevers

Pathogens

Disease
Geographic 
Distribution Common Modes of Human Infection ReservoirFamily Genus Virus

Flaviviridae Flavivirus Dengue viruses  
(DENV-1-4)

DHF, DSS, severe 
dengue

Asia, America, and 
Africa, mostly urban

Aedes mosquitoes especially Aedes 
aegypti in cities

Human reservoir (sylvatic cycle)

Yellow fever virus (YFV) Yellow fever South America Human infected accidentally when enter-
ing the jungle or in the African savanna

Sylvatic/jungle cycle between monkeys 
and mosquitoes

Sub-Saharan Africa Human epidemics in cities infested with 
the peridomestic Aedes aegypti

African savanna cycle between tree hole 
Aedes and monkeys

Urban cycle between Aedes aegypti 
and people

Omsk HF virus (OHFV) Omsk HF Siberia, Russia Tick bite Hard ticks (Dermacentor reticulatus)

Exposure to muskrats and their skins

Kyasanur Forest disease 
virus (KFDV)

Kyasanur Forest 
disease

South India Tick bite Hard ticks (Haemaphysalis spinigera)

Alkhurma virus (ALKV) Alkhurma HF Saudi Arabia Tick bite; butchering of camels and 
sheep; drinking unpasteurized milk

Soft ticks (Ornithodoros savignyi) 

Egypt

Arenaviridae Arenavirus Lassa virus (LASV) Lassa Fever West Africa Aerosol of urine or direct contact with 
rodent; person-to-person transmission 

Multimammate rat (Mastomys natalensis)

Lujo virus Lujo virus HF Zambia Single natural infection with  
person-to-person transmission

Probably rodent

(Continued)
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  TABLE 80-1    Etiology and Epidemiology of Viral Hemorrhagic Fevers

Pathogens

Disease
Geographic 
Distribution Common Modes of Human Infection ReservoirFamily Genus Virus

Junin virus (JUNV) Argentine HF Argentina Aerosol of urine or direct contact 
with rodent

Vesper mice (Calomys musculinus  
and C laucha)

Machupo virus (MACV) Bolivian HF Bolivia Aerosol of urine or direct contact 
with rodent 

Vesper mouse (Calomys callosus)

Guanarito virus (GTOV) Venezuelan HF Venezuela Aerosol of urine or direct contact 
with rodent 

Short-tailed cane mouse (Zygodontomys 
brevicauda)

Chapare virus Chapare HF Bolivia Unknown Unknown

Sabiá virus (SABV) Brazilian HF Brazil Unknown initial case; lab infections Unknown 

Filoviridae Marburgvirus Lake Victoria 
marburgvirus (MARV)

Marburg HF Africa Infection in caves or mines infested by 
bats; person-to-person transmission

Most likely Egyptian fruit bat (Rousettus 
aegyptiacus)

Ebolavirus Zaire (ZEBOV) Ebola HF Africa Probable exposure to tree-dwelling  
African fruit bats; person-to-person  
transmission

Probably tree-dwelling African fruit bats

Sudan (SEBOV)

Côte d’Ivoire (CIEBOV)

Bundibugyo (BEBOV)

Reston (REBOV) Nonpathogenic Philippines Handlers of monkeys and pigs Probably pigs

Bunyaviridae Nairovirus Crimean-Congo 
HF virus (CCHFV)

Crimean-Congo HF Africa, Europe, and 
Asia

Tick bite; exposure to livestock;  
person-to-person transmission

Ticks (Hyalomma marginatum)

Phlebovirus Rift Valley fever virus 
(RVFV)

Rift Valley fever Africa Mosquito bites; exposure to sheep and 
cattle; lab infections

Flood mosquitoes (Aedes mcintoshii) 

Arabian Peninsula

Severe fever with 
thrombocytopenia 
syndrome virus

Severe fever with 
thrombocytopenia 
syndrome (SFTS)

China Tick bite; person-to-person transmission Ticks (Haemaphysalis longicornis)

Hantavirus 
(HFRS group)

Hantaan virus (HTNV) HFRS (Korean HF) China, South Korea, 
Russia

Mostly primary aerosols of rodent urine, 
with low risk of secondary aerosols from 
urine, feces, and respiratory secretions

Korean striped field mouse (Apodemus 
agrarius koreae)

Amur virus (AMRV) HFRS China, South Korea, 
Russia

Like Hantaan virus Apodemus peninsulae

Dobrava-Belgrade 
virus (DOBV)

HFRS Balkans Like Hantaan virus Yellow-necked forest mouse (Apodemus 
flavicollis)

Saaremaa virus HFRS Baltic countries and 
eastern Europe

Like Hantaan virus Apodemus agrarius

Puumala virus (PUUV) HFRS (NE) Europe Like Hantaan virus Myodes glareolus

Seoul virus HFRS Worldwide in cities Like Hantaan virus Norwegian rat (Rattus norvegicus)

Hantavirus 
(HCPS group)

Sin Nombre virus (SNV) HCPS North America Primary aerosols of rodent urine; low 
risk of secondary aerosols from urine, 
feces, and respiratory secretions

Deer mouse (Peromyscus maniculatus)

New York virus (NYV) HCPS North America Like Sin Nombre virus White-footed mouse (Peromyscus leucopus)

Monongahela 
virus (MGLV)

HCPS North America Like Sin Nombre virus Deer mice (Peromyscus maniculatus)

Black Creek Canal 
virus (BCCV)

Like Sin Nombre virus Cotton rat (Sigmodon hispidus)

Bayou virus (BAYV) Like Sin Nombre virus Rice rat (Oryzomys palustris)

Andes virus (ANDV) HCPS with DIC South America Like Sin Nombre virus plus person-to-
person transmission

Oligoryzomys longicaudatus

Araraquara, Juquitiba, 
Laguna Negra, Choclo, 
Bermejo, Lechiguanas, 
Maciel, Oran virus

HCPS South America Like Sin Nombre virus Various rodents

DHF, dengue hemorrhagic fever; DIC: disseminated intravascular coagulation; DSS, dengue shock syndrome; HCPS, hantavirus cardiopulmonary syndrome; HF, hemorrhagic fever; HFRS, hemorrhagic fever with renal 
syndrome; NE: nephropathia epidemica.

(Continued)
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  TABLE 80-2    Typical Clinical Features of Major VHFs

Criteria Findings

Incubation Usually shorter than 2 weeks except in hantavirus infections  
(2-5 weeks)

Onset Sudden onset except in arenavirus infections (insidious onset)

Prodrome All VHFs have a febrile prodrome with multiple manifestations, such 
as chills, headache, myalgia, back pain, nausea, vomiting, abdomi-
nal pain, conjunctival injection, retroocular pain, and arthralgia

Severe exudative sore 
throat 

Lassa fever

Severe chest pain Lassa fever

Facial edema Lassa fever; South American HF due to arenaviruses

Rash Dengue (second to sixth day), Ebola and Marburg (around the 
fifth day), Lassa (in Caucasians)

Jaundice Yellow fever (always); CCHF, RVF, Ebola, and Marburg

Severe bleeding Rare in even severe dengue or Lassa fever

Common in yellow fever, Ebola and Marburg, CCHF, South 
American HF, the 1% of RVF cases with HF

Severe renal impairment HFRS: severe renal failure is a hallmark

Yellow fever: common renal impairment

Severe hypoxia, pleural 
effusions, and low-pres-
sure pulmonary edema

HCPS: occurs early and is one of the two major manifestations

Shock HCPS: cardiogenic shock is often the cause of death in maximally 
treated patients

Severe dengue, Lassa, HFRS, CCHF: due to endothelial damage 
with increased vascular permeability

Neurological 
manifestations

Lassa: sensorineural hearing loss common in convalescence; 
CNS damage is uncommon

South American arenaviral HF: severe encephalopathy, tongue 
tremor, dysarthria

Viral encephalitis: RVF (with or without HF), Kyasanur forest 
disease, Omsk HF

Ocular manifestations Retinitis a hallmark of RVF; retinitis can be seen in Kyasanur 
forest disease

With Marburg and Ebola, uveitis and retinitis are common

Sensorineural hearing loss Lassa fever (common, during convalescence)

Orchitis Lassa fever

Fetal loss and high 
maternal mortality

Lassa fever

Case-fatality rate Most patients infected with Lassa, RVF, Puumala, or dengue do 
well, with a minority admitted to the hospital, and <1%  
overall mortality. The mortality of admitted Lassa cases is 15%

The mortality of yellow fever and CCHF is higher (around 20%)

The mortality of HFRS depends on the specific virus: Puumala and 
Seoul are associated with a low mortality (< 1%) but Hantaan 
and Dobrava are associated with a mortality of 10%-15%

The mortality of Ebola and Marburg is very high in most  
outbreaks (up to 90%)

The tiger mosquito (Aedes albopictus) was introduced into the United 
States with recycled tires in the 1980s and has spread to at least 30 states.26 
DF outbreaks have been seen in Hawaii, Texas, and the Florida Keys.16,17,27

A primitive sylvatic transmission cycle of DENV involves canopy-
dwelling mosquitoes and primates of Asia and Africa.26 DENV can be 
transmitted through transfusion.28 Infection of pregnant women near 
term may result in fetal and neonatal illness.29

Pathogenesis  Infection by one serotype (primary dengue infection) causes 
homotypic long-term immunity with development of neutralizing 
antibodies, but only transiently protective cross-immunity to the three 
other serotypes.30 Over time, falling cross-reactive antibodies are unable 
to prevent infection by heterotypic serotypes. When subsequent hetero-
typic infection occurs (secondary dengue infection), there is a greater 
risk of severe illness. Secondary dengue infection is associated with 
antibody-dependent enhancement (ADE): The binding of nonneu-
tralizing heterotypic antibody to DENV creates virus-antibody com-
plexes that activate the complement and bind to Fc-receptor-bearing 
monocytes and macrophages, resulting in increased phagocytosis and 
intracellular replication with prolonged viremia. Antibodies to dengue 
structural precursor-membrane protein (prM) are highly cross-reactive 
and might be involved in ADE.30,31 Dengue is more severe in children 
between 4 and 12 months old who are born to seropositive mothers: 
Maternal antibody that crosses the placenta is initially protective but at 
low levels may later result in ADE.30 Dengue HF (DHF) outbreaks are 
frequently recognized in hyperendemic dengue regions where multiple 
serotypes cocirculate.

However the pathogenesis of severe dengue also involves cross-reactive 
activated memory T lymphocytes, proinflammatory cytokines (IFN-γ,  
TNF-α, and IL-10) that mediate increased endothelial permeability 
and the interval between dengue primary and secondary infections.  
A number of host factors (young age, female sex, non-African ancestry, 
and specific HLA alleles) predict severe dengue.30,31 Viral factors are 
relevant: The serotypes DENV-2 and DENV-3 are most often found in 
severe dengue. Virulent DENV genotypes cause epidemics of DHF and 
severe primary dengue.32

Epidemiology  DF is a global public health problem. After WWII, the inci-
dence of DF greatly increased in Asia where rapid urbanization and 
poorly maintained cities led to enormous A aegypti proliferation.33 The 
first DHF outbreak was recognized in the Philippines in the 1950s.33 
Dengue was uncommon in the Americas from 1947 to 1980 due to a 
successful vector elimination program.34 Because of rapid urbanization, 
the vector reinfested Latin America. From 1981, dengue epidemics were 
recognized in Latin America and the Caribbean islands. More recently, 
the incidence of DF has increased in Eastern and Western Africa. 
Dengue is endemic in more than 100 countries of Asia, Africa, and Latin 
America with annually a modeled 50 to 100 million infections, 500,000 
DHF cases, and more than 20,000 deaths.35 DF is common in travelers 
to Latin America, the Caribbean, and South Central or Southeast Asia.5,7

The Clinical Spectrum  DENV causes asymptomatic infections, mild fever, DF, 
DHF, and dengue shock syndrome (DSS). The incubation period is on 
average 4 to 7 days (range 3-14 days).

In DF (classic dengue) there is sudden onset of fever associated with 
headache, retroorbital pain, low back pain, body aches (break-bone 
fever), anorexia, vomiting, sore throat, and generalized skin flushing or 
mottling. The fever is high (102°F-105°F) for 2 to 7 days, may drop for 
12 to 24 hours then recurs (saddleback fever). A relative bradycardia 
is noted. The conjunctivae are injected, extraoccular movements are 
painful, the pharynx is erythematous, and lymphadenopathy is present. 
A maculopapular rash appears on illness day 2 to 6. Sometimes it is a 
generalized erythema with islands of normal skin (“a sea of red with 
islands of white”). Children with dengue tend to appear quiet and 
uncomfortable. At the end of the febrile phase, hemorrhagic mani-
festations may appear, usually limited to petechiae or mild epistaxis. 
Laboratory tests show leukopenia, neutropenia, thrombocytopenia, and 
elevated transaminases. Usually the thrombocytopenia worsens, the 
hematocrit rises, and lymphocytosis appears, but DF is self-limiting.

In DHF, after a typical prodrome, as the fever resolves, signs of circula-
tory failure and/or hemorrhagic manifestations appear.26,30-34 Danger signs 
include intense and continuous abdominal pain, persistent vomiting, 
clinical fluid accumulation, mucosal bleed, lethargy, restlessness, liver 
enlargement >2 cm, and the combination of hemoconcentration and rap-
idly worsening thrombocytopenia.36,37 In severe dengue, an acute increase 
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liver. YFV infects first the Kupffer cells then the hepatocytes, resulting 
in steatosis and virus-induced apoptosis with formation of Councilman 
bodies (apoptotic hepatocytes).45

Epidemiology  YF originated in Africa and was introduced to America with 
the slave trade. It was a major scourge in the 18th and 19th centuries in 
Africa and America, but vector control and the development of an effec-
tive vaccine have decreased the prevalence.

There are three transmission cycles: The jungle and the urban cycles 
are present in both America and Africa, but the intermediate cycle is 
only present in the African savannas. The jungle cycle is maintained in 
the forest canopy between monkeys and mosquitoes. Human infection 
occurs occasionally. In the savanna, treehole-breeding Aedes mosquitoes 
transmit YFV from monkeys to people and from person to person. The 
urban cycle is due to A aegypti transmission of YFV from person to per-
son with large epidemics.43 There are an estimated 200,000 clinical cases 
annually, 90% in Africa, with 30,000 deaths.8,46

Three million persons from nonendemic countries travel to endemic 
areas. During epidemics, the risk of infection of unvaccinated travelers 
may be as high as 1 in 267.46 In countries with high rates of immuniza-
tion, outbreaks are rare; however, the risk of jungle YF is unaffected 
(zoonotic transmission). At-risk travelers without contraindications 
should be immunized and provided with an international certificate of 
vaccination.43 CDC publishes YF distribution maps and lists country-
specific immunization requirements in the “yellow book.”47,48

The Clinical Spectrum  YFV infection may lead to asymptomatic infection, non-
specific fever, or a severe HF. Case fatality of clinical cases is 20% to 50%.

Three to six days after infection through a mosquito bite, the “period 
of infection” starts with a sudden onset of fever and systemic symp-
toms (headache, low back pain, and myalgia). Relative bradycardia and 
injection of the conjunctivae, face, and tip of the tongue are character-
istic. Labs show leukopenia, neutropenia, and elevated transaminases. 
After 3  to 6  days, the fever resolves and viremia is cleared (period of 
remission). In 75% to 85% of cases, the illness resolves (abortive YF). In 
15% to 25% of cases, a 3- to 8-day long period of intoxication manifests 
as a severe VHF with fever, jaundice, vomiting, epigastric pain, renal 
failure, prostration, and hemorrhagic complications. The liver is tender. 
Hemorrhagic manifestations are severe: petechiae, ecchymoses, bleeding 
from puncture sites, epistaxis, gum bleeding, metrorrhagia, melena, and 
coffee ground emesis (black vomit). Laboratory abnormalities include 
neutrophilic leukocytosis, elevated transaminases, hyperbilirubinemia, 
proteinuria, elevated creatinine, thrombocytopenia, and coagulopathy. 
Patients with hepatorenal syndrome have a high mortality. Refractory 
shock, encephalopathy, metabolic acidosis, hypoglycemia, and hypo-
thermia predict a poor outcome. Convalescence results in resolution of 
liver and kidney abnormalities.43

Diagnosis  Confirming the diagnosis of YF relies on serology using IgM-
capture ELISA, MIA (microsphere-based immunoassay), and IgG ELISA.47

Management of Yellow Fever  There is no specific therapy and management is 
supportive.43,49

17D Yellow Fever Vaccine  Since 1937, at least 500 million doses of the live, 
attenuated 17D YF vaccine have been administered. Protective immu-
nity develops in >95% of recipients and lasts for at least 30 years, but 
the WHO recommends a booster every 10 years. Vaccination of travelers 
prevents both infection and spread of YF by viremic travelers.46

The vaccine is very safe overall.50 Anaphylaxis is reported in 0.8 per 
100,000 doses, often with a history of allergy to eggs or gelatin. YF 
vaccine–associated neurologic disease (YEL-AND) rarely complicates 
primary YF immunization as manifested by viral encephalitis, acute 
disseminated encephalomyelitis (ADEM), and Guillain-Barré syndrome 
(GBS). YF vaccine is contraindicated in infants younger than 9 months 
old due to a higher risk of YEL-AND. The risk of YEL-AND is 0.4 to 
0.8 cases per 100,000 doses overall, but higher above age 65.46,51,52

YF vaccine–associated viscerotropic disease (YEL-AVD) has been 
recognized in primary vaccines since 1998.53-55 Two to five days after 

  TABLE 80-3    Warning Signs and Severe Dengue

Warning Signs Severe Dengue

Abdominal pain and tenderness Severe plasma leakage: shock and fluid 
accumulation with respiratory distress

Persistent vomiting Severe bleeding

Clinical fluid accumulation Severe organ impairment: liver, CNS, heart

Mucosal bleeding

Lethargy, restlessness

Liver enlargement >2 cm

Increased hematocrit with decrease in platelets

in vascular permeability leads to plasma leakage (hemoconcentration), 
clinical effusions (pleural, pericardial, and peritoneal effusions; hydrops 
of the gallbladder), and hypotension. Hemorrhagic complications are usu-
ally mild (petechiae) but may be more severe (purpura, large ecchymoses, 
bleeding at sites of venipuncture, and gastrointestinal bleed). Shock (DSS) 
is due to intravascular hypovolemia from plasma leakage rather than 
from bleeding. In epidemics associated with virulent DENV serotypes, 
there are many severe primary dengue cases with hepatomegaly, high 
transaminases, and liver failure.26,32 The liver pathology shows midzonal 
necrosis and Councilman bodies like in YF.26 Myocarditis and neurologic 
presentations are rare manifestations of severe dengue.38

The World Health Organization (WHO) published two clinical classi-
fications to categorize severity of dengue. A first classification defined DF, 
DHF, and DSS.33,39 A recent classification defines dengue without danger 
signs, dengue with danger signs, and severe dengue40 (Table 80-3).
Diagnosis  In primary dengue infection, IgM then IgG antibodies appear 
at the end of the febrile phase and the titers rise slowly. In secondary 
dengue infection, IgG antibodies appear early in the acute phase and the 
titers rise rapidly. IgM are positive in 80% by day 5 of illness. Various 
techniques to detect dengue antibodies are commercially available: 
Capture ELISA is highly sensitive and specific. Dengue IgM is not sero-
type specific and may cross-react with other flaviviruses.25,41 Detection 
of NS1 antigen by ELISA confirms the diagnosis early in the acute phase 
with a good sensitivity (82%) before IgM appears.25,41 PCR and viral 
isolation are only useful in epidemiological research.
Management of Severe Dengue  Patients with DF should not receive aspirin or 
ibuprofen but should be kept well hydrated. Patients with danger signs 
may deteriorate rapidly. Patients with severe dengue are admitted to 
the ICU to help manage fluid balance. Intravenous isotonic crystalloid 
fluids (0.9% normal saline or lactated Ringer solution) are helpful to 
reverse hemoconcentration but excessive infusion may result in pulmo-
nary edema. To manage refractory shock, colloidal solutions (plasma 
or dextran) and vasopressors have been tried. WHO guidelines for the 
management of severe dengue in small hospitals emphasize fluid man-
agement based on hemoconcentration and body weight.42

Dengue only requires BSL-2 precautions, and there is no person-to-
person transmission.

Yellow Fever 

The Pathogen and the Life Cycle  Yellow fever virus (YFV) is a flavivirus transmit-
ted from person to person through the bite of female Aedes aegypti and 
other mosquitoes. The genome encodes three structural proteins and 
seven nonstructural proteins.43,44 There is only one serotype, but there 
are at least seven genotypes.44 YF is present in tropical and subtropical 
regions of Africa and America. YF was endemic in North America and 
Europe but has been eradicated. YF has never been endemic in Asia, but 
the vector is present.
Pathogenesis  The pathogenesis of YF has been studied in macaques. After 
inoculation by an infected mosquito, YFV replicates locally in dendritic 
cells and draining lymph nodes. Viremia seeds lymphoid tissues and the 

section05_c74-81.indd   737 1/23/2015   12:37:42 PM

http://www.myuptodate.com


htt
ps

://k
at.

cr/
us

er/
tah

ir9
9/

PART 5: Infectious Disorders738

immunization, there is sudden onset of fever, headache, and myalgia, 
with progression to a severe multisystemic illness (hypotension, 
thrombocytopenia, renal failure, abnormal liver function, respiratory 
failure, pulmonary infiltrates, pleural effusion, myocarditis, and enceph-
alitis) with a 60% mortality rate. Vaccine virus is readily isolated. The risk 
of YEL-AVD is only 0.3 to 0.5 per 100,000 doses overall, but increases 
with age over 60 and prior thymus disorder.56-59

Infection Control and Prevention of Nosocomial Transmission  YF requires BSL-3. Strict 
precautions for VHFs are required until YF is confirmed.

Omsk Hemorrhagic Fever:  Omsk hemorrhagic fever (OHF) was recog-
nized in 1941 in western Siberia in persons exposed to muskrats or 
their skins. The virus (OHFV) was isolated in 1947. The natural cycle 
involves the meadow tick Dermacentor reticulatus and small animals. 
Muskrats introduced from Canada to western Siberia in the thirties are 
highly susceptible and shed OHFV for weeks, which amplified the natu-
ral cycle. After a short incubation (3-7 days), patients develop sudden 
onset of a high fever with headache, myalgias, conjunctival injection, 
and flushing of the face and neck. Bleeding from mucosal surfaces is 
typical, and severe cases may be complicated by gastrointestinal bleeding 
and hemoptysis. Some patients have a rash. Most improve within 1 to 
2 weeks but about a third develop a second fever with recurrence of the 
initial symptoms, bleeding, meningoencephalitis, renal involvement, or 
pneumonia. The mortality rate is 1% to 2%.

The diagnosis is confirmed by serology (OHFV IgG ELISA).60

Kyasanur Forest Disease:  Kyasanur forest disease (KFD) causes HF in 
Karnataka State in south India. People are infected through the bite 
of Haemaphysalis spinigera ticks, which feed on monkeys and other 
animals. After a short incubation, there is sudden onset of fever, along 
with headache, back pain, myalgia, vomiting, diarrhea, cough, and 
conjunctival injection, followed in some patients by hemorrhagic mani-
festations and neurological complications. Encephalitis may develop 1 to 
2 weeks after apparent recovery. The case-fatality rate is 2% to 10%. A 
formol-inactivated vaccine is used in India, but its efficacy is limited.61,62

Alkhurma Hemorrhagic Fever:  Alkhurma hemorrhagic fever virus (ALKV) 
causes HF in Saudi Arabia and in travelers returning from Egypt. The 
natural cycle involves camels, sheep, and soft ticks (Ornithodoros savi-
gnyi). Humans get infected when butchering camels and sheep, drinking 
unpasteurized milk, or through tick bites. There is sudden onset of fever, 
headache, myalgia, arthralgia, vomiting, and in severe cases bleeding 
(epistaxis, ecchymoses, petechiae, hematemesis) or neurologic complica-
tions (encephalitis) with a high case-fatality rate.63 KFDV and AHFV 
share >90% sequence homology, suggesting a common ancestral origin. 
Alkhurma virus might be a variant of KFD.62

■■ ARENAVIRIDAE
Arenaviridae are enveloped, negative-sense, single-stranded RNA 
viruses. Arenavirus refers to the granular appearance of virions: These 
grainy particles are ribosomes acquired from the host cell. The genome 
is divided in two segments.64

The family Arenaviridae contains a single genus, Arenavirus, divided in 
two groups, the Tacaribe serocomplex (New World arenaviruses), which 
includes Junin, Machupo, Guanarito, and Sabiá viruses, and the Lassa-
Lymphocytic choriomeningitis serocomplex (Old World arenaviruses), 
which includes two African VHF-causing arenaviruses: Lassa fever virus 
(LASV) in West Africa and Lujo virus, the cause of a small nosocomial 
outbreak in South Africa.65 All are category A bioterrorism agents.

Each arenavirus causes chronic infection of a specific rodent reservoir 
and humans get infected when exposed to rodents or their excreta.

Lassa Fever 

The Pathogen and the Life Cycle  LASV chronically infects the multimammate 
rat (Mastomys natalensis), which lives in and around rural houses, food 
storage areas, and crop fields. The rodent excretes LASV in its urine, 
saliva, and respiratory secretions. Humans get infected when exposed to 
the rats or their aerosolized urine.

LASV was first identified in 1969, in a missionary nurse who had 
lived in Lassa, a Nigerian village.66 There is a lot of genetic variation 
among the strains.67

Pathogenesis  LASV binds to the α-dystroglycan receptor on endothelial 
cells, resulting in a noncytolytic infection and production of high num-
bers of virions. In severe LF, there is high, sustained viremia because the 
host is unable to control viral replication, probably due to virus-induced 
immunosuppression. LASV impairs endothelial cell function: Increased 
microvascular permeability causes cervicofacial edema and pleural effu-
sions, and endothelial dysregulation causes profound and refractory 
hypotension. In even severe LF, bleeding is limited to mucosal surfaces, 
there is no liver failure, thrombocytopenia is mild, and disseminated 
intravascular coagulation is uncommon.68

Epidemiology  LASV infects an estimated 300,000 to 500,000 and kills 5,000 
to 10,000 people yearly in Western Africa.67,69 The prevalence of LASV 
antibody ranges from 7% to 20% in endemic regions.67 LF occurs in 
rural areas where Mastomys natalensis lives around homes. The rodent 
is present in most of sub-Saharan Africa, but the geographic distribu-
tion of LF is restricted to West Africa, from Senegal to Cameroon, with 
most outbreaks reported in Sierra Leone, Nigeria, Liberia, and Guinea. 
LASV transmission requires heavy precipitations: Modeling based on 
environmental factors predicts a risk map of LF that covers 80% of Sierra 
Leone and Liberia, 50% of Guinea, 40% of Nigeria, 30% of Côte d’Ivoire, 
Togo and Benin, and 10% of Ghana.70 Higher risk of human infection is 
associated with substandard housing and rodent infestation.71 Persons 
who hunt, cook, and eat these rodents are at increased risk.

Secondary person-to-person transmission occurs within villages 
through direct contact with an infected person or a corpse during 
funeral rituals. Infections of health care workers in hospitals have been 
reported in West Africa, always due to contaminated medical equipment 
or direct contact with blood, tissues, respiratory secretions, or excreta 
of an infected person. Aerosol transmission has not been documented. 
Adherence to universal precautions and barrier nursing precautions 
prevents nosocomial transmission.

LF is readily exported to nonendemic countries due to the high preva-
lence in West Africa and long incubation period. LF has been identified 
in travelers treated in the USA at least six times.10,12,13 No secondary cases 
have been documented.10

The Clinical Spectrum  More than 80% of human infections with LASV are 
mild or asymptomatic. About 5% of infected persons may be hospital-
ized, and only 1% to 2% of all infections result in death.67 However, 
about 15% to 20% of hospitalized patients die. Infection of pregnant 
women results in a high fetal demise (75%-92%) and maternal mortality 
(7% in the first trimester, 30% in the second or the third trimester, and 
50% if postpartum).67

The incubation period is between 3 and 21 days. Onset is insidious, with 
gradually increasing fever, headache, myalgia, backache, and arthralgias. 
Within a few days, most patients have a severe sore throat (with a pharyngeal 
exudate or oral ulcerations), cervical lymphadenopathy, a nonproductive 
cough, retrosternal chest pain, and conjunctivitis. Gastrointestinal symp-
toms may appear (vomiting, diarrhea, and abdominal pain).

A minority of patients develop florid LF. They have cervicofacial swelling, 
subconjunctival hemorrhages, and lung involvement. Bleeding is evident 
only in a minority (blood oozing from the nose, mouth, gastrointestinal 
tract, and puncture sites) but is usually not hemodynamically significant. 
A maculopapular or petechial rash is often observed in Caucasians. Severe 
LF manifests as shock and multiorgan failure. Neurologic complications 
(encephalopathy, meningitis, cerebellar syndrome) may appear late in the 
course. Pericarditis, uveitis, and orchitis are seen. One-third of survivors 
develop unilateral or bilateral sensorineural hearing loss.

Patients with severe LF have thrombocytopenia, lymphopenia, neu-
trophilic leukocytosis, hemoconcentration, elevated BUN, and protein-
uria. Poor prognosis is independently associated with high viremia, 
elevated AST above 150 IU/L, and bleeding. Infection during the third 
trimester of pregnancy carries a high maternal mortality and universal 
fetal loss. Delivery improves maternal survival.72

section05_c74-81.indd   738 1/23/2015   12:37:42 PM

http://www.myuptodate.com


htt
ps

://k
at.

cr/
us

er/
tah

ir9
9/

CHAPTER 80: Viral Hemorrhagic Fevers 739

Diagnosis  LASV IGM and LASV antigen are detected by ELISA early. 
Real-time-PCR is limited by strain variations. LASV can be isolated 
from the blood, body fluids, or tissues when grown in Vero cell cultures 
in a BSL-4 level laboratory.67

Management of Lassa Fever  In a randomized study performed in Sierra Leone, 
intravenous ribavirin (loading dose 2 g followed by 1 g q6h for 4 days then 
500 mg q6h for 6 days) was highly effective if started within 7  days of 
onset of LF. The mortality in cases associated with high AST was reduced 
from 55% to about 5%. Oral ribavirin was also effective, but intravenous 
convalescent plasma was not.73 Ribavirin is useful even when started later.
Infection Control and Prevention of Nosocomial Transmission  LASV is a BSL-4 agent: 
Laboratory testing should be limited to essential tests and all laboratory 
specimens require BSL-4 handling. LASV is classified as a category A 
bioterrorism agent. The CDC and local Department of Health should 
be notified for assistance with the diagnostic workup, management, and 
infection control.

LASV has caused nosocomial transmission in West Africa but not 
in developed countries. Person-to-person transmission in nosocomial 
cases involved direct contact with blood and body fluid or large particle 
inhalation, not aerosol transmission. Patients should be placed on con-
tact and airborne isolation precautions, and barrier nursing techniques 
should be used. Investigation of contact is warranted, and persons at 
high risk of exposure may benefit from postexposure prophylaxis with 
oral ribavirin.11

Lujo Virus Hemorrhagic Fever:  Lujo arenavirus caused a nosocomial 
outbreak in South Africa in 2008, resulting in HF in five patients, 
four of whom died. The index patient was infected in Zambia and 
evacuated to South Africa. During the flight, nebulization, suction-
ing, and manual ventilation resulted in infection of a paramedic. Two 
nurses and one cleaner were infected at the South African hospital. 
Only after the fifth patient became ill were barrier precautions imple-
mented. There were no further cases. The fifth patient received riba-
virin and survived.65 The clinical presentation of Lujo virus infection 
appears similar to LF.65

South American Hemorrhagic Fevers 

The Pathogens and their Life Cycle  The New World arenaviruses are Junin, 
Machupo, Guanarito, Sabiá, and Chapare viruses.74 All have a rodent 
reservoir and the clinical presentations are similar. Severe hemor-
rhagic and neurologic complications are much more common in South 
American HF than in LF.

Argentine Hemorrhagic Fever (Junin Virus) 

Pathogen and Epidemiology  Argentine hemorrhagic fever (AHF) was identi-
fied in 1955 around Junin, a town located in north central Argentina. 
Junin virus (JUNV) was isolated. The endemic area initially limited to a 
16,000 km2 area of Pampas around Junin has increased to 150,000 km2 
of rich farmland.75 Field rodents are the reservoir.75 Infection is through 
exposure to aerosols of rodent body fluids or excreta. Before immuni-
zation campaigns, there were 100 to 800 cases annually.76 Agricultural 
workers are exposed from March to June when harvesting corn and soy-
bean. Person-to-person transmission occurs.77 Nosocomial transmission 
is due to exposure to the blood and tissues of infected patients.
Clinical Manifestations  Most infections are symptomatic.78 After an incuba-
tion of 5 to 21 days, there is insidious onset of fever, headache, myalgia, 
back pain, gastrointestinal symptoms, retroorbital pain, photophobia, 
and dizziness. Physical examination may show trunk and cervicofa-
cial flushing, periorbital edema, conjunctival injection, oral erythema, 
and cervical adenopathy. Gingival and vaginal bleeding is common. 
Neurologic symptoms (irritability, lethargy, and tremor of the hand and 
tongue) and axillary petechiae may develop.

The neurological-hemorrhagic phase starts 8 to 12 days after onset in 
20% to 30% of patients. Severe hemorrhagic manifestations and severe 
neurological complications are characteristic. The case-fatality rate of 
untreated, recognized cases is 10% to 30%.68 The association of a platelet 
count below 100,000/mm3 and a white cell count below 2500 cells/mm3 

was 87% sensitive and 88% specific for the diagnosis of AHF. Proteinuria 
above 1 g/L was highly specific but not sensitive (44%).76

Diagnosis  RT-PCR, IgM, Junin Ag detection, and viral isolation help con-
firm the diagnosis.
Management  Convalescent serum used within 8 days of onset decreases 
mortality from 16.5% to 1.1%, but in 10% of recipients causes a transient, 
late neurologic syndrome.76,77 Ribavirin is effective when started early.79

Vaccine  A live, attenuated Junin virus vaccine is used in Argentina. In 
a randomized trial in agricultural workers, its efficacy was 95% with 
minor adverse effects.80 The vaccine has been provided to more than 
250,000 persons.75

Infection Control and Prevention of Nosocomial Transmission  JUNV is a BSL-4 agent 
and is classified as category A bioterrorism agent. JUNV causes person-
to-person transmission in nosocomial outbreaks through direct contact 
with blood and body fluid, and barrier nursing appears highly effective.

Bolivian Hemorrhagic Fever (Machupo Virus) 

Pathogen and Epidemiology  Bolivian hemorrhagic fever (BHF) was first recog-
nized in 1959 in the Beni Department of Bolivia, an agricultural region 
near the Amazon River. Machupo virus (MACV) was named after a 
local river. The reservoir is a field rodent that lives in and around rural 
houses and in fields. Trapping the rodents stopped the first outbreak. 
More outbreaks have been reported recently.81 Humans are infected by 
aerosols of rodent excreta. Person-to-person transmission and nosoco-
mial spread have been described.75,82

Clinical Manifestations, Diagnosis, Management, and Prevention  All South American 
HF have similar clinical findings. RT-PCR, IgM, Ag detection, and viral 
isolation help confirm the diagnosis. Ribavirin appears effective in BHF.83

The Junin vaccine protects against Machupo virus challenge in guinea 
pigs and nonhuman primates. Rodent control is highly effective in pre-
venting outbreaks.

Venezuelan Hemorrhagic Fever (Guanarito Virus) 

Pathogen and Epidemiology  In 1989, an outbreak of HF was recognized in the 
municipalities of Guanarito and Guanare in the Portuguesa state in north-
western Venezuela. Guanarito virus (GTOV) was identified as the cause of 
Venezuelan hemorrhagic fever (VHF). The reservoir is a rodent. Sporadic 
cases are recognized in the 9000 km2 endemic region.84,85 The emergence 
of HF is related to deforestation and human invasion of rodent habitat and 
is more common in adult men during November to January.
Clinical Manifestations, Diagnosis, and Management  The case-fatality rate is high 
(33%).86 RT-PCR, IgM, Ag detection, and viral isolation help confirm 
the diagnosis. Ribavirin is likely effective in Venezuelan HF.

Chapare Hemorrhagic Fever:  Chapare virus–associated HF was first 
recognized in 2003 in rural Bolivia in an area near Cochabamba, 
Bolivia, outside the known Machupo HF endemic zone. Chapare virus 
is closely related to Sabiá virus. The reservoir is unknown.74

Brazilian Hemorrhagic Fever 

Pathogen and Epidemiology  Sabiá virus (SABV) was first isolated in 1990 in an 
agricultural engineer infected in Sabiá, a village near São Paulo, Brazil. 
The patient was admitted 12 days after onset of a febrile illness, and was 
found to have oral erythema, conjunctival petechiae, leukopenia, and 
elevated AST. She developed severe bleeding and neurological com-
plications, and died on the fourth admission day. The autopsy showed 
diffuse pulmonary hemorrhages, hepatic congestion with focal necrosis, 
and massive gastrointestinal bleeding. A laboratory technician was 
infected and developed a severe febrile illness with headache, myalgias, 
sore throat, conjunctivitis, nausea, vomiting, diarrhea, epigastric pain, 
and bleeding gums, but survived.87 In 1994, a Yale researcher working 
in a BSL-3 laboratory was infected while centrifuging infected Vero 
cells containing Sabiá virus: Transmission most likely occurred through 
aerosols.21 After an incubation of about 8 days, there is insidious onset 
of a febrile illness associated with myalgia, headache, conjunctival injec-
tion, sore throat, nausea, vomiting, diarrhea, epigastric pain, bleeding 
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gums, and later gastrointestinal bleed. Leukopenia, thrombocytopenia, 
and proteinuria are present. One patient treated with intravenous ribavi-
rin improved within 48 hours.87 Diagnosis relies on the techniques used 
with other American HF viruses.

■■ FILOVIRIDAE
Filoviridae are filamentous, enveloped, negative-sense, single-stranded 
RNA viruses with a unique morphology: Virions have a uniform diameter 
but highly variable length and shapes, such as branching. The genome is 
nonsegmented.88 There are two genera: Ebolavirus and Marburgvirus. Lake 
Victoria marburgvirus is the single species in the genus Marburgvirus. 
Four African ebolaviruses and Reston ebolavirus are the five species in the 
genus Ebolavirus.90 Filoviruses cause HF with a very high mortality. Fruit 
bats are likely the reservoir.91-93

Marburg Hemorrhagic Fever 

The Pathogen  Lake Victoria marburgvirus (MARV) causes Marburg HF 
(MHF). Its genotypes differ by up to 21% at the nucleotide level.94 MARV 
was identified in 1967 in Marburg, Germany, among scientists who had 
handled the tissues of African green monkeys imported from Uganda. 
This outbreak also caused laboratory-associated cases in Frankfurt, 
Germany, and Belgrade, Yugoslavia. MARV infected 25 laboratory 
personnel (primary cases). There were six secondary cases due to blood 
exposure among hospital staff. The mortality rate was 25%.22 A prolonged 
outbreak was identified in Durba, Democratic Republic of Congo: cases 
occurred in miners who worked in a gold mine infested with bats, in their 
household contacts and in exposed health care workers. The case mortal-
ity was 83% and the outbreak ceased only when the mine was flooded.95 
An outbreak in northern Angola included 252 cases with 90% mortality.94

Epidemiology of MHF  Cave-dwelling bats are likely the reservoir: MARV was 
detected by RT-PCR in Egyptian fruit bats (Rousettus aegyptiacus) in 
Gabon and cave roosting bats in the gold mine epidemiologically linked 
to the Durba outbreak of MHF in miners.96,97

MARV rarely infects travelers. MHF was diagnosed in 2008 in a 
Dutch woman who was exposed in the “Python Cave” (Maramagambo 
Forest, Queen Elizabeth Park, western Uganda) infested with Egyptian 
fruit-eating bats.15 In 2008, an American woman was infected during 
a trip to Uganda where she visited the same cave.14 Person-to-person 
transmission is through direct contact with blood or body fluids, but 
transmission by droplets and aerosols is possible.

Ebola Hemorrhagic Fever 

The Pathogens  Four African ebolaviruses cause Ebola HF (EHF): Zaire 
ebolavirus, Sudan ebolavirus, Côte d’Ivoire ebolavirus, and Bundibugyo 
ebolavirus. Reston ebolavirus is present in the Philippines but is not 
pathogenic.89,98 In 1976, two outbreaks of EHF occurred in southern 
Sudan and northern Zaire (Democratic Republic of the Congo). Ebola 
virus was named after a local river. Sudan ebolavirus (SEBOV) caused 
284 cases with a mortality rate of 53%. Zaire ebolavirus (ZEBOV) caused 
318 cases with a mortality rate of 88%. In 1994, Côte d’Ivoire ebolavirus 
(CIEBOV) caused a single case of HF in an ethnologist exposed to a 
dead chimpanzee.88 In 2007, Bundibugyo ebolavirus (BEBOV) caused 
an outbreak in Uganda, with 131 cases and a mortality rate of 40%.

Reston ebolavirus (REBOV) was identified in 1989 at a quarantine 
facility in Reston, Virginia, in Cynomolgus monkeys imported from 
the Philippines.88 REBOV caused later cases in Cynomolgus monkeys 
in the Philippines, some of which were exported to Italy (1992) and 
the USA (1996). Five healthy animal handlers serocoverted. REBOV is 
lethal for monkeys but is not pathogenic to humans. In 2008, REBOV 
was identified in healthy pigs and antibody detected in pig handlers in 
the Philippines.99,100

Epidemiology of Ebola Hemorrhagic Fever  Outbreaks are initiated by a single or a 
few initial zoonotic human infections likely through exposure to bats, 
followed by sustained person-to-person transmission in community 
settings or hospitals. Person-to-person transmission requires direct 
contact with patients, their body fluids, or their soiled clothes or linens. 

Zaire Ebola RNA was detected by RT-PCR in three species of African 
tree-roosting fruit bats.92,101

Pathogenesis of Filovirus Hemorrhagic Fevers  EBOV infects a number of cell types, 
including monocytes, macrophages, and dendritic cells. Hepatocellular 
necrosis results in decreased synthesis of coagulation proteins. Adreno-
cortical necrosis leads to adrenal insufficiency, hypotension, and hypo-
volemia. There is severe depletion of lymphocytes. EBOV induces the 
production of proinflammatory mediators and reactive radicals.88,102,103 
Disseminated intravascular coagulation, vasodilation, and increased 
endothelial permeability lead to shock and multiorgan failure. EBOV 
evades interferon responses.104

Clinical Manifestations of Marburg and Ebola Hemorrhagic Fever  Filoviruses cause severe 
VHFs with a high-case fatality rate. MHF is associated with a case fatality 
rate of 25% to 90%.89 EHF case fatality rates depend on the specific virus: 
BEBOV (42%), SEBOV (42%-65%), or ZEBOV (57%-90%).95,105

The incubation period ranges from 3 to 13 days.105 There is a sudden 
onset of fever, myalgia, headache, vomiting, diarrhea, abdominal pain, 
shortness of breath, sore throat, and conjunctival injection. Neurological 
symptoms may be prominent and weight loss is rapid. Severe hemor-
rhagic complications involve multiple sites. A rash, pronounced on the 
trunk, buttocks, and upper arms, is detected in 25% to 52% of patients 
on day 5 to 7 of illness. Injected conjunctivae and pharynx, lymphade-
nopathy, tender hepatomegaly, and abdominal tenderness are charac-
teristic. Laboratory tests show thrombocytopenia, initially leukopenia 
and lymphopenia, and later leukocytosis with elevated granulocytes and 
atypical lymphocytes. High transaminases predict a poor outcome.

Complications include multiorgan failure and disseminated intravas-
cular coagulation. Severe hypotension, shock, and coma are typical. The 
median survival in fatal cases is 9 days. Patients who are alive on day 14 
have a 75% survival rate. Convalescence may be complicated by orchitis, 
prolonged hepatitis, transverse myelitis, uveitis, or parotitis.
Diagnosis of Filovirus Infection  Filoviruses require BSL-4 facilities and are cate-
gory A bioterrorism agents. The CDC special pathogens branch performs 
virus isolation, Ag capture ELISA, IgM and IgG ELISA, and RT-PCR. 
Quantitative RT-PCR assay is sensitive and effective for field testing.95

Management of Filovirus Hemorrhagic Fever  The management of MHF and EHF 
is supportive. Patients are managed in a pressure-negative room with an 
anteroom in the ICU. Strict isolation and strict barrier nursing proce-
dures are effective in preventing transmission.

■■ BUNYAVIRIDAE
Bunyaviridae are enveloped single-stranded RNA viruses with a 
trisegmented RNA genome.106 The genera Orthobunyavirus, Phlebovirus, 
Nairovirus, and Hantavirus include a number of VHF-causing viruses: 
Crimean-Congo hemorrhagic fever virus, Rift Valley fever virus, severe 
fever with thrombocytopenia syndrome virus, and the hantaviruses 
associated with HFRS.

Crimean-Congo Hemorrhagic Fever:  An epidemic of Crimean hemor-
rhagic fever involved about 200 Soviet military troops in the Crimea 
in 1944. The virus was isolated in 1967 and found to be identical 
to the Congo virus, which had been isolated from a febrile patient 
in 1956 in the Belgian Congo (Democratic Republic of the Congo). 
The pathogen was renamed Crimean-Congo hemorrhagic fever virus 
(CCHFV).107

The Pathogen and Life Cycle  CCHFV belongs to the genus Nairovirus. Nucleic 
acid sequence analysis demonstrates great antigenic variation.107 The 
natural life cycle includes Hyalomma marginatum ticks, which feed on 
wild or domestic mammals and ground-feeding birds. The ticks are 
present in most of Africa and large parts of Eurasia south of the 50° 
parallel North.
Epidemiology  The geographic distribution of CCHF includes more than 
30 countries of Africa, Europe, and Asia. The incidence and the area of 
distribution are increasing.108-112 Infections are acquired through ticks, 
exposure to blood or tissues of infected livestock, and direct contact 

section05_c74-81.indd   740 1/23/2015   12:37:43 PM

http://www.myuptodate.com


htt
ps

://k
at.

cr/
us

er/
tah

ir9
9/

CHAPTER 80: Viral Hemorrhagic Fevers 741

with blood or body fluids of infected persons.113 Agriculture workers, 
veterinarians, abattoir workers, hikers, and campers are at increased 
risk. Health care workers may be infected through blood exposure.107,113 
Nosocomial transmission is common in endemic regions. Mother-to-
child transmission is reported.
Clinical Presentation  Infection is often asymptomatic. After a short incuba-
tion (3-7 days), the “prehemorrhagic period” starts with a sudden onset 
of high fever, myalgia, back pain, abdominal pain, headache, vomiting, 
diarrhea, with conjunctivitis, bradycardia, hypotension, and flushing 
of the face and upper trunk. The “hemorrhagic period” starts around 
day 3 to 5 and is mild to severe. Hepatomegaly and splenomegaly occur 
in one-third of admitted patients. Cerebral hemorrhage, massive liver 
necrosis, and progression to shock are associated with poor prognosis. 
Laboratory tests show severe thrombocytopenia, elevated transami-
nases, and disseminated intravascular coagulopathy. Mortality ranges 
from 5% to 30% in hospitalized patients. Predictors of severe outcome 
at day 5 of illness include thrombocytopenia below 20,000/mm3, white 
count above 10,000/mm3, AST above 200, and coagulopathy. Patients 
with hematemesis, melena, or somnolence have a poor prognosis.107,114

Pathogenesis  The pathogenesis of CCHF is not well understood. Patients 
who die have a high viral load and weak antibody responses. High levels 
of interleukin-10, γ-interferon, and tumor necrosis factor alpha are 
associated with high viral load and poor outcome.115

Diagnosis  RT-PCR and antigen-capture ELISA are used. IgM or IgG 
ELISA may be detected late in the course of illness. Viral isolation 
requires a BSL-4 laboratory.
Management  Treatment with ribavirin appears effective when used during 
the first 4 days but efficacy has not been proven in randomized 
trials. Supportive treatment with fresh frozen plasma and platelets is 
important.116 Prevention of nosocomial transmission involves using 
universal precautions, strict isolation, and barrier nursing precautions. 
Postexposure prophylaxis with oral ribavirin is reasonable for high-risk 
exposures.

Rift Valley Fever:  Rift Valley fever (RVF) was first identified in 1930 
as a mosquito-borne epizootic affecting sheep in the Rift Valley of 
Kenya, East Africa, along with mild febrile illness in humans. The Rift 
Valley fever virus (RVFV) was soon isolated.117

The Pathogen and Life Cycle  The RVF Phlebovirus is transmitted to humans and 
animals (cattle, sheep, goats) by mosquitoes. Floodwater Aedes mcintoshi 
are the reservoir in Africa: Females lay infected drought-resistant eggs in 
ground depressions (damboes) where they survive for years. After very 
heavy or prolonged rains, flooding induces the eggs to hatch and a new 
RVF outbreak commences when A mcintoshii females feed on animals 
and humans. Other mosquitoes amplify transmission, resulting in large 
epizootics and human epidemics. Epizootics are associated with great 
numbers of abortions, fetal malformation, and neonatal deaths in cattle 
and sheep.

Other modes of human infection involve direct contact with infected 
animals (blood, body fluids, tissues) and exposure to aerosols (amniotic 
fluid aerosols and laboratory accidents).118,119 RVFV can be transmit-
ted through aerosol when poor biosafety procedures are followed.120 
Exposure to animal products is more likely to be associated with severe 
disease probably due to a large inoculum.121,122

Epidemiology  RVFV is endemic throughout sub-Saharan Africa. Intermit-
tent epidemics infect thousands of individuals and are associated with 
large epizootics. The distribution of RVF has been enlarging. In the 
thirties RVF was described in Kenyan sheep, with only self-limited 
febrile illness in humans. Afterward, recurrent epizootics affected cattle 
and sheep in East Africa. RVF was recognized as an important human 
pathogen in the fifties when large outbreaks in South Africa caused 
significant morbidity and mortality due to retinitis, encephalitis, and 
VHF.123,124 RVF was introduced to new parts of Africa (Egypt in the 
seventies, West Africa in the eighties, and East Africa recently). The 
mortality rate in recent outbreaks was 1% to 2%.124 Extension outside 

Africa was seen in Saudi Arabia and Yemen in 2000, and in the Comoros 
Islands in 2006.119,124-126 RVF could be introduced to Europe and North 
America through the trade of livestock or airplane transport of infected 
mosquitoes. RVF could then persist in North America as the vectors are 
present and the climate is favorable.23

Clinical Presentation  During outbreaks, most infections are mild. After a 
short incubation (2-7 days), there is acute onset of a febrile prodrome 
(fever, chills, headache, photophobia, retroocular pain, myalgia, arthral-
gia, vomiting, rash) with conjunctival injection, epigastric tender-
ness, flushing, epistaxis, and scattered petechiae. Patients defervesce 
and improve within 4 to 7 days. A minority of patients develop VHF. 
Bleeding and icteric hepatitis are typical of severe HF, and epigastric 
pain, liver tenderness, and encephalopathy are common. Some develop 
hepatorenal syndrome or shock. A Saudi study of 683 patients admit-
ted to the hospital with laboratory-confirmed RVF showed an overall 
mortality of 14%, jaundice in 18%, neurological manifestations in 
17%, hemorrhagic manifestations in 7%, and ocular abnormalities in 
1%. Useful laboratory findings include elevated transaminases (98%), 
thrombocytopenia (38%), and elevated creatinine (27%). Bleeding, 
neurological manifestations, and jaundice are associated with a high 
mortality rate (45%-65%).125

Encephalitis appears in a minority of patients after initial clinical 
improvement.125,127 Retinitis is seen in about 1% of infections, but its 
manifestations are delayed by 4 weeks in most cases. It can be unilateral 
or bilateral and involves the macular and perimacular retina. Acutely, 
hemorrhages and exudates are seen near the macula, and scarring leads 
to a partial or total loss of central vision.125

Diagnosis  ELISA for RVF virus antigen and RVF IgM detection, RVF 
RT-PCR, RVF virus isolation, and RVF-specific immunohistochemical 
testing are available.

Pathogenesis  Important features of RVF HF are a fulminant, icteric hepa-
titis with diffuse necrosis of hepatocytes, bleeding associated with DIC, 
and neuroinvasion. Death may be related to bleeding, liver failure, renal 
failure, DIC, or encephalitis.120

Infection Control, Therapy, and Prevention  Nosocomial transmission has not been 
reported and universal precautions should be sufficient. Treatment is 
supportive.

An RVFV modified live virus (Smithburn strain) is broadly used in 
parts of Africa to vaccinate cattle and sheep. Vaccination should not be 
performed during epizootics; however, needles are used to immunize mul-
tiple animals. Several human vaccine candidates are being developed.128

Epidemics in the population are more likely when a large proportion 
of people are not immune, and specific weather and geography condi-
tions are present.118 Geographic information system (GIS) technology 
can predict impending outbreaks, and early immunization of livestock 
and mosquito control may prevent large outbreaks.124

Severe Fever with Thrombocytopenia Syndrome:  Severe fever with throm-
bocytopenia syndrome (SFTS) was first recognized in rural areas of 
the Hubei and Henan provinces of central China in 2009. The clinical 
presentation includes fever, gastrointestinal symptoms, thrombocyto-
penia, and leukopenia. The mortality is high (30%). The pathogen is 
a novel Phlebovirus, termed severe fever with thrombocytopenia syn-
drome virus (SFTSV).129 The virus is also referred to as Huaiyangshan 
virus (HYSV) and the illness as Huaiyangshan HF (HYSHF).130

Like other Bunyaviridae, SFTSV has a trisegmented, single-stranded 
RNA genome.130 Haemaphysalis longicornis ticks, widely distributed 
in eastern Asia and the Pacific, are the vector and feed on a variety of 
domestic and wild animals.129

After an incubation of 5 to 14 days, there is sudden onset of high fever, 
headache, myalgias, and gastrointestinal symptoms. Some individuals 
develop severe neurological symptoms, multiorgan abnormalities, and 
bleeding complications.129,131,132 Labs show thrombocytopenia, leukopenia, 
proteinuria, hematuria, and elevated transaminases, lactate dehydroge-
nase, and creatinine.
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Person-to-person transmission was documented in two outbreaks 
when family members were taking care of an ill relative in the hospital, 
likely due to direct contact with blood or respiratory secretions.131,132 
Diagnosis is confirmed by detection of SFTS RNA by RT-PCR or serol-
ogy (IgG by ELISA).

Hantaviruses:  Like other Bunyaviridae, hantaviruses are enveloped, 
negative-sense, single-stranded RNA viruses with a genome divided in 
three segments. They are maintained in nature by a specific rodent and 
excreted in the rodent urine, saliva, and respiratory secretions. The dis-
tribution of the rodent reservoir explains their restricted distribution and 
rural predominance. Seoul virus is an exception as its reservoir is Rattus 
norvegicus, the brown rat, present worldwide in urban environments.

People get infected when inhaling infectious aerosols of rodent urine, 
saliva, or respiratory secretions. Occasionally other modes of transmis-
sion are significant, such as rodent bite, wound contamination, mucosal 
exposure, or ingestion of contaminated food. Person-to-person trans-
mission is frequently reported with Andes virus.133 Of the numerous 
hantaviruses in rodents, at least 20 are pathogenic to humans.134,135

Hantaviruses are divided into Old World and New World hantaviruses.
New World hantaviruses cause the hantavirus cardiopulmonary syn-

dromes (HCPS). The most important pathogens are Sin Nombre virus in 
North America and Andes virus in South America. Both are associated 
with a high fatality rate (25%-40%).

Old World hantaviruses are responsible for hemorrhagic fever with 
renal syndrome (HFRS), prevalent in Eurasia and identified in Africa. 
Hantaan, Seoul, Dobrava, and Puumala viruses are the most common in 
Eurasia. Seoul virus is found worldwide.

The separation between HCPS and HFRS may not be absolute.20,136

Hantavirus Cardiopulmonary Syndrome:  New World hantaviruses as 
human pathogens were identified in 1993, when an outbreak of febrile 
illness followed by the rapid onset of severe respiratory distress and 
cardiogenic shock was identified in the southwestern US four-corner 
region. Sin nombre virus (SNV) was isolated and the syndrome named 
hantavirus pulmonary syndrome. The deer mouse (Peromyscus manicu-
latus) is the reservoir. There had been a great increase in the numbers 
of deer mice before the outbreak. People got infected not only outdoors 
but also indoors when cleaning buildings infested with deer mice.137 
This was not a new disease: Stored lung tissue from 1959 showed infec-
tion. SNV has been identified in at least 30 US states.138 During 1993 
to 2009, more than 500 cases were reported.139 At least 14 hantaviruses 
cause HPS in America. In North America, SNV and New York virus 
(NYV) cause HCPS, but Monongahela virus (MGLV), Black Creek 
Canal virus (BCCV), and Bayou virus (BAYV) cause renal failure with 
HCPS. At least nine hantaviruses cause HPS in South America such as 
Andes, Araraquara, and Juquitiba viruses. Andes virus is associated with 
person-to-person transmission.134,140,141

Pathogenesis  New World hantaviruses infect the lung microvascular endo-
thelium. They induce major microvascular leakage, with rapid develop-
ment of low-pressure pulmonary edema.
Clinical Manifestations  HCPS is characterized by a long incubation (2-5 weeks),  
followed by the acute onset of a febrile prodrome (myalgia, headache, 
back pain, abdominal pain, and diarrhea) with thrombocytopenia. 
Patients present to the hospital late, with symptoms of cough and 
shortness of breath. The rapid development of low-pressure, bilateral 
pulmonary edema and pleural effusions leads to respiratory failure. The 
peripheral blood shows a characteristic tetrad: thrombocytopenia, neu-
trophilic leukocytosis, hemoconcentration, and reactive immunoblasts. 
A low cardiac index associated with high systemic vascular resistance 
leads to cardiogenic shock, a major cause of death.142 Patients who sur-
vive the first few days improve but often develop polyuria and have a 
prolonged convalescence.

Andes virus (ANDV) causes HCPS in Chile, Argentina, and 
Bolivia.143 Outbreaks due to person-to-person transmission between 

family members have been reported, and the risk of transmission is 
greater when people share the same bed or exposure to blood is docu-
mented. Direct contact, aerosol from saliva/respiratory secretions, 
and sexual contact might lead to such transmission. Clinically, ANDV 
causes more severe hemorrhagic, renal, hepatic, and muscular impair-
ment than SNV does. Hemorrhagic manifestations due to DIC appear 
late in the course.
Diagnosis  Hantavirus antibody (both IgM and IgG) is detectable shortly 
after the onset of the prodrome. RT-PCR detects hantavirus early in the 
course, but hantavirus RNA rapidly drops after onset of the cardiopul-
monary phase.
Management  Management is supportive with intubation and lung-
protective low-tidal-volume ventilation. Ribavirin does not appear 
effective, maybe because patients present when the cardiopulmonary 
phase has already begun and viral replication is already decreasing.

Hemorrhagic Fever with Renal Syndrome:  Recognized during the Korean 
War (1950-1953), Korean hemorrhagic fever caused more than 3000 cases 
in United Nations troops. Hantaan virus isolated in 1978 was named after a 
South Korean river. The first virus in the genus Hantavirus is the prototype 
of severe HFRS. The Korean striped field mouse is the reservoir. In China, 
at least 1.2 million cases of HFRS due to Hantaan virus and Seoul virus 
were reported from 1950 to 1997, leading to 40,000 deaths.144 In Europe, 
most HFRS cases are caused by Puumala virus.145

Pathogens  Hantaan virus (HTNV) causes a severe HFRS. The reservoir is 
the Korean striped field mouse (Apodemus agrarius koreae), widespread 
in China, South Korea, and Russia.146

Amur virus (AMRV), related to HTNV, also causes a severe HFRS. 
The reservoir, Apodemus peninsulae, is present in South Korea, Russia, 
and China.

Dobrava-Belgrade virus (DOBV) is prevalent in the Balkans where it 
causes a severe HFRS. The reservoir is Apodemus flavicollis, the yellow-
necked forest mouse.

Saaremaa virus (SAAV), related to DOBV, causes a mild HFRS in the 
Baltic countries and Eastern Europe. The reservoir is the striped field 
mouse (Apodemus agrarius).

Puumala virus (PUUV) causes nephropathia epidemica, a mild HFRS 
with mortality below 1%. The rodent reservoir, Myodes glareolus, is 
present throughout Europe.

Seoul virus (SEOV) infects Rattus norvegicus, the Norwegian brown 
rat, distributed in urban centers worldwide.147,148 SEOV causes a mild 
HFRS, with a mortality rate of 1% to 2%. In the USA, the seroprevalence 
of Seoul virus may be greater than 50% in Norwegian rats, and below 
1% in exposed homeless populations and intravenous drug users.18,19 
Laboratory rats can be chronically infected.
Pathogenesis  HFRS-causing hantaviruses infect endothelial, renal tubular, 
and follicular dendritic cells. The infection results in increased vascular 
permeability with leakage of plasma in the tissues and the retroperi-
toneal space. The kidneys are large and edematous; pathology shows 
tubular dilation and infiltrates.
Clinical Manifestations  Infection through inhalation is followed after a 2- to 
4-week incubation by sudden onset of a febrile prodrome with associ-
ated manifestations (headache, myalgia, abdominal pain, back pain, 
vomiting, cough, flushing of face and neck, injection of conjunctiva and 
pharynx), epistaxis, petechiae, and a retroperitoneal high-protein effu-
sion that is highly characteristic of HFRS. Labs show low-grade DIC, 
thrombocytopenia, and proteinuria.

A hypotensive phase may follow. As the fever improves, the patient 
has ongoing vomiting and increasing back pain. The urine output 
decreases. Labs show leukocytosis, immunoblasts, hemoconcentration, 
thrombocytopenia, and abnormal urine (proteinuria, hematuria, leuko-
cyturia, and casts). Cardiogenic shock may develop.

An oliguric phase follows. Severe hemorrhage (hemoptysis, GI 
bleed, hematuria) and acute oliguric renal failure are typical. HTN and 
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pulmonary edema secondary to reabsorption of extravascular fluid and 
intravascular overexpansion require aggressive dialysis, which decreases 
mortality. During the subsequent polyuric phase dehydration and elec-
trolyte abnormalities are common.

HFRS is usually benign when due to SEOV and PUUV, but more 
severe when due to HTNV and DOBV. However, severe illness may 
occur with any of the viruses.
Diagnosis  Hantavirus serology IgM is usually positive at the time of 
admission to the hospital.

Hantavirus RT-PCR is much more specific, but may be negative.
Treatment  Supportive treatment emphasizes careful fluid support during 
the hypotensive phase, dialysis during the oligoanuric phase, and hydra-
tion during the polyuric phase.

Intravenous ribavirin decreases severity of illness if given within the 
first 4 days.149

Vaccines  In China and Korea, hantavirus vaccines are provided to people 
living in endemic areas (2 million doses used per year).150

■■ APPROACH TO PATIENTS WITH HEMORRHAGIC FEVER
Early consideration of VHF in the proper setting is crucial. VHF is a 
rare condition in the ICU, and the prodrome is nonspecific, leading to 
diagnostic delays. A number of VHF viruses (Lassa, Junin, Machupo, 
Marburg, Ebola, CCHF, and Andes viruses) may cause person-to-person 
transmission, including in health care settings. However, nosocomial 
transmission is much more likely in developing countries where adher-
ence to standard precautions for blood-borne pathogens is spotty. In 
modern hospitals, nosocomial transmission is well documented for 
filoviruses, but not for arenaviruses.151

VHF should be considered when a traveler to an endemic region is 
admitted with a severe febrile illness with bleeding and shock within 
2 weeks (2-5 weeks for HFRS) after returning from the trip. It is impor-
tant to determine the detailed itinerary and circumstances of the trip. 
Most VHFs are geographically restricted, but dengue and Seoul virus 
are widespread. Most VHFs are acquired in rural areas, but dengue 
and Seoul viruses are urban infections, and YF causes urban outbreaks. 
Acquiring LF during a trip to West Africa would be a significant risk 
only in the minority of travelers who spend much time in rural areas, 
take care of patients without adhering to standard precautions, or study 
rodents. The risk of YF is much greater in travelers to rural sub-Saharan 
Africa than to the Amazon, but is nil in vaccine recipients. The risk of 
filovirus infection is negligible except for rare travelers who visit specific 
caves linked with reported cases.

If the diagnosis of a VHF pathogen other than DHF is considered, the 
patient should be put on strict isolation and barrier precautions for VHF. 
In brief, the patient should be placed in a pressure-negative room with 
an anteroom where the supplies needed to maintain barrier-nursing 
precautions and to perform disinfection procedures are located. Strict 
barrier precautions use gloves, gowns, masks, shoe covers, and protec-
tive eyewear. Items used in patient care are discarded in the anteroom. 
The entry to the room is restricted to persons who must interact with 
the patient.152

Most VHF pathogens (Ebola, Marburg, Lassa, Junin, Machupo, 
Guanarito, Sabiá, CCHF, Omsk HF, KFD, and Alkhurma HF viruses) 
require BSL-4 facilities to attempt viral isolation. Other pathogens 
require BSL-3 (hantaviruses, YF virus, RVF virus) or even BSL-2 
(dengue) facilities.2,152 Diagnostic testing should be performed in accor-
dance with detailed CDC recommendations. Calling either the CDC 
Office of Biosafety or the State Health Department Proper will help with 
the specific procedures required.152

Serologic testing can be performed on site using the CDC mobile 
laboratory, which can be transported emergently to any location within 
the USA.152 Autopsy and handling of corpses require adherence to bar-
rier precautions, avoidance of aerosol formation, and decontamination 
protocols.152

Supportive care provided in the ICU should emphasize a careful fluid 
management as excessive fluid infusion readily results in pulmonary 
edema. IV ribavirin is recommended for LF, South American arenaviral 
HF, HFRS, and CCHF.73 Immune plasma is effective for Junin HF where 
available. Persons at high risk of exposure to LF may benefit from oral 
ribavirin prophylaxis.153

■■ BIOTERRORISM AND WEAPONIZATION OF VHF AGENTS
In case of bioterrorism-related release of a VHF agent in a population, 
multiple HF cases would occur nearly simultaneously, most likely in 
a city. Pathogens that could be weaponized by high-tech laboratories 
include Ebola, Marburg, Lassa, Junin, Machupo, RVF, and CCHF 
viruses. However, the successful use of such pathogens by low-tech 
bioterrorists is unlikely because of the challenges involved in col-
lecting and creating aerosols of these lethal viruses without BSL-4 
facilities.2,24
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Biological Warfare
Richard H. Savel
Ariel L. Shiloh
Vladimir Kvetan

INTRODUCTION
Since the terrorist attacks of September 11, 2001, and the distribution 
of mail containing anthrax spores that led to seven deaths in the United 
States, the threat of a large-scale bioterrorist attack has become very real.1 
A recent report by the Monterey Institute for International Studies found 
a total of 121 biocrimes were committed since 1960, with a reported 
sharp rise since 1995.2,3 Reports of biological agent stockpiles and their 
weaponization by Iraq and the former Soviet Union, as well as the use of 
various biological agents by cult organizations such as the Rajneesh cult, 
Aum Shinrikyo, and Minnesota Patriots, make the possibility of their use 
by a rogue nation or nonmilitary organization a very real one.

Attack of a civilian target would cause a large number of casualties, 
panic, and civil disruption. There would be a rapid overwhelming of 
public health facilities and capabilities.4,5 It is highly likely that many if 
not the majority of patients would need some degree of critical care such 
as a ventilator or hemodynamic support. Thus the critical care physi-
cian’s role could be a central one that depends on specific knowledge 
of the various agents, and preattack preparedness, the two cornerstones 
in dealing with such a catastrophe. The main objectives of this chapter 
are to provide a concise review of individual agents likely to be used in 
a bioterrorist attack, and focus on key issues related to the intensivist  
in preparing to deal with such an event.

The Centers for Disease Control and Prevention’s strategic planning 
workgroup categorizes biological warfare agents into groups A, B, and C, 
based on capability to cause illness or death, stability of the agent, ease 
of delivery, ease of mass production, person-to-person transmissibility, 
potential for creating public fear and civil disruption, and the ability of 
the public health systems to deal with such an attack.6 Category A agents 
would have the greatest impact on public health and its infrastructure. 
Category B agents would have less impact on the public health and its 
infrastructure. Category C agents are least likely to impact on the public 
health and include various emerging infectious agents.7 This list is not 
definitive and serves only as a guideline for preparation for a bioterrorist 
attack (Table 81-1).

Recognition of a bioterrorist attack would require prompt identifi-
cation based on typical clinical syndromes, since awaiting laboratory 
confirmation of these otherwise rare illnesses might be delayed. Certain 
epidemiologic features peculiar to a bioterrorist attack help distinguish it 
from a natural outbreak of disease as outlined in Table 81-2.8,9

Because of the greater absorption surface area of the alveolar bed, a 
biological weapon is more likely to be delivered via an aerosol spray or 

81
C H A P T E R

a cloud. This would require an agent to be aerosolized into droplets or 
particle sizes of 1 to 5 µm in diameter in order to reach and be absorbed 
via the alveolar bed. Particles >5 to 10 µm would be filtered out by or 
deposited into the upper respiratory tract. However, many viruses like 
influenza, viral hemorrhagic fevers, and smallpox can be infective at these 
sites. Aerosol delivery of an agent would also give rise to unusual presen-
tations of diseases such as inhalational anthrax and pneumonic plague.10

A bioterrorist attack through the contamination of food and water is 
less likely for several reasons. Most category A agents are not transmit-
ted via food and water, while category B agents that can be transmitted 
by these routes usually cause short-term vomiting and diarrhea with a 
relatively quick recovery. Current water treatment methods effectively 
kill many biological agents and contaminating a water or food supply 
effectively would require large amounts of toxin and bacteria in order to 

  TABLE 81-1    Categorization of Potential Biological Agents

Biological Agent Disease

Category A

  Variola major Smallpox

  Bacillus anthracis Anthrax

  Yersinia pestis Plague

  Clostridium botulinum (botulinum toxin) Botulism

  Francisella tularensis Tularemia

  Filoviruses and arenaviruses (eg, Ebola virus, Lassa virus) Viral hemorrhagic fevers

Category B

  Coxiella burnetii Q fever

  Brucella spp. Brucellosis

  Burkholderia mallei Glanders

  Burkholderia pseudomallei Melioidosis

  Alphaviruses (VEE, EEE, WEE) Encephalitis

  Rickettsia prowazekii Typhus fever

  Toxins (eg, ricin, staphylococcal enterotoxin B) Toxic syndromes

  Chlamydia psittaci Psittacosis

  Food safety threats (eg, Salmonella spp, Escherichia coli O157 : H7)

  Water safety threats (eg, Vibrio cholerae, Cryptosporidium parvum)

Category C

  Emerging threat agents (eg, Nipah virus, hantavirus)

EEE, eastern equine encephalomyelitis; VEE, Venezuelan equine encephalomyelitis; WEE, western equine 
encephalomyelitis.

Reproduced with permission from Rotz LD, Khan AS, Lillibridge SR, et al. Public health assessment of 
potential biological terrorism agents. Emerging Infect Dis. February 2002;8(2):225-230.

  TABLE 81-2    Distinguishing Features of a Biological Attack

A rapid rise and fall of the epidemic curve over a short period of time (a few hours to days)

Instead of the peaks and troughs seen in natural outbreaks, there may be a steady rise in cases

A disproportionate number of people seeking care for similar symptoms

Large numbers of patients arriving from the same geographical area

Large numbers of rapidly fatal cases

A lower attack rate in people who were indoors compared to those who were outdoors

Appearance of an uncommon disease that has bioterrorism potential (eg, anthrax, plague, 
tularemia, botulism)

Increased numbers of sick or dead animals

A large number of cases within 48-72 hours of an attack suggests a bacterial agent, while 
those presenting within a few hours suggests a toxic agent

KEY POINTS

•• Unlike other mass casualty events, mass exposure to a biological 
agent is unlikely to be realized until cases start presenting and a 
high degree of suspicion is needed to realize this.

•• Specific knowledge of the various types of agents is required to 
help in the diagnosis and management.

•• Victims of class A agents such as plague, anthrax, botulinum toxin, 
smallpox, and viral hemorrhagic fever are likely to be critically ill 
and in need of the expertise of intensivists.

•• Preparedness for a mass casualty event is key in dealing with effec-
tive care of patients in the hospital setting, containment of spread 
of particularly virulent organisms, and controlling public hysteria.
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overcome any dilution factor. Furthermore, boiling water and cooking 
food destroys most agents. A recent study warns of the United States’ 
vulnerability to such an attack based on very centralized food process-
ing methods and distribution of the foods over large areas. Likely agents 
are botulinum toxin, Salmonella, Shigella, Escherichia coli, and Vibrio 
cholera.11

Contact with intact skin with any of these agents is unlikely to result 
in disease. However, if the skin integrity is compromised, the potential 
for disease exists. Current studies suggest that thorough washing with 
soap and water is sufficient to overcome even this threat.

ANTHRAX
Bacillus anthracis is a gram-positive spore-forming bacterium. It is an 
encapsulated, nonmotile, and nonhemolytic organism, and usually 
grows within 6 to 24 hours on conventional culture media. The vegeta-
tive form is incapable of surviving outside of a warm-blooded host, and 
colony counts are undetectable in water after 24 hours. As a biological 
weapon it is likely to be delivered as an aerosol. Clinically this would 
produce inhalational anthrax, the deadliest and rarest form of the dis-
ease. The cutaneous form is not considered lethal with current antibiotic 
regimens, and the gastrointestinal form is exceedingly rare with essen-
tially no cases having been reported in the United States.12,13

Inhalational anthrax occurs after spores are ingested by alveolar mac-
rophages and transported via regional lymphatics to mediastinal lymph 
nodes. Germination takes place in 2 to 5 days, but can be delayed as 
much as 60 days, after which disease rapidly occurs.13 The major viru-
lence factors are the antiphagocytic capsule and three toxin components 
(lethal factor, edema factor, and protective antigen). The three toxins 
cause edema, hemorrhage, and necrosis, producing a thoracic lymphad-
enitis and hemorrhagic mediastinitis. Death can occur despite antibiotic 
administration if toxin levels have reached a critical threshold.13

Clinically anthrax presents as a biphasic illness. The first stage is char-
acterized by nonspecific symptoms of fever, chills, weakness, headache, 
vomiting, abdominal pain, dyspnea, cough, and chest pain, lasting for 
hours up to a few days. This may be followed by a short period of appar-
ent recovery. The second stage is characterized by sudden resurgence of 
fever, shortness of breath, profound sweating that drenches the patient, 
and shock. Hypocalcemia, hypoglycemia, hyperkalemia, depression of 
the respiratory centers, and terminal acidosis are some of the biochemical 
and physiologic signs that develop in severe infections.14 Delirium, men-
ingismus, obtundation, seizures, and coma secondary to hemorrhagic 
meningitis occur in up to 50% of cases.15 Involvement of the gut is also 
a common feature of advanced disease and thought to be secondary to 
hematogenous spread (different from primary gastrointestinal anthrax) 
presenting as abdominal pain (33%), and can lead to necrotizing enteritis 
of the bowel.16 The lag period between the initial exposure and the onset 
of symptoms seems to be inversely proportional to mortality.17

Diagnosis of inhalational anthrax clinically requires a high degree 
of suspicion given that the symptoms on initial presentation can easily 
be confused with a seasonal viral syndrome. Presenting symptoms and 
routine laboratory tests are nonspecific, and the only clue prior to devel-
opment of fulminant disease may be a widened mediastinum on chest 
x-ray.18,19 The recent series of cases in the United States suggest a paren-
chymal process is likely to be more common than previously thought. 
Small pleural effusions that rapidly progress to a large size appears to 
be a consistent finding and may correlate with the progression of the 
disease. Thoracentesis yields a hemorrhagic fluid with relatively few 
white blood cells (WBCs), and is positive for the bacteria by Gram stain 
and culture. Noncontrast computed tomography (CT) scan of the chest 
is extremely helpful in determining the extent of mediastinal adenopathy 
and edema.20-22

Meningeal signs develop in 50% of cases, with contrast CT scan of the 
brain revealing diffuse leptomeningeal enhancement, with intracerebral 
and subarachnoid hemorrhages.23 Cerebrospinal fluid (CSF) is usually 
bloody and gram-positive. Gram stains of sputum are typically negative, 
while those of blood and pleural fluid are more likely to be positive. 

Blood cultures are almost always positive within 24 hours; however, lab-
oratories may presumptively assume a contamination of specimens with 
Bacillus cereus.24 Thus microbiology labs need to be notified of the sus-
picion, so they may use selective media to isolate anthrax. Confirmatory 
testing such as growth on special nutrient agars, susceptibility to lysis by 
gamma phage, direct fluorescence antibody staining, nucleic acid signa-
tures, and enzyme-linked immunosorbent assay (ELISA) for protective 
and capsule antigens are performed at level B and C laboratories of the 
Laboratory Response Network (LRN) for Bioterrorism, CDC, or the U.S. 
Army Medical Research Institute of Infectious Diseases (USAMRIID).13 
Serological testing of acute and convalescent serum is useful only 
retrospectively.

Postexposure prophylaxis for adults (including pregnant women and 
the immunosuppressed) is initially with ciprofloxacin 500 mg orally 
every 12 hours or doxycycline 100 mg every 12 hours. If the strain is 
susceptible, then amoxicillin 500 mg orally every 8 hours or the above 
dose of doxycycline can be taken. These regimens should be taken for 
60 days owing to the unpredictable latency of inhalational anthrax.13 An 
aluminum hydroxide adsorbed, licensed vaccine made of noninfectious 
sterile culture filtrate from attenuated B anthracis is available in highly 
limited supply, and only currently provided to the military; evidence 
shows it to protect against aerosol challenge. However, currently it is 
not recommended for postexposure prophylaxis in either health care 
workers or the public.32

Current CDC recommendations for empiric treatment of inhala-
tional anthrax in adults (including pregnant women and immunosup-
pressed) are ciprofloxacin 400 mg intravenously every 12 hours or 
doxycycline 100 mg intravenously every 12 hours. These should be 
given with another one or two additional antibiotics that have in vitro 
activity against anthrax (rifampin, penicillin, ampicillin, vancomycin, 
imipenem, clindamycin, chloramphenicol, or clarithromycin). If the 
strain of the organism is susceptible, then 4 million units of penicil-
lin G intravenously every 4 hours can be used. High-dose intravenous 
penicillin may provide better CNS penetration in cases associated with 
meningitis. Recent survivors of inhalational anthrax were treated with 
a combination of ciprofloxacin (based on official recommendations), 
rifampin (for increased gram-positive coverage and for its intracel-
lular mechanism of action), and clindamycin (for its ability to prevent 
expression of toxin). It is important to note that B anthracis isolates 
produce cephalosporinase, making treatment with cephalosporins such 
as ceftriaxone useless.25

As person-to-person transmission does not occur, patients can be 
cared for under standard precautions. However, it should be remem-
bered that in an act of suspected bioterrorism one would not imme-
diately know whether patients are affected with anthrax or a more 
transmissible agent such as plague, which warrants respiratory isola-
tion precautions as well (Table 81-3). Patients with cutaneous anthrax 
should be cared for under contact isolation. Specimens should be 
handled under Biosafety Level (BSL) 2 precautions. Decontamination 
of individuals exposed to the initial aerosol attack is not necessary, and 
washing with soap and water is sufficient to eliminate any secondary 
aerosolization. For contaminated hospital areas, bleach solutions and 
0.5% hypochlorite solution are adequate for decontamination.26

PLAGUE
Yesinia pestis is a nonmotile, gram-negative bipolar coccobacillus that is 
the causative agent of plague. Recently, the organism has been used as 
the hypothetical biological weapon in the TOPOFF scenario, theoreti-
cally causing thousands of casualties and widespread disruption of the 
public health system.27 The most likely route of delivery during an attack 
would be via aerosol.28

Human plague occurs worldwide and is endemic to the southwestern 
United States, with an average of 10 cases reported each year. Its natural 
reservoirs are urban and rural rodents. The transmission vector is the 
oriental rat flea (Xenopsylla cheopis). Humans become accidental hosts 
after being infected by an infected flea’s bite. Humans very rarely are 
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responsible for its propagation, except when they have the pneumonic 
form of the disease.29

Humans contract plague from the bite of an infected flea, inhalation 
of respiratory secretions of animals or humans with pneumonic forms 
of plague, or direct handling of infected animal tissues. The former is 
the most common route, while the latter two are very rare in nature and 
usually give rise to the pneumonic form of disease. In the United States, 
there were 390 cases of plague reported between 1947 and 1996. Of these 
84% were bubonic, 13% bacteremic, and 2% pneumonic. Fatality rates 
were 14%, 22%, and 57%, respectively.29,30

Yesinia pestis has a number of virulence factors including V and W 
antigens, lipopolysaccharide endotoxin, capsular envelope (antiphago-
cytic fraction I antigen), coagulase, and fibrinolysin. Bacteria inoculated 
into the skin by an infected flea become phagocytosed by mononuclear 
cells. They multiply intracellularly, eventually lysing the cells, after which 
they become resistant to further phagocytosis. Bacteria are transported 
via lymphatics to the regional lymph nodes causing inflammation and 
hemorrhagic necrosis, and subsequently give rise to the typical bubo.31

The incubation period for bubonic plague is 2 to 8 days. It presents 
with sudden onset of fever, chills, weakness, and headache. Within a few 
hours to a day patients notice the bubo, which is characterized by its sud-
den onset, absence of overlying skin lesions, marked surrounding edema, 
and extreme pain that limits the motion of the region. Buboes can occur 
in the inguinal, axillary, or cervical nodes, and can present as an 1 to 
10 cm firm, extremely tender, nonfluctuant mass.31 Subsequently, patients 
deteriorate rapidly over 2 to 4 days, having high fever, tachycardia, 
malaise, headache, vomiting, chills, alterations in mental status, prostra-
tion, and chest pain, eventually progressing to vasodilation and septic 
shock. During this time patients may have signs of disseminated intra-
vascular coagulation (DIC), with acral purpura that may progress to 
gangrene. Hematogenous spread can give rise to complications such as 
plague pneumonia (5%-15%), meningitis, hepatic and splenic abscesses, 
and endophthalmitis. Patients ultimately manifest signs of multiorgan 
failure and acute respiratory distress syndrome (ARDS). A  minority 

present with the bacteremic phase of disease (primary bacteremic plague 
without bubo formation).

Primary pneumonic plague occurs by inhalation of aerosolized bac-
teria from patients who have lung involvement secondary to fulminant 
bubonic plague, or animals (cats) with secondary plague pneumonia.32 
This is the most fatal form of the disease and its incubation time is 1 to 
3 days. It manifests suddenly with fever, chills, headache, body pains, 
weakness, and chest discomfort. As the disease progresses there is an 
increase in cough and sputum production, as well as increasing chest 
pain, hemoptysis, and hypoxia, progressing rapidly to frank respiratory 
failure. The presence of hemoptysis should alert the clinician to the pos-
sibility of primary pneumonic plague, since it is less likely to present in 
inhalational anthrax (see Table 81-3). Death usually occurs within 18 to 
24 hours after the onset of symptoms. Pulmonary complications include 
localized necrosis, cavitation, pleural effusion, and ARDS. In addition, 
the course is complicated by endotoxemia and septic shock.33

Patients with primary pneumonic plague have an infectious pneumo-
nitis at the onset of the disease. These patients are capable of a vigorous 
and highly infectious cough, and are not usually debilitated like patients 
with bubonic disease. Secondary plague pneumonia, on the other hand, 
is usually a result of hematogenous spread of the disease to the lungs. 
Usually the patient is ill for several days, debilitated, and unable to 
cough vigorously, making them less infectious. However, pneumonic 
plague (primary or secondary) should always be considered extremely 
infectious.29,31,33

Routine blood tests are nonspecific. Bacteremia initially is transient, 
and single blood cultures at presentation are only 27% positive. Blood, 
sputum, bubo aspirates, and CSF Gram stains can reveal gram-negative 
bipolar coccobacilli, while the Wayson stain shows light blue bacilli 
with dark blue polar bodies on a pink background. Automated culture 
detection systems may present a delay or even misidentify the organism. 
Thus a high level clinical suspicion of the disease should prompt imme-
diate notification of the lab. State level B or national level C (CDC or 
USAMRIID) laboratories should be notified through the LRN. Direct 

  TABLE 81-3    Differential for a Large Number of Persons Presenting With Febrile Illness and Respiratory Symptoms

Agent
Time to 
Onset Chest X-Ray Fatality

Onset to- 
Respiratory Failure

Person-to-
Person Infection Complications Diagnosis Treatment

Anthrax14,25,26 
(inhalational)

1-6 days Mediastinal widening;  
pleural effusions

90% 1-3 days None; use stan-
dard precautions

Meningitis Blood culture, Gram 
stain, ELISA for serol-
ogy and antigen

Ciprofloxacin or doxy-
cycline; addition of 
rifampin likely useful

Plague35,42–44 
(pneumonic)

2-3 days Bilateral infiltrates; 
may have pleural 
effusions

90% Within 1 day High; use 
respiratory 
isolation

Early hemoptysis Gram/Wayson stain, 
cultures, Fl Ag assay by 
ELISA, fluorescent Ab 
for F1 AG

Streptomycin or 
gentamicin or cipro-
floxacin or doxycycline

Tularemia53,55,58 2-10 days Bilateral infiltrates 
> hilar adenopathy 
> pleural effusions

30% w/o 
therapy; <5% 
with therapy

Low incidence None; use stan-
dard precautions

Regional adenopathy in 
ulcer glandular type; sepsis/ 
shock in typhoidal type

Cultures usually not 
revealing; fluorescent 
Ab, ELISA, and PCR

Streptomycin, genta-
micin, ciprofloxacin, 
or doxycycline

Legionella 2-10 days Variable, bilateral 
subsegmental 
infiltrates, or 
consolidation

15% Variable incidence None; use stan-
dard precautions

Sepsis, ARDS Urine Ag assay Azithromycin or a 
fluoroquinolone; 
for severe cases add 
rifampin

Influenza 1-2 days Variable bilateral 
interstitial or alveolar 
infiltrates

10%-25% in 
those with 
underlying 
diseases

Variable incidence High; use stan-
dard precautions

ARDS; secondary bacterial 
pneumonia

Immunofluorescence 
Ab staining, ELISA,  
tissue culture

Amantidine or 
oseltamivir or 
rimantidine; 
supportive care

Staphylococcal 
Enterotoxin B24 
(SEB)

3-12 hours No abnormalities <1% None reported None; use stan-
dard precautions

Gastrointestinal anorexia ELISA for Ag, ELISA 
for Ab

Supportive, 
antiemetics, oxygen 
support

Ricin 
(inhalation)

18-24 
hours

Likely bilateral 
infiltrates/ARDS

High Likely within 
30 hours

None; use stan-
dard recautions

Hemoptysis likely; gastro-
intestinal bleeding and 
hepatic necrosis if ingested

ELISA for Ag, ELISA 
for Ab

Supportive; activated 
charcoal if ingested

ARDS, acute respiratory distress syndrome; ELISA, enzyme-linked immunosorbent assay; PCR, polymerase chain reaction.
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fluorescence staining for fraction 1 (F1) envelope antigen, phage lyses 
of cultures, or polymerase chain reaction (PCR) assay should confirm 
identification. Acute and convalescent serum titers for antibody to F1 
antigen are retrospectively diagnostic. Chest radiographs in cases of 
bubonic plague may show small transient unilateral infiltrates. However, 
the presence of nodular or bilateral alveolar infiltrates in these patients 
is strongly associated with a more fulminant and fatal course. Primary 
pneumonic forms of plague are associated with bilateral alveolar and 
nodular infiltrates, with over half of them having pleural effusions. 
Cavitary lesions have also been noted to occur.29,31,33

Treatment requires the prompt administration of antibiotics, espe-
cially in the bacteremic and pneumonic forms. As the bacteria is capable 
of inducing an endotoxemia leading to DIC, septic shock, ARDS, and 
multiorgan failure, close observation of the patient and early resuscita-
tive measures are warranted at the earliest sign of progression toward 
a more fulminant course. These patients require aggressive volume 
resuscitation, and may need mechanical ventilation as well as vasopres-
sor support.29,31,33

Based on the Working Group on Civilian Biodefense’s recommenda-
tions for pneumonic plague, first-line therapy is with streptomycin 1 g 
IV or IM twice a day, or gentamicin 0.5 mg/kg IM or IV twice daily. 
Alternate therapies are doxycycline 100 mg IV twice daily, ciprofloxacin 
400 mg IV twice daily, or chloramphenicol 25 mg/kg IV four times daily. 
Therapy should be implemented in anyone exposed with a temperature 
>38.5°C or a new cough.28

In the setting of mass casualties where public health facilities may 
be overwhelmed, first-line therapy recommendations for postexposure 
prophylaxis in adults include doxycycline 100 mg orally twice daily, or 
ciprofloxacin 400 mg orally twice daily. Alternatively, chloramphenicol 
25 mg/kg can be used. Currently no recommendations exist for vaccina-
tion of public or health care providers in the postexposure setting.29,31,33

Patients with pneumonic forms of plague should be kept under respi-
ratory droplet isolation protocols until they have received at least 48 
hours of appropriate antibiotic therapy or shown improvement. Persons 
who have been exposed who refuse to take antibiotic prophylaxis but are 
not symptomatic do not require isolation, but need to be watched and 
treated at the first sign of cough or fever. The use of standard disposable 
surgical masks is recommended. Microbiology lab personnel should be 
aware of the potential of getting infected from handling samples during 
high-risk lab procedures, and BSL 3 precautions should be observed 
during such times.29,31,33

TULAREMIA
Tularemia is caused by a gram-negative, facultative intracellular bacte-
rium, Francisella tularensis. It is a zoonotic disease of small mammals 
and is transmitted by arthropod vectors (primarily ticks). There are two 
biovars of F tularensis. Biovar tularensis or type A is more common in 
the south-central and western United States, and is highly virulent to 
rabbits and humans. Biovar palearctica or type B is more common in 
Eurasia and less virulent to humans. The bacteria can survive for long 
periods in soil, water, and animal carcasses. Organisms infect humans 
by direct contact with mucous membranes, broken skin, ingestion, or 
inhalation. Hunters, animal handlers, and laboratory personnel work-
ing with the bacteria are at greater risk for developing disease. Only 10 
to 50 organisms are needed to cause infection in humans, via contact, 
inoculation, or inhalation. Theoretically, a biological attack with tulare-
mia would be with an aerosolized form. From the site of entry, bacteria 
are ingested by macrophages and transported to regional lymph nodes 
where they multiply and disseminate. At the site of the entry, a predomi-
nantly cell-mediated inflammatory reaction causes necrosis and granu-
loma formation. Granulomas are also formed at other target organs after 
dissemination.34

The incubation period is 3 to 5 days. Patients present with abrupt 
onset of fever, chills, headache, coryza, malaise, and weakness. A 
temperature-pulse deficit is noted in 42% of patients. Patients may 

complain of cough and chest discomfort without having signs of pneu-
monia. Patients may have varying degrees of sore throat, abdominal 
pain, arthralgias, and myalgias. If untreated, anorexia, continued 
weight loss, and debility occur over a period of weeks to months. 
Clinically the disease may present as either ulceroglandular (which 
includes glandular, oculoglandular, and pharyngeal), or pneumonic 
(typhoidal) forms.35

Ulceroglandular tularemia accounts for about 85% of natural cases, 
presenting as a cutaneous ulcer at the inoculation site within a few days 
of the onset of symptoms. The tender ulcer usually measures 0.4 to 3 cm 
in diameter, has raised edges, and is associated with regional lymph-
adenopathy. Affected lymph nodes are also tender, and can become 
fluctuant and suppurate. A minority present with the glandular form 
and no signs of skin involvement. The oculoglandular and pharyngeal 
forms refer to the primary sites of inoculation, and are associated with 
intense inflammation, edema, hemorrhage, and granulomatous disease 
of the inoculation site, as well as regional lymphadenopathy. Of interest 
is that the pharyngeal form of the disease is frequently associated with 
pneumonia.34,35

Typhoidal tularemia refers to illness without lymphadenopathy or 
signs of a portal of entry. It occurs in 15% of natural cases. It is likely 
that this is actually a primary pneumonic form of the disease, acquired 
by inhalation of the organism. Onset is more abrupt, and patients 
are more toxic, with pronounced gastrointestinal symptoms such as 
abdominal pain, prostration, and watery diarrhea. Respiratory com-
plaints and pneumonia are associated with 80% of cases. Pharyngitis, 
pleuritic chest pain, cough with minimal sputum production, and 
bronchiolitis are common, while hemoptysis is uncommon. However, 
unlike both primary pneumonic plague and inhalational anthrax, the 
disease does not usually rapidly deteriorate to respiratory failure and 
death (see Table 81-3).

Both forms of tularemia are capable of causing pneumonia, ARDS, and 
septic shock, with the need for mechanical ventilation and vasopressor 
support, although only a handful of such cases exist in the postantibiotic 
literature. Interestingly, those that did had ulceroglandular forms of the 
disease. Mortality is 35% in pneumonic forms of the disease without 
therapy. With appropriate antibiotics fatalities would be <5%. However, 
potential for widespread disability would be great.34,35

Initial laboratory tests are nonspecific. Moderate leukocytosis, eleva-
tions in lactate dehydrogenase, serum transaminases, and alkaline phos-
phatase are common. CSF may show a small elevation in protein, low 
glucose, and minimal increases in WBCs. Typically blood cultures are 
negative, owing to poor growth on standard media and a low index of 
suspicion, and historically there is usually a delay of several days before 
identification. However, organisms have been recovered from blood, 
ulcers, conjunctival exudates, sputum, gastric washings, and pharyngeal 
exudates. Direct microscopic examination using fluorescent labeled 
antibodies provides a means of rapid diagnosis. Antigen detection, PCR, 
and ELISA are also used, and these methods are available at state and 
national reference labs through the LRN. Manipulation of cultures is a 
well-known hazard to laboratory personnel, and should only be done 
under BSL 3 containment. A fourfold increase in serum antibody is also 
diagnostic, but given the fact that diagnostic levels cannot be obtained 
until 10 or more days after the onset of illness, this information is mini-
mally useful in managing an outbreak.34,35

In a large series of inhalation-acquired tularemia, 50% of the patients 
had chest x-ray abnormalities; 40% had infiltrates described as 2- to 
8-cm oval-shaped lesions with indistinct borders, mostly in the juxtahi-
lar position; 21% had unilateral hilar adenopathy always associated with 
other x-ray abnormalities; and 11% had pleural effusions.19 Pneumonia 
can occur in ulceroglandular disease, especially with the pharyngeal 
form. Interstitial patterns, cavitary lesions, bronchopleural fistulae, and 
frank ARDS have been reported on chest radiographs.18,19 Pleural fluid 
analysis shows a serosanguineous exudate with a lymphocytic predomi-
nance. Increased adenosine deaminase, lysozyme, and β2-microglobulin 
occur similarly to tuberculous effusions.34-36
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Isolation of proven cases is not required since human-to-human 
transmission does not occur. Standard precautions should be applied to 
care of patients with draining lesions or pneumonia. Decontamination 
of soiled linen and equipment can be done with heat and standard dis-
infectants.34

First-line therapy recommendations for treatment of adults in a con-
tained casualty setting are streptomycin 1 g IM twice daily or gentami-
cin 5 mg/kg IM or IV once daily, for 10 days. Alternative therapies are 
doxycycline 100 mg IV twice daily for 14 to 21 days, chloramphenicol 
15 mg/kg IV four times daily for 14 to 21 days, or ciprofloxacin 400 mg 
IV twice daily for 10 days. Of note, in the 1950s a fully virulent strepto-
mycin-resistant strain was developed that could potentially be used in 
a bioterrorist attack. Fortunately the strain was sensitive to gentamicin. 
Since gentamicin has broader gram-negative coverage and is more read-
ily available, it may be a more attractive first-line agent, especially if the 
diagnosis of tularemia is considered but in doubt.34,35

In a mass casualty setting where hospital resources are overwhelmed, 
adults can be treated with doxycycline 100 mg orally or ciprofloxacin 
500 mg orally, twice daily for 14 days. Recovery from the illness is usu-
ally within 5 to 7 days. Currently vaccination is only recommended for 
microbiology laboratory workers handling cultures.34,35

BOTULINUM
Clostridium botulinum is a ubiquitous spore-forming anaerobic bacillus 
that produces a group of seven potent neurotoxins (types A through G). 
Botulism is the clinical syndrome produced by these toxins, and naturally 
occurs in three forms: foodborne, intestinal, and wound. Sporadic outbreaks 
of botulism occur throughout the United States due to contamination of 
food sources. No waterborne cases have ever been reported.37

All cases of botulism occur secondary to absorption of toxin from gut, 
lung, or wounds into the bloodstream. Toxin is not absorbed through 
intact skin. Once absorbed it is carried to the peripheral neuromuscular 
junctions, where it binds irreversibly. The toxin is made of two polypep-
tide subunits (light and heavy chains). Toxin is endocytosed into the 
nerve terminus by virtue of its heavy chain. Subsequently, the light chain 
cleaves various components of the synaptic fusion complex, preventing 
release of acetylcholine into the synaptic cleft. This causes presynaptic 
inhibition of neuromuscular transmission, affecting cholinergic, musca-
rinic, and nicotinic receptors. Recovery may take weeks or months and is 
dependent on regeneration of new motor axons to reinnervate muscle.38

Botulinum toxin is likely to be used as an aerosol agent in a bioterrorist 
attack. Aside from the general epidemiologic clues to a bioterrorist attack, 
identification of toxin types C, D, F, and G should arouse suspicion, since 
types A, B, and E are the most common forms found in the United States. 
Botulinum toxin is the most potent toxic agent (per weight) known. Toxin 
A given in doses of 0.09 to 0.15 µg IV or IM, 0.7 to 0.9 µg inhaled, or 70 µg 
orally is enough to kill a 70-kg human. The toxin itself is colorless, odor-
less, and a relatively large protein (150,000 da). It quickly denatures under 
environmental conditions: 12 hours in air, 3 hours in sunlight, several 
minutes with heat >100°C, and 20 minutes at 0.4% mg/mL free available 
chlorine in water.37-39

The incubation period for foodborne botulism can vary from hours 
to days, but typically is between 12 and 72 hours, similar to that of the 
inhalational form. The rapidity of the onset of symptoms varies with 
the dose of the toxin, but most often is acute. Patients present initially 
with cranial nerve palsies and prominent bulbar signs of blurred vision, 
mydriasis, ptosis, diplopia, dysphonia, dysarthria, and dysphagia. A 
progressive symmetric descending flaccid muscle paralysis follows, the 
rapidity of which is also variable. It is important to note that the patient 
remains conscious throughout this time and is not febrile. Patients 
may also manifest with anticholinergic signs and postural hypoten-
sion. Nausea and vomiting may occur as nonspecific sequelae of an 
ileus. The upper airway may collapse due to weakness of oropharyngeal 
musculature, and handling of secretions may be problematic if the gag 
reflex is absent. Later the diaphragm is involved and respiratory failure 

ensues. Progression to hypercapnic and secondary hypoxic respiratory 
failure has been noted to occur within 24 hours in severe foodborne 
botulism.37-39

The diagnosis of botulism in the scenario of a bioterrorist attack 
should be made on the basis of its clinical and epidemiologic features 
mentioned above. This is because the definitive diagnosis can be delayed 
for days. The differential diagnosis for isolated cases includes stroke 
syndromes, intoxication, Guillain-Barré (Miller-Fischer variant), myas-
thenia gravis, and tick paralysis. However, for multiple cases presenting 
within a short period of time, the differential would be organophosphate 
and nerve agent poisoning (Table 81-4).

Routine laboratory tests, CSF examination, and brain imaging are unre-
markable. Electromyography (EMG) studies show normal nerve conduc-
tion velocity, normal sensory function, and decreased amplitude of action 
potentials in affected muscle groups. An incremental increase in amplitude 
after repetitive 30- to 50-Hz stimulation helps distinguish botulism from 
Guillain-Barré syndrome and myasthenia gravis, but not Eaton-Lambert 
syndrome. The edrophonium test can be transiently positive.39

Ventilatory failure should be watched for by following vital capacity 
and carbon dioxide tension on arterial blood gases. Patients without gag 
reflex are at high risk for aspiration and may need endotracheal intuba-
tion. In one large series of patients, many had significant hypoxia with-
out significant hypercapnia. The time to mechanical ventilation was up 
to 5 days after the onset of symptoms, and was required for an average 

  TABLE 81-4   � Differential Diagnosis of a Large Number of Afebrile People 
Presenting With Paralysis

Nerve Agent/
Organophosphate Toxicity Botulinum Toxin2

Mechanism of action 
Routes of acquiring

Inhibits acetylcholinesterase Inhibits presynaptic acetylcholine 
neurotransmission

Inhalation and dermal Inhalation, ingestion, and contamina-
tion of wounds; not dermally active

Onset to action Minutes to hours 12 hours to several days

Central nervous 
system effects

Agitation, confusion, delirium, 
seizures, coma

Patients remain conscious but 
anxious

Motor system 
(nicotinic receptors)

Muscle fasciculations, pain, 
progressive weakness to rigid 
paralysis

Bulbar palsy (dysarthria, dysphonia, 
dysphagia, diplopia), progressive 
descending flaccid muscle paralysis

Autonomic system 
(muscarinic receptors)

Salivation, lacrimation, urinary 
incontinence, diarrhea, vomiting

Dry mouth, variable degree of 
gastrointestinal symptoms

Respiratory signs Variable bronchoconstriction, 
rapid progression to respira-
tory failure within minutes

Comparatively slower progression 
to respiratory failure

Ocular signs Progressive miosis Mydriasis, early ptosis, 4th and 6th 
cranial nerve palsy

Cardiovascular Bradyarrythmias > tachycardia None

Electromyography Normal nerve conduction, 
decreased amplitude at low rates 
of repetitive nerve stimulation

Normal nerve conduction, 
increased amplitude at high rates 
of repetitive stimulation

Diagnosis Blood butyrocholinesterase 
and erythrocyte-cholinesterase 
levels

Mouse neutralization bioassay, 
specific toxin typing

Decontamination Only for dermal agents, char-
coal and absorptive resins, do 
not wipe (blot only)

None needed if inhalational. If 
ingested give activated charcoal

Therapy Atropine, pralidoxime, 
anticonvulsants, antiarrhythmics, 
ventilator support

Trivalent or heptavalent antitoxin, 
anxiolytics, ventilatory support

Recovery Hours to a few days Weeks to months in severe cases
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of 97  days. Aspiration pneumonia was presumed to occur in 29% of 
patients, all of whom received mechanical ventilation. Patients generally 
regained respiratory muscle strength later than in other muscle groups. 
Death from sepsis and shock were related to aspiration or ventilator-
associated pneumonia.39

Definitive diagnosis of botulism is by mouse neutralization (bioassay), 
where type-specific antitoxin is used to protect mice against toxin in 
a patient’s serum. Serum should be obtained prior to administration 
of antitoxin, as it may interfere with the assay. Results may take up to 
2 days. Gastric, stool, and vomitus samples can also be used. Samples 
should be handled under BLS 2 conditions at a level B lab.37,39

The mainstays of therapy are administration of antitoxin, ventilatory 
assistance, and supportive care. Patients presenting with foodborne 
botulism should be given activated charcoal and then antitoxin when 
available. Currently an equine botulinum antitoxin that provides passive 
immunity against types A, B, and E toxins is available from the CDC 
through state and local health departments. Prompt administration 
limits the severity of disease, but does not reverse existing paralysis. An 
investigational heptavalent antitoxin against types A through G is avail-
able in the United States Army for other toxin types. Unlike organophos-
phate poisoning, atropine is not indicated and would possibly exacerbate 
symptoms.37,39

Patients unable to handle oropharyngeal secretions should be placed 
in reverse Trendelenburg position with frequent pulmonary and oropha-
ryngeal toilet to avoid aspiration. Patients with clinical signs of respiratory 
failure require endotracheal intubation and mechanical ventilation. It is 
important to recognize that patients remain conscious throughout and 
may require sedation to relieve anxiety. Aminoglycosides, clindamycin, 
and steroids should be avoided, as they may worsen muscle atrophy and 
exacerbate neuromuscular blockade and myopathy.37,39

Postexposure prophylaxis with antitoxin is currently neither rec-
ommended nor practical. Exposed persons who are not symptomatic 
should be watched closely and given antitoxin if symptoms develop. 
Vaccination against botulinum toxin using a multivalent toxoid is advo-
cated only for military personnel and laboratory workers who may be at 
great risk. Decontamination is not required, as the agent is not dermally 
active. However, the possible use of a nerve agent should be considered 
in a scenario with many patients presenting with muscular weakness, 
and dealt with appropriately with decontamination (see Table 81-4).37,39

SMALLPOX
Smallpox vaccination ceased in 1980, after the disease was declared 
eradicated by the WHO. This has left a civilian population under the 
age of 30 totally susceptible. If the virus were ever intentionally released, 
its properties like high person-to-person transmission, viability outside 
its human host, and high fatality rate would cause colossal damage.40,41

Smallpox is caused by the variola virus of the orthopoxvirus family. 
Smallpox is highly infectious and person-to-person spread occurs by 
inhalation of expectorated respiratory droplet nuclei and by direct 
contact of the mucous membranes. Fomites such as contaminated linen 
of infected patients have also been responsible for spread. The incuba-
tion period is 12 to 14 days. Following deposition on the upper airway 
mucosa, the virus is transported to regional lymph nodes and then other 
lymphoid tissues. The virus then spreads systemically and localizes in 
small vessels of the dermis and oropharyngeal mucosa. This prodromal 
phase lasts for 3 days, and is marked by high fever, rigors, malaise, 
vomiting, headache, and backache.40,41

The clinical manifestations of smallpox are of five types. The clas-
sic or ordinary type accounted for 90% of cases with a fatality rate of 
30%. Modified type occurred in 25% of unvaccinated and 2% of vac-
cinated cases with rare fatalities. Flat type occurred in 7% of cases and 
was characterized by slow evolution of flat, soft focal skin lesions and 
severe systemic toxicity. It had a fatality rate of 95% and 33% in the 
unvaccinated and vaccinated, respectively. Hemorrhagic type was almost 
uniformly fatal, occurring in 3%, and was characterized by diffuse 

hemorrhagic manifestations and rapid progression to death even before 
any skin lesions could be discerned. Variola sine eruptione was seen in 
vaccinated persons and was characterized by a 48-hour period of febrile 
illness. Unfortunately the various types cannot be distinguished until 
they start to manifest.40,41

The classical type of disease begins acutely with prodromal symp-
toms, followed by an enanthema of the tongue, mouth, and oropharynx. 
The next day a discrete centrifugal rash, characterized by 2- to 3-mm 
reddish macules, begins on the face, hands, and forearms. These lesions 
progress to become papules and then vesicles of 3 to 5 mm in size, and 
spread centrally to cover the whole body by the fourth to seventh day. 
By the eighth day pustules of 4 to 6 mm are formed. Over the next 5 
to 8 days, the pustules become larger and have a central depression 
(umbilicated). Later they become flattened and more confluent. During 
this phase of rash another fever spike occurs. By the 13th day the lesions 
start to crust and over the ensuing week start to scab and separate, leav-
ing depressed depigmented lesions. The rash is typically more peripher-
ally distributed and homogeneous in stage when compared to the rash 
of chickenpox. Secondary infections of the rashes were reportedly not 
common. Complications of the disease included panophthalmitis and 
secondary infection causing blindness in 1%, arthritis in 2% of children, 
and encephalitis in 1%. Bronchitis was occasionally reported; however, 
pneumonia was rare.40,41

Death from the classic type of disease was reported to be most 
common during the second week. The fatality rate in the classic type 
seems directly related to the degree of confluence among the lesions. 
This may have direct bearing on the degree of fluid sequestration and 
protein loss during the vesicular and pustular stage. Renal failure, 
electrolyte imbalance, protein loss, and metabolic derangements were 
reportedly similar to those of burn victims and likely accounted for the 
majority of the morbidity of shock, infection, and death.42

The two most dreaded forms of the disease are the hemorrhagic and 
flat types. Hemorrhagic type has a predilection for pregnant women. 
There was no difference in incidence between vaccinated and unvac-
cinated individuals. It was characterized by a shorter more severe 
prodromal phase and marked prostration. Diffuse hemorrhagic lesions 
(likely due to DIC) occurred in all mucous membranes and skin, lead-
ing to sloughing of these surfaces. Pulmonary edema and hemoptysis 
were common. Patients were reportedly conscious until the very end 
and death often occurred within a week. Flat type disease was rare in 
vaccinated individuals. The prodromal fever was present throughout 
the eruptive phase of the disease, and patients were extremely toxic in 
appearance. Mucous membrane sloughing was also characteristic.40-42

It is likely that the vast majority of practicing clinicians would not 
be able to recognize smallpox in its early stages, by which time it would 
already be too late to prevent its spread. The differential diagnosis of the 
disease is quite vast, but the most common misdiagnosis would be that of 
chickenpox. Chickenpox has a less pronounced prodromal illness, a more 
centripetal rash, asynchronous evolution of the rash, quicker scab formation 
(1 week), and a fatality rate of <1%. Other illnesses that can be confused 
with smallpox are monkeypox,43 various cutaneous drug reactions, atypical 
measles, and molluscum contagiosum. Cases of hemorrhagic and flat type 
smallpox would be difficult to diagnose clinically, and would likely be mis-
diagnosed as severe meningococcemia, DIC from other diseases, Stevens-
Johnson syndrome, or a filovirus hemorrhagic fever.40-42

Notification of local, state, and national public health authorities is of 
the utmost importance, as the diagnosis of smallpox is an international 
public health emergency. Specimens should be sent to state and national 
health authorities using the LRN, under BSL 4 precautions.40-42

Demonstration of the characteristic brick-shaped virus under elec-
tron microscopy is confirmatory for an orthopoxvirus, and aggregations 
of variola virus particles called Guarnieri bodies can be found under 
light microscopy. However, none of these tests are capable of discrimi-
nating variola from other orthopoxviruses. Definitive diagnosis is by 
isolation of the virus on chorioallantoic membrane culture and further 
testing with PCR.40-42
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In a recent report, it was estimated that if as few as 10 persons were 
initially infected by a covert biological attack with smallpox, within 
1 year as many as 224,000 persons would be infected if the disease went 
unchecked. Furthermore, a combination of quarantine (25% removal of 
cases from society daily) and a mass vaccination program (reducing the 
number of transmissions by 33%) would lead to halting of an epidemic 
within 1 year, and the cumulative number of cases would be 4200. In 
order for this scenario to be feasible, it was estimated that over 9 million 
doses of vaccine would be necessary.44,45

Strict airborne and contact isolation in a negative pressure room is 
of primary importance in dealing with a case of smallpox. However, 
this is only feasible in a small, contained outbreak. In a massive out-
break separate hospitals would need to be designated for those with 
complications or more severe forms of the disease. More likely, people 
would have to be quarantined within their homes for routine sup-
portive care. Patients requiring admission to the hospital in a scenario 
like this would likely be critically ill. Keeping pace with fluid losses, 
electrolyte imbalances, and nutritional needs would be a major goal of 
therapy in these patients. This is especially true for patients with more 
confluent rashes, as well as flat type and hemorrhagic type variants of 
the disease.40-42

Currently there is no definitive treatment of the disease. Cidofovir 
(currently FDA approved for treatment of cytomegalovirus retinitis) is 
reportedly useful in preventing monkeypox and vaccinia in animals. It 
may have roles in postexposure prophylaxis and treatment of vaccinia 
vaccination complications. This drug would possibly be made available 
in a smallpox epidemic.46

Vaccination is done with reconstituted lyophilized vaccinia. It is 
applied with a bifurcated needle via 15 punctures at right angles into the 
skin overlying the deltoid without drawing blood. Successful vaccination 
is confirmed by the appearance of a characteristic Jennerian pustule 
after a week, and this provides immunity for up to 10 years, and 20 years 
with revaccination. The vaccinee must understand that there is viable 
vaccinia virus in the lesion from the moment the papule forms (2-5 days 
after vaccination) until the scab dislodges (on days 14-21). The lesions 
should be covered as there is a risk of transmission to an unvaccinated 
individual (“contact vaccinia”).46

A three-phase smallpox vaccination program was recently put forth 
by the U.S. government, under which medical and health care person-
nel are offered smallpox vaccination on a voluntary basis. The plan 
also calls for the creation of smallpox vaccination teams comprised 
of health care workers and public health officials in each state. These 
teams will assist in epidemiologic investigation and vaccination efforts 
during the first 7 to 10 days of an outbreak. Vaccination within 4 days 
of exposure will provide some protection from getting disease and will 
decrease mortality. Recently it has been established that an increase in 
the dilution of the vaccine from 1 : 5 to 1 : 10 establishes immunity, and 
this practice could substantially boost the availability of the vaccine to 
the public.46

Contraindications for vaccination include immunosuppression, 
human immunodeficiency virus (HIV) infection, history of exfoliative 
dermatologic conditions, and pregnancy. Complications of vaccina-
tion in order of frequency are infection, generalized vaccinia (usually 
self-limited), eczema vacciniatum, postvaccinial encephalitis (with 10% 
significant neurologic morbidity), and vaccinia gangrenosa (occurs in 
immunosuppressed individuals and has a high fatality rate). Vaccinia 
immune globulin (VIG) is indicated for eczema vacciniatum, and vac-
cinia gangrenosa.46

VIRAL HEMORRHAGIC FEVER
Viral hemorrhagic fever (VHF) is caused by a diverse group of RNA 
viruses that are transmitted to humans from their natural animal and 
arthropod reservoirs. They produce clinical syndromes character-
ized by fever, myalgias, prostration, increased vascular permeability, 

disturbances in regional circulation, and bleeding. Several of the hem-
orrhagic fevers (Marburg, Ebola, Lassa, Junin, and Machupo viruses) 
have been weaponized and experimented with for aerosol infectivity by 
the former Soviet Union, Russia, and the United States. Experimental 
infection of animals via aerosol is highly effective. However, aerosol 
infection of humans has never been documented, except in the case of 
hantavirus. However, these agents are highly infective by direct contact 
with needles, fluids, and tissues of infected persons.47 Important human 
pathogens are:

•• Arenaviruses: Lassa, Junin, and Machupo viruses that cause Lassa 
fever, Argentinean, and Bolivian hemorrhagic fevers, respectively.

•• Bunyaviruses: Rift Valley fever (RVF) virus and Crimean-Congo hem-
orrhagic fever (CCHF) viruses cause RVF and CCHF. Hantaviruses 
cause hemorrhagic fever renal syndrome (HFRS) and hantavirus 
pulmonary syndrome (HPS).

•• Filoviruses: Marburg and Ebola viruses.
•• Flaviviruses: Dengue fever, Kyasanur forest disease, and Omsk hem-

orrhagic fever.

VHF viruses target vascular endothelium, causing microvascular 
damage and derangement in vascular permeability. Common presenting 
complaints are fever, myalgias, and prostration. On examination patients 
may have conjunctival injection, mild hypotension, flushing, and pete-
chial hemorrhages. Bleeding is variable and generally not life threaten-
ing, but it is an index of severity. Progression to shock and generalized 
bleeding from the mucous membranes is often accompanied by neuro-
logical, hematopoietic, or pulmonary involvement. Hepatic involvement 
is common; however, jaundice and frank hepatic failure is seen in a 
small percentage patients with RVF, CCHF, Marburg, and Ebola hemor-
rhagic fevers, and yellow fever. Death is secondary to increased vascular 
permeability, intravascular volume loss, and multiorgan failure. The 
Working Group on Civilian Biodefense has concluded that CCHF and 
HFRS are unlikely to be employed as biowarfare agents, because they 
are technically difficult to produce in large quantities. Dengue is also 
an unlikely agent as it is not transmissible by aerosol, and only rarely 
causes VHF.47,48

Each virus has unique features that set it apart clinically. Lassa fever 
is endemic in West Africa, and has a high mortality in children and 
pregnant women. Hemorrhagic and neurologic complications are not 
pronounced and occur only in the severely ill. Case-fatality rates in 
hospitalized patients average 15% to 25%. In survivors deafness is a fre-
quent sequela. In contrast, the South American arenaviruses (Argentine 
and Bolivian hemorrhagic fevers) have prominent neurologic and hem-
orrhagic manifestations.47,48

RVF is endemic in sub-Saharan Africa. Frank hemorrhagic disease 
is seen in a minority of patients. Retro-orbital pain and blindness 
from retinitis occurs in 10%. In 1% of patients, fulminant disease with 
hemorrhage, jaundice, and hepatitis develops, with a 50% fatality rate. 
Fatal encephalitis occurs in <1%. Marburg and Ebola viruses produce 
prominent maculopapular rashes and DIC is a major component in 
their pathogenesis. Both are characterized by pronounced bleeding. 
Forty-one percent of patients manifest bleeding from puncture sites and 
mucous membranes; however, this form of bleeding does not distinguish 
nonsurvivors from survivors. Pulmonary involvement is uncommon 
and death usually results from multiorgan system failure and cardiovas-
cular collapse. Fatality rates for Ebola and Marburg hemorrhagic fevers 
are 80% and 25%, respectively.47-49

Routine laboratory tests in patients with VHFs are nonspecific, but 
the presence of early thrombocytopenia and coagulation abnormalities 
should arouse suspicion. Definitive diagnosis of VHF is done by isola-
tion in cell culture or immunohistochemical staining of formalin-fixed 
tissues. These techniques should only be attempted under BSL 4 condi-
tions at the CDC or USAMRIID. In the field, viral identification can be 
done safely following chemical inactivation with ELISA to detect viral 
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antigen as well as IgM and IgG antibodies. Reverse transcriptase PCR 
has also been successfully applied to field diagnosis.47-49

Medical management for VHF is largely supportive. Patients should 
be handled as gently as possible as they are especially prone to 
bleeding. Aspirin and other antiplatelet drugs should be avoided. 
Immunosuppression with steroids or other agents is contraindicated. 
Uncontrolled clinical observations support the transfusion of red 
cells for severe hemorrhage and platelet and clotting factors for DIC. 
Hemodialysis is of particular help in treatment of HFRS.47-49

The only specific antiviral therapy available for VHF is ribavirin, a 
nonimmunosuppressive nucleoside analogue with broad antiviral prop-
erties. It has been shown to reduce mortality in Lassa fever and shows 
promise with the treatment of other arena- and bunyaviruses. Passive 
immunotherapy has been used successfully in Argentine hemorrhagic 
fever and shows promise in Bolivian hemorrhagic fever. However, 
passive immunization is contraindicated in HFRS since an active 
immune response is already evolving in most patients who are diagnosed. 
Currently the only licensed vaccine is for yellow fever and is mandatory 
for all travelers to endemic areas.47-50

Isolation of suspected VHF cases is essential as secondary infections 
of close contacts and medical personnel are well documented. Until the 
definitive diagnosis has been made, patients with suspected VHF should 
be isolated in a single room with an adjoining anteroom serving as an 
entrance. Negative pressure rooms and strict respiratory precautions may 
be more appropriate in confirmed severe end-stage disease where the 
viral load is maximal. These precautions may not be possible in the case 
of large outbreaks. However, it is essential to enforce stringent barrier 
nursing, with the use of mask, glove, gown, and needle precautions, along 
with hazard labeling of all laboratory specimens. Patient access should be 
restricted and the incineration or autoclaving of all contaminated materi-
als including linens is mandatory. Decontamination of areas can likely 
be carried out by detergents, bleach, and hypochlorite solutions, as these 
viruses have lipid envelopes making them susceptible.47-50

CATEGORY B AGENTS
Discussion of all the possible biological weapons is beyond the scope of 
this chapter. However, Coxiella burnetii (Q fever), staphylococcal entero-
toxin B (SEB toxin), viral equine encephalitides, and ricin toxin deserve 
attention, as they have been weaponized. Furthermore they can all present 
as an upper respiratory viral illness, making differentiation of biological 
attack from a natural viral epidemic difficult (see Table 81-3).51

Q fever is a zoonotic disease of herded animals. Humans acquire it 
via inhalation. It is extremely infectious, requiring as few as 10 organ-
isms to produce disease. The incubation time is 2 to 14 days. Patients 
present with signs and symptoms of a seasonal viral syndrome that can 
be prolonged in two-thirds for up to 2 weeks. The most frequent physi-
cal finding is rales on chest exam. Chest x-rays are abnormal in 50% 
to 60% of cases, most often showing consolidation, but effusions also 
occur. Routine blood tests commonly show elevations of liver transami-
nases and alkaline phosphatase up to three times normal. Fatalities are 
extremely rare; however, the disease is incapacitating. Treatment and 
prophylaxis is with doxycycline or tetracycline.51-53

SEB is a heat-stable pyrogenic toxin produced by Staphylococcus 
aureus. This toxin can be mass produced and is stable as an aerosol. 
When inhaled it binds to the MHC class II molecules that stimulate  
T cells with a massive release of cytokines including interferon-γ, inter-
leukin-6, and tumor necrosis factor (TNF)-α. Within 3 to 12 hours of 
exposure, high fever (up to 106°F), myalgias, nonproductive cough, chest 
tightness, dyspnea, headache, and vomiting develop. Conjunctival signs 
are notably absent. On chest examination, rales are the prominent find-
ing. Chest x-ray typically is normal, but can show interstitial pulmonary 
edema. Postural hypotension as well as profound vasodilatory shock 
can occur. Patients usually progress rapidly to a relatively stable level of 
disease, but can be incapacitated for weeks. Lethality is low. Diagnosis is 

clinical, but serum detection of the toxin is possible with ELISA. Therapy 
is currently limited to supportive care.53,54

The viral equine encephalitides include Venezuelan, eastern, and 
western viruses (VEE, EEE, and WEE) of the alphavirus family. Humans 
are accidental hosts, acquiring the virus via a mosquito vector. However, 
they are highly infectious by aerosol and readily grow in cell cultures. 
All three of the viruses are capable of killing with varying degrees of 
neurologic involvement. EEE is most virulent with 50% to 70% mortal-
ity, WEE follows with <10% mortality, and VEE has <1% mortality. A 
febrile prodrome of 1 to 5 days marks replication in bone marrow and 
lymphoid tissue resulting in lymphopenia. Subsequently high viremia 
seeds the brain and spinal cord. Central nervous system symptoms and 
signs include menigismus, hyper- or hypoactive reflexes, and spastic 
paralysis that can progress to death. Loss of airway protection and status 
epilepticus may require mechanical ventilation and ICU management. 
CSF shows elevated protein and 50 to 2000 WBCs/mL with lymphocyte 
predominance. Definitive diagnosis relies on viral culture of serum or 
CSF, or antibody detection from serum by ELISA. Therapy is limited 
to supportive treatment. A live-attenuated vaccine for VEE is available, 
along with inactivated vaccines for VEE, WEE, and EEE. These vaccines 
are available under investigational new drug (IND) release status from 
the US government but are only 50% to 85% effective for <1 year.55-57

Ricin toxin is an extract of castor beans. It is highly lethal via inges-
tion, injection, and inhalation. At the cellular level it kills through the 
inhibition of protein synthesis. Its clinical features are route-specific. 
Studies in primates show that within several hours of inhalation a severe 
diffuse acute tracheobronchitis manifests, followed by fibrin purulent 
pneumonia with diffuse severe alveolar flooding, peribronchovascular 
edema, and mediastinal lymphadenitis. Respiratory failure and ARDS 
are likely to occur within 30 hours. Distinguishing an attack with ricin 
from either anthrax or pneumonic plague would be extremely difficult. 
Diagnosis would be largely clinical, but antigen ELISA of nasal swabs 
should be done within 24 hours. Treatment would be largely supportive, 
though vaccination with a toxoid in animals is very effective and in 
development by the U.S. Army.54

ROLE OF CRITICAL CARE IN BIOTERRORISM
The scenario of a biological weapons attack poses several unique chal-
lenges for the intensivist. Although most external disasters will occur 
with some degree of warning, biological agent exposure is an exception. 
Here the diagnosis is more likely to be made within a hospital, perhaps a 
few days after the environmental release. Potentially, enormous numbers 
of ill and exposed patients presenting with the same level of severity will 
rapidly overwhelm the health care system, its infrastructure, and sup-
plies. Issues of supplies and distribution of medical resources would be a 
major problem, as already predicted in the TOPOFF exercise.27

The need for the critical care personnel to be involved in the planning 
process cannot be overstated. The intensivist will become a key figure in 
governing the flow of patient traffic, making triage decisions, and allocat-
ing ICU resources for patients in the ER, OR, recovery room, and the rest 
of the hospital. Intensivists should understand capabilities, resources, and 
limitations of various governmental and nongovernmental disaster-related 
agencies, as well as consider their hospital’s location and community 
resources in anticipating a likely disaster scenario.58

Although the full details of a hospital’s preparedness plan are beyond 
the scope of this chapter, certain key issues deserve attention in coping 
with such a disaster.4

	 1.	 Define the area to be covered during a disaster scenario. Intensivists 
should familiarize themselves with their hospital disaster plan, and 
know their responsibilities relative to other departments in the plan.

	 2.	 Identification and assignment of key personnel in the hospital, 
emergency response personnel, state and local authorities, and key 
members of the community.
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	 3.	 Assessment of hospital infrastructure, supplies at hand, and man-
power for a given situation. This would also include knowing the 
vendor lists to meet sudden demand for supplies and knowledge of 
the absolute limits of the hospital resources (inventory of ventilators, 
oxygen tanks, intravenous catheters, isolation capabilities of the 
hospital, etc).

	 4.	 Establishing secure lines of communication internally via a central 
command post or incident center, as well as externally with the 
LRN, National Pharmaceutical Stockpile (NPS), and local, state, 
and federal authorities. Successful interaction with these agencies 
will likely define the successful management of a disaster response 
(Table 81-5).

	 5.	 Defining portals of entry to the hospital and creating safe arrival and 
triage areas, in addition to decontamination areas.

	 6.	 Establishing algorithms for triage from the ED and clinics, as well 
as criteria for ICU admission. As surge capacity nears, the risks and 
benefits of treating existing patients in the hospital and carrying out 
elective surgeries needs to be weighed. Knowledge of alternative 
beds and transfer agreements with nearby ICUs would be crucial in 
this regard.

	 7.	 Early efforts must be made to contain the agent. This can be 
achieved by education of staff and public, early efforts to identify the 
agent through the LRN, reporting of the agent to the local, state, and 
federal health authorities, early intervention and treatment of the 
disease, and early implementation of appropriate infection control 
measures (Tables 81-5 and 81-6).

	 8.	 Ensuring the safety of workers. This includes issues of isolation 
precautions, evaluation of the potential for spread among other 
patients and staff once the agent has been confirmed, postexposure 
prophylaxis, and vaccination. Staff exhaustion and posttraumatic 
stress disorder should be anticipated, and dealt with by scheduling 
adequate rest periods, appropriate use of volunteer staff, and a pro-
gram of critical incident stress management.

	 9.	 Carrying out drills and mock events for continual assessment of 
flaws in organization and execution of the plan. 

  TABLE 81-5    Biosafety Precautions

Biosafety 
Level Agents Practices Safety Equipment (Primary Barriers) Facilities (Secondary Barriers)

1 Not known to cause disease in 
healthy adults

Standard microbiological practices None required Open bench-top sink required

2 Associated with human 
disease; hazard from autoin-
oculation, ingestion, mucous 
membrane exposure

BSL-1 practice plus: Primary barriers; Class I or II BSCs or other 
physical containment devices used for all 
manipulations of agents that cause splashes or 
aerosols of infectious materials; PPEs: labora-
tory coats, gloves, face protection as needed.

BSL-1 plus: autoclave available

(a)  Limited access

(b)  Biohazard warning signs

3 Indigenous or exotic agents 
with potential for aerosol 
transmission; disease may 
have serious or lethal 
consequences

BSL-2 practice plus: Primary barriers; Class I or II BCSs or other 
physical containment devices used for all 
manipulations of agents; PPEs: protective 
lab clothing, gloves, respiratory protection 
as needed

BSL-2 plus:

(a)  Controlled access (a) � Physical separation from access 
corridors

(b)  Decontamination of all waste (b)  Self-closing, double-door access

(c)  Decontamination of lab clothing before  
laundering;

(c)  Exhausted air not recirculated

(d)  Baseline serum (d)  Negative airflow into laboratory

4 Dangerous/exotic agents 
that pose high risk of life-
threatening disease, aerosol-
transmitted lab infections, or 
related agents with unknown 
risk of transmission

BSL-3 practices plus: Primary barriers: All procedures conducted in 
Class III BSCs or Class I or II BSCs in combination 
with full-body, air-supplied, positive-pressure 
personnel suit.

BSL-3 plus:

(a)  Clothing change before entering (a)  Separate building or isolated zone

(b)  Shower on exit (b) � Dedicated supply/exhaust, 
vacuum, and decon systems

(c)  All material decontaminated on exit from facility

BSC, biosafety cabinets; PPE, personal protective equipment.

  TABLE 81-6    Internet Resources

Government and Environmental Resources Address

CDC website for bioterrorism http://www.bt.cdc.gov/

National Disaster Management System http://ndms.dhhs.gov/index.html

Environmental Protection Agency http://www.epa.gov

National Response Team http://www.nrt.org/

Federal Emergency Management Agency http://www.fema.gov/

Federal Bureau of Investigation http://www.fbi.gov/

State Department Counter-Terrorism  
Coordinator

http://www.state.gov/www/global/
terrorism/index.html

U.S. Army Medical Research Institute 
of Infectious Disease (USAMRIID)

http://www.usamriid.army.mil/

Department of Defense Global Emerging 
Infections

http://www.geis.ha.osd.mil/

Useful Professional Organizations Address

Association for Professionals in Infection 
Control and Epidemiology (APIC)

http://www.apic.org/

American Public Health Association http://www.apha.org/

National Association of EMS Physicians http://www.naemsp.org/

American College of Emergency Physicians http://www.acep.org/

American Society for Microbiology (ASM) http://www.asmusa.org/

Institutions Address

Johns Hopkins Center for Civilian 
Biodefense Studies

http://www.hopkins-biodefense.org/

Saint Louis School of Public Health/Center 
for the Study of Bioterrorism and Emerging 
Infections

http://bioterrorism.slu.edu/

Center for Nonproliferation Studies/
Monterey Institute for International Studies

http://www.cns.miis.edu/

Chemical & Biological Hotline 1-800-424-8802 (Emergency Only)
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SUMMARY
A bioterrorist attack of any kind has the potential to overwhelm a commu-
nity and indeed an entire nation. A high degree of suspicion and prompt 
recognition of an event will be required in order to contain it. The likeli-
hood of exposed patients to require hospitalization and specifically critical 
care is high, and specific knowledge of the possible agents and estimating 
the needs of a health care facility and community will be the cornerstones 
in disaster preparedness for a biological attack. Aside from the delivery of 
critical care to the patient in the ICU, the intensivist will be involved in 
making triage decisions (which automatically dictates how other non-ICU 
beds are used and managed), managing resources related to the ICU, and 
coordinating a multidisciplinary effort in caring for the exposed.
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Delirium in the Intensive 
Care Unit
Nathan E. Brummel
Timothy D. Girard

INTRODUCTION
Patients in the intensive care unit (ICU) who experience delirium are 
exhibiting an under-recognized form of organ dysfunction. Delirium is 
extremely common in ICU patients as factors such as comorbidity, the 
acute critical illness itself, and iatrogenesis intersect to create a high-risk 
setting for delirium. This neurologic complication is often hazardous, 
being associated with death, prolonged hospital stays, and long-term 
cognitive impairment and institutionalization. Neurologic dysfunction 
compromises patients’ ability to be removed from mechanical ventila-
tion or to fully recover and regain independence. Unfortunately, health 
care providers in the ICU are unaware of delirium in many circum-
stances, especially those in which the patient’s delirium is manifesting 
predominantly as the hypoactive (quiet) subtype rather than the hyper-
active (agitated) subtype. Despite being often overlooked clinically, ICU 
delirium has increasingly been the subject of research during the past 
decade, which has brought to light the scope of the problem in critically 
ill patients and provided clinicians with tools for routinely monitoring 
delirium at the bedside. This chapter reviews the definition and salient 
features of delirium, its primary risk factors, including drugs associated 
with the development of delirium, proposed pathophysiologic mecha-
nisms, validated methods for bedside delirium assessment, and nonphar-
macologic and pharmacologic strategies for delirium management.

DEFINITION AND TERMINOLOGY
The American Psychological Association’s (APA) Diagnostic and Statistical 
Manual of Mental Disorders (DSM)-IV describes delirium as a distur-
bance in consciousness and cognition that develops over a short period 
of time (eg, hours to days) and tends to fluctuate during the course of the 
day.1 Specifically, there are four criteria required to diagnose delirium1:

	 1.	 Disturbance of consciousness, with reduced awareness of the envi-
ronment and impaired ability to focus, sustain or shift attention.

	 2.	 Altered cognition (eg, memory impairment, disorientation, or lan-
guage disturbance) or the development of a perceptual disturbance 
(eg, delusion, hallucination, or illusion) that is not better accounted 
for by preexisting or evolving dementia.

	 3.	 Disturbance develops over a short period of time (usually hours to 
days) and tends to fluctuate during the course of the day.

	 4.	 Evidence of an etiological cause, which the DSM-IV uses to classify 
delirium as Delirium Due to a General Medical Condition, Substance-
Induced Delirium, Delirium Due to Multiple Etiologies, or Delirium 
Not Otherwise Specified.

Historically, two words were used to describe acutely confused patients. 
The Roman word delirium referred to an agitated and confused person 
(ie, hyperactive delirium). The Greek word lethargus was used to describe 
a quietly confused person (ie, hypoactive delirium). ICU patients com-
monly demonstrate both subtypes of delirium as they progress through 
different stages of their illness and therapy. In both subtypes, the patient’s 
brain is not functioning normally. It therefore makes sense that the 
original derivation of delirium comes from the Latin word deliria, which 
literally means to “be out of your furrow.” For greater clarity and to avoid 
misuse of terms such as dementia and delirium, Table  82-1 lists basic 
definitions and clinical characteristics of each syndrome.

Delirium in the ICU has been referred to in the medical literature using 
a multitude of terms, including ICU psychosis, ICU syndrome, brain 
failure, encephalopathy, postoperative psychosis, acute organic syndrome, 

82
C H A P T E R

subacute befuddlement, and toxic confusional state.2-5 Neurologists often 
use “encephalopathy” to refer to hypoactive delirium and “delirium” to 
describe only hyperactive delirium.6 Among ICU practitioners, “delirium” 
is used inconsistently, as evidenced by a recent survey of Canadian inten-
sivists that found respondents were more likely to use the term “delirium” 
when no specific underlying etiology could be identified for a patient with 
fluctuating mental status with inattention, perceptual changes, and disor-
ganized thinking, whereas alternative terms (eg, hepatic encephalopathy) 
were used when the etiology of delirium was obvious.5,7

Increasingly, however, the ICU community is seeking to standardize 
delirium terminology to conform to the APA definition, with the hope that 
use of “delirium” to describe this syndrome of acute brain dysfunction, 
regardless of etiology, will improve cross-talk between specialists with 
different medical backgrounds, collaborative research efforts, and 
ultimately management of this widely prevalent syndrome.4 Therefore, 
the unifying term “delirium” should be applied whenever patients meet 
DSM-IV diagnostic criteria for delirium, and the underlying etiology, 
when known, can be used as an associated term (eg, “delirium secondary 
to sepsis” is preferred over “septic encephalopathy”).

PREVALENCE AND SUBTYPES
Delirium during critical illness occurs in 20% to 80% of ICU patients 
depending on the severity of illness of the population studied and meth-
ods used to detect delirium.8-16 The prevalence is highest, for example, in 
mechanically ventilated ICU patients, with 60% to 80% developing delir-
ium during their ICU stay,8,10,12,14,17 whereas lower prevalence rates are 
reported in nonventilated patients and in mixed ICU populations.9,11,18 
In general, ICU patients have a higher prevalence of delirium compared 
with noncritically ill hospitalized patients.19,20 The prevalence of ICU 
delirium will likely increase as the U.S. population ages.

Delirium can be subtyped based on observed changes in motor activ-
ity, resulting in hypoactive, hyperactive, and mixed subtypes.21 Peterson 
et al reported these delirium subtypes in a cohort of 613 ventilated and 
nonventilated ICU patients in whom delirium was monitored for more 

  TABLE 82-1    Differentiating Delirium From Dementia

Delirium Dementia

Onset Acute (hours to days) Insidious (months to years)

Course Fluctuating Progressive

Diagnostic 
Features

•	 Impaired ability to focus, shift  
or sustain attention

•	 Change in cognition (eg, memory 
impairment, disorientation  
or language) or development in 
perceptual disturbances

•	 Fluctuating course

•	 Memory impairment plus one  
of the following:
•	 Aphasia
•	 Apraxia
•	 Agnosia
•	 Impaired executive functioning

•	 Impairments must be severe 
enough to cause impairments 
in social or occupational 
functioning and represent  
a decline from baseline

Associated 
Features

•	 Sleep/wake disturbances
•	 Extremes in psychomotor activity
•	 Emotional disturbances (fear, 

anxiety, depression, irritability, 
euphoria, apathy)

•	 Visuospatial impairment
•	 Little/no awareness of memory 

impairment
•	 Gait disturbances (falls)
•	 Anxiety/mood/sleep 

disturbances

Common 
Causes

•	 Acute medical illness
•	 Medication/substance/toxin 

ingestion or withdrawal
•	 Multifactorial

•	 Dementia of Alzheimer type
•	 Vascular dementia
•	 Chronic medical conditions  

(eg, Pick disease, HIV, stroke, 
head injury)

Data from American Psychiatric Association. Diagnostic and Statistical Manual of Mental Disorders. 4th ed. 
Text Revision. Washington, D.C.: American Psychiatric Association; 2000.
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than 20,000 observations. Among patients who developed delirium, pure 
hyperactive delirium was rare (<5%), whereas hypoactive was present 
in 45% and the mixed subtype—with alternating periods of hypoactive 
and hyperactive delirium—was the predominant manifestation (54%). 
Interestingly, hypoactive delirium was significantly more common in 
patients over the age of 65. Similarly, in a cohort of 100 surgical and 
trauma ICU patients, the prevalence of hypoactive delirium was greater 
than 60%.22 The risk factors for, and clinical implications of, these 
subtypes are the subject of ongoing investigations.23

Because sedation is commonly used in the ICU, the period sur-
rounding cessation of sedation represents a scenario in the ICU during 
which delirium could be easily recognized but is often missed. Delirious 
patients emerging from the effects of sedation may do so peacefully or 
in a combative manner. The “peaceful” patients are often erroneously 
assumed to be thinking clearly. Delirium in this context is referred to 
as hypoactive delirium and is characterized by lethargy, drowsiness, and 
infrequent spontaneous movement,21 which contributes to delirium 
being overlooked unless the patient is specifically screened for its 
presence.24-28 Even in the absence of agitation, such delirium can lead  
to adverse outcomes such as reintubation, which itself has been shown to 
increase the risk of prolonging the ICU stay, transfer to a long-term care 
or rehabilitation facility, and death.29 In addition, hypoactive delirium is 
associated with immobility in the ICU,30 which itself places patients at 
risk for adverse outcomes, including aspiration, pulmonary embolism, 
and decubitus ulcers.

In contrast to patients with hypoactive delirium are agitated or combat-
ive patients with hyperactive delirium; these patients are at risk not only 
for self-extubation and subsequent reintubation but also for pulling out 
central venous catheters and even falling out of bed. These hyperactive 
patients are often given large doses of sedatives that lead to heavy seda-
tion and prevent timely liberation from mechanical ventilation, placing 
patients at risk for remaining delirious or even comatose and on invasive 
mechanical ventilation unnecessarily.31 To avoid this difficult and danger-
ous cycle, health care professionals should minimize use of psychoactive 
medications and frequently assess patients for delirium, especially during 
the transition from drug-induced or metabolic coma to wakefulness.

RISK FACTORS
Nearly every ICU patient is exposed to one or more risk factors for 
delirium; the average patient in one study, in fact, had 11 identifiable 
risk factors for delirium.32 These risk factors may be divided into 
predisposing (baseline) factors and precipitating (hospitalization-related) 

factors.33 Patients who are highly vulnerable to developing delirium  
(ie, who have multiple predisposing risk factors) may become delirious 
with only minor insults, whereas those with low baseline vulnerability 
may require a greater insult to become delirious.33 Predisposing risk 
factors, those related to patient characteristics or underlying chronic 
pathology, are difficult to alter, whereas precipitating factors, such as 
those related to the acute illness or the ICU environment, represent areas 
of risk that are modifiable or preventable (Table 82-2).

Baseline risk factors that have been identified in both ICU and non-ICU 
populations include older age, depression, vision impairment, hearing 
impairment, hypertension, history of smoking, history of alcohol use, 
living single at home, underlying cognitive impairment or dementia, and 
APOE4 polymorphism.9,10,13,34-37 Numerous features of the acute critical 
illness have been identified as delirium risk factors in studies specifically 
examining ICU patients; these include admission to an ICU for a medical  
illness, high severity of illness (indicated by high APACHE II and SAPS II  
scores), need for mechanical ventilation, receipt of sedative and/or anal-
gesic medications (particularly when used to induce coma), respiratory 
disease, anemia, hypotension, hypocalcemia, hyponatremia, azotemia, 
transaminitis, hyperamylasemia, hyperbilirubinemia, acidosis, fever, infec-
tion, sepsis, gastric tubes, bladder catheters, arterial lines, and more than 
three infusing medications.9,13,17,35-39 Risk factors related to the ICU envi-
ronment include lack of daylight in the ICU, isolation, lack of visitors, and 
sleep disturbances.37,40

Though difficult to accurately measure in ICU patients, sleep depriva-
tion is believed to be nearly universal in the ICU and has long been pro-
posed as a risk factor for delirium. The relationship, however, between 
sleep disturbance and delirium in the ICU remains controversial, and 
there is significant overlap in the symptoms of both syndromes such 
that either may present with inattention, fluctuating mental status and 
cognitive dysfunction, making it difficult to ascertain whether sleep 
deprivation causes delirium or vice versa.40,41 On average, ICU patients 
sleep between 2 and 8 hours in a 24-hour period, often with severe and 
frequent disruptions and only a small fraction of “restorative,” rapid eye 
movement (REM) sleep.42 In repeated studies, between one-third and 
one-half of patients’ sleep in the ICU occurs during daytime hours.42,43 
Reasons for poor sleep in this setting are multifactorial. The ICU envi-
ronment, with its continuous cycle of alarms, lights, and care-related 
interruptions interferes with a patient’s sleep cycle and may disrupt 
their circadian rhythm.41,43 Acute illness, with symptoms such as nausea, 
pain, and fever, may also disrupt sleep. Mechanically ventilated patients 
may additionally suffer sleep disruptions due to anxiety, ventilator 
dyssynchrony, central apneas, and mode of mechanical ventilation.44  

  TABLE 82-2    Risk Factors for Delirium

Host Factors Factors Relating to Critical Illness Environmental and Iatrogenic

Not modifiable or preventable Age
Hypertension
APOE-4
Preexisting cognitive impairment
Alcohol use
Tobacco use
Depression

High severity of illness
Respiratory disease
Medical illness
Need for mechanical ventilation
Number of infusing medications

Lack of daylight
Isolation

Potentially modifiable/preventable Hearing or vision impairment Anemia
Acidosis
Hypotension
Infection/sepsis
Metabolic disturbances (eg, hypocalcemia, hyponatremia,  
azotemia, transaminitis, hyperamylasemia, 
hyperbilirubinemia)
Fever

Lack of visitors
Sedatives/analgesics (eg, benzodiazepines  
and opiates)
Immobility
Bladder catheters
Vascular catheters
Gastric tubes
Sleep deprivation

APOE-4, apolipoprotein E polymorphism.

Note: Risk factors for delirium can relate to the host, those relating to critical illness and those relating to the intensive care unit environment or treatment of critical illness. Within each of these divisions, there are 
risk factors that are preventable or potentially modifiable and those that are not preventable or modifiable.
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Finally, medications commonly given to ICU patients, such as seda-
tives, analgesics, vasopressors, β-agonists, and corticosteroids, disrupt 
slow-wave and REM sleep.45 Further study of sleep in the ICU is 
necessary to understand the underlying mechanisms for sleep disrup-
tion and the relationship between sleep and delirium. Meanwhile, 
clinicians should attend to modifiable risk factors by reducing noise 
and light at night, minimizing other disruptions in the ICU environ-
ment, treating symptoms, and judiciously using sleep-disrupting 
medications.

The deliriogenic effects of medications given for sedation and/or 
analgesia—drugs used to treat nearly all ICU patients at some time 
during their ICU stay—have received specific attention in many 
studies, as they represent a potent yet potentially modifiable risk fac-
tor for delirium. Though sedative and analgesic medications are pre-
scribed to relieve pain and anxiety and to improve patient tolerance 
of treatments during critical illness, these medications have important 
side effects. Continuous infusion of sedatives, for example, is associ-
ated with prolonged mechanical ventilation,31 whereas interruption 
of sedative infusions expedites weaning from mechanical ventilation, 
speeds discharge from the ICU and hospital, and improves long-term 
survival.12,46

Multiple studies have now clearly demonstrated a link between 
benzodiazepines and development of delirium. Lorazepam dose was 
found to be an independent risk factor for the delirium in medical ICU 
patients, such that each day a patient was treated with the drug, the odds 
of being delirious the next day increased by 20%. In fact, patients treated 
with greater than 20 mg of lorazepam in a day were nearly all delirious or 
comatose the following day.13 Numerous other studies have consistently 
found similar links between benzodiazepine administration (whether 
lorazepam or midazolam) and delirium in patients in surgical, trauma, 
burn, and mixed ICUs (Fig. 82-1).14,15,17,36,38,39,47

Narcotic pain medications present a more complex picture in terms 
of their relationship with delirium in the ICU, in that they have been 
associated with development of delirium in some studies but not in 
others. This is likely due to the differing indications for (or dual effects 
of) analgesics in the ICU. Narcotic pain medications are associated with 
the development of delirium in populations frequently sedated with 
these drugs, such as medical and surgical ICU patients.9,17,37 In these 
settings, narcotics are often co-administered with benzodiazepines; in 
one study, elderly ICU patients treated with benzodiazepines and opi-
oids had a longer duration of delirium.39 When narcotic medications 
are used to induce coma, the odds of developing delirium triple.36 Thus, 
clinicians should seek to minimize the use of heavily sedating medica-
tions, whether benzodiazepines or narcotics, by using evidenced based 
protocols to interrupt continuous sedative infusions12,46 and seek to use 
nonbenzodiazepine sedative medications where possible.14,15,48 Patients 
more often treated with narcotics because of pain, such as trauma ICU 
patients, are found to have a lower risk of the development of delirium 
when treated with fentanyl or morphine compared to patients who 
were not exposed to these drugs.17 Intravenous opiates and exposure 
to methadone was protective against development of delirium in burn 
ICU patients.47

PATHOPHYSIOLOGY
The pathophysiology of delirium remains incompletely understood. 
Leading hypotheses, often drawn from research outside the ICU, pro-
pose that delirium results from neurotransmitter imbalances and/or 
factors that affect neurotransmitter production, such as availability of 
large neutral amino acids, or systemic and central nervous system (CNS) 
inflammation. Delirium during critical illness is most likely a conse-
quence of a complementary and interlinked series of events (Fig. 82-2).

Delirium due to Atropa belladonna (a plant known as Deadly Nightshade, 
which contains the anticholinergic atropine) and anticholinergic  
drugs, such as scopolamine, has been recognized for centuries, an obser-
vation that led to the hypothesis that imbalances in the synthesis, release, 

and inactivation of neurotransmitters—especially acetylcholine and  
dopamine—that control arousal and the sleep-wake cycle are the underly-
ing mechanism leading to delirium.49,50 Studies measuring the amount 
of anticholinergic activity in hospitalized patients found higher levels of 
serum anticholinergic activity (SAA) were associated with an increased 
risk of delirium, even in patients not exposed to medications with anti-
cholinergic properties.51,52 Central cholinergic deficiency can theoretically 
result from derangements occurring anywhere along the continuum from 
acetylcholine production and release to its action on postsynaptic recep-
tors. In addition to cholinergic deficiency, dopamine excess is thought to 
be associated with delirium, likely via its action on central dopamine recep-
tors that regulate acetylcholine production.50-54 Finally, imbalances in the 
production, release, and degradation of numerous other neurotransmitters, 
such as serotonin, norepinephrine, glutamate, melatonin, and gamma-
aminobutyric acid (GABA), have also been suspected to play a role in the 
development of delirium.49-54

Large neutral amino acids (LNAAs), including leucine, valine, tryp-
tophan, tyrosine, and phenylalanine, are the precursors of several 
neurotransmitters that are involved in arousal, attention, and cognition 
and are therefore hypothesized to be involved in the pathogenesis of 
delirium.52 The synthesis of serotonin and melatonin depend on the 
availability of tryptophan, whereas the production of norepinephrine and 
dopamine require both tyrosine and phenylalanine. The LNAAs compete 
for transfer across the blood-brain barrier, such that an increase in  
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one LNAA causes a decrease in the entry of other LNAAs into the brain.52 
Thus, changes in serum levels of individual LNAAs may directly effect 
CNS neurotransmitter concentrations. With this in mind, Flacker and 
collegues55 examined LNAA levels in acutely ill elderly medical patients 
and found an association between delirium and an elevated plasma 
phenylalanine/LNAA ratio. Tryptophan/LNAA ratios are decreased 
and phenylalanine/LNAA ratios increased in cardiac surgery patients 
who developed delirium.56 Low plasma levels of tryptophan were also 
observed in delirious postoperative patients.57 Finally, Pandharipande 
and collaborators described both high and low tryptophan/LNAA ratios 
and high and low tyrosine/LNAA ratios as independent risk factors for 
delirium (with mid-range ratios being low-risk for delirium) in a cohort 
of mechanically ventilated ICU patients.58 These studies suggest that 
changes in LNAA concentrations with subsequent alterations in CNS 
neurotransmitter levels are important in the pathogenesis of delirium.

Delirium is also hypothesized to result from systemic inflammation, 
which occurs frequently in critical illness as a result of infection, tissue 
destruction, or surgery. Proinflammatory cytokines, such as interleukin-1 
beta, tumor necrosis factor-alpha, and interleukin-6, as  well as prosta-
glandins and bloodborne molecules, such as lipopolysaccharide, commu-
nicate with the brain via either direct autonomic neural pathways, active 
transport of cytokines across the blood-brain barrier, second messenger 
systems in the blood-brain barrier, or via disruption of the blood-brain 
barrier.59-61 Recognition of these peripheral inflammatory stimuli initiates 
a cascade resulting in astrocyte, microglial, and endothelial activation, 
leading to production of additional inflammatory cytokines, reactive 
oxygen species, and expansion of the microglia population, culminating 
in neuroinflammation and ultimately neuronal damage.59,61 Advanced age, 
underlying dementia, and states of chronic inflammation may “prime” 
microglial cells, resulting in an exaggerated inflammatory response.59-61 
In addition, systemic inflammation results in endothelial damage leading 
to thrombin formation and vasoconstriction with resultant microvascular 
compromise.62 The combination of neuroinflammation and disruption 
of normal CNS perfusion may then impair neurotransmitter synthesis 
and release (particularly acetylcholine),50 impair oxidative metabolism, and 
deplete neuronal energy stores.52 These processes then may lead to 

neuronal cell death, resulting in a functional disconnection between 
anatomical structures leading to the acute neurobehavioral changes 
observed in delirium.59 Indeed, recent data indicate that inflammatory 
biomarkers, such as procalcitonin, are associated with increased days of 
delirium or coma.63 Elevation of these inflammatory markers was not 
consistently associated with other organ failures, suggesting that systemic 
inflammation may modulate CNS inflammation and may be an impor-
tant contributor to brain dysfunction in critically ill patients.

MONITORING FOR DELIRIUM
Current Society of Critical Care Medicine (SCCM) guidelines recommend 
that all critically ill patients be monitored for delirium as well as changes 
in level of consciousness.64 Bedside critical care nurses and the rest of the 
ICU team should use data obtained from well-validated, reliable but brief 
assessment tools to monitor both level (which can change frequently dur-
ing critical illness) and content of consciousness, with changes in both 
components required before delirium is diagnosed. Such neurologic 
monitoring can be streamlined in the ICU by using a two-step approach.

The first step in the neurologic assessment of an ICU patient is 
to assess that patient’s level of consciousness using an objective tool. 
Though the available tools are typically referred to as sedation scales, 
they should be used to assess all critically ill patients—whether receiving  
sedation or not—and should be viewed as assessments of level of con-
sciousness rather than solely level of sedation. In addition to helping 
practitioners avoid oversedation, objective sedation scales provide a 
common language for the multidisciplinary team to use when discuss-
ing goals and treatments for patients. For decades, the Ramsay Scale was 
the instrument most widely used in clinical practice and the published 
literature.65,66 The Riker Sedation-Agitation Scale67 and Richmond 
Agitation-Sedation Scale,68 however, have been better validated67,69 and 
are also being widely used.16,66,70 Chapter 22 includes a thorough discus-
sion of how to manage sedation in the ICU.

The second step in the neurological assessment of an ICU patient—a 
step that can only be completed when a patient is not comatose—is to 
evaluate that patient for delirium using an objective tool. Over the last  
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decade, the development of tools designed especially with the unique 
characteristics of critically ill ICU patients in mind has allowed the 
clinician to rapidly71 and reliably detect delirium at the bedside.8,11,72 
Two assessment tools, the Intensive Care Delirium Screening Checklist 
(ICDSC) and the Confusion Assessment Method for the ICU (CAM-
ICU), have been validated extensively against expert psychiatric raters 
using DSM-IV criteria for delirium; these tools were widely tested in the 
ICU setting on both mechanically ventilated and nonmechanically venti-
lated patients.8,11,72 Several other tools have been developed and assessed 
in validation studies with varying results; these studies suggest the 
Nursing Delirium Screening Scale (Nu-DESC) is a promising tool, though 
more validation data are needed before it can be widely recommended.71

The ICDSC is an eight-item screening tool (Table 82-3) that is com-
pleted using clinical information collected during either the previous 
eight or 24 hours (depending on how often the tool is used).11 For each of 
the eight items on the checklist, patients are given one point for obvious 
manifestations of the item or zero points if there is no manifestation or the 
item is not assessable. Before the checklist is completed, level of conscious-
ness is assessed, and the checklist is only completed if the patient is not 
comatose or stuporous (ie, their level of consciousness is rated other than 
A or B on the ICDSC scale). A score of 4 or more on the ICDSC identifies 
delirium with 64% sensitivity and 99% specificity according to the origi-
nal validation study.11 More recently, studies have found the sensitivity to 
range from 43% to 74% and the specificity to range from 75% to 95%.28,73

The CAM-ICU is a four-feature delirium-screening tool adapted from 
the Confusion Assessment Method for use in nonverbal, mechanically 
ventilated ICU patients.8,72 It has been translated into over 14 languages 
and has been implemented across the world in medical, cardiovascular, 
surgical, trauma, and burn intensive care units.8,16,18,28,74-76 The original 

  TABLE 82-3    The Intensive Care Unit Delirium Screening Checklist

Intensive Care Unit Delirium Screening Checklist (ICDSC)

Checklist Item Description

Altered level of consciousnessa

A No response

B Response to intense and repeated stimulation

C Response to mild or moderate stimulation

D Normal wakefulness

E Exaggerated response to normal stimulation

Inattentiveness Difficulty following instructions or easily 
distracted

Disorientation To time, place or person

Hallucination-delusion-psychosis Clinical manifestation or suggestive behavior

Psychomotor agitation or retardation Agitation required use of drugs or restraints or 
slowing

Inappropriate speech or mood Related to events or situation or incoherent 
speech

Sleep/wake cycle disturbance Sleeping <4 h/d, waking at night, sleeping 
all day

Symptom fluctuation Symptoms of above occurring intermittently

Total score (one point for obvious 
presence of features above)

0-8

aIf level of consciousness A or B no other features are assessed that day.

The Intensive care delirium screening checklist. This 8-item checklist should be completed using clinical 
information gathered over the last 8 or 24 hours. First assess level of consciousness. If level of conscious-
ness is C, D, or E proceed with the remaining items. Patients are given 1 point for having an obvious 
manifestation of the item. A score of 4 or greater is considered a positive delirium screen. 

Modified with permission from Bergeron N, Dubois MJ, Dumont M, et al. Intensive Care Delirium 
Screening Checklist: evaluation of a new screening tool. Intensive Care Med. May 2001;27(5):859-864.

validation studies found the CAM-ICU to have excellent sensitivity 
(89%-100%) and specificity (93%-100%) with high inter-rater reliability  
(κ = 0.79-0.96), and subsequent studies have found the sensitivity 
to range from 47% to 100% and the specificity to range from 88% to 
96%.8,18,28,72,75-78 As with the ICDSC, patients who are comatose cannot be 
assessed using the CAM-ICU but should be evaluated again frequently, 
since patients emerging from coma are high risk for delirium. Patients 
who are moderately sedated (ie, have some response to verbal stimuli) or 
more alert may be assessed for delirium using the CAM-ICM. The CAM-
ICU assesses for four features of delirium. According to the recently 
revised format, which was streamlined to improve efficiency, feature 1 is 
the acute onset of mental status changes or a fluctuation in mental status 
over the last 24 hours, feature 2 is inattention, feature 3 is altered level of 
consciousness, and feature 4 is disorganized thinking. A patient is con-
sidered delirious if features 1 and 2 and either feature 3 or feature 4 are 
present (Fig. 82-3).8,72 The CAM-ICU tool as well as an in-depth training 
manual are available for download at www.icudelirium.org.

PROGNOSIS FOLLOWING ICU DELIRIUM
Numerous studies have now confirmed that ICU delirium is associated 
with multiple poor clinical outcomes, which can be divided into imme-
diate, short-term, and long-term categories.

Immediate complications associated with delirium include prolonged 
mechanical ventilation, use of physical restraints, self-extubation, and 
catheter removal.9,79,80 Indeed, in one recent study of 344 medical and sur-
gical ICU patients, delirium independently predicted time to extubation 
in a dose-dependent fashion, with additional days of delirium predicting 
more time on the ventilator; the number of days a patient was delirious, in 
fact, was the most significant predictor of time on mechanical ventilation.80

Short-term outcomes associated with ICU delirium include prolonged 
ICU length of stay, prolonged hospitalizations, institutionalization after 
hospital discharge, increased hospital costs, and increased ICU and 
hospital mortality.32,36,80-82 After controlling for covariates, caring for 
patients with ICU delirium is associated with a 39% increase in ICU 
costs and a 31% increase in total hospital costs.83 Elderly postopera-
tive patients who develop delirium in the ICU are 7 times more likely 
to be discharged to a place other than home.84 Finally, patients with 
ICU delirium have a higher ICU mortality16 and at least double the 
in-hospital mortality rate of nondelirious patients.16,36,77,81,85,86 The risk 
of death following delirium does not end at hospital discharge. Indeed, 
delirious patients who survive hospitalization remain at a higher 
risk for death in the months after discharge.77,81,85,86 In one study of 
275  mechanically ventilated medical ICU patients, those who devel-
oped delirium in the ICU were three times more likely to die in the 
6 months following hospitalization than those patients who were never 
delirious.81 The association between delirium and long-term mortality 
also increases the longer a patient is delirious, such that after adjusting 
for potential confounders, each additional day of delirium predicts a 
10% increase in the hazard of dying in the 6 to 12 months following 
hospitalization for critical illness (Fig. 82-4).80,81,86

Although often not observed by ICU clinicians caring for delirious 
patients, other long-term outcomes associated with ICU delirium are 
often as deleterious as the short-term outcomes. Delirious patients are at 
high risk for long-term cognitive impairment, and the longer delirium 
persists in the ICU, the more severe these impairments are likely to be.87-89  
In a prospective study of ICU survivors who underwent neuropsycho-
logical testing, nearly 7 in 10 patients demonstrated signs of cognitive 
impairment 1-year following critical illness. After adjusting for covari-
ates, the duration of delirium in the ICU was independently associated 
with cognitive impairment.89 These long-term cognitive impairments in 
ICU survivors manifest in numerous ways, including memory problems 
and executive dysfunction, which can cause difficulty with managing 
money, reading a map, and following detailed instructions, among  
other effects.87,89,90 These impairments have profound effects on patient’s 
lives. Rothenhausler et al, for example, followed survivors of the acute 
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STRATEGIES FOR PREVENTION OF DELIRIUM
Perhaps the most effective strategy to reduce the adverse outcomes 
associated with delirium is to prevent delirium in the first place. In 
general, preventive strategies should focus on reducing risk factors for 
delirium. To date, successful prevention strategies have utilized multi-
component programs of non-pharmacologic interventions designed to 
ameliorate delirium risk factors in non-ICU populations at high risk for 
delirium.92 Modification of specific delirium risk factors, such as sleep 
deprivation, immobility, visual and hearing impairment, and dehydra-
tion, was associated in one landmark trial with a 40% relative reduc-
tion in the development of delirium in hospitalized (non-ICU) elderly 
patients.93 These interventions, however, were less effective if delirium 
was already present, indicating an important role for primary preven-
tion. A second trial explored the utility of early geriatrics consultation 
in elderly hip fracture patients undergoing fracture repair. The geri-
atricians followed a specific protocol and made targeted interventions 
aimed at specific risk factors, such as reducing potentially deliriogenic  
medications, ensuring adequate oxygenation and blood pressure control, 
providing adequate pain control as well as ensuring the presence of eye 
glasses and hearing aides. Compared with the usual care group, who 
could have received a reactive geriatrics consultation, this proactive 
strategy was associated with an 18% absolute reduction in incident delir-
ium during the hospitalization between groups (from 50% to 32%).94

Overall rates of delirium in these non-ICU patient cohorts are much 
lower than those observed in critically ill patients, and ICU patients 
are exposed to many more risk factors than non-ICU patients, suggest-
ing that delirium in the ICU is likely more complex than that outside 
the ICU. Thus, the effectiveness of these nonpharmacologic strate-
gies for preventing delirium observed in non-ICU studies may not be 

FIGURE 82-3.  The CAM-ICU assesses for the four features of delirium. Feature 1 is an acute change in mental status or a fluctuating mental status (first box), feature 2, is inattention, 
(second box), feature 3, is altered level of consciousness (third box) and feature 4, is disorganized thinking (fourth box). A patient screens positive for delirium if features 1 and 2 and either 
feature 3 or feature 4 are present. (Used with permission of E. Wesley Ely, MD and Vanderbilt University. Copyright © 2002.)

Confusion assessment method for the ICU (CAM-ICU)

Step

Delirium assessment2
1. Acute change or fluctuating course of mental status:

2. Inattention:

3. Altered level of consciousness

4. Disorganized thinking:

RASS = zero

RASS other
than zero

>2 Errors

>1 error

0-1
error

0-2
errors

No
CAM-ICU negative

No delirium

CAM-ICU negative
No delirium

CAM-ICU negative
No delirium

CAM-ICU positive
Delirium present

Yes

Command: “Hold up this many fingers” (Hold up 2 fingers)
                        “Now do the same thing with the other hand” (Do not demonstrate)
                        “Add one more finger” (If patient unable to move both arms)

“Squeeze my hand when i say the letter ‘A’. ”
  Read the following sequence of letters: SAVE A HAART

Errors: No squeeze with ‘A’ & squeeze on letter other than ‘A’

 If unable to complete letters → pictures 

Current RASS level (think back to sedation assessment in step 1)

1. Will a stone float on water?
2. Are there fish in the sea?
3. Does one pound weigh more than two?
4. Can you use a hammer to pound a nail?

 Is there an acute change from mental status baseline? Or
   Has the patient’s mental status fluctuated during the past 24 hours?

Or

FIGURE 82-4.  Survival probability and duration of delirium. The hazard ratio for death 
at 1 year is 1.10 (95% CI 1.02-1.18, p <.01), indicating a 10% increase in the risk of mortality 
at 1-year for each day a patient is delirious. (Reproduced with permission from Kong SY, Kasl 
SV, et al. Days of delirium are associated with 1-year mortality in an older intensive care unit 
population. Am J Respir Crit Care Med. December 1, 2009;180(11):1092-1097.)
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respiratory distress syndrome (ARDS) for a median of six years after 
ICU discharge and found that 100% of patients with cognitive impair-
ment were unemployed compared with only 23% of those patients who 
were not cognitively impaired.91
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generalizable to the ICU setting; further investigation of strategies for the 
prevention and management of ICU delirium is needed. Nevertheless, in 
the ICU, where risk factors for delirium are nearly ubiquitous, manage-
ment and minimization of known risk factors should take precedent. 
Risk-factor management strategies may be easily implemented in the 
ICU by frequently reorienting patients, removing restraints and catheters 
as quickly as possible, minimizing sleep interruptions and noise during 
nighttime hours, implementing early mobilization protocols, and ensur-
ing vision and hearing assist devices (eg, eyeglasses and hearing aides) 
are present.44,93,95

Whereas most prevention strategies have focused on the use of 
nonpharmacologic methods in non-ICU populations, a notable excep-
tion has been studies of the α2-agonist dexmedetomidine as a sedative 
for mechanically ventilated ICU patients. Two randomized trials have 
compared the use of this novel sedative with benzodiazepine sedatives, 
finding lower rates of delirium among patients sedated with dexme-
detomidine. The MENDS (maximizing the efficacy of targeted sedation 
and reducing neurologic dysfunction) trial randomized 106 patients to 
sedation with either dexmedetomidine or lorazepam. Patients who were 
sedated with dexmedetomidine had a median of 4 more days alive with-
out delirium or coma than those sedated with lorazepam (7 vs 3 days).14 
A second trial, the SEDCOM (safety and efficacy of dexmedetomidine 
compared with midazolam) study randomized 375 patients in a 2 : 1 
fashion to sedation with dexmedetomidine or midazolam.15 Patients 
receiving dexmedetomidine demonstrated a 23% absolute reduction 
in delirium prevalence compared with the midazolam group (delirium 
prevalence 54% in dexmedetomidine group vs 76.6% in midazolam 
group). Taken together, these studies provide evidence that choice of 
sedation agent may be associated with a reduction in ICU delirium. 
Nevertheless, it remains unclear whether the reduction in ICU delirium 
is due to treatment with dexmedetomidine or simply due to the avoid-
ance of benzodiazepines.

DELIRIUM TREATMENT
When delirium is diagnosed, potential underlying causes should be 
sought immediately, and treatment of suspected causes should be under-
taken. Then, if the patient remains delirious and to prevent the harmful 
sequelae of persistent delirium, current guidelines recommend treat-
ment with pharmacologic agents.64 To date, there have been only small, 
preliminary trials examining pharmacologic treatments for delirium in 
the ICU.96-98 Without large, well-designed, adequately powered, placebo-
controlled, randomized trials to guide drug use for the prevention or 
treatment of delirium in critically ill patients, evidence must be extrapo-
lated from studies of non-ICU populations.

Benzodiazepines are used commonly in the ICU for both sedation 
and the treatment of delirium,66 but this class of drugs is not recom-
mended for the management of delirium because of the likelihood of 
oversedation, exacerbation of delirium, and other adverse effects (eg, 
respiratory suppression). As mentioned in the section on risk factors, 
benzodiazepines actually increase the likelihood of developing delirium 
for most patients.13,17,39 Benzodiazepines, however, remain the drugs of 
choice for the treatment of delirium tremens (and other withdrawal 
syndromes) and seizures.

Though a number of medications are frequently used to treat delirium 
in the ICU,66 there are currently no drugs approved by the U.S. Food 
and Drug Administration for this indication. Expert guidelines from 
the Society of Critical Care Medicine,64 the American Psychiatric 
Association,99 and other authoritative bodies recommend haloperidol as 
the drug of choice for the treatment of delirium, but it is acknowledged 
that these recommendations are based on sparse data from nonrandom-
ized case series and anecdotal reports.

Haloperidol, a butyrophenone, “typical” antipsychotic, is the most widely 
used neuroleptic agent for delirium.66,100 It works primarily as a dopamine 
receptor antagonist by blocking the D2 receptor, which is believed to 
treat—borrowing terminology from the schizophrenia literature—positive 

symptoms of delirium (eg, hallucinations, unstructured thought patterns, 
etc). Haloperidol can also have a sedative effect, though this is variable and, 
unlike most sedative agents, does not result in respiratory suppression. In 
the non-ICU setting, the recommended starting dose of haloperidol  
is 0.5 to 1.0 mg orally or parenterally, with doses repeated every 20 to 
30 minutes until the desired effect, which is usually resolution of agita-
tion rather than complete resolution of delirium. In the ICU, alternatively, 
higher doses are often recommended, eg, 2 to 5 mg intravenously with 
doses repeated every 20 to 30 minutes until the desired effect. Some prac-
titioners use scheduled haloperidol every 6 to 12 hours (intravenously or 
orally). No strong data exist indicating the ideal dose, but maximal effec-
tive doses are believed to be approximately 20 mg/d based upon data that 
this dose is usually adequate to achieve the “theoretically optimal” 60% to 
80% D2 receptor blockade while avoiding the complete D2 receptor satu-
ration associated with the adverse effects described below.101,102 Because 
extreme agitation in the ICU is an urgent problem, due to the potential for 
inadvertent removal of catheters, endotracheal tubes, and other devices, 
much larger doses of haloperidol are sometimes used, but this approach 
is based upon anecdotal experience and expert opinion and should be 
considered unproven until more data are available.

Neither haloperidol nor similar agents (eg, droperidol and chlor-
promazine) have been extensively studied in the ICU. In fact, the only 
placebo-controlled trial examining the effect of haloperidol on ICU 
delirium found no significant improvement with this agent.96 This pilot 
study was small, however, and cannot be taken to rule out a beneficial 
effect of haloperidol in delirium.

Some observational studies of the use of antipsychotics in non-ICU 
patients with delirium have reported improvements in delirium in 
patients treated with antipsychotics. Nevertheless, these conclusions are 
not supported by randomized controlled trials, therefore it is unknown 
if this association is due to the natural history of the disease, treatment 
of underlying medical conditions or antipsychotics themselves.103,104 
In addition to using antipsychotics to treat delirium once present, one 
study explored the use of antipsychotic prophylaxis in elderly hip frac-
ture patients at risk of developing postoperative delirium.105 Low-dose 
haloperidol did not reduce the incidence of delirium compared with 
placebo, but the duration of delirium was shorter in the haloperidol 
group. These data suggest a potential role for antipsychotics in the treat-
ment of delirium, but further studies are needed.

In addition to haloperidol, “atypical” antipsychotic agents (eg, ris-
peridone, ziprasidone, quetiapine, and olanzapine) are also used to treat 
delirium in the ICU.96-98 The rationale behind the use of atypical anti-
psychotics over haloperidol (especially in hypoactive/mixed subtypes of 
delirium) is theoretical and arises from the atypical antipsychotics’ effect 
not only on dopamine but also on other potentially key neurotransmit-
ters, such as serotonin, acetylcholine, and norepinephrine.106 Results 
of prospective studies comparing atypical antipsychotics with placebo 
and/or typical antipsychotics in the treatment of delirium have been 
mixed.96-98 Though one very small randomized trial found quetiapine 
was effective in treating delirium compared with placebo,97 another 
small randomized trial found no differences in neurologic outcomes 
among patients treated with ziprasidone, haloperidol, or placebo.96 In 
aggregate, these trials do not provide strong evidence for use of atypical 
antipsychotics over typical antipsychotics.

Adverse effects of both typical and atypical antipsychotics include 
hypotension, acute dystonia, extrapyramidal effects, thrombotic compli-
cations, oversedation, laryngeal spasm, neuroleptic malignant syndrome, 
glucose and lipid dysregulation, and anticholinergic effects, such as dry 
mouth, constipation, and urinary retention. One of the most imme-
diately life-threatening adverse effects of antipsychotics is torsades de 
pointes,107-109 so these agents should be given to patients with prolonged 
QTc intervals only with extreme caution. Outpatients treated with either 
typical or atypical antipsychotics for schizophrenia are at an increased 
risk of sudden cardiac death,107,109 with this risk increasing as either dose 
or duration of antipsychotic therapy increases.107,109 It remains unclear 
whether similar risk affects critically ill patients, who typically receive 
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these medications for much shorter periods of time. Nevertheless, ICU 
patients treated with antipsychotics should be monitored closely with 
electrocardiography, and the medications should be avoided for patients 
with a baseline QTc >450 to 500 ms or a prolongation of 25% or greater 
from baseline.

The role of novel agents, such as dexmedetomidine and rivastigmine, 
in delirium treatment has recently been investigated. As described in the 
delirium prevention section above, use of the α2-agonist dexmedetomi-
dine as a sedative for mechanically ventilated ICU patients is associated 
with lower rates of ICU delirium when compared with benzodiazepines. 
Dexmedetomidine has also been compared with haloperidol as a 
treatment for agitated delirium in a small pilot study of mechanically 
ventilated patients.110 Patients treated with dexmedetomidine were 
more quickly extubated than those patients whose agitation was treated 
with haloperidol. Though delirium prevalence at baseline was similar 
between the two groups, patients treated with dexmedetomidine may 
have had more rapid resolution of delirium though these results were 
not significantly different between groups. Although further study is 
required, this pilot study suggests dexmedetomidine may have a role not 
only in preventing delirium among mechanically ventilated patients but 
also treating delirium in this population.

van Eijk explored the use of a cholinesterase inhibitor, rivastigmine, 
as an adjuvant treatment for ICU delirium in a population of ICU 
patients.111 The trial was stopped prematurely after differences in the 
mortality rate between the rivastigmine group (22%) and placebo (8%) 
met the predefined stopping criteria. Further, the rivastigmine group 
also demonstrated a trend toward longer duration of delirium compared 
with placebo. These results do not support the use of cholinesterase 
inhibitors for the treatment of delirium in the ICU.

SUMMARY OF KEY POINTS ON ICU DELIRIUM
Critically ill patients are at great risk for the development of delirium 
in the ICU. However, this form of brain dysfunction is grossly under-
recognized and undertreated. Delirium is mistakenly thought to be a 
transient and expected outcome in the ICU and of little consequence  
(ie, part of the “ICU psychosis”). It is now recognized that delirium is 
one of the most frequent complications experienced in the ICU; even 
after adjusting for covariates such as age, sex, race, and severity of illness, 
delirium is an independent risk factor for prolonged length of stay 
and higher 6-month mortality rates. In addition, many ICU survivors 
demonstrate persistent cognitive deficits at follow-up testing months to 
years later. It is essential for health care professionals to be able to recog-
nize delirium readily at the bedside. The CAM-ICU is a valid, reliable, 
quick, and easy-to-use serial assessment tool for monitoring delirium in 
ventilated and nonventilated ICU patients. Delirium is a multifactorial 
problem for ICU patients that demands an interdisciplinary approach 
for assessment, management, and treatment. Critical care nurses and 
physicians should assume a position of leadership in the ICU with 
regard to delirium monitoring because they are the best-suited members 
of the ICU team to successfully implement this essential component of  
patient management, which is recommended by the SCCM clinical 
practice guidelines. Although ongoing trials may elucidate the optimal 
ways to treat delirium, standard pharmacologic and nonpharmacologic 
management strategies have been reviewed.
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KEY POINTS

•• ICU-acquired weakness designates clinically detected weakness in 
critically ill patients in whom there is no plausible etiology other 
than critical illness. Patients can be labeled with this diagnosis with 
a suggestive history and when they can participate in a compre-
hensive bedside neuromuscular examination.

•• Electrophysiology testing, direct muscle stimulation, and biopsy may 
be necessary to characterize neuromuscular injury in the patient who 
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INTRODUCTION
Many patients admitted to the intensive care unit (ICU) develop a syn-
drome of neuromuscular dysfunction characterized by generalized muscle 
weakness and an inability to be liberated from mechanical ventilation. 
Since this syndrome occurs in the absence of preexisting neuromuscular 
disease, it is believed to reflect illnesses or treatments occurring in the ICU. 
Early reports described two categories of acute, acquired neuromuscular 
dysfunction: polyneuropathy (during sepsis and multisystem organ fail-
ure)1,2 and myopathy (particularly in patients with acute respiratory failure 
who received glucocorticoids and/or neuromuscular blocking agents).3,4 
Decades of research on this acquired nerve and muscle injury has char-
acterized specific phenotypes via comprehensive physical examination, 
electrophysiologic testing, and histopathology. Overall, the spectrum of 
neuromuscular disorders acquired in the ICU is now collectively referred 
to as “ICU-acquired weakness” (ICUAW) (Fig. 83-1).5

The rising incidence and societal burden of critical illness—such as 
sepsis and the acute respiratory distress syndrome6-8—coupled with 
declining case fatality rates and an aging population,9,10 suggests that 
the number of patients with ICUAW and its sequelae may be substantial 
and likely to grow. Accordingly, intensivists must have familiarity with 
the presentation of ICUAW, recognize when to conduct advanced test-
ing, and understand the diagnostic tests involved. Although currently 
limited in scope, measures designed to prevent or attenuate ICUAW 
must be considered and implemented.

CRITICAL CARE SURVIVORSHIP AND ICUAW
Critical care outcomes research has demonstrated substantial morbidity 
in survivors. Injuries include general deconditioning, muscle weakness, 
dyspnea, depression, anxiety, and reduced health-related quality of life.11 

One widely cited catalyst for attention to the burden of neuromuscular 
weakness was the comprehensive observations of a cohort of survivors 
of acute respiratory distress syndrome (ARDS) published in 2003.12 
These 109 survivors were young (median age, 45 years), had few pre-
existing comorbidities, and were severely ill (median APACHE II 
score, 23). Their critical illness was marked by prolonged mechanical 
ventilation (median duration, 21 days) and ICU and hospital lengths 
of stay (median duration, 25 and 48 days, respectively). Despite severe 
acute lung injury, serial follow-up examination during the first year 
after ICU discharge demonstrated restoration of lung function. Lung 
volumes and spirometry normalized by 6 months and carbon monoxide 
diffusion capacity improved to 72% predicted at 12 months. In contrast, 
all 109 patients reported poor function attributed to the loss of muscle 
bulk, proximal weakness, and fatigue. One year after ICU discharge, the 
median distance walked in 6 minutes was 66% of predicted and only 
49% of patients had returned to work.

More recently, the same cohort was characterized at 5 years after ICU 
discharge.13 All patients reported subjective weakness and decreased 
exercise capacity when compared to function before ICU admission. 
Although there was no evidence of clinical weakness on examination, 
the median distance walked in 6 minutes remained lower than expected 
based on age and sex (76% predicted). By the fifth year, 77% of patients 
had returned to work; however, patients often required a modified 
work schedule, gradual transition back to work, or job retraining. In 
addition, patients were plagued with the psychological ramifications of 
their severe illness; more than half of survivors experienced at least one 
episode of physician-confirmed depression or anxiety.

Others have reported similar findings of post-ARDS debilitation. 
Specifically, an observational trial of 112 ARDS survivors without 
baseline impaired physical function noted a 66% cumulative incidence 
of physical impairment during 2 year follow-up.14 This impairment, 
defined as the acquisition of two or more dependencies in instrumental 
activities of daily living, had greatest incidence by 3 months after 
discharge and was associated with longer ICU stay and prior depressive 
symptoms. More recently, a comprehensive 1 year follow-up of patients 
enrolled in a randomized controlled trial of nutritional strategies 
in patient with ARDS demonstrated that survivors, regardless of 
nutritional strategy, experienced substantial impairments in endurance 
(as defined by six minute walk test) and cognitive function.15

Acquired neuromuscular weakness and loss of function have been 
measured in other contexts of critical illness, including severe sepsis 
and mechanical ventilation in the elderly. To determine the impact of a 
hospitalization for severe sepsis, Iwashyna and colleagues utilized The 
Health and Retirement Study, a cohort of Americans over age 50 under-
going biennial surveys of physical and cognitive function.16 Participants 
were stratified into those surviving a hospitalization for severe sepsis  
(n = 516) versus controls (survivors of a nonsepsis hospitalization,  
n = 4517). Among patients with no functional limitations at baseline, 
severe sepsis was associated with the development of 1.57 new limita-
tions (95% CI: 0.99-2.15), as well as a more rapid rate of development 
of functional limitations after hospitalization (0.51 new limitations per 
year, p = 0.007 compared with baseline). The study also found that the 
incidence of severe sepsis was highly associated with progression to 
moderate to severe cognitive impairment.

In a similar design, Barnato et al used a longitudinal cohort study 
of Medicare recipients to investigate the association of mechanical 
ventilation and disability.17 Community dwelling patients over age 65 
completed quarterly interviews of physical function for four years. 
Survivors of hospitalization with or without mechanical ventilation had 
similar levels of disability from each other, but significantly more than 
those who were never hospitalized. There was a substantial increase in 
disability in both groups after hospitalization, greater among survivors 
of mechanical ventilation than in those hospitalized without mechanical 
ventilation. In adjusted analyses, mechanical ventilation was associated 
with a 30% greater disability in activities of daily living (ADLs) and a 
14% greater disability in mobility.

is unable to participate in a comprehensive neuromuscular examina-
tion, is failing to improve function despite weeks of therapy, or for the 
patient with asymmetric weakness.

•• When conducted, advanced testing, particularly electrophysiology tests, 
can characterize the specific phenotype of ICU-AW including critical 
illness polyneuropathy, critical illness myopathy, a combination of the 
two (polyneuromyopathy), or prolonged neuromuscular blockade.

•• The exact epidemiology of ICUAW is unknown. Studies show that 
46% of patients with sepsis, multiorgan failure, or prolonged mechan-
ical ventilation are diagnosed with ICUAW. In patients undergoing 
mechanical ventilation for 7 days or more, 25% develop ICUAW.

•• Factors associated with the diagnosis of ICUAW include the presence 
of multisystem organ dysfunction, sepsis, SIRS, and hyperglycemia 
and the duration of mechanical ventilation. The only known therapy 
to prevent ICUAW has been strict glycemic control with insulin; how-
ever, adverse events with this therapy have prevented its utilization.

FIGURE 83-1.  Classification of intensive care unit-acquired weakness. CIM, critical illness 
myopathy; CINM, critical illness polyneuromyopathy; CIP, critical illness polyneuropathy; NMJ, 
neuromuscular junction.
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  TABLE 83-2    Diagnostic Features of ICUAW

1.	 Weakness is diffuse, symmetric, and often spares the cranial nerves
2.	 Causes of weakness other than those from the underlying illness have been excluded
3.	 Alert patient who can follow simple commands and participate in neuromuscular examination
4.	 MRC sumscore <48 or mean MRC <4 in all testable muscle groups

MRC, Medical research Council.

Modified with permission from Stevens et al. A framework for diagnosing and classifying intensive care 
unit-acquired weakness. Crit Care Med. October 2009;37(suppl 10):S299-S308.

These studies show that decrements in physical function occur across 
the spectrum of critical illness. Although these outcomes may be influ-
enced by other factors—such as age, preexisting comorbidities, acquired 
psychological and cognitive dysfunction, and social support—it is clear 
that ICUAW needs to be recognized early to enable preventive interven-
tions. However, the recognition of ICUAW has often been hindered 
by challenges with various diagnostic testing approaches and complex 
nomenclature.

CLINICAL PRESENTATION OF ICUAW
The clinical approach is based on the recognition of generalized weak-
ness in the appropriate setting, the exclusion of causes extrinsic to 
critical illness, and the measurement of muscle strength.5 The historian 
should carefully review the time course of neuromuscular symptoms 
as they relate to the underlying critical illness. Potential risk factors for 
ICUAW should be identified—including sepsis, multiple organ failure, 
mechanical ventilation, hyperglycemia, and exposure to pharmaco-
logic agents like glucocorticoids and neuromuscular blocking agents 
(NMBAs). Neurologic examination evaluates key functional domains 
including consciousness, cognitive function, cranial nerves, motor and 
sensory systems, deep tendon reflexes, and coordination. Motor assess-
ment should include tone and bulk in addition to strength.

Physical examination of patients for ICUAW is dependent on the 
cooperation and maximal effort of the patient—an aspect of bedside 
assessment that can be confounded by sedation and delirium. When 
a reliable motor examination is possible, affected patients will exhibit 
diffuse, generally symmetrical motor deficits in all limbs, ranging from 
paresis to true quadriplegia.18 Weakness affects the extremities and 
diaphragm yet often spares the cranial nerves; accordingly, pupillary 
and  oculomotor function and facial grimace are usually preserved. 
Patients often have concurrent respiratory failure with protracted 
dependence on mechanical ventilation.

An early clue for isolated myopathy (without neuropathy) is that pain-
ful stimulation—such as pressure upon the nail bed—results in a limited 
to absent limb response, yet normal grimacing. For patients with ability to 
undergo a reliable sensory examination, deficits to light touch and pin 
prick may implicate the presence of polyneuropathy. Reflexes are usually 
diminished to absent, but normal reflexes do not rule out the diagnosis.

The most commonly reported test of muscle strength in critically 
ill patients is manual muscle testing. A standardized bedside muscle 
exam can be utilized to evaluate individual muscle groups. The Medical 
Research Council (MRC) Score grades the strength of functional muscle 
groups in each extremity on a scale from zero to five (Table 83-1).19 
Individual MRC scores obtained from predefined muscle groups can be 
combined into a sum score, yielding a global estimate of motor function. 
The usual standard is to combine three muscle group scores for each 

limb; therefore, sum scores span from zero (complete paralysis) to 60 
(full strength). This scoring has demonstrated excellent inter-rater reli-
ability and can be utilized to document the extent of disease and track 
serial changes over time.20,21

To better characterize the incidence of acquired neuromuscular 
disorders in the ICU and to validate the bedside muscle strength exami-
nation, De Jonghe and colleagues prospectively evaluated 95 patients 
without preexisting neuromuscular injury that had undergone mechani-
cal ventilation for greater than 7 days.22 The first day a patient was awake 
and following commands was considered day 1. On the seventh day 
after awakening, patients underwent MRC muscle strength testing to 
determine a sum score. A priori, they labeled patients with a sum score 
of less than 48 to have “ICU-acquired paresis.” To confirm the peripheral 
neuromuscular origin of the clinical weakness, all patients underwent 
an electrophysiologic examination exam at day 7 and persistently weak 
patients underwent muscle biopsy at day 14. All patients with ICU-
acquired paresis demonstrated sensory-motor axonopathy. Histological 
features of primary myopathic changes were observed in all patients 
with paresis persisting 1 week after the initial diagnosis.

Since this landmark trial, leaders in the field have established use of the 
term “ICU-acquired weakness” to characterize clinically detected weak-
ness in critically ill patients in whom there is no plausible etiology other 
than critical illness.5 ICUAW, synonymous with ICU-acquired paresis, is 
defined by the MRC muscle strength sum score <48 in a patient that 
is awake and able to follow commands (Table 83-2). Since this delinea-
tion, this diagnosis has been repeatedly applied as a secondary end point 
in prospective clinical trials to crudely assess for the presence of muscle 
injury and weakness.23,24

The intensivist should remain cognizant of the limitations of the MRC 
strength examination. It requires a patient who is awake, cooperative, 
and capable of contracting muscle with maximal force. Scores also can 
be affected by patient positioning, the number of limbs available for 
assessment (pain, dressings, amputation), and, most importantly, timing. 
Experts have lamented other limits including the omission of distal lower 
extremity function and poor ability to detect subtle changes over time.

DIFFERENTIAL DIAGNOSIS
Generalized weakness may result from injury to the brain or brainstem, 
myelopathies, anterior horn cell disorders, polyneuropathies, neuro-
muscular junction disorders, and muscle disorders (Table 83-3). The 
weakness may represent the exacerbation or unmasking of a chronic 
underlying neuromuscular disease. Alternatively, the weakness may 
represent the acute neuromuscular condition. In cases of uncertainty, 
additional tests should be performed, including neuroimaging of the 
brain, brainstem, or spinal cord; infectious and immunologic serologies, 
cerebrospinal fluid analysis, and electrophysiology (EP) studies.

With a good history and physical examination, many of the differen-
tial diagnoses can be excluded with confidence. Given that some of the 
other diagnoses are treatable, ICUAW should be regarded as a diagnosis 
of exclusion. The weakness must follow the onset of the critical illness; 
symptoms prior to admission should direct attention to other etiologies. 
The inability to interview the patient, due either to intubation or delirium 
may limit historical detail and proper physical examination. The pres-
ence of delirium should not dissuade the search for a neuromuscular 
disorder, especially when cognition is improving and the weakness is not.

  TABLE 83-1    Medical Research Council (MRC) Neuromuscular Examination

Functions Assessed:

Upper extremity: Wrist flexion, forearm flexion, shoulder abduction

Lower extremity: Ankle dorsiflexion, knee extension, hip flexion

Score for Each Movement:

0—No visible contraction

1—Visible muscle contraction, but no limb movement

2—Active movement, but not against gravity

3—Active movement against gravity

4—Active movement against gravity and resistance

5—Active movement against full resistance

Maximum score: 60 (4 limbs, maximum 15 points per limb)—Normal

Minimum score: 0—Quadriplegia
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ADJUNCTIVE TESTING FOR NEUROMUSCULAR INJURY
Methods to confirm ICUAW and identify its subcategories include EP 
studies, direct muscle stimulation, and morphologic analysis of muscle or 
nerve tissue. These tests help to exclude other differential diagnoses and 
can help to characterize the specific subcategory of ICUAW: neuropathy, 
myopathy, neuromyopathy, or prolonged neuromuscular junction block-
ade. This section details the application of each test. Figure 83-2 provides 
an algorithm for the work-up of a patient exhibiting weakness or inactivity.

Electrophysiologic studies used to evaluate the peripheral nervous sys-
tem include nerve conduction studies, needle EMG, and neuromuscular 

junction testing. Peripheral motor nerve stimulation elicits a compound 
muscle action potential (CMAP), which represents the summated 
response of all stimulated muscle fibers. Alternatively, a sensory nerve 
may be stimulated at separate points to measure the sensory nerve action 
potential (SNAP), which represents the summated response of all 
stimulated sensory fibers. Nerve conduction velocity is calculated by 
measuring the time between nerve stimulation and recording at two 
sites separated by a known distance. Taken together, the information 
can diagnose an axonal sensory-motor polyneuropathy, such as CIP, 
in which decreased CMAP and SNAP amplitudes are measured while 
nerve conduction velocity is normal. In contrast, a demyelinating 
sensory-motor polyneuropathy, like Guillain-Barré syndrome, will 
exhibit preserved CMAP and SNAP amplitudes with markedly reduced 
conduction velocities.

Awake and cooperative patients can undergo needle EMG. Recordings 
are conducted during muscle rest, mild contraction, and with increasing 
or maximal voluntary muscle contraction. Fibrillation potentials and 
sharp waves at rest suggest recent denervation or muscle necrosis. 
Motor unit potentials (MUPs) are recorded during voluntary contrac-
tion. Myopathy is suggested when MUPs are of short duration and low 
amplitude. With maximal contraction, early recruitment of MUPs may 
occur. In contrast, long-duration, polyphasic, high-amplitude MUPs 
may suggest neuropathy. For the patient with persistent respiratory 
failure, phrenic nerve conduction studies and needle EMG of the dia-
phragm can be performed.

Assessment of the neuromuscular junction is accomplished via 
repetitive nerve stimulation and/or single-fiber EMG. In repetitive nerve 
stimulation, a series of supramaximal stimuli are applied at 2 to 3 Hz. 
Decreases in CMAP amplitude of greater than 10% between the first 
and fourth responses indicate a postsynaptic defect in neuromuscular 
transmission, such as myasthenia gravis or prolonged NMBA effect (see 
below). When the patient is able to contract muscle voluntarily, single-
fiber EMG is possible. This test records the time interval between action 
potentials in two muscle fibers that are parts of the same motor unit. 
Variable inter-spike intervals, termed jitter, and absence of the second 
spike (blocking) are consistent with neuromuscular dysfunction.

Limitations of EP testing include falsely dampened measurements 
from tissue edema, electrical interference from other ICU equipment, 
the inability for patients to voluntarily contract muscles, and the need for 
specialists well-versed in the complexities of interpretation. Importantly, 
competing illnesses may cause preexisting axonal polyneuropathy, 
including diabetes and effects of chemotherapeutic agents.

To overcome the challenges of patient cooperation, direct muscle 
stimulation can be conducted to distinguish polyneuropathy and 
myopathy.25,26 Theoretically, denervated muscle (as in CIP) should retain 
electrical excitability; therefore, direct muscle stimulation CMAP ampli-
tude should be normal. In contrast, patients with myopathy exhibit loss 
of electrical excitability; therefore, both nerve and direct muscle stimu-
lated CMAPs are diminished. To accomplish this, a stimulating needle 
or surface electrode is placed just proximal to the tendon insertion. After 
obtaining a muscle twitch, a recording needle electrode is placed in the 
center of the muscle proximal to the site of stimulation, and the maxi-
mal muscle-stimulated CMAP (mCMAP) is recorded. Using the same 
recording electrode, the appropriate nerve undergoes surface stimula-
tion to elicit a nerve-evoked CMAP (nCMAP). The nCMAP to mCMAP 
ratio is calculated; a value >0.5 suggests impaired muscle membrane 
excitability.27,28

■■ BIOPSY
Nerve histology in patients with electrophysiologically defined CIP 
demonstrates distal axonal degeneration involving both sensory and 
motor fibers with no evidence of demyelination or inflammation. 
Muscle biopsies have demonstrated denervation changes and commonly 
have myopathy. In contrast, muscle biopsy in CIM demonstrates 
acute necrosis, regeneration, type II fiber atrophy, and selective loss 
of thick filaments (myosin).29 This last feature is proven by the loss of 

  TABLE 83-3    Acute Generalized Weakness Syndromes in Critically Ill Patients

Bilateral or paramedian brain or brainstem lesionsa

1.	 Trauma
2.	 Infarction
3.	 Hemorrhage
4.	 Infectious and noninfectious encephalitides
5.	 Abscess
6.	 Central pontine myelinolysis

Spinal cord disordersa

1.	 Trauma
2.	 Nontraumatic compressive myelopathies
3.	 Spinal cord infarction
4.	 Immune-mediated myelopathies (transverse myelitis, neuromyelitis optica)
5.	 Infective myelopathies (eg, HIV, West Nile virus)

Anterior horn cell disorders
1.	 Motor neuron disease
2.	 Poliomyelitis
3.	 West Nile virus infection
4.	 Hopkins syndrome (acute postasthmatic amyotrophy)

Polyradiculopathies
1.	 Carcinomatous
2.	 HIV-associated

Peripheral nervous disorders
1.	 Guillain-Barré syndromeb

2.	 Diphtheritic neuropathy
3.	 Lymphoma-associated neuropathy
4.	 Vasculitic neuropathy
5.	 Porphyric neuropathy
6.	 Paraneoplastic neuropathy
7.	 Critical illness polyneuropathy

Neuromuscular junction disorders
1.	 Myasthenia gravis
2.	 Lambert-Eaton myasthenic syndrome
3.	 Neuromuscular-blocking drugs
4.	 Botulism

Muscle disorders
1.	 Rhabdomyolysis
2.	 Disuse myopathy
3.	 Cachexia
4.	 Infectious and inflammatory myopathiesc

5.	 Mitochondrial myopathies
6.	 Drug-induced and toxic myopathies
7.	 Critical illness myopathy
8.	� Decompensation of congenital myopathies (eg, myotonic dystrophy, Duchenne 

muscular dystrophy, adult onset acid maltase deficiency)
aUpper motor neuron signs (increased tone, hyperreflexia) may be absent in the acute setting.
bIncludes acute inflammatory demyelinating polyneuropathy, acute motor axonal neuropathy, acute 
motor, and sensory axonal neuropathy.
cIncludes polymyositis, dermatomyositis, pyomyositis.

HIV, human immunodeficiency virus.
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  TABLE 83-4    Major Diagnostic Features of CIP

1.	 Evidence for ICUAW
2.	 Abnormal sensory examination (when possible)
3.	 Electrophysiologic evidence of axonal motor and sensory polyneuropathy
•	 Sensory and motor nerve amplitudes <80% of the lower limit of normal in two or 

more nerves
•	 Normal or near normal conduction velocities without conduction block
•	 Absence of a decremental response on repetitive nerve stimulation

Other supportive findings:
•	 Needle EMG with reduced recruitment of normal motor unit potentials (early finding)
•	 Needle EMG with fibrillation potentials and reduced recruitment of long-duration,  

high-amplitude MUPs (late finding)
•	 Normal CSF protein
•	 Normal serum creatine kinase

myofibrillar adenosine triphosphate staining on electron microscopic 
imaging. Although biopsies have provided valuable insight into the 
mechanism of injury, the role of nerve and muscle biopsies in clinical 
practice is controversial. The prognostic value of histologic findings 
remains poorly explored.

■■ OTHER DIAGNOSTIC TESTS: BIOMARKERS AND IMAGING
Increased serum creatine kinase has been reported in patients with 
acquired myopathy, particularly those with necrotizing myopathy. There 
is simultaneous interest in the use of ultrasound to image muscle to 
infer muscle bulk.29,30 Decrease in muscle thickness over time has been 
documented in measurements of the anterior thigh, forearm, and biceps. 
For example, linear array, high frequency probes can be used to measure 
quadriceps bulk at a specified point. Validation studies of this tool as a 
marker of muscle bulk and injury are ongoing.

■■ SUBCATEGORIES OF ICUAW: CIP, CIM, CIPNM AND PROLONGED 
NEUROMUSCULAR JUNCTION BLOCKADE

Given the complex testing options, a comprehensive diagnostic 
nomenclature and classification has been generated (Fig. 83-1). As 
described above, the term ICU-acquired weakness designates clini-
cally detected weakness in critically ill patients in whom there is no 
plausible etiology other than critical illness. When advanced testing 
is conducted, more specific phenotypes (or subcategories of ICUAW) 
can be described. Critical illness polyneuropathy refers to patients with 
ICUAW who have electrophysiological evidence of an axonal poly-
neuropathy. Critical illness myopathy indicates patients with ICUAW 
who have electrophysiologic and/or histologic defined myopathy. The 
term critical illness neuromyopathy (CINM) is reserved for patients 
who have electrophysiologic and/or histologic findings of coexisting 
CIP and CIM. Finally, a rare entity of prolonged neuromuscular junc-
tion blockade exists with overlapping clinical features of ICUAW and 
distinct EP features.

■■ CRITICAL ILLNESS POLYNEUROPATHY (see Table 83-4)
Critical illness polyneuropathy (CIP) is a distal axonal sensory-motor 
polyneuropathy affecting both limb and respiratory muscles. As in all 
cases of ICUAW, it is usually discovered in patients with prolonged criti-
cal illness, particularly mechanical ventilation, and affected patients have 
limb muscle weakness—particularly distal weakness—with reduced or 
absent deep tendon reflexes.27 When measurable, patients have loss of 
peripheral sensation to light touch and pin prick, yet preserved cranial 
nerve function.

Given the limitations of the sensory examination in critically ill 
patients, EP studies have generally been relied upon to establish the 
diagnosis. EP studies show a reduction in amplitude of CMAPs and 
SNAPs reflecting the underlying axonal loss.31 Nerve conduction veloc-
ity is normal or mildly reduced. Over time, fibrillation potentials will 
be evident on electromyography (EMG) needle examination. In severe 
cases with ventilatory failure, phrenic motor amplitudes are commonly 

FIGURE 83-2.  Diagnostic algorithm for weakness in the ICU. CIM, critical illness myopathy; CIP, critical illness polyneuropathy; DMS, direct muscle stimulation; EMG, electromyography;  
EP, electrophysiology; ICUAW, intensive care unit-acquired weakness; MRC, Medical Research Council; NCS, nerve conduction studies; NMJ, neuromuscular junction.
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reduced or absent. In patients with CIP, direct needle stimulation of 
muscle elicits a relatively higher amplitude response compared with the 
response recorded from muscle after nerve stimulation.

The serum CK level is normal, and, when performed, cerebrospinal 
fluid protein levels are usually normal. Muscle biopsy findings are those 
of neurogenic atrophy. Nerve histology in patients with electrophysi-
ologic-defined CIP demonstrates distal axonal degeneration involving 
both sensory and motor fibers with no evidence of demyelination or 
inflammation.

Prior investigations have commonly associated CIP with severe 
sepsis and experts suspect it represents a neurologic manifestation of 
the systemic inflammatory response syndrome (SIRS).28,32,33 There is 
some correlation with elevations in blood glucose and reductions in 
serum albumin.34 The mechanism of axonal injury in CIP is unknown. 
However, injury to the microcirculation of distal nerves, causing isch-
emia and axonal degeneration, is speculated.33,35 During the early stages 
of sepsis, electrical inexcitability due to sodium channel inactivation 
may be present in otherwise intact nerves.

■■ CRITICAL ILLNESS MYOPATHY (see Table 83-5)
The most common form of intensive care unit (ICU)-acquired myopa-
thy is critical illness myopathy (CIM).36 The most common presenting 
features of CIM are flaccid quadriparesis that may have a different pat-
tern than CIP. Whereas CIP exhibits a length-related pattern (ie, distal 
muscles are weakest), CIM usually affects proximal muscles either 
equally or more pronounced than distal muscles. Facial muscle weak-
ness can occur, but extraocular muscle weakness is rare. Like other 
entities, patients often repeatedly fail to wean from mechanical ventila-
tion. Although not always assessable, sensation should be normal. For 
example, these patients often grimace to painful stimuli even during 
periods of delirium.

In retrospective series of patients with CIM, approximately one-half 
had elevations in CK.37 In patients with appropriate clinical features, the 
diagnosis of CIM can be confirmed by electrophysiologic testing with 
nerve conduction studies (NCS) and electromyography (EMG). Muscle 
biopsy establishes the diagnosis, but is rarely performed unless another 
treatable condition, such as an inflammatory myopathy, is in the dif-
ferential diagnosis.

The major nerve conduction findings of CIM are normal to low 
motor amplitudes with occasional broadening of the CMAP.38,39 Phrenic 
motor amplitudes may also be low. Sensory responses are normal or 
only mildly reduced, unless there is a coexisting polyneuropathy. Needle 
examination frequently demonstrates fibrillation potential activity 
implicating recent denervation or muscle necrosis.31 Observation of the 
recruitment of motor unit potentials (MUPs) may not be possible in 
advanced weakness. When feasible, recruitment tends to be early. MUPs 

are short in duration, low in amplitude, and may be polyphasic.40 In 
contrast, long-duration, polyphasic, high amplitude MUPs may suggest 
neuropathy.

Direct muscle stimulation can be conducted to assess for electrical 
inexcitability and may help to differentiate CIM from motor axonopa-
thy.26 However, this modality is often limited to those patients with a 
coexisting peripheral neuropathy.

Alternatively, CIM may be established with muscle biopsy. The major 
histopathologic finding is the selective loss of myosin, identified as a 
lack of reactivity to myosin ATPase in non-necrotic fibers. This finding 
can be confirmed with immunohistochemic studies for myosin and by 
utilizing electron microscopy to identify loss of thick filaments. There 
is usually atrophy of myofibers (type 2 more than type 1), evidence of 
myofibrillar disorganization, and occasional necrosis.41,42

Several processes may be involved in the pathogenesis of CIM, includ-
ing upregulation of calpain, an increase in muscle apoptosis, activation 
of the proteasome ubiquitin-degradative system, and upregulation of 
the transforming growth factor-beta/mitogen-activated protein kinase 
pathway.43 Oxidative stress may also play a role. Observation of the loss 
of sarcolemmal nitric oxide synthase isoform 1 may lead to muscle fiber 
inexcitability.44

A steroid-denervation animal model reproduces the histopathologic 
and electrophysiologic findings of CIM observed in humans.45 This 
model suggests that a deleterious interaction between glucocorticoids 
and denervation leads to depletion of the mRNA for myosin and results 
in muscle atrophy.46 Finally, muscle sodium channel properties have 
also been implicated using a chronic sepsis animal model. Patch clamp 
technique revealed decreased sodium current that could lead to muscle 
inexcitability.47

■■ CRITICAL ILLNESS POLYNEUROMYOPATHY
More recent investigations have proven that a reasonable proportion of 
patients have features of combined CIM and CIP, termed critical illness 
polyneuromyopathy.48 The commonality of this entity was illustrated by 
a prospective longitudinal cohort study of 48 patients who had baseline 
neurologic examinations and nerve conduction studies (NCS) within 
72 hours of developing severe sepsis.49 Electromyography was performed 
on patients who developed clinical weakness or had 30% or greater 
reduction in nerve conduction response amplitudes. Clinical and elec-
trophysiologic examinations were repeated weekly for the duration of 
the ICU stay. Abnormal NCS were present at baseline in 63% of patients, 
and an abnormality on baseline NCS was significantly associated with 
hospital mortality compared with a normal baseline NCS (55% vs 0%, 
respectively). In 20 patients who remained in the ICU long enough to 
have serial NCS, neuromuscular dysfunction developed in 10 patients 
(50%). Electrophysiologic evidence of both CIM and CIP was present 
in 8 of 10 patients with neuromuscular dysfunction. The investigators 
hypothesized that sepsis may be a common pathologic mechanism 
underlying the development of both CIM and CIP.

■■ PROLONGED NEUROMUSCULAR JUNCTION BLOCKADE
Prolonged neuromuscular junction (NMJ) blockade is a rare disorder 
occurring in patients who receive non-depolarizing NMBAs who experi-
ence persistent generalized weakness and respiratory failure despite drug 
cessation.50 These paralytic agents inhibit neuromuscular transmission 
via reversible binding to acetylcholine receptors on the motor end-plates 
of NMJs. However, specific drugs requiring end organ function for 
clearance may have persistent effects, particularly when infused for pro-
longed periods. For example, aminosteroid blocking agents, such as pan-
curonium and vecuronium, undergo metabolism by the liver and result 
in functionally active 3-hydroxy metabolites. In situations of advanced 
liver or kidney injury (creatinine clearance <30 mL/min), these drugs 
can accumulate for prolonged effect. Other reported contexts include 
hypermagnesemia or metabolic acidosis.

Examination is notable for flaccid quadriplegia, arreflexia, and 
involvement of the cranial nerves, including ptosis, ophthalmoparesis, 

  TABLE 83-5    Major Diagnostic Features of CIM

1.	 Evidence for ICUAW
2.	 Intact sensory examination (when possible)
3.	 Electrophysiologic evidence of myopathy without neuropathy
	 a.	� Needle EMG with short-duration, low-amplitude MUPs with early or normal full 

recruitment, with or without fibrillation potentials in 2 or more muscle groups
	 b.	 Absence of other nerve injury

i.	� Sensory nerve amplitudes >80% of the lower limit of normal in two or more 
nerves on nerve conduction studies

ii.	 Absence of a decremental response on repetitive nerve stimulation
4.	 Muscle inexcitability on direct muscle stimulation
	 a.	 Muscle-stimulated CMAP/nerve-evoked CMAP ratio >0.5 in 2 or more muscles
5.	 Muscle histopathologic findings of myopathy with myosin loss

Other supportive findings:
1.	 Motor amplitudes <80% of the lower limit of normal in two or more nerves
2.	 Elevated serum creatine kinase
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and facial weakness. Train-of-four stimulation with a peripheral 
nerve stimulator measures the decremental response semiquantita-
tively and may detect a major neuromuscular junction defect. Formal 
testing with repetitive nerve stimulation is the confirmatory test. In 
this test, a series of supramaximal stimuli are applied with a nerve 
stimulator. Decreases in CMAP amplitude greater than 10% from the 
first to fourth response indicate a postsynaptic defect in neuromus-
cular transmission, such as myasthenia gravis or prolonged NMBA 
effect. Transient improvement in muscle strength after administra-
tion of an anticholinesterase reversing agent, such as pyridostigmine, 
supports prolonged neuromuscular junction blockade as a cause  
of weakness.

The condition is reversible and recovery of motor function is 
observed over a period of 2 to 10 days. Weakness beyond this dura-
tion should prompt consideration for alternative diagnoses, especially 
other neuromuscular junction diseases such as myasthenia gravis. 
Prolonged neuromuscular blockade can be prevented by avoiding 
aminosteroid blocking drugs in favor of benzylisoquinoline agents, 
such as cisatracurium, which has no dependence on end organ 
function (metabolized by rapid nonenzymatic degradation in the 
bloodstream, Hofmann elimination). Indeed, the routine use of cisa-
tracurium for neuromuscular blockade in the ICU has largely elimi-
nated this problem.

■■ ICUAW EPIDEMIOLOGY AND RISK FACTORS
Several studies have attempted to establish the prevalence of ICUAW 
and its associated risk factors. Given the history of reliance upon 
advanced testing to delineate phenotypes, large-scale epidemiology 
studies have not been conducted. In this context, the best summary 
data is a systematic review of 24 published studies that included both 
clinical and electrophysiologic examination.51 Their end point was 
abnormal EP test findings (including CIP, CIM, and CIPNM), which 
they termed critical illness neuromuscular abnormalities (CINMAs), a 
label now interchangeable with ICUAW. Of the 1421 total patients with 
sepsis, multiorgan failure, or prolonged mechanical ventilation, 46% had 
ICUAW. The risk of ICUAW was associated with hyperglycemia (and 
inversely associated with tight glycemic control), the systemic inflam-
matory response syndrome (SIRS), sepsis, multiple organ dysfunction, 
renal replacement therapy, and catecholamine administration. Across 
studies, there was no consistent relationship between ICUAW and 
patient age, gender, severity of illness, or exposure to glucocorticoids, 
neuromuscular blockers, aminoglycosides or midazolam. Unadjusted 
mortality was not increased in the majority of patients with ICUAW, but 
mechanical ventilation and ICU LOS were prolonged.

The cohort study that established the validity of the physical examination 
for ICUAW had both complementary and different findings.18 For example, 
in the 95 ICU patients who underwent mechanical ventilation for 7 days 
or more, independent predictors of ICUAW included the number of days 
with dysfunction of two or more organs (OR: 1.28, 95% CI: 1.11-1.49) and 
the duration of mechanical ventilation (OR: 1.10, 95% CI: 1.00-1.22). In 
contrast to the systematic review, female sex (OR: 4.66, 95% CI: 1.19-18.30) 
and administration of corticosteroids (OR: 14.90, 95% CI: 3.20-69.80) were 
strong predictors.

In search of potentially modifiable risk factors for ICUAW, many 
investigations have focused on exposure to corticosteroids and NMBAs. 
These agents have been both implicated in animal research and 
observational trials in humans.52 Results have not been consistent or 
conclusive, likely due to methodological limitations of these inves-
tigations. More recently, randomized controlled trials have included 
secondary analyses for evidence of ICUAW to bypass the problem of 
confounding by indication.23

Although corticosteroids inhibit protein synthesis in type II muscle 
fibers and contribute to severe protein catabolism, the relationship 
between corticosteroids and ICUAW has been inconsistent. In a second-
ary analysis of a multicenter study of patients with severe and persistent 
ARDS randomized to methylprednisolone or placebo, 34% developed 

ICUAW as detected by chart review.52 There was no statistically signifi-
cant association of ICUAW with randomization to methylprednisolone; 
however, intervention patients were more likely to have evidence of 
ICUAW in the first 28 days of the study, and were more likely to be 
clinically diagnosed with myopathy. It is plausible that some benefits 
of corticosteroid treatment on lung function were offset by the adverse 
effects on strength.

The association of neuromuscular weakness with prolonged effect 
of neuromuscular blocking agents (NMBAs) has long been recognized 
and was the most prominent reason for a shift away from NMBA use 
in the critically ill. A typical scenario involves patients with severe 
acute asthma and ventilatory failure who undergo treatment with high-
dose corticosteroids in combination with NMBAs. These patients may 
exhibit severe and protracted myopathy.37,53,54 However, this relationship 
has not borne out in the general adult ICU population.36,42 Concerns 
about NMBA use have been reduced by a recent multicenter RCT test-
ing the benefit of early neuromuscular blockade for severe ARDS.23 
Randomization to cisatracurium versus placebo significantly decreased 
90-day mortality from 40.7% to 31.6%. Investigators included ICUAW as 
a secondary outcome. At ICU discharge, there were neither differences 
in average muscle strength among patients tested nor any difference in 
proportion of patients with ICUAW. These findings are a substantial 
contribution, challenging the commonly held belief about the causal role 
of neuromuscular blockers in ICUAW. However, there are some impor-
tant limitations, including the use of manual muscle strength testing as 
the gold standard for investigating nerve and muscle function in the 
ICU and lack of follow-up testing to answer questions about lingering 
impairment.

PREVENTION AND TREATMENT
Data supporting specific approaches to prevent or treat ICUAW are 
limited. A Cochrane review identified only one successful interven-
tion: insulin therapy with strict glycemic control.55 This evidence for 
prevention comes from two trials studying “intensive” insulin therapy 
(defined as maintenance of a blood glucose level between 80 and 
110 mg/dL) in critically ill patients who remain in the ICU for 7 or 
more days. The first trial, focused on surgical patients, demonstrated 
a mortality benefit and a secondary end point of fewer cases of CIP 
detected by routine electrophysiologic testing after day 7 (29% vs 52%, 
p < 0.001).56 The same investigators studied the effect of intensive 
insulin therapy in medically critically ill patients. The prospective 
subanalysis demonstrated a significant reduction in the incidence of 
critical illness polyneuropathy and myopathy (51% vs 39%, p = 0.02) 
when similarly screened by weekly EP studies. Unfortunately, despite 
this protective effect on the development of ICUAW, intensive insulin 
therapy has been associated with an increased risk of severe hypogly-
cemia and either increased mortality or had no effect on mortality 
when compared to more permissive blood glucose ranges (such as 
140-180 mg/dL and 180-200 mg/dL).57,58 Furthermore, because more 
recent data suggest an increased mortality with aggressive insulin 
therapy,58 this treatment option cannot be recommended as a means 
to prevent ICUAW.

For all forms of ICUAW, care is supportive. Measures to avoid second-
ary injury must be undertaken. These practices may span mechanical 
ventilation (low tidal volume ventilation for ARDS; protocols to guide 
ventilator readiness testing and liberation), stress ulcer and venous 
thrombosis prophylaxis, titrated sedation and analgesia therapy, and 
efforts to avoid nosocomial infection (head of bed elevation, early 
discontinuation of central venous and urinary catheters). Because 
prolonged immobilization and bed rest have been shown to acceler-
ate muscle loss, which may exacerbate ICUAW, mobility therapy has 
emerged as a potential preventive measure.59

A new framework for early mobilization during critical illness 
has evolved. Rather than delay rehabilitation until the patient has 
left the ICU, studies of progressively earlier exercise have repeatedly 
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demonstrated safety and benefit.59 Specifically, early mobilization can be 
safely implemented during mechanical ventilation via an endotracheal 
tube, during infusions of vasopressors and relatively higher levels of 
oxygen need, and in patients with multiple critical care devices.60-63 These 
studies, spanning physical and occupation therapy services to bedside 
cycle ergometer use, are detailed extensively in Chap. 24. Overall, these 
studies demonstrate improved patient physical function and shorter 
durations of ICU and hospital lengths of stay.59

SUMMARY
ICUAW is a common morbidity of critical illness, represents an 
important patient-centered outcome, and has substantial implications 
on quality of life and patients’ ability to return to prior health and life-
style. The ability to measure the presence of ICUAW in a reproducible 
fashion via history and physical examination has yielded significant 
improvements in global awareness of neuromuscular dysfunction. The 
practicing clinician needs to be aware when the presentation is atypical 
and more advanced diagnostic testing is needed. For the research envi-
ronment, longer term outcomes focusing on neuromuscular strength 
and patient functional autonomy need to be considered when evaluating 
the effect of new interventions. Although it seems doubtful that a single 
therapy might prevent weakness in varied populations, the meticulous 
application of multidisciplinary care—including early patient engage-
ment and mobilization—may help to improve strength and function in 
survivors of critical illness.
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84
C H A P T E R Cerebrovascular Disease

William J. Powers
Dedrick Jordan

KEY POINTS

•• Etiology
•• Cardioembolic and other nonarteriosclerotic causes of cerebral 

infarction occur more commonly in patients admitted to the ICU 
and should be carefully sought by appropriate diagnostic tests.

•• In hypertensive patients with hemispheric lobar hemorrhages 
and in patients without hypertension, causes for intracerebral 
hemorrhage such as coagulopathies, arteriovenous malforma-
tions, or saccular aneurysms should be sought.

•• Nontraumatic spontaneous subarachnoid hemorrhage is almost 
always due to a ruptured saccular aneurysm and should be 
evaluated by arteriography.

•• Clinical and Laboratory Diagnosis
•• X-ray computed tomography (CT) is the diagnostic neuroimag-

ing test of choice for patients with acute stoke. It is rapid, can be 
performed easily on acutely ill patients and acute intracerebral 
or subarachnoid hemorrhage are easily identified.

•• Lumbar puncture is the most sensitive test for detection of SAH; 
it should be performed when there is a strong clinical suspicion 
and a negative CT scan, or when CT is not available or feasible.

•• In suspected ischemic stroke, diffusion-weighted MRI can be 
helpful for improving diagnostic certainty when there is no 
clear history of an abrupt onset or the localization of the neuro-
logical findings is confusing. MRI has not been shown to be of 
value in selecting patients for thrombolytic therapy.

•• Early electrocardiographic (ECG) monitoring detects previ-
ously unsuspected atrial fibrillation in 3% to 5% of patients 
with acute cerebral ischemia.

•• Patients with transient ischemic attacks (TIAs) or mild stroke who 
are good surgical candidates for carotid endarterectomy should 
be evaluated for symptomatic carotid stenosis immediately since 
the risk of stroke can be as high as 1 in 20 within the first 2 days.

•• Treatment of Cerebral Infarction
The following statements can be made based on good clinical trial data.
•• Routine use of supplemental oxygen does not reduce mortality.
•• Early treatment of hyperglycemia to achieve levels <7 mmol/L 

does not improve outcome.
•• In patients with systolic blood pressures of 160 to 200 mm Hg, 

pharmacological reduction of systolic pressure by 20 to 25 mm Hg 
within the first 24 hours is safe, but does not improve outcome.

•• In hemiplegic patients, subcutaneous low-dose heparin or 
enoxaparin reduces deep venous thrombosis.

•• Intravenously administered t-PA improves outcome in carefully 
selected patients with acute ischemic stroke when instituted 
within 4.5 hours of onset.

•• The clinical value of any intra-arterial pharmacological or 
mechanical revascularization therapy for acute ischemic stroke 
has not been demonstrated.

•• Aspirin 160 or 300 mg/d of aspirin begun within 48 hours of 
the onset of ischemic stroke results in a net decrease in further 
stroke or death.

•• Full anticoagulation with heparin or similar drugs in patients 
with acute ischemic stroke provides no clinical benefit in general 
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with hemispheric lobar hemorrhages and patients without hypertension, 
other causes should be sought, such as arteriovenous malformations 
or saccular aneurysms.2 Amyloid angiopathy becomes increasingly 
important in patients in the seventh, eighth, and ninth decades. These 
hemorrhages usually occur in the subcortical hemispheric white matter 
and may be multiple. Previous microhemorrhages in parietal and occipi-
tal lobes are often visible on magnetic resonance images. Hemorrhage 
due to anticoagulant and thrombolytic drugs may affect any part of the 
brain. Rarer causes of intracerebral hemorrhage occurring in patients 
with other systemic diseases include thrombocytopenia, hemophilia, 
and disseminated intravascular coagulation. Primary or metastatic brain 
tumors will rarely present as ICH.

Nontraumatic spontaneous subarachnoid hemorrhage (SAH) is 
almost always due to a ruptured saccular aneurysm. Aneurysms may 
also rupture into the brain parenchyma, producing intracerebral hem-
orrhage as well. Saccular aneurysms are most commonly located on 
the large arteries at the base of the brain. Both congenital and acquired 
factors appear to play a role in the postnatal development of aneu-
rysms. Acquired factors include atherosclerosis, hypertension, and 
hemodynamic stress. In patients with infective endocarditis, mycotic 
aneurysms of more distal arteries may form and sometimes rupture. 
Other causes of SAH include ruptured arteriovenous malformations 
(cerebral and spinal) and fistulae, cocaine abuse, pituitary apoplexy, 
and intracranial arterial dissection.3 In some cases, particularly SAH 
ventral to the midbrain or restricted to cortical sulci, the cause cannot 
be determined.

CLINICAL AND LABORATORY DIAGNOSIS
The initial diagnostic evaluation of the patient with suspected stroke 
serves (1) to determine whether neurologic symptoms are due to cere-
brovascular disease or to some other condition, such as peripheral nerve 
injury, intracranial infection, tumor, subdural hematoma, multiple scle-
rosis, epilepsy, or hypoglycemia; and (2) to distinguish among different 
types of cerebrovascular disease that require different treatments. The 
clinical history and examination remains the cornerstone of this process. 
Cerebrovascular disease typically produces focal brain dysfunction of sud-
den onset in a single location. The primary exception to this is aneurysmal 
SAH, which usually presents as a sudden onset of severe headache, with or 
without nausea, vomiting, or loss of consciousness. In some cases, a less 
severe aneurysmal hemorrhage may present as a headache of moderate 
intensity, neck pain, and nonspecific symptoms. A high index of suspicion 
is needed in order to avoid missing the diagnosis of SAH. Focal brain 
dysfunction may not always cause an obvious hemiparesis. Neurologic 
deficits such as neglect, agnosia, aphasia, visual field defects, or amne-
sia may be the only manifestations of brain infarction or hemorrhage. 
Multiple small brain infarcts may produce impaired consciousness with 
minimal or no focal neurologic deficits, mimicking metabolic, or toxic 
encephalopathy. The clinical distinction between cerebral infarction and 
intracerebral hemorrhage is unreliable as both produce sudden focal defi-
cits. Large hemorrhages may produce vomiting or unconsciousness, but 
so may infarcts in the vertebrobasilar circulation. The initial neurologic 
examination provides a baseline for monitoring the subsequent clinical 
course. A thorough medical evaluation is necessary to detect systemic 
diseases that may be the cause of the cerebrovascular problem. Careful 
evaluation of the heart is imperative to detect conditions that might pre-
dispose to embolization, particularly atrial fibrillation, recent myocardial 
infarction, and more rarely, infective endocarditis.

X-ray computed tomography (CT) is the diagnostic neuroimaging test 
of choice for patients with acute stoke. It is rapid and can be performed 
easily on acutely ill patients. Acute intracerebral hemorrhage is easily 
identified by noncontrast CT. Cerebral infarction may not be demon-
strated by CT for several days. If the infarct is small enough, it may never 
be apparent. Magnetic resonance diffusion weighted imaging is more 
sensitive than CT for lesion detection in the early period following isch-
emic infarction. Due to its higher resolution, magnetic resonance imag-
ing (MRI) is also superior for detecting small infarcts (especially those in 

or in any subgroup, including those with atrial fibrillation or 
other cardioembolic sources.

•• Hemicraniectomy reduces mortality in patients with large 
hemispheric infarcts and depressed level of consciousness who 
are operated within 48 hours of stroke onset.

•• Treatment of Intracerebral Hemorrhage
The following statements can be made based on good clinical trial data

•• Prophylaxis for deep venous thrombosis with low-dose subcu-
taneous heparin or heparinoids may be instituted safely on the 
second day after the hemorrhage and reduces subsequent deep 
venous thrombosis if begun before day 4.

•• In patients with systolic blood pressure of 150 to 220 mm Hg, 
rapid pharmacological reduction of systolic pressure by 27 mm Hg 
within the first hour is safe but does not improve outcome.

•• Craniotomy and clot evacuation in patients with supratentorial 
ICH, either superficial or deep, is of no benefit.

•• Treatment of Subarachnoid Hemorrhage
The following statements can be made based on good clinical trial data
•• Oral nimodipine at a dose 60 mg every 4 hours for 21 days after 

hemorrhage reduces poor outcome.
•• Early definitive treatment reduces the risk of rebleeding.
•• For aneurysms amenable to both endovascular coiling and 

surgical clipping, endovascular treatment is beneficial.
•• Intravascular volume contraction should be avoided.

ETIOLOGY
Cerebrovascular diseases can be divided into three categories: cerebral 
ischemia and infarction, intracerebral hemorrhage, and subarachnoid 
hemorrhage. Cerebral ischemia and infarction are caused by processes 
that reduce cerebral blood flow. Reductions in whole brain blood flow 
due to systemic hypotension or increased intracranial pressure (ICP) may 
produce infarction in the distal territories or border zones of the major 
cerebral arteries. More prolonged global reductions cause diffuse hemi-
spheric damage without localizing findings or, at its most severe, produce 
brain death. Prolonged regional reductions can lead to focal brain infarc-
tions. Local arterial vascular disease accounts for approximately 65% to 
70% of all focal brain infarctions. In most cases, arterial disease serves 
as a nidus for local thrombus formation with or without subsequent 
distal embolization. Focal arterial stenosis in combination with systemic 
hypotension is a very rare cause of focal brain infarction. Atherosclerosis 
is the most common cause of local disease in the large arteries supplying 
the brain. Disease of smaller penetrating arteries may cause small deep 
(lacunar) infarcts. While emboli arising from the heart cause approxi-
mately 30% of all cerebral infarcts in a general population, they assume 
more importance in ICU patients.1 Atrial fibrillation is the most common 
of these causes. Atherosclerotic emboli following heart surgery, infec-
tive endocarditis, nonbacterial thrombotic endocarditis, and ventricular 
mural thrombus secondary to acute myocardial infarction or cardio-
myopathy should all be considered in the appropriate circumstances. 
More rare causes of cerebral infarction must also be considered in the 
ICU. These include dissections of the carotid or vertebral artery (after 
direct neck trauma, “whiplash” injuries or forced hyperextension during 
endotracheal intubation), intracranial arterial or venous thrombosis 
secondary to meningeal or parameningeal infections, and paradoxical 
embolization from venous thrombosis via a patent foramen ovale.1

Hemorrhage into the basal ganglia, thalamus, and cerebellum in 
middle-aged patients with long-standing hypertension is the most 
common type of intracerebral hemorrhage. In hypertensive patients 
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the posterior fossa) at any time. However, MRI is more cumbersome to 
perform in acutely ill patients because of longer imaging times, the need 
for special nonferromagnetic life support equipment, and the necessity of 
putting the entire body in the scanner. Demonstration of cerebral infarc-
tion by neuroimaging is rarely necessary, since the diagnosis often can be 
made reliably by the clinical presentation of the sudden onset of a focal 
brain deficit together with a negative CT scan to exclude hemorrhage and 
other conditions. MRI can be helpful for improving diagnostic certainty 
when there is no clear history of an abrupt onset or the localization of the 
neurological findings is confusing. Intravenous contrast administration 
increases the sensitivity for detecting diseases that may mimic stroke, 
such as tumor, chronic subdural hematoma, and abscess.

Diagnosis of border zone infarction due to systemic arterial hypoten-
sion is almost entirely dependent on the pattern of infarction shown 
by CT or MRI. Border zone infarctions are often asymmetrical and 
patchy; rarely is the entire border zone territory between the middle 
cerebral artery and posterior or anterior cerebral artery involved. 
Furthermore, the actual location of the border zone varies from person 
to person.4 When more than one area of acute infarction has occurred 
and all infarcted areas are within the border zones, systemic hypotension 
should be considered as a cause of infarction.

MRI has no advantage over CT in the demonstration of acute intra-
cerebral hemorrhage, but it does have superior sensitivity for detecting 
subacute or chronic hemorrhage. MRI with contrast is the most sensitive 
way to detect a tumor underlying an ICH. Noncontrast CT has a sensi-
tivity of >90% for detecting SAH when performed within 24 hours of 
hemorrhage. There is no role for standard MRI in the initial diagnosis of 
acute SAH since it is difficult to perform in an acutely ill agitated patient 
and it does not increase the likelihood of detecting SAH.

In the patient who is awake and alert with acute focal brain dysfunc-
tion and in whom noncerebrovascular causes can be excluded, the imme-
diate distinction between cerebral infarction and cerebral hemorrhage 
may not be necessary if no emergent treatment of the stroke is planned. 
In certain situations, however, differentiation between infarction and 
hemorrhage may be critical. Patients with ischemic stroke whose time 
of onset can be determined to be less than 4.5 hours earlier and whose 
other medical problems do not preclude thrombolytic therapy, will 
benefit from treatment with intravenous tissue plasminogen activator 
(t-PA).5,6 In this circumstance, emergency CT to exclude cerebral hemor-
rhage is imperative (see the section on treatment below). In the patient 
with decreased consciousness and a focal neurologic deficit, emergency 
CT may be critically important in identifying an intracranial tumor or 
subdural hematoma that requires emergency neurosurgical intervention.

Except in patients with cerebral venous thrombosis, hematologic evalu-
ation of patients with ischemic stroke is rarely of value. Antiphospholipid 
antibodies are found in a high percentage of patients with arterial stroke, 
but they confer neither a worse prognosis nor is there a benefit of long-
term anticoagulation.7 Acquired or hereditary hypercoagulable disorders 
have not been clearly linked to arterial ischemic stroke, whereas they are 
clearly of etiologic importance in cerebral venous thrombosis. In patients 
with intracranial hemorrhage, especially in the ICU, acquired hemor-
rhagic diatheses (eg, anticoagulant or thrombolytic drugs, thrombocyto-
penia) should always be considered and should be sought by appropriate 
laboratory testing when clinical suspicion indicates.

Lumbar puncture with cerebrospinal fluid (CSF) examination can 
be an extremely important test in the evaluation of the patient with 
apparent stroke, especially in patients with acquired immune deficiency 
syndrome (AIDS) or when there is infection elsewhere. Meningitis may 
cause stroke by producing thrombosis of arteries or cortical veins. CSF 
pleocytosis is common following septic embolism from infective endo-
carditis and can serve as a valuable clue to its presence. Lumbar puncture 
is the most sensitive test for detection of SAH; it should be performed 
when there is a strong clinical suspicion and a negative CT scan, or when 
CT is not available or feasible. CSF xanthochromia, which begins to 
develop after 4 hours and is reliably present at 12 to 24 hours, can help 
differentiate SAH from traumatic lumbar puncture.8,9

Early electrocardiographic (ECG) monitoring detects previously 
unsuspected atrial fibrillation in 3% to 5% of patients with acute cerebral 
ischemia.10-12 This information is clinically useful since the superiority of 
oral anticoagulation over aspirin for long-term secondary stroke preven-
tion in this circumstance has been demonstrated.13 There is, however, no 
benefit for immediate anticoagulation in these patients.14 Transthoracic 
echocardiography can provide evidence of poor left ventricular function 
and, rarely, left ventricular thrombi. In patients without clinical cardiac 
disease (no previous history or signs or symptoms of cardiac disease, no 
ECG abnormalities, and normal cardiac silhouette on chest x-ray), left 
ventricular thrombi are vanishingly rare. Transesophageal echocardiog-
raphy has made it possible to identify left atrial thrombi and atheroscle-
rosis of the ascending aorta. Large aortic arch lesions are associated with 
an increased risk of stroke. The most common lesion detected by echo-
cardiography in patients with stroke who have no other evidence of heart 
disease is patent foramen ovale with or without atrial septal aneurysm. 
Treatment implications are problematic (see below). ECG abnormali-
ties are extremely common in patients with SAH. However, the clinical 
relevance of these abnormalities is questionable since they often do not 
correlate with echocardiographic abnormalities, histopathologic abnor-
malities, or serum markers of cardiac injury. Approximately 20% of 
patients with SAH have elevated serum troponin-I levels. Patients with 
elevated troponin-I levels should undergo echocardiography, as elevated 
troponin-I levels have been shown to be 100% sensitive and 86% specific 
for the detection of left ventricular dysfunction by echocardiography.15

Cerebral arteriography provides high-resolution images of both extra-
cranial and intracranial vessels, which may be useful occasionally in the 
identification of causes of cerebral infarction such as arterial dissection. 
It is of little value for the diagnosis of isolated cerebral vasculitis due to 
the high prevalence of both false-positive and false-negative findings.16  
Magnetic resonance arteriography (MRA), often overestimates the 
degree of stenosis, sometimes even portraying normal vessels as 
abnormal. In addition, MRA lacks the high resolution of conventional 
arteriography and cannot be used to exclude small aneurysms or abnor-
malities in distal arterial branches. In contrast, magnetic resonance 
venography has supplanted conventional catheter angiography for the 
detection of sagittal and lateral sinus venous thrombosis. In hypertensive 
patients with lobar intracerebral hemorrhage and in nonhypertensive 
patients with intracerebral hemorrhage in any location, arteriography 
may demonstrate vascular malformations or aneurysms.2 CT angiogra-
phy is almost as sensitive as arteriography for detecting causes of intra-
cerebral hemorrhage but will occasionally miss a small arteriovenous 
malformation or fistula.17-19 Cerebral arteriography plays an important 
role in the evaluation of the patient with SAH by confirming the exis-
tence of an aneurysm and providing the necessary information to plan a 
surgical approach. If CT or lumbar puncture demonstrates SAH, a four-
vessel angiogram should be performed as soon as possible. A complete 
study is necessary to look for multiple aneurysms. If arteriography does 
not reveal a cause for SAH, it should be repeated in 1 to 2 weeks.

Doppler ultrasound of the carotid arteries is useful to screen for severe 
carotid stenosis at the cervical bifurcation in patients who are candidates 
for carotid endarterectomy. It is important to remember that the reliabil-
ity of this technique varies from center to center. Patients with transient 
ischemic attacks (TIAs) or mild stroke who are good surgical candidates 
should be evaluated immediately since the risk of stroke following TIA 
can be as high as 1 in 20 within the first 2 days.20 On the other hand, in 
patients with a completed stroke, there is usually no urgency in obtain-
ing this information since carotid endarterectomy does not play a role 
in the management of acute stroke. Transcranial Doppler (TCD) studies 
can detect stenosis of intracranial vessels, but the value of this informa-
tion in management decisions remains to be demonstrated.21 TCD can 
also detect increases in flow velocity in most patients with arteriographic 
vasospasm following SAH (see below).

The value of regional cerebral blood flow (CBF) measurements with 
positron emission tomography (PET), single photon emission com-
puted tomography (SPECT), CT, or MRI in the diagnosis and treatment 
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  TABLE 84-1    Inclusion and Exclusion Criteria From the NINDS t-PA Stroke Trial

Inclusion criteria

1.	 Age 18 through 80 years.
2.	� Clinical diagnosis of ischemic stroke causing a measurable neurologic deficit, defined as 

impairment of language, motor function, cognition, and/or gaze or vision, or neglect. 
Ischemic stroke is defined as an event characterized by the sudden onset of an acute 
focal neurologic deficit presumed to be due to cerebral ischemia after computed  
tomography (CT) has excluded hemorrhage.

3.	 Time of onset well established to be less than 180 minutes before treatment would begin.
4.	� Prior to treatment, the following must be known or obtained: complete blood cell count, 

platelet count, prothrombin time (if the patient has a history of oral anticoagulant therapy in 
the week prior to treatment initiation), partial thromboplastin time (if the patient has received 
heparin within 48 hours of treatment initiation), blood glucose, and CT scan (noncontrast).

Exclusion criteria

	 1.	 Minor stroke symptoms or major symptoms that are improving rapidly.
	 2.	 Evidence of intracranial hemorrhage on CT scan.
	 3.	 Clinical presentation that suggests subarachnoid hemorrhage even if initial CT scan is normal.
	 4.	 Female patient who is lactating or known or suspected to be pregnant.
	 5.	 Platelet count less than 100,000/µL; prothrombin time greater than 15 seconds; 

heparin has been given within 48 hours and partial thromboplastin time is greater 
than the upper limit of normal for laboratory; anticoagulants currently being given.

	 6.	 Major surgery or serious trauma, excluding head trauma, in the previous 14 days, or 
head trauma within the previous 3 months.

	 7.	 History of gastrointestinal or urinary tract hemorrhage in the previous 21 days.
	 8.	 Arterial puncture at a noncompressible site or a lumbar puncture within the previous 7 days.
	 9.	 On repeated measurement, systolic blood pressure >185 mm Hg or diastolic blood pressure 

>110 mm Hg at the time treatment is to begin, or patient requires aggressive treatment 
to reduce blood pressure to within these limits.

	10.	 Patient has had a stroke in the previous 3 months or has ever had an intracranial hemorrhage 
considered to put the patient at an increased risk for intracranial hemorrhage.

	11.	 Serious medical illness likely to interfere with this trial.
	12.	 Abnormal blood glucose (<50 or >400 mg/dL).
	13.	 Clinical presentation consistent with acute myocardial infarction or suggesting 

postmyocardial infarction pericarditis.
	14.	 Patient cannot, in the judgment of the investigator, be followed for 3 months.
	15.	 Seizure occurred at onset of stroke.

of patients with cerebrovascular disease remains to be demonstrated. 
Since the diagnosis of cerebral infarction can be made reliably by means 
of the clinical picture and a CT scan, it is rarely if ever necessary to 
demonstrate a defect on a CBF study. Furthermore, other conditions 
also may produce focal regional reductions of CBF. CBF measurement 
as an adjunct in deciding the appropriate therapeutic intervention in 
patients with stroke has not been shown to result in improved outcome. 
The combination of diffusion weighted imaging (DWI) and perfusion 
weighted imaging (PWI) in patients with acute ischemic stroke often 
reveals a central area of restricted diffusion surrounded by a larger area 
of low perfusion. The diffusion abnormality increases with time and its 
final boundaries correspond closely to the eventual infarct. These obser-
vations have led to the hypothesis that the area of perfusion-diffusion 
mismatch indicates tissue destined for infarction that may be salvaged 
by thrombolytic therapy. As of 2012, several clinical trials all have failed 
to demonstrate that treatment that decisions based on DWI-PWI mag-
netic resonance scans lead to better patient outcome.22

TREATMENT

■■ CEREBRAL INFARCTION
Immediate supportive care of the patient with cerebral infarction requires 
attention to the patient’s airway, breathing, and circulation. Although 
most patients have preserved pharyngeal reflexes, those with brain stem 
infarction or depressed consciousness may require intubation for airway 
protection. Coexisting heart and lung disease are common. Respiratory 
and cardiac function should be assessed fully, and appropriate interven-
tions performed to maintain perfusion and oxygenation. The use of sup-
plemental inspired oxygen is rational only if the arterial oxygen content of 
the blood is decreased; routine use does not reduce mortality.23 At the time 
of hospital admission, some patients may have mild intravascular volume 
depletion. In addition to normal maintenance requirements, careful fluid 
supplementation may be required. The composition of intravenous fluid 
(normal saline solution, one-half normal saline solution, or 5% glucose) 
makes no difference as long as serum electrolyte concentrations remain 
normal. Care should be taken to avoid hypo-osmolarity, which poten-
tially could exacerbate brain edema. Early treatment of hyperglycemia to 
achieve levels <7 mmol/L does not improve outcome.24 Systemic arterial 
hypertension is common following acute ischemic stroke. In most cases, 
blood pressure returns to baseline levels without treatment in a few days. 
There are no known hazards to the brain from this spontaneous transient 
elevation in systemic blood pressure. The value of treatment, if any, is 
unknown. Case reports describe sudden neurological deterioration when 
blood pressure is pharmacologically reduced.25 In patients with systolic 
blood pressures of 160 to 200, a randomized trial has demonstrated that 
pharmacological reduction of systolic pressure by 20 to 25 mm Hg within 
the first 24 hours is safe as it did not cause more early neurological dete-
rioration when compared to the natural decrease of 10 to 15 mm Hg, but 
neither did it improve death or dependency at 2 weeks.26 There are insuf-
ficient data to permit designation of any target blood pressure levels as 
effective.27,28 Continuing or stopping preexisting antihypertensive therapy 
for 2 weeks after acute ischemic stroke does not affect outcome.29 When 
systemic hypertension causes organ damage elsewhere (eg, myocardial 
ischemia, congestive heart failure, or dissecting aortic aneurysm), careful 
and judicious lowering of the blood pressure with constant monitoring of 
neurologic status is indicated.

No clinical evidence or pathophysiologic rationale supports routine 
restriction to bedrest for patients with acute brain infarction. Prolonged 
immobility carries an increased risk of iliofemoral venous thrombosis, 
pulmonary embolism, and pneumonia. Patients should be out of bed 
and walking as soon as possible after a stroke. Occasionally, orthostatic 
hypotension with worsening of neurologic deficits will occur. In these 
cases, a more gradual program of ambulation should be instituted. In 
hemiplegic patients, subcutaneous low-dose heparin or enoxaparin 
should be administered to prevent iliofemoral venous thrombosis.30 

Alternating pressure antithrombotic stockings may provide benefit as 
well. In the case of pulmonary embolism or deep venous thrombosis, full 
anticoagulation with heparin or heparin-like drugs may be instituted. 
Fever may occur due to infection or other systemic causes. Central 
fevers due to hypothalamic disease are an exceedingly uncommon event 
and the search for other causes should be vigorously pursued. Animal 
studies have shown that even minor elevations in temperature of a few 
degrees poststroke can lead to worse brain damage. Maintaining nor-
mothermia through the use of antipyretics and cooling blankets makes 
good sense but is of unproven value. Trials of induced hypothermia with 
both external and internal cooling are now underway. It is important 
to remember that dysphagia occurs commonly, even with unilateral 
hemispheric lesions. Before oral feeding is instituted, each patient’s 
ability to swallow should be carefully checked. Institutions with formal 
dysphagia screening protocols have a reduced incidence of pneumonia.31 
Incontinence is also common following acute stroke but the use of Foley 
catheters should be kept to a minimum because of the attendant increase 
in urinary tract infections. Careful attention must be given to the pre-
vention of decubitus ulcers in bedridden patients.

Intravenously administered t-PA improves outcome in carefully 
selected patients with acute ischemic stroke when instituted within 
4.5 hours of onset.5,6 These findings were demonstrated in two separate 
studies: the NINDS Trial comprising patients within 0 to 3 hours of 
onset and the ECASS III Trial comprising patients within 3 to 4.5 hours 
of onset. Inclusion and exclusion criteria used in these trials were dif-
ferent and are listed in Tables 84-1 and 84-2. In both trials, patients 
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received 0.9 mg/kg (90 mg maximum) of alteplase, 10% given as an 
initial bolus over 1 minute, followed by a continuous intravenous infu-
sion of the remainder over 60 minutes. The infusion was discontinued 
if intracranial hemorrhage was suspected. In the NINDS 0- to 3-hour 
trial, all patients were admitted to a neurology special care area or ICU. 
Anticoagulant or antiplatelet drugs were not allowed for 24 hours. 
Nasogastric tubes and Foley catheters were avoided for 24 hours if 
possible. Blood pressure was monitored every 15 minutes for 2 hours, 
every 30 minutes for 6 hours, and then every 60 minutes for 16 hours. 
Blood pressure was kept below 180/105 mm Hg with labetalol or sodium 
nitroprusside. Symptomatic cerebral hemorrhage occurred more com-
monly in the group treated with t-PA (6%) than in the control group 
(<1%). Recommended treatment of symptomatic intracerebral hem-
orrhage included cryoprecipitate and platelet transfusion.32 In spite of 
this treatment, mortality at 3 months from ICH after t-PA was 75% in 
the NINDS trial.33 Even taking into account the increased risk of intra-
cerebral hemorrhage, there was no difference in mortality, and more 
t-PA-treated patients demonstrated an excellent neurologic outcome at 
3 months by each of four separate outcome scales. The odds ratio for 
a favorable outcome due to treatment was 1.7. In the ECASS III 3- to 
4.5-hour trial, anticoagulant or antiplatelet drugs were also not allowed 
for 24 hours with the exception that subcutaneous heparin (≤10,000 IU) 
or equivalent doses of low-molecular weight heparin was permitted for 
prophylaxis against deep-vein thrombosis. The odds ratio for a favorable 
outcome due to treatment was 1.3. Supporting evidence for these two 
pivotal trials is provided by retrospective analyses of small subgroups of 
patients enrolled <4.5 hours postevent in other trials.34,35

Even though efficacy of IV t-PA has been demonstrated out to 
4.5 hours, eligible patients should be treated as soon as possible since 
the benefit is time-dependent.36 For patients who awaken from sleep 
with a stroke, the time of onset must be taken to be the last time they 
were awake and known to be in their premorbid state, not the time of 
awakening. If the time of stroke onset cannot accurately be established 
to be less than 4.5 hours, intravenous t-PA should not be given. Several 

controlled clinical trials failed to demonstrate a benefit of intravenous 
t-PA after 4.5 hours, even when magnetic imaging criteria are used to 
select patients.37-40

The clinical value of any intra-arterial pharmacological or mechanical 
revascularization therapy for acute ischemic stroke has not been demon-
strated. A trial of intra-arterial pro-urokinase plus intravenous heparin 
within 0 to 6 hours after onset in patients with middle cerebral artery 
occlusion showed a barely statistically significant benefit over intravenous 
heparin alone. These data were not sufficient proof for the drug to be 
approved for use in the United States.41 A trial of intra-arterial urokinase 
within 0 to 6 hours of onset in middle cerebral artery occlusion showed 
no benefit.42 In neither of these studies was intravenous t-PA adminis-
tered to any of the estimated 70% of the control groups who could have 
received it within 4.5 hours after onset.43 Consequently, the superiority of 
the intra-arterial to the intravenous approach in those who are eligible for 
IV t-PA within 4.5 hours has not been shown. Data to show efficacy for 
those who are ineligible for IV t-PA has not been published. There are no 
controlled clinical trials of intra-arterial therapy with other thrombolytic 
drugs, including t-PA. Several mechanical devices have been approved 
by the United States Food and Drug Administration for intra-arterial use 
in acute ischemic stroke based on trials that showed at least equivalent 
performance to previous devices in removing thrombus and restoring 
arterial patency. Although these devices were tested in patients up to 
8 hours after stroke onset, no trials included a medical control group so 
clinical benefit has never been demonstrated.44

Two large studies have shown that 160 or 300 mg/d of aspirin begun 
within 48 hours of the onset of ischemic stroke results in a net decrease 
in further stroke or death of 9/1000.45 Data from many randomized 
controlled trials have shown that full anticoagulation with heparin, 
low-molecular-weight heparins, or heparinoids in patients with acute 
ischemic stroke provides no net short- or long-term benefit in general 
or in any subgroup, including those with atrial fibrillation or other car-
dioembolic sources.14,30,46-48 Ticlopidine, clopidogrel, and the combina-
tion of low-dose aspirin and extended-release dipyridamole (Aggrenox) 
all have been demonstrated to be modestly effective in the long-term 
prevention of recurrent ischemic stroke, but there are no data regarding 
their value during the acute period.49 Many drugs aimed at ameliorating 
ischemic neuronal damage in patients with acute stroke have undergone 
clinical trials with none showing a benefit. Physicians treating patients 
with acute ischemic stroke should be aware of the results of these trials 
on an ongoing basis.

Cerebral edema is the major cause of early mortality following cere-
bral infarction. Mannitol and hyperventilation can temporarily reduce 
intracranial pressure. They may be of value to the patient with brain 
stem compression from an edematous cerebellar infarct for which 
craniotomy and removal of the edematous tissue may be lifesaving. 
Hyperosmolar therapy (mannitol or hypertonic saline), hypothermia, 
and hemicraniectomy are sometimes used to treat massive edema 
from hemispheric infarction. The value of the first two treatments is 
unproven. Recent studies have shown that hemicraniectomy can signifi-
cantly reduce mortality in patients with large hemispheric infarcts and 
depressed level of consciousness who are operated on within 48 hours 
of stroke onset.50,51

Specific causes of cerebral infarction may require specific definitive 
treatments, such as exchange transfusions for cerebral infarction due to 
sickle cell anemia. Cerebral venous thrombosis can present a particularly 
difficult situation because of the presence of hemorrhage. While two 
small controlled trials have demonstrated that anticoagulation is safe 
even in patients with hemorrhagic infarction, design issue preclude any 
conclusions about efficacy.52,53 Patent foramen ovale (PFO) is detected 
commonly in patients with ischemic stroke and is often the only abnor-
mality found. Based on this finding, it is often concluded that the cause 
of stroke is paradoxical embolization from deep venous thrombosis. 
However, in contrast to pulmonary embolization, it is unusual to find a 
deep venous source in these patients. The risk of recurrent stroke is low 
and anticoagulation with warfarin does not reduce the risk of long-term 

  TABLE 84-2    Inclusion and Exclusion Criteria From ECASS III

Inclusion criteria

1.	 Acute ischemic stroke.
2.	 Age 18 to 80 years.
3.	 Onset of stroke symptoms 3 to 4.5 hours before initiation of study-drug administration.
4.	� Stroke symptoms present for at least 30 minutes with no significant improvement 

before treatment.

Exclusion criteria

	 1.	 Intracranial hemorrhage.
	 2.	 Time of symptom onset unknown.
	 3.	 Symptoms rapidly improving or only minor before start of infusion.
	 4.	 Severe stroke as assesses clinically (NIHSS >25) or by imaging (involving more than  

one-third of middle cerebral artery territory).
	 5.	 Seizure at the onset of stroke.
	 6.	 Stroke or serious head trauma, within the previous 3 months.
	 7.	 Combination of previous stroke and diabetes mellitus.
	 8.	 Administration of heparin within the 48 hours preceding the onset of stroke, with 

activated partial thromboplastin time at presentation exceeding the upper limit of the 
normal range.

	 9.	 Platelet count of less than 100,000/mm3.
	10.	 Systolic pressure greater than 185 mm Hg or diastolic pressure greater than 

110 mm Hg, or aggressive treatment (intravenous medication) necessary to reduce 
blood pressure to these limits.

	11.	 Blood glucose less than <50 mg/dL or >400 mg/dL.
	12.	 Symptoms suggestive of subarachnoid hemorrhage even if CT scan was normal.
	13.	 Oral anticoagulant treatment.
	14.	 Major surgery or severe trauma within the previous 3 months.
	15.	 Other major disorders associated with an increased risk of bleeding.
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recurrence.54,55 Studies of acute anticoagulation are not available. Acute 
anticoagulation of spontaneous or traumatic dissections of the carotid or 
vertebral arteries is often recommended. Data to support this approach 
are derived only from small nonrandomized, nonblinded studies, and 
even these data are weak.56

■■ INTRACEREBRAL HEMORRHAGE
Supportive care of patients with primary intracerebral hemorrhage 
(ICH) requires attention to the same basic factors as for patients 
with cerebral infarction. Any underlying coagulopathy should be cor-
rected as rapidly as possible. No randomized trials on management of 
warfarin-associated ICH have been carried out. Prothrombin complex 
concentrates, recombinant factor VIIa, and fresh frozen plasma alone 
or in combination have all been recommended.57 Fresh frozen plasma 
administration may cause pulmonary edema.58 Early use of Factor VIIa 
in patients with normal hemostasis resulted in a small reduction in clot 
expansion but no difference in clinical outcome.59 Prophylaxis for deep 
venous thrombosis with low-dose subcutaneous heparin or heparinoids 
may be instituted safely on or after the second day posthemorrhage and 
reduces subsequent deep venous thrombosis if begun before day 4.60,61 
Systemic blood pressure is often elevated acutely, sometimes to very 
high levels. In patients with systolic blood pressure of 150 to 220 mm Hg, 
a randomized trial has demonstrated that rapid pharmacological reduc-
tion of systolic pressure by 27 mm Hg within the first hour was safe in 
that it resulted in equivalent clinical outcomes when compared to a 
lesser decrease of 13 mm Hg.62 There are insufficient data to permit des-
ignation of any target blood pressure levels as effective.27,63

Clinically evident seizures are more common with lobar ICH com-
pared to basal ganglia hemorrhage.64 Prolonged electroencephalographic 
monitoring shows electrical epileptiform events without motor convul-
sions in 20% to 30% of patients with acute ICH.65,66 The value of treating 
the electrographic events is under study. Prophylactic anticonvulsant 
treatment does not prevent seizures and may worsen outcome.67,68

The value of ICP monitoring and treatment remains unknown. 
Neither mannitol nor corticosteroids reduce morbidity and mortality.69 
Although the area of perihematomal edema on CT or MRI increases in 
the several weeks following ICH, this growth is not associated with early 
clinical deterioration or worse eventual outcome.70-72 Ventriculostomy 
is of unproven value as observational studies have shown no benefit.73,74 
The efficacy of ventriculostomy in combination with instillation of 
thrombolytic drugs is currently under study in patients with intraven-
tricular hemorrhage.75

The value of surgery is best accepted for cerebellar hemorrhages 
resulting in brain stem compression, although no data other than anec-
dotal reports are available. Ideally such surgical intervention should be 
undertaken before brain stem damage occurs. Patients with small cere-
bellar hematomas (<2 cm) may do well without surgical intervention, or 
simply with ventricular drainage for hydrocephalus. Those with larger 
cerebellar hematomas usually undergo surgical evacuation, although 
no prospectively validated criteria for the necessity and the timing of 
cerebellar hematoma evacuation are available. Multiple randomized 
controlled trials of patients with supratentorial ICH, either superficial 
or deep, have shown no benefit from craniotomy and clot evacuation.76

■■ SUBARACHNOID HEMORRHAGE DUE TO RUPTURED 
INTRACRANIAL ANEURYSM

Aneurysmal SAH remains a devastating neurologic problem, with a 
mortality rate of up to 45% within the first 30 days. Of those patients 
that survive, more than half are left with neurologic deficits as a result 
of the initial hemorrhage or delayed complications. SAH presents the 
intensivist with a unique and challenging series of management issues. 
SAH usually presents as an acute neurologic event that is frequently 
followed by a series of processes leading to delayed central nervous 
system and systemic complications. Patients who are minimally 
affected by the initial hemorrhage can, over the course of hours to 

weeks, deteriorate due to rebleeding, hydrocephalus, or delayed isch-
emic deficits caused by vasospasm. Management can be complicated 
by spontaneous volume contraction, cardiac and pulmonary dysfunc-
tion, electrolyte abnormalities, infections, and a catabolic state. The 
treatment team should include neurosurgeons, radiologists, anesthe-
siologists, intensivists, and nurses experienced in the management of 
SAH patients. Because of the complicated nature of their surgical and 
medical management, SAH patients are best cared for in centers that 
specialize in this care.

The management of patients following rupture of intracranial aneu-
rysms has changed significantly over the past decades. The calcium 
channel blocker nimodipine is now routinely used to reduce the impact 
of vasospasm. Attempts at early obliteration of the ruptured aneurysm 
with surgical clipping or endovascular placement of detachable coils 
within the aneurysm have become routine. Hemodynamic augmenta-
tion is now the cornerstone of the management of vasospasm with 
adjunctive endovascular treatment employed in selected cases. New 
and promising therapies that specifically target the underlying cause or 
direct effects of cerebral vasospasm are currently under investigation.77

Initial Stabilization and Evaluation:  Initial evaluation should assess air-
way, breathing, circulation, and neurologic function. Patients with a 
diminished level of consciousness often have impaired airway reflexes. 
In general, patients with a Glasgow Coma Scale score of 8 or less should 
be intubated. This should be performed under controlled conditions by 
experienced personnel using a rapid sequence protocol. Premedication 
with short-acting agents such as propofol or etomidate should be used 
to prevent elevations in blood pressure (BP) with tracheal stimulation in 
order to minimize the risk of rebleeding.

As soon as the patient is stabilized, a complete neurologic examina-
tion, head CT, and, if indicated, lumbar puncture should be performed. 
Patients are graded on the basis of clinical and radiographic criteria. The 
two common clinical grading scales that are predictive of outcome are 
the Hunt-Hess scale and the World Federation of Neurological Surgeons 
scale (Table 84-3). The Fisher Scale is based on the amount of blood 
visible on CT scan and is predictive of cerebral vasospasm.78

Fisher Scale (Based on Initial CT Appearance and Quantification of Subarachnoid Blood)

1.	 No subarachnoid hemorrhage on computed tomography
2.	 Broad diffusion of subarachnoid blood, no clots and no layers of blood greater than 1 mm thick
3.	 Either localized blood clots in the subarachnoid space or layers of blood greater than 1 mm thick
4.	 Intraventricular and intracerebral blood present, in absence of significant subarachnoid blood

World Federation of Neurologic Surgeons Scale

Grade Glasgow Coma Scale Score Motor Deficits

I 15 Absent

II 14-13 Absent

III 14-13 Present

IV 12-7 Present or absent

V 6-3 Present or absent

  TABLE 84-3   � The Hunt-Hess, the World Federation of Neurologic Surgeons,  
and the Fisher Scales

Hunt-Hess Scale

Grade Criteria

I Asymptomatic or mild headache

II Moderate to severe headache, nuchal rigidity, with or without cranial nerve deficits

III Confusion, lethargy, or mild focal symptoms

IV Stupor and/or hemiparesis

V Comatose and/or extensor posturing
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Routine management of SAH patients frequently include anticonvul-
sants and prophylaxis against deep vein thrombosis (DVT) in addition 
to close neurologic and cardiopulmonary monitoring to detect the early 
complications of hypertension, rebleeding, acute hydrocephalus, pul-
monary edema, cardiac arrhythmias, and left ventricular dysfunction. 
Seizures can be a presenting symptom of SAH; however, the incidence 
of recurrent or new events after hospitalization is low.79 It remains 
unclear as to the effect of seizures on the clinical course of patients with 
aneurysmal subarachnoid hemorrhage although the use of prophylactic 
anticonvulsants has been associated with poor neurological and cogni-
tive outcomes.80 The use of anticonvulsants in the perioperative period 
or until definitive treatment of the aneurysm is supported albeit by 
retrospective data.81,82 DVT is common in patients with SAH, therefore 
prophylaxis is mandatory. The use of pneumatic compression devices is 
preferred initially because of the risk of intracranial bleeding, however, 
once the aneurysm has been treated, prophylaxis with subcutaneous 
heparin or low-molecular weight heparin is generally considered safe.

Routine treatments aimed at reducing the risk of ischemic stroke 
secondary to vasospasm include preventing hypovolemia and admin-
istering nimodipine. Patients should be hydrated with isotonic saline 
at 1.5 to 2 mL/kg/h and indicators of volume status should be moni-
tored closely (clinical exam, fluid balance, daily weights, laboratory 
values, and in select cases invasive hemodynamic measurements). 
Prophylactic hypervolemia should be avoided as it has not been 
shown to be beneficial and may in fact lead to increased medical 
complications.83,84 Several large, prospective, placebo-controlled stud-
ies have demonstrated that nimodipine reduces the incidence and 
severity of delayed ischemic deficits and improves outcome in SAH.85 
It remains uncertain whether this drug acts by causing vasodilation or 
by exerting direct neuroprotective effects. The recommended dose is 
60 mg every 4 hours for 21 days from the time of hemorrhage. At this 
dose, nimodipine can sometimes reduce systemic BP, an effect that is 
undesirable in patients with vasospasm (see below). This effect can 
be ameliorated by increasing fluid administration and by altering the 
dose to 30 mg every 2 hours; however, pharmacologic blood pressure 
support is necessary in some patients.
Early Complications 

Hypertension  Elevated BP often initially accompanies acute SAH. Several 
factors may contribute to an increase in BP, including headache, elevated 
ICP in patients with hydrocephalus, increased sympathetic nervous 
system activity, and preexisting hypertension. The rationale for treating 
hypertension is to reduce the risk of aneurysmal rebleeding. There are 
few compelling reasons not to treat the elevated BP before the onset of 
vasospasm. As definitive data on optimal BP are lacking, it seems pru-
dent to take the patient’s usual BP as a target. When the patient’s usual 
BP is not known, it is probably better to overtreat than to undertreat. 
There is one important exception—comatose patients in whom CT 
shows marked hydrocephalus. In such cases BP should be treated very 
cautiously until the ICP is known, to avoid causing a critical reduction 
in cerebral perfusion pressure. In patients who present several days after 
hemorrhage and are at risk for vasospasm, the appropriate management 
of hypertension is less clear. The benefit of preventing rebleeding must 
be weighed against the risk of worsening neurologic symptoms by low-
ering BP in the presence of vasospasm.

The first step in treating elevated BP is to administer a short-acting 
analgesic such as fentanyl as pain can be the sole cause of BP elevation. 
Patients are routinely given nimodipine to prevent vasospasm, and it 
alone may be adequate to control BP. Otherwise, short-acting agents 
are preferred, since BP may be labile. Labetalol administered as inter-
mittent intravenous boluses is frequently used, since it appears to have 
little effect on ICP and is easily titrated. Other useful agents include 
intravenous hydralazine and enalapril. If frequent intravenous boluses 
are required, one should consider starting a continuous intravenous 
infusion of an antihypertensive agent. Nicardipine is ideal as it is short 
acting, can be titrated every 5 to 15 minutes, does not require inva-
sive hemodynamic monitoring, and has been shown to be safe in this 

patient population.86 Sodium nitroprusside is usually avoided because 
of its tendency to increase ICP and thus reduce the cerebral perfusion 
pressure.

Rebleeding  Rebleeding is most common in the first 24 hours after the 
initial hemorrhage. The cumulative risk after 1 week is ~20%, and the 
risk remains elevated for several weeks.87 About one-half of patients 
who rebleed will die. Measures employed in the hope of preventing 
rebleeding include avoidance of hypertension, cough, the Valsalva 
maneuver, and excessive stimulation. Treatment may involve the admin-
istration of antitussives, stool softeners, and sedatives when indicated. 
Antifibrinolytic medications can reduce the risk of rebleeding, but do 
so at the cost of an increased incidence of cerebral ischemia.88 With the 
increasingly wide use of early surgery, the use of antifibrinolytics has 
largely been abandoned.

The timing of surgical obliteration of the aneurysm has changed 
considerably. Up to the 1970s, surgery was routinely delayed because 
of reluctance to operate on an edematous brain. Several factors have 
resulted in a shift to early surgery (days 1-3) for patients who have a 
grade of I to III on the Hunt-Hess scale. These include improved surgical 
techniques, better results with early surgery in North America,89 and the 
necessity that the aneurysm be clipped before hypertensive therapy for 
vasospasm is administered. The timing of surgery in poor-grade patients 
(Hunt-Hess grades IV or V) remains controversial, but early surgery is 
routinely performed in some centers.90

In the past decade, the role of endovascular repair of amenable 
ruptured and unruptured aneurysms has become widespread and the 
standard of care at many institutions. Electrolytically detachable coils 
can be placed directly in the aneurysm, where they induce thrombosis. 
In a recent multicenter randomized trial, 20% of all assessed patients 
had a ruptured aneurysm that was considered to be amenable to treat-
ment with either surgical clipping or endovascular coiling. Among this 
subgroup of patients (predominantly of good clinical grade with small 
ruptured aneurysms of the anterior circulation), the risk of death or 
dependency at 1 year was significantly lower with endovascular coiling.91 
Follow-up data for an average of 9 years have demonstrated the con-
tinued efficacy in this patient population. There was a small increased 
rerupture rate among the patients treated with coiling; however, the risk 
of death remained significantly lower at 5 years.92

Acute Hydrocephalus  Acute hydrocephalus can develop very quickly after 
SAH. It is most common in patients with a poor neurological grade on 
admission and higher Fisher Scale scores. The hallmark of symptom-
atic hydrocephalus is a diminished level of consciousness, sometimes 
accompanied by downward deviation of the eyes and poorly reactive 
pupils. The diagnostic evaluation can be complicated if the patient 
has received sedative drugs; it is important that analgesics be adminis-
tered in doses that provide adequate relief from pain, but not excessive 
sedation. If sedatives are required for agitated patients, judicious admin-
istration of short-acting agents is prudent.

Hydrocephalus can be diagnosed reliably with CT and treated 
effectively with external ventricular drainage. Since less than half of 
patients with CT evidence of hydrocephalus will deteriorate clinically, 
ventriculostomy is typically reserved for patients with a diminished level 
of consciousness.

Cardiac Complications  Cardiac arrhythmias and electrocardiographic abnor-
malities are common in the first 24 to 48 hours after SAH. Most arrhyth-
mias are benign and include atrial fibrillation and atrial flutter. More 
serious arrhythmias include supraventricular and rarely ventricular 
tachycardia and are associated with electrolyte abnormalities such as 
hypokalemia. Mild elevations in cardiac enzymes also commonly occur 
however the significance of these elevations is not clear.

A significant number of patients will have some degree of ventricular 
dysfunction; however, those at highest risk for neurogenic stunned myo-
cardium are of a high clinical grade. Neurogenic stunned myocardium 
is characterized by diffuse T-wave inversions, moderate elevations in 
troponin-I, pulmonary edema, cardiogenic shock, and reversible left 
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ventricular wall abnormalities. The management of these patients typi-
cally requires invasive hemodynamic monitoring and treatment with 
ionotropes such as dobutamine. If clinical vasospasm develops in these 
patients prior to the resolution of cardiogenic shock, management can 
become very difficult.
Pulmonary Complications  Pulmonary complications are seen in almost one-
fourth of all patients with SAH.93 They include pneumonia (arising from 
acute or subacute aspiration, commonly with nosocomial organisms), 
cardiogenic pulmonary edema, neurogenic pulmonary edema, and 
pulmonary embolism. Management of severe pulmonary edema with 
refractory hypoxia usually involves positive pressure ventilation and 
diuretics; however, diuretics may not be appropriate for neurogenic 
pulmonary edema if there is relative intravascular volume depletion.94 In 
these cases, hemodynamic monitoring via a pulmonary artery catheter 
or via transpulmonary thermodilution may be warranted.

Postoperative Management:  Knowledge of the intraoperative surgical 
and anesthetic course facilitates the postoperative care of SAH patients. 
Large doses of mannitol may have been administered to shrink the 
brain and facilitate retraction. This measure can result in postoperative 
hypovolemia. If temporary clipping of cerebral vessels was required, 
hypothermia and/or large doses of barbiturates may have been employed 
and the risk of focal ischemia exists. These maneuvers may also delay 
emergence from anesthesia and add to the systemic complications of 
hypothermia. The decision to extubate a postoperative patient must 
take these factors into consideration with the understanding that keep-
ing the patient on mechanical ventilation further increases their risk for 
medical complications including ventilator-associated pneumonia. If the 
aneurysm is successfully treated, many practitioners will accept higher 
blood pressures in the postoperative period in anticipation of vasospasm 
(see below).

Hyponatremia and Intravascular Volume Contraction:  A total of 30% to 
50% of SAH patients develop intravascular volume contraction and a 
negative sodium balance (referred to as cerebral salt wasting) when given 
volumes of fluids intended to meet maintenance needs. Low intravascular 
volume is associated with symptomatic vasospasm and must be avoided. 
Hyponatremia develops in 10% to 34% of patients following SAH. 
Administration of large volumes (5-8 L/d) of isotonic saline prevents 
hypovolemia, but patients may still develop hyponatremia. The degree of 
hyponatremia appears to be related to the tonicity rather than the volume 
of fluids administered.95 Thus, administration of large volumes of isotonic 
saline and restriction of free water are usually effective at limiting hypona-
tremia and preventing hypovolemia. In SAH patients with hyponatremia, 
the volume of fluids should never be restricted; instead only free water 
intake should be limited. Hypertonic saline solutions and fludrocortisone 
may be required in severe or refractory cases.

Vasospasm:  The term vasospasm was originally used to refer to segmen-
tal or diffuse narrowing of large conducting cerebral vessels. Recently, 
this term has taken on multiple meanings. It may refer to angiographic 
findings, to increased transcranial Doppler velocities, or to delayed 
ischemic deficits. Angiographic and transcranial Doppler vasospasm 
occurs in 60% to 80% of patients, whereas clinical vasospasm (or delayed 
ischemic deficit) occurs in 20% to 40% of patients.

The pathogenesis of vasospasm is complex. Several molecular 
mechanisms that are involved in the development of vasospasm have 
been described in animal models and confirmed in human samples 
including inflammation, the presence of degradation blood products, 
nitric oxide signaling, and calcium signaling.96 All of these mechanisms 
appear to be time-dependent as these pathological changes develop in 
a delayed fashion after exposure to subarachnoid blood and are self-
limited. In addition to changes in the large conducting cerebral vessels 
that traverse the subarachnoid space, small-vessel reactivity may be 
impaired as well.
Monitoring for Vasospasm  Serial neurologic assessments are essential in moni-
toring for vasospasm. These must be performed frequently by physicians 

and nurses well-versed in the neurologic examination and recognition 
of subtle deficits. The patients with the highest incidence of vasospasm 
are those with Hunt-Hess grades III through V and Fisher Scale of 3. 
These patients are often monitored in the ICU (days 3-10). Clinically 
vasospasm presents as a decline in the global level of function or a focal 
neurologic deficit. Patients may initially appear “less bright” and then 
become progressively less alert and finally comatose. The focal deficits 
mimic those seen in ischemic stroke. Middle cerebral artery vasospasm 
can produce hemiparesis, and if left-sided, aphasia or if right-sided, 
neglect. Anterior cerebral artery vasospasm often manifests as abulia or 
lower extremity weakness. The focal deficits wax and wane and there-
fore are not reported by all observers. The symptoms are exacerbated by 
hypovolemia or hypotension.

Transcranial Doppler ultrasonography detects changes in the blood 
flow velocity in the proximal portion of the major cerebral vessels. Very 
high flow velocities (>200 cm/s) in the middle cerebral and intracranial 
carotid arteries are closely correlated with angiographic vasospasm, 
while low flow velocities (<120 cm/s) suggest a low likelihood of vaso-
spasm. Furthermore, a Lindegaard ratio (MCA/extracranial ICA mean 
velocity ratio) which is greater than 6 is also highly predictive of severe 
vasospasm.97 Patients with rapidly rising velocities are considered to 
be at highest risk for developing clinical vasospasm; therefore, a trend 
is frequently more useful than isolated values. Transcranial Doppler 
has several limitations. High-flow velocities can be due to increased 
blood flow rather than narrowing of the blood vessel; however, this can 
be corrected for by calculating the Lindegaard ratio instead of using 
velocities. Distal segments of the major arteries cannot be evaluated. 
The technique is also operator dependent and adequate “acoustic win-
dows” are required. Therefore, transcranial Doppler velocities should 
not be used in isolation as an indication for the initiation of aggressive 
treatments—the clinical course must be considered as well. Given the 
limitations of transcranial Doppler, other imaging modalities have been 
explored and further developed. These include CT angiography and CT 
perfusion as a recent meta-analysis suggests that these techniques offer 
a high diagnostic accuracy.98 The major limitation though is the inability 
to intervene which conventional angiography may provide (see below).
Treatment of Vasospasm 

Hemodynamic Augmentation  Hemodynamic augmentation for the treatment 
of vasospasm has been referred to as hemodilution hypervolemic hyper-
tensive therapy (“triple H therapy”) or as hypervolemic hypertensive 
therapy (HHT). The pathophysiologic rationale is based on the high 
rate of spontaneous hypovolemia, the association of hypovolemia with 
delayed ischemic deficits, and the loss of autoregulation of cerebral blood 
flow in this population.

Most centers continue aggressive hydration during the period of 
vasospasm risk. Some will increase the rate of fluid administration if 
transcranial Doppler velocities are rising. The indication for starting 
aggressive hemodynamic augmentation is usually the onset of clinical 
symptoms of delayed ischemic deficit. Early descriptions of this therapy 
emphasized the role of volume expansion, as many of these patients had 
not been aggressively hydrated before the onset of symptoms. However, if 
intravascular volume has been maintained before the onset of symptoms, 
further volume expansion may not be helpful.83 The optimal intravascular 
volume is unknown, and achieving cardiac filling pressures that optimize 
cardiac output has been advocated.

When symptoms persist despite optimal intravascular volume, 
vasoactive drugs are administered, with a goal of either raising mean 
arterial pressure (MAP) or augmenting cardiac output in order to 
improve cerebral perfusion. In most cases, patients will require moni-
toring via an arterial line and with either pulmonary artery catheter or 
transpulmonary thermodilution hemodynamic monitoring. The most 
commonly used agents to increase blood pressure are norepinephrine, 
dopamine, and phenylephrine. Caution must be employed when using 
dopamine alone, because of a high incidence of tachyarrhythmias. 
When using phenylephrine one must be aware that it tends to decrease 
cardiac output, especially in those patients with impaired cardiac 
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function. For augmentation of cardiac output dobutamine titrated to 
a goal cardiac index (CI) can augment cerebral perfusion and reverse 
neurological deficits.99

When therapy is initiated, the MAP should be raised to 15% to 20% 
above baseline rather than to an arbitrary value. If after 1 to 2 hours 
the delayed ischemic deficit has not resolved, the MAP should be 
raised further. The MAP is increased progressively until the neuro-
logic deficit is completely resolved or the risk of systemic toxicity 
becomes unacceptable. Some patients may require a MAP of 150 to 
160 mm Hg to completely reverse the neurologic symptoms. For car-
diac output augmentation, dobutamine should be titrated to a goal CI 
of at least 3.5 L/min/m2 and titrated further as needed to reverse the 
neurological deficits.100 The neurologic status should be reevaluated 
several times a day to determine MAP or CI goals. Both approaches 
are reported to produce neurologic improvement. It has not yet been 
determined whether the optimal therapy is to enhance cardiac output, 
MAP, or both.

Once instituted, the therapy is generally continued for 3 to 4 days 
before attempts are made to wean the patient from it. Weaning should 
be done gradually, with very close monitoring of neurologic status. If 
the initial attempt at weaning is unsuccessful, a second attempt should 
be made after 1 to 2 days. The patient usually is weaned from vasoactive 
drugs first, aggressive hydration being continued for several more days.

Hemodynamic augmentation is not without complications. Early 
reports indicated high rates of fluid overload, heart failure, and myo-
cardial ischemia; however, when administered in a closely monitored 
setting, even in patients with preexisting cardiac disease it can be done 
safely.101 Cardiovascular monitoring should include continuous display 
of the electrocardiogram, peripheral oxygen saturation, MAP, and 
frequent measurements of cardiac filling pressures and cardiac output. 
In patients with a history of ischemic heart disease, daily electrocar-
diograms and cardiac enzyme measurements may be helpful. Close 
monitoring of potassium, magnesium, and phosphate levels is important 
because of large losses in the urine.
Endovascular Therapies: Percutaneous Transluminal Angioplasty and Direct Intra-Arterial 
Vasodilators  Balloon angioplasty can be used to dilate proximal segments 
of intracranial vessels, but it is not well suited for use in the distal vascula-
ture. The dilation achieved appears to be long-lasting. Complications that 
have been reported include artery rupture and displacement of aneurysm 
clips. In most cases there is clear-cut angiographic improvement, but the 
clinical efficacy of angioplasty has not been clearly established.

Direct intra-arterial injection of vasodilators into the vessel affected 
by vasospasm has become routine in many centers. The most commonly 
used agents currently used include verapamil and nicardipine. While 
the radiographic improvement is usually evident, the clinical effect has 
been less clear. There have not been any randomized controlled trials 
demonstrating a benefit on patient outcome. These therapies are usually 
reserved for patients who do not tolerate or do not respond to hemody-
namic augmentation.
Other Potential Therapies  Prevention rather than treatment of the conse-
quences of vasospasm would significantly reduce the morbidity, mortal-
ity, and cost of SAH. Intracisternal instillation of thrombolytic agents 
has been employed in an attempt to dissolve clots around the circle of 
Willis and thereby decrease vasospasm. A multicenter, randomized, 
blinded, placebo-controlled study found trends toward reduction of 
angiographic vasospasm, reduced delayed neurologic worsening, lower 
14-day mortality, and improved 3-month outcome that did not achieve 
statistical significance in patients treated with intracisternal t-PA. 
Patients with thick subarachnoid clots had a significant reduction in the 
incidence of severe vasospasm with intracisternal t-PA.102

The degradation of blood deposited during an SAH involves the 
conversion of oxyhemoglobin to methemoglobin, which releases an acti-
vated form of oxygen that catalyzes free radical reactions, including lipid 
peroxide formation. The 21-aminosteroid, tirilazad mesylate, a potent 
scavenger of oxygen free radicals, inhibits lipid peroxidation and reduces 
vasospasm in animal models. A European-Australian multicenter study 

showed that tirilazad was associated with better outcomes compared 
to control patients, but this was not confirmed in a subsequent North 
American study.103,104 In a multicenter, randomized, double-blind, 
placebo-controlled trial, nicaraven, a hydroxyl radical scavenger, sig-
nificantly reduced the incidence of severe vasospasm and poor outcome 
at 1 month but not at 3 months.105 Ebselen, another lipid peroxidation 
inhibitor, did not lower the incidence of symptomatic vasospasm in a 
controlled study.106 Clazosentan, an endothelin receptor antagonist, is 
one of the more promising medical treatment options currently in phase 
3 clinical trials. A phase 2 study demonstrated a reduction in moderate 
to severe vasospasm and clazosentan appeared safe.107 Other potential 
therapies being studied include statins, magnesium infusions, nitric 
oxide donors, and albumin infusions.108
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  TABLE 85-1    Causes of Status Epilepticus Presenting From the Community

Adults Children

Prior Seizures No Prior Seizures Prior Seizures No Prior Seizures

Common causes

Subtherapeutic 
anticonvulsant

Ethanol-related Subtherapeutic  
anticonvulsant

Febrile seizures

Ethanol-related Drug toxicity Intractable epilepsy CNS infection

Intractable epilepsy CNS infection Head trauma

Head trauma

CNS tumor

Less common causes

CNS infection Metabolic aberration Anoxic brain injury CNS infection

Metabolic aberration Stroke Head trauma Intractable epilepsy

Drug toxicity Metabolic aberration Metabolic aberration

Stroke

CNS tumor

Head trauma

CNS, central nervous system.

Adapted with permission from Bleck TP, Dunatov CJ. Seizures in critically ill patients. In: Shoemaker WC, Ayres 
SM, Grenvik A, Holbrook PR, eds. Textbook of Critical Care. 4th ed. Philadelphia, PA: WB Saunders; 2000.

Seizures are a relatively common occurrence in the ICU, complicating 
the course of about 3% of adult ICU patients admitted for nonneurologic 
conditions.1 Status epilepticus (SE) may be the primary indication for 
admission, or it may occur in any ICU patient during a critical illness. 
Seizures are second to metabolic encephalopathy as a cause of neuro-
logical complications (28.1%).1 A seizure may be the first indication of a 
central nervous system (CNS) complication or the result of overwhelm-
ing systemic disease. Seizures in the setting of critical illness are often 
difficult to recognize and require a complex diagnostic and management 
strategy. Delay in recognition and treatment of seizures is associated 
with increased mortality,2 thus the rapid diagnosis of this disorder is 
mandatory. Conventionally, status epilepticus referred to a protracted 
seizure episode or multiple frequent seizures lasting 30 minutes or 
longer. However more recently, revised definitions have suggested to 
consider seizures lasting for 5 minutes or longer as status epilepticus,3-5 
and newer guidelines define status epilepticus as five minutes or more 
of either continuous clinical and/or electrographic seizure activity, or 
recurrent seizure activity without recovery between seizures.6

While most seizures will terminate spontaneously within a few 
minutes,5 only half of seizure episodes lasting 10 to 29 minutes will 
stop spontaneously7 and aggressive treatment should be administered to 
prevent ongoing SE.8

EPIDEMIOLOGY AND OUTCOME
Limited data are available on the epidemiology of seizures in the ICU. A 
10-year retrospective study of all ICU patients with seizures at the Mayo 
Clinic revealed that 7 patients had seizures per 1000 ICU admissions.8 
Our 2-year prospective study of medical ICU patients identified 35 with 
seizures per 1000 admissions.1 The incidence of generalized convulsive 
SE (GCSE) in the United States is estimated to be up to 195,000 episodes 
per year,9 but it is unknown how many of these patients require care in 
an ICU. The incidence of SE in the elderly is almost twice that of the 
general population.10 Nonconvulsive seizures and NCSE are present 
in a large proportion of comatose patients with traumatic brain injury, 

intracranial hemorrhage, sepsis, cardiac arrest, or CNS infection.11-15 In 
one series, 8% of hospitalized comatose patients were found to be in 
electrographic status epilepticus,15 up to 34% of patients in neurological 
ICUs,15 and other series of patients with altered mental status found 37% 
to have nonconvulsive seizures.16 Of all patients with status epilepticus, 
about 80% have nonconvulsive status epilepticus.17 Seizures are probably 
even more frequent in the pediatric ICU, as children in the first year of 
life have the highest incidence of SE of any age group studied.8

Table 85-1 summarizes the most common causes of SE in adults and 
children in the community. An analysis of 204 cases of SE in Virginia 
revealed that the primary etiology in children was infection with fever, 
followed by remote symptomatic epilepsy, and subtherapeutic levels of 
anticonvulsant drugs. In adults, cerebrovascular disease and low anti-
epileptic drug levels were the most prevalent causes.8 A recent study 
from Brazil found anticonvulsant noncompliance to be the main cause 
of SE in patients with a prior history of epilepsy, and CNS infection, 
stroke, and metabolic disturbances predominated in the group without 
previous seizures.18 A prospective study of neurologic complications in  
medical ICU patients determined that two-thirds of patients had a 
vascular, infectious, or neoplastic explanation for their seizures1; meta-
bolic and toxic etiologies are common in the ICU as well. A review of 
100 cases of nonconvulsive SE (NCSE) demonstrated that 14% were due 
to acute neurologic events, 28% due to acute systemic causes, and 31% due 
to epilepsy, with the remainder due to multiple causes or a cryptogenic 
etiology,19 and among patients with NCSE in a comatose state, hypoxia 
(42%) and stroke (22%) were the most common etiologies.15 In medical 
ICU patients, electrographic seizures or periodic epileptiform discharges 
were detected in 22% of patients, with the predominant underlying disease 
state being sepsis.13 It is important to realize that the frequency of diagnos-
ing NCSE will rise with implementation of continuous EEG monitoring by 
6% to 8% accounting for the increment of investigations.20

A prospective study of neurologic complications in medical ICU 
patients showed that having one seizure in the ICU doubled mortal-
ity.1 At least 20% of patients with status epilepticus die,21,22 and up to 
61% of patients developing SE during hospitalization do not survive.23 
SE in and of itself confers a mortality rate of 26% to adults older than  
16 years and 38% to those 60 years and older.8 Multiple reports corrobo-
rate an especially poor outcome in the elderly.15,24 The mortality rate of 
SE in children is 3% in the general population and 6% in the ICU,25 and 
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KEY POINTS

•• �Seizures are a relatively common occurrence in the intensive care 
unit (ICU), but may be difficult to recognize.

•• Seizures that persist longer than 5 to 7 minutes should be treated 
to prevent progression to status epilepticus.

•• Three major factors determine outcome in status epilepticus: type 
of seizure, cause, and duration.

•• Electroencephalographic (EEG) monitoring to titrate therapy 
should be implemented in seizing patients who do not awaken 
promptly after institution of antiepileptics, even if tonic-clonic 
motor activity resolves.

•• �Lorazepam is a preferred agent for initial treatment, followed by 
consideration of additional agents for long-term management or 
to “break” status epilepticus.

•• Patients with refractory status epilepticus require intubation, 
mechanical ventilation, and aggressive treatment with antiepilep-
tics titrated to the EEG.

•• The underlying cause of the seizure disorder must be sought in 
tandem with treatment of the seizure disorder itself.
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much higher if a preexisting significant neurological deficit is present.26 
Factors determining outcome in SE include the type of SE, the cause, 
and the duration. In a 90-day follow-up study after convulsive SE, longer 
seizure duration, presence of cerebral insult, and progression to refrac-
tory SE were associated with a worse outcome, only 8% of all patients 
whose SE was characterized by those three factors had a good outcome, 
as opposed to 65% of patients who had SE but none of those factors.21 
Based on the combined assessment of previous history of seizures, 
seizure type, extent of impairment of consciousness, and age, a prognostic 
score has been recently suggested for outcome prediction (STESS, status 
epilepticus severity score).27 Better outcomes are observed if the status 
is convulsive or focal, as opposed to nonconvulsive, and if the underly-
ing etiology is epileptic or toxic.28 Anoxic SE, including myoclonic SE 
following an anoxic episode carries a very poor prognosis for survival. 
Survivors of SE may experience impaired cognitive function, motor 
deficits, and worsening of preexisting epilepsy.29 Particularly, complex 
partial SE (CPSE) can produce limbic system damage, usually mani-
fested as a memory disturbance.

The mortality of patients with NCSE has been reported between 
17% and 57%,2 and correlates with the underlying etiology, severity of 
impairment of mental status, and the development of acute complica-
tions (especially respiratory failure and infection). Older age had a 
positive influence on outcome in one series.17 Causes associated with 
increased mortality included anoxia, intracranial hemorrhage, tumor, 
infection, and trauma. Status epilepticus in the setting of acute isch-
emic stroke has a very high mortality, approaching 35%.30 Prolonged 
seizure duration is a negative prognostic factor.31 A study of 253 adult 
SE patients showed a greater than tenfold increase in mortality rate 
associated with seizures lasting ≥60 minutes compared with those 
lasting 30 to 59 minutes.32

In children who are treated for SE in an ICU, the mortality is reported 
close to 10%. Etiology of SE and prior neurologic abnormalities are 
predictors of mortality; younger age, etiology, and duration of SE were 
associated with morbidity.33

CLASSIFICATION
The International League Against Epilepsy’s (ILAE) classification of 
seizures is generally accepted. The system allows classification on the 
basis of clinical criteria without inferring cause. Knowledge of interictal 
or ictal electroencephalographic (EEG) findings is not necessary to 
classify seizures except for absence seizures, which are not likely to be a 
problem in the ICU. The classification system divides seizures into two 
types: partial, which have a focal or localized onset, and generalized, in 
which the cortex of both cerebral hemispheres is involved simultane-
ously at onset. Partial seizures can further be categorized as simple, in 
which consciousness remains intact throughout the event, or complex, 
in which consciousness is disrupted or altered (but not lost), often 
resulting in amnesia for the event. Seizures that start locally and then 
spread to involve the entire cortex are termed secondary generalized. 
Generalized seizures are of two types: convulsive, in which tonic, clonic, 
or myoclonic movements are prominent, and nonconvulsive, in which a 
patient has an altered level of consciousness with or without very subtle 
motor manifestations.

The clinical manifestation of partial seizures varies with the location 
of their onset. Motor seizures are usually due to a lesion in the contra-
lateral frontal lobe. Deviation of eyes and head toward the irritative 
focus is often seen at the onset of seizure activity and is termed versive 
movement. Careful observation of the direction of this initial move-
ment provides important diagnostic information regarding the location 
of brain pathology. Muscle contractions may be localized to a small 
region, such as the face or fingers, or be more extensive, involving the 
entire hemibody. Movements are usually tonic or clonic, but dystonic 
posturing is also common. Sensory seizures can be primarily auditory, 
somatosensory, visual, or consist of vague visceral sensations. Patients 
with complex partial seizures may demonstrate any combination of the 

above symptoms and have associated motor automatisms, such as lip 
smacking or swallowing.

Generalized convulsive seizures are usually of the tonic-clonic type. 
During the tonic phase, initial extension of the trunk is followed by 
extension of the arms, legs, neck, and back. The respiratory muscles 
may be involved in the tonic spasm, resulting in cyanosis and decreased 
oxygen saturation if the tonic phase is long enough, although this is rare. 
The clonic phase follows and is manifest by repetitive muscle contrac-
tions. Fixed and dilated pupils, tachycardia, and hypertension are well 
described during tonic-clonic seizures. Incontinence usually follows 
termination of the seizure. The frequency of the clonus eventually 
wanes and respiration commences when the seizure stops. Patients may 
initially be deeply comatose but should begin to regain consciousness 
within 15 to 20 minutes.

Status epilepticus refers to prolonged or serial seizures without inter-
ictal resumption of baseline mental status. Refractory SE refers to SE 
that is resistant to treatment with first-line measures and requires more 
aggressive therapy. Super-refractory status epilepticus is refractory SE 
which is unresponsive to initial anesthetic therapy as it continues or 
recurs 24 hours or more after the onset of anesthesia, or on the reduction 
or withdrawal of anesthesia. Description of specific treatment modalities 
will be reviewed below. Epilepsia partialis continua is a special type of 
focal motor epilepsy that consists of near constant muscle contractions 
of a specific muscle group. These movements can last for months or 
years without generalizing.

There are theoretically as many different types of SE as there are sei-
zures, since SE is a prolonged seizure. However, SE cannot be classified 
in exactly the same manner as individual seizures, because seizures are 
discrete time-limited events with symptomatology restricted to the brief 
duration of their occurrence. SE, on the other hand, can evolve over time 
and therefore can have a symptomatology that may encompass more 
than one seizure type. Furthermore, NCSE can have similar signs and 
symptoms with different EEG signatures and etiologies. The simplest 
classification divides SE into generalized convulsive SE and nonconvul-
sive SE, depending on whether convulsive movements are present. Since 
NCSE includes everything that is not convulsive, it describes a wide 
variety of clinical entities and scenarios.

The conventional method of subcategorizing NCSE is to divide it into 
absence SE and complex partial SE. This works well for patients with a 
previous history of epilepsy. In this context, absence SE denotes confu-
sion, typically mild, in a patient with generalized, approximately 3-Hz 
spike-wave discharges on EEG and a history of generalized epilepsy. 
Complex partial SE denotes confusion, typically waxing and waning, 
or recurrent complex partial seizures associated with focal seizures in a 
patient with focal epilepsy. As defined herein, both types of NCSE imply 
that the encephalopathy is due to seizure activity. Historically, NCSE was 
labeled “absence” type if generalized EEG changes were found and “com-
plex partial” if focal EEG changes were found, regardless of whether a 
history of epilepsy was present.

Many patients with NCSE do not have a history of epilepsy and 
do not fit into the conventional categorization elaborated above. For 
example, in a retrospective study of NCSE, we did not find any asso-
ciation between EEG findings and mortality,19 emphasizing that this 
categorization is not very useful. This is particularly a problem in ICU 
patients in whom there are typically numerous factors contributing to 
encephalopathy. This nosologic uncertainty has given rise to several 
terms to describe NCSE arising in the ICU, including ICU status, subtle 
generalized convulsive status epilepticus, EEG status, and status in the 
critically ill. An important aspect of ICU status is that encephalopathy 
often has other causes in addition to the seizure activity.

NCSE is of particular importance to the intensivist when it occurs 
as a sequela of inadequately treated GCSE. After prolonged generalized 
convulsions, visible motor activity may stop, but the electrochemical 
seizure continues. Patients who do not start to awaken after 20 minutes 
should be assumed to have entered NCSE. NCSE following GCSE is a 
dangerous problem because the destructive effects of SE continue even 
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without obvious motor activity. NCSE in this setting demands emergent 
treatment guided by electroencephalographic monitoring to prevent 
further cerebral damage since there are no clear clinical criteria to indi-
cate whether therapy is effective.

NCSE can occur as a late stage of convulsive SE from any etiology, or 
as an initial form of SE from another cause. Failure to recognize NCSE 
is common in patients presenting with nonspecific neurobehavioral 
abnormalities, such as delirium, lethargy, bizarre behavior, cataplexy, 
or mutism.34 A high level of suspicion for this disorder should be main-
tained in patients with unexplained alteration in level of consciousness 
or cognition who are admitted to the ICU.

Two special circumstances with which the intensivist should be famil-
iar are myoclonus and febrile seizures. Brief, shock-like, involuntary 
muscle contractions constitute myoclonus. Myoclonic jerks are arrhyth-
mic, of variable amplitude, and involve both small and large muscles. In 
patients with postanoxic coma, myoclonus may be continuous or evoked 
by stimuli such a noise or touch. While this disorder has been associated 
with epileptiform discharges in the EEG,35 not all episodes of myoclonus 
are epileptic; an EEG can clarify whether it is epileptic in individual 
cases. Postanoxic myoclonus also occurs in patients who have regained 
consciousness (the Lance-Adams syndrome); in this setting the myoclo-
nus is probably of cerebellar origin and is not a seizure. Febrile seizures 
are specific to young children and are usually generalized motor convul-
sions that occur in association with fever, typically as the temperature is 
rising. These seizures should not be confused with those that transpire 
in the setting of fever secondary to infection of the nervous system. 
Febrile seizures are usually brief, but can be prolonged and recurrent, 
prompting admission to an ICU.

Clinical judgment is required to classify seizures in the ICU. Patients 
in whom consciousness has already been altered by drugs, hypoten-
sion, sepsis, or intracranial pathology may be difficult to classify using 
only the ILAE classification because it depends heavily on whether the 
seizure activity has altered consciousness. However, focal seizure activ-
ity on EEG or focal neurologic deficits often helps determine whether 
the seizure is focal or generalized in onset. The ILAE continues to work 
toward revising and updating the current classification system. The goal 
is a multi-axis diagnostic scheme that incorporates anatomic, etiologic, 
therapeutic, and prognostic implications. For the most recent informa-
tion regarding this ongoing project, refer to www.epilepsy.org.36

PATHOGENESIS AND PATHOPHYSIOLOGY
The systemic and cerebral pathophysiology of GCSE can be divided into 
early and late phases.37 The early phase of systemic manifestations results 
from an adrenergic surge and excessive muscle activity.38 The adrener-
gic surge causes tachycardia, hypertension, and hyperglycemia. These 
are augmented by extreme muscle activity that causes hyperthermia 
and acidosis and can lead to muscle breakdown, rhabdomyolysis, and 
secondary acute renal failure. This stage is generally well compensated 
by homeostatic mechanisms so that the excessive demands are met with 
increased supply or other compensatory mechanisms.

Most facets of GCSE begin to slow down late in GCSE, so only a 
rare patient continues to have continuous convulsive motor activity for 
more than 1 hour. Cessation of continuous motor activity would seem 
to be a beneficial turn of events, but this is actually coincident with a 
sharp increase in mortality and in complications. Although systemic 
factors such as heart rate and blood pressure normalize, they may be 
inadequate to meet increased demands of intermittent convulsions or 
electrographic seizure activity, even in the absence of convulsions. Thus 
mortality increases dramatically for SE lasting longer than an hour.31 
Death may result from a number of causes, but in a prospective study 
of cardiovascular changes during GCSE, 58% of patients had potentially 
fatal arrhythmias.39 Patients with atherosclerotic cardiovascular risk 
factors may have a gradual deterioration in hemodynamic parameters 
as their cardiovascular reserve is expended, while other patients decline 
acutely, presumably from arrhythmias.40

SE may cause neuronal injury in surviving patients. Some neuronal 
injury is caused by systemic factors; for example, hyperthermia causes 
cerebellar neuronal injury. However, neuronal injury continues during 
electrographic SE, even without motor manifestations or when physi-
ologic parameters are held in the normal range. This is illustrated most 
clearly in experimental GCSE. Neuronal injury is prominent in the hip-
pocampus and temporal lobe in primates with experimental GCSE. The 
injury persisted even when muscle activity was eliminated by paralysis, 
and pulse, blood pressure, temperature, and oxygenation were kept 
normal.

Neuronal injury during SE is due in part to the excitotoxic effects of 
glutamate-mediated neuronal seizure activity.37 Glutamate is the most 
common excitatory neurotransmitter in the brain. It mediates transfer 
of information between neurons under normal conditions via several 
receptors. However, glutamate excessively activates the N-methyl-d-
aspartate (NMDA) subtype of receptor in the robust conditions of SE. 
NMDA receptors have a limited normal function, but during SE they 
cause very prolonged depolarization of neurons. This results in intracel-
lular accumulation of calcium and other cellular changes that result in 
both immediate and delayed cell death.37

There are two important clinical implications of the pathophysiology 
of SE. First, neuronal injury continues during electrical SE even after 
control of motor manifestations. Therefore it is imperative to exclude 
ongoing seizure activity if patients are pharmacologically paralyzed 
after GCSE or do not awaken soon after motor activity stops. These cir-
cumstances require EEG monitoring to exclude ongoing seizure activity. 
Second, pharmacologic treatment is aimed at augmenting inhibition, via 
drugs that act on γ-aminobutyric acid (GABA), such as barbiturates and 
benzodiazepines. There will probably also be a role for NMDA antago-
nists. Ketamine is the only currently available NMDA antagonist, but 
others are likely to be helpful in the future.

CLINICAL MANIFESTATIONS
Three problems complicate seizure recognition in the ICU: (1) occurrence 
of complex partial or nonconvulsive seizures in the setting of depressed 
consciousness, (2) masking of seizures by pharmacologically induced 
paralysis or sedation, and (3) misinterpretation of other abnormal move-
ments as seizures. ICU patients often have decreased levels of conscious-
ness in the absence of seizures that are ascribable to the underlying disease 
and its complications.1 An encephalopathic patient may be unable to 
appreciate or report symptoms of seizure. Fluctuations in mental status 
are frequently subtle and may go unrecognized by staff. A decline in base-
line alertness may reflect a seizure; an EEG may be required to confirm 
that one has occurred.

Patients receiving neuromuscular junction blocking agents do not 
manifest the motor signs of seizures. Patients with refractory intracra-
nial hypertension, severe pulmonary disease, or other critical illnesses 
may be both paralyzed and sedated, making identification of seizures 
particularly challenging. Tachycardia and hypertension are signs of 
seizure that can be misinterpreted as evidence of inadequate sedation. 
Continuous EEG monitoring is warranted in this population if seizures 
are suspected.

Patients with metabolic disturbances, anoxia, and other types of ner-
vous system injury may demonstrate abnormal movements that can be 
confused with seizure. Asterixis, or flapping tremor, is a brief arrhythmic 
loss of tone that can appear in the setting of hepatic encephalopathy, 
hypercarbia, drug intoxication, or CNS pathology.41 Myoclonus in post-
anoxic coma has been reported in the presence34 and absence42 of epilep-
tiform discharges. Therefore, EEG is absolutely indicated in this setting to 
evaluate for ongoing seizures. Action myoclonus in a patient recovering 
from hypoxic encephalopathy is evoked during movements directed at a 
target, such as an examiner’s finger. It is frequently associated with cer-
ebellar ataxia and postural lapses, which when combined with myoclonus 
can severely impair ambulation. Myoclonus associated with  etomidate 
is described,43 but whether it is cortically mediated remains unclear. 
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Brain-injured patients may suffer from so-called “hypothalamic seizures.” 
Tetanus patients do not lose consciousness during their spasms, and 
describe excruciating pain associated with the sustained whole-body 
contractions. Psychiatric disturbances in the ICU occasionally resemble 
complex partial seizures. If doubt about the nature of abnormal move-
ments persists, an EEG should be performed.

DIAGNOSTIC APPROACH
The initial approach to seizure management is the same as that for any 
other acute medical problem: circulation, airway, and breathing. As 
described above, generalized convulsive status epilepticus often causes 
apnea and/or poor oxygen saturation. Hypertension and tachycardia 
may be marked. However, respiratory and hemodynamic dysfunction 
is transient, and with seizure termination rapidly returns to normal. 
Padded tongue blades or similar items should not be placed inside the 
mouth; they are more likely to obstruct the airway than to preserve it. 
Medication to treat tachycardia and hypertension before the seizure 
activity stops is not warranted.

When a patient has a seizure, one has a natural tendency to try to stop 
the event. This leads to both diagnostic confusion and iatrogenic com-
plications. Beyond protecting the patient from harm, very little can be 
done rapidly to influence the course of the seizure. The seizures of most 
patients stop before any medication can reach the brain in an effective 
concentration. Observation is the most important activity to perform 
when a patient has a single seizure. This is the time to collect evidence 
of a partial onset in order to implicate structural brain disease. The 
postictal examination is similarly valuable; language, motor, sensory, or 
reflex abnormalities after an apparently generalized seizure are evidence 
of focal pathology.

Seizures in ICU patients have many potential causes that must be 
investigated. Medical conditions such as hepatic encephalopathy or 
acute hypothyroidism have been associated with seizures, particu-
larly nonconvulsive status epilepticus.44,45 Drugs are a major cause of 
seizures in critically ill patients, especially in the setting of renal or 
hepatic dysfunction. Imipenem-cilastatin46 and fluoroquinolones47 have 
the potential to lower the seizure threshold, particularly in patients 
with impaired renal function. Similarly, cephalosporins, particularly 
cefepime, have been associated with NCSE, especially in adult patients 
with impaired renal function.48 Theophylline can provoke seizures or SE 
if it has been rapidly loaded or if high concentrations of the drug occur; 
however, these complications can also arise with normal serum drug 
levels.49 Immunosuppressant agents such as cyclosporine or tacrolimus 
are known culprits for seizures, and as etiology for posterior revers-
ible leucoencephalopathy, which may manifest primarily with seizures, 
but status epilepticus seems to arise only rarely.50,51 Accumulation of 
a metabolite of meperidine, normeperidine, causes seizures, even in 
patients with normal renal function. Sevoflurane, a volatile anesthetic 
agent, also causes electrographic and clinical seizures without a his-
tory of epilepsy or CNS pathology.52 Other, less conventional etiologies 
include the use of tranexamic acid in cardiac surgery, which was found 
to be associated with postoperative seizures in patients with renal 
dysfunction.53

Recreational drugs are frequently-overlooked offenders in patients 
presenting to the ICU. Acute cocaine or methamphetamine intoxica-
tion is characterized by a state of hypersympathetic activity followed by 
seizures.54 Ethanol withdrawal is a common cause of seizures between 
6 and 96 hours after the patient’s last drink, but concomitant causes 
must not be overlooked. Narcotic withdrawal may produce seizures in 
the critically ill8 and in newborns of opioid-dependent mothers.55 Both 
bupropion hydrochloride56 and tricyclic antidepressants are associated 
with seizure in overdose and occasionally at therapeutic doses. In the 
absence of other clear causes for seizure, a complete toxicology screen 
should be performed upon admission.

Serum glucose, electrolyte concentrations, and serum osmolality 
should also be measured. Nonketotic hyperglycemia can precipitate both 

focal and generalized seizures57,58; epilepsia partialis continua was the 
most common type seen in a recent series.59 Seizure activity infrequently 
may be the first presenting sign of diabetes mellitus. Both severe, rapidly 
developing hyponatremia and hypoglycemia can cause seizures. The 
patient’s blood glucose concentration should be measured immedi-
ately upon presentation, and dextrose and thiamine administered if 
hypoglycemia is present. Hypocalcemia rarely causes seizures beyond 
the neonatal period; identifying even moderate hypocalcemia must 
not signal the end of the diagnostic work-up. Hypomagnesemia has an 
equally unwarranted reputation as the cause of seizures in malnourished 
alcoholic patients.

In recent years, the importance of autoimmune and paraneoplastic 
disorders has become clearer.60 Empiric immunologic therapy may be 
necessary when these conditions are suspected, as diagnosis may require 
weeks of specialized testing.61

The physical examination should emphasize assessment for both 
global and focal abnormalities of the CNS. Evidence of cardiovascular 
disease or systemic infection should be sought and the skin and fundi 
examined closely. Particular attention should be given to the fundu-
scopic examination of infants presenting from the community with sei-
zures, as retinal hemorrhages may be the only evidence of brain trauma 
induced by child abuse (the “shaken baby syndrome”).

New-onset seizures almost always warrant brain imaging. Considering 
the large number of critically ill patients with neurologic pathology as a 
primary or contributing cause for seizures, acute brain processes must be 
ruled out. Computed tomography (CT) scanning is a rapid modality with 
which the trained clinician can detect acute blood, swelling, large tumors 
or abscesses, and subacute or remote ischemic strokes. With current 
technology, there are exceptionally few patients who cannot undergo CT 
scanning. Magnetic resonance imaging (MRI) is particularly helpful in 
detecting evidence of acute ischemic stroke, encephalitis, small tumors, 
subdural empyemas, and cerebral edema. Most cardiac pacemakers are 
a contraindication to MRI, but many other medical devices, such as 
inferior vena cava filters, intracranial pressure monitors, and cerebral 
aneurysm clips, are now manufactured using MRI-compatible material. 
Patients with altered mental status who need cerebrospinal fluid analysis 
require imaging of the brain first, to rule out a mass, swelling, or other 
cause of impending brain herniation. When CNS infection is suspected, 
empiric antibiotic treatment should be started while imaging studies are 
being obtained.

In contrast to the patient with a single or a few seizures, the SE patient 
requires simultaneous diagnostic and therapeutic efforts. Most seizures 
in critically ill patients stop within 2 to 3 minutes. However, if the devel-
opment of SE is suspected based on a seizure duration of greater than 
5 minutes, or absence of recovery in between seizures episodes, one 
should not wait, but rather initiate immediate treatment.

■■ THE ELECTROENCEPHALOGRAM
Treatment for recognized SE should not be delayed to obtain an EEG, 
but such recognition is not always straightforward. A prospective evalu-
ation of 164 patients demonstrated that nearly half manifested persistent 
electrographic seizures in the 24 hours after clinical control of convul-
sive SE, and 14% went into electrographic status epilepticus.62 Therefore, 
continuous EEG monitoring should be initiated within 1 hour of SE 
onset if ongoing seizures are suspected.6 Subclinical seizures have been 
observed during aggressive treatment for SE, even in patients treated 
with high-dose barbiturates to produce a burst-suppression pattern on 
EEG. These data suggest that EEG monitoring after control of convul-
sive SE can be essential in directing the course of treatment. Emergent 
EEG is necessary to exclude NCSE in those patients who do not begin 
to awaken soon after visible seizure activity has stopped. Patients who 
develop refractory SE or receive neuromuscular junction blockade 
require continuous EEG monitoring, since ongoing seizure activity can 
cause neuronal injury via excitotoxic mechanisms as outlined above.

A variety of findings may be present in the EEG, depending on 
the seizure type, duration, and level of pharmacologic intervention. 
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  TABLE 85-2    Drugs for the Treatment of Acute Convulsive Status Epilepticus

Drug Dose Rate Advantages Disadvantages

Diazepam 0.15 mg/kg IV push Quick onset of action Respiratory depression

Fosphenytoin 20 mg/kg <150 mg/min Easy transition to chronic administration Delay to onset of action; prolonged loading time; hypotension

Lorazepam 0.1 mg/kg IV push diluted 1 : 1 Quick onset of action; may prevent early recurrence Respiratory depression

Midazolam 0.2 mg/kg IV/IM push Can be given IM; quick onset of action Respiratory depression

Phenobarbital 10-20 mg/kg 50-100 mg/min Readily available Prolonged loading time; hypotension

Phenytoin 20 mg/kg <50 mg/min Readily available Prolonged loading time; cardiac arrhythmias; necrosis if extravasation 
occurs; hypotension; incompatible with dextrose-containing solutions

Valproate 25 mg/kg 12-200 mg/min diluted 2 : 1 Appears safe in children Not well studied in status epilepticus

Prospective data indicate that EEG patterns may also be helpful in 
determining prognosis. One study found that the presence of burst sup-
pression, post-SE ictal discharges, and periodic lateralized epileptiform 
discharges during the initial 24 hours after control of SE were statisti-
cally significantly correlated with mortality and poor outcome.63 Burst 
suppression secondary to pharmacologic coma for treatment of SE must 
be differentiated from burst suppression due to widespread cortical 
injury, or that seen as the last stage of the EEG evolution of SE. The 
availability of continuous paperless electroencephalographic monitoring 
allows for detection of seizure activity over a long period. In critically 
ill patients with an otherwise unexplained decrease in mental status, 
electrographic seizures were captured on continuous EEG monitoring 
in 93% by 48 hours, and only 7% after 48 hours11; therefore, continuous 
EEG monitoring should at least be continued for 48 hours in comatose 
patients.6

The EEG can also provide information that is very useful in the 
diagnosis and management of other neurologic conditions.64,65

MANAGEMENT APPROACH

■■ ISOLATED SEIZURES
Not all patients who have seizures require anticonvulsant therapy. 
Making the decision to administer anticonvulsants to a hospitalized 
patient who experiences one or a few seizures mandates consideration of 
a provisional cause, estimation of the likelihood of recurrence, and rec-
ognition of the utility and limitations of anticonvulsants. For example, 
seizures due to ethanol or other hypnosedative withdrawal do not need 
chronic treatment, but short-term therapy with benzodiazepines for 
repeated or prolonged seizures may be warranted (Table 85-2). Seizures 
caused by metabolic disturbances such as hyponatremia are often 
refractory to conventional anticonvulsant medications such as phe-
nytoin, and are best treated with correction of the underlying disorder 
(benzodiazepines may be useful for seizure suppression if needed while 
the metabolic problem is being corrected). Seizures related to nonketotic 
hyperglycemia respond best to correction of hyperglycemia with insulin 
and rehydration.57

A patient with CNS disease who has even one seizure should receive 
anticonvulsant therapy because the risk of seizure recurrence is very 
high. However, this treatment should be reviewed before discharge. 
Initiating this treatment after the first unprovoked seizure may help delay 
the appearance of subsequent seizures,66 but probably does not influ-
ence whether epilepsy subsequently develops.67 Prophylactic therapy 
in patients at high risk for seizure, especially if the condition was seri-
ously complicated by a convulsion, is not unreasonable. Patients with 
traumatic brain injury, intracerebral hemorrhages, and subarachnoid 
hemorrhages are frequently placed on anticonvulsants immediately 
upon admission, although no prospective randomized trials have proven 
a positive effect on outcome.

In the ICU setting, phenytoin is often the first drug selected due to 
ease of administration and rapid assessment of blood levels. While the 

efficacy of phenytoin in the control of seizures is well established, several 
inherent properties of the drug limit its tolerability. In order to improve 
aqueous solubility, phenytoin is suspended in a highly alkaline solution 
that is comprised of 40% propylene glycol.68 The propylene glycol vehicle 
has been linked to hypotension and cardiac arrhythmias during phe-
nytoin infusion; however, phenytoin itself may be partly responsible for 
hemodynamic instability. The caustic pH of the parenteral formulation 
can cause injection site reactions that can range from burning at the IV 
site to necrosis in the event of extravasation.

The phenytoin prodrug fosphenytoin is water soluble; therefore the 
parenteral formulation is more neutral than that of phenytoin and 
contains no organic solvents. Cardiovascular side effects were initially 
thought to be less common with fosphenytoin, but subsequent experi-
ence suggests that hypotension and arrhythmias may follow its infusion. 
Pain at the infusion site is significantly less common with fosphenytoin 
than with phenytoin.69 In patients without IV access, fosphenytoin 
can be safely administered intramuscularly. IM doses of fosphenytoin 
are well tolerated, require no cardiac monitoring, and are completely 
absorbed. Fosphenytoin is rapidly converted to phenytoin in vivo and 
free phenytoin levels after fosphenytoin administration are not markedly 
different compared to phenytoin, although the time to reach the peak 
level after IM administration is several hours.

A 20-mg/kg loading dose of phenytoin brings most patients to the 
desired concentration of 20 µg/mL (corresponding to an unbound or 
free concentration of 2 µg/mL). Fosphenytoin is dosed by phenytoin-
equivalent units (PE); therefore no dosage adjustments are needed when 
converting patients from phenytoin to fosphenytoin. Fosphenytoin can 
be administered via intravenous infusion at rates of up to 150 mg PE/min,  
compared with a maximum rate of 50 mg/min for phenytoin. Both of 
these drug infusions should be started at a lower rate and increased 
as tolerated. When loading doses of fosphenytoin are given IM, two 
divided doses of 10 mg/kg each are recommended. After fosphenytoin 
administration, phenytoin concentrations should not be measured 
until the biologic conversion to phenytoin is complete and the drug has 
equilibrated throughout the body, about 2 hours after an intravenous 
infusion or 4 hours after an intramuscular injection of fosphenytoin. 
Phenytoin is approximately 90% protein bound in normal hosts, but the 
unbound fraction is the active component. Patients with renal or hepatic 
dysfunction or those taking drugs that compete for protein binding may 
benefit from measuring the free (unbound) serum phenytoin concentra-
tion before increasing phenytoin doses due to apparently subtherapeutic 
total phenytoin concentrations.

The maintenance dose for phenytoin is typically in the range of 5 
to 7 mg/kg per day, but is highly variable because of individual differ-
ences in metabolism and interactions with other drugs metabolized via 
the cytochrome P450 system. Maintenance doses can be given either 
enterally or parenterally. Maintenance doses of IV or enteral liquid 
suspension phenytoin must be given in twice-daily divided doses since 
their half-life is less than 24 hours. Extended-release capsules can be 
given once a day. However, patients often do not tolerate more than 300 
or 400 mg of phenytoin enterally in any one dose secondary to nausea. 
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Therefore, patients requiring more than this amount in capsules should 
usually receive divided doses.

Hypersensitivity is the major adverse effect of concern to the inten-
sivist. This may manifest itself solely as fever, but commonly includes 
rash, eosinophilia, and elevated liver enzymes. Adverse reactions to 
phenytoin and other anticonvulsants have been reviewed elsewhere.70 
Over the recent years, levetiracetam has become increasingly popular as 
antiepileptic drug in the inpatient setting. Levetiracetam was originally 
approved in 1999 as add-on therapy for the treatment of partial-onset 
seizures in adults; by now, labeled use additionally includes myo-
clonic, and/or primary generalized tonic-clonic seizures. While the 
precise mechanism of action is unknown, inhibition of high-voltage-
activated Ca2+ channels and enhanced activity of potassium channels 
that maintain the resting membrane potential seem to be involved.71 
Levetiracetam can be administered as infusion or as oral solution or 
tablet. Its half-life is 6 to 8 hours. The bioavailability of levetiracetam 
is not dependent on food, it does not affect the protein binding of 
other drugs, and its distribution volume is close to that of total body 
water.72 It is primarily metabolized by enzymatic hydrolysis, and renally 
excreted. Dose adjustment is needed in decreased renal function, and 
approximately half of the drug is removed during hemodialysis, so that 
extra dosing is required after dialysis.73,74 Furthermore, lack of hepatic 
metabolism or interactions with other medications and few cardiac or 
peripheral venous effects are advantageous to levetiracetam, especially 
when compared with phenytoin.75 Its low incidence of serious adverse 
reactions (as low as 1% for acute drug reactions76) and the lack of drug-
drug interactions make levetiracetam a safe medication in the elderly or 
multimorbid patient population.77 Patients treated with levetiracetam 
monotherapy in a neurological intensive care setting had lower compli-
cation rates78 when compared to other antiepileptic drugs. When used 
for prophylaxis after neurological injury, patients treated with levetirace-
tam had better outcomes at 3 months compared to patients treated with 
phenytoin.79 Levetiracetam is found at least as effective as phenytoin in 
the prevention of seizures after neurological injury or neurosurgery76,79,80 
In the adult patient, effective doses of levetiracetam range from 500 to 
3000 mg/d.

Phenobarbital remains a useful anticonvulsant for those intolerant 
to phenytoin or those who have persistent seizures after adequate phe-
nytoin administration. The loading IV dose is 15 to 20 mg/kg, and the 
target serum concentration is 20 to 40 µg/mL. The serum concentration 
may be altered by hepatic and renal dysfunction. Furthermore, pheno-
barbital can also induce P450-related metabolism, thereby affecting the 
metabolism of other drugs that undergo hepatic clearance. Since the 
usual clearance half-life of phenobarbital is about 96 hours, maintenance 
doses of this agent should be given once a day. A steady-state level takes 
about 3 weeks to become established. Sedation is the major adverse 
effect; allergy to the drug occurs rarely.

Carbamazepine is rarely initiated in the ICU because it is not available 
in parenteral form and absorption from the gastrointestinal tract is rela-
tively slow. Carbamazepine has significant interactions with many drugs 
that are used in hospitalized patients, such as corticosteroids, theophyl-
line, warfarin, and cimetidine. Adjusting blood levels of carbamazepine 
in the setting of polypharmacy can be unpredictable. Carbamazepine 
and the newer anticonvulsant oxcarbazepine can both cause hyponatre-
mia with chronic use, probably due to a combination of the syndrome 
of inappropriate secretion of antidiuretic hormone (SIADH) and salt-
wasting nephropathy.

■■ STATUS EPILEPTICUS
Status epilepticus is a medical emergency. While proper diagnosis of the 
cause is critical, the most important initial goal is to expeditiously stop 
the clinical and electrographic seizures. The likelihood of successfully 
treating SE is inversely related to the duration of seizures; the longer 
seizures last, the more difficult they are to terminate. Administration of 
antiepileptic drugs within 5 to 10 minutes has been shown essential to 
limit the emergence of status epilepticus and related neuronal damage 

and permanent cerebral injury,81 as well as further systemic complica-
tions. Aggressive and rapid management is warranted, particularly when 
considering that only two-thirds of patients in SE respond to the first 
treatment.82

The preferred agents used for first-line treatment of SE are benzodi-
azepines (especially lorazepam, diazepam, and midazolam), phenytoin, 
phenobarbital, levetiracetam, and valproate sodium. The Veterans 
Affairs Status Epilepticus Cooperative Study Group trial compared 
four regimens for the initial treatment of GCSE and demonstrated that 
lorazepam was more efficacious than phenytoin, and easier to use than 
phenobarbital or phenytoin plus diazepam.82 Lorazepam has been our 
agent of first choice for terminating SE for many years and remains so 
with support from this study.

The major advantage of lorazepam over diazepam is its longer dura-
tion of action, thereby limiting seizure recurrence. Lorazepam has 
traditionally been given in 2-mg doses repeated at 5-minute intervals 
if seizures do not terminate. Since this is often an inadequate dose and 
valuable time passes before definitive treatment is instituted, we recom-
mend instead a single IV dose of 0.1 mg/kg of lorazepam. If lorazepam 
is not available, a single IV dose of 0.15 mg/kg of diazepam is an alterna-
tive. However, another agent such as phenytoin or phenobarbital should 
be started immediately, as the duration of action of diazepam against 
SE is only about 20 minutes. In the event that IV access is unattainable, 
0.2 mg/kg of midazolam administered IM will be rapidly and reliably 
absorbed. The use of midazolam in refractory SE will be discussed 
below. All benzodiazepines carry a risk of hypotension and respiratory 
depression. However, these are also sequelae of prolonged or inad-
equately treated SE. The intensivist should be prepared to intubate or 
use vasopressors if necessary.

RAMPART, a recently published double-blind, randomized trial 
comparing intramuscular midazolam with intravenous lorazepam in 
the prehospital treatment of SE, found that intramuscular midazolam 
was at least equally safe as intravenous lorazepam, particularly regard-
ing the need for endotracheal intubation. Seizure termination was at 
least as effective with intramuscular midazolam, the time-to-treatment 
being significantly shorter for the intramuscular treatment likely playing 
a significant role.83 Phenytoin is an effective anti-SE agent; however, the 
constraint on the rate of intravenous administration is of concern when 
treating SE. Fosphenytoin may be a better drug for use in SE since it can 
be loaded up to three times faster, although its 7-minute conversion half-
life means that the serum phenytoin level does not reach its target much 
faster. Phenytoin has a long duration of action when an adequate dose 
is given (a 20-mg/kg dose produces a serum level above 20 mg/mL for 
24 hours). Adding an additional 5 mg/kg if the initial load fails to stop 
SE may be useful. Intramuscular injection of fosphenytoin in SE patients 
may be supported by the known pharmacokinetics of this route, but it 
should not be considered to be acceptable therapy for SE and should be 
reserved for only those rare circumstances in which IV access cannot 
be obtained.

Levetiracetam is increasingly used as anti-SE agent, either as pri-
mary agent or as adjunct medication, due to its ease of use, the ease 
of rapid intravenous infusion (15 minutes) and the tolerability in 
critically ill patients due to very few serious adverse events and drug-drug 
interactions.84 Common dosing is a 500- to 2000-mg bolus followed by 
2000 to 3000 mg daily maintenance dose. The efficacy to abort SE has been 
found to be higher when loading with a bolus, and when initiated earlier 
during the course of SE.85 Several smaller series found intravenous leveti-
racetam highly effective in patients with SE refractory to benzodiazepines 
or other initial therapy.73,75

Phenobarbital in the management of acute SE is not routinely rec-
ommended, except when phenytoin is contraindicated. However, the 
Veterans Affairs study showed no difference in efficacy between loraz-
epam and phenobarbital as first-line agents in SE, but phenobarbital 
took longer to administer.82 Furthermore, in the patients that did not 
respond to lorazepam or phenytoin, the response rate to phenobarbital 
was only 2.1% (unpublished data). We therefore recommend pursuing a 
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  TABLE 85-3    Drugs for the Treatment of Refractory Status Epilepticus

Drug IV Loading Dose Maintenance Dose Advantages Disadvantages

Ketamine 4-5 mg/kg over  
2-4 minutes

1-5 mg/kg per hour Unlikely to cause  
hemodynamic instability

Not well studied for status epilepticus

Midazolam 0.2 mg/kg IV bolus 0.05-2 mg/kg per hour Fast onset of action Tachyphylaxis

Pentobarbital 5-12 mg/kg at 50 mg/min 1-10 mg/kg per hour Readily available Hypotension; immune suppression

Propofol 1-2 mg/kg IV bolus 1-15 mg/kg per hour Easy to adjust High lipid and calorie content; “propofol infusion syndrome” (metabolic acidosis, and 
on occasion rhabdomyolysis, with doses greater than 5 mg/kg per hour)

Thiopental sodium 75-125 mg IV bolus 1-5 mg/kg per hour Fast onset of action Can have prolonged effects after extended infusions due to absorption into adipose tissue

leukocytes. The intensivist must be vigilant in monitoring for infection 
since barbiturate-induced poikilothermia may mask fever. Despite these 
side effects, barbiturate anesthesia should not be rapidly discontinued 
if it is successful in terminating refractory SE. Continuing therapy for 
at least 48 hours, gradual tapering of the infusion dose, and the admin-
istration of phenobarbital during the drug taper are recommended.93 
Pentobarbital is loaded at 5 to 12 mg/kg followed by an infusion of 1 to 
10 mg/kg per hour. As an alternative, thiopental sodium may be given in 
75- to 125-mg IV boluses followed by infusion rates of 1 to 5 mg/kg per 
hour. Both medications rapidly redistribute into adipose tissue; recovery 
of consciousness usually takes much longer after thiopental infusions 
than after pentobarbital. Elimination times can be greatly increased in 
obese patients after prolonged infusions.90-100

The efficacy of alternative regimens needs further evaluation to define 
their role in the treatment of seizure emergencies. While there are many 
case reports, no convincing evidence or randomized trials are available 
to support early initiation of these interventions.6

In brain tumor patients with RSE, the use of phenytoin, levetiracetam, 
and pregabalin to abort RSE has been found safe and highly effective.102

Lacosamide, a modulator of voltage-gated sodium channels,103 has 
also gained attention for the use in refractory SE. It has been reported 
effective as an adjunct in refractory NCSE, especially focal SE104; how-
ever, other series have not been able to confirm its efficacy in RSE.105 
It is available intravenously, and is easy to administer.103 Common 
dosing is a loading dose of 200 to 300 mg IV, followed by 100 to 200 mg 
maintenance every 12 hours. Success in the termination of RSE has 
also been reported for isoflurane, intravenous valproate, ketamine, and 
topiramate. Ketamine in particular is often described, probably at least 
partly due to its lack of cardiosuppressive side effects, and its potential 
neuroprotective capacity given its structure as NMDA antagonist.106

Emerging insight into antibody-induced seizures and SE, mainly 
NMDA-receptor antibodies, has also triggered exploration of emergency 
treatment of SE with immunosuppressants in selected cases, with high 
dose methylprednisolone and/or intravenous immunoglobulin.106

The application of therapeutic hypothermia, the use of which in RSE 
has anecdotally been reported successful,107 lacks data on a larger scale. 
Once SE is addressed, one must manage the major systemic complica-
tions of SE. Patients with GCSE should be screened for rhabdomyolysis 
with urine myoglobin and serum creatin kinase (CK) determination. 
If myoglobinuria is present or if the CK concentration is more than 
10 times the upper limit of normal, rehydration and urinary alkaliniza-
tion should be instituted.81 Prolonged or severe hyperthermia should be 
aggressively treated with cooling blankets, ice packs, or other cooling 
modalities.

■■ SPECIAL CONSIDERATIONS FOR CHILDREN
Treatment of seizures or SE in critically ill children generally parallels 
that for adults. Intravenous access is often more difficult to achieve in 
children. Lorazepam and diazepam can both be administered by the rec-
tal route (usually 0.5 mg/kg per rectum for both agents) and midazolam 
(0.2 mg/kg) via the IM, nasal, or buccal routes. Lorazepam is probably 
the first-line drug of choice for terminating SE in children as for adults. 

more definitive treatment strategy for patients who have entered refrac-
tory SE (RSE).

■■ REFRACTORY STATUS EPILEPTICUS
Refractory status epilepticus evolves in 31% to 44% of patients in 
SE.86 Failure of a first-line anticonvulsant drug to terminate SE usually 
requires the use of a definitive therapy in anesthetic doses that are highly 
likely to cause significant respiratory suppression and hypotension. 
Therefore, mechanical ventilation is necessary, and invasive hemody-
namic monitoring is frequently required. Concomitant continuous EEG 
monitoring is also mandatory to confirm treatment success and monitor 
depth of sedation. The traditional goal of therapy is burst-suppression 
pattern on EEG for 12 to 24 hours prior to any attempts to wean medi-
cation. Since the available data suggest that successful treatment and 
improved outcome probably required seizure suppression regardless of 
background EEG activity,87 we recommend cessation of electrographic 
seizures as the goal instead.

The agents used most frequently include propofol, midazolam, and 
barbiturates.88 Propofol is an intravenous anesthetic agent that acts 
primarily on the GABAA receptor. Smaller series and case reports 
documenting its efficacy in RSE are abundant,89 but studies examining 
direct comparisons with other agents have had mixed results.90-92 An 
initial bolus of 1 to 2 mg/kg should be followed with a maintenance 
infusion at 1 to 15 mg/kg per hour. Propofol is fast acting, highly lipid 
soluble, and has little propensity to accumulate even with prolonged 
infusions.93 Because of its rapid clearance, propofol should not be 
abruptly discontinued, but instead tapered gradually. Respiratory 
depression and hypotension are extremely common, especially after 
the initial bolus. Nutritional support must be adjusted in the setting of 
propofol infusion due to the high lipid and calorie content of the solu-
tion. Acidosis and rhabdomyolysis have been reported in both adults94 
and children.95 Careful monitoring of creatine kinase and blood pH 
are prudent.

Midazolam is a water-soluble benzodiazepine that has demonstrated 
high efficacy in refractory SE in adults and children.96-98 Midazolam is 
loaded at 0.2 mg/kg followed by continuous infusion of 0.05 to 2.0 mg/kg  
per hour. Respiratory depression may be encountered less frequently 
than with other hypnosedatives, but should be anticipated. Since most 
patients with RSE are already intubated, concern for respiratory effects 
should not limit use. Clinically significant hypotension is rare even at 
the very high doses that are often required to address tachyphylaxis.99 
Sedation is quickly reversed after short-term infusions are discontinued. 
However, terminal half-lives of three to eight times normal have 
been reported with extended administration.100 In addition, prolonged 
elimination times have been associated with critical illness and hepa-
torenal dysfunction. High-dose barbiturates, most commonly pentobar-
bital, are extremely useful in RSE when used as third-line therapeutic 
choice,101 but side effects can be severe and may limit use (Table 85-3). 
Hypotension can be refractory to initial resuscitative efforts, and the 
patient may benefit from pulmonary artery catheterization to plan fluid 
and vasopressor management. Pulmonary infection is common due to 
prolonged intubation and impaired function of both respiratory cilia and 
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One study of 86 children presenting with seizure found that those who 
received lorazepam had a higher incidence of termination of seizure 
activity and less frequent respiratory depression than those treated with 
diazepam.108

Midazolam administered by continuous infusion appears effective 
in RSE in children.97,109,110 Although all eight patients in one study were 
mechanically ventilated, none demonstrated cardiovascular instability 
despite midazolam doses resulting in burst suppression.108

As with adults, rapid control of SE in children achieved with benzodi-
azepines should be followed by administration of a longer-acting agent 
such as phenytoin (20 mg/kg IV), fosphenytoin (20 mg PE/kg IV), or phe-
nobarbital (10-20 mg/kg IV).111 The rate of conversion of fosphenytoin 
to phenytoin is probably the same in children as in adults. Intramuscular 
injection of fosphenytoin may be particularly advantageous for preven-
tion of recurrent seizures in children without IV access. The use of IV 
fosphenytoin over IV phenytoin is prudent in infants and neonates, 
whose small limbs are at especially high risk of extensive necrosis and 
amputation in the event of a phenytoin extravasation.

Similarly to the treatment of seizures and SE in adults, there is 
growing evidence to support the use of levetiracetam. In the neonatal 
period, intravenous levetiracetam has been found useful and safe as 
monotherapy or as an adjunct in acute seizure management.112 When 
administered within half an hour of seizure onset in children at a dose of 
29.4 ± 13.5 mg/kg, 89% of patients were seizure free at 1 hour.113 When 
given with a bolus dose of 25 to 50 mg/kg followed by maintenance as 
adjunct or monotherapy for status epilepticus or exacerbation of seizure 
disorder, response rates were as well favorable.114

Intravenous valproate appears to be safe and effective in children.115 
Several retrospective and prospective series have reported seizure ter-
mination after infusion of valproate in loading doses between 25 and 
30 mg/kg, with response rates between 65% and 100% and without 
occurrence of serious adverse events.115-117
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KEY POINTS

•• To gain an understanding of the mechanisms and anticipatory man-
agement of brain tissue displacement (herniation) and intracranial  
hypertension.

•• To understand available brain monitoring devices in measuring 
ICP and to appreciate their role in guiding early interventions to 
avoid secondary brain injury as hesitation to monitor intracranial 
pressure dynamics, and to aggressively pursue ICP management 
likely accounts for the vast majority of secondary brain injury in 
patients with reduced level of consciousness.

•• To foster an individualized patient approach in addressing abnor-
mal ICP and flow dynamics within the practice of neurocritical 
care. Understanding the indications for brain monitoring via 
real-time parenchymal blood flow, oxygen tension, and chemistry 
surveillance, as well as mastering the current recommendations 
in aggressive management approaches toward elevated ICP such 
as induced hypothermia, suppression of abnormal electrical dis-
charges, and early surgical decompression are necessary tools for 
the neurocritical care clinician.

CONSIDERATION OF CEREBRAL PRESSURE 
AND FLOW DYNAMICS

■■ COMPARTMENTS AND MONRO-KELLIE DOCTRINE
In adults, the cranial vault represents a closed, noncompliant structure. 
Two important exceptions exist in which intracranial compliance is 
increased. These are at the foramen magnum and craniectomy sites. 
Craniectomy refers to surgical bone removal to treat refractory intra-
cranial hypertension or as a by-product of neurosurgical decompression 
for an alternate indication. This removal of bone leaves a palpable, soft, 
cranial defect covered only by dura, galea, and skin. The brain is distin-
guished from other organs by the unique challenge of monitoring brain 
function and intracranial dynamics in a structure enclosed by a bony 
vault. The noncompliant surrounding bone of the calvarium does not 
allow for significant volume change of the brain or adjustment of intra-
cranial pressure (ICP) (Fig. 86-1A). As a result, the pressure within the 
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FIGURE 86-1.  A. Anatomical relationship of key intracranial structures. The two hemispheres within the supratentorial compartment are separated and stabilized by rigid dura duplications, 
known as the falx and the tentorium, respectively. These structures become clinically important in the setting of brain herniations; for example, as a late complication of subfalcine herniation the 
anterior cerebral artery (ACA) is compressed against the free edge of the falx, leading to ACA infarction. Whereas in lateral or descending transtentorial herniation, the posterior cerebral artery 
(PCA) is displaced inferiorly over the free edge of the tentorium, leading to herniation-induced occipital lobe infarction. B. Tentorial opening and its contents. The tentorial opening that separated 
the supratentorial from the infratentorial space consists of the midbrain and important structures, that is, circle of Willis and cranial nerves. Due to the location of the oculomotor nerve, it is the 
most commonly affected nerve secondary to herniation of the medial temporal lobe and aneurysm of the posterior communicating artery.

Optic nerve

Posterior
communicating
artery

Oculomotor
nerve

Tentorium
cerebelli

Superior
cerebral
artery

Posterior
cerebral
artery

Petroclinoid
ligament

Internal
carotid
artery

Anterior
cerebral
artery

B

fixed space of the calvarium must be carefully regulated by many mecha-
nisms in order to be maintained within a physiologic range. Disruption 
of these mechanisms through trauma, space-occupying lesions, or 
edema leads to dysregulation of the delicate balance required to main-
tain normal pressure that results in significant neurologic and systemic 
dysfunction. For instance, the tentorial opening, which separates the 
supratentorial and infratentorial compartments, encloses, among other 
structures, the midbrain, posterior cerebral arteries, posterior commu-
nicating arteries, oculomotor, and sixth cranial nerves. These structures 
are frequently damaged during transtentorial herniation, leading to a 
chain of often irreversible, secondary injuries (Fig. 86-1B).

The structures between the brain surface and the inner skull, 
the meningeal layers, are important in identifying and maintaining 
normal ICP. The most important of these is the subarachnoid space 
where the arachnoid villi conduct cerebrospinal fluid (CSF) from the 
subarachnoid space to the venous sinuses. If these granulations are 
blocked by inflammatory substances or disintegrated blood, nonob-
structive hydrocephalus and increased ICP can result due to impaired 
CSF reabsorption. Other meningeal components are the subdural and 
epidural spaces where bleeding may occur, requiring immediate atten-
tion due to potential space-occupying lesions between these layers 
(Fig. 86-2).
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FIGURE 86-2.  Meningeal layers. The cerebrospinal fluid compartments located between the brain surface and inner skull are clinically described as subarachnoid, subdural, and (functionally 
nonexisting) epidural spaces. Arachnoid villi within the subarachnoid space have the important role of continuous CSF absorption and, if obstructed due to infection or disintegrated blood prod-
ucts, communicating hydrocephalus and eventually elevated intracranial pressure will occur. The subdural and epidural spaces are important in that blood and fluid may track into and expand 
these potential spaces in the setting of trauma or ruptured vascular malformations.

The average volume within the cranium is 1500 mL, with ~88% con-
sisting of brain parenchyma, ~7.5% composed of intracranial blood, 
and ~4.5% composed of CSF.1 The sum of the partial pressures and 
volumes from these three main components is equal to the total ICP. 
Therefore, when one volume increases (eg, intraparenchymal brain 
tumor), the other volumes compensate for the pressure change and 
reduce their combined intracranial volumes to keep ICP constant. 
This is known as the Monro-Kellie doctrine. Frequent mechanisms 
responsible for maintaining a normal ICP (ie, <20 mm Hg) are a 
compensatory increase in CSF absorption, drainage of blood from the 
cerebral venous systems, and a shift of CSF from the cranial subarach-
noid space into the spinal (intraforaminal) compartment. Because of 
skull noncompliance, any uncompensated changes in the volume have 
a significant impact on ICP and brain function. If untreated, sustained 
elevations in ICP may lead to compression of critical structures, 
vascular compromise with impaired cerebral perfusion, irreversible 
ischemia, and brain death.

■■ INTRACRANIAL PRESSURE
The first ICP measurements were performed by Guillaume and Janny 
in 1951, but it was the seminal work of Nils Lundberg in 1960 who 
established intraventricular ICP monitoring using bedside strain gauge 
manometers to describe three ICP waveform patterns (A, B, C) associ-
ated with intracranial pathology. Of particular importance, the A-wave 
(or plateau wave) is observed with ICP increases between 25 and 
75 mm Hg persisting for up to 20 to 25 minutes if left untreated. The 
rationale behind the study of ICP waveform and amplitude is that with 
each heartbeat there is a pulsatile increase in cerebral blood volume, the 
equivalent of a small intracranial volume injection, and the amplitude 

of the ICP pulse waveform is the response of ICP to that increment of 
volume. The properties of ICP wave should therefore be directly related 
to the craniospinal elastance.2

There is no level I evidence to support the use of a single ICP 
threshold to initiate therapy. The recommended critical ICP elevation 
in adults at which treatment should be initiated (Level II evidence) is 
20 mm Hg sustained for more than 5 minutes.3 Failure of compensa-
tory brain mechanisms to reduce ICP to normal values will result in 
intracranial hypertension and its clinical sequelae. Common etiologies 
for primary and secondary ICP elevations are listed in Table 86-1. 
Numerous studies have demonstrated that elevated ICP is associ-
ated with poor outcome and, therefore, that ICP control and pressure 
monitoring are among the key approaches to successful management of 
brain-injured patients.4-6 Too often, a general “cookbook” ICP manage-
ment approach, without an understanding of the natural progression 
of the underlying injury and without real-time measurements of ICP, 
is applied leading to secondary brain injuries, which can exceed the 
magnitude of primary injury. A primary focus of neurocritical care, 
therefore, is to minimize secondary injuries. Examples of cases requir-
ing continuous ICP monitoring are patients with large ischemic strokes 
and associated evolving edema; severe meningoencephalitis with gener-
alized edema and hydrocephalus; and intracranial hematomas exerting 
local mass effect. These patients may require prolonged ICP monitoring 
in order to detect delayed cerebral edema or worsening primary injury.  
Another example of patients in need of invasive ICP monitoring are 
traumatic injuries, which may exhibit an otherwise undetected bimodal 
pattern of ICP elevations, or patients suffering from subarachnoid 
hemorrhage (SAH) who may develop ICP elevations due to unde-
tected obstructive hydrocephalus or vasogenic edema secondary to 
vasospasm-induced ischemia.
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FIGURE 86-3.  Arterial and intracranial pressure tracing. The ballistic waveforms of arterial 
(middle) and intracranial (bottom) pressures in relation to the ECG (top) are delineated. Note 
the encircled ICP waveform consists of several smaller waves.

  TABLE 86-2    Factors That Influence Cerebral Blood Flow and Intracranial Pressure

Factor Cerebral Blood Flow Intracranial Pressure Effect Clinical Commentary

Raised intracranial pressure Decrease NA – Cerebral injury occurs through ischemia and mechanical compression

Cerebral hyperemia NA Increase – May be regional

Hyperventilation Decrease Decrease Vasoconstriction Prolonged hyperventilation leads to ischemia

Hypoventilation Increase Increase Vasodilatation Seen with posterior fossa pathology

Hypotension ± Increase Vasodilatation  Early diagnosis and treatment is imperative

Hypovolemia ± Increase Vasodilatation Maintain euvolemia

Acidosis Increase Increase Vasodilatation Important in ICP control

Alkalosis Decrease Decrease Vasoconstriction Avoid in cerebral vasospasm

Hyperthermia Increase Increase Vasodilation Linear increase in cerebral blood flow 6% per °C

Hypothermia Decrease Decrease Vasoconstriction Therapeutic value

Hypoxia Increase Increase Vasodilatation Significant at PaO2
 <50 mm Hg

Increased intrathoracic pressure Decrease Increase Cerebral venous outflow attenuation Valsalva maneuver

Pain/arousal Increase Increase Vasodilatation Avoid noxious stimuli

Volatile anesthetics Increase Increase Vasodilatation Additive ICP increases with head down positioning during anesthesia

Seizures Increase Increase Increased metabolism and Valsalva Maintain low threshold for prophylactic antiepileptic drugs in ICP 
susceptible patients

Positive end- expiratory pressure (PEEP) Increase Increase Decrease in cerebral venous outflow Variable effect on intracranial pressure (Caution: PEEP of >12)

Common factors affecting cerebral blood flow and intracranial pressure.

When ICP is monitored continuously, the tracing has a ballistic 
waveform similar to systemic arterial pressure (Fig. 86-3). The “pulse 
pressure” of ICP, however, is much narrower and is expressed, by con-
vention, as a mean. The normal mean ICP is generally below 15 mm Hg, 
with an upper range at about 20 mm Hg, but its value will fluctuate in 
normal individuals depending on many physiologic factors such as head 
positioning, Valsalva maneuver, breathing pattern, etc (see Table 86-2).

■■ INTRACRANIAL COMPLIANCE
A schematic diagram delineating the tight relationship between ICP 
and intracranial volume is depicted in Figure 86-4. Intracranial com-
pliance is the association between changes in intracranial volume 

  TABLE 86-1    Causes of Elevated Intracranial Pressure

Primary (Intracranial) Secondary (Extracranial)

Nontraumatic
Intracranial hemorrhages (parenchymal, 
subarachnoid, subdural, epidural)
Ischemic infarction
Hydrocephalus (communicating and 
noncommunicating)
Brain edema
Brain tumor
Status epilepticus
Cerebral venous thrombosis
Cerebral vasospasm
Infection (ie, encephalitis, meningitis, 
abscess, etc)

Trauma
Mass lesion (ie, epidural or subdural 
hematomas, hemorrhagic contusions)
Hydrocephalus
Diffuse brain edema
Depressed skull fracture

Airway obstruction
Hypoventilation
Hypoxia
Hypercarbia
Head position or posture
Venous outflow obstruction
Hyperpyrexia
Hyponatremia
Agitation, pain
Diabetic ketoacidosis
Eclampsia or hypertensive encephalopathy
Convulsive or nonconvulsive seizure
Increased intrathoracic or intra-abdominal 
pressure (ie, Valsalva maneuvers, mechanical 
ventilation)
Fulminant hepatic encephalopathy
High-altitude cerebral edema
Drugs (lead, tetracycline, doxycycline,  
retinoic acid)

Common etiologies that instigate elevated intracranial pressure are listed as primary and secondary causes above.

and expected changes in pressure, while the reciprocal is defined 
as elastance—a change in pressure leading to a change in volume. 
Intracranial compliance, although not measured directly in absolute 
numbers, is an important and frequently utilized clinical concept that 
can be readily estimated in an ICP-monitored patient. Compliance 
describes the fact that a disease process that increases or displaces the 
volume of a component of the intracranial cavity will first be com-
pensated for by a decrease in the least resistant compartment—the 
subarachnoid CSF spaces, which are contiguous over the convexities 
and within the cisterns and ventricles. As a result, ICP may increase 
only minimally while a reserve for intracranial compliance exists dur-
ing the early stages of the disease process. The ICP waveform (but not 
its mean pressure) may already indicate a decline in brain compensa-
tory mechanisms, however (Fig. 86-4B). Once CSF cannot be passively 
displaced any further, the ICP rises more sharply as the reserve for 
compliance decreases (Fig. 86-4C). At this point, blood vessels begin 
to provide an element of compliance, and will compensate for ICP 
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FIGURE 86-4.  Intracranial compliance. This curve represents the compliance function of 
the brain. With added volume, the intracranial compartment initially shows good compen-
satory reserve identified by normal ICP (A). Additional volume increases are still tolerated  
(ie, high-normal ICP readings) but further reducing the compensatory reserve (B; worsening  
compliance). At a critical point, compensation of intracranial compliance diminishes  
exponentially (C; exhausted compensatory reserve), leading to abrupt ICP elevations.

increases by extruding blood out of the intracranial space. First, the less 
resistant cerebral venous system reduces its blood volume, and then the 
circulation within the arterial tree is reduced. Lastly, brain parenchyma 
will follow by shifting along the ICP gradient within the cranial vault 
and away from the space-occupying lesion. This is described as brain 
herniation. Herniation syndromes can be distinguished clinically and 
radiographically depending on which vector the ICP gradient contin-
ues to evolve, that is, from one to the opposite hemisphere or along the 
craniocaudal cerebrospinal axis.

The important concepts of ICP-volume relationships and intra-
cranial compliance can be applied to the radiographic estimation of 
the likelihood of intracranial hypertension from a space-occupying 
intracranial process to determine the indication for invasive pres-
sure monitoring. For example, Figure 86-5A and B show a brain CT 
scan identifying vasogenic edema from a right middle cerebral artery 
(MCA) territory infarction. As there are still compressible spaces 
visible around the swollen brain (eg, basal cisterns, ipsilateral lateral 
ventricle, and ipsilateral cortical sulci), it is reasonable to expect that the 
ICP is not yet significantly or persistently elevated. In contrast, the CT 
in Figure 86-5C and D shows a more extensively swollen hemisphere 
than Figure 86-5A, with obliteration of all surrounding CSF spaces. 
The ICP is therefore predicted to be markedly elevated. While estimat-
ing the likelihood of intracranial hypertension by radiographic appear-
ance is imperfect, it can provide some practically useful guidance in 
management decisions when the clinician is forced to initiate invasive 
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FIGURE 86-5.  Neuroimaging and intracranial compliance. Head imaging does not replace ICP monitoring; however, some estimates of intracranial compliance can be obtained. The head CT 
(A and B taken at 48 hours postevent) identifies right middle cerebral artery ischemic infarction with local mass effects; however, there are remaining compressible CSF spaces (ventricular system, 
basal cisterns) visible indicating reduced but not exhausted intracranial compliance. With further mass effects and tissue shift (C and D; CT taken at about 96 hours) almost complete compression 
of neighboring CSF spaces and exhausted intracranial compliance is identified in addition to evolving herniation-induced (right to left subfalcine herniation) led to new right anterior cerebral 
artery infarction (arrowhead in D). The estimated, relative intracranial compliance for the obtained head CT scans is delineated on the graph below (E).
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ICP monitoring or to consider other therapeutic maneuvers such as 
surgical decompression.

■■ CEREBRAL BLOOD FLOW AND CEREBRAL PERFUSION PRESSURE
To appreciate the progressive detriment of elevated ICP, it is essential 
to understand the factors involved in determining and controlling 
cerebral blood flow (CBF). Neglecting, for a moment, that cerebral 
arteries are rather flexible conduits, CBF could be compared to elec-
tric current through a wire. Ohm described that this current (I) is 
proportional to the difference in the potential (ΔV) placed across  
the ends of a wire and proportionally constant to the resistance (R) the 
current faces while traveling through the wire. That is, current =  
potential difference/resistance (I = ΔV/R) or (ΔV = IR). Written 
in flow dynamic terms, CBF depends on the perfusion pressure 
(CPP) divided by the vascular resistance (CVR) or CBF = CPP/CVR. 
As CPP is calculated by the difference between the mean arterial 
pressure (MAP) and the ICP, this equation can be rewritten as CBF = 
MAP − ICP/CVR. CVR is governed by precapillary, brain penetrat-
ing arterioles and is tightly regulated by pressure autoregulation in a 
normal patient to provide a steady CBF with normal MAP fluctua-
tions. Autoregulation is a function of vasoactive mediators between 
neighboring vascular endothelial cells, adjacent smooth muscle, and 
perivascular nerves.7,8 Dynamic increases in ICP can also be esti-
mated at the bedside by elevated blood flow velocities and pulsatility 
indices as seen on transcranial Doppler (TCD). CVR changes can be 
exhausted, however, leading to complete absence of flow if increased 
ICP becomes intractable (Fig. 86-6).

Alterations in CBF and CVR can disturb autoregulation homeo-
stasis, leading to primary and secondary cerebral injury. A graphical 
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FIGURE 86-6.  Intracranial pressure-volume curve correlated with blood flow velocities. A relative relationship exists between intracranial compliance, intracranial pressure (ICP), cerebral 
perfusion pressure (CPP), and the pulsatility index (PI), which is obtained from the blood flow velocity profiles measured by transcranial Doppler (TCD). The normal PI value ranges from about 0.5 
to 1.19 and correlates best with normal compliance and ICP ranges (identified on the left column). The PI starts to increase approximately starting from 0.9 to 1.19 with compromised intracranial 
compliance even when ICP still remain normal (middle column). The PI further increases from about >1.19 with exhausting intracranial compliance, ICP elevation, CPP reduction, and decreasing 
vascular bed, which eventually leads to circulatory arrest (right column). Characteristic TCD flow velocity waveform changes with increasing PI are represented above the graph. TCD is a helpful 
and readily available bedside technology to monitor intracranial compliance.

depiction of CBF remaining constant over a wide range of arterial blood 
pressures, at least in the normotensive noninjured brain, is presented in 
Fig. 86-7. In chronically hypertensive individuals, the autoregulatory 
threshold is shifted to the right. Relative blood pressure lowering within 
the autoregulatory range will be compensated by cerebral vasodilation 
and a resultant increase in cerebral blood volume (CBV). Conversely, 
relative blood pressure elevations within an individual’s autoregulatory 
range leads to cerebral vasoconstriction and a subsequent decrease in 
cerebral blood volume. The physiologic relationship between blood 
pressure, CBF, CPP, and CVR is unpredictable in damaged brain regions 
with impaired autoregulation. Both ischemia (regionally due to arterial 
occlusion or globally as in ischemic encephalopathy following cardiac 
arrest) and CBV dysregulation (eg, hyperemia) are critical determinants 
of ICP, especially in the noncompliant, autoregulatory-paralyzed brain 
already exposed to elevated ICPs from the primary injury. This practical 
understanding of cerebral hemodynamics, and the concept that CBF in 
the injured brain is almost entirely dependent on MAP, is critical for the 
development of a rational therapeutic plan for patients with brain injury 
and intracranial hypertension.

Regional CBF normally averages 50 to 60 mL/100 g/min, about 15% of 
the cardiac output (about 700 mL/min). Assuming normal cellular meta-
bolic rate, increased oxygen extraction from the blood compensates for 
reduced CBF until CBF reaches 50% of its baseline value, when the first 
clinical and electroencephalographic (EEG) manifestations of hypoperfu-
sion appear. Impairment of cortical activity becomes more marked at 16 
to 18 mL/100 g/min with loss of neurotransmission due to Na-K pump 
failure. Cytotoxic edema then occurs at 10 to 12 mL/100 g/min. At ranges 
of 6 to 10 mL/100 g/min, progression to calcium and glutamate-dependent 
cell death is imminent. Importantly, the ischemic threshold depends on 
both the regional CBF and duration of cellular hypoxia secondary to this  
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FIGURE 86-7.  Autoregulatory curve. With intact cerebral autoregulation the cerebral blood flow is maintained constant over a wide range of cerebral perfusion pressures (50-150 mm Hg; 
solid red line). Outside of this pressure range, cerebral arterioles collapse at very low CPP or at very high pressures abnormally (breakthrough) constricts. Abnormal autoregulation, commonly 
present in injured brain, is the complete dependence of cerebral perfusion on systemic arterial pressures, an abnormality that has important consequences on intracranial pressure.

decreased blood flow. For example, a CBF of 18 to 23 mL/100 g/min can 
be tolerated for 2 weeks, as opposed to 10 to 12 mL/100 g/min for 3 hours 
and 8 mL/100 g/min for only 1 hour before neuronal death ensues.

In addition to autoregulatory cerebral vascular failure, the injured 
brain also suffers from uncoupling of cerebral metabolism. In normal 
brain, cerebral metabolic demand and regional blood flow fluctuate in a 
proportional manner. Neural activation leads to increased cerebral met-
abolic activity, which increases the demand for glucose and oxygen and 
is met by local increases in CBF. This phenomenon is called metabolic 
autoregulation, with the interaction between metabolic fluctuation and 
alterations in ICP intimately intertwined at the precapillary level. The 
close coupling between metabolic supply and demand can be monitored 
and clinically applied to managing brain-injured patients by correlating 
cerebral metabolic rate of oxygen consumption (CMRO2) and the arte-
riovenous difference in oxygen saturation (AVDO2) as expressed by the 
Fick equation: CMRO2 = CBF × AVDO2 or AVDO2 = CMRO2/CBF. In 
healthy brain parenchyma, AVDO2 is constant, and changes in demand 
are met by changes in CBF by adjusting local CVR. In the traumatized 
brain, however, mismatch of supply and demand in the face of preexist-
ing abnormal pressure autoregulation can lead to AVDO2 that may be 
either higher or lower than necessary.

Under physiologic conditions, a MAP of 80 to 100 mm Hg and an ICP 
of 5 to 10 mm Hg can lead to a CPP of 70 to 85 mm Hg.9 However, the 
true regional CPP may vary by as much as 27 mm Hg from measure-
ments utilizing global MAP and ICP values.8 Obtaining accurate MAP 
measurements for CPP determination requires the placement of an arte-
rial pressure catheter, with its transducer at the level of the foramen of 
Monro, which approximates to the level of external auditory meatus (see 
Fig. 86-8). The ICP should be measured in units of mm Hg to accurately 
calculate CPP. In the normal brain, CBF is constant as long as the MAP 
is maintained between 50 and 150 mm Hg. The local regulation of arte-
rial vascular resistance is affected by CO2, O2, pH/lactate levels, adenos-
ine, nitric oxide, and other components. Neurogenic regulation of the 

cerebral arterial tone is also regulated by sympathetic input leading to 
mild tonic vasoconstriction and allowing for higher limits to be reached 
on the regulation curve.7

Clinically important factors that influence CBF and ICP are pre-
sented in Table 86-2. Control of these factors constitutes the basis for 
much of the medical management of raised ICP in brain injury. For 
example, CVR changes linearly within a PaCO2 range between 20 and 
80 mm Hg. As a result, PaCO2 and its manipulation have a dramatic 
effect on CBF and ICP even when CPP is held constant by alterations 
in MAP. As an example, inhalation of low CO2 concentrations (5%-
7%) can double CBF through changes in extracellular pH that lead to 
vasodilation of cerebral vasculature and a resultant increase in ICP. To 
the contrary, low CO2 created by hyperventilation results in vasocon-
striction and lowered ICP and can ultimately result in brain ischemia 
due to prolonged vasoconstriction. Changes in PaO2 also affect CBF 
when values fall to less than ~50 mm Hg, which is demonstrated  
in Figure 86-9.

Although the optimal CPP for each individual may vary, it is recom-
mended that in healthy subjects CPP be maintained above 50 mm Hg 
to avoid ischemia and less than 110 mm Hg to avoid breakthrough 
hyperperfusion and cerebral edema. Current traumatic brain injury 
(TBI) guidelines suggest that the optimal CPP in head trauma resides 
between 50 and 70 mm Hg as CPP levels above 70 mm Hg failed to 
improve outcome and caused a fivefold increase in acute respiratory 
distress syndrome.6,10 The presence of a U-shaped curve between CPP 
and measures of intact cerebral autoregulation, such as PRx and Mx 
(see below), identifies that both inadequate and excessive CPP are 
associated with failure of autoregulatory mechanisms. When CPP drops 
below 40, autoregulation fails and blood vessels collapse (Fig. 86-7), 
lowering both intracranial blood volume and CBF. Conversely, CPP 
sustained above 110 mm Hg overcomes mechanisms of autoregulation 
and hyperperfuses the brain due to passive, irreversible dilation of arte-
rioles with resultant elevation in brain swelling and ICP. Maintenance  
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of CPP within a targeted range of 50 to 70 mm Hg can therefore be an 
important therapeutic strategy in providing a margin of “reserve” with 
which the brain can compensate for challenges of normal perfusion via 
fluctuations in ICP or MAP.

As pressure autoregulation and microcirculatory homeostasis may 
be severely disrupted in the brain-injured patient, ischemia can result 
even in the presence of adequate ICP and CPP. Adjusting the target CPP 
in a particular patient based on the clinical situation, the underlying 
etiology of brain injury and the vasoreactive state is therefore necessary. 
Some studies support the concept of CPP targeting based on cerebral 
vasoreactivity monitoring.11,12 In addition, improved tools for ICP mea-
surements (ie, via minimal invasive intraparenchymal devices) with 
continuous CPP determinations and the ability to correlate additional 
brain monitoring parameters such as cerebral blood flow, oxygenation, 
and chemical profiling allow multimodal, real-time pathophysiologic 
analysis of brain injury at the bedside.

■■ PLATEAU WAVES
One of the most feared complications of intracranial hypertension and 
poor intracranial compliance is the development of plateau waves (PW) 
(Fig. 86-4). These waves are associated with acute elevations in ICP 
ranging from 50 to 100 mm Hg. They typically occur in patients with 
reduced intracranial compliance discussed later. Plateau waves can last 
from several minutes to more extended durations in severe cases and 
are rapid in onset and offset. While there are many causes of PW, one 
important and common mechanism is generalized cerebral vasodilation 
from an uncontrolled autoregulatory response to a decrease in systemic 
blood pressure.13 Other causes include processes that increase CBF and 
CBV (Table 86-2). Since compromised CPP can play an important role 
in the occurrence of the most severe PW, relative CPP drops should be 
avoided and/or rapidly treated. Similarly, during a PW, maneuvers that 
aim to correct CPP toward the target range, such as swift blood pressure 
augmentation, will potentially abort the PW in many circumstances. 
Even if blood pressure augmentation does not abort the process, it will 
likely reduce cerebral ischemia until other treatment modalities can suc-
cessfully lower the uncontrolled ICP.

CEREBRAL EDEMA, MASS EFFECT, BRAIN HERNIATION

■■ CEREBRAL EDEMA AND MASS EFFECT
Cerebral edema is an increase in tissue water content within and or 
around brain cells. Patients with acute brain injuries invariably present 
with different degrees of edema as a result of different mechanisms of 
intra-and extraaxial injury. The consequences of uncontrolled edema 
range from cerebral ischemia to mechanical compression of brain 
tissue. Initially, edema affects a regional area and can progress to 

compartmental parenchymal shifts in response to trajectories of increas-
ing pressure differentials. The end result of untreated, progressive brain 
edema is herniation and ultimately brain death. Despite the obvious 
clinical importance of cerebral edema, the precise mechanisms of water 
transport and accumulation of excess water within the brain remain 
unclear. A series of recent studies on cerebral edema focused on the 
glial water protein channel aquaporin-4 (AQP4), among others, such as 
AQP1 and AQP9, that have been shown to facilitate astrocyte swelling 
(“cytotoxic edema”) and also to be responsible for the reabsorption 
of extracellular edema fluid (“vasogenic edema”). Therefore, AQP4 
modulation via pharmacologic interventions has become an interesting 
potential therapeutic approach.14-16 AQP4 knock-out, or disruption of 
its polarized expression pattern, mitigates brain water accumulation and 
therefore decreases associated ischemia, water intoxication, and hypona-
tremia in animal models.17

The most common types of cerebral edema are cytotoxic edema from 
cellular injury and swelling, and vasogenic edema from breakdown 
of the blood-brain barrier and interstitial fluid extravasation. Other 
types, such as hydrocephalic edema, ischemic edema (a combination 
of cytotoxic and vasogenic edema), osmotic edema, and hydrostatic 
or interstitial edema have also been characterized as distinct entities 
based on their underlying mechanisms and the predominant location 
of fluid.18-20 Table 86-3 lists the categories of cerebral edema along with 
their distinguishing characteristics. Clinically, vasogenic and cytotoxic 
edema are most frequently encountered. Disruption of the blood-brain 
barrier results in plasma-derived, protein-rich exudate accumulating in 
the extracellular white matter, constituting vasogenic edema. Despite 
the commonly encountered severity of vasogenic edema, CBF is often 
unaffected and cellular mechanisms remain intact. Among the disease 
entities with predominant but variable degrees of vasogenic edema are 
brain tumors (Fig. 86-10), abscesses, traumatic brain injury, and menin-
gitis. Corticosteroids play a primary role in reducing this type of edema, 
and their effect is most profound when vasogenicity is the primary 
etiology, as with brain tumors, and to a lesser degree with abscesses.21 
In comparison, osmotic agents have little beneficial effect on vasogenic 
edema.18 Cytotoxic edema, in contrast, is characterized by intracellular 
swelling of neurons, glia, and endothelial cells with an accompanying 
reduction in the extracellular space. It occurs without disruption of the 
blood-brain barrier, and is primarily due to cellular energy depletion, 
which results in failure of the ATP-dependent sodium pump and accu-
mulation of sodium and water within cells.18 Cytotoxic edema can occur 
in both gray and white matter. Hypoperfusion (ischemic) injuries are 
most classically associated with cytotoxic edema. While edema in TBI 
was thought to be vasogenic in origin, clinical and experimental studies 
indicate that cytotoxic edema predominates following TBI.22-24 This may 
explain why drugs that attenuate vasogenic brain edema (eg, corticoste-
roids) are only beneficial in certain conditions (eg, tumors) but not in 

  TABLE 86-3    Classification of Cerebral Edema

Vasogenic Cytotoxic Ischemic Hydrostatic Hydrocephalic (Interstitial) Osmotic

Pathophysiologic 
mechanism

Increased vascular 
permeability

Cellular failure Anoxia/hypoxia Increased blood pressure Impaired CSF outflow or absorption Relative plasma 
hypoosmolarity

Location Extracellular Intracellular Intracellular and 
extracellular

Extracellular Extracellular Intracellular and 
extracellular

Site White White or gray White and gray White and gray White (preferentially 
periventricular white matter)

White and gray

Blood- brain barrier Disrupted Intact Disrupted Disrupted Intact Intact

Disorders (examples) Primary or metastatic brain 
tumor, Inflammation

Cerebrovascular disorders, 
fulminant hepatic failure, 
disequilibrium syndrome

Hypoxic-anoxic 
encephalopathy

Dysautoregulatory response
Posterior reversible
edema syndrome (PRES)

Obstructive hydrocephalus Myelinolysis

BBB, blood-brain barrier; CSF, cerebrospinal fluid; gray, gray matter; white, white matter.

Common categories of cerebral edema divided into cytotoxic and vasogenic edema as well as other, anatomically defined edema forms.
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Herniation 
Syndromes

Mechanism/Imaging  
Findings

Bedside Examination/
Comments

Predominantly Lateral Type

Subfalcine or
cingulate
herniation

•	 Cingulate gyrus displaced under 
the falx

•	 Ipsilateral ventricle compressed and 
displaced across midline

•	 Complications:
Contralateral ventricle trapped and 
enlarged secondary to obstruction 
at foramen of Monro

Anterior cerebral arteries displaced 
against free edge of falx leading to 
infarction

•	 Common herniation
•	 Contralateral lower 

extremity paresis

Uncal
herniation

•	 Due to lateral hemispheric masses
•	 Medial temporal lobe displaced 

medially into incisura
•	 Uncus effaces ipsilateral 

suprasellar cistern
•	 Herniation of the mesial temporal 

lobe, uncus, and hippocampal gyrus 
through the tentorial incisura with 
compression of the oculomotor nerve, 
peduncle, and posterior cerebral artery

•	 Very common herniation 
syndrome

•	 Ipsilateral pupillary 
dilation and contralateral 
hemiparesis with 
associated depressed level 
of consciousness

Lateral
hemispheric
herniation

•	 Hippocampus effaces ipsilateral 
quadrigeminal cistern displaces and 
compresses midbrain

•	 Medial temporal lobe and temporal 
horn displaced inferiorly into upper 
CPA cistern, suprasellar cistern 
obliterates

•	 Complications:
Contralateral midbrain 
compressed against the tentorium, 
may cause “Kernohan notch” 
phenomenon

Midbrain hemorrhages

Posterior cerebral artery (PCA) 
displaced inferiorly over free edge 
of tentorium leading to ipsilateral 
occipital infarction

•	 Abnormal (flexion and 
extension) posturing 
associated with  
Cheyne-Stokes to  
central neurogenic  
hyperventilation and 
elevated ICP

•	 Typically with sixth 
nerve palsy

A B

FIGURE 86-10.  Vasogenic edema. Unenhanced head CT (A) and T2-weighted brain MRI 
(B) in a 64 year-old female with gradual onset of behavioral changes and subsequent seizures 
showing extensive vasogenic edema surrounding a tumor.

others (eg, TBI).25,26 Neuroimaging modalities can aid in characterizing 
the predominant underlying cause of brain edema such as ischemia, 
infarction, CSF obstructions, etc.

■■ BRAIN TISSUE DISPLACEMENT AND HERNIATION SYNDROMES
It is important to differentiate mass effect and brain tissue displacement 
(BTD) from other causes of intracranial hypertension. Displacement of 
brain tissue may occur in any direction within the cranial vault but is 
most commonly seen in lateral movement across or along the falx, that 
is, from one hemisphere across the midline toward the contralateral 
hemisphere, or as rostrocaudal movement through the tentorial opening 
and foramen magnum as illustrated in Figure 86-11. Mass effect and 
resultant tissue shift or herniation can occur without significant eleva-
tion in ICP. This depends on the anatomical location of the displaced 

4

6

1

2

3

5

FIGURE 86-11.  Schematic summary of herniation pathways. Pathways of brain tissue 
displacement from an expanding supratentorial mass with (1) uncal/lateral, (2) central,  
(3) subfalcine, (4)  transdural/transcranial herniation, as well as (5) ascending transtentorial 
and (6) tonsillar herniation as seen with an infratentorial mass.

tissue, whether CSF outlets are obstructed, and whether the volume of 
the space-occupying lesion causing tissue shift is large enough to over-
come compensatory mechanisms. Regional mass effect can cause brain 
damage through local effects on brain perfusion and exertion of direct 
mechanical injury to tissue in the absence of globally elevated ICP. Brain 
tissue displacement can cause depressed consciousness through distor-
tion of key anatomical structures responsible for arousal and attention 
(diencephalon and brainstem) in the absence of global increases in ICP. 
Similarly, while reduced consciousness can be the result of elevated ICP 
secondary to tissue displacement and herniation, it may be seen as a late 
sign following earlier symptoms relevant to the direct compression of 
underlying structures. For example, autonomic changes can occur early 
with evolving BTD, and their recognition can serve as a warning sign 
of impending herniation.27 The clinical consequences of BTD depend 
on the etiology, location, size of the lesion, and duration of the pro-
cess. Table 86-4 summarizes different clinically important herniation 
syndromes.

  TABLE 86-4    Herniation Syndromes

(Continued)
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Herniation 
Syndromes

Mechanism/Imaging  
Findings

Bedside Examination/
Comments

Transdural/
transcranial  
herniation

•	 Increased ICP forces brain through 
dura ± subgaleal extension

•	 Brain and vessels herniated through 
dural ± skull defect

•	 Sometimes called “brain 
fungus”

•	 Used as therapeutic option 
to decompress swollen 
brain (“hemicraniectomy”)

•	 Use changes in turgor of 
“pseudofontanelle” for 
serial bedside examination

•	 Too small craniectomy  
can lead to bleeding and 
brain injury at the bony 
edges

Descending Type

Central or
bilateral
downward
transtentorial
herniation

•	 Both temporal lobes herniate into 
tentorial opening

•	 Optic chiasm/diencephalon 
compressed against skull base

•	 Midbrain displaced inferiorly: 
anterior inferior third ventricle  
displaced posteriorly behind dorsum; 
sella angle between midbrain  
and pons becomes more acute 
(brainstem budding)

•	 Complications:
Penetrating basal arteries 
occlusion brainstem infarcts 
and hemorrhages (Duret)

Hydrocephalus

•	 Impaired consciousness 
with associated  
oculopupillomotor 
changes

•	 Progressive loss of all 
brainstem function  
leading to brain death

•	 Bilateral flexor or  
extensor posturing from 
progressive brainstem 
injury

Tonsillar •	 Tonsils pushed inferiorly into 
foramen magnum as displacement 
>5 mm and tonsil folia become 
vertically oriented

•	 Cisterna magna obliterates
•	 Complications:

Fourth ventricle outlet obstruction 
produces hydrocephalus

Compression of medulla produces 
changes in respiration  
and cardiovascular homeostasis

•	 Common with posterior 
fossa masses

•	 Disturbance of conjugate 
gaze, quadriparesis, 
autonomic symptoms 
(changes in blood pressure 
and heart rate)

•	 Miosis and ataxic  
breathing

•	 Severe and progressive 
headache with associated 
nausea and vomiting

•	 Sometimes early  
sign of obstructive 
hydrocephalus

Ascending Type

Transtentorial •	 Infratentorial mass lesion pushes 
cerebellum and upper brainstem 
upward into the tentorial opening

•	 Subsequent narrowing of the bilateral 
ambient cisterns as the cerebellar tissue 
extends into the ambient cisterns

•	 Quadrigeminal cistern closed, tectum 
flattening

•	 Aqueduct obstruction leading to 
obstructive hydrocephalus

•	 Less common than 
descending herniation

•	 Can be caused by a slowly 
growing cerebellar or 
brainstem process, such  
as diffusely infiltrating 
astrocytoma

•	 Nausea and vomiting are 
commonly seen followed 
by obtundation and coma 
depending on the length 
of time the mass effect 
has been present in the 
posterior fossa

CPA, cerebellopontine angle; ICP, intracranial pressure.

Herniation syndrome categorization and clinical-imaging correlations are provided.

The degree of tissue displacement, and therefore a prediction of 
compressed structures and expected symptoms, can be approximated 
by measuring the horizontal shift of the calcified pineal gland on a 
noncontrast head CT. In a classic study describing this important rela-
tionship, horizontal shift of the pineal gland from its midline position 
(eg, Fig. 86-12B) by 0 to 3 mm correlated with wakefulness; 3 to 5 mm 
with drowsiness; 6 to 8 mm with stupor; and >8 mm with coma.28 In 
comparison, rostrocaudal displacement leads to herniation of brain 
structures through the foramen magnum with resultant pressure on the 
dorsal brainstem and obstruction of CSF outflow providing two mecha-
nisms for depressed consciousness: direct injury to anatomic structures 
responsible for arousal and elevated ICP via hydrocephalus. Midline 
shift is often measured as the distance from the falx (midline) to the sep-
tum pellucidum and a ratio can be calculated (Figs. 86-12 and 86-13).29

Notably, the extent of horizontal shift seen on imaging is not always 
the primary mechanism of a patient’s reduced level of consciousness. 
Other differential etiologies should always be considered. Further, the 
clinical sequelae of tissue displacement and herniation vary greatly 
among patients due to underlying factors that alter reserve and com-
pliance. As an example, an atrophic brain with significantly increased 
subarachnoid spaces possesses a greater ability to compensate for tissue 
displacement by decreasing subarachnoid space to maintain a constant 
pressure. As a result, an individual’s reserve factors contributing to 
compliance must be taken into consideration when assessing the rela-
tionship between radiographic and clinical presentations in the setting 
of intracranial mass lesions and tissue displacement. Some sequelae of 
herniation are summarized in Table 86-4.

FIGURE 86-12.  Decompressive hemicraniectomy and brain herniation. Axial views of 
unenhanced head CT imaging after right MCA infarction and decompression (hemicraniectomy) 
with some transdural brain (release) herniation through the craniectomy defect. Some residual 
(A) uncal herniation (A) and mild persistent pineal shift (B) and compression of right ventricle 
(D) are identified. Unfortunately, despite early decompression with small hemicraniectomy site, 
subfalcine herniation with associated bilateral ACA infarction (C) occurred and some findings of 
brainstem injury were evident on examination.

  TABLE 86-4    Herniation Syndromes (Continued)
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FIGURE 86-13.  Herniation pathways with infratentorial mass lesions. T1-weighted MRI of a 
normal brain (A and C) and T2-weighted abnormal posterior fossa lesion (B and D) are presented. 
Sagittal views (A and B) with arrow indicating the typical pathway for downward cerebellar 
(tonsillar) herniation into the foramen magnum and ascending transtentorial herniation is shown 
(B), while the coronal views (C and D) clearly demonstrate the direction of ascending transtento-
rial herniation through the opening. Acute cerebellar mass lesions (ie, tumors) can readily induce 
these cerebellar herniation syndromes as well as lead to brainstem compression, obstructive 
hydrocephalus, and ischemic infarctions from posterior inferior cerebellar artery (PICA) and supe-
rior cerebellar artery (SCA) compression at the foramen magnum and tentorial edge, respectively.

Some of the deficits that occur in association with herniation evolve in 
a predictable manner depending on the location of the primary vector of 
force of the mass lesion. The falx cerebri (Fig. 86-1) is a dural structure 
that divides the left and right hemispheres along a sagittal plane. The 
anterior cerebral arteries course inferiorly and parallel to the falx cerebri 
and supply blood to the anterior, inferior, and medial frontal lobes. With 
anterior BTD, brain parenchyma herniates under and across the falx 
(subfalcine herniation). The anterior cerebral arteries are compressed, 
placing their territory of supply (mostly the inferomedial frontal lobes 
and caudate nucleus) in jeopardy (Fig. 86-12). Furthermore, subfalcine 
herniation (Fig. 86-10C) can lead to obstruction of CSF outflow of the 
lateral ventricles via compression of the foramen of Monro, resulting in 
hydrocephalus and elevated ICP. Since subfalcine herniation is a process 
involving the anterior hemispheres, the patient may not experience 
depressed consciousness unless shift is extreme or CSF pathways are 
obstructed.

The tentorium cerebelli is the dural structure that divides the supra-
tentorial compartment, containing the cerebral hemispheres, from the 
infratentorial compartment, containing the brainstem and cerebellum 
(Fig. 86-1B). The space between the lateral midbrain and the medial 
border of the tentorium cerebelli (Fig. 86-11) is called the tentorial inci-
sura, and the posteromedial temporal lobe sits just above this space. A 
hemispheric mass or brain swelling can force the inferomedial temporal 
lobe through the tentorial incisura and into the tentorial opening (called 
lateral transtentorial or uncal herniation) (Fig. 86-11-1). Commonly, this 
leads to compression of the posterior cerebral arteries (PCA) as they origi-
nate from the basilar artery and course around the midbrain (Fig. 86-1). 
Brain tissue in the PCA distribution, including the occipital lobes, medial 
temporal lobes, and thalami, are in jeopardy for infarction in this syn-
drome (Fig. 86-12D). The most common feature of uncal herniation is 
pupillary enlargement, a sign of third nerve and/or midbrain compression 

from a medially displaced uncus, which subsequently evolves to stupor, 
coma, and contralateral pupil dilation from further brainstem compres-
sion if the source of the herniation is not corrected. Pupillary changes can 
reverse with successful, rapid ICP normalization. Uncal herniation can 
result in trapping of the ipsilateral temporal horn of the lateral ventricle 
with resultant CSF obstruction, dilation of the temporal horn and sur-
rounding tissue (Fig. 86-12).

Central transtentorial herniation (Fig. 86-11-2) is most common with 
global, bihemispheric processes (eg, global ischemia/infarction, menin-
gitis, or fulminant hepatic failure) and it classically occurs as the cerebral 
hemispheres and basal ganglia exert downward pressure, causing brain 
displacement through the tentorial incisura bilaterally with the pressure 
cone into the brainstem. If progressive, it results in severe brainstem 
compression and ischemia with hemorrhage. Bilateral PCA compression 
can occur with resulting ischemia of the PCA territories as well as the 
potential for CSF outflow obstruction with hydrocephalus.

In comparison to supratentorial lesions, a posterior fossa mass 
exerts direct pressure on the brainstem from downward displacement 
of the cerebellar tonsils (tonsillar herniation) and lower brainstem 
(medulla) through the foramen magnum (Fig. 86-11-6). This causes 
severe brainstem and upper cervical spinal cord compression, as well as 
obstruction of CSF outflow resulting in hydrocephalus. Clinically, these 
patients develop symptoms of brainstem dysfunction such as autonomic 
disturbance, altered respiratory patterns, pyramidal tract signs, and 
cranial nerve palsies as well as depressed consciousness. In addition to 
downward displacement, posterior fossa lesions can also force cerebellar 
tissue upward through the tentorial incisura, leading to compression of 
upper cerebellar and brainstem structures as well as bilateral superior 
cerebellar artery (SCA) infarctions (Fig. 86-11-5).30 MR imaging (sagit-
tal and coronal views) demonstrates ascending transtentorial and tonsil-
lar herniation secondary to a mass lesion (Fig. 86-13B and D).

As outlined earlier, herniation can occur even without significant 
measured ICP elevation. Continuous clinical examination and serial 
brain imaging are therefore needed in addition to ICP monitoring to 
detect progressive shift. As an example, an acute middle cranial fossa 
process such as a traumatic temporal hematoma can cause uncal her-
niation with symptoms of local injury, such as cranial nerve disorder, 
without a profound rise in ICP. In certain cases, ICP-directed medical 
treatments can exacerbate BTD; for example, placing an EVD into a 
trapped ventricle contralateral to a hemispheric mass lesion can increase 
lateral herniation by relieving opposing CSF pressure. Therefore, we 
stress the importance of integrating continuous monitoring of several 
modalities, that is, clinical, ICP, imaging, and other neuromonitoring 
tools to accurately assess the status of the patient.

When a patient at high risk for brain swelling is encountered, a pro-
active approach to management should be initiated. This includes a 
monitoring strategy for early detection of secondary injury caused by 
edema, mass effect, brain herniation, and any other sources of ischemia. 
Proactive monitoring of these variables, therefore, provides the best 
means of detecting and correcting them, preemptively avoiding second-
ary injury. As mentioned before, monitoring methods include the physical 
examination, radiographic assessment, and invasive ICP monitoring. ICP 
monitoring as close as possible to the site of injury should be considered 
especially when the risk of brain swelling is very high and serial exami-
nation or imaging cannot be performed properly (eg, intubated, heavily 
sedated, difficult to transport).

■■ EXAMINATION OF THE PATIENT WITH SUSPECTED ICP ELEVATION
Serial neurological bedside examination is still the most important, 
indispensable, and readily available method of examination. The pri-
mary drawback to this process, however, is that it can be limiting in 
detecting changes in brain function and raised ICP. Altered mental 
status may be due to many etiologies not limited to elevated ICP, and this 
distinction is impossible to make based on physical examination alone. 
The patient’s risk factor profile, activity at onset, and tempo of symptom 
onset and progression limit the differential diagnosis, that is, the rapid 

section06.indd   797 1/23/2015   12:55:55 PM

http://www.myuptodate.com


PART 6: Neurologic Disorders798

CommentsPosturingRespiratory patternsOculocephalic (Doll’s eye)
and

oculovestibular
(ice water calorics)

Pupillary examLocalization

Diencephalon

Third nerve
(uncal and
lateral
herniation)

Midbrain

Tectal or dorsal
midbrain lesion

Small reactive pupils

Doll’s eye maneuver:
      Present or dysconjugate 

Ice water calorics:
      Present or dysconjugate

Cheyne-stokes respiration
Eupneic, with deep sighs
or yawns (early stage) 

Decorticate posturing

Possible lesions:
      Hemispheric
      Subcortical
      eg, Toxic-metabolic
      disturbances

Ipsilateral pupil widely dilated
and fixed  

Doll’s eye maneuver:
      Present or ipsilateral eye
      doesn’t move medially   

Ice water calorics:
      Ipsilateral eye doesn’t move
      medially but contralateral eye
      retain full lateral movement  

Eupneic (early stage)
Central neurogenic or
sustained regular
hyperventilation
(late stage) 

Uncal herniation with
oculomotor nerve
damage; brainstem
compression; increase
ICP and transtentorial
herniation    

eg, PCA (usually
PComm) aneurysm,
head trauma with
subdural or epidural
hematoma    

Pupils at midposition often
irregular in shape and fixed 

Moderately dilated and fixed

Doll’s eye maneuver:
      Impaired, may be dysconjugate 

Ice water calorics:
      Impaired, may be dysconjugate

Doll’s eye maneuver:
      Downward with full lateral
      movements, early loss of upgaze
      and vergence then down gaze   
Ice water calorics:
      Downward with full lateral
      movements, early loss of upgaze
      and vergence then down gaze  

Central neurogenic or
sustained regular
hyperventilation/
Eupneic    

Decerebrate posturing

Midbrain injury caused by
edema, hemorrhage,
infarctions, contusions 

Severe midbrain damage
may be secondary to
cardio-pulmonary arrest
(hypoxia) or elevated
ICP leading to tonsillar
herniation; anticholinergic
poisoning   

Upper pons

Pinpoint poorly reactive pupils

Doll’s eye maneuver:
     Impaired, may be dysconjugate 

Ice water calorics:
     Impaired, may be dysconjugate Apneusis

Examples: secondary to
pontine hemorrhage,
focal pathology within the
pons caused by shearing
injury, demyelination,
increased ICP leading to
pontine involvement     

Doll’s eye maneuver:
    No response 

Ice water calorics:
     No response

Cluster breathing

Eupneic, although often
more shallow and rapid
than normal 

Flaccid

Lower pontine injury

Midposition and fixed

Doll’s eye maneuver:
     No response 

Ice water calorics:
     No response

Slow, irregular rate and
amplitude
(Ataxic breathing) 

??

If medullary involvement
alone, this is associated
with dysarthria,
dysphagia,poor cough,
and gag reflex    

If due to elevated ICP
and with medullary
involvement, there will be
impaired consciousness    

Horner pupil
(composed of ptosis,

miosis, and anhidrosis) 

Doll’s eye maneuver:
     (Avoid with cervical lesion) 

Ice water calorics:
     Present

Nonspecific

Nonspecific

Disruption of sympathetic
nervous system caused
by spinal cord lesion
above the first thoracic
vertebra   

Nonspecific
Opisthotonus posturing

Opisthotonus posturing
seen usually in infants,
secondary to disinhibited
extrapyramidal activity
caused by axial spinal
muscles spasm       

Lower pons

Upper medulla

Cervical spine

Severe
brainstem

lesion/
extra pyramidal

lesion

Summary of important neurological findings seen in comatose patients. ICP, intracranial pressure; PCA, posterior cerebral artery; Pcomm, posterior communicating artery

onset of acute headache, nausea, vomiting, and altered consciousness 
in a hypertensive patient indicates intracranial bleeding versus the 
slow progression of a focal neurological deficit evolving to generalized 
depressed consciousness in a middle-aged individual pointing toward 
a primary intracranial tumor. Historical information is essential for an 
accurate diagnosis and treatment plan; however, in many patients neu-
roradiological imaging will determine the final diagnosis. In general, 
headaches from dural stretch of cranial nerve V (trigeminal) sensory 

fibers, together with intractable nausea and vomiting, followed by 
neurological deficits including visual disturbances associated with late 
changes in level of alertness are all typical manifestations of increasing 
ICP (see Table 86-5 and Fig. 86-14).

When performing a neurological examination, it is important to use 
bedside vital sign monitoring as part of the autonomic nervous sys-
tem evaluation, that is, to identify Cushing triad indicating increased 
ICP, which consists of systolic hypertension, vagal bradycardia, and 

(Continued)

  TABLE 86-5    Neurologic Examination in Comatose Patients

section06.indd   798 1/23/2015   12:55:59 PM

http://www.myuptodate.com


CHAPTER 86: Intracranial Pressure: Monitoring and Management 799

  TABLE 86-6   L evel of Consciousness

Level Other Names Description

Conscious “Normal” Spontaneously awake and alert, promptly 
stating name, location, date, and time  
(oriented to three spheres)

Confused Disoriented; impaired 
thought processing and 
responsiveness; “clouding 
of consciousness”

Slow in response with memory time loss, 
confused, disoriented, difficulty following 
instruction, delayed responses 

Delirious Disoriented; marked loss 
of attention, restless, 
illusions, hallucinations, 
delusions

Also mixture of episodic agitation, 
somnolence, and obtundation with restlessness 
or agitation, marked deficits in attention and 
concentration

Somnolent Drowsiness, state of 
near-sleep

Dozes after stimuli; incoherent mumbling or 
disorganized movements observed but still able 
to follow simple commands upon stimulation

Obtunded Mentally dulled, decreased 
alertness and psychomotor 
responses

Decreased interest in surroundings, slowed 
responses, only brief arousal, unable to 
follow any commands

Stuporous “Nonspontaneous” Responds to noxious or painful stimulus by 
grimacing or pulling away

Comatose “Unresponsive” Variable examination from intact brainstem 
reflexes and posturing to complete lack 
thereof

Categorizing the level of consciousness in a patient with brain injury can be challenging but if done 
correctly and timely, it greatly supports diagnosis and clinical monitoring of the patient’s status.

TABLE 86-5 Neurologic Examination in Comatose Patients (Continued)

respiratory irregularity commonly presenting as irregular tachypnea. 
Only approximately one-third of patients demonstrate all signs of the 
triad. Careful observation of the breathing pattern can help define 
whether ICP is the etiology of the abnormality and can localize the 
level of injury (Table 86-5). This “autonomic survey” and search for any 
spontaneous patient movements is often followed by the assessment of a 
patient’s level of arousal. There are several scales and terms to classify the 
level of consciousness (Table 86-6). The Glasgow Coma Scale provides a 
rapid and universal language when describing the degree of brain injury 
and this classification system should be a component of any intensive 
care physician’s diagnostic tool set.

Following the assessment of the level of alertness and cognitive 
function other findings indicative for elevated ICP should be sought  

(eg, abnormalities of the cranial nerves, motor, and peripheral reflex 
examinations). Papilledema, defined as edema of the optic nerve that 
extends anteriorly and laterally into the vitreous humor, is an important 
and reliable manifestation of raised ICP. It may be asymptomatic in its 
early stages, but when sustained inevitably progresses to enlargement 
of the blind spot, blurring of vision, visual obscurations, and ultimately 
total loss of vision. It usually develops over days to weeks, and is there-
fore not a manifestation of acute intracranial hypertension in patients 
with head injury. In a study of patients with head trauma, 54% of 
patients had increased ICP, but only 3.5% had papilledema on fundo-
scopic examination.31 Fundoscopic examination reveals loss of venous 
pulsation, venous engorgement, optic disc hemorrhage, increased 
diameter of the optic nerve head, and blurring of its margins at the optic 

A

B

C

D

FIGURE 86-14.  Oculocephalic examination in coma. Once it has been determined 
in a comatose patient that the cervical spine is stable, the vestibuloocular reflex should 
be tested by turning the head. With intact brainstem, the eyes will move conjugately 
away from the direction of turning (that is, the patient has positive doll’s eyes) (A). The 
doll’s maneuver can also help identify eye abduction deficits as seen in (bilateral) sixth 
nerve palsies, that is, from hydrocephalus (B), adduction deficits as in brainstem (medial 
longitudinal fasciculus) lesions leading to internuclear ophthalmoplegia (C), or absent of 
any lateral (absent doll’s eyes) or horizontal reflex eye movements (D) as seen with severe 
brainstem injury.

Upper pons

Pinpoint poorly reactive pupils

Doll’s eye maneuver:
     Impaired, may be dysconjugate 

Ice water calorics:
     Impaired, may be dysconjugate Apneusis

Examples: secondary to
pontine hemorrhage,
focal pathology within the
pons caused by shearing
injury, demyelination,
increased ICP leading to
pontine involvement     

Doll’s eye maneuver:
    No response 

Ice water calorics:
     No response

Cluster breathing

Eupneic, although often
more shallow and rapid
than normal 

Flaccid

Lower pontine injury

Midposition and fixed

Doll’s eye maneuver:
     No response 

Ice water calorics:
     No response

Slow, irregular rate and
amplitude
(Ataxic breathing) 

??

If medullary involvement
alone, this is associated
with dysarthria,
dysphagia,poor cough,
and gag reflex    

If due to elevated ICP
and with medullary
involvement, there will be
impaired consciousness    

Horner pupil
(composed of ptosis,

miosis, and anhidrosis) 

Doll’s eye maneuver:
     (Avoid with cervical lesion) 

Ice water calorics:
     Present

Nonspecific

Nonspecific

Disruption of sympathetic
nervous system caused
by spinal cord lesion
above the first thoracic
vertebra   

Nonspecific
Opisthotonus posturing

Opisthotonus posturing
seen usually in infants,
secondary to disinhibited
extrapyramidal activity
caused by axial spinal
muscles spasm       

Lower pons

Upper medulla

Cervical spine

Severe
brainstem

lesion/
extra pyramidal

lesion

Summary of important neurological findings seen in comatose patients. ICP, intracranial pressure; PCA, posterior cerebral artery; Pcomm, posterior communicating arteryICP, intracranial pressure; PCA, posterior cerebral artery; Pcomm, posterior communicating artery.
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disc. Paton lines, defined as circumferential peripapillary retinal folds 
caused by inward buckling of the swollen disc, are another manifestation 
of optic nerve edema secondary to raised ICP.

In general, pupillary dilation is seen as a result of third nerve compres-
sion identified by pupillary dilation with ptosis, sparing abduction, and 
intorsion-depression. A third cranial nerve palsy can be seen as a result 
of a variety of intracranial processes, including uncal herniation in which 
the nerve is compressed against the tentorium. It can also be seen in the 
absence of intracranial hypertension as with aneurysms of the posterior 
communicating artery that directly impinge on the nerve (Fig. 86-1B). 
In this case, however, the patient does not exhibit additional signs of 
raised ICP such as altered sensorium, lethargy, nausea, or vomiting. 
Conditions that exert mass effect on or produce shearing injury to the 
midbrain structures harboring the third nerve nucleus, such as tumors 
and trauma, may also produce third nerve palsies without elevated ICP.

Sixth nerve palsies are also seen with elevated ICP as this nerve 
follows a long intracranial path and is subject to stretching. This palsy 
is identified by a deficit in ocular abduction. As such, this examination 
finding is typically a nonlocalizing sign and can only narrow the dif-
ferential to a process that is elevating ICP. The mechanism, however, 
cannot be elucidated from this finding. (It can be seen in increased ICP 
from obstructive hydrocephalus, that is, CSF absorption block after 
subarachnoid hemorrhage, where there is traction of the subarachnoid 
segment of the sixth cranial nerve from downward pressure of the pons 
related to CSF outflow obstruction.) The fourth and seventh cranial 
nerves are not typically associated with common findings in the setting 
of elevated ICP.

Other findings in herniation are abnormalities of respiration, which 
can range from apnea to hyperpnea with undulating crescendo-
decrescendo patterns, but also include complete irregularity of breathing 
with erratic pauses increasing to terminal apnea. As intracranial hyper-
tension escalates, central downward herniation worsens to involve the 
lower cranial nerves indicating further progression ultimately leading to 
brain death. This is evident on examination by progressive loss of brain-
stem reflexes associated with these cranial nerves. At this stage, patients 
are generally comatose with only minimal brainstem reflexes remaining. 
Dysfunction of the fifth cranial nerve nucleus within the pons results 
in loss of the corneal reflex. Disruption of the vestibulocochlear nerve 
nucleus results in loss of the oculocephalic reflex, which manifests as 
“doll’s eyes” or the inability to maintain eye position as the head moves. 
Dysfunction of the ninth and tenth nerves results in loss of lower cranial 
nerve reflexes including the gag and cough reflex. These are signs of 
raised ICP in either an acute or more chronic setting, and examination 
of these reflexes is crucial in assessing the unresponsive patient with 
suspected elevation in ICP.

Moving to examination of the extremities, specific patterns of pos-
turing and reflexes indicate underlying intracranial hypertension and 
specific herniation syndromes. Ipsilateral hemiparesis indicates the 
possibility of uncal herniation causing compression of the contralateral 
cerebral peduncle as temporal lobe tissue extrudes between the ipsilat-
eral tentorium and the brainstem. This is called “Kernohan notch”. It is 
therefore a false localizing sign as the hemiparesis is ipsilateral to the 
site of injury and herniation. For example, a left-sided subdural hema-
toma causing temporal herniation pushes the opposite cerebral peduncle 
against the right tentorial edge (right-sided Kernohan notch), leading to 
a hemiparesis on the same side as the hemispheric lesion.

Posturing, illustrated in Figure 86-15, defined as involuntary flexion 
or extension of the arms or legs elicited by a painful stimulus, is an 
important indicator of the amount of brain damage that has occurred 
secondary to elevated ICP and herniation but also any generalized pro-
cess resulting in brain injury (eg, shearing or diffuse anoxia). Posturing 
is therefore included in the Glasgow Coma Scale as a measure of the 
severity of brain injury and the potential for recovery. There are three 
types of posturing depending on the level of injury—decorticate (flexor), 
decerebrate (extensor), and opisthotonos (body arching along the cra-
niospinal axis) posturing (see Table 86-5). These reflexive movements 

Decorticate or flexor posturing

Decerebrate or extensor posturing

FIGURE 86-15.  Abnormal posturing. Flexion and extension posturing can be seen with 
or without patient stimulation. Decorticate (top) posturing is due to cerebral lesions with 
disinhibition at the level of the midbrain (red nucleus) while decerebrate posturing (bottom) 
is recognized in patients with additional upper brainstem injury secondary to lesions also 
involving the upper brainstem. At times, a combination of both decorticate and decerebrate 
posturing can be observed.

can be spontaneous or stimulus induced. As the level of injury descends 
to involve progressively increasing portions of the brainstem, posturing 
movements progress from decorticate to decerebrate. The defining ana-
tomic site that separates these movement patterns is whether the injury 
is above or below the red nucleus in the midbrain. Flexion or extension 
can be seen either unilaterally or bilaterally, and can involve one or all 
extremities. Posturing may even be intermittent.

Decorticate posturing (Fig. 86-15) is identified by flexed arms drawn 
inward to the chest and clenched fists while the legs are extended and 
rotated inward. It is also referred to as decorticate rigidity, decorticate 
response, or flexor posturing. Pathophysiologically, flexor posturing 
represents an acute imbalance between an interrupted corticospinal 
tract above the mesencephalic red nucleus level, which is unable to 
relay signals to spinal motor neurons. The subsequently disinhibited red 
nuclei with increased rubrospinal (and uncontrolled medullary reticu-
lospinal tract) output leads to flexion activity for upper cervical motor 
neurons. For the lower extremities, the pontine reticulospinal and the 
medial and lateral vestibulospinal tracts present a disinhibition bias in 
favor of lower extremity extension over flexion. Therefore, decorticate 
posturing commonly indicates damage of the cerebral hemispheres, the 
internal capsule, and the thalamus, possibly also involving the upper-
most brainstem.

Decerebrate posturing (Fig. 86-15), also called decerebrate response, 
decerebrate rigidity, or extensor posturing, is described as involuntary 
extension of upper and lower extremities, the hallmark being elbow 
extension. Often, the head is arched back and the patient is rigid with 
clenched teeth. Decerebrate posturing indicates brainstem damage 
below the level of the red nucleus due to midbrain distortion secondary 
to central downward herniation or brainstem compression from cer-
ebellar lesions. Progression from decorticate posturing to decerebrate 
posturing is often indicative of progressive transtentorial brain hernia-
tion due to untreated intracranial hypertension. Opisthotonic postur-
ing (Table 86-5) is an infrequently encountered sign of brainstem 
injury identified by severe head, neck, and spinal column hyperexten-
sion leading to a bridging or arching position of the body that can be 
seen with severe brainstem injury or extrapyramidal lesions involving 
the axial muscles.

An important point in the examination of patients with suspected 
intracranial hypertension is that the degree of abnormal pressure and 
craniocaudal herniation progresses over time if untreated or if refractory 
to treatment, leading to alterations in the examination that correlate to 
higher ICP and more severe neurologic dysfunction. A patient’s exami-
nation will therefore change over time, either involving more or fewer of 
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  TABLE 86-7    Conditions Often Requiring ICP Monitoring

Conditions

•	 Comatose patient, unexplained and/or with abnormal imaging findings
•	 Clinical symptoms of elevated ICP
•	 In TBI, normal CT scan with more than two of the following features noted at admission:  

age >40 y/o, unilateral or bilateral motor posturing, or systolic blood pressure <90 mm Hg.
•	 Diffuse brain edema
•	 Extensive hemispheric brain edema (eg, large MCA infarct)
•	 Intracerebral hemorrhage with edema causing significant mass effect (clinical and radiographic)
•	 Contusion and edema especially with bifrontal and temporal involvement
•	 Radiographic evidence of ventriculomegaly with clinical evidence of hydrocephalus

CT, cranial tomography; ICP, intracranial pressure; MCA, middle cerebral artery; TBI, traumatic brain 
injury. Common conditions that may necessitate direct ICP monitoring.

the above findings as ICP is either normalized or worsens. As a result, 
frequent reexamination is necessary to assess the patient’s response to 
therapeutic measures. Increasing downward pressure leads to dysfunc-
tion first at the level of the diencephalon (ie, thalami), next affecting 
the upper and middle sections of the brainstem (midbrain and pons), 
and ultimately impeding medullary function. In summary of the above 
examination methods, assessment of clinical signs tracks the descend-
ing progression of injury in evolving intracranial hypertension. The first 
is assessment of the respiratory pattern. Respiration patterns become 
progressively more abnormal depending on the level of injury, evolving 
from a Cheyne-Stokes pattern to ataxic respirations and then eventu-
ally to apnea. The pupils become increasingly more abnormal, initially 
with some early constriction, then increasing dilation and diminished 
reactivity, to ultimately becoming fixed, unreactive, and middilated  
(Fig. 86-14). Reflex eye movements (ie, doll’s eye maneuver) are even-
tually lost (pontine compromise) (Fig. 86-14 and Table 86-5). Motor 
responses evolve from localizing to nonlocalizing withdrawal followed 
by decorticate and then decerebrate posturing and finally flaccidity of 
all extremities (Table 86-5). The end result of untreated, progressive 
rostrocaudal brain herniation is brain death with loss of all cranial nerve 
reflexes and no respiration in the setting of elevated CO2.

Depending on the level of coma or sedation, the patient may not 
react to any stimulus, or may respond to noxious or painful stimuli by 
grimacing, grabbing, or withdrawing the stimulated body part. Patients 
should be stimulated in all extremities to compare the response on both 
sides in order to attempt to localize the etiology of brain dysfunction. If 
a patient’s response is equivalent throughout all extremities, it is likely 
that the etiology is a global insult. If there is a focal response, this finding 
can help refine the anatomic location of the injury as discussed above. 
Sensory stimuli may be delivered by pinching a small skin area at the 
mediolateral forearm or inner thigh; sometimes, however, nail bed pres-
sure is needed. These maneuvers should be avoided in patients with a 
coagulopathy; as an alternative, pressure applied over the supraorbital 
notch, bilateral mastoids, or cervicospinal muscles can be used. Most 
elegantly, some patients respond strongly and reproducibly to intranasal 
stimulations with a cotton swab.

Frequent bedside examination by physicians and nurses looking for 
these abnormal findings should be performed in all patients at risk for 
ICP elevations and the results tracked hourly in the patient’s chart.

INTRACRANIAL PRESSURE MONITORING

■■ INDICATIONS FOR ICP MONITORING
ICP monitoring can be an extremely important tool in managing patients  
in acute brain injury and suspected intracranial hypertension as it 
provides information on a minute-to-minute basis. The challenges 
associated with invasive monitoring are the selection of appropriate 
patients, and the accurate analysis of the information provided by the 
probe. As with all invasive monitors, the waveform and values provided 
by an ICP probe should be carefully interpreted, as inaccurate analysis 
of pressure waveforms can be potentially dangerous. Of note, both the 
value of the ICP and its waveform provide important information and 
furthermore, the waveform can indicate worsening pressure dynamics 
via the Lundberg waves, information that may not be communicated by 
the ICP value alone.

Invasive ICP monitoring should be used in the setting of a clini-
cal examination that raises concern for intracranial hypertension or 
a mechanism of brain injury or radiographic findings that would be 
consistent with elevated ICP, especially in a patient who is unable to be 
appropriately examined due to sedation or paralysis. In such patients, 
“blind” management without an ICP monitor can actually exacerbate 
secondary injury and result in a worse outcome for the patient. For 
example, uncontrolled use of hyperventilation and osmotic therapy 
without ICP guidance may lead to decreased CBF and resultant regional 
or global ischemia.

Regarding appropriate selection of patients for invasive ICP 
monitoring, the best ICP guidelines are found in the latest Brain Trauma 
Foundation recommendations (level II evidence). These guidelines 
indicate the use of ICP monitoring in patients with TBI who remain 
comatose after resuscitation and if the admission CT reveals intracranial 
pathology such as hematoma, contusions, or brain edema.32 Generally 
accepted indications for monitor insertion are processes associated 
with progressive elevation of ICP such as rapidly expanding intracranial 
masses secondary to ischemia, hematoma, hemorrhagic tumor, obstruc-
tive and nonobstructive hydrocephalus, or diffuse axonal injury (DAI). 
In all of these forms of brain injury, treatment demands active pres-
ervation of stable CPP and ICP to maintain adequate brain perfusion. 
Neuroimaging studies assist in determining the indication for ICP 
monitoring. For example, identification of midline shift, effacement of 
the basal cisterns, or extensive edema helps narrow the differential diag-
nosis to a process involving elevated ICP. Significant ICP elevations may 
occur without, or with only subtle, brain imaging findings. Therefore, 
imaging studies should always be interpreted together with the clinical 
findings and brain monitoring information. ICP monitoring indications 
are listed in Table 86-7.

To understand the potential benefit of ICP-based treatment algorithms 
in TBI, Chesnut and colleagues33 prospectively studied 324 patients 
in Bolivia and Ecuador using random assignment to manage severe 
TBI patients (GCS 3-8), based on either serial CT imaging and clinical 
examination (ICE) only or ICE plus invasive ICP monitoring (keeping 
ICP <20 mm Hg). There was no significant difference in the primary 
outcome, a composite measure based on percentile performance across 
21 measures of functional and cognitive status. Mortality at 6 months 
was similar—41% versus 39% (p = 0.60), as was median length of ICU 
stay and distribution of serious adverse events. However, the number of 
brain-specific ICU treatment days (eg, use of hyperosmolar fluids and 
hyperventilation) was lower in the ICE plus ICP than the ICE group  
(3.4 vs 4.8 days; p = 0.002). Taken together, these results seem to support 
the lack of superiority of an ICP treatment algorithm over treatment 
solely guided by ICE only in severe TBI patients. The authors concluded 
that although there were no outcome differences, the qualitative (not 
quantitative) nature of the ICE-only approach and the increased treat-
ment efficiency (ie, tailoring osmotherapy) in the ICE plus ICP group 
should not change the practice of ICP monitoring in areas where this 
resource is available. Further, the authors mentioned that their findings 
do not argue against the use of ICP monitoring as only the monitoring-
based interventional algorithm was tested in their study.

Four important discussion points should be considered prior to read-
ing the study results and the impact on current and modern ICP man-
agement strategies:37 the study location and scope of practice in Bolivia 
and Ecuador; physicians’ expertise and complication rates; variations in 
ICP interpretation and management skills; variations among the severe 
TBI patients; and, lastly, the monitoring device employed and the fact 
that other reasonable indications for ICP monitoring exist. First, it is 
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very likely that the scope of clinical practice depends on location, and 
more decentralized areas within South America are likely to be dissimi-
lar to those found in North America and Western Europe. De Silva et al 
showed that 6-month outcome among severe traumatic brain injuries 
was associated with a higher (51%) mortality in low- and middle-
income countries compared to the mortality in high-income countries 
(30%).36,37 Important treatment differences between continents as well 
as between individual South American centers and among patients (eg, 
quality of prehospital stabilization efforts) may have induced significant 
bias in addition to contributing to worse overall outcomes. Furthermore, 
initial hospital emergency care and access to rehabilitation were not 
considered in the study.

Second, even though the intensivists treating the study participants 
would routinely manage severe TBI patients, there was a lack of prior 
experience and skills in inserting ICP monitors, dealing with ICP 
equipment, interpreting and trending the ICP values, understanding 
ICP waveform morphologies, and correlating ICP findings with imag-
ing and clinical results. Furthermore, the time from primary injury to 
placement of ICP monitor was not considered, and some patients may 
therefore have already suffered from secondary brain injury on inclu-
sion in the study. In addition, there is variability in the decision-making 
process and surgical management of elevated ICP, that is, immediate 
surgical decompression via hemicraniectomy versus isolated placement 
of intracranial pressure monitor. Importantly, the trial did not integrate 
brain tissue oxygen tension, cerebral blood flow monitoring, brain tem-
perature modulation, and other treatment modalities commonly used 
in modern neurocritical care units to treat severe TBI patients. Also, 
monitoring for vasospasm in the setting of subarachnoid hemorrhage38 
or contusion was not performed. As many as one-third of all severe TBI 
patients can develop arterial vasospasm detected on TCD or CTA, and 
its incidence and risk for ischemia can readily abolish an ICP treatment 
efficacy given the rather small study sample. In addition, the use of a 
universal, absolute ICP treatment threshold may not be of such great 
importance as integrating the ICP values to obtain optimal CPP. Of note, 
CPP-targeted therapy (ie, between 60 and 70 mm Hg) has been shown 
to be of high importance in improving outcome in moderate to severe 
TBI as mortality takes on a U-shape form for values below and above 
this range. The protocol used in the study under discussion was to raise 
the MAP and/or decrease ICP ≤20 mm Hg but not necessarily targeting 
specific CPP goals as recommended.

Third, the degree of brain injury among the study patients may already 
have been severe enough that potential improvements based on ICP mon-
itoring would not impact outcome. Future research could focus on iden-
tifying distinct subgroups of severe TBI patients who are likely to benefit 
from multimodal brain monitoring with optimizing ICP and other brain 
parameters. Lastly, the device used to measure pressure in the study 
participants was the intraparenchymal ICP monitor, unlike the external 
ventricular drains used in many American and European NeuroICU set-
tings. Ventricular drains not only allow CSF drainage to reduce ICP, but 
also measure ICP in the center of the skull, closer to important brainstem 
and diencephalic structures, reducing artifact and missed ICP elevations 
more commonly seen with the more superficial hemispheric measure-
ments of intraparenchymal monitors. In this study, all efforts were directed 
toward lowering pressure within the cranium, but clinical outcome in 
survivors also reflects involvement of specific areas of compression, nota-
bly, the upper midbrain, thalamus, and reticular activating system.

Other recent systematic reviews on ICP monitoring34 emphasize 
that the outcome of severe TBI patients depends on guideline-driven 
management integrating various monitoring elements, and demon-
strates that utilizing an ICP monitor alone does not result in better 
clinical outcome. In comparison, a study by Barmparas et al35 showed 
that decreased use of ICP monitoring in trauma patients was associated 
with increased mortality. An explanation for these variable results is 
that alteration of a single parameter (eg, ICP) may not be expected to 
significantly impact overall outcome. We recommend that ICP should 
be treated as an important vital sign but that its values must be care-
fully integrated into the moment-to-moment clinical and coparameter 
settings. The concept of managing patients focused on “one ICP value 
fits all” may only be a part of a more complex strategy in dealing with 
complicated cases such as acute brain injuries; therefore, management 
should be tailored to the specific requirements of the individual patient 
making use of other multimodal monitoring.38

■■ PLACING ICP MONITORING DEVICES
ICP can be monitored from several intracranial sites (Fig. 86-16). 
The most commonly employed ICP monitoring devices are ventricu-
lar catheters and intraparenchymal monitors42-44. External ventricular 
drains (EVDs) are considered the gold standard for ICP monitoring, 
predominantly because of their reliability and the added ability to drain 

Dura mater

Subarachnoid

Intraparenchymal

Lateral ventricle
(anterior horn)

EpiduralSkullIntraventricular

Subarachnoid
space

FIGURE 86-16.  Various anatomic sites to monitor intracranial pressure and different modalities of ICP monitoring. Intraventricular device with external ventricular catheter drain (EVD) 
allows accurate measurements and drainage of CSF for treatment and culture. Intraparenchymal devices are inserted into the cortical-subcortical brain region, also allow reliable ICP monitoring 
especially with collapsed ventricles. In addition, it is less invasive and has low infection rate but CSF drainage is not possible. Subdural, subarachnoid and epidural ICP monitoring are inaccurate 
and unreliable methods.
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CSF. Placement of these devices, however, is associated with morbidity 
as with any invasive device. There is a risk of intracranial or intraven-
tricular hemorrhage at the insertion site as well as a risk of infection that 
can range from 6% to 11%.39-41 Infection risk increases over time and the 
consequences can be associated with significant morbidity and mortality 
if ventriculitis develops.

■■ MONITORING OF ABNORMAL ICP
The clinical course of ICP elevation is variable and largely determined by 
the etiology of the intracranial hypertension. Certain causes of elevated 
ICP are more progressive than others. In this setting of TBI, intracra-
nial hypertension often occurs early, within 72 hours. It may, however, 
develop late or follow a bimodal pattern, and as many as 25% of patients 
experience their highest ICP after 5 days. Therefore, it is important to 
recall that ICP elevations show a temporal heterogeneity within the first 
2 weeks of injury, creating another strong argument for continuous ICP 
monitoring.

As illustrated in Figure 86-3, ICP monitors provide a ballistic wave-
form temporally associated with the systemic blood pressure. Certain 
characteristics of the ICP waveform can communicate important infor-
mation about an evolving cerebral process, even when the ICP is not 
critically elevated. The ICP waveform (Table 86-8) is comprised of 
various smaller subwaves. The first two waves observed during systole 
are referred to as P1 and P2. Normally, each sequential subwave of the 
ICP waveform is smaller than the one prior. P1 is therefore usually 
greater than P2. As intracranial compliance decreases, however, P2 usu-
ally increases to become greater than P1, and this can be observed even 
before the ICP reading increases to abnormal levels. In addition, respiratory 
fluctuations in the baseline ICP waveform usually reflect a decrease in intra-
cranial compliance and can occur before an elevation in ICP. Table 86-8 
depicts ICP waveforms with good compliance and poor compliance, indi-
cated by increased pulse amplitude and dampened waveform. Identifying 

Compliance ICP Waveform
P1: percussion wave–transmitting through the cerebral arterial tree to the choroid
        plexus (ventricles)
P2: tidal wave–compliance; early impairment in cerebral vasomotor paralysis,
      brain swelling, etc; reflects the venous compartment and its
      normal amplitude is 80% of P1
P3: dichrotic wave–reflects the aortic valve closure  

Conditions
(examples)

Related cerebral physiology

Normal
compliance  

Normal ICP, normal brain
compliance

Three peaks of decreasing height.
P1 generally with a sharp peak and a fairly
constant amplitude. P2 is more variable and
ends at the dichrotic notch. P3 follows the
dichrotic notch and is not discernable at times

Reduced
compliance 

Decrease mean ICP; decrease ICP waveform
amplitude P2 with little change in P1  

Increased
amplitude

Rapidly expanding
mass lesion; severe
arterial hypertension;
severe hypercapnia and/or
hypoxia; jugular vein
compression         

Increases mean ICP
Increases ICP amplitude, mainly P2 and P3
Rounding of ICP waveform due to increase in
later waveform components

Dampened
waveform 

Individuals with
craniectomy or open
skull (TBI)

ICP waveform dampened and low in amplitude

P1
P2

P3

P3
P2P1

P3P2P1 Severe arterial
hypotension;
hyperventilation

ICP waveform analysis of the common pressure abnormalities offers important bedside information about intracranial pressure dynamics helpful in clinical decision-making. ICP, intracranial pressure; TBI, traumatic brain injury

abnormal ICP waveforms can be helpful in predicting and preventing 
malignant elevations in ICP as the noncompliant brain is often intolerant 
of additional volume within the intracranial contents without brisk eleva-
tions in ICP (Fig. 86-4, Area B). For example, when a patient has fulminant 
hepatic failure, observation of these subtle changes in the ICP waveform can 
signal the evolution of brain swelling before it is clinically apparent or before 
the ICP has increased.

ICP elevation can also be predicted imperfectly through brain imag-
ing studies. Nevertheless, when the ICP from any monitor type is either 
much lower or higher than expected based on clinical or radiographic 
findings, steps should be taken to determine the accuracy of the monitor. 
At times this may require rezeroing or replacing the monitor, and rarely 
inserting a new monitor in a new position or location. When there is 
significant discrepancy between the ICP and clinical presentation and 
imaging results, replacement or rezeroing of the monitor should be 
considered. It is important to realize that ICP is not homogeneous due 
to compartmentalization of intracranial structures.

■■ MONITORING CEREBRAL AUTOREGULATION
Testing of cerebral autoregulation requires the application of a timed and 
graded hemodynamic stimulus (eg, carotid artery compression, negative 
body pressure, tilt table, thigh cuff release, or pharmacological change in 
blood pressure) with simultaneous measurement of the change in cere-
bral hemodynamic response. Since clinical and practical reasons make it 
difficult for such testing to be applied frequently, alternative methods of 
continuous autoregulation monitoring have been developed.

The degree of intact autoregulatory mechanisms can fluctuate widely 
over a short period of time in brain injured individuals, providing a rea-
son for continuous measurements. Most continuous testing of the func-
tion of autoregulatory mechanisms relies on the beat-to-beat responses 
of CBF to other spontaneously occurring, rhythmic measurements such 
as CPP and MAP. Hemodynamic oscillations can be averaged over a 

  Table 86-8    ICP Waveform Analysis
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few seconds to several minutes to identify slow vasocycling responses in 
perfusion and arterial pressures. An advantage of such an approach lies 
in its relative noninvasiveness. However, it is likely that these correla-
tions are vulnerable to variation based on other important predictors 
of cerebral hemodynamics such as PaCO2 changes, other medications, 
intrinsic reflexes such as Cushing responses, etc.

Transcranial Doppler (TCD), an ultrasound-based evaluation of the 
cerebral arteries, can delineate the pulsatile component of the cardiac 
cycle within the cerebral vasculature and links the linear dynamic 
systems of cerebral blood flow velocity (CBFV) to the arterial blood 
pressure (ABP). As a result, TCD can be used to monitor autoregulatory 
mechanisms as well as directly assess intracranial blood flow. This pro-
vides a mechanism for evaluating the brain’s compensation for elevated 
ICP by increasing CBF, detecting such compensation failure through 
decreased blood flow, and indicating the need for treatment to lower ICP 
and increase CBF, avoiding potential ischemia. In normal brain, autoreg-
ulation allows the cerebral vasculature to react to alterations in the ABP 
and respiratory pattern within seconds via constant adjustments in the 
diameter of cerebral arterioles, maintaining a constant CPP (Fig. 86-7). 
This relationship, however, is unpredictable or absent in the injured 
brain as mechanisms of autoregulation are disrupted. As a result, ICP 
is altered in proportion to changes in systemic pressure and respiration. 
Generally, cyclic cardiac time scales are too fast to assess for autoregula-
tion, but slower respiratory and slow-ICP waves can be used to analyze 
autoregulatory responses. Derived terms include the gain and phase shift 
of the wave relationships as a measure for autoregulatory intactness.

Other markers of intact or disrupted autoregulation are available. 
A coherence function, which is derived from transformation of post-
Fourier correlation between each frequency component within the 
frequency range of interest, is used to indicate linearity (and hence, 
intactness) of the autoregulatory response system. The autoregulation 
index (ARI) is obtained from mathematical modeling of the mean CBFV 
reaction to spontaneous ABP fluctuations in order to find the best fit 
of the resulting impulse response with one of 10 hypothetically created 
response models.45 An ARI of zero indicates total absence of autoregu-
latory response, whereas 9 delineates complete intactness. The mean 
velocity index (Mx) is a correlation coefficient between the mean CBFV 
and CPP (or MAP, in cases where ICP is normal or not measured). To 
obtain the Mx, a series of consecutive time-averaged samples are cor-
related and, in head injury, a positive coefficient identifies a positive 
association between CBFV and CPP and hence, abnormal autoregula-
tion and vice versa.46 Cross-validation of the Mx against other measures 
of autoregulation (ie, CO2 reactivity, leg-cuff test) resulted in good cor-
relations and both Mx and ARI correlated in head injury patients.47,48 
Repeated Mx calculations over time allow continuous assessment of 
autoregulation displayed along a time graph. Finally, to better adjust for 
nonlinear and nonstationary relationships of the measured values, an 
advanced computational method, the multimodal pressure-flow analy-
sis or MMPF, was created. An intervention, such as Valsalva maneuver, 
induces a characteristic phase lag between ABP and CBFV and the 
identified oscillations are applied to MMPF and used as an index of 
intactness of cerebral autoregulation.48

As TCD is a time-consuming procedure with limitations due to 
significant user-dependent variability, alternate methods of assessing 
autoregulatory mechanisms and CBFV have been attempted. For example, 
near-infrared spectroscopy (NIRS) and cerebral oximetry are methods of 
sampling the ratio of local brain oxygen delivery and utilization. This 
ratio depends largely on CBF, which can be used to replace CBFV in the 
calculation of autoregulatory indices. Studies assessing autoregulation 
have shown a significant correlation between TCD- and NIRS-derived 
Mx indices.49 NIRS obtained measures are not only much easier to obtain 
but multichannel NIRS would provide an elegant opportunity to assess 
and monitor autoregulatory responses across various brain regions. 
Similar to NIRS, but as an invasive method, tissue oxygenation (PBtO2) 
readings directly obtained via parenchymal probes allow for focal moni-
toring of autoregulation.50

Another approach is measuring cerebral pressure reactivity (PRx), 
which is the ability of the cerebral vascular smooth muscle to respond 
to transmural pressure changes such as ICP variations. As an analogy to 
the calculations employed to derive Mx, slow waves of MAP and ICU 
are compared to obtain a PRx. For example, good reactivity would imply 
that a change of MAP will lead to an inverse adjustment in cerebral arte-
rial tone and CBV, which will lead to either a smaller or larger change 
in ICP depending on the position of the slope of the ICP-volume curve. 
A negative MAP and ICP correlation identifies intact PRx and hence, 
intact autoregulation and vice versa; a positive correlation indicates a 
disturbed PRx. The PRx has shown good correlations with TCD-based 
indices (ie, Mx) and PET-CBF measurements.51,52 Values for mean PRx 
in head injury patients have been plotted against mortality rate and a 
cut-off value of 0.3 indicated a mortality increase from 20% to 70%.53

The Mx shows abnormalities in SAH patients developing vaso-
spasm,54 and in patients with ischemic stroke and subsequent poor 
outcome.55 Both Mx and PRx are abnormal in hydrocephalus and TBI 
as well as during rewarming after hypothermia. It has been shown that 
the CPP where cerebral autoregulation measured by PRx is strongest 
identifies “optimal CPP” in an individual patient, and mortality in head 
trauma may be improved when deviation between average and optimal 
CPP is minimized.12

■■ ADJUNCT BRAIN MONITORING MODALITIES
Newer technologies in neuromonitoring have opened a very excit-
ing, multimodal strategy for use in parallel with ICP monitoring to 
provide real-time information regarding multiple variables in cerebral 
pathophysiology at various stages of acute brain injury (Table 86-9). 
So far, however, ICP-control and CPP-stabilizing strategies provide the 
clinician with the most practical information in dealing with patients 
suffering from intracranial hypertension. Nevertheless, additional intra-
cranial monitoring modalities have come to guide our understanding 
of brain injury by addressing secondary injury mechanisms not directly 
related to ICP elevations such as hypothermia, cerebral oxygenation, 
blood flow abnormalities, and abnormalities in brain metabolism.56 
Most of these measures, however, provide monitoring results that are 
highly dependent on the location of the catheter tip (which is ideally 
positioned within injured or susceptible brain tissue, that is, penum-
bra or pericontusional regions). These parenchymal monitor readings 
reflect abnormalities only within a few millimeters of the probe, so cau-
tion must be taken in generalizing the findings to tissue regions beyond 
the brain sampling area.

The most commonly implemented examples of parenchymal tissue 
monitors that are used in conjunction with ICP monitors are cerebral 
blood flow and tissue oxygenation probes. Continuous quantita-
tive monitoring of regional CBF is accomplished by the insertion 
of parenchymal cerebral blood flow monitors that utilize thermal 
diffusion within a very small region around the catheter tip. These 
probes use thermal diffusion based on the tissue’s ability to dissipate 
heat.57 The probe tip is inserted into the brain white matter to obtain 
normal CBF values at a range of 18 to 25 mL/100 g/min. Values lower 
than 15 mL/100 g/min can indicate tissue ischemia around the cath-
eter tip, while readings of less than 10 mL/100 g/min may indicate 
tissue infarction. Brain tissue oxygen pressure (PBtO2) monitoring 
provides an estimate of the balance between regional oxygen supply 
and oxygen use. Some PBtO2 probes also allow monitoring of local 
tissue pressure of carbon dioxide (PBtCO2) and pH. A cutoff point 
indicating cerebral ischemia with PBtO2 seems to be in the range of 
8 to 25 mm Hg and targeted therapy is therefore implemented at levels 
less than 25. Small clinical studies identify good correlation between 
CBF and PBtO2.

A final adjunct monitoring method for intracranial pathology is 
cerebral microdialysis. This procedure allows for hourly monitoring of 
various extracellular brain substances that can contribute to elevations 
in ICP or that are associated with tissue ischemia, indicating a risk for 
elevated ICP (eg, glucose, lactate, pyruvate). The lactate/pyruvate ratio, 
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  TABLE 86-9    Integrated Monitoring

Bedside Monitoring Neuromonitoring

Clinical Assessment Lab Monitoring
Systemic 
Monitoring Cerebral Perfusion Neuronal Activity Brain Metabolism Oxygenation Temp

Neurological examination

Vital signs:
Blood pressure
Heart rate
Respiratory rate
Temperature

Hydration status (dry 
mouth, moist skin etc)

Other parameters that 
may affect the cerebral 
physiology:

Pain
Agitation
Sedation
Shivering

Blood tests:
Complete blood 
count (Hgb, Hct)
Sodium
Serum osmolality
ABG
Troponins
Brain-natriuretic 
peptide (BNP)

Others:
Urine specific 
gravity
BUN:Creat

Oxygen saturation

(N: >94%)

End tidal CO2

(N: 35-40)

Central venous 
pressure

(N:10-20)

Cardiac output and 
volume monitoring 
(eg, PiCCO, IVC 
ultrasound)

Mean arterial pressure 
(MAP)

(N: >80 mm Hg)

Intracranial pressure

(EVD, intraparenchymal)

(N: < 20 mm Hg)

CPP = MAP-ICP

Cerebral perfusion 
pressure (CPP)

(N: 50-70 mm Hg)

Cerebral blood flow

(N: 50 mL/100 g/min)

Transcranial 
Doppler (TCD)

Continuous video 
EEG (cvEEG)

Background 
rhythm

Epileptiform 
discharges

Alpha/delta ratio

Burst suppression 
patterns, etc

Cerebral neurochemistries 
(CMA Microdialysis)

Glucose (N: 2 mmol/L)

Lactate (N: 2 mmol/L)

Pyruvate (N: 
120 mmol/L)

Lactate/Pyruvate ratio 
(N:15-20 mmol/L)

Glutamate  
(N:10 mmol/L)

Glycerol (N: 20-50 µM)

Jugular vein 
oxygenation

(jugular vein oximetry)

(SjvO2)

(N: 60-80%)

Brain tissue oxygen

(PBtO2 )

(N: 20-40 mm Hg)

Brain temp

(use with intra-
parenchymal EVD 
sensor)

(N:<38 °C)

ABG, arterial blood gas; Creat, creatinine; Hct, hematocrit; EVD, external ventricular drainage; Hgb, hemoglobin; IVC, inferior vena cava; PiCCO, pulse contour cardiac output.

Qualitative and quantitative information from various neuromonitoring techniques is valuable in patients with brain injury to guide treatment and to minimize secondary brain injury.

not lactate alone, is recognized as a marker of ischemia. Other key 
substances that can be identified via microdialysis are energy-related 
metabolites such as adenosine and xanthine, neurotransmitters such as 
glutamate and aspartate, which are associated with excitatory neuro-
toxicity, markers of tissue damage and inflammation such as glycerol, 
potassium, and cytokines, and finally exogenous substances such as 
administered drugs that can result in exacerbations of uncontrolled ICP. 
To perform microdialysis, a small (<1 mm) dialysis catheter is inserted 
into the brain parenchyma and perfused with sterile solution at very 
low flow rates. Recommendations are to place the catheter within the 
tissue at ischemic risk in SAH, or in the right frontal region in patients 
with diffuse injury after TBI. Ideally, a second catheter should be placed 
in “unaffected” tissue to provide a baseline for an individual’s levels of 
specific metabolites.58

The dialysate equilibrates with the brain extracellular fluid over 
1 hour, after which it is pumped into a vial that is subsequently taken 
for brain chemistry analysis. During hypoxia and ischemia, aerobic 
glucose metabolism (via pyruvate) is exhausted and anaerobic metabo-
lism produces and accumulates lactate. An increasing lactate/pyruvate 
ratio therefore indicates ischemic stress.59 Interestingly, some studies 
show that ischemic changes identified by microdialysis may precede the 
manifestation of fixed neurological deficits. This monitoring method 
therefore represents an additional mechanism to avoid ischemia and 
secondary injury through targeted therapy to decrease ICP, increase 
CBF, and therefore potentially reverse evolving ischemia.

In the setting of sustained ICP elevation, ischemia may ensue as 
autoregulatory mechanisms for maintaining adequate cerebral blood 
flow are disrupted. Assessment of oxygenation is therefore reason-
able to assess the risk for secondary ischemic injury in the setting of 
intracranial hypertension. Methods for assessing whole body oxygen 
saturation (eg, arterial blood gas, pulse oximetry) do not reflect cerebral 
oxygenation reliably. Cerebral oxygenation can be measured by jugular 
venous oximetry, near-infrared spectroscopy, and brain tissue probes. 
Jugular venous oximetry (SjvO2) allows for sampling of small aliquots of 
venous blood from a fiberoptic catheter that is inserted into the jugular 
vein at the neck and advanced to the level of the mastoid air cells. SjvO2 
can be used to assess the balance between cerebral blood flow and hemi-
spheric cerebral metabolic demand. Aspirated jugular blood reflects 
mixed cerebral blood; continuous monitoring is obtained via infrared 

light oximetry. Under physiological conditions, CMRO2 and CBF are 
coupled, that is, their ratio remains constant. The difference between 
oxygen saturations in arterial and jugular venous blood roughly rep-
resents the oxygen extraction of the cerebral hemispheres ipsilateral to 
the accessed jugular vein. Normal SjvO2 values range from 60% to 70%. 
A lower SjvO2, meaning higher oxygen extraction ratio, can indicate 
low CBF in relation to metabolic demand and vice versa. However, a 
low SjvO2 can be caused by a variety of conditions, both normal and 
pathologic. The etiology of decreased SjvO2 includes lowered O2 delivery 
(low CPP, decreased blood supply, anemia, hemoglobinopathies, and 
sepsis) or a rise in O2 consumption (increased metabolism, hyperther-
mia, pain, seizures, relatively low level of anesthesia). Conversely, an 
increase in SjvO2 can be observed with increases in O2 delivery such 
as with arteriovenous malformations, elevations in PaO2 in intubated 
patients, and elevations in CPP, or decreased O2 consumption as in 
coma, hypothermia, pentobarbital or other sedatives, or ischemic 
tissue. The arteriovenous oxygen content difference (a-vDO2) can be 
determined by intermittent blood sampling. An increase in a-vDO2 to 
>9 mL/dL has been used as a marker for insufficient CBF or increased 
O2 demand, and SjvO2 desaturation episodes correlate with increased 
mortality in severe brain injury patients.60 Studies have used SjvO2 to 
optimize hyperventilation therapy in patients with increased ICP as 
hypocapnia-induced reduction in CBF will lead to a global reduction 
in brain oxygenation. However, the hazard of using such an approach is 
that therapy based on global flow and metabolism potentially neglects 
regional perfusion differences and does not identify focal brain areas at 
risk for ischemia. Studies have shown a good correlation between SjvO2 
and local brain tissue oxygenation when direct brain tissue monitoring 
was performed adjacent to, but not within areas of pathology.61 Other 
limitations of SjvO2 monitoring include a rather high number (up to 
50%) of false-positive readings of desaturation.62 Combining SjvO2 with 
monitoring of TCD-obtained cerebral blood flow velocities, however, 
allows for distinction between hyperemia and vasospasm, an important 
differentiation as the treatment for each differs although the risk for 
both conditions is elevated in brain injury. Simple brain hyperemia 
results in high SjvO2 while vasospasm-induced brain ischemia more 
likely results in low to normal SjvO2.

Near-infrared spectroscopy (NIRS) is a noninvasive technique that 
monitors regional cortical oxygenation changes by applying two or more 
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optodes placed 4 to 6 cm apart on the forehead. Light waves in the 700 to 
1000 nm range are emitted from one optode and received by the adjacent 
optode after penetrating the scalp, skull, and brain to a depth of a few 
centimeters. These light waves are differentially absorbed by oxygenated 
hemoglobin, deoxygenated hemoglobin, and cytochrome aa3. Recent 
developments in NIRS technology have resulted in the availability of 
single, easy-to-use values for measuring cerebral tissue oxygenation and 
monitoring the tissue oxygenation index, defined as the ratio of oxygen-
ated to total tissue hemoglobin, which provides estimates of regional 
cerebral oxygen saturation.58

Continuous video EEG (cvEEG) monitoring allows for noninvasive 
evaluation of electrical brain activity, which is used to identify possible 
subclinical or nonconvulsive status in patients with acute brain injury. 
Depressed mental status or intermittent neurological deficits without 
an appropriate explanation on imaging or by clinical presentation and 
history may be explained by clinically silent seizures. This is an impor-
tant distinction to make, as nonconvulsive status does not require ICP 
monitoring in most cases while a similar clinical examination in the 
absence of seizures would provide an indication for ICP monitoring. Up 
to one-third of patients in specialized neurocritical care settings may 
have nonconvulsive seizures and generally, the longer the cvEEG studies 
are performed, the higher the yield of identifying abnormalities. Most 
physicians employ cvEEG for 24 to 72 hours in the acute setting to rule 
out abnormal electrical activity.63

Transcranial Doppler (TCD) allows deriving the pulsatility index (PI), 
which compares the changing relationships of systolic to diastolic flow 
patterns. A low resistance vessel waveform will have continuous forward 
flow throughout systole and diastole while a high resistance vessel will 
show a sharp systolic upstroke, a narrow peak in systole and much less 
flow during diastole. The underlying principle is that under constant 
blood pressure and carbon dioxide tension, the pulsatility of blood flow 
through the basal cranial arteries (ie, middle cerebral artery, MCA) 
reflects distal cerebrovascular resistance and the arteries themselves pro-
vide only very minimal flow resistance. Several studies have suggested 
that the PI is a helpful, noninvasive estimate of ICP and CPP and a cor-
relation between PI and ICP exists. The trend of the numerical values of 
PI and its corresponding waveform analysis may be useful as a clinical 
guide for ICP changes (Fig. 86-6).

Brain temperature probing presents another monitoring parameter 
in the brain injured patient to help avoid secondary injury. It may be 
used alone or in combination with other intraparenchymal sensors 
(ie, LICOX™, Camino™ ICP monitor). Measured brain temperature is 
normally 0.5°C to 2°C higher than core temperature, and temperature 
gradients of 0.5°C to 1°C can be detected between different brain areas 
with standard temperature probes. Cerebral metabolic rate oxygenation 
(CMRO2) can increase 10% for every °C above euthermia and decrease 
5% for temperatures below normal. This metabolic relationship serves 
as the basis for the implementation of early hypothermia after traumatic 
brain injury.64 Hypothermia is proposed to improve outcome in brain 
injury by decreasing metabolic demand, thereby decreasing oxygen con-
sumption and alleviating the risk for ischemia. Fever is associated con-
sistently with worse outcomes across all categories of acute brain injury. 
Accurately and continuously monitoring brain temperature may assist 
in the management of intracranial hypertension to maintain normother-
mia or to induce hypothermia to decrease cerebral metabolic demand.

MANAGEMENT OF INCREASED 
INTRACRANIAL PRESSURE

■■ GENERAL APPROACH TO PATIENTS WITH ABNORMAL ICP
All patients experiencing acute injury to the neuraxis must be stabilized 
with respect to circulation, airway, and breathing (CAB)65 In addi-
tion, acute trauma life support (ATLS) provides special attention in 
stabilizing and clearing the cervical spine in patients with suspected 
or verified trauma.7 Suggested airway management in patients with 

suspected elevated ICP is outlined in Table 86-10. Once the patient 
is adequately resuscitated and stabilized, attention is directed to the 
clinical evaluation for signs and symptoms of uncontrolled ICP and 
the detection of brain herniation. The need for CSF drainage via EVD 
should be quickly identified based on the imaging and clinical findings. 
If intracranial hypertension and brain herniation are suspected or diag-
nosed, medical measures should be implemented while preparing for 
more definitive interventions such as an EVD or operative evacuation 
of a space-occupying lesion. These interventions include head of the 
bed elevation, mannitol or other hyperosmolar therapy, and intuba-
tion with temporary hyperventilation. Electrolyte analysis and blad-
der catheterization are necessary prior to hyperosmolar therapy. Until 
ICP monitoring is available, we recommend maintenance of a MAP of  
70 to 80 mm Hg. Once ICP readings are available, the CPP should be 
optimized at around 60 mm Hg.

If no acute herniation syndrome is clinically evident and the patient 
has an acute change in neurological examination or an acute brain 
injury, immediate imaging of the head (noncontrast head CT) is 
performed. With suspected ischemic syndromes and normal renal 
function, CT angiography of the head and neck is commonly performed 
simultaneously in order to delineate the arterial anatomy and any exist-
ing abnormalities. Reconstructed images of the cervical spine together 
with the clinical injury mechanism allow for early c-spine evaluation.66 
MR imaging of acute brain injuries represents a potential alternative 
with higher diagnostic yield for cranial and spinal injuries. In the spine 
it is the preferred imaging modality. However, MR imaging comes with 
a distinct time demand for completion and minimal accessibility to the 
patient during scanning; therefore, only hemodynamically and neuro-
logically stable patients should be referred for MRI in the setting of a 
primary survey for the etiology of brain dysfunction.

Once the primary survey is complete and ICP, MAP, and CPP moni-
toring implemented, basic principles of ICP management should con-
tinue to be followed. The head and upper body should be kept 30° to  
45° elevated at all times, and the head stabilized in midposition 
(straight forward) avoiding head rotations or lateral flexions, which 
risk jugular venous outflow obstruction. Accordingly, subclavian 
rather than internal jugular catheters are preferred. Patients with labile 
or increased ICP should initially be sedated with short-acting agents  
(eg, propofol) to minimize obscuration of the clinical examination. 
Any sedative should ideally be titrated to light sedation with eye open-
ing and awakening to voice (Richmond Agitation Scale, RASS -2). 
Interventions, procedures, cleaning, mobilization (eg, x-rays, transport, 
etc), and airway manipulations (suctioning, bronchoscopy, etc) in 
patients with labile ICP should be performed with sedative, analgesic, 
and occasionally even paralytic premedication. Airway manipulations 
may be additionally pretreated with 1 mg/kg of intravenous lidocaine 
bolus to attenuate coughing.

Most patients will benefit from generous intravascular volume 
resuscitation to maintain cerebral perfusion, and there is no role for 
fluid deprivation in acute brain injury. The method of volume resus-
citation should be carefully monitored to avoid serum hypotonicity. 
Hyponatremia is a significant risk for increasing ICP as intravascular 
volume is drawn into brain cells, therefore, intravenous saline solutions 
should consist of at least 0.9% sodium chloride. For the same reason, 
we avoid correction of hypernatremic states with larger hypotonic fluid 
(IV or enteric) boluses as measured ICP may transiently and suddenly 
increase in response to such infusions. During large volume infusions, 
the serum sodium should be monitored closely and maintained in the 
mid-140s as brain injured patients may develop an unexpected, sudden 
sodium drop and intracranial hypertension.

Bedside examination of hydration status, pulse contour cardiac output 
(PiCCO), monitoring inferior vena cava by ultrasound and other modal-
ities can be used to evaluate hydration status and guide fluid therapy. 
Because of the frequent coexistence of myocardial injury, patients with 
acute brain injury, especially the elderly, undergo echocardiography in 
addition to ECG and troponin assessment. Serum glucose should be 
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  TABLE 86-10    Suggested Airway Management in Patients With Suspected Elevated Intracranial Pressure

Step-by-Step Recommendations Avoid Comments

Preintubation Head elevation at 30°-45°

IV access × 2 sites with isotonic crystalloid infusion (no dextrose or hypotonic solutions)

Vasopressors ready to infuse (eg, phenylephrine/norepinephrine)

Intubation drugs at bedside

For example:
Propofol (induction dose: 1.5-2.5 mg/kg)
Fentanyl (induction dose: 0.35-1.5 µg/kg IV)
Vecuronium (induction dose: 0.1 mg/kg IV)

Preoxygenate with 100% O
2
 for at least 1 minute (O

2
 sat >94%)

Hyperventilate to PCO2
 28-32 mm Hg

Consider 1 g/kg mannitol bolus or 1 mL/kg of 23.4% saline bolus, if ICP is elevated or 
high suspicion of elevation

BP/CPP drop

Aspiration (nasogastric 
decompression)

Gastric distension

Medications:
Succinylcholine alone leads 
to elevated ICP

Maximize time with head elevated

BP drop causes reflex vasodilatation and 
elevated ICP

Protect the C-spine at all times in the setting of 
trauma or unknown etiology of brain injury

Hypoxemia and hypoventilation worsen 
brain injury, therefore expedite induction and 
intubation

During direct laryngoscopy marked 
ICP increases likely

Fever and ventilator-associated pneumonia 
(VAP) are associated with worse neurological 
outcome

Intubation Head of the bed is flat and fast

Maintain MAP >80 mm Hg or CPP 50-70 mm Hg

Cricoid pressure

Early return to bag-mask and ventilate immediately if difficult intubation procedure

BP/CPP drop
Hypoventilation
Hypoxemia
Hypocapnea

Postintubation Elevate head immediately

Maintain MAP >80 mm Hg or CPP 50-70 mm Hg

Maintain SpO2 >94% or PBtO2 >20 mm Hg

May use brief hyperventilation to temporarily minimize ICP spikes

Maintain ICP <20 mm Hg

Closely follow pupillary and motor examination if paralytics not used

Secure ETT: no tight circular neckbands; caution in patients with facial/skull fractures

Check CXR

Stabilize arousal with sedatives

BP/CPP drop
Hypoventilation
Hypoxemia
Hypocapnea

BP, blood pressure; CPP, cerebral perfusion pressure; CXR, chest x-ray; ET, endotracheal intubation; ICP, intracranial pressure; .Airway stabilization in patients with suspected or verified ICP elevation should be 
approached in a stepwise manner focusing, among others, on maintaining sufficient cerebral perfusion pressure (CPP) and brain tissue oxygenation (PBtO2

).

  TABLE 86-11    Risk Seizure Profiles in Patients With Acute Brain Injuries

Traumatic Brain Injury
Subarachnoid 
Hemorrhage

Intracerebral 
Hemorrhage Ischemic Stroke

Cortical contusion

Depressed skull fracture

Penetrating head wound

GCS <10

Subdural hematoma

Epidural hematoma

Intraparenchymal 
hematoma

Seizure within 24 hours 
of injury

Prior seizure/epilepsy

History of hypertension

MCA aneurysm

Parenchymal hematoma

Infarct

Cortical location

Midline shift

Higher NIHSS 
score

Cortical and 
temporal location

Increasing stroke 
disability

Previous cortical 
stroke

GCS, Glasgow Coma Scale; MCA, middle cerebral artery; NIHSS, National Institutes of Health Stroke Scale.

The treatment of brain injury patients with anticonvulsive medications is based on a rational approach 
guided by a benefit-risk assessment in each individual.

targeted to a range of 120 to 160 mg/dL, as uncontrolled hyperglycemia 
may worsen clinical outcome in brain injury.67-69 Hypoglycemia is a risk 
for adverse events such as seizures.

Because of the high incidence of venous thrombosis in brain injured 
patients, deep venous thrombosis (DVT) prophylaxis constitutes an 
important aspect of ICU care. In our experience, DVT prophylaxis in the 
form of subcutaneous low molecular weight or unfractionated heparin 
can be initiated in most brain injured patients in less than 48 hours of the 
insult if the patient’s coagulation profile is normal. We recommend weekly 
ultrasound screening of the lower extremities for deep venous throm-
bosis even when the patient is placed on prophylactic medication.70 We 
include upper extremity ultrasound in the screening if swelling is present 
or indwelling peripherally inserted central lines are present. Axillary and 
subclavian vein thromboses may lead to pulmonary emboli, as well as 
extension into the jugular vein with reduction in cerebral venous outflow.

Seizures following injury (ie, impact seizures) are not always clini-
cally evident and EEG monitoring is indicated if a patient’s examination 
is significantly worse than predicted based on ICP values and imaging 
results. If identified, short-term treatment with a traditional intravenous 
anticonvulsive medication (eg, phenytoin, fosphenytoin) should be 
started with free phenytoin levels followed. Prophylactic antiepileptic 
treatment worsens in-hospital morbidity and mortality in some forms 
of brain injuries (eg, subarachnoid hemorrhage, traumatic brain injury, 
intracerebral hemorrhage, and stroke).70-73,33,74 Therefore, short-term 
treatment is appropriate only if early video EEG monitoring delineates 
a high propensity toward seizures, subclinical seizures, or the danger 
of a generalized tonic-clonic seizure outweighs the risks of anticonvul-
sive medications (eg, untreatable ruptured aneurysm) (Table 86-11). 

In patients with uncomplicated impact seizures or for seizure prophylaxis 
we frequently use either phenytoin or newer generation anticonvulsive 
medications such as levetiracetam (1g IV loading dose) maintained every  
12 hours for 7 to 10 days.

Coagulopathy induced by tissue thromboplastin release in the setting 
of brain injury can be fatal. Unless otherwise indicated, we therefore 
attempt to maintain normal coagulation (using vitamin K and FFP) and 

section06.indd   807 1/23/2015   12:56:06 PM

http://www.myuptodate.com


PART 6: Neurologic Disorders808

platelet levels (using platelet transfusion if <50,000 per μL). The correc-
tion of platelet and coagulation profiles is more urgent in the presence of 
an intracranial monitoring device or recent brain surgery.

Hyperthermia in patients with brain injury increases cerebral 
metabolic demand and the potential for ischemia in those with elevated 
ICP. Therefore, a targeted core temperature of ~36.5°C (goal <37°C) is 
utilized in most patients. Most commonly, hypothermia is achieved with 
noninvasive surface cooling devices. Shivering may limit the benefits of 
cooling, since it increases metabolic demand.

Nutrition is important to optimize outcome in the setting of brain 
injury. Enteral nutrition should ideally be started within 24 hours. 
Gastroparesis, which is common in neurologically injured patients, may 
impede efforts to achieve adequate nutrition.

Endotracheal intubation with suspected or verified ICP elevation 
should follow distinct guidelines (Table 86-10). Short-acting medica-
tions (eg, propofol) at minimal doses should be used. Medications that 
potentially elevate ICP (eg, succinylcholine alone, nitroglycerin) or 
that produce sustained paralysis should be avoided. Succinylcholine in 
patients with chronic muscular disease or spasticity should be avoided 
due to the potential for severe hyperkalemia. A physician with experi-
ence in rapid sequence intubations should be assigned as prolonged 
supine positioning can increase ICP; immediate head elevation after 
the airway is secured is essential. Patients with acute herniation requir-
ing intubation may be pretreated with a mannitol bolus to reduce ICP 
during the procedure. Once the airway is secured, the tube should be 
stabilized without tight wrapping around the neck, skull fractures, or 
craniectomy defects. Brain oxygen tension around the brain injury area 
is generally lower than expected from simultaneously measured arte-
rial PO2, and it seems prudent to allow for an extra oxygenation “safety 
margin” to avoid borderline systemic hypoxemia, that is, keeping PO2 
>100 mm Hg.75 Following intubation, PCO2 is titrated to 35 to 40 mm Hg 
to prevent cerebral arterial dilation or constriction and the respective 
risks of brain hyper- or hypoperfusion. Positive end-expiratory pressure 
(PEEP) up to 12 cm H2O can be used safely.76,77

The initial management of raised ICP in head trauma focuses on both 
normalizing the ICP and stabilizing CPP (Table 86-12). Early emphasis 
in brain injured patients with cardiorespiratory compromise targets 
O2 saturation >90% or PaO2 >60 mm Hg, systolic BP >90 mm Hg, and 
euvolemia. The CPP goal is 50 to 70 mm Hg, as CPP <50 mm Hg is 
associated with increased mortality5,33,74 and CPP >70 mm Hg has not 
been shown to improve outcome.78 A general approach to control ICP is 
listed in Table 86-12.

■■ NEUROMEDICAL ICP MANAGEMENT
Cerebrospinal Fluid Drainage:  One of the most rational approaches 
toward control of elevated ICP is to insert an EVD to release CSF. 
However, initial imaging should clarify the ventricular size and whether 
there is sufficient CSF volume for drain placement. An EVD is 

  TABLE 86-12    General Strategies in Reducing Elevated Intracranial Pressure

Intracranial Volume Reductions Decrease Metabolism Cerebrospinal Fluid Diversions Other Volume Reductions

Stabilize cerebral perfusion pressure (CPP) at 50-70 mm Hg

Transient hyperventilation

Head elevation

Inotropics to avoid ischemia (eg, phenylephrine, norepinephrine)

Euvolemia

Corticosteroids (eg, tumor, infection, inflammation injuries)

Osmotic agents (eg, mannitol, hypertonic solution)

Diuretics (eg, furosemide)

Barbiturates

Analgesia

Sedation

Paralytics

Anticonvulsants

Hypothermia

External ventricular drainage (EVD)

Internal shunt and drainage in patients with 
chronic CSF accumulation

Surgical

evacuation (eg, hematoma)

Surgical

decompression (eg, hemicraniectomy)

A proposed systematic approach of understanding and managing elevated ICP.

indicated as the primary treatment for intracranial hypertension due to 
hydrocephalus. In addition, placement of a ventricular drain allows for 
easy CSF sampling for cultures and administration of either antibiot-
ics in the setting of a meningitis or ventriculitis as well as intrathecal 
thrombolytic agents (t-PA) in the setting of an obstructive intraven-
tricular hemorrhage. The use of an EVD in TBI patients is a common 
and routine practice to provide monitoring of ICP as well as continu-
ous drainage of CSF to reduce global elevation in ICP.79 CSF drainage 
through lumbar puncture should generally be avoided in patients with 
intracranial hypertension.

Simultaneous CSF drainage and ICP monitoring (“leaving the EVD 
open”) may misrepresent the actual ICP as the monitored ICP can be 
markedly different from intraparenchymal ICP. Defective CSF cycling 
within the cranium in patients with intracranial mass lesions may lead 
to additional ICP gradients between the parenchyma and ventricles.80 
Closure of the drainage port during measurements allows ICP gradients 
to equilibrate throughout the cranial vault and this timepoint is best 
estimated when both a stable ICP value and waveform are visible. The 
extent of CSF drainage should be guided by the achieved control of 
target ICP and often, an hourly rate of 10 to 15 mL will be an effective 
approach. Removal of a ventricular drain can be indicated when ICP has 
been normal for 2 to 3 days and no elevation in ICP is seen when the 
drain is continuously clamped. If a patient fails a clamp trial, that is, the 
ICP increases and/or the patient becomes symptomatic, a permanent 
ventriculoperitoneal shunt is indicated.

Hyperosmolar Therapy:  With the use of hypertonic solutions, moderate 
hypernatremia should be expected and tolerated. Mannitol, hypertonic 
saline solutions (HTS), and hypertonic sodium lactate (HTSL) are all 
effective in reducing elevated ICP in brain trauma patients as delineated 
in observational studies but unfortunately, there are no large random-
ized studies to compare equiosmolar doses of different hyperosmolar 
treatments.

Mannitol:  Osmotherapy is directed at increasing plasma osmolality 
and establishing an osmotic gradient across the normally imperme-
able blood-brain barrier.163 Mannitol, the most widely used osmotic 
agent, can improve cerebral perfusion through transient hypervolemia 
and hemodilution, leading to autoregulatory cerebral vasoconstriction, 
decreased cerebral blood volume, and lower ICP.81-85 Mannitol can also 
increase CSF absorption.86 Most brain injury, however, results in disrup-
tion of the blood-brain barrier and loss of normal autoregulation. As a 
result, osmotic agents establish an incomplete osmotic gradient resulting 
in less effectiveness in injured brain regions.

Mannitol has been advocated as the first-line osmotic agent for the 
treatment of elevated ICP in TBI, SAH, ICH, large cerebral infarctions, 
and acute liver failure.87-91 Mannitol is an effective agent for rapid reduc-
tion of ICP in an emergency setting, and it can buy time to stabilize the 
patient while other treatment strategies are being prepared and planned. 
Mannitol has been shown to improve mortality when compared to 
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barbiturates in TBI.92 However, it has important side effects including 
hypovolemia, electrolyte disturbances, and acute renal failure. Mannitol 
is typically used in a 20% solution. Its ICP-lowering effect is dose 
dependent, and it appears to be maximal with a 1 g/kg dose infused over 
30 minutes.93,94 For continuous use, it is tapered to a maintenance dose 
of 0.25 to 0.50 g/kg IV bolus every 4 to 6 hours. The duration of benefit 
from an initial high-dose infusion regimen is limited to several hours; 
after continuation over extended treatment periods, terminal dose ICP 
elevations beyond the pretreatment values can occur. This is due to 
the accumulation of mannitol within the brain, which is most marked 
in patients with a disrupted blood-brain barrier and when mannitol is 
in circulation for long periods.21,37,93,95-99 Mannitol may enter damaged 
brain tissue and decrease the osmotic gradient, which may reverse the 
prior osmotic effects of intravenous administration.100 Such “rebound” 
edema can especially be seen when mannitol is abruptly discontinued 
after prolonged use. Preferably, mannitol is administered as repeated 
boluses rather than a continuous infusion and over the shortest time 
interval needed to stabilize ICP.101-103 Unfortunately, clinical trials com-
paring different doses and modes of administration of mannitol are 
lacking.104 Reduction in ICP after a mannitol bolus should be apparent 
within 15 minutes, and failure of a response is ominous. If mannitol fails 
to control ICP, one may opt to use a hypertonic solution. Combining 
mannitol and hypertonic saline has not been well studied but is prac-
ticed in some centers. Alternatively, single doses of mannitol with large 
time interval repetitions are effective in reducing ICP and improving 
intracranial compliance; monitoring of plasma osmolality in this setting 
is of little value.

Important complications of mannitol therapy include electrolyte 
disturbance (hypernatremia, pseudohyponatremia, and hypokalemia), 
prerenal azotemia and acute renal failure, and congestive heart failure. 
Rapid diuresis as a result of mannitol administration leads to intravascular 
volume depletion and vasoconstriction, which can decrease CBF and 
place the patient at risk for ischemia. It is advisable to have appropriate 
replacement fluids and vasoactive drugs readily available in any patient 
with critically low CPP treated with osmotherapeutics.

Hypertonic Saline:  Hypertonic saline solutions (HTS) have been used 
with renewed enthusiasm in patients with brain swelling and intra-
cranial hypertension.105-108 The osmolality of variously employed HTS 
is listed in Table 86-13. The principal effect on ICP is due to osmotic 
mobilization of water across the blood-brain barrier that reduces cere-
bral water content, similar to the mechanism of mannitol. Effects on the 
microcirculation may also play an important role in decreasing ICP and 
improving oxygen delivery and utilization, as HTS dehydrate swollen 
endothelial cells and circulating erythrocytes, expand plasma volume, 
and improve overall rheology in the distal cerebral circulation.109 
Significant improvements in brain PO2 and achievement of higher CPP 
targets have been reported with hypertonic saline.110

Variable formulations of hypertonic saline have been used (up to 
23.4%) with different bolus volumes (up to 75 mL). Some institutions 
use a single bolus of 30 mL of 23.4% saline or 250 mL bolus of 3% saline 
to treat elevated ICP.111,112 The dose and concentration of HTS depends 
on factors such as clinician preference, central versus peripheral venous 
access, urgency of ICP reduction, and baseline serum sodium level. 
A maximum target serum osmolality of 360 mOsm/L can be targeted 
in patients with refractory ICP elevations. HTS may lead to pulmo-
nary edema in patients with cardiac or lung injuries, fluid overload, 
hyperchloremic acidosis, coagulopathy, and rebound intracranial hyper-
tension with too rapid serum sodium normalization. Hypernatremia 
and hyperosmolarity, however, are usually well tolerated in brain injury 
patients in the absence of multisystem organ failure or sepsis. In contrast 
to mannitol, hypertonic solutions do not cause hypovolemia and have 
a lower nephrotoxicity risk.113

Several randomized trials have been published on the merits of 
sodium-based hypertonic solutions and their superiority to manni-
tol in reducing elevated ICP.106,114-118 These studies are limited by the 

utilization of different hypertonic solutions and small sample sizes. 
A recent meta-analysis of mannitol-HTS comparative trials employ-
ing random-effects models evaluated a total of 184 ICP crises in  
112 patients summarized from five published trials.119 Mannitol and 
HTS were effective in ICP control in 78% (CI 67%-86%) and 93% (CI 
85%-97%) of ICP crises respectively, with a mean ICP reduction of 
2.0 mm Hg in favor of HTS.119

Hypertonic Sodium Lactate:  Hypertonic sodium lactate (HSL) is primar-
ily utilized in post-cardiac arrest patients for fluid resuscitation. The 
presence of lactate is not harmful and can act as a key intracellular 
metabolite in many organs as it involves the regulation of glycolysis 
and oxidative phosphorylation, which are also essential pathways in the 
injured brain.120,121 These solutions aim to combine a source of lactate 
with the advantages of a hypertonic solution in the treatment of brain 
injury and ICP elevation. Some laboratory evidence suggests that hyper-
tonic sodium lactate results in improved cognitive function post-TBI 
when compared to the use of hypertonic sodium chloride solution.122 
Lactate solution may be administered peripherally and it is not associ-
ated with hyperchloremia.

Loop Diuretics:  Selected series show that loop diuretics such as furo-
semide, alone or in conjunction with osmotic agents, can reduce 
ICP.123 The use of furosemide as the sole treatment of cerebral edema, 
however, is controversial.124 Diuretics exert their ICP-lowering effects 
through a combination of an osmotic gradient created by intravas-
cular diuresis, reduction in CSF formation, and reduction in brain 
water. Similar to mannitol, loop diuretics can produce profound 
volume and electrolyte loss, requiring close monitoring and appropri-
ate replacement. In patients who have severe congestive heart failure 
and intolerance to mannitol, furosemide can be administered as an 
alternative agent. Another strategy to rapidly raise serum sodium 
is to administer an intravenous bolus of furosemide (10-20 mg) to  
enhance free water excretion, replacing the lost volume with a 250-mL  
intravenous bolus of 2% or 3% hypertonic saline. Acetazolamide is a 
carbonic anhydrase inhibitor that acts as a weak diuretic also modu-
lating CSF production. It has no role in ICP treatment in patients with 
acute brain injuries but it is employed in the treatment of pseudotu-
mor cerebrii.125

Metabolic Suppression:  Suppressing the metabolic state of the brain may 
treat elevated ICP via decreasing the metabolic demand and maintaining 
tissue viability by decreasing oxygen requirements.

Therapeutic Hypothermia:  Fever is common following brain injury, and 
avoidance of hyperthermia is an important part of the management of 
brain injury from any cause.126-128,160,161 The adverse effects of tempera-
ture elevations above 37°C are mediated by multiple pathogenic mecha-
nisms, including excitotoxicity, free radical generation, inflammation, 
apoptosis, and genetic differences in response to injury.129 Intracranial 
temperature has been shown to be higher than core body temperature,128 
representing an important consideration because of the intimate rela-
tionship between elevations in ICP and intracranial temperature. There 
has been renewed interest in moderate hypothermia (33°C-35°C) as an 
adjunct therapy for patients with intracranial hypertension. It can lower 
ICP and improve CPP in some patients, and it theoretically limits brain 
injury secondary to hypoperfusion. Iced normal saline infusion studies 
demonstrated that the use of intravenous cold saline is a safe, easy, and 
effective method of inducing mild systemic temperature control. The 
use of 2 L of cold normal saline (4°C) over 20 to 30 minutes will tempo-
rarily decrease the temperature by 1.4°C.130 Cooling blankets or cooled, 
gel-containing surface pads can be placed around the patient, with the 
latter being more effective. Endovascular cooling devices inserted into 
the subclavian or femoral vein are powerful but invasive tools with 
precise and fast temperature targeting. Figure 86-17 illustrates the dif-
ferent cooling methods. When hypothermia is applied, shivering can be 
a complicating factor, especially when the body temperature is below 
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36°C. Since shivering can increase ICP and metabolic demand, it should 
be anticipated, and sedatives, opiates, and neuromuscular blocking 
agents given to limit shivering. Rebound intracranial hypertension is an 
important concern during the rewarming process,109 so patients should 
be allowed to rewarm slowly (eg, 1°C every 24 hours) with close atten-
tion to ICP. Common complications of induced hypothermia include 
bradycardia at lower core temperatures, electrolyte imbalance such as 
hypokalemia (cooling) and hyperkalemia (rewarming), coagulopathy, 
and infections.131-134

Pharmacologic Suppression:  Barbiturate coma is a part of the advanced 
treatment armamentarium to decrease the potential for brain injury 
from uncontrolled ICP by reducing metabolic brain activity. While 
barbiturates have been used with variable success for the treatment of 
elevated ICP, there is little evidence that they improve outcome.135-139 
Barbiturate-induced coma is associated with significant morbidity  
and hence, it should be reserved for cases of refractory ICP elevation. 

Some of its ICP-lowering benefit may be from depression of cerebral 
metabolism, reduction of CBF to normal brain tissue, and shunting of 
blood to ischemic areas. In addition, barbiturates may limit oxidative 
damage to lipid membranes and may scavenge free radicals, reduce 
vasogenic edema, attenuate fatty acid release, reduce intracellular 
calcium, and limit arousal to external stimuli.

The correct induction of barbiturate coma is complex and demands 
experience to ensure its safe and proper use. The agents most com-
monly used are thiopental and pentobarbital. Pentobarbital is commonly 
preferred because of its greater water solubility and more predictable 
pharmacokinetics. A fall in CPP from hypotension, complications of 
prolonged immobility and mechanical ventilation, and immune suppres-
sion are the most common deleterious effects of barbiturate therapy.

Pentobarbital coma requires a loading dose of 10 to 30 mg/kg. In our 
experience, it is best to administer pentobarbital in small boluses of 100 
to 200 mg every 10 to 20 minutes as tolerated from a blood pressure 
standpoint. This should be done under electroencephalographic (EEG) 

  TABLE 86-13    Hyperosmolar and Hypertonic Treatment Modalities

Mannitol 2% NaCl 3% NaCl 23.4% NaCl Hypertonic Sodium Lactate

Dose recommenda-
tions

0.25-1 g/kg/dose IV bolus 
over 1-30 minutes and may 
be given repeatedly every 
4-8 hours

Initial infusion at 1-2 ml/kg/hr; 
250 ml bolus over 30 mins may 
be administered; can be given 
repeatedly over 30 minutes

Initial infusion at 1-2 ml/kg/hr; 
250 ml bolus over 30 mins may 
be administered; can be given 
repeatedly over 30 minutes

Refractory elevated ICP: IV  
(30-60 ml) given over 2-20 minutes;  
can be given repeatedly over  
15 minutes

Loading dose:
3-5 ml/kg over 15-30 minutes

Continuous infusion: 
0.5-1 ml/kg/hr

Recommended 
maximum dose

2 g/kg/dose 1 mEq/kg/hr = 2.9 mL/kg/hr 1 mEq/kg/hr = 1.9 mL/kg/hr May repeat in 6 hours, if target 
Na not met

10 mL/kg in 12 hours intravenously 
= 0.83 mL/kg/hr

Route
PIV: Peripheral IV
CIV: Central IV

PIV or CIV PIV or CIV CIV CIV PIV or CIV

Osmolarity 1098 mOsm/L 684 mOsm/L 1027 mOsm/L 8008 mOsm/L 1020 mOsm/L

Onset and duration of 
action

Onset
Diuretic effect: 1-3 hours
Reduction of ICP: 15 minutes
Duration
Diuretic effect: 4-6 hours
Reduction of ICP: 3-8 hours

Onset: rapid
Peak: rapid

Mean duration: 4 hours and 17 minutes

Maximum serum 
osmolality

320 mOsm/L 360 mOsm/L

Effectiveness May exhibit tolerance with 
repeated administration

Effective after repeated administration and when tolerance 
to mannitol has occurred

Beneficial as a rescue therapy to 
rapidly induce hyperosmolality

Effective after repeated admin-
istration and when tolerance to 
mannitol has occurred

Change in mean  
arterial pressure

Moderate increase, initially Greater, more prolonged

Diuretic effect Osmotic diuretic, may necessitate 
volume replacement to avoid 
hypovolemia and hypotension

Diuresis through the stimulation of  ANP release

Other suggested 
interactions

Antioxidant effects Restoration of resting membrane potential and cell volume, inhibition of inflammation

 Cautions Transient volume overload,  
pulmonary edema, osmotic 
diuresis, pulmonary edema, 
CHF, hypertension, sodium 
depletion, electrolyte abnor-
malities, acidosis, increase 
cerebral blood flow and risk of 
post-operative bleeding

Hypotension (infusion 
related) phlebitis (less 
than with higher sodium 
concentration)

Thrombophlebitis tissue 
necrosis if excavated,  
hypotension (infusion 
related)

Transient hypotension, 
thrombophlebitis, tissue  
necrosis if extravasated

Metabolic alkalosis, electrolyte 
imbalance, panic attack

Rebound ICP elevation; central pontine myelinolysis, coagulopathy (bleeding), electrolyte 
abnormalities (hypo K+, Hyper Cl- and Na+), metabolic acidosis, CHF, pulmonary edema

Additional comments One preparation; most reason-
able price requires in-line filter 
for administration

Other preparations available:
5% saline (mOsm/kg = 1710)
7.5% saline (mOsm/kg = 2566)
14.6% saline(mOsm/kg = 5370)

One preparation
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Methods of
cooling

Pictures Comments

Cooling blanket Surface cooling can be
accomplished with
circulating cold water or
cold air-forced blankets.
It takes 2-8 hours or
longer to reduce the core
temperature to
32°C-34°C and
titration and
maintenance of core
temperature can be
difficult.               

Cooled gel
surface pads

Cooling pads circulating
cooled water are
positioned together with
a temperature
conducting gel on the
trunk and upper thighs.
Rapid and well
controlled cooling and
rewarming can be
achieved with this
noninvasive device.
Skin irritation can be a
problem.               

Endovascular
cooling

An intravenous catheter
is inserted into either the
subclavian or femoral
vein and cooled, sterile
saline solution
continuously circulates
within the balloon-like
outer catheter surface in
a closed-loop flow
system from and to the
cooling machine. This
invasive cooling method
is very powerful, yet
invasive (with all
inherent adverse effects
of invasive line
placement) and venous
thromboses and
infections are known
hazards.                    

FIGURE 86-17.  Methods of cooling. Body core temperature can be controlled in various ways, that is, by employing surface (cooling blanket or cooling pads), internal (endovascular cooling), 
or a combination of these cooling methods. Each method has its own disadvantages and the decision which device to apply depends on the preference of the care team, the patient profile  
(ie, depth and duration of required temperature control), and the goal for each individual.

monitoring to assess the progress toward coma. While each bolus will 
achieve either a burst-suppression pattern or a flat EEG briefly, a full load-
ing dose usually is necessary to achieve a sustained effect. An infusion 
of 1 to 3 mg/kg/h is usually necessary to maintain the desired depth of 
anesthesia; barbiturate therapy should be guided by EEG in these cases, 
usually titrating to achieve a burst suppression pattern with the goal of 4 to 
6 bursts/min. The EEG should be monitored continuously by trained per-
sonnel. ICU nurses can be taught to interpret burst-suppression frequency.

In patients under prolonged barbiturate anesthesia, various strate-
gies must be used to compensate for the loss of ability to perform serial 
examinations including TCDs, evoked potential monitoring, and serial 
head imaging studies. Barbiturates usually cause bilaterally small pupils; 
enlarging pupils are an ominous sign. However, an important phenom-
enon is observed in patients under pentobarbital coma: An accentu-
ated ciliospinal reflex occurs usually after a maneuver such as patient 

turning, and manifests as large (>6 mm) pupils seemingly unreactive to 
light. It can be misinterpreted as a catastrophic clinical change leading to 
unnecessary interventions and imaging studies. Usually the pupils will 
react to a sustained, intense light stimulus, and the response spontane-
ously abates within minutes from onset time.140

We use barbiturates in combination with hypothermia as a unified 
treatment strategy. While permissive moderate hypothermia is recom-
mended when using barbiturates, deep hypothermia (<32°C) is associ-
ated with increased morbidity and should be avoided.

Intensive hemodynamic monitoring is required with barbiturate 
coma. Since volume depletion increases the risk of hypotension from 
barbiturates, special attention should be paid to maintaining intravas-
cular volume with the guidance of invasive monitoring. The risk of 
infection and the concurrent disruption of the febrile response to infec-
tion requires systematic surveillance for infection with regular cultures  
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(at least every other day) of endotracheal secretions, urine, and blood. 
The long half-life of pentobarbital (approximately 24 hours) leads to 
slow recovery, even when abruptly stopped. Shivering is common during 
the recovery period from barbiturate anesthesia and may require treat-
ment with opiates or short-acting sedatives (eg, propofol). In addition, 
chaotic EEG patterns are common and are often misinterpreted as status 
epilepticus.

In place of barbiturates, propofol and other sedatives have been 
used to induce sedation and coma and have been shown to be safe and 
effective (see Table 86-14).141 In addition to neural suppression caused 
by activation of the γ-aminobutyric acid A receptor and inhibition 
of N-methyl-d-aspartate receptor, propofol may have a direct neuro-
protective effect.142 For example, a combination of 5 to 50 µg/kg/min  
propofol with fentanyl (100 µg/h) allows serial neurological examina-
tions due to their short half-lives. Potential adverse reactions from 
propofol and other interventions in managing elevated ICP are listed 
in Table 86-15.

Mechanical Ventilation and Hyperventilation:  Hyperventilation induces 
rapid and effective ICP reduction through vasoconstriction induced 
by hypocapnia-associated CSF alkalosis,143 which eventually decreases 
cerebral blood flow.144,145 The duration of ICP reduction in response 
to hypocapnia is variable, but in general the ICP returns to baseline 
within minutes to hours after commencing hyperventilation due to nor-
malization of CSF alkalosis through compensatory adjustments in the 
bicarbonate buffering systems in the brain and vascular smooth muscle. 
Due to its transient efficacy and risk for resultant ischemia, hyperventi-
lation should only be utilized as a short-term emergency measure until 
more definitive methods of lowering ICP are implemented.

When hyperventilation is required for urgent management, it can be 
accomplished with an ambu mask or mechanical ventilation. Providing 
a 7 to 10 mL/kg tidal volume at a rate of 14 to 20 breaths per minute 
usually achieves substantial reduction in the partial pressure of carbon 
dioxide (PCO2). The ideal PCO2 is variable depending on baseline blood 
pH, the clinical situation and the individual patient’s response. Excessive 
hyperventilation can cause cerebral ischemia through prolonged cerebral 
vasoconstriction, a phenomenon suggested by several studies in traumatic 
brain-injured patients.146 However, in patients with severe traumatic brain 
injury, positron emission tomography demonstrated that hyperventilation 

can be safely performed to a PCO2 of 30 mm Hg, and perhaps to less than 
25 mm Hg in selected patients without consequent cerebral ischemia.147 
Furthermore, it has been shown that hyperoxia can transiently improve 
oxygen delivery to the brain during hyperventilation.148

The potential benefits of hyperventilation must be balanced against 
the potential deleterious consequences, including but not limited 
to diminished cardiac filling pressures with resultant hypotension, 
decreased myocardial oxygen supply with an increase in myocardial 
demand, elevation in mean airway pressure leading to accentuation of 
intracranial hypertension, electrolyte disturbances (eg, alkalosis, hypo-
kalemia, and hyperchloremia), and cardiac arrhythmias.149

Once other ICP-lowering strategies control ICP and CPP adequately, 
hyperventilation should be lifted. Gradual withdrawal of hyperventila-
tion is necessary to avoid rebound elevations in ICP as the PCO2 is nor-
malized. We recommend increasing PCO2 by <2 to 3 mm Hg per hour in 
patients with brittle ICP elevations. Inadvertent fluctuations in the PCO2 
levels due to variable ventilation is a common problem during patient 
transport. We recommend using transport ventilators for patients with 
intracranial hypertension to minimize variation in PCO2.

Prophylactic hyperventilation should be avoided. A prospective, 
randomized clinical study found that comatose patients who received 
prophylactic hyperventilation had significantly worse outcomes than 
patients with normocapnia.150

Tris (hydroxymethyl) aminomethane (THAM) is a buffer used to 
correct acidotic states, and is used at times to assist in the manage-
ment of patients with intracranial hypertension. The advantage of 
THAM is that it alkalinizes without changing plasma sodium or PCO2. 
THAM may have a role in limiting rebound ICP elevation during the 
withdrawal of hyperventilation, or prolonging the benefit of hyperven-
tilation in some patients.151 It is administered intravenously at a dose 
of 1 mL/kg per hour. Some of the complications associated with its use 
include local skin irritation and necrosis, hypoglycemia, and respira-
tory depression.

Corticosteroid Therapy:  Corticosteroids are mainly indicated for vaso-
genic edema from brain tumors, for example, in patients who underwent 
tumor irradiation or surgical manipulation.152 Steroids decrease tight-
junction permeability stabilizing the blood-brain barrier.153,154 Since 
AQP4 plays a key role in the pathogenesis of CNS edema, it is logical 

  TABLE 86-14    Drug Effects of Anesthetic Agents and Sedatives on Cerebral Physiology

Agent Cerebral Metabolic Rate Cerebral Blood Flow CSF Production CSF Absorption Cerebral Blood Volume Increased Intracranial Pressure

Barbiturates −4 −3 + +1 −2 −3

Benzodiazepines −2 ? + +1 −1 −1

Desflurane −3 +1 +1 −1 ? +2

Dexmedetomidine −1 −2 ? ? ? −1

Enflurane −2 +2 +1 −1 +2 +2

Etomidate −3 −2 + +1 −2 −2

Fentanyl −1 +1 + ? −1 +1

Halothane −2 +3 −1 −1 +2 +2

Isoflurane −3 +1 ± +1 +2 +1

Ketamine ± +2 ± −1 +2 +2

Lidocaine −2 −2 ? ? −2 −2

Nitrous oxide −1 +1 ± + + +1

Opioids ± + ± +1 ± ±

Propofol −3 −4 ? ? −2 −2

Sevoflurane −3 +1 ? ? ? +2

(+, +1, +2, +3), increase; (−, −1,−2,−3,−4), decrease; ±, little or no change; ?, unknown; CSF, cerebrospinal fluid; CO
2
, carbon dioxide; ICP, intracranial pressure.

The effect of commonly used anesthetics and sedatives on ICP.
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that future development of AQP4 modulators may reduce CNS edema in 
many disease states.155 Steroids in TBI and stroke patients failed to show 
any clinical benefit in outcome and were associated with significant 
morbidity.152,156 The class I study by Roberts et al studied 10,008 patients 
with clinically significant head injury and was terminated by the data 
safety monitoring committee due to adverse events and lack of benefit.156 
Furthermore, steroids are of no benefit in patients with intracerebral 
hemorrhage.157-159 Steroids benefit patients with brain abscess and bac-
terial or tuberculous meningitis as reduction of acute inflammatory 
processes can support ICP-lowering strategies. We also have seen benefit 
in patients with global brain swelling and acute herniation syndromes 
from fulminant, inflammatory syndromes such as acute disseminated 
encephalomyelitis (ADEM), in which immediate high-dose steroids 
serve as an adjunct to ICP management. Dexamethasone is preferred 
due to its low mineralocorticoid activity. It can be administered either 
parenterally or enterally at a dose of 16 to 24 mg/day in two to four 
divided doses. Higher doses can be used safely for brief periods of time 
with less clear benefit over more conventional dosing. Possible adverse 
reactions from steroids include hyperglycemia, peptic ulcers, immuno-
suppression, wound breakdown and poor healing, sleep disturbances, 
and psychosis.

■■ SURGICAL MANAGEMENT OF INCREASED ICP
Most centers use surgical interventions (other than EVD placement) 
when increased ICP is refractory to neuromedical treatment. Surgical 

procedures, if used appropriately and timed correctly, are an important 
part of the management of patients with intracranial hypertension. 
Most of the evidence supporting surgical decompression to lower ICP 
is derived from the management of patients with traumatic brain injury 
from which general guidelines can be extrapolated. Usually, patients 
with extraparenchymal mass lesions that cause significant brain com-
pression or midline shift should undergo early surgical evacuation and 
decompression as these lesions will contribute to ongoing brain injury 
due to persistent, elevated ICP. There is still some disagreement regard-
ing the surgical evacuation of intraparenchymal hematomas in TBI 
patients.162 Retrospective, single-center studies suggest improved out-
come with evacuation, although results are significantly associated with 
size and anatomical location of the bleed. Once hematoma evacuation is 
accomplished, an indwelling ICP monitoring device, if not already pres-
ent, should be placed intraoperatively, and ICP should be continuously 
monitored postoperatively.

Generally, two types of procedures can be employed either in com-
bination or individually to surgically address intracranial hypertension. 
First, removal of the primary ICP-elevating problem should occur, if 
possible (eg, hematoma evacuation, neoplasm excision, etc). In the set-
ting of severe brain injury and global edema with elevated ICP, remov-
ing the skull bone (decompressive hemicraniectomy) with splitting of 
the dura (durotomy) ipsilateral to the mass or the side with the greatest 
swelling in the absence of a focal lesion is beneficial. Factors to be con-
sidered in the surgical technique of decompressive craniectomy include 
location (ie, frontal, temporal, parietal), size of the decompression, 

  TABLE 86-15    Common Side Effects of Commonly Used Treatment Modalities

Intervention Side Effects

Intracranial pressure 
monitoring

Intracranial hemorrhage; infection; pain at insertion site

Hyperventilation Autoregulatory dysfunction; cerebral ischemia (regional or global)

Anticonvulsant

  Phenobarbital Agitation, confusion, hyperkinesia, ataxia, CNS depression, hallucinations, anxiety, dizziness, headache; hypoventilation, apnea; bradycardia, hypotension, 
syncope; nausea, vomiting, constipation; hypersensitivity reactions

  Phenytoin Hematologic complications (eg, thrombocytopenia); encephalopathy; sedation; hypotension, cardiac arrhythmia

  Valproic acid Headache, somnolence, dizziness, insomnia, nervousness, pain, alopecia, nausea, vomiting, diarrhea, abdominal pain, dyspepsia, anorexia, thrombocytopenia, 
tremor, weakness, diplopia, amblyopia

  Levetiracetam Behavioral symptoms (confusion, agitation, aggression, anger, anxiety, apathy, depersonalization, depression, emotional lability, hostility, hyperkinesias, irritability, 
nervousness, neurosis, and personality disorder); vomiting; anorexia; weakness; pharyngitis

  Lacosamide Dizziness, headache, ataxia, somnolence, tremor, nystagmus, balance disorder, vertigo, diplopia, blurred vision; nausea, vomiting, diarrhea; fatigue, gait 
disturbance, asthenia

Hyperosmolar therapy

  Mannitol Congestive heart failure; circulatory overload; hypo- or hypertension; chills, convulsions, dizziness, headache; volume depletion; pulmonary and peripheral edema; 
electrolyte abnormalities (pseudohyponatremia); osmotic nephropathy (especially when volume depleted); metabolic acidosis, water intoxication; acute tubular 
necrosis (>200 g/day; serum osmolality >320 mOsm/L); subdural hematomas that result from shearing of bridging veins due to hyperosmolar contracture of brain

  Hypertonic saline CNS changes (encephalopathy, lethargy, seizures, coma); central pontine myelinolysis (often seen in alcoholic and malnutrition patients); congestive heart failure; 
transient hypotension (during bolus); electrolyte derangements; cardiac arrhythmias; pulmonary and peripheral edema; hyperchloremic metabolic acidosis;  
subdural hematomas that result from shearing of bridging veins due to hyperosmolar brain shrinkage; hemolysis with rapid infusions, resulting in sudden 
osmotic gradients in serum; phlebitis with infusion via peripheral route; coagulopathy; rebound hyponatremia leading to cerebral edema with rapid withdrawal

Barbiturates (thiopental/
pentobarbital)

Respiratory depression and hypercarbia; nausea; vomiting; hypotension and cardiac suppression; infection; confusion, paradoxical reactions, constipation, 
diarrhea, phlebitis

Propofol Hypotension; hypopnea; arrhythmia; decreased cardiac output

Propofol infusion syndrome (PRIS) (acute refractory bradycardia leading to asystole, with one or more of the following: metabolic acidosis, rhabdomyolysis, 
hyperlipidemia, enlarged or fatty liver)

Paralytics Clinical examination diminished; myopathy; prolonged paralysis following discontinuation; raised intracranial pressure

Therapeutic hypothermia Electrolyte abnormalities (hypokalemia, hypocalcemia); cardiac suppression, arrhythmias (including asymptomatic electrocardiographic changes); infection 
due to immune suppression; reduced creatinine clearance (during the active phase of hypothermia); pancreatitis

CNS, central nervous system.

Some commonly used increased ICP treatment modalities and anticonvulsant medications and their adverse profiles.
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814A) ICP Identification and stabilization phase

ICP likely elevated
Suspected clinically and/or on imaging

Step 3: Head CT obtained

Step 4: Neurosurgical intervention 

1. Surgical decompression (eg, hematoma evacuation, CSF drainage with EVD if with hydrocephalus,
    decompression craniectomy)

2. Brain monitoring:
    1) ICP and/or EVD; 2) brain temperature; 3) PBtO2

, transcranial oximetry, jugular vein oximetry;
    4) cerebral blood flow; 5) microdialysis

Step 2: Stabilization phase

Decompression:
Head elevated at 30°C-45°C and straight; neck without tight wrapping
Mannitol 1 g/kg IV bolus (or 23.4% saline 30 mL IV bolus)
Focused serial neurological examinations
Preparation for immediate head CT (often also CTA and neck CT)

Circulation: 
Initiate volume resuscitation (normal saline/colloids/blood products)
Stabilize blood pressure to MAP >80 mm Hg (fluids/pressors)

Airway/breathing:
Stabilize airway, oxygenate, and maintain O2 sat >90%
Cervical spine precaution if needed
Rapid screening neurological examination
Intubate if needed; avoid  hypoxemia, hypoventilation, and flat-on-bed time periods
Induction medication (example):

Propofol: 25-50 mg IV bolus for induction every 10 seconds  then drip (5-80 μg/kg/min) 
Fentanyl: 50-100 mcg/dose then drip (25-200 μg/h)
If needed, vecuronium 0.1 mg/kg IV

Hyperventilate if with herniation signs and target PaCO2 28-30 mm Hg (<20 min)
Minimize coughing, asynchrony, Valsalva, restlessness, etc

Step 1: Recognizing intracranial hypertension

High-risk conditions (see Table 86-7): coma, TBI, infection
Suggestive on examination (see Tables 4 and 5): herniation signs, unreactive pupil, posturing, etc
Imaging evidence (see Table 4): diffuse brain edema; mass lesion with brain shift, hydrocephalus, etc

B) Advanced ICP treatment approach

Level 1: Temporary ICP elevation and crisis

Check EVD (waveform, level, drainage); drain 3-5 mL of CSF
Temporary increase in sedation
20% mannitol 1 g/kg IV bolus ×1 over 15-30 minutes OR 23.4% saline solution 30 mL IVP ×1 over 5 minutes
Short-term paralysis

Level 2: Recurrent or persistent ICP elevation

Carefully reassess the patient as in Step 1
Repeat head CT

Deepen sedation; switch to midazolam 0.02-0.2 mg/kg/h
IV bolus of 20% mannitol 1 g/kg × 1 then 0.5 g/kg × 4-6 h; adjust serum osmolality to target 320-340 mOsm/L 
Neuromuscular paralysis → vecuronium 0.8-1.4 μg/kg/min IV infusion rate
Video EEG to exclude non-convulsive seizures

If PBtO2
 below target of >20 mm Hg consider:  Increase CPP in 5 mm Hg increments; increase FiO2 by 10% to reach

goal; transfusion if Hgb <10 g/dL

Mild brain hypothermia ~35°C; treat shivering

Adjust serum Na level to 150 to 155 range: 
3% Hypertonic saline infusion at 150 mL every 4 hours  
Na and serum osmolality checks every 6  hours

Moderate hyperventilation → PaCO2 30-32 mm Hg; monitor PBtO2

Consider craniectomy

Level 3: Refractory ICP elevations

Carefully reassess the patient as in Step 1
Repeat head CT

Decompressive craniectomy and durotomy (unilateral or bilateral)
If not a candidate → proceed with below

Pentobarbital (PB) coma → burst suppression × 48 hours:
PB loading 20 mg/kg over 60 min followed by 1 mg/kg/h, may reload with 5 mg/kg and titrate
drip up to 3 mg/kg/h Goal: 4-6 bursts per minute on cvEEG
Cautions: MAP may drop: may use smaller loading aliquots if hypotensive
                   Pressors at bedside to maintain CPP
                   Stop other sedatives; may not need neuromuscular paralysis   

Increase hypothermia × 48 hours:
Target brain cooling temperature 32°C (see Table 15)
Rewarm slowly (rebound ICP likely), if tolerated 0.3°C/hour or as slow as 1°C every 24 hours
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Summary of brain target goals

ICP; <20 mm Hg; CPP; 60-70 mm Hg, CVP; 10-12 mm Hg; PaO2
; >80 mm Hg;

Brain temp; <37°C; PBtO2
; >20 mm Hg

IV. Pulmonary  
Protect and secure airways
Spine precautions in trauma patients
Avoid hypoxia; goal PaO2 >80 mm Hg
Goal O2 sat >90%
Keep PaCO2

 35-38 mm Hg
No prolonged hyperventilation
Hyperventilation may be used for ICP crises or pending herniation
Avoid hypercapnia (vasoconstriction may produce ischemia)
Do ABGs and use end tidal CO2
Do chest x-ray

V. Gastroenterology 
Early feeding (within 24 hours)
Maximize caloric feeding for critically ill patients
Laxative
Prokinetic medications,  if with ileus

VI. Infectious Disease        
Aim for normothermia (Brain temp <37°C)
Prevent shivering  
If febrile and with EVD, examine CSF

VII. Hematology 
Normalize bleeding parameters (eg, platelet count >100 k/mL)
DVT prophylaxis within 24-72 hours
If heparin or LMWH is considered, caution if existing coagulopathy

VIII. Endocrinology 
Maintain glucose 140-180 mg/dL; avoid hypoglycemia

IX. Pain 
Minimize noxious stimuli upon examination and bedside care
Examine patient off sedation, if ICP stable
Sedation, eg, propofol drip titrate to RASS-2
Analgesia, eg, morphine IV or fentanyl infusion
Paralytics if indicted, eg, vecuronium 

FIGURE 86-18.  Algorithm for treatment of intracranial hypertension. Constant evaluation of neurological, hemodynamic, and respiratory status is vital in the management of increased intracranial pressure. Imaging of the brain at any point in 
the algorithm may be done as indicated. General measures in a systematic manner that includes the medical and surgical management goals are summarized. There should be a careful and frequent reassessment in any patient with labile ICP. AED, 
antiepileptic drugs; CSF, cerebrospinal fluid; CPP, cerebral perfusion pressure; CTA, CT angiography; cvEEG, continuous video EEG; CVP, central venous pressure; DVT, deep vein thrombosis; EVD, external ventricular drainage; GCS, Glasgow Coma Scale; ICP, 
intracranial pressure; IVP, intravenous push; MAP, mean arterial pressure; OR, operating room; PBtO2, brain oxygen saturation; RASS, Richmond agitation sedation scale; TBI, traumatic brain injury.

Step 5: Neurocritical care approach 

I. Neurologic  
Clinical exam charted hourly
Monitor for herniation signs  (see Tables 4 and 5)
Cervical spine clearance
Avoid drugs that increases ICP (see Table 15)
Detect, prevent and treat seizures; cvEEG x 48 hours
Decide on prophylactic AED for 7-14 days
If  with seizures, may use ativan or diazepam IV then fosphenytoin
If status epilepticus,  proceed with protocol approach
Repeat head CT, if

Clinical deterioration, GCS change within less than 48 hours after injury
ICP rising or remains elevated

Correlate exam, ICP monitor (check for malfunction, artifacts, etc),  and imaging results
Maximize decompressants (medical and surgical) as appropriate
If still unable to attain target  ICP despite the decompressants, proceed to protocol
   approach in applying pharmacologic coma (ie, propofol, pentobarbital, etc)
Neurosurgery service standby

II. Cardiovascular 
Avoid cerebral hypotension (CPP <60 mm Hg);
Maintain head elevation at 30°-45°
Keep neck straight; avoid tight neck wrapping
Stabilize CPP at 60-70 mm Hg
Control arrhythmias
If no ICP monitoring, maintain MAP at 80-90 mm Hg
May use inotropics
   (preferably phenylephrine, norepinephrine, etc)

Check ECG and 2D echo

III. Renal 
Aim for normo- to mild hypervolemia
No hypotonic or dextrose fluids
Maintain intravascular hydration (use CVP)
First target serum Na 145-150 mg/dL then adjust as needed
Maintain serum osmolarity at 320-340
Normalize other electrolytes (K, iCa, Mg)
Monitor creatinine and estimated clearance
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involvement of the dominant or nondominant hemisphere, the require-
ment for a unilateral or bilateral procedure, and the necessity for dural 
closure or the use of a dural patch to significantly expand the intracra-
nial compartment. Diffuse cerebral edema usually requires bifrontal 
craniectomies in order to sufficiently control ICP.164 Unfortunately, there 
is currently little consensus among neurosurgeons with respect to the 
indications, usefulness, and techniques of decompression. The crani-
ectomy must be large enough to relieve brain swelling and control ICP 
as well as to reduce the risks of herniation through the craniectomy site 
and along the bony edges (Fig. 86-12). The latter can be associated with 
new hematoma formation. There is also lack of consensus as to the exact 
timing of craniectomy. Intuitively, decompression should be performed 
as soon as neuromedical ICP management fails and prior to irreversible 
secondary brain injury from uncontrolled ICP and brain swelling. A 
reasonable approach seems to indicate decompressive surgery either at 
the time of surgery for a focal mass lesion (ie, the need is evidenced by 
the extent of intraoperative brain swelling) or to immediately proceed to 
surgery when ICP is refractory to protocol-based maximal neuromedi-
cal therapy. Neurosurgical consultation should occur early to optimize 
a timely team approach. It is essential for the nonsurgeon to mutually 
formulate with the operative colleague an a priori care approach includ-
ing defining refractory ICP (eg, ICP >25 mm Hg for >15 minutes after 
escalation of nonsurgical measures).

Complications of decompressive craniectomy occur in approxi-
mately 30% of patients.165 After craniectomy, subdural hygroma forma-
tion (16%-50%), contralateral development of subdural or epidural 
hematoma (6%-25%), hydrocephalus (2%-29%), excessive herniation 
through the skull defect (up to 26% depending on the definition), 
and intracranial infections (2%-6%) have been reported. The removed 
bone is stored either within the patient’s abdominal tissue pouch or 
under sterile conditions at an organ bank. The bone is placed back 
into the skull defect (cranioplasty) at a variable time point following 
craniectomy once the brain parenchyma has sufficiently decompressed 
to allow for bone replacement, usually 6 to 8 weeks later. Perioperative 
infection (about 11%) and bone flap resorption and sinking after cra-
nioplasty (up to 12%) can complicate this procedure. The syndrome 
of the trephined has been described after craniectomy and includes 
headaches, memory disturbance, mood alteration, dizziness, and 
sometimes contralateral upper extremity weakness not due to the ini-
tial injury.165 It is reversed by cranioplasty. Paradoxical herniation has 
been described as a complication of lumbar puncture after extensive 
craniectomy166

■■ ALGORITHM APPROACH TO ELEVATED ICP (SEE FIG. 86-18)
Figure 86-18 represents an algorithmic approach in the management 
of elevated ICP.

GENERAL DISEASE-SPECIFIC COMMENTS
While we cannot provide an exhaustive delineation of management 
recommendations for all causes of intracranial hypertension, we would 
like to address disease-specific recommendations for some of the causes 
most commonly encountered in a medical critical care setting.

■■ TRAUMATIC BRAIN INJURY
One of the most deleterious forms of secondary injury is intracranial 
hypertension due to global cerebral edema. Surgical decompressive 
craniectomy, nowadays most commonly in the form of bilateral fron-
totemporoparietal bone removal, is performed in severe TBI patients 
with medically refractory ICP elevations with increasing frequency. 
However, until very recently there was only one small, prospective, ran-
domized trial that used bitemporal decompression without durotomy 
in 27 children (no longer an accepted surgical approach) and supported 
surgical therapy.167 A landmark multicenter randomized controlled 
Decompressive Craniectomy (DECRA) investigated standard neuro-
critical care versus standard care plus early decompression employing 

bifrontotemporoparietal craniectomy with durotomy in adults (<60 
years old) with severe TBI (GCS 3-8) and refractory intracranial 
hypertension (defined in this study as elevation of ICP >20 mm Hg for 
>15 minutes).168 The study showed significant reduction in ICP, fewer 
interventions for increased ICP, and fewer days in the ICU for the 
surgical group; however, clinical outcome as assessed by the Extended 
Glasgow Outcome Score was worse in the surgical group. Patients 
in the decompression group had an odds ratio for a worse score of 
1.84 (95% CI 1.0-3.24; p = 0.03) and a greater risk for unfavorable 
outcome (odds ratio 2.21; 95% CI 1.14-4.26; p = 0.02) while rates 
of death at 6 months were similar in both groups (surgical 19% and 
medical 18%). In this study refractory ICP was defined as ICP around 
20 mm Hg for a short time period whereas practicing physicians 
would use medical therapy for longer time periods. Further, close to  
3500 patients were screened to enroll 155 patients because patients 
with a mass lesion (eg, hematoma) were excluded, as were patients with 
successful control of increased ICP. Early surgical evacuation of focal 
mass lesions is indicated in all severe TBI patients and in many cases 
the operating surgeon intraoperatively decides to extend the surgery 
to include craniectomy because of severe brain swelling. For example, 
in a multicenter survey involving 726 TBI patients undergoing sur-
gery because of an intradural mass lesion about one-third required 
also a mostly unilateral decompressive procedure at the side of the 
hematoma.162 Therefore, the study population represents a selected, 
small subgroup of severe TBI patients. This problem will be at least 
in part addressed in another trial called Randomized Evaluation of 
Intracranial Pressure (RESCUEicp) in which patients are randomly 
assigned to either standard care or standard care plus craniectomy 
(either bifrontal decompression or unilateral wide decompression) 
when maximal medical therapy cannot maintain ICP <25 mm Hg for 
more than 1 to 12 hours.169

■■ LARGE SUPRATENTORIAL HEMISPHERIC INFARCTION
While large, supratentorial cerebral hemispheric infarctions (LHI) are 
not common (accounting for less than 10% of all ischemic strokes), they 
are associated with a high mortality rate (70%-80%) and severe disabil-
ity in survivors when standard medical management is used.170,171 As a 
result, physicians involved with the management of these patients must 
be equipped with a contemporary management strategy to minimize 
disability and mortality in patients in whom survival is desired and in 
keeping with the patient’s life philosophy. LHI defines a group of patients 
with disabling strokes at risk for variable degrees of infarct extension, 
brain swelling, and life-threatening brain herniation due to intracranial 
hypertension. Furthermore, progress becomes quite predictable when 
serial bedside examination and neuroimaging are utilized to determine 
deterioration. This helps guide decision-making regarding the imple-
mentation of early interventions.

In addition to the usual priorities of general systemic care (eg, respi-
ratory, cardiovascular, and nutritional) and general stroke care (eg, 
glucose control, fever management, DVT prophylaxis), patients who 
suffer from an LHI should receive thoughtful application of medical 
treatments and monitoring to optimize brain perfusion, minimize 
brain swelling, and limit brain tissue shifts. There should be early dis-
cussion with the patient (if possible), family, and surrogates regarding 
(1) the patient’s life priorities and directives prior to the stroke as they 
may apply to decision-making regarding level of care and employing 
aggressive therapy in the context of a disabling stroke; (2) a strategic 
monitoring plan for early detection of deterioration and brain swelling 
should be implemented; (3) and other professionals (eg, neurosurgeons, 
palliative care specialists) should be engaged for the timely application 
of treatments necessary in case of significant worsening. Factors that 
increase the likelihood of mortality include high National Institutes 
of Health Stroke Scale scores, early drowsiness, and early nausea and 
vomiting.172-176 These prognostic factors are generally associated with 
larger infarctions; CT and MRI studies predictably confirm a correla-
tion between supratentorial infarction volume and outcome.177,178 All 
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FIGURE 86-19.  Regional mass lesion and ICP differential. This schematic diagram demonstrates the concept of evolving pressure differentials within the intracranial cavity resulting from a 
brain region affected by an expanding mass lesion. Pressure differentials are compensated for by tissue shift (brain herniation) along the largest pressure gradient vector. Almost always worsen-
ing tissue shift leads to worsening clinical examination.

patients with acute LHI should be considered at risk for severe, life-
threatening deterioration. This is supported by the preliminary results 
of the completed HeADDFIRST study, a prospective randomized pilot 
clinical trial on LHI and surgical decompression. In that study, 65% 
of the registered patients with at least complete MCA territory infarc-
tion (based on acute clinical and CT imaging criteria) developed life-
threatening brain swelling and tissue shifts (>7 mm of anteroseptal 
shift or >4 mm of pineal shift from midline) within 96 hours of stroke 
onset.179 Recently, the results of three European randomized, controlled 
clinical trials of early decompressive surgery in malignant infarction of 
the MCA (DECIMAL, DESTINY, and HAMLET trials) were reported 
and concluded that decompressive surgery undertaken within 48 hours 
of stroke onset reduces mortality and increases favorable functional 
outcome in patients <60 years old.180

While patients with acute ischemic stroke are heterogeneous with 
variable baseline blood pressures and stroke mechanisms, those patients 
with LHI more likely have large-vessel narrowing or occlusion, autoreg-
ulatory dysfunction, and are vitally dependent on collateral circulation. 
Blood pressure lowering should only be performed with great caution in 
patients with LHI, with clearly prioritized goals, thoughtful agent selec-
tion, and vigilant monitoring to avoid overtreatment. Depending on the 
extent of brain swelling and the degree of desired blood pressure control, 
it may be appropriate to consider parenchymal ICP or CBF and brain 
oxygen saturation monitoring to avoid exacerbating regional cerebral 
hypoperfusion. In most cases, we recommend maintenance of the blood 
pressure at least in the high-normal range in order to maintain collateral 
perfusion since cerebral edema progressively challenges this vital brain-
preserving source of cerebral blood flow.

The majority of patients who deteriorate from LHI do not exhibit 
significant ICP elevations or cerebral hypoperfusion as an early con-
tributing factor to their worsening.99 Their clinical deterioration is 
mainly due to herniation from evolving focal brain pressure differen-
tials caused by regional cerebral edema in the area of the infarction 
(Fig. 86-19). Indiscriminant administration of osmolar therapy (man-
nitol or hypertonic saline) or contralateral ventricular drain insertion 
and CSF drainage (the ipsilateral ventricle is usually collapsed) can 
lead to accentuation of the pressure differentials that drive BTD and 
augment the clinical worsening. Careful discrimination of appropriate 
management strategies for these patients in the setting of elevated ICP 
is therefore warranted.99,171,174,181

■■ FULMINANT HEPATIC FAILURE
Fulminant hepatic failure (FHF) is a devastating disease, though improve-
ments in its management have increased survival. FHF is associated 
with brain edema, intracranial hypertension, and cerebral herniation.182 
Cerebral edema occurs by both vasogenic and cytotoxic mechanisms, 
with an 80% occurrence rate in grade IV encephalopathy.183,184 Brain 
edema in FHF is global and usually symmetric (Fig. 86-20). The patho-
physiology of FHF-related brain edema originates from elevated serum 
ammonia, which raises cerebral intracellular glutamine and interferes 
with cellular metabolism and energy balance.183,185,186 Energy failure con-
tributes to cellular swelling, excess nitric oxide, altered CO2 reactivity, 

FIGURE 86-20.  Global cerebral edema from fulminant hepatic failure. This unenhanced 
head CT identifies global cerebral edema in a patient with fulminant hepatic failure. Note the 
attenuation of CSF spaces (cisterns, ventricles) and loss of gray and white matter distinction 
with diffused effacement of the sulci and gyri.
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and loss of cerebral autoregulation, which disrupts the blood-brain bar-
rier and contributes to cerebral hyperemia.187-190

The potential for the development of brain swelling should be 
anticipated in all FHF patients. Early detection of cerebral edema 
is imperative in order to mitigate its progression and proactively 
manage its complications. Since encephalopathy limits neurological 
examination, accurate detection of ICP elevations is frequently not 
possible. Additionally, the symptoms of encephalopathy can mimic 
those of cerebral edema, making the selection of appropriate therapy 
difficult. For example, stage IV encephalopathy patients frequently 
demonstrate diffuse hyperreflexia and increased motor tone with 
decerebrate posturing in the absence of cerebral edema. A fluctuating 
mental status can also mask underlying seizures, making this diagnosis 
difficult. It is therefore prudent to rule out seizures with EEG in FHF 
patients demonstrating a fluctuating sensorium.

Cerebral edema most often occurs in those with higher-stage enceph-
alopathy, and imaging should be performed in all patients with FHF to 
rule out intracerebral hemorrhage and to delineate the presence and 
severity of cerebral edema. Early stage cerebral edema may be misinter-
preted as a normal imaging study in the hands of inexperienced physi-
cians. Furthermore, intracranial hypertension has been reported in FHF 
patients with normal CT scans.188,191

Once a patient develops higher stages of FHF encephalopathy, cere-
bral edema and hypoperfusion occur and can be missed in the absence 
of ICP monitoring. At present, the use of ICP monitoring in FHF is not 
currently supported by Class I evidence but it is indicated as an adjunct 
therapy.192 In our experience, bedside parenchymal monitors can be 
inserted without significant complications even in those with coagu-
lopathy. We prefer to place a parenchymal monitor in the nondominant 
hemisphere with the administration of 2 units of fresh frozen plasma 
(FFP) before, 1 unit during, and 2 units after the procedure. ICP monitor 
placement can be timed so that invasive line insertions can be coordi-
nated with FFP infusions.

Some neuroclinicians prefer to insert EVDs in FHF patients with 
potential intracranial hypertension to allow for CSF drainage to treat 
plateaus in ICP. This modality of ICP monitoring carries a higher risk 
of hemorrhagic complications in those with coagulopathy. Furthermore, 
once the ventricles collapse, there is loss of hydrostatic CSF column and 
ICP measurements become unreliable.

Mannitol can be useful in some patients with FHF.193 Its use should pri-
marily be considered in nonoliguric patients without significant hyper-
natremia. We generally use 0.25 to 0.5 g/kg aliquots of mannitol infused 
over a 20- to 30-minute period. FHF patients are frequently in a hyper-
osmolar state. Therefore, we do not titrate mannitol to a specific serum 
osmolality. Rather, mannitol is administered intermittently to achieve 
the desired effect on ICP. Mannitol may lose its effectiveness after several 
doses, and other therapeutic strategies should therefore be considered 
concurrently. As is typical with the use of an osmotic diuretic, volume 
depletion can be an important complication with resultant hypotension.

Most patients with FHF will develop spontaneous hyperventilation, 
which is thought to be related to an increase in circulating free fatty acids 
and ammonia. While the institution of hyperventilation can be beneficial 
in lowering ICP acutely, it has no prolonged benefit in FHF as is true with 
most etiologies of cerebral edema and intracranial hypertension.194,195 
Strict titration of the PCO2 to low normocapnic ranges is recommended.

Induced hypothermia can be a favorable strategy for both neuropro-
tection and deterring the development of cerebral edema in FHF. In 
one study, FHF patients with intracranial hypertension refractory to 
osmotherapy and ultrafiltration were studied. Moderate hypothermia to 
32°C to 33°C was achieved with cooling blankets. The mean ICP before 
and after cooling was 45 and 16 mm Hg, respectively. The mean CPP 
rose from 45 to 70 mm Hg. Proactive strategies to allow early detection 
and treatment of fever (identified by increased cooling demands) are an 
important part of the management plan (Fig. 86-17).

Like most other therapeutic strategies for ICP lowering, in FHF there 
have been few reliable studies to guide barbiturate therapy. It has been 

shown to have an impact on controlling ICP in Reye syndrome.196 In 
FHF, it is best considered in patients with either refractory intracra-
nial hypertension and/or those with oliguria or anuria. In one study 
of 13 FHF patients with acute renal failure and refractory intracranial 
hypertension, thiopental was infused slowly to a maximum of 500 mg 
to achieve an ICP <20 mm Hg, CPP >50 mm Hg, or until hypotension 
developed.135 In each case, the ICP was reduced with the administration 
of 185 to 500 mg (median = 250 mg) of thiopental over a 15-minute 
period. In eight patients, a constant infusion was required (50-250 mg/h) 
to maintain adequate ICP and CPP. Given the small number of patients 
and unclearly defined end points, it is difficult to assess the true benefit 
of the ICP-lowering effects of this agent in the setting of liver failure. 
However, unique to FHF, impaired barbiturate metabolism and clear-
ance often precludes the need for a maintenance infusion.

Class I therapies for decreasing intracranial hypertension in FHF 
include mannitol and hypertonic saline. Hyperventilation, hypo-
thermia, and bioartificial liver are supported by Class II evidence, 
indomethacin, thiopental, and propofol by Class III evidence.192 Liver 
transplantation is the ultimate treatment for liver failure and hepatic 
encephalopathy.197 Patients with high-grade hepatic encephalopathy 
and significant cerebral edema are poorer candidates for transplant. In 
our experience, brain injury can be avoided with aggressive, proactive 
normalizing therapy.

■■ GLOBAL CEREBRAL HYPOPERFUSION
Intracranial hypertension can be seen after global cerebral hypoperfu-
sion, cardiac arrest, prolonged hypotension, or severe hypoxia. It is a 
reflection of diffuse ischemic injury, which shares some pathophysi-
ologic mechanisms with other causes of global cerebral injury. Rapid 
depletion of cerebral oxygen and ATP leads to loss of ionic gradients 
that normally consume three-fourths of total cell energy. Subsequently, 
potassium efflux and sodium influx result in neuronal and interstitial 
swelling with extracellular accumulation of glutamate. Once spontane-
ous circulation is restored, different mechanisms contribute to reper-
fusion injury, among them impaired cerebral microcirculation and 
autoregulation plus the formation of damaging oxygen-free radicals. 
Specific areas of the brain are especially vulnerable to ischemia, includ-
ing hippocampal CA1 neurons, pyramidal neurons in the cerebral 
cortex, and cerebellar Purkinje cells. Frequently, brain regions between 
major cerebral vascular territories (watershed zone) become ischemic as 
well. Brain imaging (Fig. 86-21) demonstrates diffuse cerebral edema, 
that is, global swelling and lack of delineation of gray and white matter 
resulting loss of visible sulci.

Rapid and early induction of cooling (eg, in the ambulance, emer-
gency room, or ICU) is employed in many cases. Figure 86-17 
illustrates the different cooling methods to induce therapeutic, short-
term hypothermia.90 Seizures and various patterns of myoclonic jerks 
are common following cardiac arrest and continuous video EEG 
helps categorize the clinical findings. Management of these patients 
focuses on general brain-oriented therapeutic modalities; unfortu-
nately, “neuroprotective” pharmacologic interventions (eg, antioxidant 
medications, corticosteroids, calcium channel blockers, glutamate 
antagonists, etc) have no proven benefit.

■■ SEPTIC ENCEPHALOPATHY
Impaired consciousness in some patients with prior focal deficits or 
seizures can be the early clinical signs of sepsis and sepsis-associated 
delirium in up to 70% of patients.198,199 Septic shock can lead to global 
hypoperfusion and eventually produce regional or global brain ischemia. 
In addition, other mechanisms (eg, hypoxemia, hypercapnia, glucose 
abnormalities, electrolyte imbalance, inflammatory reactions, and sys-
temic organ dysfunction) can concomitantly affect cerebral blood flow, 
and autoregulation. Direct cerebral insults sustained in the setting of 
ongoing sepsis, such as ischemia, cerebral micro- and macro-hemor-
rhage, microthrombi, microabscesses, and multifocal necrotizing 
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FIGURE 86-21.  Global ischemia and cerebral edema. Unenhanced head CT of an 83-year-old man who complained of sudden severe headache during dialysis, arrested and was resus-
citated for 2 hours. Global brain swelling described as no distinction of gray and white matter and effacement of all gyri and sulci can be identified. Subarachnoid hemorrhages secondary to 
ruptured aneurysm with mild intraventricular extension, which lead to hydrocephalus, are also shown.

leukoencephalopathy, can eventually lead to cerebral edema.200,201 In 
addition, inflammatory responses can lead to impaired pressure auto-
regulation resulting in increased vulnerability of the brain to hypoperfu-
sion.202 Ultimately, sepsis survivors may have long-term neuropsychiatric 
deficits.199 Patients with underlying sepsis and fluctuating sensorium or 
progressive decline in arousability should undergo noncontrast CT scan 
and continuous video EEG monitoring.

■■ HYPERTENSIVE ENCEPHALOPATHY AND ECLAMPSIA
Hypertensive encephalopathy results from blood pressure elevations 
beyond autoregulatory thresholds leading to increased extracellular water, 
predominantly by hydrostatic mechanisms. In addition, variable degrees 
of parenchymal hemorrhage, often localized in the end-arterial border 
zones along the frontal and posterior parietal convexities, can occur  
(Fig. 86-22A). It is important to realize that hypertensive encephalopathy 
is a reversible cause of brain swelling and the extent does not necessarily 
correlate with the extent of neuronal injury. A typical MRI pattern on 
fluid-attenuated inversion recovery (FLAIR)–weighted imaging identi-
fies what has also been described as posterior reversible edema syndrome 
(PRES). Predominantly affected regions are the bilateral parietooccipital 
areas with vasogenic edema. Sometimes subcortical white matter is 
affected, but cortical involvement is also common.125,203,204 Another term, 
diffuse reversible edema syndrome (DRES) is also being used instead 
of PRES since the frontoparietal lobes are often involved (Fig. 86-22B). 
PRES/DRES are descriptive clinicoradiological findings, and physicians 
involved in the care of acutely, difficult-to-control hypertensive patients 
must have a high suspicion of the clinical spectrum associated with these 

conditions, especially with concomitant use of cytotoxic drugs, immuno-
suppressives, and acute or chronic renal diseases.205 Treatment is focused 
on removal of the causative agent, oxygenation, and treatment of seizures. 
Blood pressure control is the focus of the treatment of brain swelling; 
however, reducing blood pressure does not achieve immediate resolu-
tion of cerebral edema. If the patient already has significant intracranial 
hypertension and diminished intracranial compliance (aided by clinical 
and imaging parameters), ICP monitoring may be necessary to guide the 
pace and degree of blood pressure reduction with respect to maintaining 
adequate CPP.

Mechanisms of brain swelling from eclampsia are similar to those in 
hypertensive encephalopathy. However, the management of eclampsia-
associated intracranial hypertension has the added priority of urgent fetal 
delivery. Cesarean section is the preferred mode of delivery in almost all 
cases. Spinal anesthesia should be avoided due to the risk of precipitating 
central herniation with CSF drainage. General anesthesia should include 
close attention to the blood pressure to avoid degrees of lowering that 
could compromise cerebral perfusion. In general, successful manage-
ment of intracranial hypertension is best guided with a parenchymal ICP 
monitor.

Both hypertensive encephalopathy and eclampsia can be associated 
with ominous clinical presentations and imaging studies. Neither 
midposition unreactive pupils with extensor posturing nor CT changes 
suggestive of bilateral end-arterial border zone infarctions with 
hemorrhage should deter aggressive management in such patients. In 
our experience, both scenarios can potentially lead to good outcomes 
when treated promptly and aggressively.
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FIGURE 86-22.  Images of hypertensive encephalopathy or posterior reversible edema syndrome (PRES). A. Unenhanced head CT in a patient with hypertensive encephalopathy. Arrows 
(black) pointing to the regions of the end-arterial border zones and changes consistent with ischemia and hemorrhage are visible. B. MRI in a 34-year-old postpartum female who presented 
with gradual onset of headache, confusion, and seizures with associated relative hypertension. FLAIR sequences show bilateral frontoparietal foci of subcortical hyperintense signal during the 
acute presentation (left) and regression of the lesions (and normal examination) 6 weeks later (right).
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87
C H A P T E R Neuromuscular Diseases 

Leading to Respiratory 
Failure
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KEY POINTS

•• Neuromuscular disorders (NMDs) in critical care may be divided 
into those that precipitate admission to the ICU and those that 
arise during ICU management.

•• Many patients who present to the ICU as a result of an underlying 
neuromuscular disorder will have a previously defined diagnosis. 
However, when a patient presents with recent onset of acute or 
subacute bilateral muscle weakness, a broad differential diagnosis 
must be considered.

•• A rapidly progressive spinal cord lesion is the most important 
diagnosis to consider and immediately exclude in patients present-
ing with ascending or flaccid paralysis.

•• The maximal inspiratory pressure (MIP), maximal expiratory 
pressure (MEP), vital capacity (VC), and qualitative judgment of 
oropharyngeal function are the most important parameters to fol-
low in patients with NMDs.

•• An effective cough is unlikely with a MEP <40 cm H2O and risk of  
hypercapnia increases when MIP is less negative than −30 cm H2O.  
A VC <30 mL/kg impairs secretion clearance and respiratory fail-
ure is common at values <15 to 20 mL/kg.

•• Sleep-related deterioration in alveolar ventilation resulting in hyper-
capnia and hypoxia is common in patients with respiratory muscle  
impairment.

•• Most patients with Guillain-Barré syndrome or myasthenia gravis 
of sufficient severity to precipitate ICU admission will benefit from 
treatment with plasma exchange or intravenous immunoglobulin.

•• Muscle biopsy is useful in the diagnosis of polymyositis, mitochon-
drial disease, and other myopathies, and should be considered when 
electrophysiologic and other testing does not offer a clear diagnosis 
of peripheral neuropathy or myoneural junction diseases.

NEUROMUSCULAR DISORDERS IN CRITICAL CARE: 
GENERAL ASSESSMENT AND MANAGEMENT
Neuromuscular weakness may result from disorders involving the 
peripheral nerves, neuromuscular transmission, or skeletal muscles. 
Neuromuscular disorders encountered in the critical care setting may 
be divided into those that result in ICU admission and those that are 
acquired during treatment of critical illness. Most patients who present 
to the ICU as a result of an underlying neuromuscular disorder will have 
a previously defined diagnosis. However, when a patient presents with 
recent onset of acute or subacute bilateral muscle weakness, a broad dif-
ferential diagnosis must be considered (Table 87-1). The initial approach 
to differential diagnosis attempts to define the principal level of abnormal-
ity based on the patient’s history and findings on neurologic examination 
(Table 87-2). Additional diagnostic tests such as neuroimaging, nerve 
conduction, and electromyogram (EMG) studies are often needed to 
establish the underlying disorder more reliably. An easy to remember 
mnemonic, MUSCLES, may be helpful in remembering some of the most 
common causes of generalized weakness in the ICU1 (Table 87-3).

Involvement of respiratory muscles is the most common reason that 
patients with primary neuromuscular disorders are admitted to the ICU.  

Although lesions involving the upper and lower motor neuron may 
occasionally be responsible, more often the underlying disorder affects 
the peripheral nerves (eg, Guillain-Barré syndrome, GBS), neuromuscu-
lar junction (eg, myasthenia gravis, MG), or skeletal muscles (eg, derma-
tomyositis and polymyositis, DM/PM). In this chapter, we will address 
neuromuscular disorders that may present with acute or subacute 
declines in respiratory muscle strength leading to acute respiratory 
failure. Our discussion will primarily focus on GBS, MG, and DM/PM.  
We will also offer a brief review of several additional disorders that 
should be considered in the differential diagnosis of patients presenting 
to the ICU with progressive neuromuscular impairment. Before discuss-
ing individual disorders, we will review the evaluation and management 
of respiratory muscle weakness.

■■ RESPIRATORY MUSCLE WEAKNESS
There are three primary mechanisms by which respiratory failure 
develops as a direct consequence of an underlying neuromuscular dis-
order: (1) weakness of inspiratory muscle, particularly the diaphragm, 
(2)  inadequate expiratory muscle function, and (3) impairment in 
muscles of the upper airway.2-4 The primary clinical consequences of 
impairment in one or more of these muscle groups include inadequate 

  TABLE 87-1    Causes of Acute and Subacute Bilateral Weakness

Syndrome/Level of 
Abnormality Representative Disorders

Basilar artery occlusion Embolic, thrombotic, vasculitic

Myelopathy Cord compression (eg, abscess, neoplasm, 
disc herniation, trauma)

Transverse myelitis

Central nervous  
system infections

Poliomyelitis

West Nile virus

Central nervous 
system toxins

Neurotoxic fish poisoning

Peripheral nerve 
disorders

Guillain-Barre syndrome 

Phrenic nerve injury (eg, trauma, surgery neoplasm)

Infections with phrenic nerve involvement (eg, diphtheria, herpes 
zoster, Lyme disease, West Nile

Parsonage-Turner Syndrome with phrenic nerve involvement

Heavy metal toxicity

Vasculitic neuropathy

Disorders of 
neuromuscular 
transmission

Myasthenia gravis

Eaton-Lambert syndrome

Botulism

Tick paralysis

Organophosphate poisoning

Penicillamine toxicity

Myopathic disorders Dermatomyositis/polymyositis

Metabolic myopathy (eg, mitochondrial disease)

Toxic myopathy (eg, corticosteroid injury, alcohol, cocaine, 
rhabdomyolysis)

Electrolyte disorders Hypokalemia

Periodic paralysis

Hypophosphatemia

Hyperkalemia

Hypermagnesemia

Hypocalcemia
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ventilation, nocturnal hypoventilation, ineffective cough, and aspiration 
of oropharyngeal secretions.

The diaphragm serves as the principal muscle involved in inspira-
tion, but the external intercostal, sternocleidomastoid, scalene, and 
trapezii muscle groups also contribute. Inspiratory muscle weakness 
is most often gradual in onset, but can progress rapidly.2 Orthopnea is 
common due to the mechanical disadvantage placed on the diaphragm 
in the supine position, sometimes leading to an erroneous diagnosis 
of congestive heart failure. As diaphragm weakness progresses, use of 

accessory muscles of inspiration and paradoxical inward movement of 
the abdomen may be seen. Nocturnal hypoventilation is common with 
diaphragm weakness, particularly during rapid eye movement sleep 
when the accessory muscles of inspiration are inhibited. Eventually, 
alveolar hypoventilation results in hypercapnia and overt respiratory 
failure. Even though the main consequence of inspiratory muscle weak-
ness is ineffective ventilation, weakness of the inspiratory muscles can 
also contribute to ineffective cough by limiting the degree of lung expan-
sion and thereby the amount of pressure that can be generated by the 
expiratory muscles.

The dominant muscles used during active expiratory effort are the 
transversus abdominis, rectus abdominis, internal and external obliques, 
and the internal intercostals.2 Adequate expiratory muscle strength is 
essential for an effective cough and clearance of airway secretions. In 
addition, active expiration may aid inspiration when the diaphragm is 
weak by two mechanisms: forcing the diaphragm into a more favorable 
length-tension position and increasing the elastic recoil energy of the 
chest wall, both of which may enhance the forcefulness of subsequent 
inspiration.

Bulbar impairment greatly increases the risk for aspiration of oro-
pharyngeal secretions, a common cause of acute respiratory failure in 
patients with progressive neuromuscular diseases. The coordinated 
action of muscles of the pharynx, palate, tongue, and larynx are required 
for normal swallowing and upper airway protection.2,5 In addition, 
weakness of the laryngeal muscles can contribute to ineffective coughing 
since incomplete glottic closure will prevent the generation of high intra-
thoracic pressure needed to expel mucus. Unfortunately, bulbar muscle 
impairment is often unrecognized, potentially resulting in increased 
morbidity and mortality.5 Assessment of oropharyngeal function is pri-
marily based on clinical observation and early consultation with speech 
pathology is strongly recommended.

Early in the evolution of respiratory muscle weakness, patients 
may exhibit a paucity of symptoms, and objective testing is necessary. 
Maximal inspiratory pressure (MIP), maximum expiratory pressure 
(MEP), and vital capacity (VC) are the most important respiratory 
muscle parameters to follow.2,3,6,7 Using a combination of respira-
tory muscle tests offers greater diagnostic accuracy than relying on a 
single test result.8 Of note, slow VC is less altered by underlying airflow 
obstruction and is felt to be a better measurement of respiratory muscle 
weakness than forced VC. These tests should be followed frequently in 
hospitalized patients who have an evolving neuromuscular disorder, 
with careful attention to serial changes.9 Measurements of respiratory 
muscle strength are highly effort dependent. Appropriate procedural 
technique and adequate patient cooperation and effort are essential. The 
MIP and MEP are the most sensitive indicators of respiratory muscle 
strength. Measurement of MIP and MEP requires a maximal effort at 
residual volume (MIP) and total lung capacity (MEP), using a bedside 
manometer fitted with a mouthpiece. It is recommended that the MIP 
and MEP that is sustained for at least 1 second should be recorded rather 
than a transient spike in pressure. Normal values for MIP and MEP in 
adults aged 18 to 65 years are approximately −70 cm H2O and 100 cm 
H2O for women, and approximately −95 cm H2O and 140 cm H2O 
for men.6,10 Respiratory muscle weakness is suggested by MIP values 
less negative than −30 cm H2O for women and −45 cm H2O for men, 
and MEP values less than 60 cm H2O for women and 80 cm H2O for 
men.8 Normal predicted values for patients 65 years of age or older are 
reduced, and reference equations are available to define the lower limit 
of normal.11 The normal VC in adults is approximately 50 to 70 mL/kg.

Serial assessment of MIP, MEP, and VC are of greatest value in being 
able to identify patients who may require ventilator assistance before 
they experience an acute crisis with overt hypercapnic respiratory failure 
or even respiratory arrest. Threshold values have been primarily derived 
from observational studies of patients with GBS.9 Cough is likely to be 
ineffective when the MEP is <40 cm H2O, and there is risk of hypercapnia 
when the MIP is less negative than −30 cm H2O. Elimination of secre-
tions with coughing is impaired when the VC declines to <30 mL/kg  

  TABLE 87-2   � Differential Diagnosis of Neuromuscular Disorders Leading 
to ICU Admission

Level of 
Abnormality Presentation

Representative 
Disorders

Nerve 
Conduction EMG

Upper motor 
neuron

Weakness
Spasticity
Hyperreflexia
Sensory/autonomic
changes

Cortical
Subcortical
Brain stem
Spinal cord lesions

Normal Normal

Lower motor 
neuron

Weakness
Flaccidity
Hyporeflexia
Fasciculations
Bulbar changes
No sensory changes

Poliomyelitis
Postpolio syndrome
Amyotrophic lateral 
sclerosis

Normal Denervation

Peripheral 
nerve

Weakness
Flaccidity
Hyporeflexia
Bulbar changes
Sensory/autonomic 
changes

Guillian-Barre 
syndrome
Diphtheria
Heavy metal toxicity
Vasculitic 
neuropathy

Reduced Denervation

Neuromuscular 
junction

Fluctuating weakness
Fatigability
Normal reflexes
No sensory changes
With or without 
autonomic changes

Myasthenia gravis
Eaton-Lambert
Botulism
Tick paralysis
Organophosphate 
poisoning
Penicillamine

Normal Abnormal 
repetitive 
stimulation

Muscle Weakness
Normal reflexes
No sensory or
Autonomic changes
With or without pain

Polymyositis
Dermatomyositis
Metabolic myopa-
thies
Muscular dystrophy

Normal Small 
motor units

Modified with permission from Luce J. Neuromuscular diseases leading to respiratory failure. In: Hall JB, 
Schmidt GA, Wood LDH, eds. Principles of Critical Care. 3rd ed. New York, NY: McGraw-Hill; 2005.

  Table 87-3   � Mnemonic for Differential Diagnosis of Generalized Weakness 
in the Intensive Care Unit

M Medications: steroids, neuromuscular blockers (cisatracurium, pancuronium, 
vecuronium), zidovudine, amiodarone

U Undiagnosed neuromuscular disorder: myasthenia, LEMS, inflammatory myopathies, 
mitochondrial myopathy, acid maltase deficiency

S Spinal cord disease (ischemia, compression, trauma, vasculitis, demyelination)

C Critical illness myopathy, polyneuropathy

L Loss of muscle mass (cachectic myopathy, rhabdomyolysis)

E Electrolyte disorders (hypokalemia, hypophosphatemia, hypermagnesemia)

S Systemic illness (porphyria, AIDS, vasculitis, paraneoplastic, toxic)

AIDS, acquired immunodeficiency syndrome; LEMS, Lamber-Eaton myasthenic syndrome.

Reproduced with permission from Maramatton BV, Wijdicks EFM. Acute neuromuscular weakness in the 
intensive care unit. Crit Care Med. November 2006;34(11):2835-2841.
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and a VC <15 to 20 mL/kg greatly increases the likelihood of respiratory 
failure.2,5,12

Recently, ultrasound of the diaphragm has been shown to be a use-
ful noninvasive technique to assess for diaphragmatic paralysis.3,13,14 An 
ultrasound of the diaphragm at its zone of apposition with the rib cage 
normally reveals thickening of the diaphragm with inspiration second-
ary to diaphragmatic shortening during contraction. In the presence of 
diaphragmatic paralysis, the diaphragm does not shorten with inspira-
tory efforts (Fig. 87-1). In addition, a recent study defined the expected 
range of diaphragm excursion in normal individuals using ultrasound.14 
Thus, diaphragmatic ultrasound may be used as both a diagnostic tool 
to assess for diaphragm paralysis and to monitor patients for recovery of 
diaphragmatic function.3,15

Sleep-related deterioration in alveolar ventilation, resulting in hyper-
capnia and hypoxemia, are common in patients with respiratory muscle 
impairment, particularly during rapid eye movement sleep.4,16,17 The 
reduction in VC normally seen in the supine position is greatly exag-
gerated in patients with respiratory muscle weakness. Normally, the VC 
declines by 5% to 10% in the supine compared with upright positions, 
and severe diaphragmatic weakness is suggested by a decline of ≥30%.7 
When awake and upright, patients with respiratory muscle weakness 
may exhibit adequate gas exchange, but the latter may deteriorate signifi-
cantly when they are sleeping supine. Indeed, sleep-related deterioration 
in gas exchange is often the earliest manifestation of respiratory muscle 
weakness in patients with neuromuscular disease.3,4 Furthermore, when 
patients have preexisting sleep disordered breathing, the development 
of neuromuscular disease may greatly exacerbate their underlying sleep 
disorder. When the supine VC is <60% of the predicted value, or the 

MIP less negative than −46 cm H2O (<4.5 kPa; 1 kPa = 10.19 cm H2O), 
sleep-disordered breathing is common.17

■■ GENERAL MANAGEMENT OF ACUTE RESPIRATORY FAILURE 
SECONDARY TO NEUROMUSCULAR DISEASE

Ventilatory assistance is commonly required in patients with progressive 
respiratory impairment related to neuromuscular disease. In the absence 
of significant oropharyngeal dysfunction that dictates need for intuba-
tion for airway protection, noninvasive ventilation (NIV) may provide 
adequate ventilatory support.18 However, in one prospective study 37% 
of patients who received NIV for hypercapnic respiratory failure in the 
absence of obstructive airway disease eventually required intubation.19 
In this study, refractory respiratory acidosis and depressed mental status 
were the most common reasons for intubation. In a study of patients 
with myasthenic crisis only hypercapnia with a PaCO2 >45 mm Hg  
predicted BiPAP failure and subsequent intubation.20 Besides oropha-
ryngeal dysfunction, altered mental status, moderate to large secretions 
with ineffective cough, inability to participate with application of 
NIV, and hemodynamic instability are indications for intubation and 
institution of mechanical ventilation in patients with progressive neu-
romuscular disease.

The use of sedative, analgesic, and neuromuscular blocking agents in 
patients with neuromuscular disease requires consideration of several 
important clinical and pharmacologic observations. Sedative and anal-
gesic therapy may increase the risk of acute respiratory failure secondary 
to increased muscle weakness from the direct muscle relaxant effects 
of these agents, and depression of central respiratory drive.4 Ideally, 

FIGURE 87-1.  Ultrasound images of normal and paralyzed diaphragms. Panels A and B show the end-expiration and end-inspiration stages, respectively, in a normal diaphragm. Panels C 
and D show the end-expiration and end-inspiration stages, respectively, in a paralyzed diaphragm. During inspiration the normal diaphragm thickens, whereas the paralyzed diaphragm does 
not thicken. (Reproduced with permission from McCool FD, Tzelepis GE. Dysfunction of the diaphragm. N Engl Med. March 8, 2012;366(10):932-942.)
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patients with neuromuscular disease would be intubated and managed 
without the use of neuromuscular blockade. However, if neuromuscular 
blockade is necessary the following important pharmacologic principles 
need to be carefully considered. Succinylcholine should not be used to 
facilitate intubation of patients whose neuromuscular disease involves 
denervation.21 This would include patients with GBS, multiple scle-
rosis, amyotrophic lateral sclerosis, and those with a stroke or spinal 
cord injury more than 24 hours before intubation. In these patients, 
an upregulation of fetal-type acetylcholine receptors may result in 
life-threatening hyperkalemia after administration of succinylcholine. 
Patients with MG are commonly resistant to succinylcholine secondary 
to a reduction in the number of acetylcholine receptors or functional 
antibody-induced receptor blockade.21 In addition, secondary to signifi-
cant reduction in functional receptors, patients with MG may be very 
sensitive to nondepolarizing agents.21 Although nondepolarizing neuro-
muscular blocking agents may be used in patients with GBS, an increase 
in sensitivity to these agents has been reported.21

Supportive care of critically ill patients with neuromuscular disease 
remains a central component of their management strategy in the ICU, 
including attention to deep venous thrombosis and stress ulcer prophy-
laxis, nutritional support, and skin care.22 In addition to speech therapy 
consultation, early consultation and close follow-up by physical and 
occupational therapists are also recommended. Patients should also be 
regularly assessed for pain, dyspnea, anxiety, and depression. Psychiatry 
consultation should be requested when appropriate. Daily communica-
tion with all members of the care team remains essential in optimizing 
clinical outcomes in this challenging patient population.

Weaning from mechanical ventilation should be considered only 
after clear evidence of improvement in general and respiratory muscle-
specific weakness has been demonstrated. As muscle strength in patients 
with neuromuscular disorders may fluctuate, a durable improvement in 
respiratory muscle strength should be confirmed. Prospective studies 
are not available to clearly guide bedside decision making in patients 
with neuromuscular disorders, but improvement in VC to >20 mL/kg 
and MIP to more negative than −30 cm H2O are reasonable thresholds 
to achieve before considering extubation. Measurements of respiratory 
function (MIP, MEP, and VC) and ultrasound of the diaphragm may 
be helpful in assessing the patient who exhibits difficulty in weaning 
from mechanical ventilation.13 Adequate oropharyngeal function is an 
important element of successful extubation, and a thorough evaluation 
of oropharyngeal function should be performed following extubation 
and prior to resuming oral intake.

Tracheostomy will be necessary in patients whose neuromuscular 
disorder does not improve sufficiently to allow safe extubation.5,22 
Timing of tracheostomy must be individualized, but is advisable when 
prolonged (>2-3 weeks) mechanical ventilation will be required. Studies 
involving patients with GBS and myasthenia gravis have identified cer-
tain risk factors for prolonged mechanical ventilation (see below).

Guillain-Barré Syndrome:  Guillain-Barré syndrome is an acute inflamma-
tory demyelinating polyneuropathy that most often presents with ascend-
ing symmetrical weakness beginning in the lower extremities.5,12,23,24  
In approximately 10% of patients, weakness may be first noted in the 
upper extremities or facial muscles.12,25 Weakness typically evolves over 
days to weeks, although a subset of patients experience a rapid decline 
in function over hours. Excluding trauma, GBS is the most common 
cause for acute flaccid paralysis in previously healthy people.12 The 
ascending weakness is accompanied by depressed or absent reflexes. 
Sensory involvement is common, and the majority of patients experi-
ence peripheral paresthesias as their initial symptom. In addition, an 
aching discomfort in the lower back and legs may also be seen in the 
early phase of the syndrome.24,26 Autonomic dysfunction is common 
in patients with GBS, occurring in 70% of patients.5,22,24 Autonomic 
dysfunction may result in brady- or tachyarrhythmias, orthostatic 
hypotension, hypertension, or abnormal sweating. Life-threatening 
alterations in autonomic function, including arrhythmias and extreme 

hypertension or hypotension, develop in 20% of patients with GBS.12,22,24 
Although bowel and bladder function are usually preserved, ileus and 
urinary retention can occur.

Variants of the typical GBS presentation may be encountered, includ-
ing the Miller-Fischer variant, with ataxia, ophthalmoparesis, and 
areflexia.12,23,24 Overall, ophthalmoparesis develops in approximately 
15% of patients. Acute inflammatory demyelinating polyradiculopathy 
(AIDP) is the most common presentation in the United States and 
Europe.24 However, variants of AIDP are encountered in 10% to 15% of 
patients. Primary axonal form of GBS, acute motor axonal neuropathy, 
and acute sensorimotor axonal neuropathy are more commonly seen in 
southeast Asia and Mexico.24

For unclear reasons, GBS appears to be more common in young adults 
and in the elderly. A preceding infectious syndrome with respiratory or 
gastrointestinal symptoms, usually occurring 1 to 4 weeks prior to the 
onset of neurologic symptoms, has been noted in approximately two-thirds 
of patients.12,23,25 Campylobacter jejuni and cytomegalovirus infections are 
the most commonly identified triggers for GBS. In addition, Epstein-Barr 
virus, varicella virus, HIV, and Mycoplasma pneumoniae infections have 
also been associated with the development of GBS.24 A diverse and seem-
ingly unrelated group of triggers have been identified, including infections, 
vaccination (eg, 1976 influenza vaccination), general surgery, epidural 
anesthesia, thrombolytic agents, drugs, neoplastic disease (Hodgkin dis-
ease), sarcoidosis, and connective tissue diseases.5,12,24 An autoimmune 
mechanism is strongly suspected in the pathogenesis of GBS; however, the 
immunopathology has not been fully defined.

A diagnosis of GBS is based on the clinical presentation and electrodi-
agnostic studies compatible with a demyelinating polyneuropathy.5,12,23,24 
Elevated cerebrospinal fluid (CSF) protein levels are commonly noted 
after the first week of symptoms and is typically accompanied by a 
normal cell count or limited mononuclear pleocytosis (<10 cells/cm3). 
Pleocytosis in the CSF fluid appears to be more common in patients with 
human immunodeficiency virus infection and GBS.24 Diagnoses other 
than GBS should be more aggressively considered if (1) reflexes remain 
intact despite weakness (areflexia is present in ~90% of patients when 
weakness is fully developed); (2) the distribution of weakness is highly 
asymmetric; (3) fever is present during the initial presentation; or (4) the 
electrodiagnostic features are not indicative of an acquired demyelinat-
ing polyneuropathy.12 A rapidly progressive spinal cord lesion is the most 
important potentially reversible process to be immediately excluded in 
a patient who presents with ascending weakness.1 The combination of 
rapidly developing paralysis and urinary retention is highly suggestive of 
a compressive spinal cord lesion.24 Arsenic neurotoxicity may also pres-
ent with an ascending symmetrical sensorimotor neuropathy similar to 
GBS and should be considered in the differential diagnosis.27

Respiratory failure occurs at the time of initial presentation in up to 
10% of patients, and eventually develops in up to 43% of patients during 
the course of their disease.22,24,28,29 All aspects of respiratory muscle func-
tion, including inspiratory strength, expiratory strength, and upper air-
way protection may be impaired. Progression to respiratory failure was 
predicted in one retrospective study by the presence of a VC <20 mL/kg,  
MIP less negative than −30 cm H2O, and MEP <40 cm H2O (“20/30/40 
rule”).30 Inability to cough markedly increases the risk for intubation.28 
In addition, multivariate analyses have indicated that the period of time 
from onset of symptoms to admission of less than 7 days, inability to 
stand, and inability to lift the head or elbows are all associated with 
an increased risk for mechanical ventilation.28 A prospective cohort 
study of patients with GBS identified three clinical characteristics 
after multivariate analysis that were strongly associated with the need 
for mechanical ventilation in the first week of hospitalization: rate 
of disease progression (days between onset of weakness and hospital 
admission); Medical Research Council (MRC) sum score on admission 
(measure of bilateral muscle strength); and presence of facial and/or 
bulbar weakness.29 In this study, 26% of the patients required intubation 
with MV, with 22% intubated in the first week of their hospital admis-
sion. The risk of intubation is increased by GBS-related dysautonomia, 
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because of an exaggerated hypotensive response to sedative agents and 
a markedly increased risk of arrhythmias, most often bradyarrhythmia.

Guillain-Barré syndrome is a monophasic illness with a fairly predict-
able natural history; at least 90% of patients reach the nadir of their neu-
romuscular impairment by 4 weeks.5,12 Most patients with GBS survive 
with significant recovery of neuromuscular function. Approximately 
two-thirds of patients experience mild residual long-term deficits, and 
10% to 20% of patients recover completely. Severe disability may persist 
in as many as 20% of patients, and 3% to 8% of patients will die as a 
result of pneumonia, acute respiratory distress syndrome, sepsis, pulmo-
nary emboli, or cardiac arrest.12,24,31,32 One study derived from a cohort 
of 397 patients identified three poor prognostic indicators for the ability 
to walk at 4 weeks to 6 months after the onset of GBS: increased age; 
reduced muscle strength on admission and at 1 week quantified by the 
MRC sum score; and the presence of preceding diarrhea.33

Sudden death has been observed in patients with severe autonomic 
dysfunction. Deaths appear to be more common in the elderly, particu-
larly in patients with preexisting pulmonary disease.31 In addition, the 
mortality and morbidity of GBS is strongly associated with the need for 
and duration of mechanical ventilation. The mortality rate of patients 
with GBS who require mechanical ventilation may be as high as 20%.34 
Mechanical ventilation for more than 2 weeks has been found to be the 
strongest predictor of major morbidity by multivariate analysis, with 
lower respiratory tract infection being the most common complication.35

Treatment of GBS involves either plasma exchange (PE) or intra-
venous immune globulin (IVIg).36,37 However, approximately 20% of 
patients die or develop persistent severe disability despite therapy with 
PE or IVIg.37 Plasma exchange was demonstrated to improve strength 
and reduce the incidence of respiratory failure in three multicenter trials 
conducted in the 1980s.38-40 The ability of PE to rapidly reduce antibody 
levels is the most likely mechanism underlying the improvement in mus-
cle strength. Only one or two exchanges may be needed in patients with 
mild impairment, whereas four to five exchanges appear to be optimal 
in those with more severe impairment.41 Outcome appears to be better 
if PE is initiated during the first 7 days of symptoms, although delayed 
treatment with PE may still result in clinical improvement. Albumin is 
as effective as fresh frozen plasma as a replacement fluid during plasma 
exchange, and is associated with fewer adverse reactions.42

IVIg has also been shown to be an effective therapy for GBS.36,37,43,44 
The mechanism by which IVIg benefits patients with GBS is not fully 
defined, but neutralization of neuromuscular blocking antibodies by 
a dose-dependent process appears likely.45 A randomized, multicenter, 
international trial compared plasma exchange, IVIg, or plasma exchange 
followed by IVIg in 379 GBS patients who had marked weakness and 
whose symptoms had been present for 14 days or less.32 There were 
no differences among the three treatment groups with regard to either 
the duration of mechanical ventilation or functional outcome 4 weeks 
after therapy. It was therefore concluded that IVIg and plasma exchange 
are equally effective therapies, and that their combined use offered 
no additional benefit. Of note, plasma exchange should not be used 
immediately after IVIg, since this therapeutic sequence would remove 
antibodies administered with IVIg. Because of its ease of administration, 
availability, and acceptable side-effect profile, IVIg is often preferred, 
particularly in hemodynamically unstable patients in whom PE may be 
associated with worsening hypotension. The optimal duration of IVIg 
therapy has not been determined; however, patients with more severe 
weakness may benefit from more prolonged courses of IVIg and 5 days 
of treatment is commonly offered.36 In addition, IVIg may be superior 
to PE in patients with Campylobacter jejuni infections and antibodies 
to peripheral nerve gangliosides.46 Although information is unavailable 
regarding the optimal management of patients who fail to improve or 
relapse, retreatment with IVIg or PE is commonly recommended. Of 
note, screening for IgA deficiency is recommended prior to treatment 
with IVIg to reduce the risk of anaphylaxis during infusion. Although 
frequently used in the past, corticosteroids have not been shown to be 
beneficial in patients with GBS.37

Myasthenia Gravis:  Myasthenia gravis (MG) is an acquired autoim-
mune disorder of neuromuscular junction transmission characterized 
by muscle weakness, progressive muscle fatigue with repetitive use, and 
improvement in strength after rest.47 The incidence of MG is highest 
in younger women or older men.48 Myasthenia gravis has two clinical 
presentations: ocular and generalized. In patients who present with the 
more limited ocular form, approximately 50% will develop generalized 
weakness during the first 2 years of their illness. Generalized weakness 
with fatigability involving the neck, trunk, and extremity muscles is 
noted in approximately 85% of patients and may be the dominant com-
plaint.47 Fluctuation in the degree of muscle weakness is a characteristic 
finding in patients with MG, with patients commonly noting increased 
weakness later in the day and following exertion. Isolated weakness of 
the extremities is uncommon. Ocular muscle involvement, including 
ptosis and diplopia, is often noted on presentation. Facial muscle weak-
ness may lead to difficulty in smiling, an appearance referred to as the 
“myasthenic sneer.” Bulbar muscle impairment results in dysarthria and 
difficulty in both chewing and swallowing, with an increase in the risk 
for aspiration.

The immunopathogenesis of MG has been relatively well defined, with 
identification of autoantibodies that bind to the acetylcholine receptor 
(Ach R), resulting in a significant reduction in the number of available 
receptors at the neuromuscular junction, thereby impairing neuromus-
cular transmission.47 Acetylcholine receptor–binding antibodies are 
identified in approximately 88% to 93% of patients with generalized MG, 
and in approximately 71% of patients with symptoms limited to ocular 
muscle involvement.49 Autoantibodies to muscle specific receptor tyro-
sine kinase (MusK) have also been identified in patients with MG. The 
subset of patients who are Ach R antibody negative and MusK antibody 
positive are more often female with an oculobulbar pattern, respiratory 
and proximal muscle weakness, lack of thymic abnormalities, limited 
response to acetylcholinesterase inhibitors, and responsive to treatment 
with PE and IVIg.50,51

Although isolated involvement of the respiratory muscles may occur, 
respiratory muscle impairment typically presents along with generalized 
muscle weakness.52,53 Upper airway obstruction with abnormal vocal 
cord adduction during inspiration has also been described.54 Lower 
respiratory muscle impairment is evidenced by a significant reduction 
in VC, MIP, and MEP. Approximately 15% to 27% of patients experi-
ence “myasthenic crisis,” a rapid and severe decline in respiratory muscle 
function that is associated with a mortality of 4% to 13%.48,55-57 Multiple 
triggers for myasthenic crises have been identified, with infection being 
the most common, followed by medication changes and surgery.20 Other 
triggers include electrolyte abnormalities, trauma, surgery, pregnancy, 
withdrawal of anticholinesterase drugs, and the use of drugs that impair 
neuromuscular transmission.58,59 However, a trigger for the myasthenic 
crisis cannot be found in nearly a third of patients.56

The use of NIV in patients with myasthenic crisis was examined in a 
retrospective cohort study of 60 episodes of myasthenic crisis with respi-
ratory failure.20 In this study, NIV was initially applied in 40% of patients 
and the remaining 60% were intubated without prior use of NIV. 
Intubation was eventually performed in 42% of those initially managed 
with NIV. The only predictor for NIV failure was a PaCO2 >45 mm Hg  
at the time of NIV initiation. Even though the baseline patient charac-
teristics were similar in those initially managed with NIV or intubation, 
the duration of assisted ventilation was significantly shorter in patients 
who were initially treated with NIV, offering an argument for the early 
use of NIV in patients with myasthenic crisis and respiratory failure. 
Of note, bulbar weakness was present in all patients with myasthenic 
crisis reported in this study. In a retrospective study of 73 episodes of 
myasthenic crises progressing to intubation, 50% of patients were extu-
bated within 2 weeks, and the median ICU and hospital stays were 14 
and 35 days, respectively.56 Three independent predictors of prolonged 
intubation were identified in this study: preintubation serum bicarbon-
ate ≥30 mEq/L; peak VC <25 mL/kg on day 1 to 6 postintubation; 
and age >50 years. Extubation failure is common in patients with 
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myasthenic crisis, with one study reporting a reintubation rate of 26%.60 
The presence of atelectasis was the strongest predictor for reintubation 
in this study. Cardiac dysrhythmias are a common cause of death in 
patients with myasthenic crisis, and continuous cardiac rhythm moni-
toring is strongly recommended.

In patients with a compatible clinical presentation, the diagnosis of 
MG centers on three principal studies: a positive anticholinesterase 
test (rapid and transient improvement in strength after administration 
of edrophonium) in patients with obvious ptosis or ophthalmoparesis; 
presence of acetylcholine receptor antibodies in the serum; and electro-
physiologic studies that are indicative of a disorder of the neuromuscular 
junction, with a decremental response in compound action potentials 
to repetitive nerve stimulation.47 One diagnostic strategy that has been 
recommended begins with an edrophonium test, followed by a repeti-
tive nerve stimulation test and measurement of acetylcholine receptor 
antibodies. In patients with clear ptosis and concerns for edrophonium 
toxicity (eg, severe asthma, bradyarrhythmia), an ice pack test has been 
used. This test involves placement of a bag with ice on a closed eyelid for 
2 minutes and determining the degree of ptosis.61

Eaton-Lambert syndrome is an uncommon disorder of neuro-
muscular transmission, which may be confused with MG.1,47 The 
Eaton-Lambert syndrome is associated with neoplastic disease in 
approximately 50% of patients (most commonly small cell carcinoma). 
In contrast to patients with MG, the compound muscle action potential 
demonstrates a significant incremental increase following repetitive 
nerve stimulation or maximal isometric muscle activation in patients 
with the Eaton-Lambert syndrome.

Conditions associated with MG include thymic hyperplasia or 
thymoma, and autoimmune disorders such as rheumatoid arthritis, 
systemic lupus erythematosis, thyroiditis, and Graves disease.47 Thyroid 
function testing should be obtained in all patients with MG. Thymic 
abnormalities are present in the majority of patients with MG, with thy-
mic hyperplasia being most common and thymoma identified in 10% to 
12% of patients.47 Of note, almost all patients with MG and thymoma are 
seropositive for acetycholine receptor binding antibodies.62 The associa-
tion with thymic abnormalities has led to the use of a chest computed 
tomographic (CT) or magnetic resonance (MR) imaging as a screening 
tool in patients with MG.

The treatment of MG includes anticholinesterase medications to 
increase the concentration of acetylcholine available for receptor bind-
ing, immunomodulating therapy, and thymectomy.47,63 Serial neuromus-
cular examinations have been the principal method of following patients 
and determining their response to therapeutic interventions. The first 
line of therapy is use of an anticholinesterase agent, most commonly 
pyridostigmine, which reduces the degradation of acetycholine, allowing 
for greater acetylcholine concentration at the neuromuscular junc-
tion. Respiratory muscle function improves in approximately 50% of 
patients treated with anticholinesterase medications.4 Muscarinic side 
effects include abdominal cramping with frequent defecation, increased 
urinary frequency, bronchospasm, bradycardia, fasciculations, increased 
oral secretions, and excessive lacrimation. Less commonly, these agents 
produce a cholinergic crisis, with increased bulbar and lower respira-
tory muscle weakness during the early phase of treatment. The clinical 
manifestations of a cholinergic crisis may overlap with those of a myas-
thenic crisis, making a clear distinction difficult; withholding anticho-
linesterase medications for 4 to 10 days may be necessary to make this 
distinction. However, anticholinergic drugs should be used in caution in 
patients with MusK autoantibodies as these patients often demonstrate 
acetylcholine hypersensitivity.63

Although most patients respond to anticholinesterase therapy, their 
response is usually incomplete and symptomatic relapse during therapy 
is common. Unfortunately, increasing the dose of drug often leads to 
significant side effects.47 Thus, the majority of patients require additional 
therapy with immunosuppressive agents.47,63 Corticosteroid use results 
in a remission or marked improvement in approximately 75% of patients 
with MG, and these are the most commonly used agents. The beneficial 

effects of corticosteroids are commonly noted over several weeks, but full 
benefit may not be evident for months. Azathioprine, mycophenolate,  
and cyclosporine have a more delayed onset of action, thereby limiting 
their use as a primary agent for initial therapy. Cyclosporine reduces 
acetylcholine receptor antibody production, but toxicity limits its use. 
Cyclophosphamide has also been beneficial in patients who were refrac-
tory to other agents, but toxicity, including increased risk of neoplastic 
disease, remains a significant concern.

Plasma exchange and IVIg are commonly used for intensive short-
term therapy in patients with severe myasthenic symptoms.36,44,63-65 
Plasma exchange removes acetylcholine receptor antibodies rapidly, 
commonly resulting in an improvement in strength within several days. 
Typically, 2- to 4-L exchanges are performed two to three times per 
week over a 10- to 14-day period. IVIg also results in rapid improve-
ment in most patients. Limited studies have compared the efficacy of 
PE and IVIg in the treatment of MG, but they appear to offer similar 
benefits.36,63-66 With its ability to rapidly reduce antibody levels, PE may 
result in more rapid clinical improvement and should be considered 
as an initial intervention in patients with myasthenic crisis, with IVIg 
reserved for possible use after a course of plasma exchange. Worsening 
of weakness is not uncommon in the early period after treatment with 
corticosteroids in patients with MG; however, simultaneous treat-
ment with PE or IVIg appears to blunt or lessen this adverse effect. 
Contemporary treatment has significantly reduced the mortality rate for 
myasthenic crisis to less than 5%.48,67

Thymectomy has been associated with clinical improvement and 
remission in patients with MG, and is generally recommended for 
patients with thymomas between the ages of puberty and approximately 
60 years.47,63 However, adequate prospective studies demonstrating 
a clear benefit from thymectomy are unavailable, and postoperative 
improvement may not be evident for months to years.63 Thus, attributing 
clinical improvement to thymectomy may be difficult. Because postop-
erative decline in ventilatory function is common, thymectomy should 
not be performed as an emergency procedure in patients with signifi-
cantly impaired ventilatory function (VC <2 L). To potentially improve 
respiratory muscle strength, plasma exchange or IVIg should be consid-
ered preoperatively in patients with significant ventilatory impairment.

Alternative therapeutic strategies should be considered in MG patients 
who are refractory to conventional therapy.63 For example, high-dose 
cyclophosphamide followed by granulocyte colony-stimulating factor 
therapy has been reported to be effective in patients with MG refrac-
tory to conventional immunosuppressive therapy, plasma exchange, and 
thymectomy.68,69 In addition, lymphocyte depletion therapy with rituximab 
has been demonstrated to be an efficacious and well-tolerated option for 
conventional drug-resistant MG, and appears to offer the greatest durable 
benefit in the subset of patients with autoantibodies to MusK.70

Dermatomyositis and Polymyositis:  Dermatomyositis and polymyosi-
tis are acquired idiopathic inflammatory disorders, which usually 
present with progressive symmetrical muscle weakness over several 
months.71,72 Less commonly, there is an acute presentation with rapidly 
evolving muscle weakness. Of the major muscle groups, the shoulder 
and pelvic girdle muscles are most often affected. Neck flexion muscles 
are weakened in up to 50% of patients, but facial muscles are usually 
spared. Pharyngeal muscle involvement may present with dysphonia 
or dysphagia. Myalgias and muscle tenderness occur in up to 50% of 
patients. An immune-mediated mechanism is strongly supported by 
the association of PM/DM with other autoimmune diseases, and by the 
frequent presence of autoantibodies in serum.

Diagnostic criteria for PM/DM include the presence of symmetrical 
proximal muscle weakness, elevated skeletal muscle enzymes, and com-
patible findings on electromyography and skeletal muscle biopsy.71,72 
Characteristic dermatologic findings are present in dermatomyositis, 
including heliotropic changes of the eyelids and Gottron sign, a char-
acteristic symmetric erythematous rash over the extensor surfaces of 
metacarpophalangeal, interphalangeal, elbow, and knee joints. Myalgias 
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and muscle tenderness are common but are usually not severe. Creatine 
phosphokinase (CK) elevation is the most consistent indicator of muscle 
inflammation. However, other muscle enzymes (aldolase, aspartate 
aminotransferase, alanine aminotransferase, and lactate dehydrogenase) 
may also be elevated. Electromyography typically reveals features of a 
generalized myopathic disorder, but findings may be normal in 10% to 
15% of patients. Biopsy of a muscle that has been demonstrated to be 
weak is the most definitive test, revealing variable degrees of type I and 
II fiber necrosis and inflammation. MR imaging has been demonstrated 
to identify muscle inflammation and edema, which can facilitate local-
ization of diagnostic biopsies in selected patients.73 Skin biopsy may be 
diagnostically helpful in patients who present with predominant features 
of DM. The clinical presentation of DM/PM commonly shares features 
with several connective tissue disorders, and rheumatologic consulta-
tion is advisable.

Respiratory and cardiovascular complications of DM/PM are the 
main concerns in the ICU.71,74,75 Respiratory complications of DM/PM 
include respiratory muscle weakness; interstitial lung disease; pneumo-
nia resulting from aspiration or immunosuppression; and drug-induced 
lung disease. The presence of dysphagia suggests pharyngeal muscle 
dysfunction, which greatly increases the risk for aspiration, the most 
commonly reported pulmonary complication of DM/PM. In addition, 
striated muscle weakness involving the proximal esophagus may further 
increase the risk for aspiration. Respiratory muscle dysfunction with 
inspiratory and expiratory muscle involvement has been reported in up 
to one-third of patients. Interstitial lung disease has also been identified 
in approximately one-third of patients with DM/PM, with nonspecific 
interstitial pneumonitis being the most common underlying histopatho-
logic lesion.76-78 Typical findings on high-resolution chest CT include 
reticular and ground-glass opacities in the lower lung fields, variable 
presence of consolidation in the lung periphery, and the absence of a 
fibrotic honeycomb-like appearance.79 An analysis of 70 patients with 
DM/PM and diffuse interstitial lung disease found a musculoskeletal 
presentation in 36%, pulmonary presentation in 30%, and a combina-
tion of musculoskeletal and pulmonary symptoms in 21%.76 When 
patients initially present with isolated pulmonary disease, treatment 
with corticosteroids may suppress or obscure musculoskeletal symp-
toms, thereby delaying the diagnosis of DM/PM for weeks to years.76 
Defining the primary cause of dyspnea is important as both interstitial 
lung disease and respiratory muscle weakness may result in respiratory 
impairment, and these conditions may coexist.77

Cardiac features include tachyarrhythmias; conduction abnormalities; 
heart failure with a dilated cardiomyopathy resulting from myocarditis; 
and chronic pulmonary hypertension.71,75 Chronic pulmonary hyperten-
sion may result from several mechanisms, including cardiomyopathy 
with elevation in left-sided filling pressures, chronic hypoxia due to 
interstitial lung disease, or the development of a primary pulmonary 
hypertension–like syndrome. Thromboembolic disease, resulting from 
prolonged neuromuscular weakness and immobility, may also result in 
dyspnea and pulmonary hypertension.

Corticosteroids are often beneficial in DM/PM. Most patients respond 
to corticosteroids with normalization in muscle enzymes by 4 to 6 weeks 
and improvement in muscle strength within 2 to 3 months.71 Therapy 
with corticosteroids is usually initiated at a dosage of 0.5 to 1.5 mg/kg  
prednisone, with gradual tapering after a complete response is demon-
strated. High-dose corticosteroids have also been used in patients with 
severe myositis. Corticosteroids have also been considered the primary 
therapeutic agents for interstitial lung disease associated with DM/PM 
since their initial clinical and pathologic association in the mid-1970s.77 
Pharyngeal muscle involvement in DM/PM usually responds to cortico-
steroid therapy. However, surgical division of the cricopharyngeal muscle 
may be necessary for severe cricopharyngeal achalasia that is refractory 
to immunosuppressive therapy. Myocarditis in DM/PM is an indication 
for corticosteroids and other cardiac complications (congestive heart 
failure, pulmonary arterial hypertension) are managed with appropriate 
pharmacologic therapy. Insertion of a pacemaker-defibrillator should 

be considered in the presence of serious conduction abnormalities, ven-
tricular dysrhythmias, or severe cardiomyopathy.

Alternative immunosuppressive agents, including methotrexate, 
azathioprine, or cyclophosphamide, should be considered in patients 
with poor prognostic markers or a limited response to corticosteroids.80 
These immunosuppressive agents, particularly methotrexate or aza-
thioprine, may also be used if there is corticosteroid intolerance and 
as corticosteroid sparing agents for long-term maintenance therapy. 
Although only limited studies are available for guidance, therapy with 
IVIg has been associated with significant increases in muscle strength 
in patients with DM/PM, and should be considered in patients unre-
sponsive to corticosteroids.36 In one study of 35 patients with PM who 
were refractory to therapy with prednisone and at least one additional 
immunosuppressive agent, significant improvement in strength was 
noted in 71% of patients after treatment with IVIg, and all patients 
had a significant reduction in CK values.81 IVIg has also been reported 
to be beneficial in the management of life-threatening esophageal 
involvement in DM/PM.82 Alternative therapy with cyclosporine, 
tacrolimus, alkylating agents, tumor necrosis factor inhibitors, and 
rituximab has been used for patients whose symptoms are unrespon-
sive to standard treatment.83,84

The clinical course of DM/PM is quite variable, ranging from a 
relatively indolent course to a relentlessly progressive process that is 
unresponsive to therapy. Symptom duration of greater than 6 months 
before diagnosis, severe symptoms, and the presence of dysphagia are 
clinical predictors of poor outcome in DM/PM.80,85 Serial neuromuscu-
lar examinations have been the principal method of following patients 
and determining their response to therapeutic interventions. However, 
MR imaging may offer additional benefits in assessing the response to 
therapy.73 In the future, use of myositis-specific autoantibody testing 
will likely be an important parameter in deciding on optimal treatment 
regimens and estimating prognosis in patients with DM/PM.

Additional Disorders to Consider in the Differential Diagnosis of Acute to 
Subacute Neuromuscular Weakness Presenting the ICU:  The assessment 
of patients presenting to the ICU with acute respiratory failure in the 
setting of progressive neuromuscular weakness requires a careful and 
thorough consideration of a broad differential of heterogeneous dis-
orders (Tables 87-1 and 87-2). The development of acute respiratory 
failure may prompt admission to the ICU in patients with known chronic  
progressive disorders, including amyotrophic lateral sclerosis, postpolio 
syndrome, and the muscular dystrophies. The acute respiratory distress 
in these patients is commonly triggered by a complication of their pro-
gressive disease, such as pneumonia or pulmonary embolism. As previ-
ously emphasized, a rapidly progressive spinal cord lesion is the most 
important diagnosis to consider and immediately exclude in patients 
presenting with ascending or flaccid paralysis. This constellation of 
symptoms may be confused with rapidly progressive GBS. In addition, 
phrenic nerve injury and diaphragmatic weakness may result from 
trauma, surgery, neoplasm, inflammatory disorders (eg, systemic vascu-
litis), and infections.3 Infections with herpes zoster, Lyme disease, West 
Nile virus, and diphtheria have also been associated with phrenic nerve 
injury.2 Parsonage-Turner syndrome, an acute brachial plexus neuropa-
thy, which commonly presents with relatively severe shoulder pain, may 
also be associated with diaphragmatic weakness from involvement of 
the phrenic nerve.3 Finally, disorders of neuromuscular transmission 
that may mimic MG include Eaton-Lambert syndrome, botulism, tick 
paralysis, organophosphate toxicity, snake venom toxicity, and a myas-
thenic- like syndrome induced by penicillamine.47 The following discus-
sion will offer a brief review of several disorders to be considered in the 
differential diagnosis of neuromuscular weakness presenting to the ICU.

Botulism results in a toxin-mediated irreversible inhibition of neu-
romuscular transmission, resulting in an acute symmetric descending 
paralysis, which typically begins with bulbar and eye muscle 
impairment.4,86,87 Bilateral and symmetrical cranial nerve involvement 
is characteristic. The early bulbar involvement of botulism initially 
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may be confused with the Miller-Fischer variant of GBS (see above).12 
Botulism is not typically accompanied by fever, altered mental status, 
or sensory abnormalities. Foodborne botulism should be considered 
in patients presenting with three or more of the “Dozen Ds” of signs 
and symptoms.87,88 Botulism in adults is most often foodborne, but 
wound-related illness has been increasingly recognized, especially in 
parenteral “black tar” heroin users.89 Inhalational botulism due to bio-
terrorism remains a concern. Early treatment with an antitoxin directed 
against the neurotoxin derived from Clostridium botulinum remains 
the most important therapeutic intervention and appears to reduce 
mortality. Antibiotic therapy with penicillin or metronidazole is also 
recommended. Progressive respiratory failure with need for mechani-
cal ventilation occurs in approximately 25% of patients with botulism.90 
In common with other progressive neuromuscular disorders, respira-
tory failure remains the principal cause of mortality in patients with 
botulism. Fortunately, survivors of botulism typically achieve complete 
recovery of neuromuscular function.90

Tick paralysis affects children more often than adults and is mani-
fested by an ascending paresis or paralysis caused by a tick-borne 
neurotoxin.91,92 Most cases of tick paralysis have been identified in 
North America and Australia in the spring or early summer. Ascending 
paralysis with lack of deep tendon reflexes may result in diagnostic 
confusion with GBS. Atypical presentations include unilateral or asym-
metric extremity weakness, and isolated facial or bulbar involvement.93,94 
A high index of clinical suspicion is critical for establishing a diagnosis 
of tick paralysis. Treatment of tick paralysis is centered on a very careful 
physical examination (including scalp, ears, axilla, buttocks, perianal 
skin, and labia) to identify and remove all ticks and their body parts, 
along with close observation and supportive care. Significant improve-
ment in neuromuscular strength usually occurs within several hours of 
tick removal.

Acute drug-induced myopathies may be associated with neuromuscular 
weakness.95 Alcohol intoxication and cocaine use have been associated 
with the development of rhabdomyolysis and acute myopathy.96,97 In addi-
tion, their combined use appears to more than summate in the degree of 
myotoxicity observed. Other potentially myotoxic drugs include statins, 
nucleoside reverse transciptase inhibitors (zidovudine), neuroleptic 
malignant syndrome from antipsychotics, malignant hyperthermia from 
anesthetic agents or succinylcholine, high-dose corticosteroid therapy, 
and therapy with chloroquine or hydroxychloroquine.95

Electrolyte abnormalities must be considered in the differential of 
progressive neuromuscular weakness.2 Marked hypokalemia can lead 
to generalized muscle weakness. Most causes of hypokalemia develop 
gradually and weakness is uncommon at potassium levels above 
2.5 mEq/L. With familial hypokalemic familial periodic paralysis, potas-
sium levels fall abruptly and clinical manifestations may be evident at 
higher values. Hyperkalemia can also lead to weakness, as can hypo-
phosphatemia. Finally, marked elevation in serum magnesium levels 
or severe hypocalcemia may impair neuromuscular transmission by 
inhibiting the release of acetycholine.

Organophosphate toxicity inhibits acetylcholinesterase resulting in 
markedly elevated acetylcholine concentrations in the neuromuscu-
lar junction.98 Organophosphate toxicity may result from ingestion 
(accidental or intentional), skin contact with absorption, or inhalation 
(eg, Sarin nerve gas). Patients typically present with both muscarinic 
(bradycardia, bronchospasm, lacrimation) and nicotinic (hypertension, 
mydriasis, tachycardia, weakness) symptoms. Delirium is also common. 
Treatment with atropine targets the muscarinic manifestations, and 
pralidoxime (hydrolyzes organophosphate from acetylcholinesterase) 
treats both muscarinic and nicotinic manifestations.

Mitochondrial disease may present with diverse manifestations in 
the critical care setting, including myopathy with respiratory mus-
cle impairment.99,100 This rare but increasingly recognized metabolic 
myopathy appears to result from acquired mutations of genes coding 
for critical proteins in the mitochondrial respiratory chain involv-
ing glycolysis, fatty acid oxidation, or oxidative phosphorylation.99-101 
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Mitochondria produce adenosine triphosphate (ATP) from oxidative 
phosphorylation, a critical element in cell biology.100 Clues to the pos-
sible presence of this interesting group of disorders in the ICU include 
unexplained dyspnea progressing to respiratory failure; sedative-related 
respiratory failure out of proportion to the sedative dose administered; 
respiratory failure with persistent unexplained lactic acidosis; prolonged 
paralysis following limited use of neuromuscular blockade; unexplained 
difficulty with weaning from mechanical ventilation; multisystem 
disease with myopathy; and a family history of mitochondrial dis-
ease.99,100,102 In addition, multisystem disease of unexplained etiology 
with features of central and/or peripheral nervous system dysfunction, 
and retinal abnormalities may suggest the possibility of mitochondrial 
disease.103 Muscle biopsies are usually diagnostic, demonstrating charac-
teristic findings on light and electron microscopy. Care for patients with 
these unique disorders is primarily supportive, including treatment of 
precipitating infections and withholding sedatives and neuromuscular 
blockers. The use of pharmacologic agents that interfere with the mito-
chondrial respiratory chain should be avoided.100 In addition, patients 
with mitochondrial disease appear to have an increased sensitivity to 
succinylcholine and nondepolarizing agents.21
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features; for example, the sleeping person is not aware of himself or 
herself and in this respect is unconscious. Of course, the important 
difference is that a sleeping person can be aroused to full consciousness. 
Furthermore, electrodiagnostic evaluation differs in the two conditions 
(see below) and cerebral glucose uptake does not decrease during sleep 
but does so in coma. Drowsiness (“lethargy”) is a state of reduced spon-
taneous physical and mental activity. A drowsy person cannot sustain 
wakefulness without external stimulation. It is similar in appearance to 
light sleep and almost always accompanied by reduced attention, con-
centration, and mild confusion.

A stuporous patient appears asleep and requires repeated, stronger 
stimuli to arouse, yet may not achieve full state of arousal and quickly 
drifts back to persistent inactivity when the stimulus is withdrawn. 
When aroused, this patient may or may not open their eyes and par-
tially respond to requests. At times, restlessness and motor stereotypes 
are observed. Sopor, the Latin word for deep sleep and a term used in 
some European countries, denotes an intermediate state between stupor 
and coma.

Delirium is characterized as a reduction in clarity of mentation 
accompanied by cognitive changes such as memory deficit, altered 
speech, or orientation. Its duration of onset is hours or days and there 
is fluctuation in severity during its course. Disorientation affects time 
followed by place and lastly people in the environment. There may be an 
associated anxiety state or agitation. Delirium typically implies diffuse 
impairment of bilateral cortical structures usually by a toxic-metabolic 
process and it is typically reversible.

Dementia is a chronic condition in which content of consciousness 
is affected without effect on level of arousal, except in severe terminal 
cases. It is generally progressive and affects memory and at least two 
cognitive domains such as language, executive function, planning motor 
tasks, and recognition. Dementia is caused by damage to the cerebral 
hemispheres by degenerative diseases, traumatic brain injury, hydro-
cephalus, etc.

Coma (from the Greek komas, or deep sleep) is a state of unrespon-
siveness in which the patient is incapable of arousing to external or 
internal stimuli (lack of alertness). The degree of coma can vary from 
lighter stages (also denoted as semicoma) with observed changes in auto-
nomic function or brief moaning to strong stimulation, to the deepest 
stage with absence of any brain stem responses (eg, pupillary and cor-
neal reflexes), cyclic autonomic activity, and motor tone. For in-depth 
discussions of this topic, the reader is referred to the major textbooks in 
neurology and to the seminal work by Posner et al.1

A vegetative state can follow coma and identifies a state in which the 
brainstem and diencephalic (thalamic) activity is present to a degree 
that clinical signs of spontaneous arousal are observed; however, 
clinical evidence of awareness of self and environment is lacking.2 The 
patients often show blink responses to light; intermittent eye movements 
(sometimes erroneously interpreted as following objects or looking 
at family members); stimulus-sensitive automatisms such as swallow-
ing, bruxism, and moaning, as well as primitive motor responses and 
cycles of sleeping and waking. If this state lasts longer than 30 days, 
it is referred to as persistent vegetative state (PVS) and is used as a 

88
C H A P T E R Coma, Persistent Vegetative 

State, and Brain Death
Halinder S. Mangat
Axel Rosengart

KEY POINTS

•• The neuroanatomy of coma can be divided into three major cat-
egories: diffuse brain dysfunction or bithalamic injury, primary 
brain stem disorders, and secondary brain stem compression from 
supratentorial and infratentorial mass lesions.

•• Most cases of coma are due to metabolic disorders or exogenous 
drug intoxication.

•• Patient evaluation must follow an orderly sequence, beginning with 
vital signs, general physical examination, and neurologic examination.

•• The neurologic examination of the patient in coma is brief and 
focuses on (1) level of consciousness, (2) pupils, (3) eye move-
ments, (4) motor responses, and (5) respiratory pattern.

•• Computed tomographic (CT) scanning of the brain is the most 
valuable acute test to rule out structural causes of coma.

•• Hypoxic-ischemic encephalopathy after cardiopulmonary arrest may 
be ameliorated by targeted hypothermia and supportive measures.

•• Serial neurologic examination over the first 72 hours is most help-
ful to determine the prognosis for patients with atraumatic coma; 
for anoxic brain injury, failure to recover pupillary responses or 
corneal reflexes in the first 72 hours is a poor prognostic sign.

•• As therapies aimed at cerebral resuscitation and preservation following 
acute injury are developed and proved efficacious, prior guidelines for 
determining prognosis will require redefinition and reconfirmation.

•• The Uniform Determination of Death Act states that, “An individual 
who has sustained either (1) irreversible cessation of circulatory and 
respiratory functions, or (2) irreversible cessation of all functions of 
the entire brain, including the brain stem, is dead.”

•• The determination of death by brain criteria is based on clinical 
examination, and in most cases does not require confirmatory 
tests. However, the cause of coma must be known, and the cause 
must be sufficient to explain irreversible cessation of whole brain 
function. The new AAN guidelines recommend a single clinical 
neurological examination.

NORMAL AND IMPAIRED CONSCIOUSNESS: 
A CONCEPTUAL APPROACH
Consciousness is a difficult term to define, and even more complicat-
ing is the fact that many different meanings and classification systems 
exist for the various states of decreased level of consciousness, such as 
drowsiness, stupor, and coma. For practical reasons, however, in the 
evaluation of consciousness most clinicians give greater weight to the 
patient’s responses and behavior than to what the patient says. Hence, 
consciousness can be defined in its simplest form as the patient’s aware-
ness of self and environment and the responsiveness to his or her needs and 
external stimulation. The level of consciousness used in clinical practice 
refers to the state of arousal and should be separated from the content 
of consciousness, which describes various forms of cognitive behaviors 
and thinking. An awake person is fully responsive (alert) to stimuli and 
is able to specify their extent of awareness of self and environment.

Impaired consciousness is generally categorized by the level of respon-
siveness to external and internal stimuli (Table 88-1). Sleep and 
pathologic states of consciousness undeniably share some common 

  TABLE 88-1    Clinical Levels of Altered Consciousness

Terms Eyes Arousability Content

Lethargy Closed Arousable Mildly impaired

Stupor Closed Arousable with effort Markedly impaired

Coma Closed Unarousable Not applicable

Akinetic mutisma (abulic state, coma vigil) Open Wakeful Impaired

Locked-in syndromeb Open Wakeful Normal
aSecondary to bilateral frontal/basal forebrain dysfunction.
bSecondary to basis pontis dysfunction.
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descriptive clinical syndrome rather than a disease-specific entity. The 
most common causes include cardiac arrest, head trauma, severe brain 
infections, and various causes of thalamic necrosis. Vegetative states 
can also be seen in the terminal phase of degenerative illnesses such as 
Alzheimer disease. Ambiguous terms for PVS such as apallic syndrome 
and neocortical death should be avoided.3,4

Minimal conscious state can be diagnosed in patients displaying inconsis-
tent behavioral evidence of awareness of the environment, but they cannot 
communicate and are unable to follow instructions reliably5 (Table 88-2). 
It describes a large group of patients who are different from vegetative 
patients in that they demonstrate some signs of awareness of their selves 
and their surroundings albeit inconsistently. The inconsistency may be very 
subtle or more pronounced wherein unless observed for a long periods of 
time, it is almost impossible for a clinician to determine otherwise.

Akinetic mutism is a manifestation of hypothalamic or basal forebrain 
injury, which manifests as apparent depressed levels of consciousness in 
a patient with well-formed sleep-wake cycles, with no external evidence 
of awareness or spontaneous motor activity. It is imperative in such 
instances to have a rigorous neurological examination as well as a careful 
review of neuroimaging and EEG. Abulia is a state in which the patient 
is awake, has normal sleep wake cycle, and is very slow to respond to 
stimuli. Mental function is usually normal when tested with sufficient 
stimulation. It is secondary to bilateral frontal lobe disease and in severe 
instances may mimic or progress to akinetic mutism.

Clinical practice teaches that consciousness should be viewed as a con-
tinuum between different pathological conditions and not as an all-or-
none phenomenon, and that it is frequently difficult to identify definite 
and consistent signs of conscious perception of environment and self in 
patients with severe brain injuries.1 The latter limits the diagnostic certainty 
of remaining brain function on clinical grounds since the identification 
of consciousness relies purely on the deduction whether consciousness is 
present or absent in a particular patient.2 To this end the assessment is fur-
ther complicated by the fact that responses sought along different domains 
of awareness are summarized by the patient’s motor manifestations.

Extensive and severe neuronal damage is causally related to loss of 
consciousness in patients with PVS, a finding supported by a study 
identifying decreased cortical radiolabeled flumazenil uptake (a benzo-
diazepine antagonist and neuronal marker).6 In corroboration, several 
studies consistently identified decreased cerebral glucose metabolism 
and blood flow.7,8 However, brain regions with the most consistent 
decrease in cerebral glucose consumption in patients in PVS are the 
polymodal association areas of the frontal, temporal, and parietal lobes9; 

interestingly, normal subjects display higher brain metabolism during 
wakefulness than in sleep in similar regions.10 Furthermore, thalamo-
cortical disconnections can be identified using auditory and sensory 
external stimulations.11

Some carefully performed studies identified patients with PVS who 
activate primary and associative cortex, depending on the complexity 
and familiarity of the test stimuli.12,13 Recent data obtained in patients 
with PVS reveal functional magnetic resonance imaging (fMRI) acti-
vation of the supplementary motor area (SMA) and parahippocampal 
areas in motor planning and visuospatial task stimulation paradigms, 
respectively.14 It is, however, unclear whether the identified activations 
represent consciousness since no conclusions to the connectivity of 
thalamocortical brain regions and larger neuronal networks can be 
drawn. Similarly, brain plasticity with recovery of functional thalamo-
cortical connections and reestablishment of neuronal networks may 
allow certain patients to regain consciousness after severe brain injury 
and PVS.9 In recent years, we have gained much insight into which brain 
areas seem necessary for conscious experience; however, future research 
should broaden our knowledge about what form of brain activity in 
these areas confers consciousness.

IMPAIRED CONSCIOUSNESS:  
AN ANATOMIC APPROACH
Because coma is a sleep-like state, it is not surprising to find that the 
neuroanatomy of coma is closely related to brain stem centers that regu-
late daily cycles of wakefulness and sleep: the reticular activating system 
(RAS). In animals the RAS lies within the center of the brain stem, 
extending from the midbrain into the hypothalamus and thalamus.15,16 
Lesions in the pathways of the brain stem reticular formation or RAS 
have the greatest impact on changes in consciousness.

The RAS is a loosely organized core of polysynaptic neurons reaching 
in the brain stem from the lower medulla through the paramedian pons 
to central midbrain. From here, the RAS projects into the diencepha-
lon to several functionally related nuclei in the thalami (especially the 
medial thalamus). Further cerebral projections are prominent to the 
inferomedial frontal lobes, but reach almost all parts of the cerebral 
cortex. The essential role of the RAS is arousal and maintenance of 
wakefulness; injury leads to reduction or failure of arousal. As the brain 
stem RAS receives direct spinothalamic information, incoming sensory 
stimulations are not only projected to the sensory cortices, but are also 
needed to activate the brain stem RAS for the maintenance of conscious-
ness. Within the brain stem and thalamus, the RAS is confined to rather 
small anatomic areas; therefore, even small lesions can severely impair 
arousal and consciousness. In contrast, RAS fibers are sparse and spread 
out as they move toward the cerebral hemispheres, hence only larger 
cortical lesions will lead to impaired consciousness at that level.

Lesions that affect consciousness therefore can be grouped as supra-
tentorial lesions that compress or injure cortical projections in either 
hemispheres or deep diencephalic nuclei, and infratentorial lesions 
that affect the RAS fibers in the brainstem. The clues to the location of 
a structural lesion are presented by the focal deficit that may be pro-
duced by injury to immediate structures in the vicinity of RAS fibers. 
Supratentorial lesions involve focal motor/sensory systems, whereas 
infratentorial lesions are accompanied by cranial nerve palsies as well 
as motor deficits.

Lesions in the lower pons and medulla need to be quite large to induce 
significant coma (loss of arousal) since the RAS is rather thinned in these 
regions. More commonly, lesions in the ventral pons (such as basilar 
artery occlusions) lead to severe motor pathway injury sparing somato-
sensory and ascending RAS (arousal) systems. This state is referred to 
as locked-in syndrome or de-efferented state, as the patient has preserved 
consciousness. However, the patient cannot speak or respond and is 
unable to move cranial, trunk, or extremity muscles, but retains the 
ability for vertical gaze and eye blinking. In contrast, vascular occlusions 
of the top of the basilar artery or the posterior cerebral arteries result 

  TABLE 88-2   � Characteristics of the Persistent Vegetative State (PVS)  
and Related Conditions

Condition 
Self-
Awareness

Sleep-Wake 
Cycles Motor Function

Experience 
Suffering EEG Activity

PVS Absent Intact No purposeful 
movement

No Polymorphic delta 
or theta, some-
times slow alfa

Coma Absent Absent No purposeful 
movement

No Polymorphic 
delta or theta

Brain 
death

Absent Absent None or only 
spinal reflex 
movements

No Electrocerebral 
silence

Locked-in 
syndrome

Present Intact Quadriplegia and 
pseudobulbar 
palsy; eye move-
ments preserved

Yes Normal or 
minimally 
abnormal

Akinetic 
mutism

Present Intact Paucity of 
movement

Yes Nonspecific 
slowing

Data from Tommasino C, Grana C, Lucignani G, Torri G, Fazio F. Regional cerebral metabolism of glucose 
in comatose and vegetative state patients. J Neurosurg Anesthesiol. April 1995;7(2):109-116.
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in injuries to the midbrain or medial thalami, which lead to significant 
impairment of consciousness but none or only minimal focal neurologic 
findings. Traumatic brain injury with diffuse axonal injury can lead to 
petechial hemorrhages and ischemia or inflammatory to necrotizing 
lesions of the midbrain, resulting in impaired consciousness.

Cerebral masses can produce either direct or indirect (uncal or tento-
rial herniation) displacement and torsions of the midbrain and reduced 
alertness. Sudden injury to either or both cerebral hemispheres may 
produce impaired consciousness, indicating that wakefulness has no 
hemispheric dominance and requires some cerebral function. Bilateral, 
extensive acute or subacute damage to the cortex and white matter, for 
example, due to trauma, hypoxia, or infection, impairs activation of the 
upper RAS, leading to impaired consciousness. However, focal large 
cortical (lobar) areas can be injured and initially not affect consciousness 
at all until secondary injury from swelling and bleeding occurs, as evi-
denced by patients with penetrating wounds of the cerebral hemispheres 
who remain fully awake. Similarly, degenerative disorders such as 
Alzheimer disease generally do not or only minimally affect the RAS and 
these patients remain fully awake. Hypersomnia refers to a condition of 
excessive drowsiness and sleep. It may occur in the setting of narcolepsy, 
hypothalamic disorders, sleep disorders, or psychiatric illness.

Several categories of consciousness-impairing mechanisms and 
lesions can be defined. First, one cause is an easily identifiable mass 
lesion compressing the upper RAS either directly or indirectly (such as 
tumor, abscess, meningitis, or hemorrhage); second, discrete lesions of 
the upper brain stem (examples are outlined above) may be the cause; 
and third, a larger group of patients includes those in whom suppres-
sion of the RAS is induced by metabolic derangements, toxic states, or 
seizures. Such functional causes of coma may be reversible by correcting 
the underlying metabolic derangement or removing the offending drug. 
“Metabolic” coma is likely the most common etiologic category resulting 
in impaired consciousness in medical critical care units.

EXAMINATION OF THE COMATOSE PATIENT: 
A CLINICAL APPROACH
Acute depression in level of consciousness is a critical, life-threatening 
emergency that requires a systematic approach for evaluation of etiology. 
The causes of coma are myriad. Therefore, a reliable history should be 
obtained from family, witnesses, or medical personnel, and examination 
should seek representative localizing neurological and general physical 
findings.

■■ HISTORICAL FEATURES
Clues can be ascertained from the onset of coma. An acute onset in a 
previously healthy individual may indicate a cerebral vascular etiology 
(ie, subarachnoid hemorrhage, intracerebral hemorrhage, or hemi-
spheric or brain stem stroke), generalized epileptic activity, traumatic 
brain injury, or drug overdose. Likewise, a subacute deterioration may 
point to systemic illness, evolving intracranial mass, or a degenerative, 
infectious, or paraneoplastic neurologic disorder. Moreover, the dura-
tion of a comatose state should be documented because it may have 
predictive value for prognosis in certain causes.

■■ GENERAL CLINICAL FEATURES AND PROTOCOL
Careful clinical examination is irreplaceable by any investigation. 
While the assessment may take some period of time, a quick assess-
ment of ABCs should be carried out in addition to basic resuscitation 
(Tables 88-3 and 88-4). A subsequent careful assessment should confirm 
and evaluate the presence and extent of impairment of consciousness 
and awareness. Core body temperature should be determined as hypo-
thermia can be seen in drug overdose, brain death, or acute spinal cord 
transection. Moreover, hyperthermia can be seen in infection; traumatic 
brain injury; subarachnoid, intracerebral, or pontine hemorrhage; and 
hypothalamic dysfunction. If there is no evidence of neck trauma, signs 
of meningismus must be elicited.

Frequently the etiology of acute depression in consciousness in the 
hospitalized patient includes sepsis, acid-base, fluid, and electrolyte 
disorders, or hepatic, renal, or cardiac failure or seizures. Therefore, 
laboratory studies should be obtained to exclude metabolic and endo-
crine causes.

Neurologic Examination:  The neurologic examination in a patient with 
depressed level of consciousness can be a valuable tool to localize 
the etiology. The important neurologic features include (1) level of 

  TABLE 88-3    Useful Physical Examination Findings in Comatose Patients

Exam Focus Specific Features Suggested Condition

Skin Petechiae, splinter hemorrhage Coagulopathy; SBE

Icteric Hepatic encephalopathy

Needle tracks Drug overdose or withdrawal

Cyanotic Hypoxemia

Lymph nodes Adenopathy Infectious etiologies; 
immunocompromised hosts

Head Contusion; postauricular ecchymosis 
(Battle sign)

Trauma

VP shunt Hydrocephalus; shunt malfunction

Eyes Periorbital ecchymosis (raccoon eyes) Trauma

Papilledema Increased intracranial pressure

Ears Hemotympanum Trauma

Nose Excessive discharge Trauma

Neck Stiff Subarachnoid hemorrhage, infection

Enlarged thyroid Dysthyroidism

Cardiovascular Arrhythmia, etc Hypoxic/ischemic encephalopathy

Abdomen Small hard liver Hepatic encephalopathy

Miscellaneous Acetone, alcohol breath Ketoacidosis; alcohol intoxication

Fever Infection

Tongue laceration; incontinence Postictal state

SBE, subacute bacterial endocarditis; VP, ventriculoperitoneal.

  TABLE 88-4    Neurologic Assessment of the Comatose Patient

Level of consciousness

  Arousability

  Content

Brain stem function

  Respiratory rate and pattern

  Blood pressure and heart rate

  Pupil size and reactivity

  Eye position and movements

    Doll’s eyes maneuver

    Cold caloric testing

  Corneal reflexes

  Facial symmetry

Motor function

  Posturing

  Tone

  Spontaneous movements

  Withdrawal to noxious stimulus

  Deep tendon reflexes
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continuous pattern; by parabrachial nucleus in the pons, which inte-
grates respiratory movements with reflexes such as coughing and 
swallowing; and by the hypothalamus, which modulates respiration 
in relation to behavioral state. The cerebral cortex and forebrain are 
important in the control of regular respiration. Patients with isolated 
brain injury uncomplicated by other critical medical illnesses may have 
characteristic breathing patterns that aid in neuroanatomical localiza-
tion (Fig. 88-1). However, these patterns are not reliable in patients with 
multiple organ system failure who are receiving mechanical ventilation. 
Nevertheless, a discussion is warranted.

Cheyne-Stokes respiration is a periodic breathing pattern in which 
periods of hyperpnea regularly alternate with apnea in a smooth 
crescendo-decrescendo pattern. This neurogenic respiratory alteration 
occurs with damage to the cortex and forebrain bilaterally, or secondary 
to cardiac or respiratory failure. It is the result of the loss of frontal lobe 
control over respiratory patterns with excessive dependence on blood 
CO2/pH levels to trigger brain stem respiratory centers.

Midbrain and upper pontine lesions may cause a central neurogenic 
hyperventilation syndrome with persistent deep hyperventilation. It can 
only be diagnosed with arterial blood gas measurements, since hyper-
ventilation also occurs secondary to hypoxemia and acidemia. Likewise, 
metabolic disorders, especially the early stages of hepatic coma, cause 
central neurogenic hyperventilation.

Lesions of the middle or lower pons are characterized by deep pro-
longed inspiration followed by a long pause referred to as apneustic 
breathing. Most patients with this respiratory pattern require early intu-
bation and mechanical ventilation.

Ataxic and irregular periodic breathing occurs with lesions in the dorso-
medial medulla and may be accompanied by hypersensitivity to respiratory 
depressants. These patterns are not compatible with sustained life.

When assessing a comatose patient, the rate and pattern of respiration 
should be observed. In addition, vomiting and hiccups should be noted 
because they may result from intrinsic brain stem pathology or transmit-
ted pressure on the brain stem. Furthermore, spontaneous yawning may 
occur in comatose patients. The neurogenic networks for this complex 
respiratory response are integrated in the lower brain stem.
Pupillary Size and Reactivity  In one study of 346 comatose patients, the pupillary 
reflex was shown to be the strongest prognostic variable for awakening 
when compared with evoked-potential studies.20 Pupillary size is controlled 
by the autonomic nervous system and is dictated by the balance between 
sympathetic and parasympathetic input to the pupillary dilators and con-
strictors, respectively. The parasympathetic efferents to the pupil originate 
from the Edinger-Westphal nucleus in the upper midbrain and travel with 
the ipsilateral third cranial nerve (oculomotor). Dysfunction within this 
pathway will produce unopposed sympathetic input to the pupil and rela-
tive pupillary dilation ipsilateral to the lesion. The sympathetic efferents to 
the pupil originate in the hypothalamus, descend through the brain stem 
and cervical spinal cord, and exit the upper thoracic spinal cord (T1-T3 

  TABLE 88-5    The Glasgow Coma Scalea

Response Points

Eye opening

  Spontaneously 4

  To speech 3

  To pain 2

  Never 1

Best verbal response

  Oriented 5

  Confused 4

  Inappropriate 3

  Garbled 2

  None 1

Best motor response

  Obeys commands 6

  Localizes pain 5

  Withdrawal 4

  Abnormal flexion 3

  Extension 2

  None 1

15
aThe lower the GCS score, the more severe the head injury.

  TABLE 88-6    Pupillary Changes in Coma

Size Reactivity Comments

Bilateral

  Normal or small Normal Toxic-metabolic disturbance

 � Midposition 
(3-5 mm)

Poor Midbrain dysfunction; drugs (glutethimide 
[Doriden])

  Small (pinpoint) Poor Pontine dysfunction; drugs (narcotics)

  Large Poor Toxic-metabolic disturbance (anoxia); drugs 
(anticholinergics)

Unilateral

  Large Unreactive Ipsilateral midbrain pathology or compression 
of ipsilateral CN III: uncal herniation, posterior 
communicating artery aneurysm

  Small Minimal Ipsilateral sympathetic dysfunction

consciousness, (2) respiratory pattern, (3) pupillary size and reactivity, 
(4) eye position and movements, (5) corneal reflexes, and (6) motor 
function.
Assessment of Consciousness  The determination of the level of consciousness 
depends on analyzing arousal and content (see Table 88-1). Initially, 
one should observe whether the patient appears asleep or wakeful with 
spontaneous eye opening. In a sleeping patient, one should quantify how 
much stimulation (verbal, tactile, or noxious) is required to arouse the 
patient. Attempts should be made to elicit a behavioral response by verbal 
command alone. If no response is obtained, then physical stimulation 
should be used, first by shaking the patient. Then noxious stimulation 
can be applied by digital pressure to the supraorbital nerves or nail beds of 
the fingers or toes. Care should always be taken not to use stimuli severe 
enough to cause bruising. Purposeful attempts by the patient to remove 
the offending stimulus indicate preservation of brain stem function 
and intact connections to the cerebral hemispheres. Eye opening, either 
spontaneous or in response to stimulation, indicates preserved function 
of the RAS in the upper brain stem and hypothalamus. Once aroused, the 
patient’s ability to remain wakeful and respond coherently is determined.

Lethargy (or drowsiness), stupor, and coma represent different points on 
a continuum of decreasing levels of consciousness. Patients in these states 
appear to be sleeping with eyes closed. In contrast, patients with akinetic 
mutism and locked-in syndrome appear to be awake with eyes opened.

The Glasgow Coma Scale (Table 88-5) is used to assign a numerical 
description of consciousness. The scale was devised to evaluate patients 
with head injury and is most reliable and reproducible in trauma 
patients.17,18 Its application in nontraumatic conditions is less reliable, but it 
is still the most widely used clinical scale to evaluate the level of conscious-
ness. Furthermore, it provides a reproducible tool to monitor progression. 
Another scale has recently been adopted by neurointensive care units 
across the country. The FOUR score includes more neurological details 
and has higher predictability for in-hospital mortality (Table 88-6).19

Respiratory Control  The ventral respiratory group of neurons in the medulla 
generates the intrinsic respiratory rhythm with the dorsal group of 
neurons controlling the airway and respiratory reflexes. The respiratory 
motor control is also influenced by prefrontal cortex, which modulates  
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FIGURE 88-1.  Respiratory patterns in coma.

Lesion location

Bilateral cortical
and forebrain

Midbrain-upper pons

Mid-lower pons

Dorsomedial medulla
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levels). From this point, they ascend the carotid sheath and follow the 
vasculature to the pupil. Any disruption of the sympathetic fibers along 
this loop can lead to unopposed parasympathetic pupillary activity and 
subsequently an ipsilateral small (miotic) pupil.

Pupillary reflex is examined using a light stimulus to one eye, which 
produces constriction of the ipsilateral pupil (direct response) and 
contralateral pupil (consensual response), through a network of connec-
tions. Table 88-6 summarizes the pupillary changes commonly seen in 
coma and their significance.

Small reactive pupils may be due to a toxic-metabolic disturbance. 
Very small pupils (pinpoint) that react to naloxone are characteristic of 
an opiate overdose. Pinpoint pupils that are poorly reactive are charac-
teristic of pontine dysfunction. Lesions rostral or caudal to the midbrain 
may disrupt descending sympathetics and produce small pupils.

Bilateral, widely dilated pupils are due to sympathetic overactivity from 
an endogenous cause (seizures or severe anoxic ischemia) or exogenous 
catecholamines (dopamine or norepinephrine) or atropine-like drugs.

Since the midbrain is the one location in the brain stem where para-
sympathetic and sympathetic pupillary fibers are adjacent, a midbrain 
lesion classically results in intermediate pupil size. Such pupils are seen 
in severe midbrain injuries and herniation.

A unilaterally dilated, unreactive pupil in a comatose patient may 
be caused by herniation of the ipsilateral temporal uncus through the 

tentorium, which compresses the ipsilateral oculomotor nerve and its 
parasympathetic fibers. In this setting, the large pupil is eventually 
accompanied by other evidence of cranial nerve (CN) III disruption 
(ie, ipsilateral eye deviation inferolaterally). In the setting of head 
trauma, this implies an ipsilateral epidural, subdural, or intracerebral 
hematoma. In nontraumatic conditions, it usually occurs with large 
cerebral infarcts, spontaneous intracerebral hematoma, or supraten-
torial brain tumors. This is a neurological emergency, which must 
be attended to immediately akin to a cardiac arrest. (In occasional 
instances in the ICU, one might encounter an awake patient with 
a unilateral dilated and fixed pupil due to exposure of the eye to a 
β-agonist nebulizer).
Eye Position and Movement  The eye muscles are controlled by three sets of 
cranial nerves, CN III, CN IV (trochlear), and CN VI (abducens), 
their nuclei being located in the upper midbrain, lower midbrain, and 
pontomedullary junction, respectively. Proper eye movement control 
requires a network of interconnections between these nuclei so that the 
eyes move conjugately. This interconnection is referred to as the medial 
longitudinal fasciculus (MLF), which is also integrated with the vestibu-
lar nuclei and allows for reflex conjugate eye movement in response to 
positional head changes.

Figure 88-2 displays the relevant anatomy accounting for horizontal 
conjugate eye movements. Each frontal eye field controls gaze to the 

Right frontal
eye field

1 2

Left
PPRF

Left abducens
nucleus

Right
MLF

Left conjugate
gaze

Right CN lll
nucleus-medial
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Right eye
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Left eye
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3 4

Right
PPRF
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Right eye
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FIGURE 88-2.  Schematic representation of the neurologic pathways controlling horizontal conjugate gaze. CN III, third cranial nerve; MLF, median longitudinal fasciculus; PPRF, pontine 
paramedian reticular formation; 1-4, sites of possible pathologic lesions (see text).
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contralateral side by stimulating the contralateral pontine paramedian 
reticular formation (PPRF) at the pontomedullary junction. Lesions of 
the frontal eye fields or the PPRFs lead to conjugate eye deviation, pro-
vided that the MLF is intact. Therefore, a lesion of the right frontal eye 
field or left PPRF impairs leftward gaze, and thus the eyes conjugately 
deviate to the right. In short, the eyes turn toward the lesion with frontal 
eye field dysfunction and away from the lesion with PPRF dysfunction. 
In contrast, MLF lesions are manifested as poor adduction of the eye 
ipsilateral to the MLF lesion. Spontaneous “roving” eye movements in 
all directions in the comatose patient imply bilateral frontal eye field 
dysfunction due to a diffuse cerebral process. If no spontaneous eye 
movements are observed, the intactness of the interconnections respon-
sible for eye control is in question. Since comatose patients are unable to 
follow commands, maneuvers that take advantage of vestibular input 
to ocular control must be utilized.

An oculocephalic reflex (doll’s eye maneuver) is performed by rap-
idly rotating the head from side to side, and observing the patient’s eye 
positional changes (Figure 88-3). The normal response in the coma-
tose patient with intact brain stem is for the eyes to remain fixed on 
the same point in space. Thus, when the head is turned rightward, the 
eyes move to the left. When the head is turned leftward, the eyes move 
conjugately to the right. If a comatose patient does not have normal 
doll’s eyes, a disruption of brain stem ocular and vestibular connections 
may be present. Of course, in the setting of trauma, the head should not 
be rotated due to the possibility of cervical spine injury. In this situa-
tion or when doll’s eye maneuvers are inconclusive, cold water calorics 
are helpful.

Oculovestibular reflexes (cold water caloric testing) depend on 
vestibular system stimulation by altering endolymphatic flow in the 
semicircular canals. The change in endolymphatic flow is achieved by 
instilling ice-cold water in the external auditory canal, thereby cooling 
the middle and inner ear, and in turn the semicircular canal. Prior to 
performing this test, the external auditory canal should be examined 
to confirm intactness of the tympanic membrane and remove any 
impacted cerumen. The head should then be elevated 30°. A functional 
apparatus for instilling the water is a butterfly catheter (with the needle 
removed) connected to a syringe containing approximately 15 to 20 mL 
of cold water.

The responses to cold water in patients with various lesions are  
summarized in Figure 88-3. In normal wakeful patients, the response is  

horizontal nystagmus, with the slow phase toward and the fast phase 
away from the stimulated side and with minimal eye movement from 
the midline. With diminishing consciousness in patients without struc-
tural brain stem damage, the fast phase of the nystagmus disappears, 
and the eyes tend to deviate conjugately toward the stimulated side. 
Structural brain stem disease eliminates the caloric response, as does 
inner ear disease, deep drug coma, and anticonvulsant drug overdose. 
In order to ensure proper interpretation of cold water caloric testing, 
the opposite side should not be stimulated until 5 minutes after the 
initial side.
Corneal Reflex  The corneal reflex is an important protective mechanism 
for the cornea. It is a blinking reflex triggered when the cornea is pre-
sented with any tactile stimulus. The afferent limb is via the trigeminal 
nerve (CN V), and the efferent limb is via the facial nerve (CN VII). 
Although corneal reflexes assess brain stem function, they have limited 
localizing value.
Motor Function  The corticospinal tract predominantly originates from the 
frontal cortex and descends ipsilaterally through the corona radiata, 
the posterior limb of the internal capsule, and the cerebral peduncle of 
the midbrain and consolidates in the pyramids, and the ventral swell-
ings of the medulla. The pyramidal fibers decussate to the contralateral 
side at the junction of the medulla and spinal cord to form the lateral 
corticospinal tract.

Observation is the key to the motor examination in the comatose 
patient. The patient is observed for spontaneous movements or main-
tenance of particular postures. Lesions involving the corticospinal 
tract generally lead to diminished contralateral spontaneous activ-
ity. Upper midbrain or more rostral lesions may lead to decorticate 
posturing characterized by flexion of the contralateral arm at the 
elbow and hyperextension of the leg. Central midbrain and high 
pontine lesions, with a relatively intact brain stem inferiorly, may 
lead to decerebrate posturing characterized by contralateral arm 
and leg extension. Structural lesions or metabolic insults may also 
cause such posturing and it is often mistaken for seizure activity. The 
patient should be observed for the presence of tremor, myoclonus, 
or asterixis, because these may be associated with toxic-metabolic 
encephalopathies.

After observing for spontaneous movements and posturing, motor 
tone should be assessed by passive flexion and extension of the 
extremities. Tone may be increased or decreased, depending on the 
location of the motor system involvement. Afterward, noxious stimuli 
should then be applied to each limb and the supraorbital regions. 
Purposeful movement upon noxious stimulation suggests intactness 
of motor tracts to that limb, whereas decorticate or decerebrate pos-
turing in response to noxious stimuli has the localizing significance 
mentioned above.

Acute corticospinal tract lesions may cause hyporeflexia, and hyper-
reflexia may not occur for days to weeks after the injury. However, 
a Babinski sign, which is characterized by extension of the great toe 
and fanning of the other toes upon lateral plantar stimulation, may 
be present acutely with corticospinal tract lesions. Complete bilateral 
paralysis without any response to noxious stimuli usually indicates a 
grave prognosis. However, spinal cord injury, neuromuscular transmis-
sion blockade, or an illness such as myasthenia gravis or Guillain-Barré 
syndrome must not be excluded because they may produce a similar 
state of complete paralysis.

DIFFERENTIAL DIAGNOSIS OF COMA
Alcoholism, cerebral trauma, and cerebrovascular diseases account 
for a majority of comatose patients. Other major causes for admission 
include epilepsy, drug intoxication, diabetes, and severe infection. In 
the university hospital setting Plum and Posner found one-quarter 
of comatose patients to have cerebrovascular disease, 6% were the 
consequence of trauma, all “mass lesions” (ie, tumors, abscesses, 

FIGURE 88-3.  Eye positions in the doll’s eye maneuver and with cold caloric testing in 
coma. MLF, median longitudinal fasciculus; PPRF, pontine paramedian reticular formation.
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hemorrhages, and infarcts) accounted for less than one-third, while 
subarachnoid hemorrhage, meningitis, and encephalitis accounted 
for another 5%.1 The majority of cases were the consequence of exog-
enous (drug overdose) and endogenous (metabolic) intoxications and 
hypoxia.

When the examination leads to the conclusion that the central neur-
axis is affected at multiple levels or diffusely, the etiology is most likely 
of toxic-metabolic origin. Metabolic causes and toxic ingestions account 
for the largest number of patients with depressed consciousness. The 
single most important sign distinguishing metabolic from structural 
coma is the presence of the pupillary light response.21,22 In metabolic 
coma, confusion and stupor commonly precede symmetrical motor 
signs. Asterixis, myoclonus, tremor, and seizures are common. Central 
hyperventilation occurs frequently.

Supratentorial mass lesions causing compression or displacement of 
the upper brain stem usually present with focal neurologic signs that are 
asymmetrical. Neurologic dysfunction usually progresses in a rostral-
caudal fashion, and the examination usually points to one anatomic area 
of the brain stem at a given point in time.

Subtentorial masses or destructive lesions causing coma usually are 
associated with brain stem dysfunction or sudden onset of coma. Brain 
stem signs always precede or accompany the onset of coma and always 
include abnormalities of eye movements. Cranial nerve palsies are usu-
ally present. Irregular respiratory patterns are common and usually 
appear at the onset of coma.

■■ SELECTED CAUSES OF COMA
Cerebrovascular diseases, electrolyte disorders, head trauma and drug 
intoxications are reviewed in Chaps. 84, 99, 118, and 124.

Hypoxic-ischemic encephalopathy is the most common and most 
devastating cause of coma in most critical care units. The term is a 
pathologic diagnosis that refers to the effects of various degrees of 
global brain ischemia, sometimes complicated by hypoxemia. Cardiac 
arrest is the most common cause of global brain ischemia.23-26 Each year 
there are 160,000 attempts at cardiac resuscitation, and only 70,000 are 
successful. As a result of permanent neurologic deficits of the early 
survivors, 30% leave the hospital, but only 10% resume their former 
lifestyle. Other important causes of global brain ischemia include 
severe hypotension, cardiac failure, strangulation, cardiopulmonary 
bypass, status epilepticus, diffuse cerebral arteriosclerosis, increased 
intracranial pressure, cerebral arterial spasm, closed head trauma, and 
hyperviscosity.

The degree of neuronal injury in this condition depends on the degree 
of mismatch between metabolic demand and delivery of substrate 
(oxygen and glucose) to the brain.27 For example, the brain can tolerate 
45 minutes of total circulatory arrest with complete recovery if hypo-
thermia to 18°C is induced. Conversely, a brain with metabolic activity 
that is eightfold above normal during status epilepticus will sustain neu-
ronal damage after 2 hours, even with perfect maintenance of arterial 
oxygenation, glucose, and blood pressure.

The neurologic syndromes that follow cardiac arrest and resuscitation 
are diverse and depend on the duration of ischemia (time from arrest 
to successful cardiopulmonary resuscitation [CPR]), adequacy of CPR, 
underlying cardiovascular disease, degree of arterial atherosclerosis, 
adequacy of postresuscitation cerebral perfusion. Patients in a coma less 
than 12 hours after resuscitation usually make an excellent recovery. 
Those in a coma more than 12 hours have permanent neurologic deficits 
due to focal or multifocal infarcts of the cerebral cortex in arterial border 
zones. They may be left with permanent amnesia, dementia, bibrachial 
or quadriparesis, cortical blindness, seizures, myoclonus, and ataxia.28,29 
If the coma persists for 1 week, recovery is rare, and most patients 
remain in a PVS due to laminar necrosis of the cerebral cortex with 
preservation of brain stem function.30,31

Early in the course of hypoxic-ischemic encephalopathy, specific 
neurologic signs can predict outcome with a high degree of reliability. 
In a study of 210 patients, the absence of pupillary responses on the 

first day after CPR predicted poor outcome.32 None of 52 patients 
recovered, and only 3 regained consciousness. No patient who lacked 
corneal reflexes after the first day ever regained consciousness. After  
3 days, a lack of motor responses or absent pupillary and corneal 
reflexes predicted poor outcome in all patients (PVS or severe disability). 
Certain early signs were associated with good recovery. At 1 day, the 
following signs were associated with at least a 50% chance of regaining 
independent function: verbal responses of any type, purposeful eye 
movements or motor responses, normal ocular reflexes, and response 
to verbal commands.

The cause of hypoxic-ischemic encephalopathy is not a simple 
response to circulatory arrest. Evidence has accumulated that the brain 
can tolerate a longer period of ischemia than previously thought if 
certain conditions are met. After a 10-minute period of global brain 
ischemia, if the circulation is adequately restored, there is marked 
hyperemia, subsequently followed by a delayed, progressive fall in 
cerebral blood flow to levels considerably below prearrest values.33 In 
some cases, cerebral metabolism remains high in the face of low blood 
flow, a situation that worsens the effects of the initial ischemia. There 
is experimental evidence suggesting that if cerebral blood flow can 
be maintained at a hyperemic level, the brain can recover.34 It appears 
that some of the damage is due to a lack of adequate reperfusion after 
resuscitation, the no-reflow phenomenon. The mechanisms of delayed 
hypoperfusion and no-reflow are poorly understood but may be due to 
diffuse arterial spasm, calcium influx, vasoconstrictor prostaglandins, 
and intravascular coagulation. Even when adenosine triphosphate levels 
recover promptly as evidence of successful reperfusion, neurons show 
progressive morphologic damage, suggesting that injury may be in 
large part due to reperfusion rather than ischemia, per se. Persistently 
impaired protein synthesis following reperfusion may prevent the cell 
from repairing damage. Apoptotic pathways appear to be activated, 
triggering neuronal death. In addition, other biochemical changes are 
initiated after ischemia that can cause delayed neuronal injury: elevation 
of intracellular calcium, release of neurotoxic excitatory amino acids 
(glutamate and aspartate), reoxygenation injury from superoxide forma-
tion, and brain lactic acidosis.35,36

The pathophysiology of altered cerebral blood flow and metabolism 
following CPR is complex and points to several windows of opportunity 
where the devastating effects of global brain ischemia may be amelio-
rated. Free radical scavengers and excitatory amino acid antagonists 
have also been considered potentially useful to improve outcome after 
brain injury. To date, despite some promise in animal models of central 
nervous system (CNS) injury, these agents have not shown benefits 
in clinical trials. Animal studies show some benefit from nitric oxide 
release pathways. The mechanism of benefit from induced hypothermia 
following anoxic brain injury is unknown, and this topic is further con-
sidered in Chap. 26.

■■ DIAGNOSTIC PROCEDURES IN EVALUATING THE COMATOSE PATIENT
Keeping in mind the preceding differential diagnosis for states of coma, 
the sequence of diagnostic studies becomes clear. Rapid identification of 
metabolic or toxic causes of coma is determined by laboratory testing 
of blood, urine, and cerebrospinal fluid (CSF). A list of acute metabolic 
derangements that may cause coma is provided in Table 88-7. Focal 
neurologic derangements causing coma are listed in Table 88-8. A list of 
recommended laboratory tests is listed in Table 88-9.

A variety of diagnostic tests are useful in evaluating comatose 
patients. Computed tomographic (CT) scanning of the head is useful 
in detecting neurological lesions causing coma. It is utilized mainly to 
detect focal brain disease, being most sensitive for diagnosing acute 
hemorrhage, which appears as an area of increased density. Conversely, 
infarction shows up as an area of lucency, subtly apparent at least several 
hours after onset. Neoplasms and abscesses are lucent on CT but often 
accumulate IV contrast material due to alterations in the blood-brain 
barrier. CT is the test of choice in acute trauma because it provides 
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detailed images of bony structures of the skull base.37 It may also show 
parenchymal shifts and effacements of CSF spaces, suggesting the pres-
ence of increased intracranial pressure or the presence of hydrocephalus. 
In addition, CT can be performed easily and rapidly in critically ill, 
intubated, and mechanically ventilated patients.

Magnetic resonance imaging (MRI) is the most sensitive method to 
image the brain and define diverse pathologies. The image resolution is 
much better than CT, and it allows images of the central nervous system 
in multiple planes. MRI is particularly helpful for imaging posterior 
fossa structures, which often are poorly visualized on CT due to bony 
artifact. MRI frequently displays pathologic processes earlier than CT 
does, which may be critical for prompt initiation of appropriate therapy, 
as in herpes encephalitis.

Lumbar puncture and CSF examination are essential in the diagno-
sis of meningitis and encephalitis. On occasion, CSF analysis is more 
sensitive than CT in documenting subarachnoid hemorrhage. The 
major contraindication to performing a spinal tap is cerebral edema. 
Since processes associated with cerebral edema represent several of the 
etiologic considerations in the comatose patient, CT should generally be 
performed prior to the spinal tap in comatose patients. If it is essential to 
obtain CSF in states associated with intracranial masses and intracranial 

  TABLE 88-8    Focal Neurologic Lesions Causing Coma

Hemorrhage

  Subarachnoid

  Lobar

  Subdural/epidural

  Cerebellar

  Brain stem

Ischemia

  Cardiac arrest

  Shock

  Blood hyperviscosity

  Disseminated intravascular coagulation

  Hypertensive encephalopathy

  Anoxic-ischemic encephalopathy

Cerebral arterial occlusive infarction

  MCA occlusion with swelling

  Brainstem/basilar artery occlusion

  Bilateral thalamic infarcts

  Cerebellar with displacement and brain stem compression

Infection/Inflammatory

  Brain abscess

  Empyema

  Meningitis

  Systemic lupus

  Vasculitis

  Encephalitis (viral, paraneoplastic)

  Postinfectious demyelinating encephalomyelitis

Neoplasms

  Lymphoma

  Brain stem tumor

  Gliomatosis

  Multiple brain metastasis

  Cerebellar glioma

Diffuse physiologic brain dysfunction

  Generalized tonic-clonic seizures

  Porphyria

  Basilar migraine

  Idiopathic recurrent stupor

  Hypothermia and heat stroke

  Traumatic brain injury/contusions

  Osmotic demyelination syndrome

  Progressive hydrocephalus

  Leukoencephalopathy (chemotherapy or radiation)

  TABLE 88-7    Acute Metabolic-Endocrine Derangements Causing Coma

Hypoxia

  Decreased PO2

  Anemia

  Cyanide poisoning

  Carbon monoxide poisoning

  Methemoglobinemia

Fluid and electrolyte disorders

  Hypo- and hyperglycemia (nonketotic hyperosmolar)

  Hypo- and hypernatremia

  Hypo- and hyperosmolality

  Acid-base disorders

  Extreme values of calcium, magnesium, phosphorus

Cofactor/vitamin deficiency

  Thiamine

  Niacin

  Pyridoxine

  Vitamin B
12

  Folate

Endocrine abnormalities

  Addison disease

  Acute hypothyroidism

  Acute panhypopituitarism

Endogenous toxins

  Acute uremia

  Hyperbilirubinemia

  Hypercapnia

  Hepatic failure

Exogenous toxins and drug toxicity

  Prescribed medications

  �  Benzodiazepines, opiate analgesics, barbiturates, anticonvulsants, salicylates, ethanol, 
tricyclic antidepressants, anticholinergics, phenothiazines, lithium, monoamine 
oxidase inhibitors, antihistamines, cimetidine, penicillins, organic phosphates

  Drugs of abuse

  �  Amphetamines, cocaine, lysergic acid diethylamide (LSD), paraldehyde, methanol, 
ethylene glycol, heavy metals

Psychiatric causes

  Lethal catatonia

  Hysterical coma

  Malingering
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hypertension, ventriculostomy may be performed safely and provides an 
excellent tool for subsequent monitoring and treatment of intracranial 
hypertension. Obtaining a CSF sample in a patient with a depressed level 
of consciousness and fever, elevated WBCs, or an immunocompromised 
state constitutes an emergency and a lumbar puncture should be done 
with haste after carefully ruling out intracranial hypertension or struc-
tural abnormalities on cerebral imaging.

Electroencephalography (EEG) measures brain wave activity. It is 
useful in detecting focal cerebral dysfunction, seizures, encephalitis, 
and diffuse metabolic encephalopathy, although it is nonspecific with 
regard to cause (eg, uremia vs hepatic failure).38,39 Nonconvulsive status 
epilepticus is no longer as rare as previously thought. Up to 10% of ICU 
patients who were unresponsive and were monitored with continuous 
24-hour EEG had nonconvulsive status epilepticus.40 It is therefore an 
integral part of a diagnostic workup for an unconscious patient in the 
medical ICU. It can be used as objective verification of brain death, but 
this application is less popular in contemporary practice.41

Evoked-potential studies (visual, auditory, and somatosensory) have 
been used extensively for assessment of brain function in comatose 
patients with acute brain injury, with the hope that they would provide 
information about prognosis.39,41 In general, they are no more useful 
than the clinical examination, except for somatosensory evoked poten-
tial (SSEP). The absence of cortical waves in SSEPs performed early 
after onset of hypoxic-ischemic coma has a high specificity for predict-
ing the likelihood of nonawakening. SSEPs are resistant to sedative 
drug intoxication and may be present in drug overdose states that cause 
an “isoelectric” EEG. The persistence of cortical SSEPs in comatose 
patients with head trauma predicts potential recovery in about one-
third of patients; the absence of SSEPs predicts poor outcome in the 
vast majority.39,42 Recently one study showed promising potential with 
more specific tests looking at the role of late auditory (N100), cognitive 
evoked potentials (mismatch negativity; MMN), and middle latency 
auditory evoked potentials (MLAEPs) for prognosis of awakening in a 
cohort of 346 comatose patients. The strongest prognostic variable was 
pupillary reflex (estimated probability 79.7%), and the estimated proba-
bility rose to 87% when N100 was present, and to 89.9% when MLAEPs 
were present. Interestingly, when MMN was present, 88.6% of patients 
awakened and no patient with MMN became permanently vegetative.

In a small study of 34 patients with anoxic coma admitted over a 
2-year period to an intensive care unit, the predictive value of com-
bined clinical examination, SSEP, and EEG was evaluated.43 On day 3 
or thereafter, those with the following invariably had poor outcomes: 
(a) extensor motor response to pain or worse and a “malignant” EEG 
(low amplitude, less than 50 μV, delta rhythm, non-reactive; or burst 
suppression; or suppression <20 μV, alfa/theta coma, nonreactive; or 
epileptiform discharges with burst-suppression); (b) flexor posturing or 
worse and bilaterally absent SSEPs.

TREATMENT OF COMA
Treatment must be instituted immediately, even when the diagnosis is 
uncertain, to prevent further brain damage secondary to complications. 
Oxygenation must be ensured, and airway protection is essential. All 

patients in coma should have a cuffed endotracheal tube placed quickly; 
the need for mechanical ventilation is determined by the degree of 
spontaneous breathing and the need for therapeutic hyperventilation. 
Trauma patients with suspected cervical spine injuries may need emer-
gency tracheostomy to avoid extension of the neck during endotracheal 
tube placement if direct airway visualization and securing is not possible 
(see Chap. 46). Subsequent ventilator adjustments should be guided by 
arterial blood gas analysis.

Arterial blood pressure must be maintained. Hypotension and 
hypoxia cause secondary brain ischemia and are the most important  
factors determining outcome in severe head injury. Intravascular 
volume replacement with blood or isotonic solutions often requires 
hemodynamic monitoring. The goals are to attain normal intravascular 
volume with adequate cardiac output, tissue perfusion, and oxygen 
delivery. Excessive volume replacement can aggravate intracranial 
hypertension, especially if hypotonic solutions are administered and 
serum osmolality falls. Inadequate intravascular volume will cause a fall 
in cardiac output and worsen brain ischemia. Inotropic and vasopressor 
drugs are administered as needed.

If meningitis is suspected, antibiotic treatment must be commenced 
immediately, especially if a spinal tap cannot be performed within a 
reasonable time period. Consideration must be given to the immune 
status of the patient. If bacterial or tuberculous meningitis is suspected, 
steroids may be used. Seizures at onset with fever must prompt consid-
eration of herpes encephalitis.

Any pupillary anisocoria must prompt consideration of intracranial 
hypertension and the patient must be managed presumptively until 
neuroimaging can confirm or refute the differential. With a fixed and 
dilated pupil, a dose of 20% mannitol 1 to 1.5 g/kg must be given imme-
diately with mild hyperventilation (in atraumatic patients) to target 
PCO2 to 35 to 40 mm Hg. If a raised ICP is suspected, a neurosurgeon 
should be contacted for intracranial pressure monitoring.37,44 Details 
of intracranial pressure monitoring and treatment are described in 
Chap. 86.

As part of the initial management of all patients with coma, glucose 
should be given (50 mL of 50% glucose) as soon as blood is sent to 
the laboratory. Although there is a theoretical risk of hyperglycemia 
causing brain lactic acidosis during ischemia, the risk of damage from 
hypoglycemic coma is much greater and requires emergency treatment. 
Thiamine (100 mg IM or IV) is recommended traditionally with glucose 
administration to avoid Wernicke-Korsakoff syndrome; however, the 
literature supporting this widely held view is sparse.45 Seizures, regard-
less of cause, must be stopped (see Chap. 85).

Systemic infections, especially gram-negative sepsis, can cause stupor 
or coma on a toxic basis and must be promptly treated. Severe acid-
base disorders, while rarely responsible by themselves for coma, can 
worsen the overall situation by causing secondary cardiovascular and 
respiratory failure. Rapid correction of severe acidosis or alkalosis may 
be helpful. However, rapid correction of hyperglycemia, hypernatremia, 
and uremia should be avoided as it may cause central pontine myelin-
olysis from osmotic fluid shifts in the tracts of the pons, particularly in 
those patients with alcoholism.

Hyperthermia can accompany a variety of pathologic states, either 
infectious or secondary to hypothalamic or brain stem damage. A 1°C 
elevation in body temperature will increase cerebral tissue metabolic 
demand by 10%. Therefore, hyperthermia can itself exacerbate the 
harmful effects of ischemia, hypoxia, or hypoglycemia. Hyperthermia 
should be aggressively treated. Mild therapeutic hypothermia was first 
proposed as a treatment for brain trauma in the late 1950s. Hypothermia 
can lower ICP, alter chemical pathways that could contribute to injury, 
and modulate apoptosis, but the mechanism of benefit seen in animal 
models remains unknown. Large trials in patients with traumatic brain 
injury have been conflicting,46,47 while there is some evidence of benefit 
following out-of-hospital cardiac arrest.48,49

Specific antidotes may be effective in coma secondary to drug intoxi-
cation. Details of treatment for drug overdose are described in Chap. 124.  

  TABLE 88-9    Emergency Laboratory Tests for Nonstructural Coma

1. Venous blood: hemoglobin, white blood count, platelets, glucose electrolytes, calcium, 
blood urea nitrogen, creatinine, osmolality coagulation studies, liver function tests, 
muscle enzymes, thyroid and adrenal functions, toxicology screen, blood cultures

2. Arterial blood: pH, PCO2
, PO2

, carboxyhemoglobin, ammonia

3. Urine: toxicology, microscopic examination

4. Gastric aspirate: toxicology

5. Cerebrospinal fluid: cell count and gram stain, protein, glucose, culture, counterimmunoelec-
trophoresis, viral and fungal antigens, and antibody titers
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Other than general measures, as outlined above, treatment depends on 
accurate diagnosis of cause and specific directed treatment.

PROGNOSIS AND THE PERSISTENT VEGETATIVE STATE
While it is possible to describe broad prognostic likelihoods for patients 
with nontraumatic coma, particularly postanoxic brain injury (see 
above), there are no precise tools to determine which patients with 
coma will evolve to vegetative state. Generally, the clinical course and 
long-term outcome of vegetative state depend in part on the etiology 
of the brain injury. A useful classification in this regard describes three 
broad categories: (1) acute traumatic and nontraumatic brain injuries, 
(2) degenerative and metabolic brain disorders, and (3) severe con-
genital malformations of the CNS. Recovery of consciousness from a 
posttraumatic PVS is unlikely after 12 months for both children and 
adults. For nontraumatic PVS, recovery after 3 months is exceedingly 
rare. Patients with degenerative disorders or congenital abnormalities 
are very unlikely to recover consciousness after several months of PVS. 
For all atraumatic patients remaining in PVS, life span is substantially 
reduced and generally ranges from 2 to 5 years. However, life expec-
tancy after severe TBI producing coma is 8 to 12 years. Life expectancy 
is largely influenced by the complications accompanying chronic care of 
these individuals.

Only about half of all patients with full-time employment prior to the 
severe head injury event were able to return to full time employment,50 
most of them at lower occupational status. In a group of severely brain-
injured young men, however, the reemployment rate can be significantly 
improved by using on-site training accompanied by a job coach, as well 
as continuing long-term support with use of behavioral and cognitive 
training strategies.51,52

■■ DECLARATION OF DEATH USING NEUROLOGIC CRITERIA
In recent years, the success rate of organ transplantation has increased 
dramatically, and transplantation has become standard therapy 
for patients with end-stage kidney, heart, lung, and liver disease. 
Unfortunately, thousands of critically ill patients will not receive needed 
organs due to a lack of understanding of the concepts and criteria for 
the declaration of death. We are wasting a rare and precious resource 
because health professionals, as well as the public, have been misin-
formed about definitions and procedures necessary to declare death in 
the setting of massive, irreversible brain damage.53,54

Although specific protocols for the determination of death vary 
slightly from institution to institution, guidelines in the United States 
were firmly established by the President’s Commission in 1981 and 
have been uniformly accepted by the American Medical Association, 
American Academy of Neurology, and American Bar Association.55-57

The Uniform Determination of Death Act states, “An individual who 
has sustained either (1) irreversible cessation of circulatory and respira-
tory functions, or (2) irreversible cessation of all functions of the entire 
brain, including the brain stem, is dead. A determination of death must 
be made in accordance with accepted medical standards.” In 1987, the 
state of New York adopted the preceding statement as the legal defini-
tion of death. Since that time, this definition has been widely adopted 
throughout North America and Europe.58,59

However, confusion still surrounds (1) the definition of death and 
(2) the criteria for determining death in a patient who has stable car-
diovascular function but irreversible cessation of brain function. Part 
of this confusion arises from the continued use of the ambiguous term 
brain death, implying that there is more than one type of death. If health 
professionals are confused about this concept, it is no surprise that the 
public remains uncertain about the terminology.

The medical and legal definitions of death are clear: Brain death 
and cardiac death are the same. Dissenting opinions from the religious 
orthodoxy of Roman Catholicism and Orthodox Judaism persist, how-
ever, due to individual interpretations and applications of religious 

beliefs and laws. It is unlikely that there will ever be a unanimously 
accepted definition of death, due to diverse religious and ethical 
opinions. However, time has brought about increasing acceptance that 
the irreversible cessation of brain function is a mechanism of death.

The core of the clinical diagnosis of brain death is to establish unre-
sponsiveness and brain stem areflexia. The preconditions are that (1) the 
cause of coma is known and (2) the cause is adequate to explain the irre-
versible cessation of whole brain function.60,61 In almost all cases, cerebral 
circulatory arrest from intracranial hypertension is the terminal mecha-
nism. Confirmatory tests are appropriate in selected cases, particularly for 
posterior fossa processes that can cause devastating brainstem dysfunc-
tion without hemispheric injury. Careful attention to these preconditions 
will alert the intensivist to special circumstances that require reevaluation 
and confirmatory tests. In the press for organ procurement, the cautious 
physician may be perceived as delaying the transplant process to ensure 
that the diagnosis of death is unequivocal.

The President’s Commission’s recommendations grew out of studies 
at Harvard Medical School in the 1960s and extensive collaborative 
studies sponsored by the National Institute of Neurological Disorders 
and Stroke in the years 1971 and 1972.62,63 These clinical studies were 
performed before the availability of CT imaging, making the cause of 
coma and anatomic extent of brain damage uncertain in many cases. 
Therefore, the use of routine EEG became a standard part of many 
determination-of-death protocols. With the ability to directly visualize 
the extent of brain damage in comatose patients by CT, the determina-
tion of irreversibility became more precise. To this day, however, there 
continues to be unnecessary reliance on confirmatory laboratory tests 
rather than the use of objective clinical criteria. In contemporary prac-
tice, the use of transcranial Doppler to verify cerebral circulatory arrest 
is more relevant than EEG.

In most states in the United States and many countries around the 
world, clinical criteria are sufficient to diagnose brain death. Confirmatory 
tests are reserved for situations in which there is uncertainty regarding 
cause and reversibility of coma, or if a complete neurological examination 
cannot be performed. This may arise in instances of facial trauma and 
hemodynamic instability, which precludes apnea testing.

■■ CLINICAL DIAGNOSIS
It is important to keep a structured approach in mind when approach-
ing a patient with the possible diagnosis of brain death. First, imperative 
prerequisites that should be fulfilled prior to determination of brain 
death include (1) irreversible brain catastrophe, which involves both the 
cerebral hemispheres and the brain stem; (2) core temperature >36°C; 
(3) no evidence of intoxication, poisoning, or the use of paralytics, 
anesthetics, or sedatives; (4) normotension (systolic BP >100 mm Hg);  
and (5) no confounding medical conditions such as severe endocrine, 
electrolyte, and acid-base disturbances. CT scan may or may not show 
abnormalities consistent with brain death. For example, following car-
diopulmonary arrest the CT may show abnormalities only visible to the 
expert and may be interpreted as normal by those who are less expe-
rienced. On the other hand, a significant and easily identifiable mass 
lesion seen on CT scan does not necessary imply brain death. As a rule, 
if the brain CT is discrepant with the clinical diagnosis of brain death, a 
repeat study is warranted; if the repeat CT scan remains discrepant, the 
search for other confounding factors should be intensified.

The examination of a neurologically devastated and potentially 
brain-dead patient should be methodologic as well as documented in 
detail: Identify the lack of consciousness (coma), verify the patient’s core 
temperature and ventilator dependency, test and describe that no motor 
movements and no brain stem reflexes are present (including pharyn-
geal and tracheal reflexes), and demonstrate the lack of spontaneous 
respiration to increasing arterial carbon dioxide levels (apnea test). The 
apnea test demonstrates the lack of respiratory drive while the patient 
remains oxygenated; a patient fails the apnea test when an increase 
of arterial CO2 to 60 mm Hg (from a baseline range of 35-45 mm Hg) 
or a 20 mm Hg increase from the pre-apnea test baseline arterial CO2 
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has been documented.64 The successful performance of an apnea test 
requires a specific methodology to minimize hypoxemia during testing 
and proactively manage hypotension to ensure study completion. For 
these reasons, it should only be done by physicians experienced with the 
test. Generally, inability to adequately perform an apnea test (eg, because 
of hypotension or a marked drop in oxygenation) should indicate the 
need for a confirmatory test.

In the previous AAN practice parameter from 1995, two physicians 
were required to perform and document a neurological examination 
along with one apnea test, to declare a patient dead by brain death cri-
teria. No instance has been reported wherein a patient has recovered 
brain function when testing has been performed in accordance to the 
AAN practice parameter. Therefore, the guidelines for diagnosis of 
brain death have been recently updated. Only one clinician is now 
required to perform a neurological examination and apnea test to 
diagnose and declare a patient dead using brain death criteria.65

Certain spinal movements and reflexes can be observed in brain-dead 
patients without casting doubt on the diagnosis. They may be especially 
prominent during apnea testing, and physical stimulation of the patient. 
They are often short lasting and symmetric. Well known but rather 
uncommon in its complete form is a brief attempt of the body to sit up 
to about 60° with raising of both arms (Lazarus sign). A convenient clas-
sification of spinal movements and reflexes seen in brain-dead patients 
by body region includes but is not limited to cervical region (tonic neck 
reflexes or head turning), upper extremities (flexion-withdrawal or 
extension pronation or flexion), trunk (opisthotonic posturing, flexion, 
or abdominal reflexes), and lower extremities (plantar flexion, triple 
flexion, or Babinski sign).64 Observation of any of these movements 
should lead to verification that they are compatible with the diagnosis of 
brain death (by an experienced physician) and preparation of the family 
of their mechanism and relevance.

■■ CONFIRMATORY TESTING
Generally, confirmatory testing is recommended in children less than 
1 year old and in situations in which adequate clinical testing cannot 
be performed. Lack of cerebral blood flow, that is, cerebral circulatory 
arrest, can be documented by standard arterial angiography, transcranial 
Doppler, or radionuclide scan, and there is some, but limited, experience 
with magnetic resonance imaging/angiography and CT angiography. 
Four-vessel cerebral angiography may be performed in clinically dead 
patients who have an uncertain diagnosis.60 Complete absence of cere-
bral circulation is an absolute confirmation of brain death. The major 
use of the technique is for rapid diagnosis of death in patients whose 
clinical examination is obscured by hypothermia or drug intoxication. 
Transcranial Doppler sonography is a noninvasive bedside technique 
that can measure, in a qualitative fashion, blood flow in the proximal 
portions of the main cerebral arteries. An ultrasonic probe is placed over 
the temporal bones (usually) and the direction and velocity of blood flow 
can be measured. A number of investigators have shown that absence or 
reversal of diastolic flow in the cerebral arteries can be demonstrated in 
patients who meet the traditional criteria for brain death66; the operator-
dependent sensitivity ranges from 90% to 99%, and the specificity is 
100%.67 About 10% of patients cannot be insonated because of excessive 
skull thickness. Radioisotope brain scanning can accurately document 
absent brain blood flow in the cerebral hemispheres, but not in the verte-
brobasilar circulation.68 Some institutions have portable units that can be 
brought to the bedside in the ICU. Because this technique does not image 
the posterior circulation, the clinical diagnosis of brain stem areflexia 
becomes even more important. In situations of suspected or known drug 
intoxication, isotope brain scanning is not helpful, since it will not answer 
the question of whether brain stem areflexia is due to drug effect or irre-
versible damage. Xenon-enhanced CT and 99mT-HMPAO single photon 
emission computed tomography (SPECT) are noninvasive techniques 
for accurately measuring brain blood flow in all arterial territories. It has 
been used in young children and infants with great reliability to confirm 
the clinical criteria of death.69 Particularly in children, it can overcome 

many of the problems associated with EEG and cerebral angiography. 
Unfortunately, the technique is only available in referral centers.

Absence of any electrical activity on a 30-minute EEG with increased 
sensitivity settings is consistent with brain death and has a reported 
sensitivity and specificity of about 90%.70 If the cause of coma is clearly 
established from anatomic imaging studies of the brain, and clinical cri-
teria are met that all brain functions are absent, EEG confirmation is not 
necessary.71 Apneic coma and an isoelectric EEG in the face of normal 
brain imaging studies are strongly suggestive of sedative drug intoxica-
tion, and appropriate toxicology studies must be performed.

■■ NEUROLOGIC STATES RESEMBLING BRAIN DEATH
A correct identification and verification of brain death is rather dif-
ficult and complex and misjudgment may have great negative impact, 
not only on the patient, but also on the family and the diagnosing 
medical doctor. The diagnosis should only be made by a physician with 
experience in careful neurologic examinations, interpretations of brain 
imaging studies, and skilled evaluation of confirmatory studies used to 
diagnose brain death. Misleading diagnoses may lead the superficial 
examiner to believe that the patient is brain dead, but often the history 
and examination together reveal details inconsistent with the diagnosis 
of cerebral perfusion arrest. For details, the reader is referred to current 
textbooks in neurology and a monograph by Wijdicks.64 Examples of 
disorders potentially mimicking brain death include but are not limited 
to severe hypothermia, acute metabolic coma (eg, endocrine and organ 
failure, among others); poisoning (via drugs such as antidepressants, 
anticonvulsants, analgesics/sedatives, and many more, or via toxins and 
poisons); locked-in syndrome, akinetic mutism, and possible PVS, as 
well as peripheral nerve disorders in which the patient may appear brain 
dead, but is fully awake.

CRITICAL CARE ASPECTS OF BRAIN-DEAD PATIENTS
It is well known that brain injury can have immediate and delayed 
systemic effects on multiple organs. Hence, it is not surprising that 
brain-dead patients will experience significant effects on overall body 
function. Generally, vascular motor tone and cardiac stability and 
performance decreases, pulmonary edema, disseminated intravascular 
coagulation, and hypothermia may occur, and severe electrolyte and 
fluid balance disturbances are noted. Up to one-quarter of all potential 
donor organs are rejected because of the detrimental impact of these 
changes, which are commonly associated with inadequate medical man-
agement (see Chap. 115).

Determining a brain-dead patient as a medically suitable organ 
donor is only done by organ procurement organizations. All brain-dead 
patients should be managed as potential organ donors. The support of 
a patient who has been declared dead after brain testing poses a moral 
dilemma for the attending physician. Unless there are explicit wishes to 
this end by either patient statements or family requests, the caring physi-
cian cannot continue to support the body for the purpose of assessment 
by organ procurement agencies. It is therefore imperative to involve 
them early. However, should the decided course be to pursue organ 
retrieval the following issues need to be addressed:

	 1.	 Maintain hemodynamic stability: The initial response of brain 
injury is massive discharge of catecholamines leading to hyperten-
sion and tachycardia and not infrequently myocardial injury. In 
brain death, hypotension and hypovolemia associated with elec-
trolyte and temperature disturbances will lead to systemic vascular 
instability. Target hemodynamic goals in these patients could be 
simplified to maintain systolic blood pressure at about 100 mm Hg, 
heart rate <100 beats per minute, and urine output >100 mL/h. 
For fluid resuscitation, boluses of either 5% albumin or crystalloid 
infusion are recommended; the particular choice depends on the 
treating physician’s preference and individual patient’s sensitivity 
to low osmotic pressure–mediated tissue edema. For heart-lung 
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donors we prefer use of colloids to reduce the risk of precipitat-
ing acute heart failure, especially in patients with brain injury–
related myocardial abnormalities. Inotropic support is indicated 
for a volume-resuscitated patient with systolic blood pressures  
<100 mm Hg; principally, any vasopressor agent can be used; how-
ever, ideally use the lowest dose possible to avoid further organ 
impairments.  Consumption of blood factors and platelets due to 
disseminated intravascular coagulation (aggravated by massive 
release of brain thromboplastin) can be rapid and replacement may 
become increasingly difficult.

The use of a lung protective ventilatory strategy is recommended dur-
ing the support of potential lung organ donors. Such a strategy utilizes 
a small tidal volume (6-8 mL/kg of predicted body weight), a relatively 
high PEEP level (eg, 8-10 cm H2O), apnea testing performed by using 
continuous positive airway pressure, and closed circuit for airway suc-
tioning. It has been associated with increased number of eligible and 
harvested lungs compared with a conventional strategy of lower tidal 
volumes, lower PEEP levels, and opening of the airway circuitry.72

	 2.	 Manage diabetes insipidus: Posterior lobe pituitary injury and 
necrosis leading to diabetes insipidus (DI) in brain-injured and 
brain-dead patients is common and should be recognized imme-
diately. Helpful clinical parameters supporting the diagnosis of DI 
include (1) hypotonic polyuria, identified by urine output >4 mL/kg  
per hour and urine specific gravity <1.005; (2) urine osmolality 
<300 mOsm/L; and (3) plasma osmolality >300 mOsm/L (may be 
confounded by the use of osmotic diuretics). Diabetes insipidus will 
invariably lead to dehydration, hypernatremia, and vascular collapse. 
Therapy is simplified by early recognition of DI and includes 
hypotonic fluid resuscitation on a volume-to-volume basis, and 
desmopressin acetate, for example, as an initial bolus of 0.3 µg IV,  
and then as an adjusted dose guided by clinical and laboratory 
parameters (eg, titrate urine output to 2-3 mL/kg), given approxi-
mately every 6 hours to a total 24-hour dose ranging from 1 to 4 µg. 
Infusion of aqueous vasopressin can be used alternatively (start at 
1-3 U/h); however, the infusion should be stopped prior to surgical 
organ recovery to diminish the dose-dependent effects on systemic 
vascular constriction. Recently, the addition of thyroid hormone 
replacement was shown to have a vasopressor-supporting effect.73 
The management of diabetes insipidus can be complex, and is best 
guided by those experienced with brain death management.

	 3.	 Maintaining normothermia: Adverse effects of hypothermia are 
well known and include reduction of cardiac output and peripheral 
vascular resistance leading to arrhythmia and hypotension, hypoxia, 
hyperglycemia, and coagulopathy. Brain-dead patients have lost 
their ability to control body temperature and are hence dependent 
on ambient temperature and the temperature of the infusion prod-
ucts they receive. For these reasons (as well as for the establishment 
of the diagnosis of brain death), the core temperature should be kept 
constantly above 36°C using conventional methods.

	 4.	 Maintain glucose and electrolyte balance: Hypernatremia (eg, from 
untreated DI) in excess of 155 mEq/dL may lead to a higher inci-
dence of graft loss after liver transplantation and should therefore be 
treated aggressively.74 Certainly, electrolytes need to be evaluated and 
supplemented as needed, at least every 2 to 4 hours, especially with 
aggressive fluid resuscitation and treatment of DI, as hypernatremia, 
hypokalemia, hypocalcemia, and hypomagnesemia are common. 

Hypophosphatemia is frequently observed in brain-dead patients, 
and if untreated, may lead to hemolysis, rhabdomyolysis, and platelet 
dysfunction. Glucose, potassium, and ketones should also be checked 
regularly, as hyperglycemia due to relative insulin resistance, and use of 
steroids and glucose-containing solutions is frequent in these patients. 
Often an insulin infusion is required to maintain blood glucose levels 
between 150 and 200 mg/dL.

The proper diagnosis and management of brain death is complex and 
requires expertise and respect for the diagnosis as a real mechanism of 
death. The need for proper diagnosis supersedes whether or not the 
patient will become an organ donor. However, the sensitive and thought-
ful management of the patient and family can at least keep the option of 
organ donation open, a decision to be finalized between organ procure-
ment agencies and usually families. This is one situation in which proper 
management can potentially save several lives.
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PART 7: Hematologic and Oncologic Disorders842

Anemia and Red Blood Cell 
Transfusion in Critically  
Ill Patients
Kevin P. Desrosiers
Howard L. Corwin

Historically, red blood cell (RBC) transfusions have been viewed as a safe 
and effective means of improving oxygen delivery to tissues. Beginning 
in the early 1980s, transfusion practice began to come under scrutiny. 
Initially, this was primarily driven by concerns related to the risks of trans-
fusion-related infection. However, today other concerns have continued 
to drive the debate over transfusion practice. What started as a concern 
for RBC transfusion risks over the last two decades has shifted to include 
a more critical examination of RBC transfusion benefits. These issues are 
particularly important in the critically ill patient population.

PATHOPHYSIOLOGY OF ANEMIA IN CRITICAL ILLNESS
Anemia is best defined as a reduction in RBC mass. As RBC mass mea-
surement is not practical in day-to-day clinical practice, hemoglobin 
(Hb) concentration and/or hematocrit (HCT) are the common sur-
rogates used for RBC mass. While this works well in the steady state, it 
may present problems in nonsteady states such as resuscitation where 
Hb and HCT might not accurately reflect RBC mass. The definition of 
“normal” Hb currently is defined using standardized values referent to 
the Scripps-Kaiser database from 1998 to 2002.1 Anemia is of particular 
importance in the critically ill; 95% of critically ill patients are anemic by 
the third hospital day and the presence of this anemia results in a large 
number of RBC transfusions.2

Critically ill patients have an underproduction anemia, which com-
bined with blood loss, most commonly from phlebotomy, explains the 
high prevalence of anemia seen in critically ill patients.3 Over 90% of ICU 
patients have low serum iron (Fe), total iron binding capacity (TIBC), 
and Fe/TIBC ratio, but have a normal or, more usually, an elevated serum 
ferritin level. On the other hand, nutritional deficiencies are uncommon.4 
At the same time, serum erythropoietin (EPO) levels are only mildly 
elevated, with little evidence of reticulocyte response to endogenous EPO. 
The blunted EPO response observed in the critically ill appears to result 
from inhibition of the EPO gene by inflammatory mediators. These same 
inflammatory cytokines directly inhibit RBC production by the bone 
marrow and may produce the distinct abnormalities of iron metabolism. 
Anemia of critical illness therefore is a distinct clinical entity characterized 
by blunted EPO production and abnormalities in iron metabolism similar 
to what is commonly referred to as the anemia of chronic disease.

Hemoglobin is a complex molecule to which oxygen binds. The O2-
carrying capacity of hemoglobin, or binding affinity to O2, is represented 
by a sinusoidal relationship between the Hb saturation and the partial 
pressure of oxygen (PO2). In this relationship, referred to as the oxy-
hemoglobin dissociation curve, O2 loading takes place in the lungs at 

89
C H A P T E R high PO2 and unloading in the tissues at low PO2 values. Hemoglobin O2 

binding affinity can be altered by various disease states and may play a 
significant adaptive role in response to anemia.

The amount of O2 delivered to tissues (DO2) is the product of blood 
flow or cardiac output (CO) and arterial O2 content (CaO2). The relation-
ship is expressed as

DO2 = CaO2 × CO

Under most circumstances, arterial O2 content may be approximated 
by the O2 bound to hemoglobin.

CaO2 (in mL/L) = %Sat × 1.39 (mL/g) × [Hb] (g/dL)

The relationship becomes

DO2 = CO × (%Sat × 1.39 × [Hb])

Tissue hypoxia (and anoxia) will occur if O2 delivery is decreased to 
a level where tissues no longer have enough O2 delivery to meet their 
metabolic demands and may be caused by decreased O2 delivery due to 
a decrease in Hb, cardiac output, or Hb saturation. Each of the determi-
nants of DO2 has substantial physiologic reserves which allows the body 
to compensate for either an increase in O2 requirement or a decrease in 
one of the determinants of DO2. In general, the amount of O2 delivered 
to tissues exceeds resting O2 requirements by a factor of two- to four-
fold; additionally, the tissues themselves can increase oxygen extraction 
from the blood to compensate for decreased delivery. Therefore, there is 
significant physiologic reserve that allows maintenance of tissue oxygen-
ation despite significant degrees of anemia.

THE PHYSIOLOGIC RESPONSE TO ANEMIA
The initial response to anemia is a shift in the oxygen dissociation curve 
to the right as modulated by an increase in production of 2,3-DPG in 
RBCs.3,5 This shift allows for the unloading of oxygen to the tissues at 
higher partial pressures of oxygen, ensuring adequate oxygen delivery 
despite the reduction in RBC mass. As anemia progresses, the cardiac 
output will increase by an increase in the heart rate to preserve the deliv-
ery of oxygen in the setting of decreased oxygen content.3 As RBC mass 
is reduced in anemia, the viscosity of the blood decreases. This reduc-
tion in viscosity leads to an increase in regional blood flow at the tissue 
and organ level, driving up local perfusion area and pressures leading 
to increased oxygen extraction.3 While a change in viscosity may be the 
trigger for increased regional blood flow, there has been suggestion that 
local blood vessel dilatation may be mediated by the release of nitric 
oxide (NO) from the RBCs.6 In order for these mechanisms to work 
properly, the patient must be at or near a euvolemic state. In consider-
ing these regulatory mechanisms, it is important to understand that the 
transfusion of RBCs will increase viscosity by adding stored RBCs that 
may not have the same vasoactive capabilities of native RBCs. As such, 
a transfusion of RBCs may inhibit compensatory mechanisms for low 
oxygen states, without significantly increasing oxygen delivery.

There is evidence that low levels of Hb can be tolerated in healthy 
subjects. Hematocrits of 10% to 20% have been achieved in experimental 
studies using normovolemic hemodilution without untoward effects.7,8 
Weiskopf and colleagues studied patients who underwent isovolemic 
reduction of Hb to 7, 6, and 5 g/dL. No evidence of reduced oxygen deliv-
ery was detected at any of the tested values of Hb; however, there was a 
subtle reversible reduction in reaction time and impaired immediate and 
delayed memory observed at Hb below 6 g/dL.9,10 An important source 
of data regarding the impact of anemia on surgical outcome comes from 
studies of Jehovah’s Witness patients. Carson has demonstrated that 
the risk of death in these patients at Hb between 7 and 8 g/dL is low. 
However, the odds of death increase by 2.5 for each gram decrease in 
Hb below 8 g/dL. The mortality is very high at Hb levels below 5 g/dL.11  
It should be noted that these data are from patients who refuse all RBC 
transfusions. There is time to intervene between a low Hb and resulting 
morbidity or mortality in most patients.

KEY POINTS

•• Anemia is common in the critically ill and often results in a large 
number of red blood cell transfusions.

•• Anemia can be tolerated in many critically ill patients.
•• The risks of red blood cell transfusions have expanded and are well 

documented.
•• Little data support efficacy of red blood cell transfusions in many 

clinical situations in which they are given.
•• Avoiding red blood cell transfusion is a positive outcome.
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RED BLOOD CELL TRANSFUSION IN CRITICAL ILLNESS
It seems clear that hemoglobin levels falling significantly below the 
“10/30” threshold can be tolerated by individuals who are not critically 
ill. However, whether this is applicable to all critically ill patients has been 
questioned. The best evidence available regarding the efficacy of RBC 
transfusion in critically ill patients is the randomized controlled trial 
(TRICC trial) by Hebert et al.12 The TRICC trial enrolled 838 critically 
ill euvolemic patients with Hb less than 9 g/dL and compared a liberal 
transfusion strategy (Hb 10-12 g/dL) to a restrictive transfusion strat-
egy (Hb 7.0-9.0 g/dL). Patients in the liberal transfusion arm received 
significantly more RBC transfusions. Overall in-hospital mortality was 
significantly lower in the restrictive strategy group, although the 30-day 
mortality rate was not significantly different. However, in those patients 
who were less ill (APACHE <20) or younger (<55 years of age), the 
30-day mortality rates were significantly lower for the patients in the 
restrictive transfusion group. Further subgroup analysis demonstrated 
no mortality difference between a liberal and restrictive strategy in 
patients with septic shock, trauma, or primary or secondary cardiac  
disease.12 Therefore, a restrictive strategy is at least equivalent and possi-
bly superior, in some patients, to a more liberal transfusion strategy. This 
concept was recently reviewed by the Cochrane Collaboration in 2010.13 
This review of 19 trials involving 6264 patients confirmed a reduction 
in hospital mortality (although not 30-day mortality) with a restrictive 
strategy. There was no difference in adverse events observed. Although 
the benefit of a restrictive strategy was supported in patients with pre-
existing cardiovascular disease, the available trials were not sufficient 
to draw conclusions on patients with acute coronary syndromes (ACS).

Acute coronary syndromes are constellation of diseases defined as non-
ST elevation myocardial infarction (NSTEMI), ST elevation myocardial 
infarction (STEMI), and unstable angina. Recommendations for this group 
have been unclear because of conflicting data and the absence of a defini-
tive clinical trial.14-19 Taken together the studies suggest that there is an Hb 
below which RBC transfusion improves outcome; on the other hand, there 
is an Hb level above which RBC transfusion worsens outcome. What those 
Hb levels are, is not clear. Wu et al retrospectively studied Medicare records 
of 78,974 patients older than age 65 who were hospitalized with a primary 
diagnosis of acute myocardial infarction.15 Lower admission HCT were 
associated with increased 30-day mortality with a mortality rate approach-
ing 50% among patients with an HCT of 27% or lower who did not receive 
an RBC transfusion. RBC transfusion was associated with a reduction in 
30-day mortality for patients who received at least one RBC transfusion 
if their admitting HCT was less than 33% while RBC transfusion was 
associated with increased 30-day mortality for patients whose admitting 
HCT values were 36.1% or higher. Finally, Rao et al analyzed the effect of 
RBC transfusion on outcome in over 24,000 patients with ACS that had 
been enrolled in three clinical trials.18 This post hoc analysis found that 
RBC transfusion in patients with ACS and a nadir HCT greater than 25 
was associated with an increase in 30-day mortality, which persisted after 
adjusting for comorbidities. In contrast, Hebert et al reported results from  
the subgroup of critically ill patients who had cardiovascular disease from 
the TRICC trial finding no significant difference in mortality between  
the two transfusion strategies in patients with cardiovascular disease in 
general.20 However, in the patients with severe ischemic heart disease, a 
trend toward decreased survival was observed in the group managed with 
the restrictive strategy. This was the only subgroup in the study that favored 
the liberal transfusion strategy. In summary, data currently available do not 
allow firm conclusions regarding RBC transfusion in the patient with ACS. 
Further studies are required before definitive recommendation regard-
ing anemia and transfusion practice in patients with ACS can be made. 
However, patients with cardiovascular disease, but not ACS, are similar to 
other critically ill patients with regard to RBC transfusion.

Subgroup analysis of the TRICC trial, as well as other trials of RBC 
transfusion in established sepsis, demonstrated no difference in mortal-
ity between the restrictive and liberal transfusion groups for patients 
with sepsis or severe sepsis. However, a possible role for RBC transfu-
sion was raised in a subsequent trial by Rivers et al, examining early 

goal-directed therapy in patients presenting with septic shock.12,21 The 
protocol included recommendations for RBC transfusions for Hb less 
than 10 g/dL if central venous oxygen saturation was below 70% after 
establishing hemodynamic stability and euvolemia. Although there was 
a significant reduction in mortality in the patients who received the 
goal-directed therapy (including more RBC transfusions), the contribu-
tion of RBC transfusion, if any, is difficult to evaluate as there were mul-
tiple interventions being studied simultaneously. In fact, a more recent 
rial studying the effect of transfusion alone did not detect a benefit for 
liberal transfusion in patients with severe sepsis.

TRANSFUSION-RELATED IMMUNOMODULATION 
AND AGE OF TRANSFUSED RBCs
As noted above, anemia is very common in the critically ill with almost 
95% of patients admitted to the ICU having an Hb below normal by ICU 
day 3. As a consequence of this anemia, critically ill patients receive a 
large number of RBC transfusions. This has been well documented in two  
cross-sectional studies of RBC transfusion practice, one conducted in 
Europe and the other in the United States.22,23 These studies demonstrated 
almost identical results, with approximately 40% of ICU patients trans-
fused on average almost 5 units of RBCs while in the ICU. Both studies  
also noted an increase in mortality associated with RBC transfusion.  
A recent systemic review of the literature on RBC efficacy (45 studies  
including 272,596 patients) demonstrated that RBC transfusion  
was associated with increased mortality and morbidity, including infec-
tious and respiratory complications.24

Two explanations have been suggested to explain the apparent lack of 
benefit from RBC transfusions. The first explanation is that the adverse 
clinical consequences of RBC transfusion result from the effects of leu-
kocytes contained in the transfused blood. The second explanation is 
that the adverse clinical consequences of RBC transfusion result from 
prolonged red cell storage, i.e., transfusion of “old” RBCs.

Several studies have suggested that blood transfusions depress 
immune function in a recipient.25 Recent meta-analyses and reviews of 
the randomized trials do not provide convincing evidence for or against 
the potential role of leukoreduction in decreasing mortality or post-
operative infections.26 At this juncture, evidence would suggest that, at 
most, removal of leukocytes from RBC transfusions may have a small 
but potentially important effect on clinical outcomes following critical 
illness.27 While there is certainly no negative impact from leukoreduc-
tion, the overall cost-effectiveness of universal leukoreduction has yet to 
be proven, especially in lower risk populations. In addition, the recent 
studies suggest that the incremental benefits provided by leukoreduction 
may not be mediated through immunomodulation but rather through 
decreased stimulation of the inflammatory cascade.28

In 1992, Marik and Sibbald first demonstrated the potential harm 
from prolonged red cell storage by detecting an association between 
a fall in gastric pHi, an indicator of poor flow and oxygenation of the 
bowel, and transfusion of RBCs stored for greater than 15 days.29 This 
study has stimulated a number of investigators to question whether old 
RBCs are effective oxygen carriers. The determination of shelf life for 
red cells has been based upon the maintenance corpuscular integrity 
and posttransfusion 24-hour survival rather than functional assays.30 
A number of changes to the corpuscle and cytosol occur over time in 
storage. During storage, RBCs undergo a predictable change in mor-
phology, evolving from biconcave discs to deformed spheroechinocytes. 
These corpuscular changes are associated with a number of biochemical 
and biomechanical changes including a depletion of adenosine triphos-
phate (ATP) and 2,3-DPG, and loss of deformability. These corpuscular 
changes may contribute to adverse clinical consequences as a result of 
altered or diminished oxygen transport. Based on these observations, it 
has been speculated that transfusion of large amounts of stored RBCs 
may have an adverse clinical consequence on O2 delivery in patients 
whose balance is compromised. However, this hypothesis has not 
been tested in controlled clinical trials. Retrospective clinical studies 
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have documented an association between prolonged storage times and 
adverse clinical outcomes including mortality, pneumonia, serious 
infections, and length of stay in many patient populations including 
multiple trauma victims, critically ill patients, and patients undergoing 
cardiac surgical procedures. In summary, there is laboratory evidence 
suggesting that prolonged RBC storage may be deleterious as well as 
observational studies demonstrating associations between prolonged 
storage and adverse clinical outcomes such as mortality and organ 
failure. However, there is still no definitive study regarding the clinical 
consequences of prolonged RBC storage. Given the importance of the 
question, a definitive clinical trial is necessary to answer this question. If 
age of transfused RBCs does in fact have clinical consequences, it would 
have major ramifications on the already limited blood supply.

ERYTHROPOIETIN IN THE CRITICALLY ILL
As noted above, the anemia associated with critical illness is fundamentally 
similar to the anemia of chronic inflammatory disease. A major feature of 
the anemia of critical illness is a failure of circulating erythropoietin con-
centrations to increase appropriately in response to the reduction in Hb. 
These observations have suggested that treatment with pharmacological 
doses of EPO might decrease exposure to allogeneic blood and raise the Hb 
level in critically ill patients. The rationale for EPO therapy is that increased 
erythropoiesis will result in higher Hb levels and thus a reduced need for 
RBC transfusions. The extension of this is that by avoiding the negative 
effects of transfused RBCs clinical outcomes would improve.

The above rationale led to a series of studies assessing the role of 
EPO therapy in the critically ill.31-33 Taken together, the studies, which 
enrolled close to 3000 critically ill patients overall including 1500 trauma  
patients, suggest there is little benefit for RBC transfusion reduction 
with EPO therapy if transfusion practice is conservative (lower trans-
fusion threshold). However, the studies do provide some evidence 
suggesting a mortality benefit for EPO in trauma patients. The absence 
of significant RBC transfusion reduction suggests that the mortal-
ity benefit observed is a result of nonhematopoietic actions of EPO. 
Mortality was not significantly decreased in medicine and surgery 
nontrauma patients receiving EPO therapy. There was an increase in 
thrombotic complications observed with EPO therapy. Whether EPO 
should or should not be considered for trauma patients will require 
additional confirmatory trials. On the other hand, the data available 
do not support the use of EPO for medicine or surgery nontrauma 
patients admitted to the ICU, unless they have an approved indication 
for EPO. Treating these latter patients would expose them to potential 
risk (thrombotic complications) with no identifiable benefit in either 
transfusion reduction (assuming conservative practice) or mortality. 
Given the increase in thrombotic complications with EPO therapy, 
prophylactic heparin should also be considered if EPO is given. Future 
studies should focus on understanding how the nonhematopoietic 
actions of EPO are beneficial in the critically ill.

SUMMARY OF RECOMMENDATIONS
Based on the data available recent guidelines have been proposed for 
trauma and critically ill patients.34

•• Transfusions are indicated for patients with evidence of hemorrhagic 
shock.

•• Consider transfusion of one unit of RBCs if the Hb is less than or 
equal to 7 g/dL in stable critically ill patients.

•• Consider transfusion of one unit of RBCs if Hb is less than 10 g/dL 
in the first 6 hours of resuscitation of severe sepsis or septic shock if 
ScvO2 has not reached 65% with resuscitation to target CVP.

•• Consider transfusion of one unit of RBCs for patients with active 
acute coronary syndromes with Hb less than 8 g/dL.

•• In the absence of bleeding, RBC transfusions should be given as 
single units.
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Bleeding Disorders
Karl Thomas90

C H A P T E R

KEY POINTS

•• Bleeding disorders and hemorrhagic complications are common 
in ICU patients.

•• Bleeding disorders may be divided into thrombocytopenias, 
soluble coagulation factor deficiencies, and combined disorders.
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  TABLE 90-1    World Health Organization Standard Scale for Reporting Bleeding

Grade Criteria

0 No bleeding

1 Petechiae

2 Mild blood loss

3 Gross blood loss

4 Debilitating blood loss

  TABLE 90-2    Categories and Criteria for Assessment of ICU Bleeding Severity1

Fatal bleeding
Major bleeding

Increase in heart rate by 20 bpm or more
Decrease in systolic BP by 10 mm Hg or more while patient sitting up
Spontaneous decrease in systolic BP of 20 mm Hg or more
Decrease in hemoglobin of 20 g/L or more
Bleeding into critical sites:

Intracranial
Pericardial
Intraspinal
Intraarticular (nontraumatic)
Intraocular (not subconjunctival)
Retroperitoneal

Transfusion of two or more units of RBCs with no increase in hemoglobin concentration
Wound-related bleeding requiring an intervention

Minor bleeding—bleeding that did not meet criteria for fatal or major bleeding

Data from Arnold DM, Donahoe L, Clarke FJ, et al. Bleeding during critical illness: a prospective cohort 
study using a new measurement tool. Clin Invest Med. 2007;30(2):E93-E102.

•• Initial management approaches to thrombocytopenias vary con-
siderably and create the necessity for early recognition of distinct 
disorders including heparin-induced thrombocytopenia, throm-
botic thrombocytopenic purpura, disseminated intravascular 
coagulation, and other common thrombocytopenias.

•• Disorders of soluble coagulation factors are revealed by abnormal 
results in the prothrombin time, activated partial thromboplastin 
time, and other tests including thromboelastography.

•• Factor deficiencies, factor inhibitors, von Willebrand disease, and 
other complex coagulopathies including disseminated intravas-
cular coagulation, HELLP syndrome, massive transfusion, and 
anticoagulant-related syndromes have specific therapies to reduce 
the rate and risk of bleeding.

•• There are specific indications and appropriate applications for 
platelet transfusion, cryoprecipitate, fresh frozen plasma, concen-
trated and activated factors, as well as other medications, including 
inhibitors of fibrinolysis.

INTRODUCTION
Coagulation disorders and complications of bleeding are common and 
require proactive assessment and management. Intensive monitoring of 
ICU patients demonstrates that a substantial majority will have either a 
coagulation defect or bleeding. Furthermore, the coagulation abnormal-
ities convey important prognostic information and a substantial number 
of patients will have severe, major bleeding.1,2 Because of the particularly 
high prevalence and significant impact of bleeding disorders in critically 
ill patients, effective and efficient ICU care requires timely recognition 
and mitigation of disorders of platelets, soluble coagulation factors, 
and vascular lesions. Appropriate management of bleeding disorders 
depends on recognition and adherence to specific treatment guidelines 
for a wide variety of patients such as those with massive transfusion and 
trauma, disseminated intravascular coagulation, thrombotic thrombo-
cytopenic purpura, and anticoagulant-related hemorrhage.

CLINICAL ASSESSMENT OF BLEEDING 
IN CRITICALLY ILL PATIENTS
Reliable monitoring and reporting of bleeding in critically ill patients 
is essential for accurate safety and performance assessments. Careful 
assessment of the risk and impact of hemorrhage is also critical for 
the appropriate selection of evidence-based treatments. However, the 
standards for monitoring, assessment, and treatment of ICU bleeding 
are highly variable. Furthermore, clinical studies utilizing bleeding 
assessment scales are usually constrained by application in homogenous, 
single-disease patients.3 The World Health Organization (WHO) took 
an early initiative to sponsor and develop standard grading scales for 
reporting complications of cancer treatment including bleeding.4 While 
the WHO scale (Table 90-1) is one of the most commonly reported 
scales, the routine use of this grading system is limited in its application 
in general ICU patients because it is not specifically linked to anatomic, 
physiologic, and therapeutic response.

ICU-based definitions of bleeding primarily rely on a dichotomy of 
major or minor bleeding. A practical approach is to define major bleed-
ing as causing hypovolemic shock, affecting critical sites, requiring an 
invasive intervention, leading to transfusion of at least two units of red 
blood cells, or causing otherwise unexplained hypotension or tachycar-
dia.5 Improved reliability of bleeding assessment results when assessment 
is reflective of the amount of blood loss, the rate of blood loss, and the 
physiologic consequence of bleeding.6 More specific criteria for major 
and minor bleeding that have high levels of interobserver reliability 
include localized anatomic criteria as well as numeric laboratory and 
physiologic criteria that correlate with volume of blood loss (Table 90-2).1

FREQUENCY AND GENERAL RISK FACTORS 
FOR BLEEDING IN ICU PATIENTS
The risk of bleeding depends on patient and disease factors as well as 
specific hematologic parameters including vascular integrity, platelets and 
clotting factor concentrations and function. Furthermore, the reported 
frequency of bleeding is directly related to ascertainment issues such as the 
clinical definition of bleeding as well as the frequency and thoroughness of 
bleeding assessment. Reliable, detailed, and sensitive assessments for bleed-
ing are typically used for therapeutic monitoring of bleeding complications 
in therapeutic trials involving hemostatic or anticoagulant medications. 
When such detailed and focused clinical bleeding evaluations were applied 
to a general, adult, medical-surgical ICU population of 100 consecutive 
patients, 90 patients were found to have had 480 discrete bleeding episodes 
over an average ICU length of stay of 5 days. Of these events, 95% were 
minor but 5% were classified as major. Risk factors for bleeding in this 
cohort were thrombocytopenia and prolonged coagulation times, but not 
renal failure or receipt of pharmacologic thromboprophylaxis.1

Using less-specific criteria, a wide range of bleeding frequencies 
and risk factors have been described in general, critically ill popula-
tions. Rates of bleeding as the cause of initial admission to an ICU are 
highly variable and depend on the medical, surgical, neurosurgical, and 
trauma designation of patients served by the unit. Based on descriptions 
of major bleeding or clinically significant bleeding, 5% to 15% of all 
ICU patients develop some form of bleeding after admission that has 
practical, clinical relevance. For example, a single-center prospective 
observation of 1328 patients admitted to a mixed medical-surgical ICU 
described 29% of patients as having bleeding present on admission, 
plus an additional 10% developed clinical bleeding after admission. The 
most common site of bleeding was gastrointestinal and the risk factors 
for bleeding were mechanical ventilation, malnutrition, renal failure, 
anticoagulant use, and antiulcer medications.7 As expected, the rate of 
clinically significant or major bleeding in all adult patients is lower than 
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the subgroup of ICU patients. In large prospective study of 10,866 adult 
medical patients without bleeding prior to admission, the rate of bleed-
ing after general hospital admission was observed to be 3.2%.8

Additional inferences about the risk of bleeding and bleeding compli-
cations in critically ill patients may be drawn from examination of events 
in disease-specific cohorts and placebo cohorts of therapeutic interven-
tion trials. Because these observations were conducted in trial-eligible 
patients, caution is necessary when extrapolating to general ICU popula-
tions. The rate of clinically important gastrointestinal bleeding among a 
prospective cohort of adult ICU patients has been observed at 1.5% with 
risk factors including respiratory failure and coagulopathy.9 For patients 
requiring mechanical ventilation, the rate of upper gastrointestinal 
bleeding is higher than the general ICU population (2.8%). In medical-
surgical patients eligible for heparin thromboprophylaxis, meta-analysis 
of placebo patients (n = 1072 patients) and patients receiving any type 
of heparin (n = 1084) demonstrate rates of any major bleeding of 4.9% 
and 4.0%, respectively.10 Similarly, in patients receiving either dalteparin 
or heparin thromboprophylaxis, the overall rate of bleeding was 5.6% 
with identified risk factors of lower platelet count, therapeutic heparin,  
antiplatelet agents, renal replacement therapy, and recent surgery.5 
Finally, placebo cohorts of critically ill patients in severe sepsis trials 
demonstrate rates of clinically important or life-threatening bleeding as 
low as 1% to 2% and as high as 12% to 15%.11-14

PHYSIOLOGY AND MECHANISM  
OF NORMAL COAGULATION
Blood clot formation and maintenance of vascular patency depends on 
the highly complex interaction of vascular endothelium, vascular sub-
endothelial matrix, platelets, and soluble coagulation proteins. Normal 
thrombus formation and subsequent dissolution result from closely 
regulated enzymatic activity of the coagulation factors, vascular endo-
thelial cell surface protein expression, and recruitment and activation 
of platelets at the site of injury. Common clinical conditions including 
infection, shock, surgery, and trauma profoundly affect vascular endo-
thelial function and coagulation pathways.15 The physiology of blood 
clot propagation and resolution in these clinical conditions give rise to 
multiple distinct clinical disorders. However, the final common result of 
abnormal clotting is impaired oxygen delivery to organs and tissues as 
the result of extravascular blood loss, altered vasoregulation, and intra-
vascular occlusion by thrombosis.

■■ VASCULAR PHYSIOLOGY AND THROMBOSIS FACTORS
Vascular endothelial cells and the subendothelial matrix maintain 
an equilibrium of coagulation activation and inhibition by directly 
regulating platelet adhesion, platelet activation, and the activation of 
soluble clotting factors. Normal vascular endothelium produces nitric 
oxide and prostacyclins that inhibit platelet adhesion and aggregation. 
During massive injury and bacterial infection, lipopolysaccharide and 
inflammatory cytokines mediate increases in vascular endothelial cell 
production of procoagulant microparticles, tissue factor, and plasmino-
gen activator inhibitor-1, with a concomitant decrease in expression 
of thrombomodulin, protein C receptor, and tissue-type plasminogen 
activator.16-19 Vascular endothelial cell damage and mechanical trauma 
also expose subendothelial collagen and tissue factor, which activate 
both platelets and thrombin. Platelets adhere to sites of vascular injury 
through direct interaction of platelet receptors glycoprotein VI, Ia/IIa, 
and Ib-V-IX complex with the collagen and von Willebrand factor of 
the exposed vessel wall.20-22 Once adherent, platelets become rapidly 
activated and release procoagulant granules, leading to recruitment and 
activation of more platelets.

The central role of vascular function and integrity in critical illness 
is visible at the bedside in routine clinical practice. Dysfunction of 
the vascular endothelium resulting from atherosclerosis leads directly 
to pathologic thrombosis and acute coronary syndrome. Perivascular 
inflammation and injury in vasculitis disorders results in loss of vascular 

integrity, pathologic consumption of platelets, and activation of both 
platelet and coagulation cascades, which may be clinically visible as 
palpable purpura or antineutrophil antibody-associated pulmonary 
hemorrhage. Finally, sepsis and the systemic inflammatory response 
syndrome may result in disseminated intravascular coagulation and pro-
found disruption of microvascular function causing end-organ ischemia 
and dysfunction.

■■ PLATELET PHYSIOLOGY AND FUNCTION
The normal function of platelets in thrombus formation includes three 
overlapping events: platelet adhesion to sites of vascular injury, platelet-
platelet adhesion and aggregation, and platelet activation. Platelet 
adhesion to exposed subendothelial collagen fibrils is mediated by 
interaction of platelet membrane glycoprotein receptors with subendo-
thelial collagen matrix and circulating von Willebrand factor. Disorders 
of platelet glycoprotein receptors cause failure of platelet adhesion as 
well as failure of platelet-platelet binding and aggregation. Although 
rare, these adhesion diseases do result in clinical bleeding disorders 
such as the Bernard-Soulier syndrome (glycoprotein Ib platelet receptor 
deficiency). Related disorders of impaired platelet binding include von 
Willebrand disease which results from either quantitative or qualitative 
deficiency of von Willebrand factor, which is an essential cofactor in 
platelet-endothelial and platelet-platelet attachment.23

Platelet activation causes release of platelet granule contents and 
morphologic changes. Platelet activation results from platelet glycopro-
tein receptor attachment to collagen as well as thrombin binding to the 
PAR1 platelet thrombin receptor. Platelets are also strongly activated 
by binding circulating fibrin to integrin glycoprotein receptor IIb/IIIa, 
also known as integrin α(IIb)β(3) receptor. These parallel pathways 
of activation promote rapid and synergistic activation of platelet plug 
formation and coagulation cascade activation at sites of vascular injury. 
Platelet activation is characterized by increased platelet thromboxane 
A2 synthesis, protein phosphorylation, release of intracellular calcium, 
and subsequent changes in platelet shape and granule secretion.24 
Rapid platelet degranulation releases strongly activating, procoagulant 
substances including adenosine diphosphate (ADP), thromboxane A2, 
calcium, serotonin, and platelet factor 4. These events in turn promote 
activation of surrounding platelets and platelet-platelet aggregation 
mediated by fibrin cross-linking of platelets with the IIb/IIIa receptor.25 
The primary mechanisms of pharmacologic inhibition of platelet-
mediated coagulation involve inhibition of platelet prostaglandin 
synthesis (aspirin), platelet ADP binding at the P2Y12 receptor (clopi-
dogrel, ticlopidine, prasugrel), and inhibition of the IIB/IIIa receptor 
(abciximab, tirofiban, eptifibatide).

■■ SOLUBLE CLOTTING FACTORS AND COAGULATION CASCADE
The coagulation cascade results from a stepwise activation of proen-
zymes to active enzymes followed by rapid amplification of coagulation 
activity and generation of fibrin. The coagulation cascade can be sepa-
rated into discrete events that occur during normal clot formation and 
resolution. These steps are activation of thrombin from prothrombin, 
conversion of fibrinogen to fibrin, propagation and amplification of 
thrombin production, termination of thrombin activation, elimination 
of active thrombin, and enzymatic fibrin lysis (Table 90-3; Fig. 90-1). 
Beyond the immediate role of coagulation proteins in generation and 
resolution of thrombus, these enzymes have central roles in the activa-
tion and modulation of infection and inflammation.15,26

By convention, the activation of the coagulation cascade has been 
organized into pathways that reflect the early understanding of coagula-
tion events and tests of coagulation function. These conceptual path-
ways are reflective of laboratory techniques to activate the coagulation 
cascade. The role of these pathways during in vivo illness may not be 
reflected by laboratory pathway times. In particular, the tissue factor 
and contact activation pathways do not account for the role of multiple-
factor complexes and platelet surface interactions in clot formation. The 
advantage of these coagulation pathway concepts is that they facilitate 
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  TABLE 90-3    Essential Events of Coagulation Cascade

Step Consequence Direct Mediator(s) Mechanism

	 1.	 Activation of prothrombin to  
thrombin

Conversion of fibrinogen to fibrin Activated factor V Tissue factor and calcium bind to factor VII, resulting in activation. 
Activated VII activates factor X, factor Xa activates prothrombin

	 2.	 Conversion of fibrinogen  
to fibrin

Formation of insoluble fibrin multimers  
and cross-linking/aggregation of platelets

Thrombin Activation of prothrombin to thrombin

	 3.	 Propagation and amplification 
of thrombin production

Rapid burst of fibrin formation Thrombin Thrombin itself activates factor V to Va, factor VII to VIIIa and 
mediates conversion of XI to XIa

	 4.	 Termination of thrombin 
activation and removal of active 
thrombin

Cessation of fibrin formation Antithrombin, Thrombomodulin,  
protein C, protein S, tissue factor  
pathway inhibitor (TFPI)

Antithrombin neutralizes thrombin, Xa, IXa, XIIa, and XIa. 
Thrombomodulin binds thrombin to inhibit platelet activation 
and cleavage of fibrinogen. Proteins C and S inactivate factor Va 
and VIIIa. TFPI inhibits Xa

	 5.	 Fibrinolysis Cleavage of polymerized fibrin and release  
of fibrin degradation products

Plasmin, tissue-type plasminogen  
activator, urokinase

Plasminogen and tissue plasminogen activator form complex 
with fibrin leading to active proteolytic plasmin

coagulation), severe inflammatory states (eg, sepsis, trauma), and inhi-
bition of activity in autoimmune disease (eg, antibody inhibitors).

LABORATORY TESTING OF COAGULATION FUNCTION

■■ PROTHROMBIN TIME
The prothrombin time (PT) is an indicator of the tissue factor (extrinsic) 
pathway and the common pathway. Abnormally prolonged prothrombin 
time indicates deficiency of factor VII, prothrombin, fibrinogen, factor  
X, or factor V. The PT is performed by adding calcium and tissue 
factor to plasma then observing for clot formation by optical or elec-
tromechanical techniques as measured by seconds to clot appearance. 
The international normalized ratio (INR) is the ratio of the observed 
prothrombin time to an internationally validated control prothrombin 
time using a reference recombinant tissue factor activator. The main 
purpose of the INR is to permit valid comparison of anticoagulant effect 
of warfarin over time and between laboratories. While coagulation 
times in general do not become prolonged until at least 50% depletion 
or inhibition of factors, the PT typically does not become prolonged 
until 10% or less of normal coagulation factors are present.27 The most  
common causes of prolonged PT include warfarin administration, 
vitamin K deficiency (in poor nutrition or antibiotic-associated  
malabsorption), liver disease, and disseminated intravascular coagula-
tion. Oral direct thrombin and Xa inhibitors including dabigatran, and 
rivaroxaban may also prolong the PT. Heparin typically does not affect 
the PT because the PT test reagents contain a heparin-binding chemical 
that eliminates its effect. Although rare, congenital deficiency of factor 
VII may result in a prolonged PT.

■■ ACTIVATED PARTIAL THROMBOPLASTIN TIME
The activated partial thromboplastin time (aPTT) is an indicator of 
the contact activation (intrinsic) and common pathways. The test is 
performed by addition of a non-tissue-factor thromboplastic material 
(a partial thromboplastin) and negatively charged particulate contact 
activator (ellagic acid, kaolin, celite, or silica) to plasma. A prolonged 
aPTT is an indicator of deficiency of factors VII, IX, or XI in inherited 
hemophilia, as well as acquired states including heparin administration, 
lupus anticoagulant, and inhibitors of factors VII, IX, XI, or XII. In gen-
eral, the factors in this pathway must decline or be inhibited to 15% to 
30% of normal before the aPTT is prolonged.27

■■ THROMBIN TIME
The thrombin time directly measures the time to conversion of fibrino-
gen to fibrin by exogenous thrombin. The thrombin time is an indica-
tor mainly of fibrin concentration. However, dysfibrinogenemia as 
well as thrombin inhibitors present in the specimen may also result in 
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FIGURE 90-1.  Coagulation pathways.

understanding of common laboratory tests including prothrombin time 
and activated partial thromboplastin time (see “Laboratory Testing of 
Coagulation Function” below).27

The common pathway describes the final steps in fibrin production 
from activated factor X to thrombin to fibrin. The tissue factor (extrinsic)  
pathway is the major and most essential step in normal initiation of 
coagulation, beginning with calcium-dependent activation of factor VII 
by tissue factor.28 The contact activation (intrinsic) pathway involves 
activation of factors XII, XI, IX, and VIII. The contact activation path-
way may not be critical for clot formation in vivo, but is believed to be 
involved with amplification of the cascade, fibrinolysis, vasoregulation, 
and modulation of inflammation.29-31 Disorders of coagulation resulting 
from primary disturbances of the soluble coagulation factors include 
congenital deficiencies (eg, hemophilia A, B), pharmacologic coagu-
lopathies (eg, heparin, warfarin, direct factor Xa inhibitors), depletion of 
coagulation factors (eg, vitamin K deficiency, disseminated intravascular 
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prolonged thrombin time (eg, heparin, bivalirudin, argatroban, high 
concentrations of serum proteins in multiple myeloma). A similar test, 
the reptilase time (RT), uses snake venom enzyme similar to thrombin 
which cleaves fibrinogen but is not sensitive to heparin and thus distin-
guishes hypofibrinogenemia from heparin anticoagulation.

■■ ACTIVATED WHOLE BLOOD CLOTTING TIME
The activated clotting time (ACT) is performed by adding negatively 
charged particles (celite, kaolin) to a sample of freshly drawn whole 
blood and measuring the formation of clot. The ACT is influenced 
by both the soluble coagulation factors as well as the platelets present 
in blood sample. Although the test closely resembles the aPTT, it is 
clinically less sensitive to the effects of heparin and hence is used for 
monitoring coagulation in the setting of high heparin infusions such as 
coronary artery bypass surgery, percutaneous vascular procedures, and 
extracorporeal membrane oxygenation.

■■ FIBRIN DEGRADATION PRODUCTS AND D-DIMER
Plasmin breaks down both fibrin as well as fibrinogen into degradation 
products (FDP) that are recognized by fibrin degradation assays. Plasma 
D-dimer is only found in the degradation of cross-linked fibrin from a 
clot. Increases in FDP and D-dimer may indicate active fibrinolysis in 
patients with substantial intravascular clot burden and disseminated 
intravascular coagulation. Elevations in both FDP and D-dimer are 
common and nonspecific in ICU patients. While fibrin degradation 
products may be found in critical illness–related conditions such as dis-
seminated intravascular coagulation, elevations may also be observed 
in nonhemorrhagic trauma, surgery, hepatic disease, pregnancy, and 
cancer. Importantly, patients with liver disease may have baseline eleva-
tions in FDP and D-dimer because of abnormal hepatic metabolism, but 
will have more substantial elevations in D-Dimer and a related protein, 
soluble fibrin complexes, in the setting of DIC and sepsis.32,33

■■ ANTIFACTOR Xa ACTIVITY
Antifactor Xa activity is assayed by measuring the effect of patient plasma 
on a standard laboratory preparation of factor Xa. Active drugs or inhibi-
tors in the patient serum inhibit the reaction and result in higher propor-
tion of Xa activity. Antifactor Xa activity is used to monitor the adequacy 
of anticoagulation in patients receiving agents which inhibit Xa including 
heparin, low-molecular-weight heparin, rivaroxaban, and apixaban.

■■ THROMBOELASTOGRAPHY
Thromboelastography is a rapid, point-of-care assay of coagulation 
function with both platelet and soluble coagulation factors present 
simultaneously. By not separating the coagulation components and by 
following clot formation and dissolution over time, thromboelastogra-
phy may provide additional information on coagulation and fibrinoly-
sis. The principle of measurement is based on changes in viscoelastic 
rotational forces between a wire or pin suspended in a cup of serum and 
platelets. Clot forms in the specimen cup after addition of calcium and a 
coagulation activator. The resulting thrombus causes adhesion and resis-
tance to rotation which is measured electromechanically or optically in 
the continuously rotating system (Fig.  90-2). There are two common 
variations of thromboelastography that reflect commercially available 
equipment. In TEG (Thromboelastograph; Haemoscope/Haemonetics 
Corporation, United States), the torsion wire is maintained stationary 
while the cup containing the activated whole blood moves in a back-
and-forth arc. In ROTEM (Rotation Thromboelastometry, Pentapharm 
GmbH, Germany), the cup is held motionless while the suspended wire 
is rotated.34 While conceptually comparable, these systems have different 
performance characteristics which prevent quantitative comparison of 
results between systems and which require rigorous adherence to local 
test standards and quality control maintenance.35

The result of thromboelastography is a graphical tracing of the 
change in torsion over time in the activated sample. The deflection of 

the cup or suspended wire is termed clot firmness which is measured 
in millimeters and graphed from baseline to clot formation to clot lysis 
over 30 to 60 minutes. There are three main components of analysis in 
a thromboelastograph: time, angle, and amplitude. Time-based mea-
surements include the time to initial clotting reaction, time to 20 mm 
amplitude clot firmness deflection, and time to initiation of clot lysis. 
The angle of deflection in the clot firmness curve reflects the slope in the 
clotting curve and is an indicator of the velocity of initial clotting. The 
maximal amplitude of clot firmness indicates the overall clot strength 
(Fig.  90-3). The TEG and ROTEM systems use different terminology 
and cut-off points for these measurements which prevent direct com-
parison between the systems. Thromboelastography may be performed 
using a variety of different clot activators and inhibitors including tissue 
factor activators, kaolin and ellagic acid/phospholipid contact activa-
tors, heparinase/heparin degrading enzyme additives, as well as platelet 

Thromboelastography

Whole blood and
coagulation activator

Torsion force
measurement

FIGURE 90-2.  Thromboelastograph concept. Thromboelastography parameters are 
derived from measurement of the torsion forces generated by clotting blood between a sus-
pended pin and a sample cup containing blood. As the cup or wire is rotated through an arc 
back and forth, clot formation increases the resistance to movement but clotting deficiencies 
and normal clot lysis result in decreased deflection of the pin during rotation.
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FIGURE 90-3.  Thromboelastograph measurements. The main components of thromboelas-
tography are times to clotting events, slope of initial clot formation (α angle), and maximal strength 
(amplitude of deflection). The clotting event times include initial coagulation time (reaction time), clot 
formation time (time from initial clot formation to 20 mm deflection by definition), and clot lysis time.
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activators and inhibitors. Each of these different assay variations results  
in different thromboelastographs and permits isolation and examina-
tion of different aspects of coagulation function, including separation of 
coagulation factor–based clotting behavior from platelet-based clotting.

Thromboelastography has been increasingly used in critically ill 
patients to guide blood product administration and as an indicator 
of severity of illness. The potential advantages of thrombelastography 
include point-of-care testing, ability to assess the combined result of 
platelet and coagulation factor activation, as well as rapid access to 
results. Particularly in surgeries that have typically had high utilization 
of blood products such as cardiac surgery, thromboelastography has 
been examined as a determinant of transfusion need. A randomized trial 
comparing intraoperative and perioperative protocols with and without 
thromboelastography for cardiac surgery patients showed significantly 
decreased blood product utilization compared to traditional coagulation 
times alone.36 As a prognostic indicator in general medical and surgical 
ICU admissions, patients with hypocoagulability on TEG assessment 
had higher sequential organ failure assessment (SOFA) scores, higher 
rate of ventilator and renal replacement therapy, and higher 30-day  
mortality.37 In the specific subset of medical ICU patients with sepsis 
and severe sepsis, thromboelastography measurements also provide 
prognostic information. In three separate studies involving single 
cohorts of sepsis patients, abnormal coagulation profiles were associated 
with worse SOFA scores. Patients who progressed to hypocoagulable 
status had significantly lower 28- or 30-day survival.38-40

PLATELET DISORDERS
Coagulopathy in critically ill patients may result from disorders of 
platelet number as well as platelet function. Abnormal circulating 
platelet number results from increased destruction, decreased synthesis, 
sequestration from the circulation, and combinations of these prob-
lems. Disorders of platelet function arise from impaired or inhibited 
platelet adhesion, activation, and degranulation. Common findings in 
patients with clinically significant thrombocytopenia include petechial 
hemorrhages and ecchymoses when thrombocytopenia is mild to mod-
erate. When more severe, florid purpura and bleeding from the nose  
gums, gut, urinary tract, intravenous access sites, and surgical wounds 
are seen. Independent of etiology, worsening thrombocytopenia and 
inhibition of normal platelet function are associated with increased ICU 
morbidity and mortality as well as increased utilization of resources. 
While some defects in platelet number and function may improve with 
platelet transfusion, specific platelet transfusion guidelines limit the use 
of this treatment to actively bleeding patients and to those who have 
extreme thrombocytopenia plus risk factors for hemorrhage.

■■ THROMBOCYTOPENIA
The life span of platelets in the circulation is limited to 9 to 10 days.41 In 
the absence of disease, platelet life span is likely related to the attenuation 
of proteasome function in the platelets themselves which then triggers 
conformational changes in surface protein expression and clearance 
from the circulation through phagocytosis by macrophages.42 Given this 
rapid turnover, any disorder which has a negative effect on platelet pro-
duction, circulation, or clearance can quickly lead to a cumulative result 
of clinically significant thrombocytopenia.

Thrombocytopenia is one of the most common coagulation abnor-
malities critically ill patients. The reported incidence and prevalence 
of thrombocytopenia varies by the clinical definition applied and with  
subgroups of ICU patients.43 Applied general definitions of thrombocyto-
penia are platelet concentrations below 150 × 109/L or below 100 × 109/L.  
A small number of reports use cut-offs of 50 × 109/L to specifically  
designate severe thrombocytopenia. Typical definitions are mild 
thrombocytopenia—concentrations of 100 to 149 × 109/L; moderate—50 
to 99 × 109/L; and severe—<50 × 109/L.44 Using a cut-off of 150 × 109/L 
or lower, the prevalence of thrombocytopenia in medical, surgical, and 
trauma patients on admission to the ICU shows a wide range from 8.3% 

to 68%.45 Following admission, the incidence of new thrombocytope-
nia ranges from 13% to 44% of patients.45,46 Severe thrombocytopenia  
(<50 × 109/L) is significantly less common and is described in 1.6% to 
15% patients.44,47

Thrombocytopenia is associated with multiple adverse outcomes and 
functions as an indicator of disease severity. Adjusted mortality rates and 
severity of illness scores are generally higher in patients with worsening 
severity of thrombocytopenia, lower nadir platelet counts, or a relative 
drop in platelet count of 30% or more.44-48 Thrombocytopenia has been 
associated with use of inotropes and vasopressors, renal replacement 
therapy, and liver dysfunction.44 Thrombocytopenia has also been 
associated with increased rates and duration of mechanical ventilation 
and blood product utilization.46,47 While disease-specific cohort studies 
have shown a relationship of bleeding and hemorrhage to severe throm-
bocytopenia, this generalization has not been consistently observed 
in unselected ICU patients. A systematic review found little evidence 
linking generally defined thrombocytopenia with hemorrhage.45 This 
suggests that additional factors including the etiology of thrombocy-
topenia, degree of thrombocytopenia, comorbid conditions, and other 
concurrent coagulation defects contribute to bleeding risk. Patients with 
severe thrombocytopenia (platelet count <20 × 109/L) have the highest 
risk and incidence of bleeding.49

The majority of patients who develop thrombocytopenia in the ICU 
develop this by day 3 to 5. Those who recover and survive demonstrate a 
more rapid and complete recovery of platelet count compared to nonsur-
vivors who have a delayed recovery in platelet counts or no recovery.50,51  
Persistent absolute thrombocytopenia in patients on ICU day 7 or a 
relative decrease in platelet counts of 30% from baseline independently 
predicts higher risk of death.48 These findings of delayed recovery of 
platelet counts even in patients without absolute thrombocytopenia 
suggest that changes over time are particularly important and may be 
more helpful indicators of patient status than any single measurement 
of platelet concentration.

■■ ETIOLOGY OF THROMBOCYTOPENIA IN ICU PATIENTS
Identification of the causes of thrombocytopenia requires a system-
atic search for disorders of platelet production, destruction, dilution, 
and sequestration. Particularly for critically ill patients, the greatest  
likelihood is that multiple, simultaneous factors contribute to 
thrombocytopenia. Severe thrombocytopenia should be investigated 
by review of nutritional factors, medications, autoimmunity diseases, 
infection, coagulation, and bone marrow function. Important coexist-
ing defects in soluble coagulation factors as well as comorbid conditions 
should be used to determine both the risk associated with thrombocyto-
penia and appropriate therapy. The approach to determining the cause 
of thrombocytopenia should include assessment of the patient’s history, 
exposures, and medications, as well as consideration of risk for malig-
nancy and disseminated infection. Laboratory testing should include 
review of the complete blood count, prothrombin time, nutritional 
markers, and hepatic function. While routine bone marrow biopsy has 
been shown to add important new information to the understanding of 
thrombocytopenia, this should be reserved for patients with refractory, 
unexplained disease.

A highly detailed evaluation of 301 mixed adult ICU patients which 
included bone marrow biopsy, demonstrated that the majority of 
patients had at least two, but commonly three or four, potential etiolo-
gies for thrombocytopenia. In this cohort, the most important causes of 
thrombocytopenia were sepsis, disseminated intravascular coagulation, 
dilutional thrombocytopenia, massive transfusion, drug-induced, folate 
deficiency, and malignancy. 49 Table 90-4 lists the most common etiolo-
gies and clinical characteristics of thrombocytopenia in ICU patients.

Spurious Thrombocytopenia and Pseudothrombocytopenia:  The first 
assessment in any patient with thrombocytopenia is to confirm 
that the result is consistent with the clinical scenario and that there 
were no errors in measurement. Routine platelet concentration 
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measurement is performed by an automated analyzer that is triggered 
by the relative size of the particles and cells in the sample. Errors in 
sample collection including incorrectly labeled specimens, delays 
in processing, and inadequate anticoagulant in the collection tubes 
may allow platelets to clump and cause the automated counter to 
generate incorrect or falsely low results. Ethylenediaminetetraacetic 
acid (EDTA) anticoagulant used in peripheral blood collection tubes 
may also trigger antibody-dependent clumping or agglutination of 
platelets leading to low measured platelets in patients with severe ill-
ness, autoimmune, liver, and neoplastic diseases.52 In these instances 
of pseudothrombocytopenia, examination of the peripheral blood by 
microscopy quickly reveals the actual platelet density as well as other 
features of the problem such as giant or clumped platelets. While 
manual recounting of platelets on peripheral blood smear may be 
performed, it is recommended that patients with clumped platelets 
have repeat testing using citrate anticoagulant or heparin anticoagu-
lant specimen tubes as this will facilitate continued monitoring and 
assessment of actual platelet count over time.

Decreased Platelet Production and Disorders of Bone Marrow:  The short, 
limited life span of platelets creates a physiologic requirement for 
rapid platelet production to maintain steady-state circulating levels. 
Nutritional deficiencies, toxins, and infectious diseases which affect 
bone marrow stem cells, specifically megakaryocytes, can cause 
thrombocytopenia. The most common causes of decreased platelet 
production in ICU patients include hematologic malignancies, non-
hematologic malignancies, aplasia after chemotherapy, vitamin B12 
and folate deficiencies, and bacterial and viral infections.49 While 
iron deficiency is typically associated with thrombocytosis, it may 
also be associated with thrombocytopenia.53 Clinical features that 
suggest impaired bone marrow production include specific medical 

history (eg, cancer, alcohol ingestion, medications, dietary habits, 
chemotherapy, or radiation), and concurrent red blood cell and white 
blood cell abnormalities (eg, leukopenia, microcytic, or macrocytic 
anemia). If suspected, specific viral infections including HIV, Epstein-
Barr virus, parvovirus, and varicella may be diagnosed by history and 
serologic testing.

Dilution and Distributional Thrombocytopenia:  Dilutional thrombocyto-
penia reflects inadequate preservation of platelet concentration when 
intravascular volume is rapidly replaced with platelet-poor solutions 
and crystalloid. For practical purposes, this only occurs in settings 
of massive blood loss and massive transfusion (see massive transfu-
sion below). Distributional thrombocytopenia occurs in patients with 
splenomegaly from portal hypertension and reflects removal and 
sequestration of platelets from the circulation. However, patients with 
advanced portal hypertension and splenomegaly are also likely to have 
decreased thrombopoietin production associated with cirrhotic liver 
disease and may have alcohol-related bone marrow suppression.54,55

Drug and Medication-Induced Thrombocytopenia:  Hundreds of drugs, 
supplements, and foods have been causally associated with thrombo-
cytopenia. While specialized laboratory testing may be available to 
confirm the diagnosis of drug and medication-induced thrombocyto-
penia (DITP), the clinical diagnosis is often established only by clinical 
consideration of the time course, response to removing the drug, and 
exclusion of alternative causes. These factors require a high index of 
suspicion and a systematic review of potential drug-related etiology in 
any patient with thrombocytopenia. The most typical clinical feature 
of DITP is clinical presentation 5 to 10 days after exposure to the drug 
with platelet counts usually less than 20 × 109/L.56 Clinical criteria 
and a scoring scale for the likelihood of DITP have been proposed. 
One commonly applied scale assigns probability based only on clini-
cal information of exposure and response to removal of exposure and 
does not require specialized laboratory testing evidence (Table 90-5).57

The most common specific classes of drugs associated with idio-
syncratic or unpredictable thrombocytopenia include the cinchona 
alkaloids, platelet inhibitors, heparins, antibiotics, anticonvulsants, and 
analgesics. Thrombocytopenia is anticipated and predictable with cyto-
toxic chemotherapeutic and immunosuppressive medications. Common 
medications associated with DITP are shown in Table 90-6. Specific 
medications strongly associated with DITP and consistently detected 
antiplatelet antibodies include quinine, quinidine, trimethoprim/
sulfamethoxazole, vancomycin, penicillin, rifampin, carbamazepine, 
ceftriaxone, ibuprofen, mirtazapine, oxaliplatin and suramin, abciximab, 
tirofiban, eptifibatide, and heparin.58 Importantly, antibody-mediated 
platelet destruction may result not only in removal of circulating platelets 

  TABLE 90-4    Etiologies of Thrombocytopenia

Spurious

Decreased platelet production
Infection
•	 Epstein Barr virus
•	 HIV
•	 Parvovirus
•	 Varicella
Drugs and toxins 
•	 Alcohol
•	 Cancer chemotherapy
•	 Heparin-Induced thrombocytopenia
•	 Antiepileptics and sedatives
•	 Antibiotics
•	 Salicylates and glycoprotein IIb/IIIa inhibitors
•	 Histamine 2 receptor blockers
Nutritional deficiency
•	 Vitamin B

12

•	 Folate
•	 Iron
Myelodysplastic syndromes

Increased platelet destruction
Sepsis
Disseminated intravascular coagulation (DIC)
Thrombotic thrombocytopenic purpura (TTP)
Immune thrombocytopenic purpura (ITP)
Posttransfusion purpura
Antiphospholipid antibody syndrome
HELLP syndrome (hemolytic anemia, elevated liver function tests, low platelet)

Abnormal distribution and dilution
Hypersplenism secondary to portal hypertension
Massive blood transfusion

  TABLE 90-5    Criteria and Clinical Likelihood for Drug-Induced Thrombocytopenia

Criterion

1 Therapy with the candidate drug preceded thrombocytopenia and recov-
ery from thrombocytopenia was complete and sustained after therapy 
with the drug was discontinued

2 The candidate drug was the only drug used before the onset of thrombocy-
topenia or other drugs were continued or reintroduced after discontinuation 
of therapy with the candidate drug with sustained normal platelet count

3 Other causes for thrombocytopenia were excluded

4 Reexposure to the candidate drug resulted in recurrent thrombocytopenia

Clinical Likelihood

Definite Criteria 1, 2, 3, and 4 met

Probable Criteria 1, 2, and 3 met

Possible Criterion 1 met

Unlikely Criterion 1 not met

Adapted with permission from George JN, Raskob GE, Shah SR, et al. Drug-induced thrombocytopenia: a 
systematic review of published case reports. Ann Intern Med. 1998 Dec 1;129(11):886-890.
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and bone marrow megakaryocytes, but also may cause significant reduc-
tions in the productive capacity of surviving megakaryocytes.59

Heparin-Induced Thrombocytopenia:  Heparins, including unfraction-
ated heparin and, to a lesser degree, low-molecular-weight heparin 
(LMWH), are among the most common drugs associated with throm-
bocytopenia. Heparin-induced thrombocytopenia (HIT) results from 
immune-mediated activation and destruction of platelets. Specifically, 
HIT is caused by induction of a specific immune antibody response 
which results in immunoglobulin binding to FcγIIa receptors on plate-
lets and monocytes.60,61 The specific immune recognition and immuno-
globulin binding site is a complex of heparin attached directly to platelet 
factor 4 (PF4) on the platelet surface.61-63 A key clinical feature of HIT 
arises not only from the resulting platelet destruction, but also from the 
activation of platelets and precipitation of inappropriate thrombosis. 
The clinical syndrome of HIT (historically referred to as type 2 HIT) is 
characterized by immune-mediated thrombocytopenia and thrombosis. 
The presence of thrombosis distinguishes HIT from transient, non-
immune-mediated mild thrombocytopenia (historically referred to as 
type 1 HIT), which may occur within the first few days of heparin treat-
ment and is not associated with significant clinical sequelae.

HIT is characterized by mild to moderate thrombocytopenia which 
develops over 5 to 10 days after exposure to heparin. HIT may also 

develop within hours in patients who have had recent prior exposure 
to heparin.64 While subcutaneous prophylactic unfractionated heparin 
and intravenous therapeutic unfractionated heparin are most commonly 
implicated in the disease, HIT may result from any exposure to heparin 
and heparin-like compounds including intermittent low-dose catheter 
flushes, low-molecular-weight heparins, and related medications including 
fondaparinux.65-67 The second major feature of HIT is thrombosis. Venous 
clotting including deep venous thrombosis and pulmonary thromboem-
bolism are the most common manifestations of this clotting risk. However, 
arterial clotting with stroke, myocardial infarction, and limb necrosis also 
occur with clinically significant frequency and devastating consequences.68 
Thrombocytopenia-associated bleeding is rare in HIT.

The risk of developing HIT depends on both patient-specific factors 
as well as the type of heparin exposure. Risk increases with age, female 
gender, and postsurgical status.69 In particular, orthopedic and cardiac 
surgery patients have higher risk than obstetric and medical patients.70 
While both LMWH and unfractionated heparin have caused HIT, the risk 
is substantially higher with unfractionated heparin at 1% to 5% compared 
with 0.1% to 1.0%.71 Given the potentially severe adverse consequences of 
unrecognized HIT, patients groups with more than 1% incidence of HIT, 
such as cardiac surgery and postoperative patients receiving unfraction-
ated heparin, expert guidelines recommend intermittent platelet count 
surveillance and screening every 2 to 3 days while receiving heparin.72

The nonspecific findings of thrombocytopenia and thrombosis in 
critically ill patients make the clinical diagnosis of HIT particularly 
difficult unless the diagnostic and therapeutic approach is based on 
carefully selected features of the disease. While several scoring systems 
have been proposed, the 4Ts scoring system may be used to estimate the 
approximate likelihood of HIT and has been validated in hospitalized 
populations (Table 90-7).73-75 The 4Ts system assigns higher likelihood 
to patients with a relative fall in platelet count greater than 50% from 
baseline which clearly occurs between 5 and 10 days after heparin expo-
sure, who have severe manifestations of thrombosis, and for whom there 
are no alternative likely causes. Importantly, profound thrombocytope-
nia with platelet count nadir ≤20 × 109/L is less likely to be associated 
with HIT than other drug-induced thrombocytopenia.

While the diagnosis of HIT would seem to depend on identification 
of heparin-dependent antiplatelet antibodies, the presence of these anti
bodies alone is nonspecific. The clinical specificity of antiplatelet antibodies  
ranges from 74% to 86%, which results in false-positive results and poor 
positive predictive values in low-risk patients.70,76 Platelet activation 
assays which measure platelet serotonin release or platelet aggregation 
have higher sensitivity and specificity. Unfortunately, these tests are 
often not immediately available.76

Because the consequences of thrombosis and persistent thrombo-
cytopenia are life threatening, patients with HIT require immediate 

  TABLE 90-6    Common Drugs Associated With Thrombocytopenia

Drug Class Specific Drugs

Antibiotics Penicillin, methicillin, vancomycin, rifampin, 
ciprofloxacin, trimethoprim/sulfamethoxazole and 
sulfonamides, linezolid, rifampin, amphotericin B

Analgesics Ibuprofen, diclofenac, naproxen, acetaminophen

Cinchona alkaloids Quinine, quinidine

Cardiac glycosides and antiarrhythmics Digoxin, procainamide, amiodarone

Chemotherapeutic and  
immunosuppressive agents

Oxaliplatin, fludarabine, cyclosporine, rituximab, 
gold salts, d-penicillamine

Diuretics Chlorothiazide, hydrochlorothiazide

Heparins Unfractionated heparin, low-molecular-weight heparin

Histamine-receptor antagonists Cimetidine, ranitidine

Platelet inhibitors Abciximab, eptifibatide, tirofiban

Sedatives and antiseizure agents Carbamazepine, haloperidol, phenytoin, valproic 
acid, diazepam

Data from reference 56, 57, 175.

  TABLE 90-7    4Ts Pretest Scoring System for Heparin-Induced Thrombocytopenia74

4Ts 2 Points 1 Point 0 Point

Thrombocytopenia Platelet count fall ≥50% and platelet nadir ≥20 Platelet count fall 30%-50% or platelet nadir 10-19 Platelet count fall ≤30% or platelet nadir ≤10

Timing of platelet count fall Clear onset between days 5 and 10 or platelet 
fall ≤day in the patient with prior heparin 
exposure within 30 days

Fall in platelet counts consistent with onset between 
days 5 and 10 but timing is not clear due to missing 
platelet counts or onset after day 10 of heparin expo-
sure or fall in platelet counts ≤1 d with prior heparin 
exposure between 30 and 100 days previously

Platelet count fall <4 d without recent 
heparin exposure

Thrombosis or other sequelae New thrombosis, skin necrosis, or acute systemic 
reaction after unfractionated heparin exposure

Progressive or recurrent thrombosis or unconfirmed but 
clinically suspected thrombosis

No thrombosis or thrombosis preceding 
heparin exposure

Other cause of thrombocytopenia No other causes apparent Possible other causes present Probable other causes present

Sum of 4T Score Clinical Probability of HIT

1, 2, or 3 Low

4, 5 Intermediate

6, 7, or 8 High
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discontinuation of all heparin exposures and immediate initiation of 
non-heparin anticoagulation treatment. Thrombocytopenia should 
not be treated with platelet transfusion unless clinically significant 
bleeding is also present. Recommended initial treatment should be an 
intravenous direct thrombin inhibitor such as argatroban or bivalirudin. 
Treatment should be monitored with activated partial thromboplastin 
time. Platelet counts should be followed until return to baseline. HIT 
patients with and without thrombosis remain at significant increased 
risk for new thrombosis for weeks following recovery. For this reason 
they should receive an oral agent such as warfarin. Warfarin should not 
be initiated until the platelet count returns to baseline because of the risk 
of protein C depletion and secondary thrombosis. Initial intravenous 
antithrombin anticoagulant and warfarin should be continued together 
until the warfarin is fully therapeutic. Patients with no evidence of HIT-
associated thrombosis may be treated for 4 to 6 additional weeks while 
those with thrombosis should receive a minimum 3 months therapy.70-72

Posttransfusion Purpura:  Posttransfusion purpura (PTP) may occur 3 to 
12 days following transfusion with any platelet-containing blood prod-
uct (platelets, RBCs). PTP is caused by antibody development to human 
platelet antigens such as HPA-1a usually in women who have been sen-
sitized to platelet antigens through prior pregnancy and in nulliparous 
women and men who have been sensitized by prior transfusions.77,78 PTP 
may produce severe thrombocytopenia and bleeding that can last for 
days to weeks. The major differential diagnosis of PTP includes drug-
induced thrombocytopenia and immune thrombocytopenic purpura. 
Treatment for severe PTP is intravenous immune globulin (IVIG) and 
corticosteroids or exchange transfusion in refractory cases.79,80

Immune Thrombocytopenia:  Immune thrombocytopenia is also called 
idiopathic thrombocytopenic purpura and immune thrombocytope-
nic purpura. Immune thrombocytopenia (ITP) results from immune-
mediated destruction and inhibition of megakaryocyte production by 
immunoglobulins directed toward platelet surface glycoproteins.81 The 
diagnosis of ITP is by exclusion and only when isolated thrombocytope-
nia is present and other etiologies have been excluded, including spurious 
thrombocytopenia-pseudothrombocytopenia, hematologic malignancy, 
and viral infections including HIV and hepatitis C. In ITP there are no 
other detectable abnormalities in coagulation, red blood cells, or white 
blood cells. ITP is considered a primary immune disorder; immune-
mediated destruction of platelets by drug-induced mechanisms, infec-
tions, and thrombocytopenia due to autoimmune rheumatologic diseases 
such as systemic lupus erythematosus must be excluded. Given that a 
large number of antiplatelet antibodies may result in thrombocytopenia, 
antiplatelet testing has not been recommended for confirmation.82,83

Clinically, ITP usually presents with insidious thrombocytopenia 
although acute and abrupt episodes can occur. ITP does not usually 
result in life-threatening hemorrhage; however, petechia, purpura, easy 
bruising, epistaxis, gingival bleeding, and menorrhagia are common. 
Treatment for ITP is indicated for any patient at risk for bleeding and for 
those with severe thrombocytopenia with platelet counts ≤30 to 50 × 
109/L. Initial treatment includes glucocorticoids or intravenous immune 
globulin. Refractory cases have been treated with splenectomy and 
immunosuppressive drugs including azathioprine, cyclophosphamide, 
and cyclosporine.81 Newer therapies with thrombopoietin receptor ago-
nists/activators eltrombopag and romiplostim also demonstrate efficacy 
and may promote sustained clinical remission.84,85

Thrombotic Microangiopathies: Thrombotic Thrombocytopenic Purpura and 
Hemolytic Uremic Syndrome:  The thrombotic microangiopathies includ-
ing thrombotic thrombocytopenic purpura (TTP), hemolytic uremic 
syndrome (HUS), and atypical HUS are defined by the simultaneous 
presence of thrombocytopenia and intravascular hemolysis. Thrombotic 
microangiopathies are characterized by platelet activation, microvascular 
platelet thrombi, and accumulation of fractured, damaged circulating red 
blood cells (schistocytes). The primary disease mechanism of thrombotic 
microangiopathies results from accumulation of large von Willebrand fac-
tor multimers which subsequently bind to circulating platelets and cause  

platelet aggregation and activation. The accumulation of large von 
Willebrand multimers results from deficiency or inhibition of the von 
Willebrand factor cleaving protease ( ADAMTS13, a disintegrin and metal-
loprotease with thrombospondin 1–like domains). The activation of soluble 
factor coagulation pathways, consumption of fibrinogen, and accumulation 
of fibrin degradation products are not features of thrombotic microangiopa-
thies, allowing differentiation from disseminated coagulation.

While TTP and HUS have been considered a single spectrum of 
closely related diseases, there is increasing recognition of multiple, 
unique disease mechanisms that give rise to similar clinical features. 
Evidence for different pathophysiologic mechanisms in the thrombotic 
microangiopathies includes subsets of patients with inherited deficiency 
of  ADAMTS13, wide variations in levels and activity of ADAMTS13, as 
well as the identification of thrombomodulin and complement protein 
mutations.86-88 Even within the subgroup of patients who specifically 
have classic TTP features, different mechanisms of disease exist and may 
include congenital deficiency of  ADAMTS13, acquired autoimmune 
inhibition of  ADAMTS13, or its autoimmune-mediated destruction.89,90  
Thrombotic microangiopathies may be categorized as primary or sec-
ondary and have been described as idiopathic and secondary to medica-
tions, infections, and autoimmune disorders.

The clinical features of the thrombotic microangiopathies result from 
vascular occlusion and damage caused by platelet-based microthrombi. 
Organ damage is often clinically evident in the brain and kidneys, but 
ischemic damage may occur in any organ. The degree of thrombocy-
topenia in the thrombotic microangiopathies is often very severe, with 
platelet counts less than 30 to 50 × 109/L. In the most severe cases of 
TTP, the platelet counts can be less than 10 × 109/L. Other laboratory 
findings include schistocytes on peripheral blood smear, low serum 
haptoglobin, elevated serum lactate dehydrogenase, and negative direct 
antiglobulin (Coomb) test. The initial degree of anemia is often mild 
with hemoglobin concentration 7 to 9 g/dL, but refractory patients may 
require red cell transfusion to maintain adequate hematocrit. The initial 
degree of new renal impairment also tends to be mild with creatinine 
less than two times normal; however, patients may quickly progress 
to renal failure requiring hemodialysis, particularly in classic HUS. 
Prothrombin time and activated partial thromboplastin time remain 
normal or near normal since coagulation factors are not consumed.

TTP  Classic TTP has been characterized by the clinical pentad of hemo-
lysis, thrombocytopenia, neurologic defects, low-grade fever, and renal 
dysfunction.91 However, the most important findings are hemolysis and 
thrombocytopenia. Only a minority of patients have all findings simulta-
neously. Common symptoms of TTP include nausea, vomiting, abdomi-
nal pain, headache, seizures, and fluctuating neurologic deficits, all of 
which develop over days to weeks prior to diagnosis.92 TTP and throm-
botic microangiopathies in adults may be idiopathic, congenital, or  
occur secondarily in systemic infections. TTP-like thrombotic micro-
angiopathies have also been well described in postpartum patients, 
patients with recent viral infection including HIV, organ transplant 
patients receiving immunosuppression, cancer patients receiving che-
motherapy, and those with collagen vascular disease. Drug-induced 
TTP may occur following quinine treatment, chemotherapy agents,  
and with thienopyridine derivatives including ticlopidine, clopidogrel, and 
prasugrel.93 The likely mechanism of drug-induced TTP is through the 
drug-mediated induction of antibodies to  ADAMTS13. The differential 
diagnosis for TTP includes preeclampsia; eclampsia; and the hemolysis, 
elevated liver enzymes, and low platelet syndrome (HELLP, see below).

HUS  HUS has been classically described as the triad of thrombocytope-
nia, hemolytic anemia, and renal failure. Classic HUS occurs in children 
following diarrheal illness, but may also affect adults. HUS occurs most 
commonly within days following gastroenteritis from enterotoxin-
producing, enterohemorrhagic bacteria including E coli O157 : H7, E coli 
O104 : H4, or Shigella.94 Other bacterial infections, including those due 
to nonhemorrhagic gram-negative bacteria, have also been associated 
with thrombotic microangiopathy in adults.95 Renal failure in TTP-HUS 
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ranges from mild to severe requiring renal replacement therapy. Long-
term consequences in children and young adults who develop diarrhea-
associated HUS include death or irreversible end-stage renal disease in 
approximately 12%, and mild to moderate renal insufficiency in 25% of 
survivors.96

Atypical HUS  There has been increased recognition of subsets of patients 
who have typical HUS findings but without a preceding diarrheal illness 
or enterohemorrhagic E coli infection. These patients have an HUS-like 
thrombotic microangiopathy which may be refractory to treatment, 
with persistent thrombocytopenia, hemolytic anemia, and renal failure  
despite ongoing plasma exchange. Atypical HUS is characterized by 
chronic refractory thrombocytopenia and renal failure, usually in children 
or young adults, and often requiring dialysis and renal transplantation. 
A known cause of atypical HUS is mutation in complement regulation 
pathways leading to unchecked complement activation.86 Eculizumab 
is a humanized monoclonal antibody to human C5 complement which 
blocks complement pathway activation and has been shown to benefit 
renal function and reduce dialysis requirements in atypical HUS cases.97

Treatment  Patients with TTP and thrombotic microangiopathies may 
develop shock, respiratory failure, or irreversible neurologic deteriora-
tion. Untreated, the mortality of TTP in adults without diarrheal illness 
approaches 100%. With the exception of children who present with 
typical diarrheal illness-related HUS, the treatment of severe thrombotic 
microangiopathies requires emergent initiation of plasma exchange. The 
basis of treatment is removal of the circulating factor which inhibits  
ADAMTS13, and replacement of insufficient  ADAMTS13 levels. Since 
the widespread use of plasma exchange, the mortality rate for TTP 
has fallen to 10% to 35%.98,99 If diagnostic uncertainty exists, plasma 
exchange should be initiated until an alternative diagnosis is established. 
Plasma infusion alone is less effective and is limited by the volume of 
plasma required to produce clinical effect.98-100 In addition to plasma 
exchange, rituximab has been shown to improve time to therapeutic 
response and reduce relapses in patients with acute TTP and should also 
be considered for patients with severe disease.101

Treatment with daily plasma exchange is indicated until platelet count 
rise above 150 × 109/L and anemia, renal failure, and neurologic deficits 
improve. Other indicators of therapeutic response include decreases in 
serum LDH and resolution of the abnormal peripheral blood smear. 
Typically, patients will require 1 to 2 weeks of plasma exchange treat-
ments tapered from daily treatments to every other day to every third day. 
Refractory cases, late-responding patients, and relapsed patients may require 
treatment for 4 to 6 weeks. Patients who fail to respond to plasma exchange 
should be considered for high-dose steroid therapy or splenectomy.

Functional Platelet Disorders:  Functional platelet disorders occur in the 
setting of normal platelet number and appearance but impaired activa-
tion, aggregation, or binding. Clinically, functional platelet disorders are 
associated with petechiae, ecchymoses, menorrhagia, mucosal bleeding, 
and epistaxis. The most common functional platelet disorders result 
from antiplatelet medications including aspirin, nonsteroidal anti-inflam-
matory medications, cyclooxygenase inhibitors, clopidogrel, and the 
glycoprotein IIb/IIIa inhibitors (abciximab, tirofiban, eptifibatide). Renal 
failure is associated with impaired platelet function and bleeding dur-
ing invasive procedures, as well as mucosal bleeding and bruising.102  
The bleeding tendency in renal failure patients appears to result from 
decreased platelet aggregation and platelet adhesiveness, likely mediated 
by dysfunction of the glycoprotein IIb/IIIa receptor and von Willebrand  
factor.103 Congenital diseases affecting the glycoprotein Ib receptor (Bernard-
Soulier syndrome) and IIb/IIIa receptor (Glanzmann thrombasthenia) are 
rare causes of dysfunctional platelets. Finally, von Willebrand disease is 
actually a group of common genetic diseases which affect the level and func-
tion of von Willebrand factor and binding to the Ib receptor. Treatment for 
functional platelet disorders includes platelet transfusion and removal of the 
offending agent. For patients with uremia and bleeding, hemodialysis and 
an infusion of deamino-8-D-arginine vasopressin (DDAVP) may reduce 
bleeding and be helpful in achieving hemostasis.104,105

DISORDERS OF SOLUBLE COAGULATION FACTORS
The precise rate of abnormal coagulation times in critically ill patients 
has been difficult to establish because of absence of standardization not 
only in the laboratory techniques and assay reagents, but also because of 
the timing and frequency of testing in general ICU populations. A sin-
gle, multicenter study in adult ICU patients in England, Scotland, Wales, 
and Ireland examined the incidence of abnormal coagulation times in 
1923 admissions, measuring almost six tests per patient and an average 
frequency of one test per day.2 In this group of mixed medical, surgical, 
and trauma patients, 25% had an INR >1.5 on at least one measurement. 
Although the majority of patients had a transient INR elevation, this was 
independently associated with ICU mortality particularly when it devel-
oped after admission. While single-center cohort studies suggest that 
the rate of abnormal PT and aPTT may be much higher, reviews suggest 
that the rate of abnormal coagulation tests ranges from 14% to 28%.106,107

The most common causes of abnormally prolonged coagulation 
times in ICU patients are acquired disorders. The inherited disorders of 
coagulation factor deficiency (eg, Hemophilia A and B) are infrequently 
encountered and typically present with a well-established history of 
prior bleeding episodes. Abnormal coagulation function may be consid-
ered within four broad categories including synthesis defects, increased 
rate of turnover-consumption, dilution, and inhibition. In ICU popula-
tions, the most common associations and causes include chronic liver 
disease, warfarin therapy, vitamin K deficiency, heparin, sepsis, dis-
seminated intravascular coagulation, dilution in massive transfusion, 
antibody inhibitors including lupus anticoagulant, and von Willebrand 
disease (Table 90-8).

■■ ANTIBODY INHIBITORS OF COAGULATION ENZYMES
The laboratory features of antibody inhibitors of coagulation include 
prolonged aPTT which does not correct on mixing assays. A mixing 

  TABLE 90-8   � Common Causes of Abnormal Prothrombin and Activated Partial 
Thromboplastin Times in ICU Patients

PT elevated; aPTT normal

Factor VII deficiency 

Mild vitamin K deficiency

Hepatic disease

Warfarin effect

PT normal; aPTT elevated

Factor VIII, IX, XI, or XII deficiency

Unfractionated heparin 

von Willebrand disease

Antibody inhibitor of coagulation proteins

Antiphospholipid antibody

PT elevated; aPTT elevated

Deficiency of fibrinogen, thrombin, factor V, factor X

Advanced liver disease, liver failure

Severe vitamin K deficiency

Full heparin and warfarin effect

Factor Xa inhibition

Rivaroxaban, apixaban

Disseminated intravascular coagulation

Massive hemorrhage

Reproduced with permission from Lo GK, Juhl D, Warkentin TE, et al. Evaluation of pretest clinical score 
(4 T’s) for the diagnosis of heparin-induced thrombocytopenia in two clinical settings. J Thromb Haemost. 
April 2006;4(4):759-765.
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assay is performed by adding standardized, normal plasma to the sample.  
The presence of an antibody inhibitor of coagulation will also inhibit the 
function of the added factors. This feature distinguishes inhibitors from 
simple factor deficiencies which may also produce prolonged aPTT, but 
instead correct with mixing of normal plasma. The presence of antibody 
inhibitors and factor deficiency must be distinguished from heparin 
contamination which also prolongs the aPTT. When an abnormal aPTT 
is obtained, every effort to exclude heparin contamination should be 
made and, if necessary, the test repeated if the results are uncertain. 
Antiphospholipid antibodies are identified by the addition of phospho-
lipid to the mixed plasma. If antiphospholipid antibodies are present, 
the aPTT will correct.

The presence of antibody inhibitors may lead to significant bleeding 
or, in the case of antiphospholipid antibody, a hypercoagulable state and 
clinical thrombosis. Bleeding manifestations may be severe and include 
postpartum, severe mucosal, or postprocedure bleeding. The most com-
mon acquired antibody inhibitors are against factor VIII and can occur 
spontaneously in a large variety of disorders or through induced antibody 
formation in hemophilia patients chronically receiving factor replace-
ment. While acquired hemophilia A and factor VIII inhibitors may be 
idiopathic, specific disease associations and potential causes for acquired 
factor VIII inhibitors include malignancies, postpartum status, and 
autoimmune disorders including lupus and rheumatoid arthritis.108-110  
Treatment recommendations for patients with bleeding associated 
with antibodies to factor VIII include factor VIII concentrates, recom-
binant human factor VIIa, desmopressin (DDAVP), and activated 
prothrombin complex concentrates.111,112 Long-term management of 
antibody inhibitors should include consideration for immunosuppres-
sion including corticosteroids and cyclophosphamide to suppress anti-
body production.113

■■ VON WILLEBRAND DISEASE AND HEYDE SYNDROME
Deficiency of von Willebrand factor (VWF) is the most common inher-
ited coagulopathy. In less common instances, VWF deficiency may be 
acquired. VWF circulates as high-molecular-weight multimers which 
bind to platelet glycoprotein receptors IIb/IIIa and Ib/IX/V. VWF defi-
ciency directly limits effective binding of platelets to injured vascular 
endothelium and to other platelets. Von Willebrand disease (VWD) has 
multiple subtypes including autosomal dominant and autosomal reces-
sive variants as well as quantitative and qualitative defects of VWF.114 
The most common clinical presentation of VWD includes easy bruising, 
or skin, oropharyngeal, nasal, gastrointestinal, or menstrual bleeding. 
Patients with VWD have normal platelet counts (with some exceptions 
for patients with rare variants) and normal PT. The aPTT in VWD may 
be normal or prolonged and depends on the association of concurrent 
factor VIII levels. The diagnosis of VWD is established by specialized 
testing including direct measurement of VWF, factor VIII activity, ris-
tocetin cofactor activity, and VWF collagen binding. Initial treatment 
for patients with clinically significant bleeding and VWD includes 
DDAVP, which releases VWF from vascular endothelial cells.115 For 
refractory bleeding and for patients with severe VWF deficiency, factor 
VIII concentrates (which also contain VWF) or recombinant human 
VWF should be administered.116,117 Other options for refractory bleed-
ing include the antifibrinolytic agents, epsilon aminocaproic acid and 
tranexamic acid, as well as human recombinant factor VIIa.118

Acquired von Willebrand disease, also termed von Willebrand syndrome 
(VWS), results from increased proteolysis, antibody-mediated clearance, 
or antibody-mediated functional inhibition of VWF. Conditions associated 
with acquired VWS include malignant diseases such as lymphoprolif-
erative and myeloproliferative disorders, autoimmune diseases includ-
ing systemic lupus erythematosus, hemoglobinopathies, and drugs.119,120  
A specific subset of patients with acquired VWS has cardiovascular 
disease with shear stress within the bloodstream. The mechanism of 
VWF deficiency in these conditions is believed to be increased clear-
ance of VWF induced by flow-related binding of VWF to platelets in the 
absence of coagulation activation. Cardiovascular conditions associated 

with VWS include aortic stenosis, ventricular septal defect, hypertrophic 
obstructive cardiomyopathy, and extracorporeal blood circulation.121-123 
The specific association of aortic stenosis, acquired von Willebrand 
syndrome, and bleeding secondary to gastrointestinal angiodysplasia 
has been termed Heyde syndrome. Heyde syndrome is associated with 
decreased VWF collagen binding activity and loss of large VWF multim-
ers in 67% to 92% of patients with severe aortic stenosis and correlates 
with the severity of the stenosis.124 Treatment considerations in acquired 
VWS should focus on correction of the underlying disorder including 
chemotherapy for malignancies, vascular correction, and valve replace-
ment. Acute bleeding should be managed similarly to congenital VWD 
with DDAVP and factor VII concentrates.

■■ PHARMACOLOGIC ANTICOAGULANTS
Given the high frequency of therapeutic and prophylactic anticoagulant 
use in patients with risk factors for ICU admission, management of bleed-
ing and coagulopathy in these patients is a common clinical problem. In 
general, therapy of anticoagulant-related bleeding should focus on risk 
factors for bleeding, the presence of continued active bleeding, the half-life 
of the anticoagulant, and whether or not specific antidotes are available. 
The risk of bleeding correlates with dose of agent (particularly heparins), 
concurrent antiplatelet therapy, severity of concurrent major organ  
dysfunction, age, and recent surgery, trauma, or invasive procedures.125,126

Heparins and Heparin-Like Compounds:  Unfractionated heparin and, to 
a significantly lesser degree, low-molecular-weight heparins have vari-
able and difficult-to-predict dose-response rates. Predictors of bleeding 
include concurrent use of antiplatelet medications, increased heparin 
dose, advanced hepatic disease, concurrent administration of throm-
bolytic medications, invasive procedures, female gender, and presence 
of anemia on admission.125,127 For patients with clinically significant 
bleeding in the setting of heparin anticoagulation, the initial approach 
must include immediate discontinuation of the medication and local, 
physical control of the bleeding source if possible. Unfractionated hepa-
rin may be reversed by treatment with protamine sulfate. Protamine is a 
naturally occurring protein derived from fish which binds heparin and 
is rapidly cleared from the circulation. Protamine is given as an intrave-
nous infusion at a dose of 1 mg per every 100 units of heparin adminis-
tered and its effect is monitored with the aPTT.125 Because of the protein 
structure of protamine, it is antigenic and may cause allergic reac-
tions, anaphylaxis, hypotension, and bradycardia. While other agents  
including recombinant activated factor VII and heparinases have been 
tested, routine use of these agents for reversal of heparin anticoagulation 
is not approved or recommended by regulatory agencies.

While protamine is effective in binding and clearing heparin bound 
in thrombin-antithrombin enzyme complexes, it has variable effective-
ness in reversing the specific anti-Xa activity of low-molecular-weight 
heparins. There is little information from human studies to convincingly 
demonstrate the effectiveness of protamine in management of LMWH 
anticoagulation. Despite this, consensus guidelines from the American 
College of Chest Physicians for life-threatening bleeding associated 
with LMWH anticoagulation are for protamine infusion to attenuate 
the heparin effect.125 Case reports also describe combined use of prot-
amine and recombinant activated factor VII in an LMWH overdose 
patient.128,129 Although the synthetic heparin analogue fondaparinux and 
the heparin-containing glycosaminoglycan mixture danaparoid sodium 
share anticoagulant mechanisms with heparin, they are not reversed by 
protamine.

Vitamin K Antagonists:  Vitamin K antagonists, specifically warfarin, 
are the most commonly used anticoagulants for treatment of venous 
thrombosis and prevention of thrombotic complications in patients at 
risk. Supratherapeutic effect and bleeding related to warfarin are among 
the most common coagulation problems in hospitalized patients. Risk  
factors for an INR greater than target range include febrile illness, diar-
rhea, heart failure, and liver disease.130 The bleeding risk in patients 
receiving warfarin treatment correlates directly with elevation in the 
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INR, as well as age.131 Other factors predictive of bleeding during war-
farin therapy include history of stroke, prior bleeding, age >75 years, 
hepatic or renal disease, malignancy, thrombocytopenia, uncontrolled 
hypertension, ethanol abuse, anemia, and excessive risk of falls.132

There are two main considerations in managing patients receiving  
warfarin with supratherapeutic INR or bleeding complications: the 
degree of INR elevation and the presence or absence of bleeding. 
Serious bleeding in patients with any degree of elevated INR requires 
simultaneous reversal of vitamin K antagonism as well as immediate 
replacement of deficient vitamin K–dependent factors. Intravenous 
vitamin K (phytonadione) in doses of 5 to 10 mg has an effect within 
hours, but does not correct INR until 24 hours.133,134 Urgent correction 
of coagulopathy also requires exogenous factor replacement. Fresh 
frozen plasma restores coagulation protein concentrations but, at rec-
ommended doses of 15 to 30 mL/kg, risks volume overload, acute lung 
injury, and infection.135 Prothrombin complex concentrates (PCC) are 
mixtures of highly concentrated factors II, IX, X (three-factor PCC) or 
II, VII, IC, X, protein C, and protein S (four-factor PCC) that permit 
rapid, low-volume infusion of essential coagulation factors. PCCs are 
effective in promoting hemostasis in urgent, life-threatening bleeding in 
patients receiving warfarin and have been recommended as a first-line 
treatment.136,137 Known complications of PCCs include thrombosis and 
fatal thromboembolism.138

Patients receiving warfarin with supratherapeutic INR but without 
bleeding should be treated based on risk for hemorrhage and anticipated 
need for invasive procedures. Patients with elevated risk for bleeding  
(discussed above), having highly elevated INR (>9), or who require 
urgent invasive procedures should have warfarin discontinued and 
receive oral vitamin K in doses of 2.5 to 5 mg. Patients with INR <9 and 
low risk for bleeding may be treated with temporary discontinuation 
of warfarin and restarting at lower dose when the INR returns to the 
therapeutic range. Low-dose oral vitamin K (1 mg) may also be used 
in patients with lower risk for bleeding and moderate to significantly 
elevated INR.136,139,140

Oral Direct Thrombin and Factor Xa Inhibitors:  The oral direct thrombin 
inhibitor dabigatran and the oral direct factor Xa inhibitors rivaroxa-
ban and apixaban have demonstrated efficacy in thromboprophylaxis 
in atrial fibrillation and for venous thromboembolism prophylaxis. 
These medications have relatively short half-lives (5-15 hours) and have 
been associated with relatively low rates of major bleeding compared 
to low-molecular-weight heparin and warfarin. None of these agents 
has specific antidotes. Management of serious life-threatening bleeding 
should focus on discontinuation of the medication and other antiplatelet 
medications, local source control, and transfusion support. Prothrombin 
complex concentrates, antifibrinolytics, and activated recombinant  
factor VII are therapeutic options, but there are limited results in 
humans demonstrating beneficial effect.141

COMBINED PLATELET AND COAGULATION 
FACTOR DISORDERS (See Table 90-10)

■■ DISSEMINATED INTRAVASCULAR COAGULATION
Unlike single disorders of soluble clotting factors or platelets, dis-
seminated intravascular coagulation (DIC) is characterized by systemic 
activation of the clotting cascade, fibrin deposition throughout the 
microvasculature, fibrinolysis, hemolysis, thrombocytopenia, and con-
sumption of clotting factors. DIC occurs as the result of exposure of the 
blood to inflammatory cytokines and procoagulants such as tissue factor 
and tissue thromboplastins. Risk factors for DIC include massive tissue 
injury, extensive vascular endothelial injury, shock of any cause, ABO 
transfusion incompatibility, amniotic or fat embolism, burns, traumatic 
brain injury, malignancy, and severe or systemic infection. Systemic 
activation of thrombosis leads directly to a state of fibrinolysis character-
ized by rapid lysis of fibrin, accumulation of plasma fibrin degradation 
products, and thrombocytopenia.

As the direct result of the association of DIC with major systemic 
disease, it is associated with particularly high mortality. For ICU patients 
with overt clinical and laboratory evidence of DIC, mortality ranges 
from 45% to 78%.142-144

Clinical and laboratory features of DIC include abnormalities in all 
aspects of blood and coagulation including coagulation times, red blood 
cell morphology, and thrombocytopenia. Bedside findings include pete-
chiae, ecchymosis, and bleeding from venipuncture sites. Bleeding from 
surgical wounds and noninjured mucosal surfaces may develop.

DIC is a clinical diagnosis established by the presence of severe 
clinical disease, exclusion of other similar conditions, and consistent 
laboratory findings. Peripheral blood smear demonstrates few platelets 
and hemolysis with schistocytes. The majority of patients have platelet 
count <50 × 109/L. Both the aPTT and INR are prolonged and reflect 
consumption of clotting factors in the common, intrinsic, and extrinsic 
coagulation cascades. DIC is also a fibrinolytic state characterized by 
the presence of fibrin degradation products and elevated D-dimer levels. 
Other markers of DIC include detectable plasma fibrin monomers, 
decreased plasma antithrombin activity, and decreased levels of indi-
vidual clotting factors, particularly factor VIII.

Given the complexity of the clinical conditions that cause DIC as 
well as the nonspecific individual laboratory findings, diagnostic scor-
ing systems for DIC have been proposed. The International Society for 
Thrombosis and Haemostasis scoring system has been shown to have a 
sensitivity of 91% and specificity of 97% compared to expert opinion in a 
prospective group of patients admitted to a single tertiary medical center 
ICU (Table 90-9).142,145

Treatment for patients with DIC is focused on the underlying disorder. 
The benefit of prophylactic transfusion of blood products for patients in 
DIC without active bleeding or with low risk for bleeding has not been 
established. High-risk patients and actively bleeding patients should receive 
platelets to maintain at least 50 × 109/L, while in nonbleeding patients lower 
values are accepted (above 10-20 × 109/L). Fresh frozen plasma and cryo-
precipitate should be used in bleeding and high-risk patients to maintain an 
INR ≤2.0 and fibrinogen concentration >50 mg/dL. Heparin treatment is 
indicated for patients with DIC who develop clinically apparent thrombosis.

  TABLE 90-9   � International Society of Thrombosis and Hemostasis Disseminated 
Intravascular Coagulation Scoring System

	 1.	 Risk assessment: Does the patient have an underlying disorder known to be associated 
with overt DIC? If yes, proceed; if no, do not use this algorithm

	 2.	 Score coagulation test results Level Score

Platelet count (×109/L) >100 0

50-99 1

<50 2

Fibrin-related marker No increase 0

(D-dimer or fibrin degradation products) Moderate 1

High 2

Prothrombin time <3 s 0

3-6 1

>6 s 2

Fibrinogen concentration >1.0 g/L 0

<1.0 g/L 1

	 3.	 Cumulative score:

   5 or more—compatible with overt DIC

   less than 5: suggestive but not affirmative for DIC

Adapted with permission from Taylor FB Jr, Toh CH, Hoots WK, et al. Towards definition, clinical and 
laboratory criteria, and a scoring system for disseminated intravascular coagulation. Thromb Haemost. 
November 2001;86(5):1327-1330.
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■■ HEMOLYSIS, ELEVATED LIVER ENZYMES, LOW PLATELETS SYNDROME
Hemolysis with microangiopathic hemolytic anemia, elevated liver 
enzymes, and low platelets (HELLP) is a syndrome which occurs in 
pregnancy and resolves with delivery. The etiology is unknown; however,  
there are associations with preeclampsia, hepatic inflammation, and 
activation of the complement system that respond to treatment with 
eculizumab.146,147 HELLP is relatively rare, developing in fewer than 1% 
of all pregnancies. Common presenting symptoms include hyperten-
sion, abdominal pain, vomiting, and headache. Laboratory criteria for 
diagnosis include microangiopathic hemolytic anemia, thrombocytope-
nia with platelet count <100 × 109/L, LDH >600 IU/L, total bilirubin 
≥1.2 mg/dL, and AST ≥70 IU/mL.148 Treatment of HELLP includes 
management of hypertension, prompt delivery, and supportive transfu-
sion for platelet counts <20 × 109/L.149

■■ COAGULOPATHY OF TRAUMA AND MASSIVE TRANSFUSION
Coagulopathy is present on hospital admission in almost one-third of all 
trauma patients and uncontrolled, posttraumatic bleeding is a leading 
cause of death.150,151 Despite fundamental differences in cause, the prin-
ciples developed from trauma hemorrhage management are relevant 
to massive transfusion in medically ill patients with massive bleeding 
and other patients who have atraumatic vascular rupture (eg, ruptured 
aneurysm). Multiple factors converge in the massively transfused patient 
to cause coagulopathy: acute injury-associated inflammation, systemic 
activation of hemostasis and fibrinolysis, dilutional coagulopathy, 
hypocalcemia, acidosis, and hypothermia.152,153 Particularly because the 
coagulopathy of massive transfusion limits the effectiveness of intra-
vascular volume resuscitation, it directly increases treatment require-
ments, prolongs shock, and is associated with higher degrees of organ 
dysfunction and mortality. Clinical guidelines and systematic reviews of 
the literature on massive transfusion emphasize early clinical identifica-
tion of all bleeding sources, physical control of the hemorrhage sites 
wherever possible, maintenance of normothermia, monitoring and cor-
rection of electrolyte disturbances, intensive monitoring of coagulation 
function, and early blood component therapy.154

Massive transfusion has been clinically defined as replacement of 
more than 50% of a patient’s blood volume within 24 hours. Alternative 
definitions range from replacement of 100% blood volume within  
12 hours to administration of more than 10 units of packed red blood 
cells within 24 hours.155 Any patient receiving massive transfusion 
should have INR, aPTT, fibrinogen, and platelets measured immediately 
on presentation and periodically throughout the entire resuscitation 
period. Because calcium is an essential cofactor for coagulation factor 
function, ionized calcium levels should be monitored and maintained 
within normal range throughout the resuscitation period. Particularly 
in patients with preexisting renal disease, serum potassium should also 
be monitored closely.

Regardless of the rate of hemorrhage, coagulopathy must be identi-
fied and treated. FFP should be administered to patients with clinically 
significant bleeding who have INR or aPTT exceeding 1.5 times control. 
Platelet transfusion is indicated in any bleeding patient with dysfunctional 
platelets (eg, receiving clopidogrel) or having severe thrombocytopenia 
(platelet count ≤50 × 109/L). Cryoprecipitate or fibrinogen concentrate 
should be administered for plasma fibrinogen concentration less than 1.5 
to 2.0 g/L. Patients who have shock and clearly visible massive hemor-
rhage should immediately receive red blood cell transfusion and should 
be considered for inclusion in clinical treatment protocols that specify 
ratios of red blood cell transfusion to plasma and platelets. These proto-
cols are feasible and facilitate timely bedside arrival and administration 
of blood products, but may increase wastage of prepared but unused 
components.156 Particularly for patients with trauma requiring massive 
hemorrhage, a ratio of blood:plasma:platelets of approximately 1 : 1 : 1 
improves survival and subsequent transfusion needs.154,157,158

Emerging therapies in coagulopathy of massive trauma include 
antifibrinolytic agents. Tranexamic acid is a competitive inhibitor of 

plasminogen which results in stabilization of fibrin clot. The Clinical  
Randomization of Antifibrinolytic Therapy in Significant Hemorrhage-2 
trial (CRASH-2) evaluated the effect of an initial loading dose of 
tranexamic acid followed by an 8-hour infusion administered within 
3 hours of trauma. Mortality was significantly reduced without an 
increase in thrombosis or other complications.159 These results have led 
to the endorsement of tranexamic acid in massive trauma resuscitation 
guidelines.154

PLATELET TRANSFUSION, BLOOD COMPONENTS, 
AND PROCOAGULANT TREATMENTS

■■ PLATELET TRANSFUSION
There are two main indications for platelet transfusion: to promote 
hemostasis in bleeding patients with thrombocytopenia or functional 
platelet disorders and to prevent bleeding in patients with profound 
thrombocytopenia. Indications for platelet transfusion are related to 
the underlying disease, presence or absence of active bleeding, anticipa-
tion of invasive procedures, and platelet count. In general, patients with 
active life-threatening bleeding, intracranial hemorrhage, or undergoing 
neurological or vascular surgery should receive platelet transfusion to 
maintain concentrations over 100 × 109/L. For most bleeding situations, 
general surgical procedures, and routine endoscopies with biopsies; 
however, lower thresholds (50 × 109/L) are adequate; 20 × 109/L is an 
adequate platelet threshold for most bedside, needle-based procedures 
including central venous catheterization and lumbar puncture.160,161 
While the role of prophylactic platelet transfusion in patients with 
hematologic malignancy has been debated, there appears to be some 
benefit when a transfusion threshold of 10 × 109/L is used.162,163

In clinical practice, each unit of pooled, random donor platelets 
increases the circulating platelet count by 5 to 10  ×  109/L in patients 
with average body size. For this reason, random donor platelets are 
pooled and typically given as a “six pack.” By comparison, one single-
donor pheresis platelet unit may increase the platelet count by 30 to 
60 × 109/L and these are administered singly. Routine monitoring of 
platelet transfusion should include posttransfusion platelet count to 
determine transfusion responsiveness. Failure of the circulating platelet 
count to increase may result from destruction of the transfused platelets 
or consumption of the platelets at sites of injury or clot activation. Risks 
for ineffective platelet transfusion include ITP, presence of antiplate-
let antibodies, DIC, drug-induced thrombocytopenia, and sepsis. In  
general, platelet transfusions are ineffective if the cause of thrombo-
cytopenia is enhanced destruction, since the transfused platelets are 
destroyed through the same mechanism.

■■ FRESH-FROZEN PLASMA
FFP contains all of the coagulant factors and coagulation inhibitors 
in normal blood. By convention, 1 mL of FFP is equivalent to 1 unit 
of blood coagulation factor activity. The typical dosage of FFP is 10 
to 15 mL/kg which should restore coagulation factors to 25% to 30%  
normal levels.164 It has been suggested that this dosage level is inadequate 

  TABLE 90-10    Distinguishing Features of Coagulopathies

PT, aPTT Platelets Fibrinogen D-Dimer
Other 
Features

ITP Normal Decreased Normal normal Normal RBC

TTP-HUS normal decreased normal normal Schistocytes

DIC prolonged decreased decreased elevated Schistocytes

HELLP normal decreased normal to 
increased

normal Pregnancy 
Elevated LFT

Massive Transfusion/
Trauma

prolonged decreased decreased normal Hypothermia, 
acidosis
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and that 30 mL/kg is more likely to correct all individual coagulation fac-
tors.165 In an observational study, patients in whom the INR corrected 
received a median dose of 17 mL/kg, whereas those in whom the INR 
failed to correct received only 10 mL/kg.166

The clinical indication for fresh frozen plasma is to correct inadequate 
hemostasis (INR >1.5-2 × control) in a bleeding patient. Fresh frozen 
plasma should not be used to correct specific and isolated factor defi-
ciencies in patients with congenital disorders or acquired coagulation 
inhibitors. Prophylactic fresh frozen plasma may be administered for 
high-risk procedures in the setting of coagulopathy.

The effect of FFP on coagulation times, bleeding risk, and clinical 
outcomes may be significantly less than assumed. A systematic review 
of 80 clinical trials of fresh frozen plasma in a wide range of clinical uses 
demonstrated no benefit for either prophylactic or therapeutic use.167 An 
important factor in reducing the potential benefit of plasma is the devel-
opment of significant complications. Acute lung injury occurs more 
frequently in patients receiving blood products and this risk is greatest 
with fresh frozen plasma.168

■■ CRYOPRECIPITATE
Cryoprecipitate is a dry powder which contains fibrinogen, fibronectin, 
von Willebrand factor, factor XIII, and factor VIII. Cryoprecipitate may 
be reconstituted in very low volumes (10-15 mL) and thus has a sig-
nificant advantage over FFP in volume-overloaded patients. Each unit 
contains the precipitate from the plasma of one donated blood unit. The 
primary indication for cryoprecipitate is replacement of fibrinogen in 
patients with hypofibrinogenemia caused by dilution, massive transfu-
sion, or consumptive coagulopathy. The dose of cryoprecipitate should be 
titrated to maintain a target plasma level of fibrinogen above 100 mg/dL.  
This usually requires 5 to 10 units of cryoprecipitate for the initial dose. 
Fibrinogen levels should be reassessed frequently to determine optimal 
dose and dosing interval.

■■ ACTIVATED RECOMBINANT FACTOR VIIA
Recombinant, human activated factor VII (rVIIa) has been developed 
for the treatment of bleeding in hemophiliac patients with antibody 
inhibitors to coagulation factors VIII and IX. Off-label uses have 
included correction of bleeding associated with trauma, intracranial 
hemorrhage, liver disease, and warfarin, but clinical benefit has not been 
shown. A systematic review found no mortality reduction with fVIIa use 
in these off-label indications. Moreover, use is associated with increased 
risk for thrombosis and thromboembolic disease.169

■■ TRANEXAMIC ACID AND AMINOCAPROIC ACID
Tranexamic acid acts by reversibly blocking binding sites on plasmino-
gen and thus prevents fibrin binding and degradation. While tranexamic 
acid has been labeled for use in patients with hemophilia or menorrha-
gia, reported unlabeled uses in the United States include prevention of 
surgical blood loss, particularly for uterine and cardiac surgery, and for 
postpartum or posttrauma hemorrhage. Aminocaproic acid acts by the 
same mechanism as tranexamic acid but has lower binding affinity to 
plasminogen.170

CORRECTION OF THROMBOCYTOPENIA AND 
COAGULOPATHY FOR ROUTINE BEDSIDE PROCEDURES
Evidence to support routine preprocedure transfusion for patients with 
mildly abnormal PT, aPTT, or platelet count is limited. In a cohort of 
1825 patients undergoing central venous catheter insertion, the rate of 
bleeding complications was 3 of 88 patients with uncorrected coagulop-
athy (range of platelet count 12 × 109/L-46 × 109/L, and INR 1.1-1.5). 
There were no severe complications requiring transfusion or surgical 
intervention.171 Similarly, a cohort of 76 patients with coagulopathy, 
thrombocytopenia, or both undergoing central venous catheter inser-
tion had only one significant bleeding complication requiring blood 

product transfusion, and few minor bleeding complications (defined as 
oozing from the catheter insertion site).172 Finally, in 40 coagulopathic 
liver transplant patients (average PT 29% of control, aPTT 92 seconds, 
platelet count 47 × 109/L) who underwent 259 catheterizations without 
corrective transfusions, there were no serious bleeding complications.173 
The overall frequency of bleeding complications in 608 consecutive 
patients having thoracentesis or paracentesis was 0.2%. The mildly 
coagulopathic group (average PT and aPTT less than twice normal 
and platelet count 50 to 100 × 109/L) did not have an increased risk of 
bleeding complications.174 Bedside line insertions, thoracentesis, and 
paracentesis are safe without increased risk of bleeding complications in 
patients with mild coagulation abnormalities.
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KEY POINTS

•• Thrombotic microangiopathy (TMA), a pathologic term, describes 
a syndrome of microangiopathic hemolytic anemia (MAHA) and 
thrombocytopenia with various degrees of organ dysfunction.

•• TMA includes thrombotic thrombocytopenic purpura (TTP) and 
hemolytic uremic syndromes (HUS), as well as other related syndromes.

•• TTP is primarily caused by hereditary or acquired deficiency of 
plasma ADAMTS13, whereas HUS is mainly caused by Shiga 
toxin–producing E coli and/or abnormalities of complement acti-
vation and regulation.

•• TTP should be differentiated from HUS, disseminated intravas-
cular coagulation (DIC), collagen vascular disease with vasculitis, 
and Hemolytic anemia, Elevated Liver enzymes, and Low Platelets) 
(HELLP) syndrome, etc.

•• Plasma therapy remains the mainstay of therapy for TTP and 
atypical HUS (aHUS). However, the treatment for aHUS has been 
less satisfactory. Adjunctive therapies such as corticosteroids, 
immunosuppressive agents, and anti-CD20 monoclonal antibod-
ies such as rituximab or anti-C5 monoclonal antibodies such as 
eculizumab may be considered for refractory TTP or HUS cases.

INTRODUCTION
Thrombotic thrombocytopenic purpura (TTP) was first described by Eli 
Moschcowitz in 1924.1 He reported a previously unrecognized case of a 
16-year-old girl presenting with a constellation of findings including palor, 
petechiae, fever, and hemiparesis which ultimately was fatal. Postmortem 
examination revealed numerous hyaline thrombi in the terminal arterioles 
and capillaries.1 After reviewing 271 cases, Amorosi and Ultmann in 19662 
established a diagnostic pentad for TTP: thrombocytopenia, MAHA, neu-
rologic symptoms, renal failure, and fever without origin. Later, Schulman 
et al (1960) reported a patient with this syndrome whose symptoms were 
dramatically improved with infusions of fresh human plasma (FFP).3 
Again, Upshaw (I978)4 reported a case of 29-year-old female who had 
repeated thrombocytopenia and MAHA since her childhood. However, 
her conditions were improved sometime either spontaneously or after 
infusion of fresh frozen plasma. Upshaw and Schulman hypothesized that 
a plasma factor that is required for platelet production3 or platelet and 
red blood cell survival was missing.4 However, the mechanism of TTP 
remained a mystery until 2001 when a plasma metalloprotease that cleaves 
von Willebrand factor (VWF) was identified5,6 and cloned.7,8

Hemolytic uremic syndrome (HUS), a similar syndrome, was first 
described by Gasser et al in 1955.9 Five children, aged 2 months to  
7 years, presented with acquired hemolytic anemia, bizarre poikilocytes, 
and renal insufficiency. Three had thrombocytopenia and all patients 
died. Later, Kaplan et al (1975)10 reported 83 siblings from 41 families 
with HUS and suggested that both genetic and environmental factors 
might have contributed to the occurrence of familial cases of HUS. Since 
then, numerous HUS cases were reported.11-14 HUS is used to describe 
a syndrome with MAHA, thrombocytopenia, and predominant renal 
failure in the presence or absence of diarrheal prodrome.

While the clinical signs and symptoms of HUS appear to be indis-
tinguishable from TTP, the underlying etiologies and the molecular 
mechanisms of the disease may be quite different. In rare cases, they may 

be superimposed. In the past decade, major progress has been made in 
our understanding of the pathogenesis of TTP and HUS, as well as other 
condition- or disease-specific thrombotic microangiopathies (TMAs),15-18  
which provide a molecular basis for the development of rapid and 
accurate diagnosis, as well as effective therapeutic strategies for these 
potentially fatal syndromes.

CLASSIFICATION

■■ TTP
TTP can be classified into two major forms: hereditary TTP and 
acquired TTP. Hereditary TTP, also known as Upshaw-Schulman 
syndrome,3,4,19,20 comprises only ∼5% of TTP cases, primarily seen in 
neonates and young children, and occasionally in adults. In children, 
acute episodes are often triggered by upper respiratory or gastro-
intestinal infections.21,22 In women, the acute episode may often be 
triggered by pregnancy, and it is sometimes difficult to differentiate 
TTP from pregnancy-associated complications.21,23-26 An intermittent 
infusion of fresh frozen plasma (FFP) appears to be effective for treat-
ment of hereditary TTP.19,21,27 Acquired TTP is more common with an 
annual incidence rate of 3 to 10 cases per million residents28 or more. 
It comprises ∼95% of cases; the etiologies of acquired TTP are quite 
heterogeneous. Approximately 50% of cases occur in patients without 
evidence of a disease or a condition that is known to cause TTP, a con-
dition called idiopathic TTP.22,27,29,30 However, the other 50% of the cases 
may be associated with pregnancy/postpartum, infection (HIV),31-33  
hematopoietic progenitor cell transplantation,34-36 disseminated  
malignancies,37-39 and certain drugs such as mitomycin36,40,41 or ticlopi-
dine/clopidogrel,42-44 etc. These patients are known as having nonidio-
pathic TTP45,46 or in many cases HUS18,47-49 in the literature. Whether 
these patients should be classified into TTP, a disease/condition-
specific TMA, or HUS remains a subject of controversy. Further inves-
tigation of the molecular mechanisms of these patients may provide 
the basis for the classification, diagnosis, and installation of effective 
treatment. Plasma exchange therapy has been offered to all patients 
with MAHA and thrombocytopenia. The mortality rate has been dra-
matically reduced in patients with idiopathic TTP,11,50-53 but less so in 
those with nonidiopathic TTP or HUS.53,54

■■ HUS
HUS may be classified into two major forms: diarrhea positive (D+) (or 
typical) HUS and diarrhea negative (D−) (or atypical) HUS. D+HUS 
occurs 4 to 6 days after the onset of a diarrheal prodrome.55-59 Over 
70% of the cases, particularly in the pediatric population, have been 
reported to have bloody diarrhea. Approximately 60% of D+HUS 
cases are caused by E coli O157 : H7 stain.57-59 The other strains of Shiga 
toxin–producing organisms such as Shigella dysenteriae, citrobacter 
freundii, and additional E coli (O104 : H4, O26, O111, and O145) are 
also described to cause D+ HUS.60,61 In a recent German outbreak, 
O104 : H4 was responsible for 845 cases of D+HUS.60,61 The progno-
sis for HUS associated with E coli O157 : H7 is usually excellent after 
supportive care. However, complicated courses are observed in cases 
of D+HUS caused by O104 : H4 and combined therapies are required 
to reduce the mortality rate.60,62 Atypical HUS (aHUS) is rare, with an 
annual incidence rate of two cases per million residents. The causes 
of aHUS are quite heterogeneous, but ultimately lead to complement 
activation and prothrombotic status at the site of vascular injury.15 In 
recent years, aHUS instead of D-HUS is more commonly used in the 
literature as some of the aHUS cases can be triggered by gastrointestinal 
infection. Approximately 60% of cases are associated with mutations in 
one or several complement regulators or activators.63-65 Plasma exchange 
has been shown to reduce the severity of thrombocytopenia, but not to 
prevent the progression of aHUS cases to end-stage renal failure (ESRF). 
The risk for ESRF and death in patients with aHUS are reported to be 
50% and 25%, respectively,63-65 despite aggressive therapy.
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MECHANISMS OF THE DISEASES

■■ HISTOLOGIC FINDINGS
TMA, a pathologic term, describes histologic findings of hyaline 
thrombi in the terminal arterioles and capillaries,1,66,67 which is the hall-
mark of TTP and HUS. However, the organ involvement and thrombus 
composition in cases of TTP may differ from those of HUS. Hosler 
et al67 performed histology analysis in 56 autopsied cases of TTP and 
HUS. In 25 cases of diagnosed TTP, platelet-rich thrombi were present, 
in decreasing severity, in heart, pancreas, kidney, adrenal gland, and 
brain. In 31 cases of diagnosed HUS, fibrin/red cell-rich thrombi were 
predominant, largely confined to the kidney and often severe, and only 
6 cases showed pancreas involvement, 4 adrenal gland involvement,  
2 brain involvement, and 1 heart involvement. Immunohistochemical 
studies have confirmed these findings: the predominance of VWF/
platelets thrombi in cases of TTP, but fibrin in cases of HUS or dissemi-
nated intravascular coagulation.68-70 These differences in the propensity of 
organ involvement and thrombus composition underscore the potential 
difference in the mechanisms between TTP and HUS (or other TMAs).

■■ TTP
The initial hint that suggested the deficiency of a plasma protease that 
breaks down VWF polymers came from the seminal observation by 
Dr Joel Moake in 1982.71 He and his colleagues reported that ultra-
large (UL) VWF multimers, similar to those newly released from 
endothelial cells, were present in plasma of patients with chronic and 
relapsing TTP.71 These UL-VWF multimers disappeared during acute 
episodes of the disease. A search for the deficient VWF cleaving pro-
tease was not successful until 2001 when several groups independently 
reported the identification and cloning of ADAMTS13 (A Disintegrin 
And Metalloprotease with ThromboSpondin Type 1 repeats, 13).5-8 
ADAMTS13 is a multidomain plasma protease that cleaves VWF at the  
specific Tyr1605-Met1606 bond. This proteolytic cleavage eliminates  

the UL-VWF multimers anchored on endothelial cell surface72-74 or 
those circulating in blood under arterial shear stress.75,76 The success 
in the identification and molecular cloning of ADAMTS13 has greatly 
accelerated our understanding of pathogenesis of TTP, HUS, and other 
condition/disease-related TMAs.

Hereditary and Acquired Idiopathic TTP:  Levy et al7 first reported  
12 mutations in the ADAMTS13 gene, accounting for 14 of the 15 
disease alleles studied. Subsequently, more mutations in ADAMTS13 
were identified in cases of hereditary TTP.16,23,77-82 Mutations were 
found throughout the ADAMTS13 gene including point mutations, 
frame shifts, deletion, and alternative splicing. A majority of these 
mutations are compound heterozygous, but a few are in homozygous 
form.83 Nearly all mutations in ADAMTS13 cause protein misfolding 
and intracellular retention of the mutants, leading to severe deficiency 
of plasma ADAMTS13 activity.77,81

In 1998, Tsai and Lian84 first reported the presence of inhibitory auto-
antibodies against ADAMTS13 protein in most adult cases of acquired 
TTP; these inhibitory autoantibodies are immunoglobulin Gs (IgGs) in 
nature. Mapping studies demonstrate that nearly all patients harbor IgGs 
that target at the Cys-rich/spacer domain of ADAMTS13 protein,84-88 a 
critical region for substrate recognition.89-94 Mutations in ADAMTS13 
or inhibition of ADAMTS13 activity by anti-ADAMTS13 IgGs results 
in an accumulation of hyperactive ULVWF multimers, leading to exces-
sive platelet aggregation and disseminated microvascular thromboses 
(Fig. 91-1), the characteristic histological feature of TTP.93,95,96

Thienopyridine-Associated TTP:  About one-fifth of all TTP cases are 
associated with the use of thienopyridine derivatives such as ticlopi-
dine or clopidogrel. To date, ∼93 cases are reported to be caused by 
the use of ticlopidine and 39 cases by the use of clopidogrel. The time 
to the disease onset after administration of drugs differs. For instance, 
TTP is more likely to occur after more than 2 weeks of ticlopidine 
use, to have severe thrombocytopenia and normal renal function, and 
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FIGURE 91-1.  Proteolytic cleavage of VWF in healthy individuals and in patients with TTP. A. Under normal circumstance, ADAMTS13 cleaves ultralarge VWF at the Tyr-Met bond exposed 
by flow, resulting in reduction of VWF multimer size and preventing platelet aggregation and thrombus formation. B. Under pathological conditions, deficiency of plasma ADAMTS13 activity  
resulting from mutations of ADAMTS13 gene or inhibition by anti-ADAMTS13 autoantibodies leads to accumulation of ultralarge VWF multimers, which triggers platelet aggregation and 
thrombus formation in arterioles and capillaries, the characteristic histologic findings of TTP.
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to exhibit severely deficient plasma ADAMTS13 activity.44,97 These 
observations suggest two different mechanisms (autoimmune vs non-
immune) underlying the pathogenesis of TTP caused by ticlopidine 
versus clopidogrel. Patients with ticlopidine-associated TTP often 
have severe deficiency of plasma ADAMTS13 activity as a result of 
autoantibodies against ADAMTS13 and respond rapidly to plasma 
exchange.44,97 However, patients with clopidogrel-induced TTP rarely 
show severe deficiency of plasma ADAMTS13 activity and positive 
anti-ADAMTS13 autoantibodies in their plasma.43,44

Pregnancy-Associated TTP:  Pregnancy has been shown to cause TTP 
de novo or act as an inciting factor that triggers an acute episode of 
TTP in women who have hereditary or acquired deficiency of plasma 
ADAMTS13 activity.23,98,99 In a review of 350 cases by Veyradier et al,99 
TTP episodes are observed in their first, second, and third trimesters of 
pregnancy, as well as during the postpartum period. The time to onset 
may suggest the cause: hereditary or acquired. For instance, a woman 
with hereditary deficiency of plasma ADAMTS13 activity may develop 
TTP in her first pregnancy, primarily in her third trimester, whereas a 
woman with acquired deficiency of plasma ADAMTS13 activity due to 
autoantibodies may present her first episode during the first trimester 
and often after 20 weeks of her gestation.99 TTP during pregnancy is asso-
ciated with high maternal mortality or long-term morbidity rate.100-102  
Preterm delivery and intrauterine fetal death are frequent complica-
tions of such pregnancies. Therefore, aggressive treatment with plasma 
transfusion or plasma exchange100-102 is required to improve survival rate.

When TTP occurs in the third trimester or at term, it should be dif-
ferentiated from the Hemolytic anemia, Elevated Liver enzymes, and Low 
Platelets (HELLP) syndrome. Severe damage to the liver, but not the central 
nervous system, suggests HELLP syndrome. Plasma ADAMTS13 activity 
may be reduced, but severe deficiency of plasma ADAMTS13 activity is not 
a frequent finding in these patients.103 Therefore, plasma exchange therapy 
is often not effective. Prompt delivery is the treatment of choice for patients 
with HELLP syndrome.

■■ HUS
HUS, another clinical term, describes a syndrome of acute renal  
failure, thrombocytopenia, and MAHA. Approximately 90% of HUS 
cases are caused by infection with a toxin-producing strain of E coli or 
Shigella.104,105 This syndrome is primarily seen in children. However, 
approximately 10% of HUS cases are not caused by the E coli infection; 
its etiology is quite heterogeneous. Of those, nearly 60% of cases are 
associated with the loss-of-function mutations in a gene encoding one 
or several complement regulatory proteins106-112 or the gain-of-function 
mutations of a complement activation component such as complement 
factor B (CFB) or C3.113-115 In rare cases, there is an IgG autoantibody 
against a complement regulator such as factor I (CFI),116-118 which results 
in acquired deficiency of complement regulators.

D+HUS:  D+HUS, also named typical HUS, usually occurs 3 to 5 days 
after a diarrheal prodrome. Shiga toxin–producing strain E coli O157 : H7  
is the most common cause of D+HUS.56,57,119,120 It is thought that bacte-
ria infect gastrointestinal tract, cause bloody diarrhea and produce Shiga 
toxin. There are two subtypes of toxin (Stx1 1 and Stx2). These toxins 
cross the gastrointestinal epithelium and enter the blood stream. Stx1 
and Stx2 bind polymorphonuclear leukocytes121 and perhaps other 
blood cells. The cell-bound Shiga toxin in circulation finds its way to 
organs such as the kidneys, brain, liver, pancreas, heart, and hema-
topoietic cells expressing high affinity Gb3 receptor.122-124 The Shiga 
toxin A subunit enters the cells and targets the 28S ribosomal RNA, 
which causes cessation of protein synthesis and cell death, whereas the 
Shiga toxin B subunit stimulates endothelial cells to express and release 
adhesion molecules such as P-selectin125 and ultralarge VWF126,127 or 
proinflammatory cytokines or chemokines,128 and tissue factor.129-131 At 
the same time, Shiga toxin B subunit inhibits the expression of throm-
bomodulin (TM),132 leading to an acquired defect in regulating comple-
ment activation and prothrombotic status (Fig. 91-2).

aHUS:  aHUS is primarily caused by abnormalities in complement 
regulatory proteins including complement factor H (CFH), CFI, 
membrane cofactor protein (MCP), and TM or the components in the 
activation pathway such as CFB and C3. These abnormalities result in 
uncontrolled activation of complements and formation of membrane 
attack complexes (MAC) (Fig. 91-3), leading to endothelial injury 
and microvascular thrombosis.

CFH is a 150-kDa serum glycoprotein, consisting of 20 complement 
control protein (CCP) modules.133,134 It is synthesized in the liver, func-
tioning as a cofactor for degradation of active complement component 
C3b by CFI. Mutations in CFH, usually (60%-70%) clustered in the 
C-terminal CCP19-20 modules,108,133,135,136 or autoantibodies64,137 target-
ing these terminal modules reduce the binding of CFH to polyanionic 
glycosaminoglycans on endothelial cells and the exposed base mem-
brane surface, and C3b. CFI is an 88-kDa serine protease, consisting of 
a heavy chain and light chain that are linked by a disulfide bond. CFI 
is also synthesized in the liver, and cleaves C3b and C4b in the pres-
ence of factors such as CFH and MCP. The cleavage of C3b and C4b 
prevents formation of the C3 and C5 convertases. Mutations in CFI, 
less common than those in CFH and MCP, account for 5% to 12% of 
aHUS cases.64,112,138,139 All CFI mutations identified are in a heterozy-
gous form. Most of these mutations are found in the serine protease 
domain.64,112,138,139 MCP is a membrane inhibitor of complement activa-
tion, expressed on most human cells except for erythrocytes. MCP is 
highly expressed in the kidney, particularly on endothelium, and acts 
as a cofactor, facilitating the degradation of deposited C3b and C4b on 
host cells. Approximately 20 mutations in MCP have been reported, 
accounting for 10% to 13% of aHUS cases.64,110,111,140 Most of the muta-
tions in the MCP are heterozygous, but homozygous or compound 
heterozygous mutations have been described in approximately 25% of 
patients.64,110,111,140 CFB is a single-chain glycoprotein composed of five 
protein domains. It is a zymogen, and upon cleavage by factor D (CFD) 
it is incorporated into the alternative pathway convertases (C3bBb), 
capable of catalyzing C3 cleavage. Gain-of-function mutations in CFB 
are found in 1% to 3% of patients with aHUS.64,113,141,142 There appears 
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FIGURE 91-2.  Mechanism of E coli toxin-induced HUS. After infection with a Shiga toxin 
(Stx)–producing organism, Stx enters the circulation, possibly via Gb4 receptors. Upon enter-
ing the circulation, it binds polymorphonuclear leukocytes and is transferred to vulnerable 
endothelial cells expressing Gb3 receptors. The A subunit enters the cells and inhibits protein 
synthesis and triggers endothelial cell apoptosis and injury, whereas the B subunit triggers the 
release of UL-VWF, tissue factor, proinflammatory cytokines, and downregulates the thrombo-
modulin (TM) expression in endothelial cells. The end results are to increase platelet adhesion 
and aggregation, complement activation, and fibrin formation.
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to be two types of mutations in CFB: one mutant (F286L) exhibits an 
enhanced formation of the C3bB proenzyme; the other mutant (K323E) 
forms a C3bBb enzyme that is more resistant to degradation by decay 
accelerating factor (DAF) and CFH. The results of these two mutations 
lead to an increase of CFB enzyme activity.64,113

C3 is a pivotal component in the complement system. Activation 
of the classical, lectin, and alternative pathways results in cleavage of 
C3 to generate C3b and anaphylatoxin C3a. The interaction between 
C3b and subsequent cleavage of CFB by CFD results in formation of 
the alternative pathway C3 convertase C3bBb. Mutations in C3 were 
identified initially in 14 aHUS patients with persistently low serum C3 
levels.114,115,143-145 Of these, five mutations were gain-of-functional that 
exhibited reduced binding to MCP and were resistant to cleavage by CFI. 
Other two mutations caused impaired C3 secretion.114 Another mutation 
(R570Q) in C3 was reported in a large family that caused aHUS, micro-
hematuria, hypertension, and chronic renal failure.145 Of 24 families, 
9 harbor the C3 (R570Q) mutation. The index patient suffered from 
recurrent aHUS at age 22 and developed end-stage renal failure. Carriers 
showed reduced or borderline serum C3 levels. Hypertension was 
observed in six family members, microhematuria in five, and chronic 
kidney disease stage 3 in two elderly patients.145 Other C3 mutations 
(R139W and V1636A) that result in a gain-of-function C3 convertase 
have also been identified in 14 sporadic patients143 and 1 familiar aHUS 
case,144 respectively.

TM is a 557 amino acid endothelial glycoprotein that is anchored to 
the cell by a single transmembrane domain. It contains a short cyto-
plasmic tail and six epidermal growth factor–like repeats and lectin-like 
domain. The primary function of TM is for thrombin-mediated gen-
eration of activated protein C146-149 and thrombin-activable fibrinolysis 
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FIGURE 91-3.  Pathways in complement activation and its regulation. Classical pathway 
is triggered by binding of C1q to antibody-antigen complexes. Lectin pathway is similar to the 
classical pathway, but is activated by binding of mannose-binding lectin (MBL) to mannose 
residues, which activates mannan-binding lectin serine protease (MASP) 1 and 2. Alternative 
pathway is triggered by spontaneous activation of C3. Activation of these pathways leads to 
the formation of the membrane attack complex (MAC), consisting of C5b, C6, C7, C8, and many 
copies of C9, resulting in cell lysis. CFB, complement factor B; CFD, complement factor D; CFH, 
complement factor H; CFI, complement factor I; DAF, decay accelerating factor; MCP, membrane 
cofactor protein; TAFIa, thrombin-activatable fibrinolysis inhibitor; TM, thrombomodulin.

inhibitor (TAFI),150 therefore regulating thrombosis and mediating cyto-
protective activity. Furthermore, TM negatively regulates the comple-
ment system through accelerating CFI-mediated inactivation of C3b in 
the presence of cofactors, CFH, or C4b binding protein. Delvaeye et al 
first reported identification of TM mutations in a cohort of 152 aHUS 
patients.151 Most are missense mutations (A43T, D53G, V81I, P495S, 
P501L, and D486Y) in the heterozygous form. TM mutations are found 
now in 3% to 5% of aHUS patients worldwide.141,151,152 These mutations 
exhibited defects in suppressing activation of the alternative comple-
ment pathway through CFI-mediated C3b inactivation in vitro and are 
associated with the disease after infections.141,151,152

DIAGNOSIS AND DIFFERENTIAL DIAGNOSIS

■■ CLINICAL PRESENTATION
Diagnosis of TTP or HUS should be considered in a patient with follow-
ing findings: thrombocytopenia with a platelet count usually less than 
150 × 109/L, MAHA (with a hemoglobin level less than 10 g/dL, elevated 
lactate dehydrogenase, a negative Coombs test, and fragmentation of red 
blood cells) with or without organ ischemia resulting in neurological 
and/or renal abnormalities.13,50,52,152 The classic “pentad” of MAHA and 
thrombocytopenia, neurologic and renal abnormalities, and fever was 
only found in 7% of patients.153

Examples of when to suspect hereditary TTP include severe hemolytic 
disease in newborn; infant with thrombocytopenia and jaundice19,154;  
episodic “immune mediate thrombocytopenia” in a child with concurrent 
anemia; TTP episodes with persistent undetectable ADAMTS13 activity 
and inhibitor; TTP in a woman with her first trimester pregnancy.98,99 The 
clinical presenting features and course for acquired idiopathic TTP can 
be extremely diverse. Some patients have minimal symptoms for several 
weeks with only MAHA and thrombocytopenia. Others may come in 
with abdominal pain or sudden syncope, obtundation, fever, hypoxemia, 
myocardial infarction, and severe hypertension.153

The diagnosis of the D+HUS in children is usually not difficult in 
patients with MAHA, thrombocytopenia, and renal failure after 3 to 5 days  
of bloody diarrhea.57,155,156 However, aHUS should be ruled out in 
cases of recurrent disease. In a review of 45 pediatric patients from a 
Dutch and Belgium group,141 the majority of aHUS patients presented 
between the age of 1 and 7 years with the youngest patient being only  
1 month old. Most patients (85%) had their first acute episode after a 
triggering event such as gastrointestinal or upper respiratory tract infec-
tion, or fever. Other rare triggering events have been seen as well. The 
clinical distinction between hereditary TTP and aHUS can sometimes 
be difficult.157 Serial assessments of plasma ADAMTS13 activity and 
inhibitor157,158 or identification of mutations in one or several complement 
regulator or activator genes63,64,136,138 may help confirm the diagnosis.

■■ LABORATORY FINDINGS
Anemia in patients with TTP and HUS is universal and may be extremely 
severe. There is usually marked reticulocytosis and occasional circulat-
ing nucleated red blood cells. The hallmark is a microangiopathic blood 
picture with fragmentation of red blood cells (schistocytes, helmet cells, 
and triangle forms) on the peripheral blood smear (Fig. 91-4). One can-
not make diagnosis of TTP or HUS without significant fragmentation 
of red blood cells (usually two to three schistocytes per high power field 
on peripheral blood smear). Thrombocytopenia is invariably present 
and may be severe in cases of TTP with the mean platelet counts of  
20 × 109/L,53,159 but less severe in cases of HUS.159 Hemolysis may mani-
fest as increasing serum bilirubin, particularly in neonates and young 
children.19,21 Serum haptoglobin is usually absent due to extravascular 
hemolysis. The LDH is usually markedly elevated in cases of TTP due 
to systemic organ ischemia though, not in proportion to the sever-
ity of hemolysis.160 The Coombs test should be negative. Coagulation 
tests (prothrombin time, partial thromboplastin time, and fibrinogen) 
are normal with exception of elevated fibrin degradation products or 
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FIGURE 91-4.  Peripheral blood smear shows the fragmentation of red blood cells. Arrows 
indicate the fragmentation of red blood cells or schistocytes obtained from a patient with HUS. 

  TABLE 91-1    Clinical Characteristics and Laboratory Findings in TTP, aHUS, and Other Conditions Causing TMA

Syndromes

Parameters TTP aHUS DIC SLE HELLP

Time of onset Any age Any age Any age Adults >34 weeks’ gestation

Nausea/vomiting ++ ++ ± ± ±

Abdominal pain ++ ++ ± ± ±

Fever ± ± ++ ± −

Proteinuria +/hematuria ++ ± ± ++

Hypertension ± ++ ± ± ++

Renal failure ± +++ ± ± +

RBC fragmentation +++ +++ +++ + +

Thrombocytopenia +++ ++ +++ ± ++

PT Normal Normal Prolonged Normal

PTT Normal Normal Prolonged Normal

Fibrinogen level Normal Normal Low Normal

Fibrin degradation products Low Low High Low

Elevated bilirubin +++ ± ± ± ±

Elevated transaminases + + + − +++

Complement levels Normal Abnormal Normal Low

Plasma ADAMTS13 activity <5% (most) Normal Normal or low Normal or low 

Mutation of CFH, CFI, MCP, CFB, or C3 or TM None Positive None None

Autoantibody against ADAMTS13 Positive (acquired) Negative Negative Positive (some)

Autoantibody against CFH or CFI Negative Positive (acquired) Negative Negative

Histopathology Widespread VWF-rich Renal glomerular Hepatocyte necrosis fibrin in peripheral sinusoids
ADAMTS13, a disintegrin and metalloprotease with thrombospondin type 1 repeats; aHUS, atypical hemolytic uremic syndrome; C3, complement C3; CFB, factor B; CFH, factor H; CFI, factor I; DIC, disseminated intra-
vascular coagulation; HELLP, hemolysis, elevated liver enzyme, and low platelet count; MCP, membrane cofactor protein; PT, prothrombin time; PTT partial thromboplastin time; SLE, systemic lupus erythematosus; 
TM, thrombomodulin; TTP, thrombotic thrombocytopenic purpura.

±, +, + +, and + + + + indicate various degrees of abnormalities from mild to severe.

thrombi are present and largely confined to the kidney in cases of HUS.67 
These differences in organ involvement and thrombus composition sug-
gest a fundamental difference in pathogenesis of TTP and HUS. They 
do not represent a spectrum of the same disease process, although a 
recent study indicates that D+HUS, aHUS, and TTP are all diseases of 
complement activation in the end.15 The hypothesis remains to be tested 
in future research, and may have implications for therapy.

■■ DIFFERENTIAL DIAGNOSIS
Differentiation of TTP from HUS:  The most important differential diag-
nosis is between TTP and HUS (Table 91-1), particularly in pediatric 
population, because the therapeutic strategy and potential outcome may 
be quite different. Without treatment, TTP is universally fatal. However, 
renal failure in HUS may recover or progress to ESRF. When a patient 
comes to a clinic or hospital with low platelet count and MAHA or 
jaundice, with or without renal failure or neurologic signs and symp-
toms, plasma ADAMTS13 activity and inhibitor assessment should 
be performed and repeated if necessary. The normal range of plasma 
ADAMTS13 usually ranges from 40% to 160%.161,162 Severe deficiency of 
plasma ADAMTS13 activity (<5% of normal) without inhibitors detected 
suggests a potential diagnosis of hereditary TTP. Normal or moderately 
reduced plasma ADAMTS13 activity favors the diagnosis of HUS,159 
but does not exclude TTP of unknown etiology.53,158 Mutation analysis 
on CFH, CFI, MCP, CFB, C3, and TM should be sought in patients 
suspected to have aHUS.63,64,163 In adults, the initial distinction between 
TTP and HUS may be less important as plasma exchange is offered to all 
patients with MAHA and thrombocytopenia without an apparent disease 
or a condition that is known to cause these findings.11,53,164,165

D-dimer. Renal failure may be variably present in TTP, but invariably 
present in HUS.50,159 Histologically, hyaline thrombi are detectable in 
small arteries and capillaries in major organs, but the distribution of 
microthrombi may be different in TTP from HUS. Platelet-rich thrombi 
are present in decreasing severity in the heart, pancreas, kidneys,  
adrenal glands, and brain in cases of TTP, but fibrin/red cell–rich 
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Differentiation of TTP from Disseminated Intravascular Coagulation:  TTP 
should then be distinguished from disseminated intravascular coagu-
lation (DIC) syndrome (Table 91-1). In the case of acute DIC, an 
underlying clinical abnormality is usually apparent, including obstetric 
complications such as amniotic fluid embolus, retained products of con-
ception, and abruptio placentae, sepsis, and trauma. In trauma patients, 
unexplained bleeding during or after a surgical procedure may be the 
first manifestation of DIC. In the setting of head injury, as many as 70% 
of patients have clinical evidence of DIC.166 In a more chronic form of 
DIC, clotting factor synthesis and marrow cell production compensate 
for consumption, and patients can present with thrombosis rather than 
hemorrhage. Thrombotic problems include deep vein or superficial 
thrombophlebitis, pulmonary embolus, and cerebrovascular accidents, 
or nonbacterial endocarditis. Laboratory findings may help distinguish 
TTP from DIC.167,168 Low serum fibrinogen levels, prolongation of the 
prothrombin time (PT), and partial thromboplastin time (PTT) are 
often seen in patients with DIC. Systemic intravascular coagulation 
activation and thrombosis can lead to the activation of the fibrino-
lytic system, resulting in the increase of fibrin degradation products 
(FDPs) in the serum.167-169 In critically ill patients, plasma exchange has 
been shown to reduce the renal failure and mortality rate regardless of  
diagnosis.170-172 Therefore, when the differential diagnosis is unsettled, a 
trial of plasma exchange should be considered.

Differentiation of TTP from Pregnancy-Associated Complications:  A sub-
set of patients with preeclampsia or eclampsia may have two cardinal 
hematological abnormalities (thrombocytopenia and MAHA) of TTP 
or HUS. Evidence of MAHA was reported in 2% to 15% of women 
with preeclampsia/eclampsia, and thrombocytopenia was reported in as 
many as 18% of patients.173 Plasma ADAMTS13 activity may decrease as 
pregnancy progresses.161 However, low plasma ADAMTS13 activity in 
conjunction with high plasma VWF antigen has been shown to be a risk 
factor for the development of preeclampsia or eclampsia.99 A subset of 
patients may have MAHA and thrombocytopenia with marked elevation 
of serum liver enzymes (ie, HELLP syndrome that mimics the presen-
tation of TTP) (Table 91-1).174,175 Right upper quadrant pain is often 
present and may mimic cholecystitis or peritonitis. Plasma exchange is 
shown to be effective in a subset of patients, particularly in those who 
have hereditary or acquired severe deficiency of plasma ADAMTS13 
activity, to reduce the maternal mortality and morbidity, as well as fetal 
demise.21,99 However, prompt delivery remains the treatment of choice.

Postpartum TTP or HUS is characterized by predominant renal 
involvement; neurologic signs and fever are usually absent. It has been 
suggested that this syndrome is a clinical counterpart of the general-
ized Schwarzman reaction in which bacterial endotoxins or vasoactive 
amines are discharged into the maternal circulation and either stimulate 
the coagulation cascade or initiate thrombosis by damage to the vascular 
endothelium. In rare cases, postpartum HUS is caused by mutations in 
the CFH gene.176,177

Differentiation of TTP from Systemic Lupus Erythematosus with Vasculitis:  It 
is important to differentiate TTP from lupus-associated vasculitis  
(Table 91-1). In one review, evidence of lupus was found in 7 of 64 cases 
(11%) that were initially diagnosed as having TTP or HUS.2 The mor-
tality rate of TTP or HUS during lupus is from 34% to 62.5%. Plasma 
ADAMTS13 activity may be extremely low (<5%-10% activity),21,178,179 
consistent with acquired TTP on top of lupus, or normal to moderately 
reduced plasma ADAMTS13,21,180 suggestive of a lupus flare. It has also 
been reported that TTP or HUS may rarely be association with other 
connective vascular diseases (CVDs) such as rheumatoid arthritis, 
systemic sclerosis, rheumatoid arthritis, vasculitis, and mixed con-
nective diseases.21,180 On the other hand, vasculitis in association with 
lupus or another CVD may mimic TTP or HUS with findings of renal 
failure, fever, neurologic disturbance, thrombocytopenia, and MAHA. 
Antinuclear antibodies are positive in the great majority of patients with 
lupus. These CVD screening tests are indicated in all patients with a 
tentative diagnosis of TTP or HUS. If a diagnosis of a specific CVD can 

be made, therapy should be directed at that disorder, rather than at the 
associated hematologic problems.

TREATMENT

■■ INITIAL ICU MANAGEMENT
The clinical manifestations of TTP or HUS are varied as to the extent of 
thrombotic lesions. Neurologic manifestations in cases of TTP can range 
from mild (altered mental status) to severe (focal neurologic abnor-
malities, seizures, and coma).53,62,181,182 Similarly, the spectrum of renal 
dysfunction in TTP and HUS varies as patients can present with no 
renal dysfunction or acute renal failure. Patients with severe neurologic 
abnormalities, shock, acidosis, renal failure, or respiratory failure will 
require ICU admission. As patients with TTP or HUS can deteriorate 
rapidly, timely diagnosis and initiation of plasma exchange therapy is of 
critical importance. Treatment should be considered in all patients pre-
senting with thrombocytopenia and MAHA without another etiology.

■■ TREATMENT OF TTP
As TTP is a hematologic emergency, all patients with MAHA and 
thrombocytopenia without an obvious etiology should be admitted 
and receive emergency treatment. Plasma exchange is the current 
standard of care. However, infusion of FFP should be given when a 
plasma exchange facility is not available.11,50,52 In a study comparing plasma 
exchange therapy with plasma infusion, plasma exchange is clearly 
superior to plasma infusion, particularly for patients with acquired TTP, 
with a survival rate of 78% versus 51%.52 Patients should receive plasma 
exchange of 1.5 × patient plasma volume. The replacement fluid is FFP. 
Cryoprecipitate-poor plasma (CPP), solvent/detergent FFP, and 24-hour 
plasma appear to have equal efficacy to FFP.183-187 Plasma exchange should 
be offered daily until platelet counts have normalized (>150 × 109/L)  
for at least 3 days. Plasma exchange is terminated or tapered at the clini-
cian’s discretion. If available, plasma ADAMTS13 activity and inhibitors 
should be periodically monitored, which may be helpful in guiding 
whether adjunctive therapies such as rituximab are needed. If plasma 
ADAMTS13 activity remains low (<10%) or inhibitors are detect-
able after extensive plasma exchange therapy, rituximab (anti-CD20 
monoclonal antibody)188-192 or cyclosporine/cyclophosphamide182,193,194  
should be considered. In some cases, immunosuppressive therapies 
such as rituximab192 or cyclosporine193,195,196 should be given earlier dur-
ing the course of plasma exchange therapy. All patients should receive 
corticosteroids11,50,53,182 to suppress the production of inflammatory 
cytokines that may be the triggering factors for acute episodes of TTP. 
Neurological signs and symptoms resolve quickly, followed by the nor-
malization of platelet counts, MAHA, renal function, and peripheral 
blood smears. The clinical response generally precedes the pathologic 
response. To date, the mortality rate for idiopathic TTP patients 
approaches 10%. The most significant independent variables that deter-
mine death in idiopathic TTP are age, severe cerebral involvement, and 
serum LDH levels 10 × normal or over.197 However, the mortality rate 
for nonidiopathic TTP, which is associated with other diseases or condi-
tions including hematopoietic progenitor cell transplantation and dis-
seminated malignancy, remains quite high (∼54%-90%),53,198 although 
it is difficult to know whether these patients died of underlying diseases 
or TTP.53

■■ TREATMENT OF HUS
D+HUS:  The outcome and prognosis of the D+HUS associated 
with E coli O157 : H7 are usually excellent after supportive care. 
Approximately 4% of patients die and 25% of patients develop chronic 
renal insufficiency.56,156 Dialysis may be necessary in approximately 
50% of cases; red cell transfusion has been given to 75% of patients.199 
Plasma exchange and use of antibiotics were found to be ineffective 
in the past. The use of antibiotics was regarded to be harmful as a 
result of increased release of Shiga toxin in the gut. However, a recent 
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study has demonstrated that the combination of plasma exchange, 
antibiotics including meropenem, ciprofloxacin, and rifaximin with 
azithromycin, and eculizumab, a fully humanized recombinant anti-
C5 monoclonal antibody, appeared to be highly effective in treatment 
of HUS associated with E coli O104 : H4 infection during the German 
outbreak.60,62 In rare cases, when E coli infection acts as a trigger in 
patients with hereditary deficiency of ADAMTS13 activity or muta-
tions in a complement regulator gene, plasma infusion or exchange 
is beneficial.
aHUS:  The underlying mechanisms of aHUS are heterogeneous; 
therefore, no single therapeutic modality has been consistently dem-
onstrated to be effective. Plasma infusion or exchange appears to be 
the logical initial treatment as the underlying mechanism of aHUS is 
not known at the time of diagnosis. Plasma exchange of 1.5 × volumes  
(60-75 mL/kg) per session should be given as early as possible, pref-
erably within 24 hours of presentation.200,201 As in the case of TTP, 
FFP is the replacement fluid. Plasma infusion (10-20 mL/kg) should 
be given if the patient is not volume overloaded and/or hypertensive 
and does not have cardiac failure.202 When disease severity is con-
trolled by daily plasma exchange, tapering the frequency of treatment 
should be considered for an additional 2 weeks.202 While plasma 
therapy appears to be effective in correcting the serum deficiency 
of the complement regulatory components or removing the mutated 
proteins, it does not prevent the progression to renal failure requir-
ing dialysis.114,203,204 Also, plasma exchange therapy has little effect on 
aHUS caused by mutations in the MCP gene due to its membrane 
localization. Therefore, the demonstration of MCP mutations allows 
prompt withdrawal of plasma therapy. Renal transplantation may 
be beneficial for patients with MCP mutations as the risk of disease 
recurrence after transplantation is relatively low (0%-20%).205,206 This 
has not been the case in patients with the CFH, CFI, and C3 gene 
mutations. The recurrences rate of posttransplant HUS approaches 
75% to 90% in patients with CFH mutations, 45% to 80% in patients with 
CFI mutations, and 40% to 70% in patients with C3 mutations.114,138,206 
Three patients with CFB mutations113,115 and one patient with TM 
mutation151 lost the graft after transplantation because of recurrent 
disease. Combined kidney and liver transplantation in aHUS patients 
with ESRF resulting from the mutations in CFH, CFI, C3, and CFB 
should be considered.202,207,208 This is logical because all of these three 
complement components are synthesized in the liver. Kidney trans-
plant alone does not correct the underlying deficiency of comple-
ment regulatory genes.

The activation of C5 is essential for the development of aHUS and has 
been recently proposed to play a central role in pathogenesis of HUS and 
TTP.15 A humanized monoclonal antibody, eculizumab, targets the com-
plement C5 to block the cleavage of C5 to C5b, thereby preventing the 
generation of the proinflammatory peptide C5b and the cytotoxic mem-
brane attack complex C5b-9. Food and drug administration (FDA) in 
the United States approved eculizumab for the treatment of paroxysmal 
nocturnal hemoglobinuria (PNH). Its efficacy and good tolerance have 
been demonstrated in several hundreds of patients with this disease.  
Eculizumab has now been approved by the FDA for the treatment of 
aHUS with excellent efficacy. All patients with aHUS are eligible for 
eculizumab therapy. The dose and schedule used in adult patients are 
the same as for the treatment of PNH (900 mg, intravenous infusion, 
weekly for 4 weeks, then 1200 mg for the fifth week, and every 14 days 
for long-term maintenance treatment).202 To date, 24 patients with aHUS 
including 11 children and 13 adults have been treated with eculizumab; 
21 patients have achieved complete remission. These patients showed 
a prompt and complete resolution of hematological abnormalities and 
severe extra renal manifestations, including gangrene of the fingers  
and toes in two patients and brain involvement in one patient.209 A retro-
spective study of 15 young children with aHUS treated with eculizumab 
was reported with 93% of patients achieving normal platelet count and 
80% are disease free (defined by no decrease in platelet count of >25% 

from baseline, no need for plasma therapy, and no new dialysis for  
12 consecutive weeks).209,210

■■ MANAGEMENT OF ORGAN FAILURE  
AND TREATMENT-RELATED COMPLICATIONS

Cardiac:  Although clinical manifestations of cardiac abnormalities 
were not clinically recognized in TTP patients, cardiac involvement 
was found to occur in greater than 70% of autopsy cases in a small 
series of patients.211 Even in Moschcowitz’s original case, widespread 
thrombi were found within the microvasculature of the heart.1 One 
review of cases with TTP found myocardial infarct, congestive failure,  
arrhythmias, and sudden cardiac death as the most described car-
diac events.212 In addition to these events, there were case reports of 
cardiogenic shock due to TTP. One group reported coronary artery 
occlusion while the other group found no such lesions. However, 
both reports described extensive myocardial necrosis and microvas-
cular thrombi at autopsy.213,214 Therefore, careful cardiac monitoring 
is essential for patients with TTP, but may be less critical for HUS.

Pulmonary:  TTP was also reported to involve the lungs and resulted in 
respiratory compromise. Several centers reported respiratory dysfunction as 
an initial presentation of TMAs.215,216 The clinical presentation varied with 
disease ranging from mild tachypnea and hypoxemia to fulminant ARDS. 
Early recognition and treatment with plasma exchange therapy were proven 
to be successful as one series reported improvement in lung injury in four 
out of six TTP patients 48 hours after initiation of plasma exchange.217

Neurologic:  Neurologic involvement is considered to be part of the clini-
cal manifestation of TTP, although less commonly seen in patients with 
aHUS. Neurologic involvement varies from mild symptoms such as head-
aches, waxing and waning mental status, to severe manifestations such 
as coma. Seizures were reported in patients with TTP including status 
epilepticus.218,219 One review of 20 patients with TTP reported seizures was 
observed in 6 (30%) of patients and nonconvulsive status such as altered 
mental status in 2; the authors of this series suggested that patients with 
altered mental status and thrombotic microangiopathy should undergo 
continuous electroencephalography (EEG) monitoring.220 As there are not 
a larger series evaluating the incidence of nonconvulsive status in TTP 
patients, the practice of continuous EEG monitoring in TTP patients has 
yet to become a standard of care. Treatment with plasma exchange and 
antiepileptic medications often resulted in complete remission and recov-
ery of neurologic signs and symptoms.218,219

Therapy-Related Complications:  Prognosis in patients with TTP has 
been dramatically improved with early recognition and treatment of the 
disorder. Emergency plasma exchange therapy should be initiated in all 
patients presenting with thrombocytopenia and MAHA without other 
explanations because the mortality rate is nearly 100% if left untreated. 
However, the risks and benefits of emergent plasma exchange must be 
considered prior to initiation of therapy, as plasma exchange may be asso-
ciated with serious complications, which include those related to central 
venous catheter placement (such as hemorrhage, arrhythmia, pneu-
mothorax, air embolism, thrombosis, infection) and those associated 
with plasma exchange (such as citrate toxicity), and the risks associated 
with plasma transfusion (such as allergic reaction, pulmonary edema, 
and transfusion-related acute lung injury (TRALI).216,221 Of a series of 
249 patients treated over 12 years, 26% of patients had major complica-
tions with plasma exchange and fatality rate was 2.8%.11,216 Catheter-
related complications and systemic infections were the most common 
major complications reported in this series.15 Patients with TTP have 
an increased risk of bleeding with catheter insertion due to profound 
thrombocytopenia. Platelet transfusion prior to catheter placement may 
be considered as there was no difference in the mortality and morbid-
ity rates between TTP patients who received platelet transfusion and 
those who did not.11 If available, ultrasound guidance should be used for 
vascular access in this patient population. Another commonly reported 
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KEY POINTS

•• Untreated acute leukemia is rapidly fatal, but a percentage of 
patients can be cured. In the absence of cure, many can achieve a 
significant duration of high-quality life depending on preleukemia 
comorbidities, and should therefore be considered for therapy.

•• Medical complications of the acute leukemias are often reversed 
with treatment of the underlying disease.

•• Bleeding or infectious complications account for the majority of 
deaths in patients with acute leukemias.

•• Laboratory findings define and are prominent in tumor lysis syn-
drome and include hyperkalemia, hyperphosphatemia, hyperuri-
cemia, and hypocalcemia.

•• Rasburicase can be used to treat hyperuricemia, but must be 
avoided for patients with known hypersensitivity, methemoglobin-
emia, or G6PD deficiency.

•• Urinary alkalinization is not recommended for prevention of 
tumor lysis syndrome.

•• Cytogenetics and molecular studies are important prognostic indi-
cators in AML and ALL.

•• Prophylactic platelet transfusion is indicated for thrombocytope-
nia associated with acute leukemia.

•• Disseminated intravascular coagulation (DIC) should be aggres-
sively treated with transfusion support with fresh frozen plasma 
and cryoprecipitate during the initial treatment of acute leukemias.

•• Acute promyelocytic leukemia (APL) should be suspected in 
patients with pancytopenia and severe DIC.

•• All-trans retinoic acid (ATRA) therapy should be rapidly initiated if 
APL is suspected, and invasive procedures including placement of a 
central venous catheter should be avoided until the DIC has resolved.

•• Rapid cytoreduction by hydroxyurea and leukapheresis are main-
stays of therapy for hyperleukocytosis.

complication is catheter-related blood stream infections and sepsis; one 
series observed systemic infections in up to 12% of patients undergoing 
plasma exchange for TTP and HUS.221 Although routine surveillance 
cultures are not recommended, the critical care physician should have a 
high suspicion of systemic infection in this population with indwelling 
central venous catheters as occult infections have been described in this 
population.222 Lastly, catheter-related thrombosis or obstruction has been 
reported in this series as a complication of plasma treatment.221 The risks 
associated with plasma transfusion including allergic reaction, TRALI 
and citrate toxicity are among the complications of plasma exchange 
for TTP and HUS. Citrate toxicity, causing hypocalcemia and metabolic 
alkalosis, can be avoided by routine administration of calcium gluconate 
during plasma exchange therapy. Serial monitoring of ionized calcium 
levels is also recommended. The diagnosis of TRALI should be suspected 
in patients undergoing therapeutic plasma exchange who develop respi-
ratory deterioration.223-225 Cessation of plasma infusion and blood bank 
workup such as antibody testing should be performed in suspected cases.

KEY REFERENCES

•• Caprioli J, Noris M, Brioschi S, et al. Genetics of HUS: the impact 
of MCP, CFH, and IF mutations on clinical presentation, response 
to treatment, and outcome. Blood. 2006;108(4):1267-1279.

•• Fujimura Y, Matsumoto M. Registry of 919 patients with throm-
botic microangiopathies across Japan: database of Nara Medical 
University during 1998-2008. Intern Med. 2010;49(1):7-15.

•• George JN. How I treat patients with thrombotic thrombocytope-
nic purpura: 2010. Blood. 2010;116(20):4060-4069.

•• Levy GG, Nichols WC, Lian EC, et al. Mutations in a member of 
the ADAMTS gene family cause thrombotic thrombocytopenic 
purpura. Nature. 2001;413(6855):488-494.

•• Moake JL, Rudy CK, Troll JH, et al. Unusually large plasma 
factor VIII: von Willebrand factor multimers in chronic relaps-
ing thrombotic thrombocytopenic purpura. N Engl J Med. 
1982;307(23):1432-1435.

•• Noris M, Mescia F, Remuzzi G. STEC-HUS, atypical HUS and 
TTP are all diseases of complement activation. Nat Rev Nephrol. 
2012;8(11):622-633.

•• Tsai HM, Lian EC. Antibodies to von Willebrand factor-cleaving 
protease in acute thrombotic thrombocytopenic purpura. N Engl J 
Med. 1998;339(22):1585-1594.

•• Würzner R, Riedl M, Rosales A, Orth-Höller D. Treatment of 
enterohemorrhagic Escherichia coli-induced hemolytic uremic 
syndrome (eHUS). Semin Thromb Hemost. 2014; Epub ahead 
PMID 24802085.

•• Zheng XL, Chung D, Takayama T, Majerus E, Sadler J, 
Fujikawa K. Structure of von Willebrand factor-cleaving pro-
tease (ADAMTS13), a metalloprotease involved in thrombotic  
thrombocytopenic purpura. J Biol Chem. 2001;276(44): 
41059-41063.

•• Zheng XL, Sadler JE. Pathogenesis of thrombotic microangiopa-
thies. Annu Rev Path Mech Dis. 2008;3:249-277.

•• Zipfel PF, Neumann HP, Jozsi M. Genetic screening in haemolytic 
uraemic syndrome. Curr Opin Nephrol Hypertens. 2003;12(6): 
653-657.

REFERENCES
Complete references available online at www.mhprofessional.com/hall

Acute Leukemia
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C H A P T E R

INTRODUCTION
Acute leukemias are a collection of bone marrow and lymphoid dis-
orders that result from establishment of a malignant stem cell popula-
tion. Presentation of a patient to medical care with a suspected acute 
leukemia should be considered a medical emergency, and rapidly 
involve a specialist in hematologic malignancies and referral to a tertiary 
care facility with expertise in treatment of patients with acute leukemia. 
Left untreated, acute leukemias are rapidly fatal within days to weeks of 
presentation, but with appropriate supportive measures and therapeutic 
interventions a significant number of patients are cured. For those in 
whom a cure cannot be achieved, there is still the potential for a sub-
stantial period of good quality life. Because of the acuity of these diseases 
and consequences of their treatment, it is not infrequent that patients 
with acute leukemias are seen in the setting of a medical ICU.45 It is espe-
cially important to understand that acute leukemias develop rapidly and 
the disease itself profoundly compromises an individual’s performance 
status and comorbidities; however, with rapid and appropriate therapy, 
these leukemia-induced complications are often reversed. In order to 
appropriately target care from the perspective of the intensivist, it is 
important to understand the disease pathophysiology, overall prognostic 
evaluation, and complications unique to leukemia treatment regimens.
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The goal of this chapter is to alert the intensivist to specific issues 
unique to the management of patients with acute leukemias that can 
directly impact the course of therapy in a medical ICU setting. We 
will focus on the diagnosis of leukemia and complications of patients 
with newly diagnosed or relapsed acute leukemia including cytopenias, 
tumor lysis syndrome, hyperleukocytosis, disseminated intravascular 
coagulation (DIC), and infections. Specific classification and prognostic 
scoring for acute lymphoblastic and myeloid leukemias with special 
attention to acute promyelocytic leukemia will be discussed as well as 
the general organization and composition of the current standard treat-
ment protocols for each subtype of leukemia. Several biological and 
chemotherapeutic drugs are infrequently used outside the treatment of 
acute leukemias and therapy-associated side effects could directly affect 
a patient’s acute management in an ICU setting. These will be specifi-
cally highlighted at the end of this chapter.

ACUTE PRESENTATION AND DIFFERENTIAL DIAGNOSIS
Patients with acute leukemia typically present with a prodrome related 
to progressive profound cytopenias (ie, neutropenia, anemia, and 
thrombocytopenia), progressive fatigue, decreased exercise tolerance, 
petechiae and bleeding, and serious infections including pneumonia. 
Acute leukemias can profoundly affect coagulation, causing significant 
DIC, venous thromboembolism and bleeding.

Initial evaluation of a patient with suspected acute leukemia should 
include a complete blood count with direct evaluation of the peripheral 
smear for myeloblasts and lymphoblasts as well as for promyelocytes. 
Although there is often a profound leukocytosis consisting primarily of 
immature myeloid or lymphoid cells, it is not uncommon for the pre-
senting blood work to show pancytopenia, including leukopenia, with 
minimal blasts in the peripheral blood smear. In these instances, careful 
examination of the cells present will often reveal dysplastic features in 
one or more cell lines.

In addition to a complete metabolic panel, lactate dehydrogenase 
(LDH) and uric acid levels, careful attention should be paid to coagula-
tion measurements, including prothrombin time (PT), activated partial 
thromboplastin time (aPTT), D-dimer and fibrinogen levels. Presence 
of promyelocytes and severe derangements in coagulation parameters 
should alert the hematologist and critical care specialist to the poten-
tial diagnosis of acute promyelocytic leukemia (APL) and appropriate 
measures, including rapid initiation of all-trans retinoic acid (ATRA) 
therapy and correction of coagulopathy, should occur (Table 92-1).

Initial examination should specifically be directed toward signs of 
infection (cellulitis, pneumonia, or sinusitis), bleeding or thrombosis, 
and the presence of splenomegaly or hepatomegaly. Additional care 
should be paid to any symptom that is out of context for the patient’s 
prior health status (ie, nausea could connote CNS bleed, leukostasis, or 
leukemic infiltration of the gastrointestinal tract).

When diagnosing the specific form of acute leukemia, the differential 
diagnosis includes acute myelocytic leukemia (AML), myelodysplastic 
syndrome (MDS), lymphoblastic leukemia (ALL), and blast-phase 
chronic myelocytic leukemia (CML). Myelofibrosis (MF) can also 
present with cytopenias and elevated peripheral myeloblasts. In addi-
tion to the above blood work, direct examination of the bone marrow is 
required for diagnosis and classification of acute leukemia. Both aspirate 
and trephine biopsy should be obtained from the bone marrow and  
samples sent for morphology, cytogenetic analysis, flow cytometry,  
and specific molecular tests as detailed below.

INFECTIOUS COMPLICATIONS OF ACUTE LEUKEMIA
Patients with acute leukemia are immunocompromised at presenta-
tion resulting from impaired normal white cell maturation. Most 
chemotherapy regimens directed at these malignancies induce further 
myelosuppression often lasting several weeks to a month at a time, and 
frequently cause mucosal surface injury (ie, mucositis) which creates 

additional sites for translocation of endogenous organisms into the 
bloodstream. Clinical practice guidelines for antimicrobial use in neu-
tropenic (ANC <500 cells/mm3) patients with cancer from the Infectious 
Disease Society of America were recently updated.20 Patients with acute 
leukemias are at increased risk for gram-negative enteric bacteria, gram-
positive cocci and fungi, especially Candida and Aspergillus species. 
Patients with ALL have abnormal lymphocyte populations, are exposed 
to prolonged treatment with corticosteroids, and are thus at increased 
risk for Pneumocystis, mycobacterial, and viral infections. Reactivation of 
viruses such as cytomegalovirus, herpes zoster, and herpes simplex virus 
is also common in patients with prolonged leukopenia, and respiratory 
viruses such as respiratory syncytial virus and influenza are especially 
virulent and carry a high mortality in this patient population.

Management of infectious complications in patients with acute  
leukemias is threefold: (1) appropriate prophylaxis against infections,  
(2) rapid treatment with empiric antibiotics followed by targeted therapy 
at the onset of fever, and (3) use of granulocyte colony-stimulating factor 
(G-CSF) as appropriate to the point in therapy for the leukemia. Once 
the induction chemotherapy is administered, prophylaxis against inva-
sive fungal infections should be started. The standard antifungal pro-
phylaxis has been with fluconazole, which offers good coverage against 
many Candida species, but lacks activity against invasive mold infections 
including aspergillosis, zygomycosis, and fusariosis. A seminal article in 
the New England Journal of Medicine showed a decreased incidence of 
Aspergillus infection as well as a survival benefit in neutropenic patients 
with AML who were treated with posaconazole prophylaxis (200 mg 
three times a day) when compared to fluconazole or itraconazole and is 
now an approved indication for this drug.12 Unfortunately, posaconazole  

  TABLE 92-1    Initial Workup of a Patient with Suspected Acute Leukemia

Lab/Study Panel Specific Tests

Characterization of blood 
cell counts

•	 CBC with differential
•	 Peripheral smear examination

◦	 Blasts/immature cells
◦	 Schistocytes
◦	 Attention for promyelocytes

Bone marrow examination •	 Trephine bone marrow biopsy
•	 Aspirate

◦	 Morphology
◦	 Cytochemical staining (ie, MPO)
◦	 Cytogenetics/karyotype
◦	 Flow cytometry
◦	� Specific molecular tests (ie, FLT3-IDT, NPM1, CEBPA)

DIC panel •	 PT and aPTT
•	 Fibrinogen
•	 D-dimer

Tumor lysis panel •	 Potassium
•	 Lactate dehydrogenase (LDH)
•	 Phosphate
•	 Uric acid
•	 Calcium

Liver function panel •	 Albumin
•	 AST/ ALT
•	 Alkaline phosphatase
•	 Total and fractionated bilirubin

Complete metabolic panel •	 See tumor lysis panel above
•	 Sodium
•	 BUN and serum creatinine
•	 Bicarbonate
•	 Glucose

Cardiac function •	 12-lead ECG
•	 Transthoracic echocardiogram
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is currently available only as an oral suspension that necessitates 
the ability of the patient to maintain good oral intake for optimal  
absorption. This is difficult in patients with severe mucositis. Use of 
proton-pump inhibitors is necessary to decrease the risk of GI irritation 
from the high-dose corticosteroids used in ALL regimens, but these 
medications can further hinder posaconazole absorption.12,33 Evidence 
for the use of voriconazole prophylaxis in this patient group is not yet 
definitive, but studies are underway using voriconazole for antifungal 
prophylaxis in hematopoietic stem cell transplant (SCT) recipients.33 
Antiviral prophylaxis with acyclovir or valacyclovir is started in patients 
with acute leukemia undergoing induction or reinduction therapy and 
continued until recovery of the WBC count or resolution of the muco-
sitis, whichever occurs later. Although there is debate about the risk 
of developing resistant organisms, there is increasing evidence to sup-
port the use of fluoroquinolone prophylaxis for high-risk patients with 
hematologic malignancies with expected durations of prolonged and 
profound neutropenia (ANC ≤100 cells/mm3 for >7 days).13,20

Fever in the leukopenic patient (temperature ≥38.3°C) is considered 
a medical emergency. Rapid collection of blood, urine and sputum 
cultures, chest x-ray, and initiation of broad gram-negative coverage 
with agents that cover Pseudomonas aeruginosa are critical. Cefepime 
or carbapenem monotherapy or semisynthetic penicillin plus an amino-
glycoside can be considered for empiric treatment of neutropenic fever. 
However, a 2010 Cochrane analysis suggested inferior outcomes with 
cefepime compared to carbapenem monotherapy, although the inci-
dence of Clostridium difficile infection was significantly increased with 
routine carbapenem use. In considering an aminoglycoside-containing 
regimen, baseline renal function and nephrotoxicity of concurrent che-
motherapy should be taken into account.

For patients who fail to defervesce with appropriately targeted anti-
bacterial agents, detailed radiographic pulmonary evaluation with 
computerized tomography should be performed. If fungal infection 
is suspected, empiric antifungal therapy with voriconazole should be 
started.33 If the patient is hemodynamically stable, isolation and char-
acterization of the pathogen should be attempted by bronchoscopy 
with bronchoalveolar lavage and biopsy or by CT-guided needle biopsy. 
Granulocyte infusion is infrequently used, but G-CSF therapy may be 
considered depending on the clinical scenario and is best added under 
the guidance of a hematologic oncologist.

DIAGNOSIS AND CLASSIFICATION  
OF ACUTE MYELOGENOUS LEUKEMIA
The classification of AML has moved away from the earlier morphologic 
and cytochemistry based French-American-British (FAB) system. It 
is now incorporated in the World Health Organization (WHO) sys-
tem that includes morphology, immunophenotype, cytogenetics, and 
molecular characterization of the leukemic clone35 and is useful for both 
classification and prognosis. Risk stratification according to cytogenetics 
is detailed in Table 92-2. It is worth noting that “normal cytogenetics” is 
included in the intermediate risk group, but this is dependent on further 
molecular characterization that modifies prognosis. An increasingly 
important cytogenetic group is the monosomal karyotype which has an 
especially poor prognosis (3% overall survival at 4 years with chemo-
therapy alone) and is defined as two or more autosomal monosomies or 
one autosomal monosomy and an additional chromosomal structural 
abnormality.3,6,35

Well-established molecular studies that assist in risk stratification in 
AML include FLT3-ITD (internal tandem duplication) (poor prognosis)  
and NPM1 and CEBPA mutations (favorable prognosis). These are 
especially helpful in determining prognosis in the “normal karyotype” 
intermediate risk patient group. Presence of a poor-prognostic molecu-
lar marker in a patient with good-risk AML karyotype can alter the 
decision to rapidly move toward stem cell transplant following induction 
chemotherapy. There is increasing focus on identification of additional 
molecular changes that impact prognosis, including c-kit, DNMT3, and 

FLT3-TKD (tyrosine kinase domain) mutations. However, these are not 
routinely included in diagnostic studies to date.3

DIAGNOSIS AND CLASSIFICATION OF 
ACUTE LYMPHOBLASTIC LEUKEMIA
The classification of ALL is based on immunophenotype (ie, pro-B–, 
pre-B–, mature-B–, pro-T–, common-T–, and mature-T–cell lineage 
and minimally differentiated ALL or ALL with myeloid markers). As 
with AML, there are many cytogenetic and molecular abnormalities 
associated with ALL, the most important of which being the presence 
of the BCR-ABL transgene [t(9;22)(q34;q11)]. It is especially important 
to recognize the presence of this transgene as treatment protocols for 
Philadelphia chromosome positive (Ph+) ALL now include a tyrosine 
kinase inhibitor (imatinib or dasatinib) along with induction therapy.42,54

Prognostic indicators for adult ALL include age >35 years, WBC 
>30,000 in B-cell ALL or >100,000 in T-cell ALL, time to complete 
remission (CR), immunophenotype, karyotype: t(9;22), BCR-ABL, CNS 
involvement, and persistence of minimal residual disease. As with 
AML, there are an increasing number of molecular markers that have 
prognostic significance and continue to be an area of active clinical 
research. Although the presence of the BCR-ABL transcript (ie, Ph+) is 
still considered a poor-prognostic indicator, the addition of imatinib and 
dasatinib to standard ALL regimens has significantly improved the prog-
nosis in this patient population to almost that of Ph− ALL patients.18,42,54

MYELOID SARCOMA
Although originating in the bone marrow, acute leukemias are systemic 
diseases. Leukemia cells circulate in the bloodstream and are frequently 
found on biopsy of nonhematopoietic tissues. When AML cells form a 
solid mass, it is termed a myeloid sarcoma or chloroma. Myeloid sarco-
mas are most frequently found in bone and subperiostium, lymph nodes, 
and the gastrointestinal (GI) tract.9 Complications of myeloid sarcomas 
are similar to those encountered with a solid tumor interfering with 
the normal physiology of the involved organ. Special attention should 
be paid to these tumors within the spine as they can cause spinal cord 
compression, and to those within the GI tract as intestinal and biliary 
obstruction can occur. Granulocytic sarcomas may be treated with local  
irradiation, but are also responsive to and require treatment with  
systemic chemotherapy.

CENTRAL NERVOUS SYSTEM LEUKEMIA
Acute leukemias can cause central nervous system (CNS) infiltration 
with leukemic cells and may be observed as a lymphomatous mass 
within the brain or spinal cord, or leptomeningeal infiltration with leu-
kemic cells which can be detected by MRI. These are most common with 

  TABLE 92-2    Risk Stratification in Acute Myelogenous Leukemia by Cytogenetics2,57

Risk group Cytogenetics

Good risk t(15;17); acute promyelocytic leukemia
t(8;21)
inv(16)/t(16;16)

Intermediate risk t(9;11)
Gain or loss of Y chromosome
Normal cytogenetics

Adverse risk t(6;9)
inv(3)/t(3;3)
11a23 (MLL gene rearrangement)
Deletion of 5q
Monosomy 7
Complex karyotype
Monosomal karyotype
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ALL, but can also occur in patients with AML. Age, peripheral WBC 
count at presentation, detection of blasts in the CSF, and serum LDH 
are risk factors for CNS leukemia in ALL. Thus, CNS chemoprophy-
laxis with intrathecal administration of preservative-free methotrexate 
(12 mg/m2 up to a maximum of 15 mg total) and cytarabine (standard 
and liposomal) are included in all major ALL chemotherapy regimens 
in a frequency that depends on the likelihood of active CNS disease.30 
Intrathecal methotrexate can cause an arachnoiditis, and is therefore 
coadministered with hydrocortisone (50 mg). CNS chemoprophylaxis 
has a positive effect on disease-free and overall survival for patients with 
ALL. Each time that intrathecal chemotherapy is administered, cerebro-
spinal fluid should be sent for cytology.

If headache and nausea or focal neurologic symptoms are present, 
dexamethasone (4 mg every 6 hours) can help rapidly alleviate signs and 
symptoms of CNS edema or swelling. Additional treatment modalities 
include intrathecal thio-TEPA, whole brain irradiation with 2400 cGy 
in 12 fractions, local irradiation of spinal lesions, or systemic chemo-
therapy with high-dose intravenous cytarabine or methotrexate, which 
can penetrate the blood-brain barrier.

SOLID ORGAN INFILTRATION
As with the CNS, leukemia cells can infiltrate any solid organ, even with-
out forming a solid tumor as in myeloid sarcomas. Frequently affected 
organs include the liver, spleen, and kidneys. ALL and blast-phase CML 
more frequently than AML cause hepatosplenomegaly resulting from 
leukemic infiltration. Liver infiltration may produce signs of acute 
hepatitis (jaundice, tender hepatomegaly, and elevated serum trans-
aminases). Liver dysfunction will resolve with systemic chemotherapy, 
but does limit initial chemotherapy options. Fulminate liver failure can 
also occur from portal venous thrombus formation and resultant Budd-
Chiari syndrome (either as a result of concurrent hypercoagulability or 
from leukemia cell thrombosis). Thrombectomy or thrombolysis should 
be considered as appropriate to the patient’s history, as this situation 
can otherwise be rapidly lethal. Splenic infiltration and enlargement 
can occur, and increases the risk of infarct, subcapsular hematoma, and 
rupture. ALL and AML (especially “monoblastic” AML) can also infil-
trate the kidneys. Presenting signs include oliguric acute renal failure in 
the absence of an obstructing lesion. Ultrasound evaluation may show 
a homogeneous enlargement of both kidneys. Poor renal function can 
place patients at greater risk of tumor lysis syndrome (ie, hyperkalemia 
and hyperuricemia and associated complications). If retroperitoneal 
lymphadenopathy is present, ureteral obstruction can also occur and 
impair renal function and outflow. This is especially problematic when 
nephrotoxic chemotherapies are being administered. Appropriate inter-
vention including ureteral stenting should be performed to normalize 
urinary tract outflow in these instances.

NECROTIZING ENTEROCOLITIS (TYPHLITIS)
Typhlitis or necrotizing enterocolitis of the terminal ileum, appendix, 
and cecum is a frequent complication in patients experiencing pro-
tracted chemotherapy-induced neutropenia. Symptoms include nausea 
and emesis, jaundice, abdominal pain, watery and bloody diarrhea, and 
fever. The intestinal mucosa becomes ulcerated and ileus and bowel dila-
tion can occur. Enteric organisms infiltrate into the bowel wall and fluid, 
electrolytes and plasma proteins are lost into the bowel lumen. Systemic 
bacteremia and sepsis, jaundice and hepatitis from portal seeding during 
bacteremia and bowel perforation may occur. Bowel thickening is fre-
quently seen on radiographic examination of the abdomen. Medical 
management consists of systemic administration of broad-spectrum 
antibiotics with gram-negative and anaerobic coverage. Serum electro-
lytes and blood products should be aggressively repleted, and bowel rest 
including nasogastric suction is appropriate. Medications that interfere 
with bowel function and motility should be avoided during this time 
frame to decrease the risk of ileus and further bowel distension and 
perforation. In the absence of perforation, symptoms typically resolve 

with the return of normal neutrophil count. In instances of severe 
typhlitis, G-CSF treatment may be indicated depending on the timing 
of leukemia treatment.

GENERAL FRAMEWORK FOR MANAGEMENT 
OF ACUTE LEUKEMIA
Once the diagnosis of acute leukemia is made, and the subtype deter-
mined (AML vs ALL vs APL), rapid initiation of treatment with an appro-
priate regimen (Table 92-3) is indicated. Side effects and complications 
from chemotherapies used in acute leukemia are included in Table 92-4. 
Leukemia treatment is generally divided into two to three phases, the 
first being induction of remission, followed by consolidation/intensification 

  TABLE 92-3    Standard Induction Regimens for Acute Leukemiasa

Disease Regimens

ALL •	 Hyper-CVAD31

◦	 Cytarabine, vincristine, adriamycin, dexamethasone
◦	 Including imatinib or dasatinib if Ph+42,54

•	 CALGB 5-Drug
◦	 Daunorubicin, vincristine, prednisone, L-asparaginase, cyclophosphamide32

AML •	 Cytarabine and daunorubicin or idarubicin (7 + 3)59

•	 Decitabine (elderly patients, or relapsed disease)4

•	 High-dose cytarabine (HiDAC)
◦	 Most frequently used as consolidation therapy

•	 Mitoxantrone and etoposide (MEC)25,52 b

•	 Cytarabine and mitoxantroneb

•	 CLAGb 44

◦	 Cladribine, cytarabine, filgrastim

APL •	 AIDA47

◦	 ATRA and idarubicin
•	 ATRA + arsenic trioxide17

aConsolidation and maintenance phases may include additional chemotherapies.
bInduction for relapsed or refractory disease.

  TABLE 92-4   � Common and Most Severe Side Effects from Chemotherapies  
Used in Treatment of Acute Leukemiasa

Drug Selected Side Effects

Anthracyclines (including 
daunorubicin, idarubicin,  
and mitoxantrone)

Cardiac toxicity
Hepatotoxicity (and hepatically cleared)
Pancytopenia
Nausea

Cytarabine Nephrotoxic (and renally excreted)
Cerebellar neurotoxicity (especially with concurrent renal failure)
Pancytopenia
Hepatic dysfunction
Mucositis
Conjunctivitis (consider concurrent steroid-containing eye drops)

L-asparaginase and  
PEG-asparaginase

CNS irritation including seizure
Hyperglycemia
Hypertriglyceridemia
Nausea
Pancreatitis
Hypofibrinogenemia
Decreased factors V, VII, IX
Decreased protein C and antithrombin III
Hepatotoxicity
Acute allergic reaction

(Continued)
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  TABLE 92-4   � Common and Most Severe Side Effects from Chemotherapies  
Used in Treatment of Acute Leukemiasa

Drug Selected Side Effects

ATRA Leukocytosis (during APL treatment)
Differentiation/retinoic acid syndrome
Pseudotumor cerebri
Transaminitis
Birth defects if used during pregnancy

Arsenic trioxide Tachycardia
QT interval prolongation
Hypokalemia
Hyperglycemia
Hypomagnesemia
Nausea
Abdominal pain and diarrhea
Transaminitis
Neuropathy

Methotrexate Renal and hepatic clearance
Arachnoiditis (with IT administration)
Acute neurologic syndrome
Renal failure
Pancytopenia
Mucositis
Hepatotoxicity
Nephrotoxicity
Pneumonitis

Vincristine Hepatic clearance
CNS injury/neurotoxicity
Constipation from enteric neuropathy
Hyperuricemia
Pancytopenia
Hepatic venoocclusive disease
Allergic reaction

Imatinib Dose reduce with renal and hepatic dysfunction
Hepatotoxicity
Edema, including pericardial and pleural effusions
Rash
Nausea and diarrhea
Neutropenia and thrombocytopenia

Dasatinib Pancytopenia
Edema (superficial)
Pleural effusion
Cardiac dysfunction/CHF
Rash
Hypophosphatemia, hypokalemia, and hypocalcemia
Diarrhea
Hepatotoxicity

aThis is not an exhaustive list. The reader is referred to standard pharmacologic references for a more 
extensive list.

(Continued)
Induction of
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No CR or
relapse

Allo-SCT
Induction of

remission
(CR2)

FIGURE 92-1.  General framework for treatment of patients with acute leukemia.

and in some cases by maintenance (Fig. 92-1). At any point, referral for 
allogeneic SCT may be appropriate, although transplant during relapse 
is currently only recommended within the context of a clinical trial, and 
once a patient has relapsed, the goal is to achieve a complete remission 
and rapidly move toward allogeneic SCT if the patient is likely able to 
tolerate the intensive therapy and long-term sequelae.

The goal of induction chemotherapy is to achieve a complete remis-
sion (CR). This is defined as the absence of detectable leukemia in the 
blood or bone marrow (less than 5% blasts in the bone marrow), rees-
tablishment of normal marrow elements, and normalization of all other 
blood counts for at least 1 month. Failure to achieve a CR is a poor prog-
nostic indicator for all types of leukemia.18 Consolidation chemotherapy 
is myelosuppressive therapy designed to eliminate any residual leukemic 

cells that survived induction chemotherapy. There are typically between 
one to four cycles roughly 1 month apart. Maintenance therapy is often 
given on an outpatient basis and does not typically cause significant 
protracted myelosuppression.

Much emphasis is placed on early determination of which individu-
als with acute leukemia will benefit from allogeneic stem cell transplant 
(allo-SCT). Ideally the search for a stem cell donor begins once cyto-
genetics and molecular studies are completed as the process of donor 
qualification can take several weeks to a month. Factors in determin-
ing who should be referred for allogeneic SCT are patient, donor, and 
disease specific. Overall performance status and comorbidities of the 
patient are important in determining who can survive and benefit from 
allo-SCT and what preparative regimens are available to the patient. 
Similarly, the benefit is more likely to outweigh the risk of graft-versus-
host disease (GVHD) the better the HLA-match between donor and 
recipient. The better the disease risk profile, the less likely a patient is to 
be referred for transplant. However, it is worth considering allogeneic 
SCT for patients with good risk disease other than APL in first CR if a 
well-matched donor is available as the risk of relapse even for good-risk 
leukemia is still high.

DIAGNOSIS AND MANAGEMENT OF 
ACUTE PROMYELOCYTIC LEUKEMIA
The initial management of patients with AML is dependent on the 
clinical scenario, age, and comorbidities of the patient, and there is some 
flexibility to tailor the induction regimen to the situation. However, 
careful attention must be made for clues indicating that the subtype of 
AML is acute promyelocytic leukemia (APL). This subtype of AML is 
rapidly fatal if misdiagnosed and inappropriately managed, but unique 
because if it is properly managed, there is a CR rate of 90% and cure rates 
of up to 80%.46,48 The risks facing the patient with APL include fatal CNS 
and pulmonary hemorrhage, and effects of differentiation syndrome 
once ATRA therapy is initiated. The intensivist should also be on the 
lookout for ATRA syndrome.

APL should be suspected based on the presence of promyelocytes 
in the peripheral blood. Patients with newly diagnosed APL typically 
present with pancytopenia, including leukopenia, and with severe DIC. 
Fibrinogen levels are typically low (<100 mg/dL), D-dimer will be posi-
tive and PT and aPTT are increased. More so than for any other group 
of leukemia patients, those with APL tend to have extremely prominent 
ecchymoses. Any procedure, including minor ones such as venipuncture 
and bone marrow aspirate and biopsy, is likely to result in protracted 
bleeding from the puncture site. Placement of central lines and any other 
more invasive procedures should be avoided until after the coagulopathy 
has resolved. APL cells contain high levels of tissue factor and “cancer 
procoagulant” molecules which trigger fulminate DIC when they are 
released into circulation.43 The Annexin II receptor is also expressed 
on the surface of APL cells, and is an activating receptor for tissue-type 
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performed and every effort made to obtain human leukocyte antigen 
antibody (HLA)–matched platelets for the patient.

The transfusion goal for packed red blood cell transfusion has histori-
cally been a hemoglobin concentration above 8 g/dL or a hematocrit of 
greater than 30%. This is higher than the range suggested for nonleu-
kemia patients; however, individuals with leukemia are at higher risk 
of thrombocytopenia-associated bleeding, and the additional reserve is 
felt to be helpful in this scenario. This is also a group of patients who 
are often profoundly hypoalbuminemic, and there is therapeutic benefit 
from improved oncotic pressure with higher red cell volumes. The one 
caveat is with patients at risk for hyperleukocytosis in which addition of 
further cell mass within the bloodstream could tip the balance toward 
hyperviscosity and leukostasis. In these cases, red cell transfusion should 
be minimized or avoided until pharmacologic or mechanical cytoreduc-
tion has started and risk of leukostasis resolved.

There are now thrombopoietic agents such as romiplostim and eltrom-
bopag that are approved for treatment of steroid-refractory thrombocyto-
penia, but these are not indicated in the acute leukemia population at this 
time. They increase platelet counts over the course of days to weeks, and are 
not appropriate in an acute setting. Furthermore, the effect of these agents 
in a leukemic bone marrow is unknown. Similarly, erythroid-stimulating 
agents are not indicated as the erythropoietin receptor is expressed in some 
subtypes of acute leukemia and in vitro studies have suggested that eryth-
ropoietin stimulation can provide growth advantage to leukemia cells.24,29,51

Disseminated intravascular coagulation
A complication of acute leukemia and its treatment is acute disseminated 
intravascular coagulation (DIC). All forms of acute leukemia predispose 
to DIC, but it is especially pronounced and significant in APL. DIC is 
the pathologic activation of the coagulation cascade and fibrinolysis and  
results in inappropriate consumption of platelets, clotting factors,  
and endogenous anticoagulants. The presence of DIC places patients at 
risk for venous thromboembolism (VTE) and bleeding and should be 
aggressively managed with supportive measures. End-organ damage can 
also result from microthrombi deposition, which is common in the renal 
glomeruli and predisposes to concurrent acute renal failure. Laboratory 
evidence of DIC includes prolonged aPTT, PT, and thrombin time as 
well as hypofibrinogenemia and thrombocytopenia. D-dimer and fibrin 
degradation products are also markedly elevated. As with all patients 
with DIC, treatment of the underlying pathology is critical for resolution 
of the consumptive coagulopathy. Acute DIC will resolve as the degree of 
leukemic burden diminishes, but patients will often persist with chronic 
low-level DIC for an extended period following induction therapy.

The management of DIC in patients with leukemia is twofold: treat-
ment of the leukemia and supportive management of the consumptive 
coagulopathy. During acute DIC, platelet count should be maintained 
with transfusions to a higher limit of 50,000/m3. A 10 mg dose of vitamin 
K should be given in patients with a prolonged PT. With normal liver 
synthetic function, this will help rapidly increase the amount of vitamin 
K–dependent factors (II, VII, IX, X, and proteins C and S) available for 
coagulation. Clotting factors should also be repleted with transfusion of 
FFP and cryoprecipitate. Isolated clotting factor concentrates are typically 
not used to correct the global coagulopathy in DIC. Instead, FFP should 
be given at an initial dose of 15 mL/kg of body weight, although 30 mL/kg  
may give more complete correction if there is evidence of either PT or 

plasminogen activator (t-PA), which increases ongoing fibrinolysis 
further propagating DIC.39 In addition to careful examination of the 
peripheral smear and bone marrow aspirate for APL cells, diagnostic 
studies should include polymerase chain reaction (PCR), fluorescent in 
situ hybridization (FISH), and cytogenetic analysis to identify the pres-
ence of the PML/RAR fusion gene and t(15;17) translocation.46

Even before verification of clinically suspected APL by molecular 
studies, treatment of APL with ATRA should begin. The bleeding and 
clotting complications of APL are a result of undifferentiated circulating 
APL cells, and differentiation and resolution of the coagulopathy can 
start with ATRA therapy (45 mg/m2 daily in two divided doses).19 There is  
little downside to the initiation of ATRA, and if the diagnosis of APL  
is not verified with molecular studies, ATRA therapy can be discontinued.  
In addition to ATRA, fibrinogen, PT and aPTT levels should be deter-
mined as frequently as every 6 hours, and cryoprecipitate and fresh 
frozen plasma (FFP) should be aggressively administered to normalize 
clotting parameters. This is a critical part of the initial management of 
APL, and failure to adequately treat DIC with resulting hemorrhage is 
the cause of early mortality in what is considered an otherwise curable 
form of leukemia.

Differentiation of APL cells is an important step in management of 
APL, but carries with it the risk of differentiation syndrome. The hall-
marks of this differentiation syndrome include capillary leak pathophysi-
ology and the presence of dyspnea, fever, peripheral edema, hypotension, 
acute renal failure, and congestive heart failure. Pulmonary infiltrates 
and pericardial and pleural effusions may be seen radiographically.15  
If differentiation syndrome or ATRA-syndrome is suspected, steroids 
should be administered immediately (10 mg intravenous dexametha-
sone twice daily until resolution of symptoms followed by a taper). 
ATRA therapy also carries the risk of triggering hyperleukocytosis as 
undifferentiated APL cells within the bone marrow are rapidly released 
into circulation. WBC counts >10,000/m3 should prompt consideration 
of addition of anthracycline (idarubicin is traditionally used) if not 
already included in the induction regimen to acutely bring down the 
peripheral leukocyte count to prevent this complication.

ATRA can also cause pseudotumor cerebri. This complication is most 
common in younger patients receiving ATRA therapy, and should be 
managed by a combination of lumbar puncture, acetazolamide, cortico-
steroids, and narcotic analgesia.36,46

ANEMIA AND THROMBOCYTOPENIA
Patients with acute leukemia frequently present with concurrent anemia 
and thrombocytopenia, and systemic complications from both can be 
severe. Transfusion of platelets and red blood cells is indicated, but 
cutoffs for these depend on the clinical situation, and consideration 
for infectious complications from CMV-contaminated blood products 
should be considered in their selection.

Prophylactic platelet transfusion is indicated for patients with acute 
leukemia when the platelet count is less than 10,000/m3 in order to 
decrease the risk of bleeding or at higher platelet numbers if there is 
active bleeding (ie, epistaxis, significant gingival bleeding, GI bleeding). 
For patients undergoing major surgery or procedures such as central 
venous catheter placement, bronchoscopy, lumbar puncture, thoracen-
tesis, or abdominal paracentesis, platelets should transfused to a target of 
50,000/m3.10,50 If a CNS bleed is suspected, the transfusion parameter is 
increased to greater than 100,000/m3 10,23 (Table 92-5). There is evidence 
that in most cases, single and random pooled donor platelets are equally 
effective at improving posttransfusion platelet counts and result in 
similar hemostatic benefits.50 Failure of platelet transfusion to improve 
platelet count as predicted should trigger investigation for causes  
of platelet consumption/bleeding, alloimmunization, or hypersplenism. 
Especially in the acute leukemia patient, DIC and sepsis in the setting of 
poor marrow production of platelets are frequent contributing causes.10 
If alloimmunization is suspected (ie, platelet count fails to increase 
by 1 hour following transfusion), platelet antibody testing should be 

  TABLE 92-5    Platelet Transfusion Parameters for Patients with Acute Leukemia10

Clinical Scenario Platelet Transfusion Target

Routine platelet transfusion for prophylaxis against bleeding >10,000 platelets/µL

“Minor” invasive procedure or active DIC >50,000 platelets/µL

Suspected CNS bleed >100,000 platelets/µL

Data from Carlson KS, DeSancho MT. Hematological issues in critically ill patients with cancer. Crit Care 
Clin. January 2010;26(1):107-132.
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aPTT prolongation. FFP transfusion can give a significant fluid volume, 
so attention should be paid to the patient’s overall clinical status during 
plasma infusions and diuresis should match the additional fluid load. 
With severe hypofibrinogenemia (<1 g/L), cryoprecipitate or fibrinogen 
concentrate should also be given. Plasma fibrinogen will increase on 
average 100 mg/dL for every 3 g dose of fibrinogen administered as either 
two cryoprecipitate pools (10 donor units) or as 3 g of fibrinogen con-
centrate.16,34 The one exception to this is for patients with ALL who are 
hypofibrinogenemic following L-asparaginase therapy. These patients are 
at further increased risk of DIC and especially of thrombosis. In addition 
to decreased fibrinogen levels, this patient group also tends to develop 
low levels of antithrombin-III which is also prothrombotic.28 Studies 
are underway investigating the use of antithrombin concentrates for the 
management of DIC in this high-risk population.

TUMOR LYSIS SYNDROME
Acute tumor lysis syndrome (TLS) is one of the oncologic emergencies 
that can evolve during the initial treatment of patients with newly diag-
nosed leukemias. TLS occurs when there is a high volume of malignant 
cells that die and release their intracellular contents (purines and electro-
lytes) into the bloodstream. The result is rapid development of hyperka-
lemia, hypocalcemia, hyperphosphatemia, and hyperuricemia. Elevated 
serum LDH levels are also noted. TLS can occur before the start of che-
motherapy, and the highest risk period for clinical TLS extends through 
the first 3 to 7 days of treatment. The formal definition of laboratory 
TLS includes a 25% increase from baseline level of uric acid, potassium, 
and phosphorous and serum calcium levels decrease by more than 25% 
from baseline. Absolute value cutoffs are noted in Table 92-6. Clinical 
TLS is the presence of laboratory TLS and the associated clinical com-
plications as shown in Table 92-6. Risk factors for the development of  
TLS are related to both increased production and decreased clearance 
of tumor lysis products including (1) cancer-specific factors of tumor 
bulk (in the case of leukemia, marrow and peripheral blood leukocyte  
burden), cancer proliferation rate, and sensitivity to therapy and  
(2) patient-specific factors of chronic renal dysfunction and gout,  
and clinical state at presentation including dehydration, low urine 
output, and acute renal dysfunction.14,27,38 A predictive model for devel-
opment of TLS has been developed and includes measurement of uric  
acid, creatinine, LDH, WBC, gender, and history of chronic myelo-
monocytic leukemia prior to start of chemotherapy.38

Successful management of TLS is a function of reduction of tumor 
burden (by chemotherapy or leukapheresis) and medical therapy tar-
geted at normalizing electrolyte disturbances. Vigorous hydration with 

intravenous fluids that do not contain potassium is critical for preventing 
clinical consequences of TLS. Hydration targets in adults should be 
three to four times daily maintenance fluid requirements and urine 
output of at least 100 mL/h.49 A trial of furosemide may also be helpful 
in maintaining urine output in volume repleted patients, although this is 
controversial given the risk for further renal injury. It is critical to keep a 
close measurement of urine output during the initial treatment of acute 
leukemias while maintaining this degree of hydration as patients are at 
high risk for pulmonary congestion and fluid overload.40

Historically, urinary alkalinization has been used for prevention of 
TLS. However, there is increasing evidence that systemic alkalinization 
is both ineffective at preventing urate-induced nephropathy, and can 
precipitate worsening renal function and TLS-associated electrolyte 
disturbances. The current recommendation is against routine systemic 
alkalinization for treatment or prevention of TLS.40

Hyperkalemia may be managed with a combination of intravenous 
fluids, furosemide, the potassium-binder kayexalate, calcium gluconate, β2-
agonists, and dialysis. In selecting the type of fluid to be administered, it is 
best to avoid preparations that contain additional potassium. Similarly, prior 
to initial treatment of a patient with new acute leukemia who has a signifi-
cant cell load, it is best to avoid overaggressive potassium repletion given the 
potassium load that will be entering the circulation with the start of therapy.

Hyperuricemia can lead to urate crystal deposition in the renal 
tubules, worsening renal function. In addition to intravenous hydration, 
allopurinol, a xanthine oxidase inhibitor, or rasburicase, recombinant 
urate oxidase, may be used. Allopurinol can help prevent buildup of 
urate crystals, but does not address what may already be deposited, 
while rasburicase rapidly decreases uric acid levels that are already 
elevated. For patients deemed at high risk of TLS, including patients 
with acute lymphoblastic leukemia and a WBC >100,000/µL or acute 
myelocytic leukemia with a WBC >50,000/µL, rasburicase should be 
the treatment of choice.11,40 Rare but potentially emergent side effects 
of rasburicase include acute hemolysis in patients with glucose-6-phos-
phate dehydrogenase (G6PD) deficiency, hypersensitivity reaction, and 
methemoglobinemia. In patients with these conditions, rasburicase 
should not be used. Hyperphosphatemia is treated with phosphate bind-
ers, low-phosphate diet, and hemodialysis.

HYPERLEUKOCYTOSIS SYNDROME
Hyperleukocytosis is defined as circulating blasts greater than 50,000/µL 
or 100,000/µL in patients with AML or ALL, respectively.5 Leukostasis 
can occur at lower peripheral blast counts depending on unique char-
acteristics of the individual leukemia clone. Consequences of elevated 
white cell counts are a result of end-organ injury, typically of the CNS 
and lungs. Patients may experience intracranial hemorrhage and CNS 
symptoms of dizziness, confusion, lethargy, vision or hearing changes, 
seizures, and loss of consciousness. Pulmonary symptoms and signs may 
include dyspnea, cough, hypoxia, and respiratory failure and arrest.7,37 
The mechanism is in part a result of leukocyte adhesion to endothelium, 
endothelial injury, alteration in vascular integrity, and development of 
a prothrombotic milieu.7 The end result is microvascular injury and 
occlusion and subsequent injury to the target organ.

The risk of leukostasis varies by leukemia subtype, with AML carrying a 
higher risk for leukostasis than ALL. Between 5% and 29% of patients with 
AML present with WBC >50,000/µL depending on age of patient and sub-
type of AML, and in a CALGB study of patients with AML under the age of 
60, 12% had a WBC >100,000.8 Monocytic and myelomonocytic leukemia, 
inv16 (p13;q22), and AML with 11q23 rearrangements or FLT3-ITD tend 
toward higher WBC counts at presentation.5,8,21 APL, especially the micro-
granular variant, can present with elevated WBC counts (>10,000/µL)  
although it is less common. When patients with APL do present with 
elevated WBC counts, leukocytosis and the associated profound coagu-
lopathy have an adverse prognosis.56 In ALL, T-cell subtype or the presence 
of 11q23 is more likely to present with hyperleukocytosis.5,26,58 With both 
AML and ALL, a high WBC at presentation is a poor prognostic indicator.

  TABLE 92-6    Detection and Management of Tumor Lysis Syndrome55

Electrolyte Measurement Symptoms Management

Hyperkalemia K+ >6 mmol/L 
(6 mEq/L)

Cardiac arrhythmias
Myalgias

Kayexalate
Furosemide
Insulin + glucose
β

2
-agonist

IVF without K+

Low K+ diet
Hemodialysis

Hyperuricemia Uric acid >476 mmol/L 
(8 mg/dL)

Renal insufficiency/
failure

Rasburicase
Allopurinol

Hyperphosphatemia PO4 >1.45 mmol/L  
(4.5 mg/dL)

Renal insufficiency/
failure

PO4 binders
Calcium
Low PO4 diet
Hemodialysis

Hypocalcemia <1.75 mmol/L  
(7 mg/dL)

Cardiac arrhythmias
Seizures

Calcium

Data from Tosi P, Barosi G, Lazzaro C, et al. Consensus conference on the management of tumor lysis 
syndrome. Haematologica. December 2008;93(12):1877-1885.
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Management of hyperleukocytosis is directed with the goal of prevent-
ing end-organ damage from leukostasis. Treatment includes vigorous 
hydration and acute cytoreduction by leukapheresis, hydroxyurea (up 
to 2 g orally every 6 hours), and initiation of induction chemotherapy.  
Leukapheresis can decrease WBC by 50% within 2 to 3 hours with a 
single apheresis session. Elevated WBC and CNS or pulmonary mani-
festations, or underlying renal dysfunction and high risk of TLS with 
induction chemotherapy should prompt consideration of leukapheresis. 
For CNS leukostasis, cranial irradiation may be indicated.

Leukapheresis is typically performed via a central venous catheter, 
although it can be performed using a peripheral line. The procedure is 
generally well tolerated, but carries risks common to any procedure per-
formed via central venous access, including bleeding and infection. Risk 
of bleeding is significant, as patients requiring leukapheresis are usually 
severely coagulopathic. Attempts to normalize coagulopathy should be 
made prior to placement of the central venous catheter with infusion 
of FFP and cryoprecipitate as indicated by coagulation parameters (see 
previously discussed in “Disseminated Intravascular Coagulation”). It 
is worth noting that patients can become hypocalcemic as a result of 
the use of citrated blood products.7 Leukapheresis can be performed 
in patients with elevated WBC from AML or ALL. It is worth noting 
that the National Comprehensive Cancer Network (NCCN) guidelines 
do not recommend leukapheresis for hyperleukocytosis from APL 
(WBC >10,000/µL) unless other methods of cytoreduction have been 
exhausted.1 This is in part a function of the fundamental difference in 
leukemia pathophysiology, and also related to the high risk of central 
venous catheter placement resulting from the profound coagulopathy 
that accompanies APL.1,56

Objective measurements of benefit to overall survival with leukapher-
esis have been limited. Retrospective studies have shown a significantly 
lower risk for early death (first 2-3 weeks of treatment) but have failed to 
show overall survival benefit, presumably because acute leukemias that 
present with hyperleukocytosis carry a poor prognosis.7,22,41,53 However, 
due to the acuity of patients with hyperleukocytosis and the efficacy of 
leukapheresis in lowering the WBC count, it is still recommended in 
conjunction with pharmacologic acute cytoreduction.
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C H A P T E R

KEY POINTS

•• Respiratory, neurologic, metabolic, thoracic, and cardiac emer-
gencies constitute life-threatening complications in patients with 
malignancies. These oncologic emergencies often result from the 
cancer itself and/or from treatment of the cancer.

•• Increased activation of the coagulation system, administration of 
thrombogenic chemotherapy regimens, and placement of intra-
vascular venous catheters place cancer patients at higher risk for 
pulmonary embolism and hemodynamic instability.

•• Neurologic emergencies in cancer patients include status epilepticus, 
malignant spinal cord compression, and intracranial hemorrhage.

•• Radiation therapy and corticosteroids are the mainstays of treat-
ment of malignant spinal cord compression.

•• Malignancy-associated hypercalcemia (MAH) can be divided 
into humoral, osteolytic, and calcitriol-associated hypercalcemia. 
Bisphosphonates are the most efficient and recommended treat-
ment for MAH.

•• Tumor lysis syndrome is associated with hyperuricemia, hyper-
phosphatemia, hypocalcemia, and hyperkalemia, which if left 
untreated can lead to arrhythmias and death. Treatment includes 
aggressive hydration, specific treatment of individual metabolic 
derangements, allopurinol or rasburicase, and hemodialysis for 
severe hyperphosphatemia and symptomatic hypocalcemia.

•• Leukapheresis is usually initiated for the treatment of leukostasis 
associated with acute myelogenous leukemia if the WBC count 
>50,000/mm3 and in acute lymphoblastic leukemia if the WBC 
count is >250,000/mm3.

•• Ninety percent of malignant causes of superior vena cava syn-
drome (SCVS) are due to lung cancer and lymphoma. Patients 
presenting with cerebral edema and airway compromise due to 
SVCS should be treated urgently and considered for SVC stenting.

•• Treatment for cardiac tamponade requires emergent drainage by 
either pericardiocentesis or pericardial window.

INTRODUCTION
Significant advances in cancer care and preventive strategies have 
decreased the incidence of the classic oncologic emergencies (eg, 
superior vena cava syndrome, tumor lysis syndrome, and malignant 
spinal cord compression) that previously necessitated admission to the 
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intensive care unit (ICU). Currently, cancer patients in the ICU are more 
frequently admitted for respiratory and cardiac failure, life-threatening 
sepsis, metabolic complications, and hemorrhagic and thrombotic dis-
orders. Similar to the classic oncologic emergencies, these syndromes 
often result from the cancer itself and/or from treatment of the cancer. 
This chapter will discuss the epidemiology, pathophysiology, clinical 
presentation, diagnosis, and management of the common and classic  
oncologic emergencies that ICU clinicians will encounter in their practice. 
These include respiratory, neurologic, metabolic, thoracic, and cardiac 
emergencies.

RESPIRATORY EMERGENCIES

■■ PULMONARY EMBOLISM
Pulmonary embolism (PE) leads to 300,000 deaths a year and is the 
second most common cause of death in cancer patients.1-3 Increased 
activation of the coagulation system, administration of thrombo-
genic chemotherapy regimens, and placement of intravascular venous 
catheters place oncological patients at higher risk for thromboembolic 
disease.3 Early recognition and treatment of PE is essential due to its 
high mortality when left untreated.

Patients with PE should be admitted to the ICU when there is signifi-
cant respiratory compromise, presence of hemodynamic instability, right-
sided heart failure, or high risk of cardiovascular collapse. Right-sided  
heart failure in the setting of massive PE is associated with a mortal-
ity rate ranging from 25% to 58%.1,4 The acute elevation in pulmonary 
artery pressures after massive PE causes severe strain to the right ven-
tricle (RV), myocardial dysfunction, and ventricular failure.5 Moreover, 
increased right-sided pressures cause the septum to shift into the left 
ventricle (LV), decreasing end-diastolic volume, worsening cardiac  
output, and resulting in cardiogenic shock.1,5

In the ICU setting, early diagnosis and treatment of PE are essential. 
Computed tomography angiography is the most commonly used test for 
diagnosis and can also be used for risk stratification of PE. Studies sug-
gest that an RV/LV ratio greater than 1 is suggestive of RV dysfunction 
and can be associated with increased mortality.6 Echocardiography 
should also be a part of routine evaluation of ICU patients who 
are admitted with PE. Patients with echocardiographic signs of RV 
strain (Fig. 93-1) have in-hospital mortality rate of 10% to 53% even  
without clinical signs of right-sided heart failure.4,7,8 The elevation of  
cardiac markers such as troponins, B-type natriuretic peptide (BNP), 
and pro-BNP has also been associated with increased mortality in 
patients with PE.9,10

FIGURE 93-1.  Echocardiogram showing RV enlargement and septal bowing in a case of 
severe pulmonary embolism.

Treatment of PE should be based on risk stratification (Fig. 93-2).10,11 
Many modalities of treatment exist for PE, and anticoagulation with 
unfractionated heparin, low-molecular-weight heparin, or fondaparinux 
remains the standard initial therapy. A recent study showed that riva-
roxaban, a new oral factor Xa inhibitor, was as effective as standard 
anticoagulation for patients with symptomatic PE; however, since few 
patients in this study were admitted to the ICU, the utility of this agent 
in this setting remains to be determined.12 Other treatment modalities 
such as thrombolysis, surgical embolectomy, and catheter devices for 
clot removal are used occasionally as rescue therapy, and their exact 
indications continue to be under evaluation.

Thrombolytic agents have been used since the late 1960s for the treat-
ment of PE. The American College of Chest Physicians recommends 
the use of thrombolytics for all patients with PE accompanied by hemo-
dynamic instability.11 Early use of thrombolytics decreases pulmonary 
artery pressures and leads to rapid recovery of ventricular function.3,13,14 
In a meta-analysis comparing systemic anticoagulation with heparin 
versus thrombolytics in hemodynamically unstable patients, patients 
treated with thrombolytics had lower recurrence of thromboembolic 
events and decreased mortality.15 Thus, in the presence of hemodynamic 
compromise, thrombolytics are the first-line treatment if there is no con-
traindication to their use.10,11,13 On the contrary, the role of thrombolytics 
in patients with submassive PE (hemodynamically stable patients with 
early signs of RV dysfunction and elevated pulmonary artery pressures) is 
not clear. One study showed that patients with submassive PE who were 
treated with thrombolytics and anticoagulation had a less complicated 
hospital course and no higher risk of bleeding, when compared to those 
treated with heparin and placebo.16 However, there was no difference in 
overall mortality between the two groups.16 Because of these findings, 
consensus guidelines have a grade 2B recommendation for thrombolytic 
use in submassive PE.11 A prospective, multicenter, randomized double-
blind RCT, called the Pulmonary Embolism THrOmbolysis (PEITHO) 
trial noted reduced hemodynamic decompensation, albeit at a price of 
increased major hemorrhage and stroke. When considering thrombolysis, 
and even anticoagulation, it is important to discuss with the patient and 
their surrogate decision makers the risks of these treatments. Although 
bleeding complications are rare, they may carry substantial morbidity and 
even mortality in some patients.

The use of catheter-directed thrombectomy (with or without local 
thrombolytics) has increased significantly in specialized centers, despite the 
absence of well-designed trials demonstrating improvements in outcomes. 

FIGURE 93-2.  Risk stratification and treatment of pulmonary embolism.
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Thrombectomy is performed by clot fragmentation, aspiration (directly 
performed by the tip of the catheter), or rheolytic therapy (Venturi effect 
by speed jet injection of saline which also lyses the clot).17 Suitable can-
didates are patients in whom thrombolysis or surgery is contraindicated, 
and as a rescue therapy for those who do not respond to initial thrombo-
lytic therapy.17 Local injection of thrombolytics via catheter insertion has 
increased the efficacy of clot fragmentation with no significantly higher 
risk of bleeding18; however, there are no studies demonstrating outcomes 
benefits. Accordingly, this strategy cannot be recommended as standard 
therapy. In a recent meta-analysis, the rate of survival and success of treat-
ment was similar for systemic thrombolysis and catheter-related therapy; 
major complications were <3%.19 Caution is important during catheter-
directed therapy as these catheters were initially developed for peripheral 
and coronary arteries and can cause vascular rupture, especially if targeting 
peripheral vessels.20 Other complications, even though infrequent, include 
arrhythmias, embolization, and bleeding from the site of insertion.19,20

Surgical embolectomy with cardiopulmonary bypass is another treat-
ment option for massive PE. The procedure is indicated in patients 
who have contraindications for thrombolysis, as a rescue therapy for 
thrombolytics, or when there is evidence of intraventricular clots.1 Early 
studies showed a mortality rate of 28% after surgical embolectomy; 
however, with current techniques in selected patients, the mortality 
has been reduced to 6% to 18% in specialized centers.1,21,22 Gulba et al 
compared the efficacy of surgical embolectomy with medical treatment 
of PE. These investigators found a slightly better outcome with surgical 
embolectomy than with medical management (33% vs 23% mortality).23  
However, the study lacked statistical power as it included only  
37 patients, and had no adequately matched control groups.23 For all 
patients being considered for surgical embolectomy, the overall prognosis  
and functional status should be adequate.

The use of vena cava filters is reserved for patients who have contra-
indications to anticoagulant therapy such as active bleeding or immedi-
ately following major surgery or major trauma.10

■■ MASSIVE HEMOPTYSIS
Massive hemoptysis, defined as expectoration of 300 to 600 mL of blood 
in 24 hours, accounts for less than 5% of hemoptysis cases and car-
ries a mortality greater than 50%.24 Common causes of hemoptysis are 
(1) infections (mainly aspergillomas and tuberculosis); (2) pulmonary 
(bronchiectasis, diffuse alveolar hemorrhage); (3) malignancy (primary 
and metastatic); (4) vascular (aneurysms and arteriovenous malforma-
tions); (5) vasculitis (Granulomatosis with polyangiitis [formerly known as 
Wegener’s granulomatosis] and Goodpasture syndrome); and (6) trauma or 
iatrogenic (bronchoscopy, biopsy, and catheter-induced pulmonary artery 
rupture).25,26 Cancer patients account for 30% of massive hemoptysis cases, 
and about 10% of patients with lung cancer develop hemoptysis during the 
course of their disease.27 In the past, the mortality of malignancy-related 
hemoptysis was up to 90% in case reports compared to other causes  
(28%-50%).25,27 However, recent studies have shown that the efficacy of 
treatment for hemoptysis in the oncological population is comparable to all 
other patients and mortality has been reduced significantly.27,28

Ninety percent of pulmonary hemorrhages originate from the bron-
chial arteries.29 Bronchial arteries derive from the aorta at the level of 
T5 and T6, and the anatomy of these branches can vary from patient to 
patient. Thus, anatomical classifications of the bronchial artery anatomy 
have been described to facilitate diagnosis and embolization by interven-
tional radiologists.24,30 In 5% of cases, bleeding can come from nonbron-
chial systemic arteries.24,30 In these cases, the bleeding vessels identified 
are transpleural collateral vessels from the subclavian, axillary, and 
internal mammary arteries, which form after chronic inflammation.30  
Bleeding from the pulmonary artery (PA) occurs in less than 5% of 
cases.31 The most common cause for PA bleed is Rasmussen aneurysm, a 
pseudoaneurysm that forms secondary to chronic inflammation.24

In the presence of massive hemoptysis, early protection of the airway, 
resuscitation, and reversal of coagulopathy are essential. After stabilization 

of the patient, the cause and localization of the site of bleed should be 
established. Chest x-ray is an adequate initial tool for diagnosis due to 
its easy availability. Although the chest x-ray can help localize the bleed 
and show other parenchymal abnormalities in 30% to 60% of cases, 
approximately 20% to 30% of chest x-rays are negative in patients with 
hemoptysis.30,32 In addition, the diagnostic yield of chest x-rays to localize 
the anatomic source of bleeding also decreases in the setting of bilateral 
lung compromise due to aspiration.32

Contrast computed tomography (CT) is superior to chest x-ray, as it 
can localize the site of bleed in about 70% to 100% of cases.30,32 Initial 
CT evaluation, especially multidetector CT, can give radiological clues 
if the bleed originates from bronchial, nonbronchial systemic arteries or  
the PA.31 Extrapulmonary causes that will require emergent surgery, 
such as false aortic aneurysms and aortobronchial fistulas, can also be 
detected on initial CT scans.31,33

In massive hemoptysis, bronchoscopy has a diagnostic yield of 61% 
to 93%, but its role is still debated by some experts.28,29,34 Use of rigid 
bronchoscopy has been widely supported as it facilitates airway patency, 
ventilation, and allows better clot evacuation and visualization of the 
airways.33 Despite these advantages, only <6% of pulmonologists in the 
United States have adequate training in the use of rigid bronchoscopy.33 
Flexible bronchoscopy, because of its availability and possibility of bed-
side use, makes it an attractive diagnostic tool. Flexible bronchoscopy 
allows better access to all segments; however, if the bleeding is massive, 
visualization may not be possible.27,28 Even though some believe that 
performing bronchoscopy only delays ultimate treatment, recent studies 
have shown successful stenting and ballooning of airways in patients 
with hemoptysis.35,36 Use of bronchoscopic instillation of epinephrine, 
cold saline, vasoactive solutions, and fibrin has been described in litera-
ture but the efficacy of these strategies in massive hemoptysis is limited 
and unreliable.24,33

More than three decades ago, the initial management of massive 
hemoptysis was observant and mortality was >90%. Surgical inter-
vention was later integrated as an important part of the management 
of hemoptysis.33 Surgery is the definitive treatment for patients with 
massive hemoptysis due to aspergillomas, early malignancy, arterio-
venous malformations, and thoracic aneurysms.25,26 Mortality of these 
procedures is usually 7% to 18.2%; however, when the interventions 
are emergent, the mortality rate increases to 40%.25,26 Because massive 
hemoptysis requires emergent intervention, less invasive modalities of 
treatment, such as embolization, have been developed.

Bronchial artery embolization was first described in 1974.32 Arterial 
access is usually femoral, and an aortogram is performed for adequate 
mapping of all arteries.32 Angiographic signs suggestive of a source 
of bleeding include hypertrophied and enlarged arteries, aneurysms, 
shunting from the bronchial artery to the pulmonary vein or artery, 
and active extravasation.30,32 While most of the bleeds originate from 
the bronchial arteries, it is important to have adequate knowledge  
of the anatomy and review any possible collateral vessels as a possible 
source of bleed. Recurrence of bleed after embolization ranges from 
2% to 25%.27,29,34 Van den Heuvel et al described a higher mortality in 
patients with recurrence and identified several risk factors: (1) residual 
mild bleed after first week of embolization; (2) blood transfusion before 
the procedure; and (3) aspergilloma as the underlying etiology.37 Early 
recurrence, considered to be within the first 6 months after interven-
tion, is secondary to incomplete embolization, or incomplete search of 
other bleeding vessels.24,29 Late rebleed is secondary to recanalization of 
the previous bleeding vessel or progression of the underlying disease.24,29 
Multiple studies have shown success rates of over 90% after emboliza-
tion, with rebleeding occurring in only 10% to 20% cases.29,38,39 One 
of the main complications associated to bronchial artery embolization 
is spinal cord infarction. The anterior spinal arteries can feed from 
branches of the bronchial arteries in 5% of patients, placing these arter-
ies at high risk of unintentional embolization when treating bronchial 
bleeds.24 Currently with superselective embolization, the risk has been 
reported to be lower than 2%.40
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NEUROLOGIC EMERGENCIES

■■ STATUS EPILEPTICUS
Status epilepticus (SE) can be a life-threatening emergency when unrec-
ognized and left untreated. SE is defined as either a persistent seizure 
for >30 minutes or repeated seizures with no recovery of consciousness 
between each episode. Importantly, any seizure activity that continues 
for >5 minutes should be treated as SE.41,42 The incidence of SE in the 
United States is 18.3 to 41 episodes per 100,000 patients/year and about 
7% of seizures progress to SE.41 In the cancer population, about 13% of 
patients experience seizures at some point during the course of their 
disease; 50% of these seizures are secondary to brain metastasis or pri-
mary brain tumors.43 Nevertheless, the prevalence of SE is no higher in 
cancer patients when compared to the general population.44

The causes for SE are the same in the general population and in patients 
with cancer. The most common causes are noncompliance to medica-
tions (29%), alcohol intoxication or withdrawal (26%), CNS infection 
(8%), stroke (6%), tumors (6%), trauma (6%), and anoxic encephalopathy 
(6%).44 In cancer patients, it is important to rule out malignancy-related 
causes of SE (Table 93-1). Poor prognostic factors are presence of anoxia, 
old age, multiple comorbidities, and brain tumors.41,42

Initial management of patients with SE should focus on stabilizing the 
patient’s airway and cardiovascular status. Laboratory workup should be 
performed to determine any possible metabolic or toxic causes as well 
as brain imaging to determine structural lesions. In patients with poor 
mental status or coma in whom nonconvulsive SE is suspected, an elec-
troencephalogram (EEG) should be obtained. Lumbar puncture should 
be considered if an infectious cause is suspected. Supportive treatment 
for SE includes avoiding hyperthermia, hypoxia, hypotension, hypergly-
cemia, hyperventilation, and electrolyte imbalance.45,46 Treatment and 
stabilization of the patient should not be delayed by diagnostic tests and 
procedures since multiple studies have shown that delaying treatment of 
SE causes brain injury, and increases morbidity and mortality.45,47 Delaying 
treatment of SE can decrease the response to treatment from 80% to 30% 
and therefore increase the risk for refractory SE.45 Moreover, institutional 
protocols for treatment of SE have shown to improve outcomes.42,45

Initial management of SE should be with intermittent boluses of 
benzodiazepines.47,48 There are four double-blind randomized controlled 
trials comparing diazepam or midazolam with lorazepam.48-51 While 
initial studies did not show any preference for one benzodiazepine over 
the other, Alldredge et al reported that the use of lorazepam led to earlier 
termination of SE when compared to diazepam.49 Addition of hydanto-
ins (phenytoin, fosphenytoin) to initial boluses of benzodiazepines is 
recommended due to the decreased efficacy of benzodiazepines after  
30 minutes of sustained seizure activity42 although large studies have 

failed to show improved outcomes with this practice.51 Levetiracetam and 
valproic acid, while not approved by the Food and Drug Administration 
for SE, have also been used effectively.52,53 After the administration of 
any antiepileptic drug, clinical and EEG evaluation should be performed 
to determine if further seizure activity persists.

Refractory status epilepticus (RSE) is defined as seizures that persist 
after adding a second line of medication therapy.45,46 In RSE, only 7.3% 
of patients respond to administration of a second drug, and 2% to a 
third drug.51 Even though there are reports of survival after prolonged 
periods of SE, the prognosis is poor.41,42,44 Refractory SE requires further 
workup including reevaluation of administered doses of antiepilep-
tic drugs (AED), discontinuation of medications that could decrease 
the therapeutic levels of AED, and further imaging such as magnetic 
resonance imaging (MRI), position emission tomography (PET), and 
single-photon emission computed tomography (SPECT) to rule out 
unidentified structural pathologies.41 After further workup has been 
performed, medication-induced coma is the next step in the treatment 
of RSE. In these cases, continuous EEG monitoring is the most reliable 
method for the evaluation of responsiveness to treatment.

Benzodiazepine infusion is used for the initial treatment of RSE. 
However, their efficacy becomes reduced with prolonged use.42 Surveys 
performed in Europe and North America report that barbiturates are the 
first drug of choice for RSE among neurologists and neurointensivists.47 
Secondary effects of barbiturates include cardiovascular depression, 
aplastic anemia, and liver dysfunction.41 Propofol has also been used 
successfully for the treatment of RSE. There are no studies suggesting 
any benefits of propofol over benzodiazepines; however, barbiturates 
have shown higher success rates and lower breakthrough seizures when 
compared to benzodiazepines and propofol.54 Ketamine, lidocaine, and 
inhaled anesthetics have also been used for RSE.41 If there is no response 
after a single medication infusion, a combination should be considered, 
being cautious of possible potentiating side effects. Favorable outcomes 
have been reported in patients who received simultaneous midazolam 
and propofol infusions.55 Multiple studies have proven the efficiency 
of newer drugs such as lacosamide and sec-butyl-propylacetamide  
(a derivative of valproic acid) in SE.56,57 Hypothermia, described in case 
reports and studied in animal models, appears to also have an encourag-
ing role in the treatment of SE.58,59 However, further studies are required 
before any of these newer treatment options become standard of care.

Titration of infusions should be considered after 24 to 48 hours of 
no seizure activity on EEG.42,45 Slow titration, while continuing other 
AEDs, should be performed with careful observation for epileptiform 
activity on EEG or clinical evaluation. If all of these measures are inef-
fective, surgical intervention, electroconvulsive therapy, and transcranial  
magnetic stimulation should be considered.41,45,46

■■ MALIGNANT SPINAL CORD COMPRESSION
Spinal metastatic disease occurs in 40% of patients with osseous metas-
tasis and 5% to 10% of these patients develop malignant spinal cord 
compression (MSCC).60,61 Lung, breast, and prostate cancer account for 
20% of cases; non-Hodgkin lymphoma, multiple myeloma, and renal 
cancer account for another 5% to 10%, and the others are attributed to 
sarcomas, colorectal and unknown primary tumors.62-65 The most com-
mon mechanism of spinal involvement by tumor is hematogenous spread 
and tumor embolization; only 15% of cases are due to direct invasion of 
the spinal canal by a growing paravertebral tumor.60,62 After involvement 
of the spine, the tumor can cause MSCC by two different mechanisms: 
(1) the tumor grows, invades the epidural space, and then compresses 
the medulla; (2) the tumor causes vertebral fracture and bone fragments 
compress the spinal cord.60,64 Compression of the spinal cord causes 
edema, decreased vascular flow, and ischemia that can be irreversible.

Early recognition of MSCC is vital as several studies have demon-
strated that restoration of neurological function and prognosis are 
directly related to the degree of initial neurologic damage.62,66 Pain is the 
first symptom in 83% to 90% of cases.64 The pain can be localized, which 

  TABLE 93-1    Malignancy-Related Causes of Seizures

Tumor Brain metastasis
Paraneoplastic syndrome
Reversible posterior leukoencephalopathy syndrome
Leptomeningeal disease

Medication Cisplatin
Cyclophosphamide
Bevacizumab
Imatinib
Busulfan
Intrathecal methotrexate

Others Hyponatremia—SIADH
Hypercalcemia
Brain radiation
Hematopoietic stem cell transplantation
Interaction of chemotherapy with anti epileptic drugs
Stroke
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  TABLE 93-2    Malignancy-Related Causes of Intracranial Hemorrhage

Tumor related Tumor-related hemorrhage
Invasion of dura
Leptomeningeal disease

Vascular Tumor-related arteriovenous malformation
Neoplastic aneurysms
Infectious vasculitis/aneurysms

Treatment related Chemotherapy for acute promyelocytic leukemia
Radiation (intracerebral cavernous malformations)

Hematologic Disseminated intravascular coagulation
Thrombocytopenia
Leukostasis
Microangiopathic hemolytic anemia

suggests direct invasion of the tumor into the epidural space; radicular, 
which may be caused by impingement of nerve roots; and pain that 
worsens with movement due to instability of the spine after vertebral 
body collapse.64 Rodichok et al demonstrated that over 60% of patients 
with cancer complaining of back pain had compression of the epidural 
space by tumor even if no neurological deficits were present.67 Motor 
deficits are also common during MSCC; 35% to 75% of patients com-
plain of a certain degree of weakness on presentation, and about 50% to 
68% of patients diagnosed with MSCC cannot walk before initiation of 
treatment.60,68 Hamamoto et al observed that motor deficits were present 
in 54% of patients with middle thoracic spine involvement, 30% with 
lower lumbar spine, and 15% with cervical spine involvement.66 Sensory 
deficits can also be present in about 50% to 70% of cases, but are usually 
not recognized by the patients.68 Autonomic dysfunction, presenting 
with bowel and bladder incontinence, occurs late in the progression of 
disease and is a poor prognostic factor for recovery.60,64,68

The gold standard for diagnosis of MSCC is MRI. Prior to MRI, spine 
radiographs, CT scans, and myelograms were performed until studies 
proved that MRI was the most cost-effective method for diagnosis of 
MSCC.69 All patients suspected with MSCC should have a whole spine 
MRI as 17% to 30% of patients have multiple spinal lesions. These 
lesions should be characterized for risk stratification for SCC.63 Patients 
with evidence of laminar involvement or metastasis in the midthoracic 
spine can be high risk for MSCC and should be considered for early 
intervention.66 Angiography is useful in hypervascular tumors such as 
sarcoma, melanoma, thyroid, and renal cancer when embolization of 
these tumors is considered prior to surgery.62

Treatment of MSCC is an emergency and requires immediate and 
quick evaluation by a multidisciplinary team that includes oncologists, 
radiation oncologists, and neurosurgeons. Survival after diagnosis of 
MSCC is usually 3 to 6 months.61,63 Treatment is therefore palliative 
and should aim to decrease pain and preserve or restore neurologic 
function.62,64 Scoring systems have been created to evaluate the patient’s 
prognosis and serve as a guide for treatment.70-73 These scoring systems 
include functional status, type of tumor, number of bone metastases, 
degree of neurologic dysfunction, number of visceral metastases, and 
response to radiotherapy.73 Harrington score classifies spinal metastasis 
according to the degree of neurologic dysfunction, and is used as a guide 
to select candidates for either surgery or radiotherapy.74

Radiation therapy has been the main treatment for MSCC since the 
early 1950s.60,73 Indications for radiation therapy include absence of 
spinal instability, patients unable to tolerate surgery due to poor func-
tional status, life expectancy less than 6 months, diffuse spinal disease, 
neurological deficit ongoing for over 24 to 48 hours, and sensitivity of 
the primary tumor to radiotherapy.68 Treatment with radiotherapy has 
been effective in reducing pain, tumor size, and preserving neurologic 
function.60 Optimal dosing and frequency of radiotherapy have not been 
well established since no studies have shown improved outcome when 
comparing different protocols.75

Outcomes of patients undergoing surgical decompression have 
improved significantly since the 1980s. Initial surgical interventions 
consisted of only laminectomy; however, with new approaches, neuro-
surgeons are able to decompress the spinal cord, perform cytoreduc-
tive resections to avoid recurrence, and reconstruct and stabilize the 
spine.61,64 Indications for surgery include progression of tumor despite 
radiation, neurologic deterioration during radiation, significant cord 
compression, medically intractable pain, radioresistant tumors, and 
evidence of spinal instability.68 In 2005, Patchell et al published the first 
randomized clinical trial comparing the treatment of MSCC with radio-
therapy alone versus radiotherapy combined with surgical intervention 
(generally within 24 hours).76 These investigators found that patients 
who had undergone surgical intervention and radiotherapy were more 
likely to regain neurologic function (gait and urinary continence) had 
better pain control, and improved survival than those receiving radia-
tion alone.76 A meta-analysis by Klimo et al replicated these results.61 
Despite these encouraging results, it is important to take into account 

the patient’s overall status and prognosis before undergoing any surgical 
procedure.64

Corticosteroids should be administered as soon as the diagnosis of 
MSCC is made. These agents not only decrease edema, but may also 
have a direct effect on tumor destruction such as in cases of lymphoma.64 
Sorensen et al reported that administration of intravenous IV dexa-
methasone prior to radiotherapy and for a total of 10 days decreased 
pain and improved neurologic function.77 When comparing 100 mg iv 
bolus to 10 mg iv bolus of dexamethasone, there was no difference in 
pain reduction, survival, or neurological outcome.78

Spinal stereotactic radiosurgery, percutaneous vertebroplasty, and 
kyphoplasty are being considered more localized and less invasive methods 
of treatment of MSCC. While some studies have shown promising results, 
they are still not widely used and are still considered experimental.64,79

■■ INTRACRANIAL HEMORRHAGE
The prevalence of cerebrovascular accidents in the oncological popula-
tion is approximately 15%, with intracranial hemorrhage (ICH) being 
more common than ischemic disease.80-82 Hematologic cancer patients, 
when compared to patients with solid tumors, have a higher incidence 
of ICH and a worse outcome.82 In comparison to the general popula-
tion, hypertension and amyloid angiopathy are rarely causes of ICH in 
cancer patients. Table 93-2 lists the various causes of ICH in patients 
with malignancy.

The frequent occurrence of thrombocytopenia and coagulopathy in 
hematologic cancer patients is a major contributor to the high prevalence 
of ICH in these patients.80,83 Moreover, their hemorrhages are usually 
larger and can be fatal in over 70% of cases.80,83,84 Particular populations 
that are at increased risk of ICH are leukemic patients (especially those 
with acute promyelocytic leukemia [APML] and hematopoietic stem 
cell transplant [HSCT] patients). In leukemic patients, hyperleukocy-
tosis has been found to be a risk factor for ICH.85,86 Hyperviscosity and 
release of inflammatory factors such as intercellular adhesion molecule 
(ICAM), vascular cell adhesion molecule (VCAM), TNF-α, and IL-1β 
can lead to thrombosis and subsequent bleeding.85 Patients with APML 
are at increased risk of ICH due to their high incidence of disseminated 
intravascular coagulation on diagnosis (70%-80%).87 In the HSCT popu-
lation, risk factors for ICH include autologous transplant, graft-versus-
host-disease, venoocclusive disease, and prior radiotherapy.83,88

Intracranial hemorrhages in solid tumor patients are usually tumor-
related hemorrhages (TRH). The prevalence of macroscopic or micro-
scopic TRH is about 14%.80,88 Metastatic tumors to the brain, such as 
germ cell tumors, melanomas, lung, and papillary thyroid cancer, are 
more prone to bleed when compared to primary brain malignancies.82 
Solid tumor-related hemorrhages have a better prognosis than ICH 
associated with hematologic malignancies.80,82 Moreover, when neuro-
logic examination is unchanged from baseline, their prognosis is the 
same as in patients with brain tumors that have not bled.80,87
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The clinical presentation of ICH can vary from focal deficits to severe 
changes in mental status. If ICH is suspected as a cause for neurological 
deficits, a CT scan of the brain should be rapidly performed. Findings on 
CT include intraparenchymal, intraventricular, and subarachnoid hemor-
rhage (SAH), and subdural and epidural hematomas. Although studies 
have not been able to correlate imaging findings with clinical diagnosis, 
several reports have suggested that subdural hematomas are usually 
secondary to thrombocytopenia and dural disease, SAH to leptomeningeal 
disease and neoplastic aneurysms, and massive intraparenchymal hemor-
rhages to coagulopathies that are usually encountered in patients with 
hematologic malignancies.81,88,89 Early MRI has proven useful in diagnosing 
and managing ICH.89 MRI is also helpful to diagnose TRH when associated 
with specific findings such as heterogeneity of hematoma signal, decreased 
or absent hemosiderin, and delayed pattern of hematoma evolution.88

Treatment of malignancy-related ICH does not differ largely to that 
offered to the general population. Immediate reversal of coagulopathy 
should be performed with platelets, plasma, and prothrombin protein 
concentrate transfusions, as needed.90 Factor VII infusion has not 
improved outcomes of massive ICH in patients with leukemia and has 
been associated with a higher incidence of thrombotic events.87 Control 
of blood pressure to maintain adequate cerebral perfusion has also 
been beneficial in cancer patients.82 Evacuation of hematomas and large 
collections, especially when there are early signs of increased intra-
cranial pressure, has been performed satisfactorily in cancer patients. 
However, it is important to note that complications related to bleeding 
can be higher in the setting of coagulopathy while performing these 
procedures. Corticosteroids have also been used effectively for the treat-
ment of edema related to TRH.82 Prophylactic brain radiation and leuka-
pheresis have not been useful in preventing ICH in patients with APML 
but administration of all-trans-retinoic acid was shown to decrease the 
incidence of ICH in these patients.91

METABOLIC EMERGENCIES

■■ HYPERCALCEMIA
Hypercalcemia is present in 20% to 30% of patients with malignancy.92,93 
Malignancy-associated hypercalcemia (MAH) is common in solid 
tumors such as metastatic lung and breast cancer, and in hematologic 
malignancies such as Hodgkin and non-Hodgkin lymphomas, and 
adult T-cell leukemia/lymphoma.94 MAH can be divided into humoral, 
osteolytic, and calcitriol-associated hypercalcemia.95 In humoral hyper-
calcemia, parathyroid hormone–related protein (PTHrP) and cytokines 
(IL-1, IL-6, TNF-α, TGF-β) are released by tumor cells and increase 
calcium reabsorption by the kidney and inhibit osteoblasts.92-94,96 
Osteolytic MAH, observed in 20% of cases, is associated with increased 
osteoclastic activity secondary to bone metastasis.93 Calcitriol-associated 
hypercalcemia compromises less than 1% of MAH and is associated with 
hematologic malignancies.93,95 Although physiopathology of calcitriol-
associated hypercalcemia is not completely understood, it is believed 
that WBCs in lymphoma and leukemias have increased calcitriol 
production.93 In a majority of cases, the hypercalcemia is secondary to 
a combination of all of these presentations. Despite available treatments 
for hypercalcemia, patients with MAH have a very poor prognosis and 
their median survival is less than 35 days; when hypercalcemia is refrac-
tory to treatment, palliation should be considered.97

Symptoms of hypercalcemia include muscular cramping, constipa-
tion, dehydration, polyuria, changes in mental status, and cardiac 
dysrhythmias. The severity of symptoms is usually associated with the 
degree of hypercalcemia, with central nervous system symptoms being 
present with calcium levels >14 mg/dL.65 Moreover, elderly patients, 
and those with acute elevation of calcium levels may be more symptom-
atic. Initial workup for hypercalcemia should include measurements of 
ionized calcium, PTH, PTHrP, and 25-hydroxy vitamin D levels.

Almost all patients with hypercalcemia have significant intravascular 
volume depletion due to polyuria, vomiting, and decreased oral intake. 

Dehydration can lead to renal failure and worsening hypercalcemia. 
Aggressive hydration should be initiated with normal saline at a rate 
of 200 mL/h with close monitoring of volume status to avoid fluid 
overload. Loop diuretics such as furosemide (40 mg IV every 12-24 h) 
were previously used to promote calciuresis. However, their use is no 
longer recommended as a recent meta-analysis showed that they did not 
consistently decrease calcium levels, and were associated with further 
volume depletion and electrolyte imbalances.98

Bisphosphonates are the most efficient and recommended treatment 
for hypercalcemia.96,99 These agents block bone resorption by osteoclasts. 
Double-blind RCTs have shown zoledronic acid at a dose of 4 mg IV 
over 15 minutes to be more efficient than pamidronate (60-90 mg IV) 
regardless of tumor type, calcium levels, number of bone metastasis, and 
PTHrP levels.99 Renal failure has been observed in animals treated with 
bisphosphonates, and while uncommon, it is recommended to monitor 
renal function and to avoid the administration of bisphosphonates in 
patients with a glomerular filtration rate <30 mg/dL.92,99

Because bisphosphonates are effective only after 48 hours and hydration 
can only aid with calciuresis to a certain degree, other immediate measures 
such as calcitonin administration should be taken. Calcitonin (4-8 IU/kg 
subcutaneously or iv every 12 h) decreases calcium levels by inhibiting 
osteoclasts and inducing calciuresis 2 hours after administration.92,94,96 
Patients can develop resistance (tachyphylaxis) to calcitonin; therefore, its 
administration should be limited to two doses.97 Cases of anaphylaxis have 
also been reported requiring that patients be monitored closely.97

Glucocorticoids have also been effective in the treatment of lymphoma- 
related hypercalcemia. Corticosteroids inhibit calcitriol production by 
macrophages and therefore decrease gut calcium absorption and osteo-
blast activity.95 Prednisone (60 mg orally daily) or hydrocortisone 100 mg 
iv every 6 h is commonly used.

■■ TUMOR LYSIS SYNDROME
Tumor lysis syndrome (TLS) is characterized by electrolyte and metabolic 
derangements that occur after rapid breakdown of proliferating malig-
nant cells. TLS can be spontaneous in rapidly growing tumors or present 
after treatment with chemotherapy, corticosteroids, or radiation.100,101  
TLS has an incidence of 5% to 10% and is typically associated with 
acute leukemias particularly acute lymphoblastic leukemia and highly 
aggressive lymphomas, such as Burkitt lymphoma.100,101 TLS has also 
been reported in solid malignancies such as breast cancer, small cell lung 
carcinoma, and germ cell tumors.102

During cell breakdown the released potassium may lead to hyperka-
lemia, which if left untreated can lead to arrhythmias and death. Uric 
acid, a metabolite of free nucleic acids, may crystallize and deposit in 
the renal tubules, causing acute kidney injury which can further worsen 
hyperkalemia. Rapid cell breakdown also causes hyperphosphatemia 
that, if severe, can cause vomiting, diarrhea, lethargy, and seizures. 
Hypocalcemia occurs due to calcium binding to phosphorus. When 
severe, hypocalcemia can result in muscular cramping, cardiac arrhyth-
mias, and hypotension.

The management of TLS should include identification of patients with 
predisposing risk factors, early recognition, and treatment according to 
severity stratification. Common risk factors for TLS are preexisting 
hyperuricemia, a large tumor burden, rapidly growing malignancies, 
fluid depletion, and renal dysfunction.103 Recently patients have been 
characterized into low, intermediate, and high risk for TLS according to 
their malignancy and laboratory findings.100 This stratification improves 
early recognition and serves as a guide for treatment. In 2004, Cairo 
and Bishop developed laboratory and clinical diagnostic criteria for TLS 
(Fig. 93-3).104 The presence of two or more laboratory abnormalities  
2 days before or 7 days after cytotoxic treatment is indicative of TLS and 
should trigger aggressive management.

Supportive care of patients at risk for TLS should be initiated with 
aggressive hydration to maintain a urine output of 100 mL/h. Close 
monitoring of electrolytes and lactate dehydrogenase and uric acid 
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FIGURE 93-3.  Cairo-Bishop diagnostic criteria for tumor lysis syndrome. (Adapted with permission from from Cairo MS, Bishop M. Tumour lysis syndrome: new therapeutic strategies and 
classification. Br J Haematol. October 2004;127(1):3-11, with permission from Blackwell Publishing Group.)

Laboratory tumor lysis syndrome

Uric acid ≥8 mg/dL (≥476 μmol/L) or 25% increase from baseline  

Potassium ≥6 mEq/L (≥6 mmol/L) or 25% increase from baseline 

Phosphorus ≥4.5 mg/dL (≥2.1 mmol/L) or 25% increase from baseline 

Calcium ≤7 mg/dL (≤1.75 mmol/L) or 25% decrease from baseline

Clinical tumor lysis syndrome

Serum creatinine ≥1.5 times the upper limit of normal

Cardiac arrhythmia or sudden death

Seizure

FIGURE 93-4.  Risk stratification and treatment for tumor lysis syndrome. ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; CLL, chronic lymphocytic leukemia; CML, chronic 
myeloid leukemia; DLBCL, diffuse large B-cell lymphoma; MM, multiple myeloma; NHL, non-Hodgkin lymphoma. (Adapted with permission from Coiffier B, et al. Guidelines for the management 
of pediatric and adult tumor lysis syndrome: an evidence-based review. J Clin Oncol. June 1, 2008;26(16):2767-2778, with permission from the American Society of Clinical Oncology.)

Type of cancer Low risk Intermediate risk High risk

NHL Indolent NHL DLBCL Burkitt, lymphoblastic, Burkitt
ALL

ALL WBC <50,000/mm3 WBC 50,000-100,000/mm3 WBC >100,000/mm3

AML WBC <10,000/mm3 WBC 10,000-50,000/mm3 WBC >50,000/mm3; monoblastic 

CLL WBC <10,000/mm3 WBC 10,000-100,000/mm3;
fludarabine treatment

Othersa Remainder of patients Rapid proliferation with
expected rapid response 

Treatment Clinical judgment and monitoring Hydration and allopurinol;
rasburicase if hyperuricemia
develops

Hydration and rasburicase

aAll other hematological malignancies including CML and MM, and solid tumors.

levels are necessary on days prior and after cytoreduction. Earlier 
guidelines recommended alkalinization of urine with sodium bicar-
bonate to make uric acid more soluble and prevent its precipitation 
in the renal tubules.105 However, an alkalotic urinary pH has been 
shown to increase phosphate and xanthine precipitation in the renal 
tubules.65,100,106 Thus, current guidelines no longer recommend adminis-
tration of sodium bicarbonate.100,106 Diuretics can be used for decreased 
urine output but their use has not been associated to improve outcomes.101 
Indications for hemodialysis in TLS include signs of uremia, volume over-
load, persistent hyperkalemia, and acidosis. It is also recommended that 
patients with severe hyperphosphatemia and symptomatic hypocalcemia  
be initiated on hemodialysis.100,107 Prophylactic or early hemodialysis,  
however, has not been studied for TLS.108

Allopurinol, a xanthine oxidase inhibitor that blocks production of 
uric acid, has been used since the early 1960s for TLS.109 Allopurinol 
should be started 48 hours prior to initiation of cytotoxic treatment 
in patients at risk for TLS, and can be administered both orally and 
intravenously with the same effectiveness.101,102 While allopurinol is 
effective in preventing uric acid production, it does not have any effect 
in those with preexisting hyperuricemia. Moreover, production of xan-
thine, which can also precipitate in the renal tubules, is not inhibited 
by allopurinol.100 In contrast, rasburicase, a recombinant urate oxidase, 
degrades already formed uric acid into allantoin which is easily excreted 
in urine.110 Studies comparing rasburicase to allopurinol have shown 

that the rasburicase is more effective in reducing uric acid levels and 
preventing renal failure.110,111 Adverse effects reported with rasburicase 
include hypersensitivity, methemoglobinemia, and hemolysis in patients 
with glucose-6-phosphate dehydrogenase deficiency.101,102 Rasburicase 
is considerably more expensive than allopurinol. As a result, different 
studies have evaluated the efficacy of smaller single doses of rasburicase, 
or limiting its use to cases with particularly elevated uric acid levels.65,112 
The use of rasburicase at a dose of 0.1 to 0.2 mg/kg via iv infusion over 
30 minutes once daily for 5 days is recommended in patients who are at 
high risk for TLS.100

Current guidelines on management of TLS are based on the risks and 
severity of the syndrome (Fig. 93-4).100,108 While there are no studies  
comparing outcomes of these different guidelines, they all facilitate 
early recognition of high-risk patients and initiation of early aggressive 
treatment.

LEUKOSTASIS
Hematologic malignancies with hyperleukocytosis (>100,000/mm3) 
may develop leukostasis when blasts aggregate in the microvascula-
ture and cause organ dysfunction.113,114 Leukostasis is more common 
in acute leukemias with an incidence of 10% to 30% in patients with 
acute myelogenous leukemia (AML) and acute lymphoblastic leukemia 
(ALL).113 Its presence is associated with a high recurrence of disease 
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and mortality is as high as 40% to 60%.102,103,115 Certain chromosomal 
mutations in AML and ALL are thought to be associated to higher white 
blood cell (WBC) counts and higher risk for leukostasis.102,114

Hyperviscosity, secondary to elevated WBC counts, was thought to be the 
main factor in the physiopathology of leukostasis. However, in vitro stud-
ies have shown that when hyperleukocytosis is present, there is decreased 
platelet and erythrocyte production to avoid increased viscosity.116  
Thus, a more important role has been contributed to the interaction 
of leukemic blasts with the endothelium. First, there is evidence that 
there is increased expression of adhesion markers such as ICAM-1 and 
VCAM-1 in blasts during leukostasis.85,102,115 Second, increased produc-
tion of inflammatory markers such as TNF-α and IL-1β also plays an 
important role in blast aggregation during leukostasis.85,114

A definitive diagnosis of leukostasis is made during pathological 
examination at autopsy; however, clinical suspicion should be enough to 
lead to prompt treatment. The most commonly involved organs are the 
respiratory and central nervous system (CNS).102,114 Symptoms such as 
dyspnea, hemoptysis, respiratory distress, and hypoxemia should suggest 
pulmonary compromise. Dizziness, headache, confusion, tinnitus, gate 
instability, and blurry vision are common CNS symptoms, and in many 
cases are caused by intracranial hemorrhage.102,114,117 Other clinical syn-
dromes are limb and gut ischemia, renal vein thrombosis, heart failure 
or ischemia, and priapism.114,115 In patients with a WBC >50,000/mm3  
a risk staging model has been created to grade the probability of  
leukostasis.117,118 This grading system, while not always used, should 
guide treatment in patients with elevated WBC counts.

For the past two decades, there has been very little progress in the 
treatment of leukostasis, and mortality continues to be extremely high.117 
Current available treatment of leukostasis consists of cytoreduction with 
leukapheresis, hydroxyurea, and chemotherapy. Leukapheresis is usually 
initiated in cases of AML if WBC >50,000/mm3, and in ALL if WBC is 
>250,000/mm3.113,115 A reduction of WBC >40% can be observed after 
just one treatment.85 However, some studies suggest that lower WBC 
counts are not associated with lower mortality.114 While leukapheresis 
is still used in many institutions, its timing, number of treatments, and 
target WBC count have not been defined.115 Moreover, retrospective 
studies have failed to show that leukapheresis improves mortality, and 
no prospective RCTs have been performed.85,119 Currently, the use of 
leukapheresis continues to be based on incidental reports of patients 
who have had clinical response after its use.113,115

Hydroxyurea, also used to treat hyperleukocytosis, has comparable 
efficiency and outcomes to leukapheresis.113 While malignancies associ-
ated with leukostasis carry a poor long-term prognosis, early treatment 
with chemotherapy has shown to improve mortality in the short term.85 
Cranial irradiation has been utilized in some centers to treat CNS 
symptoms and reduce intracranial hemorrhage. However, studies have 
failed to show any benefits from cranial irradiation and thus this is no 
longer recommended.85 Patients with hyperleukocytosis are at high risk 
for tumor lysis syndrome and should be monitored closely for this syn-
drome. Future treatments for leukostasis should aim to inhibit adhesion 
molecules and inflammatory markers. Dexamethasone, which decreases 
cytokine production and suppresses adhesion markers, has been shown to 
be effective in acute promyelocytic leukemia; nevertheless, further studies 
to look at its role in AML and ALL are necessary.114 A better understand-
ing of the physiopathology of leukostasis may lead to further development 
of new treatments and probably improvement of its prognosis.

SUPERIOR VENA CAVA SYNDROME
Superior vena cava syndrome (SVCS) is a group of signs and symptoms 
that present after obstruction of the superior vena cava. In the past, vascu-
litis, thrombophilia, and infections causing fibrosing mediastinitis (histo-
plasmosis) or aortic aneurysms (syphilis) were the most common causes 
of SVCS.102,120 Currently >85% of cases are associated with malignancy, 
and an increasing number are due to thrombosis after placement of central 
venous catheters and pacemakers.121 Ninety percent of malignant causes of 

SVCS are due to lung cancer and lymphoma; 50% are due to nonsmall cell 
lung carcinoma (NSCLC), 25% due to small cell lung carcinoma (SCLC), 
and 10% due to non-Hodgkin lymphoma.122,123 Once SVCS is present in the 
setting of malignancy, life expectancy is only 2 to 9 months.123

Most common findings on physical examination in patients with 
SVCS include facial flushing and edema, facial plethora, and distention 
of neck and superficial veins (Fig. 93-5). Patients will present with com-
plaints of arm edema, dyspnea, orthopnea, dizziness, and presyncope. 
When SVC compression occurs, collateral flow is created through the 
azygos and intercostal veins within 2 weeks.122,123 If obstruction is acute, 
no collateral flow is formed and symptoms are severe. Patients can 
sometimes present with hypotension and orthostasis due to decreased 
venous return; however, hemodynamic compromise is usually present 
when there is associated cardiac compression by the mass.122 In the past, 
SVCS was considered an emergency; however, current data suggest that 
high rates of immediate death are only observed when there is airway 
compromise or cerebral edema.122,124 Airway compromise is usually  
secondary to laryngeal or vocal cord edema and patients commonly 
present with hoarseness and stridor. Typical symptoms suggestive of 
cerebral edema include headache, confusion, and obtundation. It is 
important to perform in all patients a complete neurologic examination 
that includes fundoscopy since initial findings of cerebral edema can be 
subtle and therefore missed. Presentation of airway compromise and 
cerebral edema are considered an emergency, and aggressive and imme-
diate treatment should be pursued.122,125

Initial diagnosis of SVCS should be clinical, and both history-taking 
and imaging studies should help identify the cause of obstruction and its 
extent. Chest x-ray is abnormal in about 84% of patients with SVCS.123 
CT scan with contrast should be performed to further elucidate the 
size of the mass, extent of obstruction, and whether there is associated 
thrombosis. Magnetic resonance imaging can be performed if there are 
contraindications for intravenous contrast.120,123

Initial symptomatic treatment for SVCS includes oxygen supplemen-
tation, head elevation, and avoiding the supine position. Some authors 
suggest a short diuretic trial while other treatments are implemented; 
however, the literature has failed to show significant improvement with 
diuretics.122,124 Management of airway compromise requires rapid stabili-
zation of the airway. Use of corticosteroids has been described; however, 
there are no RCTs suggesting that their use is beneficial.126 Moreover, use  
of corticosteroids prior to biopsy can alter the yield of pathologic diag-
nosis, especially if lymphoma is suspected.120,123 Therefore, the use of 
corticosteroids should be limited only when as part of protocols for 
chemotherapy or radiotherapy. Some have suggested anticoagulants 
be used routinely in SVCS due to the high incidence of pulmonary 

FIGURE 93-5.  Superior vena cava syndrome. (Reproduced with permission from Lewis 
MA, et al. Determination of cetirizine in human plasma using high performance liquid chroma-
tography coupled with tandem mass spectrometric detection: application to a bioequivalence 
study, CA. Can J Clin. September-October 2011;61(5):287-289.)
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embolism in this population.127,128 However, bleeding complications are 
high, and current data do not suggest improved outcomes when using 
routine anticoagulation.123

The use of intravascular stents for SVCS treatment has increased 
significantly since the early 1980s.129 Stenting improves symptoms in the 
first 24 to 72 hours, making it the treatment of choice for patients with 
severe SVCS.126,129 Multiple studies have shown stenting to be efficient, 
safe, and cost-effective.126,129,130 Complications such as stent migration, 
pericardial tamponade, and PE have been reported in less than 8% of 
cases.129 Moreover, stenosis of stents has been reported to be less than 
7%.129,130 Prolonged use of anticoagulants to avoid stent thrombosis is 
still controversial and some authors have observed that dipyridamole 
may be enough to avoid this complication.130

As described earlier, only in cases of cerebral edema and airway 
compromise should treatment for SVCS be initiated urgently and 
without a diagnosis. Even after stent placement, final treatment for 
SVCS should be guided by the therapy for the malignancy. Initiating 
treatment prior to diagnosis can obscure biopsy results in up to 48% 
of cases.123 Therefore, biopsy of the tissue, pathologic evaluation, and 
staging should be performed to define adequate treatment. Response to 
radiation and chemotherapy occur only after 2 to 3 weeks of initiating 
treatment, and symptoms improve in only 50% to 70% cases.120,123 All 
treatments should be reviewed and their intent, either palliative or cura-
tive, should be clear to the clinicians.

CARDIAC TAMPONADE
In the presence of a pericardial effusion, elevated intrapericardial pressure 
prevents the right cardiac chambers, usually a low pressure system, from 
filling adequately.131 Cardiac tamponade (CT) occurs when increased 
intrapericardial pressure impairs diastole and right ventricular filling 
and reduces left ventricular preload which lowers cardiac output, causing 
hypotension and shock.131 Small volume tamponade occurs with rapid 
accumulation of fluid such as in cases of trauma or infection were pericar-
dial fluid volumes as low as 400 mL can cause hemodynamic instability.102

Pericardial effusions secondary to malignancy usually accumulate 
slowly giving time for the pericardium to stretch as a compensatory 
mechanism to increased intrapericardial pressures.102,103,131 In these 
cases, effusions can be as large as 2 L without causing any significant 
hemodynamic changes.103 The most common malignancies associated 
with pericardial effusions are lung, breast, melanoma, and lymphoma.102 
Primary malignancies of the pericardium are rare, but most commonly 

are mesotheliomas.102 Pericardial effusions due to malignancy are 
associated with a poor prognosis; only 45% of patients survive at  
6 months decreasing to 10% to 26% at 1 year.132,133 The worst outcomes 
have been associated with patients with lung cancer, especially adeno-
carcinoma, in whom survival is less than 3 months after pericardial effu-
sions are diagnosed.132,134 On the contrary, patients with lymphoma have 
a better prognosis with survival of up to 3 years.134,135 Other prognostic 
factors associated with higher mortality are positive fluid cytology, no 
response to chemotherapy, and advanced malignancy.132,136

The most common symptoms associated with cardiac tamponade are 
dyspnea, chest discomfort, and chest pain. Beck triad, consisting of pulsus 
paradoxus, distant heart sounds, and jugular venous distention (JVD), 
was first described in the 1930s. However, JVD, hypotension, and muffled 
heart sounds have been only described in 54%, 28%, and 22% of cases, 
respectively.137 Chest x-ray reveals an enlarged cardiac silhouette in about 
70% of cases.137 Electrocardiographic signs consistent with pericardial 
effusion and tamponade can vary, but the most specific are low voltage, PR 
depression, and electric alternans (Fig. 93-6). These findings have a posi-
tive predictive value of 92% to 95%, and are highly specific (86%-99%),  
but their sensitivity can be as low as 8% to 42%.138 Echocardiogram should 
be performed emergently on any patient in whom cardiac tamponade 
is suspected. Early findings suggestive of tamponade physiology on  
echocardiogram are increased ventricular collapse during diastole and 
exaggerated contraction of the right atrium during atrial systole.

Treatment of cardiac tamponade requires emergent drainage by either 
pericardiocentesis (guided by echocardiogram, fluoroscopy, or computed 
tomography) or pericardial window. Risks for pericardiocentesis are low 
(1.2%-3%) and consist of perforation of cardiac chambers, laceration of 
intercostal and coronary vessels, ventricular tachycardia, and bactere-
mia.136,139 Recurrence of malignant pericardial effusion is common (up 
to 50% at 12 months), and is mostly observed in patients with adenocar-
cinoma of the lung.139 A pericardial window is recommended for patients 
who have a higher risk of recurrence.139,140 Studies comparing pericardial 
window with pericardiocentesis have shown decreased recurrence with 
the former, but have failed to show any difference in overall survi
val or safety.140 Pericardial radiation and instillation of chemotherapy 
agents such as bleomycin, carboplatin, and mitomycin have been  
described for recurrent effusions. While all of these agents have  
been used safely, no survival benefit has been demonstrated.141-144 These 
sclerosing agents are usually performed on patients with chronic and 
recurrent effusions. It is important to note that emergent drainage is the 
treatment of choice when cardiac tamponade is present.

FIGURE 93-6.  Electric alternans. (Obtained from http://www.ecglibrary.com/elec_alt.html)
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KEY POINTS

•• The complications of hematopoietic stem cell transplantation 
generally relate to the consequences of the cytoreductive therapy, 
infections, and in the case of allogeneic transplants, immunosup-
pression and development of graft-versus-host disease.

•• Graft-versus-host disease remains one of the most important  
complications of allogeneic transplantation.

•• Stem cell transplant recipients may require admission to the 
intensive care unit for close monitoring for volume and electrolyte 
issues, vasopressor or renal support, and mechanical ventilation.

•• The approach to the diagnosis and management of infectious 
disorders in the stem cell transplant recipient is dependent on the 
underlying disease and prior therapy, timing of the infection rela-
tive to the transplant, the type of transplant, the patient’s immuno-
logic history and comorbidities.

•• Pulmonary complications develop in up to 60% of allogeneic 
transplant recipients and are the immediate cause of death in 
approximately half of the cases.

•• Major noninfectious pulmonary complications in the early trans-
plant period include idiopathic pneumonia syndrome, diffuse 
alveolar hemorrhage, and periengraftment respiratory distress 
syndrome; bronchiolitis obliterans syndrome and bronchiolitis 
obliterans organizing pneumonia occur later.

•• Despite advances in supportive care in the intensive care unit, the 
mortality rate of allogeneic transplant recipients who develop respi-
ratory failure and multiple organ failure remains extremely high.

INTRODUCTION
Hematopoietic stem cell transplantation (HSCT) has become an expand-
ing modality for the treatment of benign and malignant hematologic 
diseases. While HSCT has been shown to be of benefit in only a few 
nonhematologic malignant diseases such as relapsed testicular cancer 
and neuroendocrine tumors, it has been studied in clinical trials in a 
variety of others such as renal cell and breast cancer, without major 
efficacy.1 In the area of benign diseases, it can restore hematopoiesis 
and/or immune function in congenital or acquired immune deficiency 
or marrow failure states. The most common diseases for which HSCT is 
performed are acute leukemia, myelodysplastic syndrome, Hodgkin and 
non-Hodgkin lymphomas, multiple myeloma, and less common disor-
ders such as aplastic anemia.2 Classical HSCT is a lifesaving procedure 
which utilizes high doses of chemotherapy and/or radiotherapy. In the 
case of malignant disease, it is a treatment modality which is used after 
at least one and often many courses of standard chemotherapy. Greater 
numbers of patients over a wide age range are undergoing transplanta-
tion as a part of their oncologic therapy, and more of these patients are 
becoming survivors.3

A stem cell transplant can be broken down into three components: 
the graft, the conditioning, and, in some types of transplant, the immu-
nosuppression. There are two types of HSCT based on the source of 
the graft—“autologous”—when the stem cells are harvested from the 
patient at the time of blood count recovery after chemotherapy, or after 
receiving a white blood cell growth factor (granulocyte-colony stimu-
lating factor [G-CSF]) or stem cell mobilizer (plerixafor)—which mobi-
lizes bone marrow stem cells into the peripheral blood from which they 
can be collected by apheresis. The second type of stem cell transplant 
is “allogeneic” which utilizes stem cells donated from a family member,  
an unrelated donor, or umbilical cord blood (Fig. 94-1). When derived 
from a donor, the stem cells are matched to the patient using the anti-
genic determinants that mediate tissue graft rejection responses, primar-
ily the human leukocyte antigens (HLAs). These are encoded by genes 
of the major histocompatibility complex located on chromosome 6.4  
A fully HLA matched sibling is the preferred donor source because the 
risk of graft rejection and graft-versus-host disease (GVHD) is lowest 
with this source of cells. When a matched related sibling is not avail-
able, an unrelated fully matched donor is the preferred alternative.5 
Unfortunately, due to a limited availability, sometimes only a partially 
matched or “mismatched” donor can be identified. Additional stem 
cell sources used in the allogeneic setting include umbilical cord blood 
and stem cells from a haploidentical family member. The stem cells 
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can be obtained directly from the bone marrow by performing many 
aspirations from the posterior iliac crests under general anesthesia, 
by apheresis of stem cells mobilized from the bone marrow into the 
peripheral blood after administering G-CSF or stem cell mobilizer to 
the donor, or in the form of umbilical cord blood stem cells which were 
harvested from the placenta at the time of a birth. In an autologous 
transplant, the stem cells are only used to rescue the bone marrow 
from the damage caused by the chemotherapy, radiotherapy, and/
or antibody therapy given just prior to the stem cell infusion to treat  
the malignancy. Stem cells in an allogeneic stem cell transplant  
rescue the bone marrow from treatment damage with cells that are free 
of disease. In addition, some of these stem cells, as well as the lym-
phoid cells that accompany the stem cells, develop into a new immune 
system, which may provide a biologic effect (allo effect) against the 
tumor referred to as the graft-versus-leukemia or graft-versus-tumor 
effect (GvT). ABO incompatibility between the patient and the donor 
requires manipulation of the graft prior to infusion with red cell or 
plasma depletion. A limited number of allogeneic transplant centers 
perform CD34+ selection of stem cells to remove many of the accessory 
cells (such as lymphocytes) prior to their infusion. Such manipulation 
of the graft may be referred to as CD34+ selection or T-cell depletion 
(TCD). The removal of T lymphocytes reduces the risk of GVHD, one 
of the major complications of allogeneic stem cell transplantation (see 
the section “Graft-Versus-Host Disease”).

The second component of a transplant is the “conditioning,” which is 
the treatment that prepares the patient for transplantation and gener-
ally incudes chemotherapy, radiotherapy, and/or antibody therapy. The 
conditioning is administered to treat any disease which may remain 
following standard chemotherapy used by the general oncologist to 
treat the disease. There are at least two forms of conditioning regimens. 
Myeloablative conditioning is the classical form. The intensity of this 
conditioning is such that the hematopoietic system would not be 
expected to recover, or would take a very prolonged time to recover, 
without being rescued by the infusion of the stem cells. The very pro-
longed period of pancytopenia, in such a setting, places the patient at 
high risk of life-threatening infections or bleeding and ultimately death. 
A newer type of transplant, developed over the past decade, utilizes 
nonmyeloablative conditioning. In this case, the chemotherapy and 
radiotherapy used in the conditioning is generally less intensive and is 
not expected to destroy the bone marrow, but rather may provide some 
treatment of the tumor, will make some space in the marrow for the new 
stem cells, and suppresses the patient’s immune system so that the stem 
cells and new immune system can grow. This nonmyeloablative type of 
transplant is used in large part for the immunologic effect of an alloge-
neic stem cell transplant. The intensity of this conditioning is milder 
than the myeloablative conditioning, and the patient’s marrow would 
be expected to recover even if the transplant failed. These regimens 
have caused less early posttransplant morbidity and mortality and have 
extended the age of eligibility for allogeneic HSCT to patients in their 
seventies, and to patients with medical comorbidities that previously 
would have precluded them from a transplant.

The third component of the allogeneic stem cell transplant is the 
immunosuppression (this treatment is not needed for an autologous 
transplant because the patient would be receiving their own cells back). 
Since the allogeneic transplant patient is receiving both new bone  
marrow stem cells and cells to generate a new immune system, the latter 
cells from the donor must be kept under control with immunosuppres-
sive drugs until they become acclimated to living in the patient.

In summary, HSCT involves the use of chemotherapy, radiotherapy, 
or biologic therapy known as the conditioning, followed by infusion 
of stem cells to (a) rescue the bone marrow from the consequences of 
the therapy and (b) in the case of allogeneic HSCT, to provide a new 
immune system and hence, hopefully, a biologic effect against any 
residual disease. The most potentially complicated transplant is the 
myeloablative allogeneic HSCT. The complications of HSCT generally 
relate to consequences of the cytoreductive therapy (the condition-
ing), infections, and in the case of allogeneic HSCT, immunosuppres-
sion and development of GVHD (see the section “Graft-Versus-Host 
Disease”). Certain types of transplants can be expected to result in more 
complications than others—these include allogeneic HSCTs which use 
mismatched volunteer donors or cord blood as the source of the graft, 
patients with relapsed/refractory disease at the time of transplant, and 
patients with end-organ dysfunction pretransplant.

Although HSCT can be lifesaving, the vulnerable condition of the 
patient generated by the conditioning and/or immunosuppression can 
also make it a “life-threatening” procedure. Furthermore, a proportion 
of these patients will require transfer to the intensive care unit (ICU) for 
more advanced level of care than can be provided on a bone marrow 
transplant ward. The reasons for ICU admission of HSCT recipients are 
shown in Table 94-1. ICU-directed care may include close monitoring 
for volume and electrolyte issues, vasopressor support, hemodialysis, 
and mechanical ventilation. The reported rates of ICU admission for 
autologous and allogeneic HSCT recipients have ranged from 5% to 
approximately 60%.6-14 Although HSCT patients may require ICU care 
at any time during their transplant course, the highest incidence is in the 
peritransplant period. ICU admission beyond the first month posttrans-
plant is generally related to infection but may also relate to the long-term 
complications of transplantation.

COMPLICATIONS OF THE CONDITIONING REGIMEN
The conditioning prepares the patient for the transplant. The agents used 
most frequently in conditioning for HSCT are listed in Table 94-2, along 
with their major toxicities. Most are alkylating agents with their major 

  TABLE 94-1    Reasons for Intensive Care Unit Admission of HSCT Recipients

Respiratory insufficiency/failure
Infectious pneumonia
Noninfections lung injury syndromes—IPS, DAH, PERDS
Pulmonary edema
Airway issues related to mucositis
Bronchiolitis obliterans
Bronchiolitis obliterans organizing pneumonia

Severe sepsis/septic shock
Hepatic failure

Hepatic VOD
GVHD

Renal complications
Gastrointestinal hemorrhage
GVHD
Neurological complications

Intracranial hemorrhage
Seizure

DAH, diffuse alveolar hemorrhage; GVHD, graft-versus-host disease; IPS, idiopathic pneumonia syndrome; 
PERDS, periengraftment respiratory distress syndrome; VOD, venoocclusive disease.

HSCT

Allogeneic
myeloablative, RIC

Autologous
myeloablative

Unmodified
BM, PBSC

TCD
BM, PBSC

Unmodified
BM, PBSC, UCB

FIGURE 94-1.  Types of hematopoietic stem cell transplantation. BM, bone marrow; 
HSCT, hematopoietic stem cell transplantation; PBSC, peripheral blood stem cells; RIC, reduced 
intensity conditioning; TCD, T-cell depleted; UCB, umbilical cord blood.
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toxicity being myelosuppression. As would be expected drug dosing does 
impact on the severity of these toxicities. Sites of greatest effect are the 
bone marrow resulting in myelosuppression and peripheral blood cyto-
penias, and the oropharynx and gastrointestinal (GI) tract manifested as 
oral and intestinal mucositis, pain, and diarrhea. The direct toxic effects 
to mucosa are most often caused by the alkylating agents. Side effects on 
other organs are less common and vary between agents.

The dose of total body irradiation varies widely when used as condi-
tioning for HSCT. Fractionating the doses tends to reduce the toxicities. 
Doses less than 900 cGy are considered nonmyeloablative but as the 
dose is escalated, the incidence of GI complications such as nausea, 
vomiting, diarrhea, and mucositis will increase. Furthermore, the higher 
the total dose of radiation used, the more significant the impact on the 
bone marrow and the peripheral blood counts. In the nonmyeloablative 
transplants, often only one dose of total body irradiation (200 cGy) is 
administered for its immunosuppressive effect. This dose produces little 
in the way of systemic side effects except possibly some nausea.

The marrow suppression produced by high doses of chemotherapy 
and radiotherapy used for myeloablative HSCT results in peripheral 
blood cytopenias, increasing the risk of infection, bleeding, and the need 
for transfusions. The development of mucositis and the loss of normal 
barriers to pathogens in the oral cavity and GI tract compound the risk 
of infection generated by the cytopenias alone. If oral nutrition cannot 
be maintained, patients will need total parental nutrition (TPN) with 

its inherent risks for infection. Often narcotic analgesics are needed for 
pain management—compounding the issues of nausea and producing 
somnolence. In addition to their marrow suppressive effects, many of 
the agents used for conditioning in the allogeneic transplant setting 
are also lymphocytotoxic—producing immunosuppression, and thus 
expanding the spectrum of pathogens to which the patient is susceptible 
(see the section “Infectious Complications”).

In the case of autologous HSCT, the conditioning includes only the 
high-dose chemotherapy, radiotherapy, and/or monoclonal antibody 
therapy, and does not require immunosuppression. As a consequence, 
the complications are due to the direct toxic effect of this therapy  
and the resulting cytopenias.

Additional agents that may be used during the conditioning in allo-
geneic HSCT include antithymocyte globulin and immunosuppressive 
medications used to prevent GVHD and graft rejection (Table 94-2). The 
primary activity of these agents is lymphocytotoxic—suppressing both 
the patient’s immune system to prevent rejection of the transplanted 
graft and the transplanted immune system provided by the donor. This 
immunosuppressive effect results in the patient becoming more sus-
ceptible to opportunistic pathogens such as viruses and Pneumocystis 
jiroveci (see the section “Infectious Complications”).

GRAFT-VERSUS-HOST DISEASE
Graft-versus-host disease (GVHD) remains the most important com-
plication of allogeneic HSCT. This clinicopathologic syndrome is an 
immunologic reaction of donor lymphocytes to “foreign” antigens 
present on the surface of host cells. The most important proteins are 
HLAs encoded by the major histocompatibility complex but differences 
in “minor” antigens, not currently tested in donor selection, are targets 
for both GVHD and graft-versus-leukemia. The requirements for a 
diagnosis of GVHD defined by Billingham 50 years ago remain valid 
today: (1) the graft must contain immunocompetent cells; (2) the host 
must express tissue antigens that are not present in the transplant donor, 
and (3) the host must be incapable of mounting an effective response 
to eliminate the transplanted cells.15 While historically the classification 
of GVHD was based on timing (acute—occurring within 100 days after 
HSCT and chronic—occurring after 100 days), the current consensus is 
that this distinction be made by clinical manifestations rather than time 
from transplantation alone.16 In addition to acute and chronic GVHD, 
the National Institutes of Health (NIH) classification includes late-onset 
acute GVHD (after day 100) and an overlap syndrome with features of 
both acute and chronic diseases.17

■■ GVHD PROPHYLAXIS
Although histocompatibility matching is critical in limiting the inci-
dence and severity of acute GVHD, this alone cannot prevent it. Almost 
all recipients of unmodified allogeneic HSCT develop GVHD if not 
given posttransplant immunosuppression. The primary pharmacologi-
cal strategy to prevent GVHD is inhibition of calcineurin, a cytoplasmic 
enzyme important for activation of T cells. The calcineurin inhibitors, 
cyclosporin and tacrolimus, have similar mechanisms of action, clinical 
effectiveness, and toxicity. The most serious side effects of calcineurin 
inhibitors include renal insufficiency, thrombotic microangiopathy 
manifesting as severe cytopenias, and posterior reversible encepha-
lopathy syndrome presenting with seizures. Calcineurin inhibitors 
are usually administered in combination with other agents such as 
methotrexate or less toxic, mycophenolate mofetil.18 Sirolimus is an 
immunosuppressive agent that is structurally similar to tacrolimus but 
is not a calcineurin inhibitor. It has been used in combination with 
tacrolimus.19,20 In addition to pharmacologic approaches, removal of 
donor T lymphocytes from the stem cell inoculum either in vitro or in 
vivo has been effective in preventing GVHD. Currently, strategies of 
T-cell depletion include negative selection of T cells ex vivo, positive 
selection of CD34+stem cells ex vivo, and use of antibodies against  
T cells in vivo and ex vivo.21

  TABLE 94-2    Drugs Used in Conditioninga

Busulfan—alkylating agent Hepatotoxicity, mucositis, seizures, darkening of the 
skin, cataracts

Carmustine—alkylating agent Infusion pain and burning of the face, hepatotoxicity, 
nausea, vomiting, hypotension, pulmonary fibrosis

Cyclophosphamide—alkylating 
agent

Electrolyte imbalances, cardiomyopathy, SIADH, 
nausea, vomiting, diarrhea, hemorrhagic cystitis

Cytosine arabinoside—
antimetabolite

Nausea, vomiting, diarrhea, neurotoxicity, ocular irrita-
tion, capillary leak syndrome, hand-foot syndrome

Etoposide—topoisomerase II 
inhibitor

Infusion hypotension/hypertension, acidosis during 
infusion, nausea, vomiting, diarrhea, rash, mucositis

Fludarabine—antimetabolite Nausea, vomiting, fever, immunosuppression

Ifosfamide—alkylating agent Nephrotoxicity, neurotoxicity, acidosis during infusion

Melphalan—alkylating agent Cardiac, nausea, vomiting, diarrhea, mucositis, renal 
dysfunction

Thiotepa—alkylating agent Hand-foot syndrome, nausea, vomiting, diarrhea, 
mucositis, mental status changes, and psychosis 

Rituximab—monoclonal anti-
body against CD19

Infusion reactions, suppression of B-cell function and 
hypogammaglobulinemia, cytopenias, reactivation of 
hepatitis B and other viral infection, progressive multi-
focal leukoencephalopathy, mucocutaneous reactions

Immunosuppressive drugs

Alemtuzumab Anaphylactic reaction, hypotension, fever, rigors, 
reactivation, and susceptibility to viral infections

Antithymocyte globulin Anaphylactic or infusion reactions, hypotension, fever, 
rigors, rash, reactivation of viral infections

Cyclosporine Nephrotoxic, hypertension, neurotoxicity, 
immunosuppressive

Mycophenolate mofetil Nausea, vomiting, diarrhea, bone marrow suppression, 
immunosuppressive

Sirolimus Hyperlipidemia, cytopenias, thrombotic microangiopathy, 
hepatotoxicity, pulmonary toxicity, immunosuppressive

Tacrolimus Nephrotoxic, hypertension, neurotoxicity, 
immunosuppressive

aAll of these drugs can cause myelosuppression.
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■■ ACUTE GVHD
Incidence:  Overall, the incidence of moderate-to-severe acute GVHD 
with HLA identical siblings ranges from <10% to 60% depending on 
prophylaxis and risk factors.21 The frequency of acute GVHD is directly 
related to the degree of mismatch between the patient and donor  
HLA proteins. The incidence increases with patient age and degree  
of HLA disparity between the host and the donor. Other contributing fac-
tors are the use of an unrelated donor, the number of T cells transplanted, 
the sex mismatching and donor parity, the severity of tissue injury  
during cytoreduction, and the type of prophylaxis used.

Pathophysiology:  Although the principal effector cells responsible for 
GVHD are the immunocompetent donor cytotoxic T lymphocytes, the 
first step of acute GVHD entails the activation of antigen presenting cells 
(APCs) in the host.22 Host tissues, damaged by the underlying disease, 
previous infections, as well as the transplant conditioning regimen itself, 
respond by producing “danger signals” including proinflammatory  
cytokines and costimulatory molecules, resulting in APC activation.23 
The second step follows APC activation and includes the prolifera-
tion and activation of donor T cells. Activation of donor immune cells 
results in rapid biochemical cascades that induce transcription of genes 
for many cytokines and their receptors (interferon-γ, interleukin-2, 
and TNF-α). These molecules work synergistically with donor cells in  
producing the third effector step of GVHD, thereby amplifying local 
tissue injury and promoting target tissue destruction.

Clinical Features:  The hallmarks of acute GVHD at onset include involve-
ment of the skin (81% of patients), gastrointestinal tract (54%), and liver 
(50%).24 Skin involvement is the most frequent and earliest manifestation 
of acute GVHD. The typical presentation of skin GVHD is a pruritic, mac-
ulopapular rash that can spread throughout the body but spares the scalp. 
Severe cases can cause diffuse blistering and ulceration. Gastrointestinal-
tract involvement usually presents with large volume (>2 L/day) diarrhea 
but can also include vomiting, anorexia, abdominal pain, or bleeding. 
Hepatic GVHD often manifests with jaundice, cholestasis, and to a lesser 
degree transaminitis. It can be difficult to distinguish GVHD from other 
causes of hepatic dysfunction and a biopsy may be helpful for diagnosis. 
The severity of GVHD is commonly determined by staging the extent 
of involvement of the three main target organs described (skin, GI tract, 
and liver). Historically, the most commonly used grading system was 
the Glucksberg grading system first published in 1974 then revised by 
Thomas et al in 1975.25-27 This system formulated a grade based on 
stage of severity (0-4) of the skin, liver, and GI tract using both objec-
tive and subjective assessment of performance status. These stages are 
then combined to calculate an overall grade, 0-IV. A revised system 
was developed by the International Bone Marrow Transplant Registry 
(IBMTR) in 1997 that retained the objective criteria but eliminated 
the subjective component in an effort to simplify grading and 
allow for comparison between transplant centers. A clinical grading  
system (0-IV) is based on highest stage of any single organ system involved 
(Table 94-3).27 Severity is described as Grade I (mild) to Grade IV  
(severe).28 Severe GVHD has a poor prognosis with 25% long-term  
survival (5 years) for grade III disease and 5% for grade IV disease.29

Diagnosis and Management:  The diagnosis of acute GVHD is rarely 
straightforward. Dermatitis, jaundice, and enteritis in the transplant 
setting have a variety of potential etiologies including but not limited to 
GVHD. Toxicity from chemoradiotherapy, supportive medications, or 
infection must be considered, as well as transplant-specific complica-
tions such as hepatic venoocclusive disease. Biopsies can be helpful but 
often fail to provide a definitive diagnosis. Furthermore, a diagnosis 
supported by clinical presentation and even biopsy does not eliminate 
the possibility of coexisting conditions. Repeat blood cultures and histo-
logic evaluation for organ invasive viral or other opportunistic infections 
should be prompted by persistent fever and symptoms. In addition, signs 
and symptoms in any organ not responding to treatment for presumed 
acute GVHD should trigger further evaluation.

Treatment for established acute GVHD necessitates additional immu-
nosuppressive therapy. First-line treatment is generally corticosteroids.23 
With mild to moderate involvement of skin and upper GI tract, topical  
formulations may be adequate, steroid creams for skin and oral 
budesonide for upper GI tract. Systemic corticosteroids are the standard 
treatment if there is lack of response to local steroids, or for treatment of 
hepatic or lower GI involvement. No randomized trials have established 
a regimen superior to corticosteroids as primary treatment for acute 
GVHD nor has any study determined the most efficacious dose.30 The 
conventional starting dose is methylprednisolone 1 to 2 mg/kg daily 
with a taper of approximately 10% per week once symptoms improve 
although this approach is highly personalized. Unfortunately, complete 
remission rates from systemic steroids are less than 50%, and more 
severe GVHD is less likely to respond to treatment.31 The survival rates 
for steroid-resistant GVHD are quite poor, and death is most often due 
to infection.

There is no standard of care for second-, third-, or fourth-line therapy 
for acute GVHD in the setting of steroid resistance and disease progres-
sion. Agents that have been used include calcineurin inhibitors, sirolimus 
or mycophenolate (if not used for prophylaxis), antithymocyte globulin, 
daclizumab, infliximab, etanercept, ontak, and pentostatin. Mesenchymal 
stem cell infusions are a more recent approach that has shown promising 
results in clinical trials, especially in patients with GI involvement.32,33

Immunosuppression in patients undergoing treatment for acute 
GVHD can be profound and continued surveillance for viral, bacte-
rial, or fungal infection is obligatory. Prophylactic broad-spectrum 
antibiotics should be used during periods of neutropenia and antibiotic 
coverage for encapsulated organisms at a minimum should be provided 
once neutrophil counts have recovered. Any fever should be aggressively 
evaluated with strong consideration given to adjustment of antibiotics, 
especially in the absence of intact mucosal and skin barriers. Adequate 
nutrition, hydration, and electrolyte balance are vital but often difficult 
to maintain with severe enteric GVHD. Malabsorption is common and 
oral nutrition and electrolyte support is often not practical. Careful 
monitoring of diarrhea volume and electrolyte levels should be main-
tained and prolonged periods of total parenteral nutrition may be 
required. Cramping and diarrhea may necessitate antidiarrhea medica-
tions and use of parenteral opiate analgesics, even at the risk of an ileus. 
In severe enteric GVHD, bleeding from the GI tract will require frequent 
transfusion support. Bleeding in the setting of decreasing diarrhea 

  TABLE 94-3    Staging of Acute GVHD

Stage Skin Liver GI tract

0 No rash due to GVHD Bilirubin <2 mg/dL None (<280 mL/m2)

I Maculopapular rash <25% of body surface area without associated symptoms Bilirubin from 2 to <3 mg/dL Diarrhea >500-1000 mL/day; nausea and emesis

II Maculopapular rash or erythema with pruritus or other associated symptoms ≥25% of 
body surface area or localized desquamation

Bilirubin from 3 to <6 mg/dL Diarrhea >1000-1500 mL/day; nausea and emesis

III Generalized erythroderma; symptomatic macular, papular, or vesicular eruption with 
bullous formation or desquamation covering ≥50% of body surface area

Bilirubin 6-15 mg/dL Diarrhea >1500 mL/day

IV Generalized exfoliative dermatitis or bullous eruption Bilirubin >15 mg/dL Diarrhea >1500 mL/day; abdominal pain or ileus
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volume should trigger evaluation for the site(s) of severe or persistent 
bleeding with endoscopic or radiologic procedures. Severe involve-
ment of the skin resulting in desquamation requires aggressive volume 
repletion, intense nursing care and consultation with dermatologists, 
and plastic surgeons or burn specialists. Depressed peripheral blood 
counts and poor marrow function may be manifestations of severe acute 
GVHD. Thrombocytopenia due to decreased platelet production may be 
compounded by rapid turnover in the setting of fever and hemorrhage. 
Maintenance of hemostasis often requires vitamin K supplementa-
tion, transfusions of platelets, and in the setting of hepatic failure, the 
administration of fresh frozen plasma.

■■ CHRONIC GVHD
Definition:  Chronic GVHD is a heterogenous, alloimmune syndrome. It 
is the major cause of late nonrelapse mortality after HSCT.34,35 Advanced 
age of the recipient, use of peripheral blood stem cells versus bone 
marrow stem cells, and a history of acute GVHD are significant risk 
factors for chronic disease; however, acute GVHD does not necessarily 
evolve into chronic disease and chronic GVHD can occur in the absence 
of prior acute disease.

Immunology:  The pathophysiology and immunobiology of chronic 
GVHD remain undefined. Several different hypotheses regarding the 
pathogenesis of chronic GVHD have emerged from animal studies 
including thymic damage caused by acute GVHD, resulting in failure of 
T-cell selection, cytokine mediators that may propagate autoimmune-
like tissue injury, donor B cells and antibody mediated mechanisms, as 
well as insufficiency of T regulatory cells.34

Manifestations:  Clinical symptoms of chronic GVHD may involve the 
skin, nails, mucous membranes, GI tract, and liver. The characteristic  
pigmentation and sclerosis of the skin, lichenoid oral plaques, esophagitis, 
polyserositis, and oral and ophthalmic sicca syndrome resemble the man-
ifestations of autoimmune collagen-vascular disorders. GI involvement 
is often manifested by anorexia, weight loss, and esophageal strictures. 
Hepatic involvement presents with cholestasis and jaundice but can also 
present with transaminitis. Chronic pulmonary diseases are seen in 10% 
to 20% of patients with chronic GVHD and are divided between diffuse 
pneumonias and bronchiolitis obliterans (see the section “Bronchiolitis 
Obliterans Syndrome”). The diagnosis of chronic GVHD requires at least 
one diagnostic sign that is found only in chronic GVHD or at least one 
distinctive sign highly suggestive of chronic GVHD.36 A biopsy may be 
helpful in ruling out other potential diagnoses such as infection or drug 
effect. The NIH consensus has recommended a system of scoring chronic 
GVHD manifestations in eight sites on a 0-3 scale. This system was not 
designed to predict mortality but to assess the severity and functional 
impact of chronic GVHD. It replaces the historical categories of limited 
and extensive involvement. Mortality from chronic GVHD tends to be 
lower when the disease is limited to the skin and liver and when it occurs 
in the absence of prior acute GVHD. Death is attributed to GVHD even if 
it is due to a complicating infection as a result of the immunosuppressive 
medications needed to treat the GVHD.

Diagnosis and Management:  The diagnosis of chronic GVHD is most 
often made in the outpatient setting and relies on clinical assessment, 
laboratory, biopsy, and radiologic evaluation similar to that outlined 
for acute GVHD. When managing patients with chronic GVHD, it is 
important to remember that although chronic GVHD may be a signifi-
cant contributor to late transplant morbidity and mortality, it may also 
be associated with an important therapeutic graft-versus-tumor effect. 
Because our understanding regarding the biology of chronic GVHD 
is incomplete, current treatment strategies are based on nonspecific, 
global immunosuppression. Use of corticosteroids (with or without a 
calcineurin inhibitor) is a standard first-line approach. Multiple second-
line treatments have been studied but none have achieved widespread 
acceptance. Generally, treatments involve the addition of many of the 
same drugs as are used for treatment of acute GVHD. A few combinations 

such as tacrolimus and MMF have demonstrated more consistent benefit  
than others. Extracorporeal photophoresis has shown some promise in 
select patients with dermatologic involvement.37 Ancillary therapy and 
supportive care to prevent infections, optimize nutrition, ameliorate 
morbidity, and optimize functional performance and capacity are critical 
components of the management of chronic GVHD. Treatment is often 
complicated by infection. All patients with chronic GVHD are at risk for 
infection with encapsulated organisms, particularly Streptococcus pneu-
moniae but also H influenzae and Neisseria meningitides. Prophylactic 
antibiotics should be given to all patients with chronic GVHD receiving 
systemic immunosuppressive treatment.38 Patients with chronic GVHD 
are at risk for the development of overwhelming sepsis and involvement 
of the critical care physician in such settings is particularly helpful.

INFECTIOUS COMPLICATIONS
Infections are frequent after HSCT and are the leading cause of death 
among patients undergoing allogeneic transplant. Infections in the set-
ting of HSCT are caused by a variety of pathogenic and opportunistic 
organisms. The approach to the diagnosis and management of these 
infections is dependent on the underlying disease and prior therapy, 
timing of the infection relative to the transplant, the type of transplant, 
the patient’s immunologic history and comorbidities. Changes in the 
spectrum of infections occur as the intensity of the therapy is modified.

The diagnosis and management of infections among allogeneic 
HSCT recipients is often driven by the timing of their occurrence “days 
pre- and posttransplant.” Classic associations between defects in the 
immune system and types of infectious pathogens can be helpful in 
the initial approach to the patient. The major factors contributing to 
infectious complications in the HSCT patient are broadly classified as 
(1) neutropenia and qualitative defects in phagocytosis; (2) humoral 
immune deficiency; (3) cellular immune deficiency/dysfunction; and  
(4) impaired mucosal integrity. Often more than one of these factors will 
be present at a given time.

■■ PRE- AND EARLY POSTTRANSPLANT
Most patients will begin the conditioning (pretransplant period) with an 
adequate or near adequate neutrophil count but will soon develop neu-
tropenia as they progress through their conditioning. The chemotherapy 
and radiotherapy as well as the immunosuppressive drugs used to pre-
vent GVHD will impair B- and T-cell function, resulting in increased 
susceptibility to viral infections. All fevers must be evaluated promptly. 
The order of differential diagnosis for an infectious etiology is generally 
bacterial, then fungal, then viral in this time frame. The majority of 
patients will have indwelling central venous catheters, resulting in a risk 
for catheter-associated infections. Skin-related pathogens (Staphylococci, 
coagulase-negative Staphylococci, Corynebacterium spp) are associated 
with central venous catheter infections. Previous hospitalizations and 
chemotherapy that is immunosuppressive increase the risk of the patient 
being colonized with resistant organisms such as vancomycin-resistant 
enterococcus (VRE)39 or methicillin-resistant Staphylococcus aureus 
(MRSA), which must be considered in the management of fevers. A 
proportion of patients will have a history of prolonged neutropenia due 
to their disease or previous treatment placing them at risk for invasive 
fungal infections. Early symptoms of infection should prompt consid-
eration of gram-positive bacteria introduced via the central venous 
catheter even in the setting of adequate neutrophil counts. As mucosal 
barriers are destroyed by the conditioning regimen, evaluation and 
treatment of fevers should include consideration of bacterial pathogens 
that colonize the oral and GI tract including α-hemolytic streptococci, 
gram-negative enteric organisms, and enterococci. The choice of initial 
antibiotic regimen should be tailored according to the individual center’s 
most common pathogens and antibiogram. Fever with mucositis and 
abdominal pain raises suspicion of neutropenic enterocolitis (typhlitis).  
Seeding of infection from the bloodstream may lead to localized 
abscesses that may become clinically apparent after neutrophil recovery. 
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Clostridium difficile infection presents with diarrhea and can be treated 
with oral metronidazole.

Culture-negative, neutropenic fevers which persist despite appropri-
ate antibiotic coverage, especially in patients with a history of prolonged 
neutropenia prior to transplant, should trigger an evaluation for hepatic 
and sinopulmonary fungal infections. Many transplant centers will use 
prophylaxis for fungal organisms most characteristic of their location 
but persistent neutropenic fevers, especially in the setting of imaging 
studies consistent with invasive fungal infection will also require adjust-
ment of antifungal therapy.40,41

■■ POSTENGRAFTMENT
Patients have recovered their neutrophil counts but often continue to 
need central venous catheters for treatments. Bacterial infections thus 
remain a risk but to a lesser degree than when the patient is neutropenic. 
T-cell function is suppressed by medications used to prevent GVHD 
in the posttransplant period. B-cell production of immunoglobulins is 
reduced and may recover more slowly after unrelated and mismatched 
transplants compared to matched, related transplants. Immunoglobulin 
levels are monitored early posttransplant and according to recom-
mendations from the Centers for Disease Control (CDC), should be 
repleted for levels <400 to reduce the risk of infections. Opportunistic 
and viral infections now play a greater role. With the universal practice 
of prophylaxis with acyclovir, infections by herpes simplex or varicella 
are exceedingly rare in the early postengraftment period. Similarly, 
Pneumocystis jiroveci pneumonia (PCP) in a patient who has received 
adequate prophylaxis is also very uncommon. It should be considered 
if patient compliance with prophylaxis is in question. A history of cyto-
megalovirus (CMV) in the patient or donor and previous Epstein-Barr 
virus (EBV) infection in the patient can result in reactivation of these 
viral infections posttransplant. A list of viral infections which should 
be considered in the early postengrafted patient is shown in Table 94-4.

Viral infections can present as bacterial culture-negative fevers. Often 
routine monitoring for these infections is performed in the appropriate 
setting. Some transplant centers will provide prophylaxis with gan-
ciclovir, foscarnet, or valganciclovir to patients at high risk for CMV 
reactivation in the pretransplant and postengraftment periods. Newer 
approaches currently in clinical trials include the use of adoptive immu-
notherapy with donor-derived cytotoxic T cells (CTLs) directed against 
one or more viruses such as EBV, CMV, and adenovirus. These have 
been derived or generated from adult donors as well as more recently, 
cord blood.42-44 Toxoplasma, though less commonly a pathogen than 
CMV, can produce serious and life-threatening reactivation infections. 
Agents such as trimethoprim/sulfamethoxazole and atovaquone with 
activity against both Pneumocystis and Toxoplasma have been used in 

patients at high risk of reactivation of the latter. Reactivation of myco-
bacterial infections may be present as localized to the lung or dissemi-
nation disease and atypical forms are more common. The T cells in the 
cord blood transplant patients are much more naïve than those in the 
volunteer donor grafts, and viral infections play a greater role in infec-
tious complications of cord blood transplants.

■■ LATER POSTTRANSPLANT
Most patients have adequate neutrophil counts. Mucosal barriers 
destroyed during chemotherapy and radiotherapy are now restored, but 
may again be disrupted by GI involvement with GVHD—again increas-
ing the risk of gram-negative bacteremia. Opportunistic infections due to 
delayed recovery of immune function (T and B cells) are also observed 
during this period. Bacterial infections to be considered, especially in 
the setting of treatment for GVHD, are those observed with immuno-
globulin deficiency—encapsulated organisms such as Pneumococcus, 
Haemophilus influenzae, and Klebsiella spp. Often patients with delayed 
B-cell immunoglobulin recovery especially in the setting of GVHD will 
receive prophylaxis for encapsulated organisms. The development of 
these infections in the immunocompromised patient can be life threat-
ening and result in ICU admission. Community-acquired pneumonias 
should be considered in the differential diagnosis of fevers and pul-
monary symptoms during this time. Community-acquired respiratory 
viruses such as influenza, parainfluenza, respiratory syncytial virus, 
adenovirus, and less commonly metapneumovirus45 have been associated 
with lower respiratory infections and substantial morbidity and mortality  
in HSCT patients. The risk of reactivation of a mycobacterial infection  
continues until immune recovery and is greater when additional immu-
nosuppressive therapy is needed to treat GVHD. Disease caused by 
resistant herpes viruses may occur in the late postengraftment period 
especially in the setting of prolonged exposure to antivirals for prophy-
laxis or treatments. Similarly, breakthrough fungal infections may occur 
in patients on intense immunosuppressive therapy for severe GVHD.

In autologous HSCT, the risk of infection generally occurs during the 
conditioning and the transient period of neutropenia posttransplant. 
Bacteria are the most common pathogens and include both gram-
positive and gram-negative organisms as most patients will have a 
central venous catheter in place and many of the conditioning regimens 
will cause disruption of the normal GI and oropharyngeal mucosal 
barriers. Fungal infections are much less common as diseases such as 
lymphoma and myeloma, which comprise the largest group of patients 
undergoing autologous HSCT, rarely experience prolonged periods of 
neutropenia during therapy for their disease pretransplant. Suppressed 
T-cell function may result from the chemotherapy and radiotherapy 
used in the conditioning. Prophylaxis with acyclovir and trimethoprim/
sulfamethoxazole for PCP is continued for 1-year posttransplant. 
Immunoglobulin deficiency may be prolonged in patients who received 
rituximab as part of their lymphoma therapy and immunoglobulin 
supplementation may be needed for many months posttransplant.

PULMONARY COMPLICATIONS
Pulmonary complications develop in up to 60% of allogeneic HSCT 
recipients and are the immediate cause of death in approximately 50% 
of cases.46 Respiratory failure is the most frequent reason for ICU admis-
sion after HSCT.6 Infectious pulmonary complications remain common 
in allogeneic HSCT patients because these recipients require the use 
of immunosuppressive agents after transplantation to prevent or treat 
GVHD (see the section “Infectious Complications”). However, the effec-
tive use of broad-spectrum antimicrobial prophylaxis has reduced the 
incidence of infectious pulmonary complications and increased the role of  
noninfectious lung injury syndromes in the morbidity and mortality  
of these patients. These noninfectious pulmonary complications can 
be divided into those that occur early after HSCT (pulmonary edema, 
diffuse alveolar hemorrhage [DAH], and periengraftment respiratory 
distress syndrome [PERDS]) and those that occur later (bronchiolitis 

  TABLE 94-4    Viral Infections in the Post-HSCT Setting

Pathogen Organ Involvement

Adenovirus Sinopulmonary, GI (intestinal, hepatobiliary), GU, viremia

BK virus GU (bladder, kidney)

Cytomegalovirus Viremia, pulmonary, GI, GU

Epstein-Barr virus Viremia, lympatic, pulmonary

Hepatitis B and C GI (liver)

Human herpes virus-6 (HHV-6) Viremia, bone marrow, pulmonary, GI (hepatic), 
encephalitis, skin

Herpes simplex Skin and mucous membranes

Influenza Sinopulmonary

Metaneumovirus Pulmonary

Parainfluenza Sinopulmonary

Respiratory syncytial virus Sinopulmonary

GI, gastrointestinal; GU, genitourinary.
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obliterans syndrome [BOS] and bronchiolitis obliterans organizing 
pneumonia [BOOP]). Pulmonary edema during the peritransplant 
period is often related to administration of large volumes of intravascu-
lar fluid, chemotherapy-induced cardiac dysfunction, or sepsis-induced 
acute respiratory distress syndrome. Idiopathic pneumonia syndrome 
can occur at any time following transplant.6

■■ IDIOPATHIC PNEUMONIA SYNDROME
Definition and Incidence:  Idiopathic pneumonia syndrome (IPS) was 
originally defined by a National Institutes of Health workshop in 1993 as 
diffuse lung injury occurring after HSCT for which an infectious etiol-
ogy is not identified.47 The overall incidence of IPS is 10% with a median 
time of onset between 20 and 90 days after HSCT.48,49 Risk factors for the 
development of IPS include old age, transplant for malignancy other than 
leukemia, pretransplant chemotherapy, total body irradiation, GVHD, 
and positive donor CMV serology.48 IPS is rare in autologous HSCT.

Diagnosis and Management:  IPS is a diagnosis of exclusion made only 
after infection and other causes of lung injury are ruled out follow-
ing a thorough evaluation. Diagnostic criteria include symptoms and 
signs of pneumonia (dyspnea, fever, and nonproductive cough), diffuse 
radiographic infiltrates, increased alveolar to arterial oxygen gradient, 
and absence of active lower respiratory tract infection on bronchoal-
veolar lavage or lung biopsy. Lung biopsy specimens may show diffuse  
alveolar damage or interstitial pneumonitis.48,49 The occurrence of 
IPS after both allogeneic and autologous HSCT implies that shared 
conditioning-related toxicities, rather than immune-mediated injury 
may be involved. However, the association of IPS with acute GVHD 
after allogeneic HSCT suggests that alloreactive T-cell injury may be 
contributory.48-50 Management of IPS is primarily supportive care with 
prevention and treatment of superimposed infection. Large studies 
have failed to demonstrate improvement in outcome with the use of  
corticosteroids.48 Antitumor necrosis factor (TNF) agents such as 
etanercept are being studied in clinical trials. Although pneumonitis 
resolves in about 31% of patients with IPS, complications from infec-
tion, pneumothorax, pneumomediastinum, subcutaneous emphysema, 
pulmonary fibrosis, and autoimmune polyserositis can complicate the 
picture.48 The overall mortality of IPS is about 70% to 80% but may 
exceed 95% for those who require mechanical ventilation.48,49

■■ DIFFUSE ALVEOLAR HEMORRHAGE
Incidence:  DAH is a life-threatening pulmonary complication after 
HSCT with nonspecific clinical and radiologic features. The reported 
frequency of DAH varies from 1% to up to 21% for both autologous 
and allogeneic HSCT recipients.48,51 Risk factors for DAH include 
many of the same as for IPS: older age, high intensity of pretransplant  
chemotherapy, myeloablative conditioning, total body irradiation, tho-
racic irradiation, allogeneic donor source, and severe acute GVHD.48-52 
The etiology and pathogenesis of DAH after HSCT are not well defined 
but as with many complications of transplant tissue injury, inflammation 
and cytokine release have all been implicated as causative factors.52 The 
onset of DAH is usually within the first 30 days after HSCT but cases 
after the first month can be observed.

Diagnosis and Management:  DAH is characterized by progressive 
dyspnea, fever, nonproductive cough, and hypoxemia with diffuse 
alveolar and interstitial infiltrates on chest x-ray and ground-glass 
infiltrates or consolidation on computed tomography (CT) scans 
generally involving the middle and lower lung fields. Abnormal pul-
monary physiology is observed with increased alveolar-to-arterial 
oxygen gradient and a restrictive ventilatory defect. A BAL shows 
progressively bloodier return from three separate subsegmental bron-
chi or the presence of 20% or more hemosiderin-laden macrophages, 
or the presence of blood in at least 30% of the alveolar surfaces of 
lung tissue.51 The diagnosis of DAH is retrospective as it can only 
be made after culture results from the BAL return negative for an 

infectious organism. Because the pathogenesis of DAH is thought to 
have a significant inflammatory component, patients are treated with 
corticosteroids. Studies using other interventions including plasma 
exchange, plasmapheresis, and administration of fresh frozen plasma 
have failed to show definitive evidence supporting their use. Several 
case reports have shown efficacy of recombinant factor VIIa for the 
treatment of DAH in allogeneic HSCT recipients.53-55 The majority of 
patients will require mechanical ventilatory support for respiratory 
failure and these patients are at risk for subsequent infectious com-
plications. The reported mortality rate of DAH in HSCT is approxi-
mately 80% with a range between 50% and 100%. However, despite 
the high mortality rate, long-term survivors can recover with normal 
respiratory function.48

■■ PERIENGRAFTMENT RESPIRATORY DISTRESS SYNDROME
Incidence:  The term engraftment syndrome (ES) is used to describe 
a clinical condition that includes fever, rash, and noncardiogenic pul-
monary edema which occurs during early neutrophil recovery in the 
absence of infection. Periengraftment respiratory distress syndrome 
(PERDS) refers to the pulmonary component of ES. The incidence  
of PERDS varies depending on the definition used to describe ES. It is 
reported at about 5% in autologous recipients where it is well described.56 
PERDS is also reported as a common occurrence in cord blood  
transplantation. One study reported an incidence of 78% in patients 
receiving a single cord blood transplant.57 Another study using a more 
strict definition reported an incidence of 31% after double-unit cord 
blood transplantation.58 The syndrome generally occurs within 5 days of 
neutrophil engraftment.56,59

Diagnosis and Management:  The diagnostic criteria of PERDS include 
fever and pulmonary injury manifested by hypoxemia and/or pulmo-
nary infiltrates in the absence of cardiac dysfunction and infection. 
Dyspnea is present in all cases although pulmonary infiltrates may not 
be present at the onset of symptoms. Fever is present in over half of the 
patients. BAL may show neutrophilic inflammation. Transbronchial 
lung biopsy is usually contraindicated in the setting of thrombocyto-
penia. Lung biopsies may show diffuse alveolar damage. The patho-
physiology behind ES as well as PERDS is multifactorial and may 
involve cellular interaction of T cells, monocytes and other effector cells, 
complement activation, and proinflammatory cytokine production and 
release.48,49,56 Treatment with corticosteroids is usually effective, leading 
to rapid clinical improvement. Admission to the ICU is less common in 
PERDS than it is in DAH or BOS, with only about one-third of patients 
requiring ICU admission and mechanical ventilation. The mortality is 
reported to be about 25%.49

■■ BRONCHIOLITIS OBLITERANS SYNDROME
Incidence:  Bronchiolitis obliterans syndrome (BOS) is characterized by 
the presence of fixed airflow obstruction with the histologic presence 
of bronchiolar fibrosis with luminal narrowing and fibrosis. BOS is a 
late onset (typically >6 months), uncommon, noninfectious pulmonary 
complication associated with chronic GVHD after allogeneic HSCT. Risk 
factors include many of the same as those for GVHD as well as prior 
abnormalities of pulmonary function. Due to the delays in diagnosis, the 
true prevalence is not known but is estimated to range from approximately 
2% to 3% among all allogeneic HSCT recipients to 6% of those patients 
who develop chronic GVHD.60 However, studies using more relaxed crite-
ria for diagnosis have suggested that the prevalence may be higher.

Diagnosis and Management:  Airflow obstruction is the hallmark of 
BOS. The NIH proposed scoring system which is now being utilized 
has been helpful in establishing pulmonary function testing criteria 
which demonstrate an obstructive pattern—FEV1 <75% of pre-
dicted, FEV1/FVC <0.7 and air trapping, residual volume of air (RV 
>120%).60 FEV1 is the most sensitive marker of emerging obstructive 
disease and severity of BOS. The onset of BOS varies from 3 months 
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to >10 years with a median onset of approximately 1 year post-HSCT. 
Typical symptoms include insidious progression of dyspnea on exer-
tion, nonproductive cough, and wheezing. However, patients may be 
asymptomatic when abnormalities are detected on routine pulmonary 
function testing. The chest x-ray may be normal or show hyperin-
flation. Air trapping may be observed on expiratory CT, as well as 
hypoattenuation or bronchial dilatation on standard CT.61 Histologic 
findings of fibrinous obliteration of the lumen of the bronchioles are 
found on lung biopsy. Because histologic confirmation is obtained on 
only a limited number of patients, BOS is usually a clinical diagnosis 
based on symptomatology, PFT results, and radiologic findings.

A comprehensive infectious disease evaluation and a thorough 
evaluation for GVHD elsewhere should be part of the workup. Because 
of presumed alloimmune pathogenesis of disease, control of chronic 
GVHD with immunosuppression remains the backbone of treatment. 
Current treatment recommendations for BOS include high dose sys-
temic corticosteroids with expected improvements of 8% to 20%. Other 
agents used in small studies include inhaled steroids, azithromycin, 
extracorporeal photopheresis, TNF blockade, and imatinib. Novel agents 
including leukotriene inhibitors and statins are potential therapeutic 
agents. Any suggestion of infection should be aggressively investigated 
while the patient is on immunosuppressive therapy and supportive care 
is critical. The prognosis for patients with BOS is poor with an overall 
survival of 44% at 2 years and 13% at 5 years. Outcomes for BOS have 
not improved significantly in the more than 20 years, so participation in 
a clinical trial should be considered. Involvement of the critical care phy-
sician is generally required in the setting of sepsis and acute respiratory 
decompensation; following a diagnostic video-assisted thoracoscopy; or 
late in the course.

■■ BRONCHIOLITIS OBLITERANS ORGANIZING PNEUMONIA
Incidence:  Bronchiolitis obliterans organizing pneumonia (BOOP) 
is less common than BO and is characterized by the presence of 
granulation tissue within the alveolar ducts and alveoli.62 In a recent 
case-control study of 5340 patients who received allogeneic HSCT, 
49 cases (0.9%) of histologic BOOP were identified. An association 
between acute and chronic GVHD with the subsequent development 
of BOOP was noted.63 The onset of BOOP has been reported to vary 
from 5 days to >7 years posttransplant.

Diagnosis and Management:  The clinical presentation typically includes 
fever, nonproductive cough, and dyspnea. Rales are common on physical 
examination whereas wheezing is generally absent. PFTs typically show 
a mild to moderate restrictive defect. Diffusing capacity for carbon mon-
oxide (DLCO) is commonly decreased. Radiographic presentation is 
variable and includes diffuse consolidations, ground glass opacities, and 
nodularity. Histologic confirmation by transbronchial biopsy or video-
assisted lung biopsy is necessary to make the diagnosis. Corticosteroids 
are the mainstay of treatment. A prolonged course of prednisone 1 mg/kg  
for 1 to 3 months followed by a taper over 6 months or more, sometimes 
as long as a year, has been proposed to avoid relapses.64 Macrolides have 
also been explored in the treatment of BOOP in the transplant setting.7 
Mortality from idiopathic BOOP ranges from 5% to 15%; however, sur-
vival from BOOP post-HSCT may be lower.65

HEPATIC COMPLICATIONS
The two major transplant-specific hepatic complications are venooc-
clusive disease, also known as sinusoidal obstruction syndrome (SOS)8 
and GVHD of the liver.

■■ HEPATIC VENOOCCLUSIVE DISEASE
Definition and Incidence:  Hepatic venoocclusive disease (VOD) is a form 
of toxic liver damage whose incidence in different reports depends on 
the definitions and conditioning regimens used, and the populations 

studied. It affects 5% to 20% of HSCT recipients with the incidence 
lower in autologous HSCT and with nonmyeloablative conditioning for 
allogeneic transplants.66 Conditioning agents most often associated with 
the development of VOD are cyclophosphamide, busulfan, and gem-
tuzumab. The pathobiology involves sinusoidal subendothelial injury, 
which results in subendothelial edema. The injured sinusoidal cells 
slough and embolize, reducing sinusoidal blood flow and precipitating 
hepatocellular necrosis. Patients at high risk of developing VOD are 
those with a history of liver disease pretransplant such as viral hepatitis, 
iron overload, previous high-dose chemotherapy and radiotherapy, and 
nonalcoholic steatohepatitis.66 VOD generally presents within the first 
30 days after HSCT, though less commonly a late onset form can also 
be observed.

Diagnosis and Management:  There is a wide spectrum of presentation, 
ranging from mild hyperbilirubinemia and weight gain to liver and 
multiorgan failure. Patients often complain of abdominal pain and 
more specifically right upper quadrant pain. Physical examination 
may reveal hepatomegaly, ascites, jaundice, and anasarca. Diagnosis 
is best made with liver biopsy which must often be performed by the 
transjugular route as patients may be thrombocytopenic and coagu-
lopathic due to a deficiency of clotting factors normally produced by 
the liver. An imaging method that has been useful in the diagnosis of 
VOD is hepatic ultrasound with Doppler studies. Several Doppler cri-
teria have been established which determine the probability of VOD. 
Generally, reversal of flow in hepatic veins is observed, along with 
hepatomegaly and ascites. Other imaging studies may be performed 
to rule out other disorders.

Since there is no approved treatment for VOD, focus is on prevention. 
Hepatotoxins should be avoided especially in patients with a history of 
liver disease. Conditioning for the transplant should be adjusted to the 
risk of the patient. Many centers will use some form of anticoagulation 
throughout the conditioning and pre-engraftment period as a prophy-
laxis for VOD. There are limited studies to support the use of ursodiol, 
which is expensive, but a systematic review of the controlled clinical  
trials demonstrated benefit of it use.67 Management, once the diagnosis 
of VOD has been established, includes discontinuation of potentially 
hepatotoxic medications, fluid and sodium management, conservative 
use of diuretics to avoid intravascular volume depletion which exacer-
bates the condition, transfusion to keep the hematocrit >30% to main-
tain renal perfusion, nutrition to support tissue repair, and analgesics 
for abdominal pain management. In severe cases, coagulation factor 
repletion with fresh frozen plasma or factor VII concentrates may be 
needed along with platelet transfusions. The use of tissue plasminogen 
activator (TPA) has not been supported in clinical trials due to excessive 
bleeding risk.66 Although defibrotide (a mixture of porcine oligodeoxy-
ribonucleotides with antithrombotic and profibrinolytic effects) is being 
used in Europe as treatment for VOD, it continues as an investigational 
agent in clinical trials in the United States.68-70 Early trials of defibrotide 
have shown activity in severe VOD and is the basis for ongoing phase 
III studies68 including its use for VOD prophylaxis.69 The majority of 
patients with hepatic VOD will recover with supportive care, but those 
with the severe form are at high risk of death as they progress through 
hepatorenal syndrome and multiorgan system failure.

■■ GRAFT-VERSUS-HOST DISEASE
The clinical presentation of GVHD of the liver can mimic the early picture 
of VOD, but generally does not include significant ascites. It can present 
as hyperbilirubinemia, generally the elevation is in direct bilirubin, with 
increased alkaline phosphatase. The alkaline phosphatase is usually out of 
proportion to the elevation in the transaminases. A second presentation 
is similar to acute hepatitis with a moderate to marked increase in the 
transaminases. The diagnosis of hepatic GVHD is best made with liver 
biopsy. Pathology demonstrates focal portal inflammation with bile duct 
obliteration. Progression from acute to chronic GVHD is manifested as 
sclerosis (see the section “Graft-Versus-Host Disease” above).
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Infection:  Infections of the liver may include those due to bacteria, fun-
gus, or virus. Bacteremias due to resistant gram-negative bacteria and  
gram-positive bacteria such as VRE may result in liver abscesses  
and should be treated with antibiotics appropriate to the sensitivities. 
Fungal infections of the liver may be due to yeast or molds. Yeast infec-
tions have become less common since the practice of administering  
prophylaxis with antifungal agents such as fluconazole. The develop-
ment of abscesses on imaging studies is best addressed with a CT-guided 
needle biopsy for culture. B-glucan and galactomannan are two serologic 
studies, which may be helpful in diagnosing invasive fungal infections 
when biopsy is not safe. If biopsy is not possible, antifungal prophylaxis 
should be advanced to treatment dosing, and should include an agent 
of broader spectrum of activity. Classes of antifungal agents currently 
available include liposomal amphotericin B, azoles, and echinocandins. 
Infectious disease consultation may be helpful in determining the appro-
priate choice for a particular pathogen.

Viruses are less often the etiology of liver infections. Patients who 
are known to be hepatitis B antibody positive prior to transplant should 
undergo evaluation for viral load and if negative are managed with 
entecavir for prophylaxis throughout the transplant and posttransplant 
period until immune recovery as these patients are at risk of reactiva-
tion.71 For those patients with a viral load, infectious disease and hepa-
tology consult are obtained prior to proceeding to stem cell transplant 
for assessment of eligibility for antiviral treatment and to proceed to 
transplant. Those patients who are known to be infected with hepatitis 
C also undergo infectious disease and hepatology consultation for evalu-
ation of viral load, eligibility for treatment with antiviral agents, and 
eligibility for HSCT. In a patient with known hepatitis B or C infection 
and increasing transaminases, viral load should be monitored and if 
increasing, should be considered for antiviral therapy. Management of 
such patients in the critical care setting should include a consultation 
with the infectious disease service. Adenovirus in a patient with known 
viremia can involve the liver and can result in fulminant hepatitis and 
liver failure. Although there is no specific therapy, in vitro data showing 
activity of cidofovir have led to its use in vivo. The mortality rate for a 
fulminant disseminated viremia is high.

RENAL COMPLICATIONS
The renal complications associated with HSCT are generally divided 
into early and late, resulting in acute and chronic renal insufficiency. 
The early complications are often related to the conditioning used for 
the transplant and to the medications needed for immunosuppression to 
prevent GVHD in the allogeneic setting. Several studies have reported 
the incidence of acute kidney injury (AKI) according to the Acute 
Kidney Injury Network (AKIN)72 or Risk, Injury, Failure, Loss, End-
stage kidney disease (RIFLE)73 criteria in patients undergoing HSCT. 
The incidence of acute renal failure during HSCT has been reported to 
be in the 30% to 50% range.74,75 Causes of renal insufficiency posttrans-
plant include side effects of the conditioning, volume depletion due to 
nausea, vomiting, and diarrhea, hypotension and sepsis, nephrotoxic 
medications including aminoglycoside antibiotics, amphotericin, and 
calcineurin inhibitors, and VOD. Mortality rates for patients with AKI 
increase with the severity of the renal insufficiency. One of the major 
cofactors in poorer outcome of patients with AKI is the limitation it 
imposes in adequately administering GVHD prophylaxis with calci-
neurin inhibitors. The inability to use calcineurin inhibitors frequently 
leads to the development of GVHD, manifested as nausea, vomiting, and 
diarrhea, and the need for additional immunosuppressives, resulting in 
infections, sepsis, hypotension, and the need for more antimicrobials. 
ICU management is frequently needed for these patients with severe 
forms of AKI, especially those with higher grade acute GVHD and those 
with sepsis. Studies in ICU patients have consistently shown high rates 
of mortality in patients requiring hemodialysis early posttransplant.9 As 
expected, the incidence of AKI is generally less for autologous compared 
to allogeneic HSCT patients.

Chronic kidney disease (CKD) is one of the long-term complica-
tions of HSCT. Although now well recognized, its incidence, etiology, 
and clinical course remain controversial. While it may develop as a 
consequence of AKI, it has also been associated with older age, lower 
pretreatment glomerular filtration rate, female gender, use of TBI and 
fludarabine in the conditioning regimen, GVHD, use of calcineurin 
inhibitors (CNI), and a variety of other factors. The cumulative inci-
dence in HSCT patients for development of moderate and severe CKD 
has been reported to be 12% to 29% and 3% to 3.6%, respectively, in 
retrospective cohort analyses. A recent systematic review reported an 
incidence of 16.6%.76 In older patients undergoing allogeneic T cell–
depleted HSCT, the incidence of sustained CKD was almost 50% at  
2 years even in the absence of calcineurin inhibitors. Sixteen percent of 
the patients in the same study, all in the group that received TBI, devel-
oped thrombotic microangiopathy, a more serious renal complication of 
transplantation.77 The clinical manifestations of this thrombotic micro-
angiopathy include renal insufficiency, microangiopathic hemolytic 
anemia, thrombocytopenia, hypertension, and in some cases neurologic 
deficits. Although CKD is a slowly progressive disorder, the critical care 
physician may be called upon to intervene in the setting of an acute 
deterioration due to infection or other precipitating event. Avoidance of 
nephrotoxins and close fluid and electrolyte management to maintain 
adequate renal perfusion may help avoid the need for hemodialysis or 
renal replacement therapy.

REJECTION/GRAFT FAILURE
Rejection of the graft is an immune-mediated process that results from 
inadequate suppression of the patient’s immune system during the 
conditioning. Immunologically competent cells of the patient (host) 
destroy the transplanted stem cells from the donor—it is a form of “host 
versus graft”—HVG. Patients who fail to demonstrate hematologic 
recovery by day 30 or those who begin count recovery and subsequently 
lose their peripheral blood counts should be evaluated for rejection. 
Evaluation should include a bone marrow aspiration and biopsy with 
assessment of status of disease, cellularity and chimerism (quantita-
tion of donor and host components in the marrow). If there are still 
adequate peripheral blood counts, immunophenotyping of peripheral 
blood mononuclear cells, as well as peripheral blood chimerism of 
polymorphonuclear leukocytes, T and B cells should be obtained. A 
predominance of host cells in these studies should raise concern for 
rejection. Studies suggesting rejection would require treatment of the 
patient with additional immunosuppressive conditioning and a second 
graft. The risk of rejection is highest in patients who have been very 
heavily transfused prior to the transplant, those who have received 
unrelated or mismatched grafts, and those who receive umbilical cord 
blood transplants due to the naïve nature of the cord blood immune 
system. Rejection is only observed with allogeneic HSCT and occurs 
more frequently when reduced intensity conditioning (RIC) is used 
compared to myeloablative conditioning.

Graft failure is a nonimmune-mediated process that results from 
inadequate stem cell numbers or injury to the stem cells from medi-
cations or infection resulting in myelosuppression. Evaluation of this 
condition is similar to that for rejection; however, the studies would 
show full donor chimerism in the setting of a hypoplastic or aplastic 
bone marrow. Treatment would be infusion of a second graft without 
the need for additional conditioning. In order to avoid additional risk of 
GVHD, a T cell–depleted stem cell boost can be considered, merely to 
provide additional CD34+ stem cells alone. Graft failure can be seen in 
autologous or allogeneic HSCT.

The risk of death from graft rejection or graft failure is high due to the 
prolonged period of neutropenia and the high risk of a life-threatening 
infection. In the case of cord blood transplants with graft failure, the source 
of stem cells for a second transplant is usually another cord blood. Studies 
that report using the same adult donor or a second adult donor have failed 
to consistently demonstrate an advantage of one over the other.22,23
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Although HSCT provides the greatest chance of a cure, it is not a  
guarantee of a cure and relapse remains one of the most common causes 
of transplant failure and death for both autologous and allogeneic 
HSCT.24 Relapse is the leading cause of death for patients undergoing 
autologous HSCT and is often attributed to the presence of residual dis-
ease, or contamination of the infused stem cell product. Contamination 
occurs when cells are collected from the patient with persistent disease, 
who was believed to be in remission and the lack of agents effective 
at purging such stem cells ex vivo prior to reinfusion. Allogeneic 
HSCT provides “clean” stem cells, and thus the risk of relapse lies with 
residual disease in the patient at time of transplant. Unlike autologous 
HSCT, the immune effect—graft-versus-malignancy effect—derived 
from the donor’s immune system, which will grow in the patient after 
the transplant, probably provides, at least in some patients, protection 
against relapse. Thus, failure of autologous transplant is generally due 
to relapse, while, the proportion of patients, transplanted in remission, 
who relapse after allogeneic SCT is often significantly less. Patients who 
relapse after an autologous HSCT may be considered for a RIC alloge-
neic HSCT if their disease can be controlled and for those who relapse 
after allogeneic HSCT, a second transplant is considered on a case-by-
case basis, generally with a RIC regimen to avoid excessive toxicity from 
the conditioning.

GENERAL AND CRITICAL CARE OUTCOMES  
IN HSCT RECIPIENTS
Over the past two decades, the 1-year survival rates after HSCT have 
generally improved. In 2008, the National Marrow Donor Program 
reported the overall survival rate at 1 year for patients <50 years 
old undergoing myeloablative allogeneic HSCT for AML, CML, 
and MDS as 74% for related donor and 65% for unrelated donor 
HSCT.78 The improved survival has been attributed to enhancements 
in HLA-matching techniques resulting in better donor selection, 
improved overall patient selection for transplantation, and advances 
in supportive care. A major prognostic factor for survival in trans-
plants for malignant diseases is the disease status at the time of 
transplant. The causes of death in the first 100 days post-transplant 
mainly relate to the primary disease, GVHD, infection, and end-
organ damage.

An analysis of 17 studies (n = 1193 patients) showed an average 
short-term mortality rate of 65% in the hospital or within 30 days of 
ICU discharge for critically ill adult HSCT recipients.6 The major-
ity of published reports on ICU outcomes of HSCT patients before 
1995 documented extremely high mortality rates (>90%) for HSCT 
recipients requiring mechanical ventilation for respiratory failure.11,79,80 
More recent studies have reported a slight improvement in the out-
come of mechanically ventilated autologous and allogeneic HSCT 
recipients with survival rates ranging from 18% to 47%.81-85 In addition 
to enhancements in the transplantation procedure, advances in sup-
portive therapies for severe sepsis and ARDS are thought to contrib-
ute to the recent improvement in ICU outcomes.6 In general, HSCT 
recipients who develop severe respiratory failure requiring invasive 
mechanical ventilation and also develop nonpulmonary organ failure 
continue to have a grim prognosis.7,9,10,12,82,83

Unfortunately, critically ill HSCT patients have not been adequately 
represented in studies of various prognostic models to predict the prob-
ability of hospital death, including the latest versions of the Simplified 
Acute Physiology Score (SAPS),86 Acute Physiology and Chronic  
Health Evaluation (APACHE) IV,87 and Mortality Prediction Model 
(MPM)-III.88 More recently, the use of Early Warning Scores (EWS) 
and critical care outreach teams has been shown to improve out-
comes of patients with hematological malignancies including HSCT 
recipients.89 Given the limited ICU resources, it is important that reliable  
prognostication models are developed for this patient population.6 The 

decision-making process involved in triaging HSCT recipients for ICU 
admission should include a clear understanding of the status of the 
patients’ underlying disease, short- and long-term prognostic factors, 
and the patients’ wishes.
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still of clinical importance, are those involving the liver, kidneys, and 
systemic reactions (infusion and anaphylactoid). While the focus will  
be on acute toxicities, certain subacute and chronic toxicities will also be 
discussed. As the long-term survival of cancer patients improves, these 
less acute complications may confound the presentation and diagnosis 
of elderly patients admitted to the ICU for seemingly unrelated acute 
illnesses. Importantly, the diagnosis of drug-related toxicity is most 
often a diagnosis of exclusion, relying on dose and temporal exposure 
to an agent known to cause organ toxicity, and management is largely 
supportive. Adding to the challenge of diagnosing drug toxicity is the 
continued development of new agents and combinations of therapies. 
Other acute complications of cancer treatment including tumor lysis 
syndrome will be discussed under oncologic emergencies.

REVIEW OF ANTICANCER THERAPIES
Cancer therapies are classified by mechanism of action and the phase of 
the cell cycle during which the drug targets its action. Cell cycle–specific 
agents refer to drugs whose activity requires the target cell to be within a 
certain phase of cell division or proliferation. To review, the five phases of 
the cell cycle are Gap 0 (G0), Gap 1 (G1), synthesis (S), Gap 2 (G2), and 
mitosis (M). Cells in G0 are dormant cells with potential to be stimulated to 
proceed further in the cell cycle. G1 is a phase of RNA and protein synthesis 
in preparation for DNA synthesis and replication which occurs during S 
phase. Following DNA synthesis during G2 phase, the cell readies itself 
by RNA and protein synthesis in preparation of mitosis, or cell division. 
Chemotherapy agents that are cell cycle–specific include antimetabolites, 
vinca alkaloids, taxanes, and epipodophyllotoxins. All other classes of 
agents are cell cycle nonspecific (though some overlap) and include alkylat-
ing agents, nitrosoureas, antibiotics, hormones, and hormone antagonists. 
Biologic response modifiers are also cell cycle nonspecific and include inter-
ferons, recombinant interleukin-2, and tumor necrosis factor. Over the last 
decade, the development of targeted anticancer therapies has improved our 
ability to selectively damage malignant cells based on their unique charac-
teristics. Examples of targeted therapies include tyrosine kinase inhibitors, 
mTOR kinase inhibitor, gene expression modulators, retinoic acid recep-
tor modifiers, proteasome inhibitors, epidermal and vascular endothelial 
growth factor inhibitors, histone deacetylase inhibitors, and monoclonal 
antibodies. Several agents may overlap these rather indistinct classifications, 
while others defy classification, such as thalidomide and hydroxyurea.

Alkylating agents (including nitrogen mustards among others) alter 
and destroy DNA structure, leading to cell death. Nitrosoureas are 
alkylating agents that are lipid soluble, thus capable of crossing the 
blood-brain barrier. The platinum compounds have broad antineoplas-
tic activity that also functions by binding and disrupting DNA structure, 
therefore they are classified under alkylating agents.

The antimetabolites are synthetic precursors of DNA synthesis that 
compete with naturally occurring purines, pyrimidines, and folates to 
interrupt the cell cycle and cause cell death. Because of their specificity 
for the S phase of the cell cycle, they are particularly effective against 
rapidly proliferating tumors.

Many anticancer therapies are naturally derived products such as 
enzymes or antibiotics. Several antibiotics, both natural and synthetic, 
have antitumor properties. The anthracycline antibiotics as well as their 
semisynthetic and synthetic derivatives act by intercalating DNA base 
pairs, thereby inhibiting DNA synthesis. The antibiotics bleomycin and 
dactinomycin generate reactive oxygen species resulting in DNA strand 
breaks while mitomycin cross-links DNA like the previously described 
alkylating agents. L-asparaginase is a naturally occurring enzyme that 
cleaves the amino acid L-asparagine on which tumor cells are dependent. 
Vinca alkaloids are plant extracts that bind microtubules and prohibit 
mitosis, leading to cell death. Taxanes also cause cell death by forming 
abnormal mitotic spindle fibers. Camptothecins inhibit topoisomerase I 
which prevents normal DNA transcription and replication from occur-
ring. Epipodophyllotoxins interfere with topoisomerase II activity, thereby 
prohibiting proper condensation and packaging of DNA after cell division.

Toxicities of Chemotherapy
Kaye E. Hale95

C H A P T E R

KEY POINTS

•• Most antineoplastic agents have toxic side effects.
•• New antineoplastic agents are frequently being developed and not 

all side effects are known.
•• Diagnosis or organ dysfunction due to drug toxicity is largely a 

diagnosis of exclusion.
•• Maintaining a level of clinical suspicion is key to detection of drug 

toxicity.
•• Therapy for drug-induced toxicity is largely supportive.
•• Myelosuppression is a common toxic side effect from high-dose 

combination chemotherapy regimens used in leukemia and bone 
marrow transplant patients.

•• Pulmonary toxicity may manifest as ARDS especially in patients 
undergoing treatment for hematologic malignancies (eg, cytara-
bine or gemcitabine) and pulmonary fibrosis (eg, bleomycin).

•• Cardiotoxic side effects of anthracyclines such as doxorubicin can 
lead to refractory heart failure if not identified and managed early, 
while treatment with 5-FU may precipitate symptoms of acute MI due 
to vasospasm in patients with underlying risk factors for heart disease.

•• Mucositis of the oropharynx and GI tract is painful and can lead to 
dehydration and malnutrition. Severe cases of oral mucositis may 
require intubation for airway protection.

•• Intractable nausea, vomiting, and diarrhea can lead to dehydra-
tion, hypovolemia, and electrolyte disturbances.

•• Nephrotoxicity is a dose-limiting side effect of cisplatin and causes 
renal salt wasting syndrome.

•• During treatment with methotrexate, special attention must be 
paid to urinary pH to avoid precipitation in the renal tubules 
resulting in ATN and renal obstruction.

•• Both peripheral and central nervous system toxicities, includ-
ing posterior reversible encephalopathy syndrome (PRES), are 
reported after high-dose chemotherapy.

•• The spectrum of severity of hypersensitivity reactions ranges from 
flushing and rash to anaphylactic shock. Common causes of these 
reactions include paclitaxel, platinum compounds, and monoclonal  
antibodies.

•• Venous thromboembolic disease is a well-known complication of 
tamoxifen.

•• Thrombotic thrombocytopenic purpura (TTP) or thrombotic 
microangiopathy has been associated with mitomycin, cisplatin, 
and gemcitabine.

INTRODUCTION
As treatment for cancer continues to evolve with the development of 
new therapies and improved survival, we can expect an ever-growing 
number of cancer patients to be admitted to intensive care units (ICUs). 
Whether they require ICU care due to acute complications of treatment 
or underlying illnesses, it is important for the intensivist to be aware 
of the myriad of anticancer therapies and their toxicities. The follow-
ing chapter will review the classification of commonly used anticancer 
therapies and the various organ system toxicities they can cause. Organ 
systems commonly affected by antineoplastics include the bone marrow, 
pulmonary, cardiovascular, neurologic (both central and peripheral), 
dermatologic, and gastrointestinal. Less common reactions, though 
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  TABLE 95-1    Classification of Chemotherapeutic Agents

Chemotherapy Class Subclass Individual Agents Example Disease Targets 

Alkylating agents Nitrogen mustards Cyclophosphamide, ifosfamide Hodgkin and non-Hodgkin lymphomas; ALL; CLL; MM; neuroblastoma; breast; ovar-
ian; cervical; testicular; lung; sarcoma

Melphalan MM; breast; ovarian

Chlorambucil CLL; Hodgkin and NHL

Ethylenimine derivative Thiotepa Bladder; breast; ovarian

Alkyl sulfonate Busulfan CML

Nitrosoureas Carmustine Primary brain tumor; melanoma; Hodgkin; NHL

Streptozotocin Carcinoid; insulinoma

Hydrazine Procarbazine Hodgkin

Triazenes Dacarbazine Melanoma; sarcoma; glioma; Hodgkin

Temozolomide Astrocytoma; melanoma

Metal salts Cisplatin, carboplatin, oxaliplatin Ovarian; testicular; bladder; esophageal; colon; lung

Antimetabolites Purine analogs Mercaptopurine ALL; AML

Fludarabine Hairy cell leukemia; CLL; NHL

Nelarabine T-cell leukemia and lymphoma

Clofarabine Pediatric ALL

Pyrimidine analogs 5-FU (fluorouracil), capecitabine Head and neck; esophageal; stomach; pancreas; colon; breast

Cytosine arabinoside (cytarabine, Ara-C) ALL; AML; NHL

Gemcitabine Lung; pancreatic; ovarian; breast

Antifolates Methotrexate ALL; choriocarcinoma; osteogenic sarcoma; H&N; breast; bladder; lung

Pemetrexed Lung; mesothelioma

Antibiotics Bleomycin Cervical; testicular; Hodgkin; NHL

Dactinomycin Testicular; choriocarcinoma; rhabdomyosarcoma; Kaposi

Mitomycin Stomach; anal; esophageal; lung; bladder; breast

Anthracyclines Daunorubicin AML; ALL

Doxorubicin, liposomal doxorubicin Breast; GU; thyroid; stomach; lung; bladder; sarcoma; Hodgkin; NHL; acute leuke-
mia; neuroblastoma

Idarubicin AML; ALL; CML in blast crisis

Epirubicin Breast; gastric

Mitoxantrone Breast; prostate; AML

Enzymes L-asparaginase ALL

Vinca alkaloids Vinblastine, vinorelbine Breast; testicular; lung; Hodgkin; NHL

Vincristine ALL; NHL; Hodgkin; neuroblastoma; rhabdomyosarcoma

Taxanes Paclitaxel, docetaxel Ovarian; breast; bladder; lung; H&N 

Camptothecins Topotecan, irinotecan Ovarian; colon; lung

Epipodophyllotoxins Etoposide Testicular; breast; lung; AML; Hodgkin, NHL; Kaposi

Newer agents of considerable interest are the targeted therapies 
and biologic response modifiers. Unique to this class of agents is their 
specificity for tumor cells, thus limiting the toxic side effects that are 
dose limiting for the traditional cytotoxic chemotherapeutic agents. 
Biological response modifiers (BRMs), or biologicals, accounted for 44% 
of cancer therapy sales in 2006, exceeding those of traditional cytotoxic 
agents.1 BRMs modulate a host’s immune response resulting in antitu-
mor effects. Examples include interferon alfa, tumor necrosis factor, and 
interleukin 2. Targeted therapies are developed through recombinant 
DNA technology, proteins closely mimicking those that naturally occur 
in humans are engineered to mediate antitumor effects. These agents 
include cytokines, monoclonal antibodies, and fusion proteins. Tyrosine 
kinase inhibitors disrupt signal transduction, gene transcription, and 

DNA synthesis in the tumor cells which overexpress their target (ie, 
ABL, EGFR, HER1/EGFR).

Some agents cannot be easily clarified into the above groups due to 
unique mechanisms of action. For example, all-trans-retinoic acid or 
tretinoin is an agent which induces malignant myeloid cells to differenti-
ate, thereby decreasing the population of highly proliferative immature 
cells. Hydroxyurea is a synthetic enzyme that inhibits conversion of RNA 
to DNA, leading to cell death in rapidly dividing cells. Thalidomide, after 
being withdrawn from the market for its teratogenic effects, has been rein-
troduced along with its derivative lenalidomide, for cancer therapy due to 
antiangiogenic and immunomodulatory properties. Glucocorticoids are 
useful for their ability to suppress mitosis in lymphocytes.2,3 For a summary 
of antineoplastic agents and their disease targets, please refer to Table 95-1.

(Continued)
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  TABLE 95-1    Classification of Chemotherapeutic Agents

Chemotherapy Class Subclass Individual Agents Example Disease Targets 

Biologicals Cytokines IFN-α; IL-2; TNF-α RCC; ovarian; bladder; melanoma; carcinoid; Kaposi; Hairy cell leukemia; CML; MM; NHL

Monoclonal antibodies Trastuzumab HER-2 positive breast

Cetuximab EGFR expressing colon or H&N

Rituximab Lymphoma (CD20 positive)

VEGF inhibitor Bevacizumab Colon; NSCLC

Fusion proteins Etanercept

Tyrosine kinase inhibitors Imatinib CML; GIST

Gefitinib NSCLC; ovarian; breast; colon; H&N 

Erlotinib NSCLC

Sunitinib GIST

Sorafenib RCC

Rapamycin analogs Temsirolimus RCC; endometrial; breast; GBM; neuroendocrine tumors

Everolimus RCC; astrocytoma; sarcoma; mantle cell lymphoma

Hormones and antagonists Selective estrogen recep-
tor modulators 

Tamoxifen, raloxifene ER+ breast cancer

Antiandrogens Bicalutamide, Flutamide, nilutamide Prostate

Aromatase inhibitors Letrozole, anastrozole Adjuvant role in postmenopausal breast cancer patients

GNRH agonists Leuprolide, goserelin Breast; prostate

Somatostatin analog Octreotide Carcinoid; VIPomas

Miscellaneous Glucocorticoids Prednisone Leukemia; lymphoma

Differentiating agent All-trans-retinoic acid (ATRA) APML

Synthetic enzyme Hydroxyurea CML; polycythemia vera; essential thrombocythemia

Proteasome inhibitor Bortezomib MM; mantle cell lymphoma

Immunomodulators Thalidomide MM; MDS; prostate; colon; RCC; breast

Lenalidomide MM; MDS

(Continued)

TOXICITIES BY ORGAN SYSTEM

■■ MYELOSUPPRESSION
Myelosuppression due to cytotoxic chemotherapies is a frequent dose-
limiting side effect, although it is difficult to identify the precise inci-
dence of anemia, thrombocytopenia, and neutropenia due to potential 
disease-related effect on the bone marrow.

Severe anemia (hemoglobin <8 g/dL) can be found in over 70% of 
non-Hodgkin lymphoma (NHL) patients receiving CHOP (cyclophos-
phamide, doxorubicin, vincristine, prednisone) combination chemo-
therapy; however, the role of chemotherapy in causing the anemia is 
difficult to distinguish from the disease-related anemia in the patient 
population.4 In the absence of symptomatic anemia or evidence of 
impaired oxygen delivery, a hemoglobin level less than 7 g/dL should 
be transfused according to original guidelines published by the British 
Committee for Standards in Haematology in 2001; however, there is 
little available evidence to support ideal hemoglobin levels.5,6

Thrombocytopenia has been described in case reports of 16 patients 
after treatment with rituximab. Mean onset of thrombocytopenia was 
19 hours after administration and spontaneously resolved in an average 
of 4 days. The mean nadir of platelet count was 12,000/μL with only 
one case of major bleeding (GI) associated with thrombocytopenia. The 
mechanism remains unclear.7 Current practice among hematologists, 
based primarily on retrospective and few controlled trials more than  
25 years ago, uses a platelet count of 10 to 20,000/μL, as a threshold 
for prophylactic transfusion. Incidence of severe bleeding events, RBC 
transfusions, and mortality were not statistically significant when 
thresholds of 10,000 versus 20,000/μL were compared.8,9 Guidelines of 

the American Society of Clinical Oncology indicate that the threshold 
for prophylactic transfusion varies according to diagnosis, clinical con-
dition, and treatment modality.10 In cases of actively bleeding thrombo-
cytopenic patients, or those requiring invasive procedures commonly 
performed in the ICU such as central venous and arterial catheters or 
lumbar puncture, a platelet count greater than 40,000 to 50,000/μL is 
desired. More invasive surgical procedures with high risk of bleeding or 
placement of an epidural catheter may require a platelet count greater 
than 80,000 to 100,000/μL.

Neutropenia, defined as an absolute neutrophil count (ANC)  
≤500 cells/mL, predisposes patients to febrile neutropenia and oppor-
tunistic infections, an oncologic emergency requiring close monitoring 
and hospitalization. Such intensive observation is necessary due to 
the lack of signs and symptoms of infection without the inflammatory 
response typically mediated by neutrophils. In the absence of clinical 
symptoms, there is a 50% likelihood that a patient with febrile neutro-
penia has an established or occult infection (most commonly within 
the GI tract, lungs, or skin), while 20% with ANC <500 cells/mL will 
be bacteremic. Causative organisms are typically gram-negative rods  
(E Coli, Klebsiella pneumoniae, Enterobacter sp, Pseudomonas aeruginosa, 
Citrobacter sp, Acinetobacter sp, and Stenotrophomonas maltophilia) or 
gram-positive cocci (Staphylococcus sp, Streptococcus sp, Enterococcus 
sp). Factors predicting the risk and morbidity of febrile neutropenia 
include age greater than 65 to 70 years, comorbid conditions (pneu-
monia, abdominal pain, neurologic changes), poor performance status, 
dose intensity of chemotherapy, as well as the severity (ANC ≤100 cells/
mL) and duration (>7 days) of the neutropenia. The risk of neutropenia 
is greatest for hematologic malignancies due to intensity of the treatment 
regimen and bone marrow involvement of disease. Contrary to what 
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  TABLE 95-2    IDSA Treatment Guidelines for Febrile Neutropenia

Criteria High Risk (Any One) Empiric Treatment (Any One) Specific Additions to Treatment

Fever ≥38.3°C
ANC ≤500 cells/mL

Anticipated neutropenia >7 days
Clinically unstable
Any medical comorbidities

Piperacillin/tazobactam
Carbapenem
Ceftazidime
Cefepime

Vancomycin or linezolid for CRBSI, cellulitis, pneumonia, or hemodynamic instability
Aminoglycoside + carbapenem for pneumonia or gram-negative bacteremia
Metronidazole for abdominal symptoms or suspected C difficile infection
Antifungal therapy (echinocandin, voriconazole, or amphotericin B) if hemodynamic  
instability or fever persists (>4-7 days)

one might think, the risk of neutropenia is greatest earlier in treatment  
(7-14 days). In retrospective studies as well as clinical trials, in 63% to 
65% and 75% of hospitalizations, febrile neutropenia occurred within 
the first two cycles of treatment for NHL and advanced breast carcinoma 
respectively.11 Late onset (>3-4 weeks after the last treatment) neutrope-
nia (LON) has been described in case reports following use of the mono-
clonal antibody rituximab. Wolach and colleagues presented a series of six 
patients treated with rituximab as part of a regimen for DLBCL or follicu-
lar lymphoma who developed neutropenia anywhere from 42 to 168 days 
after the last treatment.12 All but one of these cases was associated with at 
least one episode of febrile neutropenia. In their review of the literature, 
they found an incidence range of 3% to 27% of late onset neutropenia 
associated with rituximab with a median onset of 38 to 175 days and dura-
tion of 5 to 77 days. Mortality rates associated with febrile neutropenia are 
8.4% and up to 13.2% in patients with hematologic cancers.4

Neutropenia is also associated with dose reductions and treatment 
delays, potentially compromising desired goals of long-term survival in 
patients being treated with curative intent. This has been supported by 
studies demonstrating a direct relationship between dose intensity and 
disease-free as well as overall survival.13

Use of granulocyte colony-stimulating factor has been shown to 
both decrease nadir and duration of neutropenia if administered prior 
to its development. Hartman et al performed a randomized controlled 
clinical trial, which found no benefit (decreased rate of hospitalization,  
LOS, duration of antibiotics, or culture positive infections) to treating 
neutropenia with granulocyte colony-stimulating factor compared to 
placebo once it developed even though the median time to achieve 
ANC greater than 500 cells/mL was 2 days shorter.14 Current recom-
mendations for use of granulocyte colony-stimulating factor are based 
on patient’s risk factors for developing neutropenia (age ≥65; poor 
performance status; existing cytopenia due to marrow involvement of 
malignancy; serious comorbidities; concurrent radiation therapy; exten-
sive prior chemotherapy; previous episode of febrile neutropenia; and 
planned dose intensity >80%).13

Clinical practice guidelines for the management of febrile neutropenia 
were most recently updated by the Infectious Disease Society of America 
in 2010 and are summarized in Table 95-2.15 In addition to standard 
laboratory testing (CBC with differential, electrolytes, BUN/creatinine, 
and LFTs), at least two sets of blood cultures are recommended, includ-
ing samples from each lumen of an indwelling catheter and chest x-ray 
and culture from other sites of suspected infection. Monotherapy with 
an antipseudomonal β-lactam (cefepime), carbapenem (meropenem or 
imipenem-cilastatin), or piperacillin-tazobactam is an A-I recommen-
dation. Empiric vancomycin is not recommended (A-I) unless a specific 
clinical indication (catheter-related blood stream infection, skin-soft 
tissue infection, pneumonia, hemodynamic instability) is present and 
should be discontinued if after 2 days there is no evidence of gram-
positive infection (A-II). In instances of suspected bacterial resistance, 
empiric coverage may be modified (B-III). If fever or hemodynamic 
instability persists, empiric antifungal coverage should be considered 
(A-II). In cases where there is a documented infection (clinically or 
microbiologically), the duration of treatment should continue until ANC 
≥500 cells/mL or as long as clinically necessary (B-III). In instances 
where fever remains unexplained, the course should be continued  
until evidence of marrow recovery (ANC ≥500 cells/mL) (B-II).

■■ PULMONARY TOXICITY
Due to the lack of definitive diagnostic testing, nonspecific clinical find-
ings (dyspnea, hypoxemia, infiltrates), and significant overlap, diagnosing 
pulmonary toxicity due to anticancer agents is challenging as is determin-
ing the incidence of complications due to particular agents. The mecha-
nisms by which chemotherapies can cause pulmonary toxicity include 
direct damage to pneumocytes or alveolar capillary endothelium, immu-
nologic-mediated toxicity, and capillary leak. Any one or combination of 
these mechanisms can lead to clinical manifestations such as interstitial 
pneumonitis, hypersensitivity pneumonitis, noncardiogenic pulmonary 
edema, alveolar hemorrhage, BOOP, pleural effusions, bronchospasm, 
and pulmonary venoocclusive disease.16 Depending on the severity of 
the clinical findings, a diagnosis of ALI/ARDS may be met. Many pul-
monary manifestations secondary to chemotherapy are beyond the scope 
of a critical care–oriented text and will not be addressed; rather the focus 
will be on agents with potentially life-threatening pulmonary toxicities. 
Hypersensitivity reactions in response to many chemotherapeutic infu-
sions may result in respiratory symptomatology, and will be discussed 
later. In addition, complications due to underlying malignancy such as 
infection and metastatic disease may coexist and confound the diagnosis 
of treatment-induced lung disease.

Acute respiratory distress and failure can be caused by a number of 
anticancer therapies, and can be secondary to direct toxic drug effects or 
secondary to other complications caused by treatment side effects such 
as pancytopenia resulting in pulmonary hemorrhage and pneumonia, or 
pulmonary edema due to fluid overload. These entities are particularly 
notable for patients being treated for hematologic malignancies. Ameri 
et al performed a retrospective analysis at MD Anderson including over 
1500 patients undergoing induction chemotherapy for AML or high-
risk MDS (typically with an anthracycline plus cytarabine) and found 
an 8% incidence of acute respiratory failure requiring ventilator support 
within 2 weeks of initiation of treatment.17 Seventy-three percent of 
those patients who experienced respiratory failure died with a median 
survival of 3 weeks, indicating substantial mortality associated with 
the need for ventilatory support in this patient population. Significant 
predictors of developing respiratory failure were identified and included 
poor performance status, infiltrates on presentation, renal insufficiency, 
and male sex.

Direct injury to pneumocytes as well as the alveolar capillary endo-
thelium and the resultant release of inflammatory mediators can result 
in leaky capillaries and development of noncardiogenic pulmonary 
edema severe enough to require mechanical ventilation. This so-called 
capillary leak may also result from systemic cytokine release and resul-
tant immunologic-mediated toxicity to alveolar capillary endothelium.

Cytarabine at moderate and high doses used in leukemic patients 
is well known for resulting in respiratory failure via noncardiogenic 
pulmonary edema (NCPE). Haupt et al was the first to report “massive” 
and “moderate” pulmonary edema in 24% and 33%, respectively, of  
181 leukemic patients on autopsy who received cytosine arabinoside.18 In 
a more recent report and review performed by Kopterides et al, there is 
an approximate incidence of NCPE resulting in respiratory failure of 11% 
to 28% in leukemic patients treated with either induction or consolida-
tion chemotherapy consisting of cytarabine.19 Clinical findings typically 
include low-grade fever, severe dyspnea, hypoxemia, and crackles on  
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lung examination. The onset of respiratory failure is reported anywhere 
from 2 to 21 days following treatment and in most cases, efforts to rule 
out alternate etiologies were carried out by sampling of respiratory 
secretions and cardiac evaluations. Histological findings reported are 
those showing massive alveolar edema with a highly proteinaceous, 
noninflammatory infiltrate suggesting increased vascular permeability 
as the mechanism of disease. Radiographic findings ranged from a dif-
fuse interstitial pattern, mixed interstitial and alveolar patterns, alveolar 
pattern and normal. These findings were more often diffuse and bilateral 
than localized. Mortality due to cytarabine-induced NCPE from case 
reports range from 13% to 69%, though the number of total cases is 
limited. Corticosteroids at doses ranging 0.75 to 4 mg/kg per day have 
been used with good results, though there are no clinical studies to better  
define their efficacy or optimal dosing.19

Gemcitabine has also been associated with NCPE though much more 
rarely at approximately 0.1%. This entity is distinct from a transient, 
self-limited dyspnea that is associated with gemcitabine administration 
5% to 8% of the time. The pulmonary toxicity of gemcitabine is thought 
to escalate with each successive dose; however, cases of NCPE have 
been reported on first administration.20 There are less than a dozen case 
reports, all demonstrating significant mortality unless identified early 
and systemic steroids administered and gemcitabine discontinued.34

Administration of IL-2 has a 3% to 20% dose-related incidence of NCPE 
in the context of a generalized vascular leak syndrome. Radiographic find-
ings include bilateral infiltrates and pleural effusions. With knowledge of 
the mechanism of IL-2–induced pulmonary toxicity, careful attention to 
volume resuscitation can limit these effects. Clinical and radiographic 
findings typically resolve with discontinuation of the IL-2.16,21 Other che-
motherapeutic agents rarely associated with NCPE and respiratory failure 
includes intrathecal methotrexate, vinblastine, and mitomycin C.

Retinoic acid syndrome, or ATRA syndrome, is characterized by a 
collection of clinical findings including fever, weight gain, elevated WBC 
count, respiratory distress, interstitial infiltrates, pleural and pericardial 
effusions, episodic hypotension, and acute renal failure after initiation of 
therapy for APML. Respiratory distress and fever are represented most 
commonly (>80%). Initially it was associated with an incidence of 26% 
in patients treated with all-trans-retinoic acid (ATRA) and is highly 
responsive to high-dose steroids and temporary cessation of ATRA, 
though more recent reports indicate this may be decreasing (2%-11%). 
Its onset occurs at a median of 5 days based on published controlled 
trials and case reports with a mortality of 2%. Radiographic findings 
suggest pulmonary edema and can include pulmonary vascularity, 

peribronchial cuffing, GGOs, consolidation, nodules, air bronchograms, 
and pleural effusions.22-25

Bleomycin is best known for causing a late onset, dose-dependent 
pulmonary fibrosis 1 to 6 months after administration in up to 10% 
of patients.26 Bleomycin exerts its cytotoxic effect in the lungs via 
generation of reactive oxygen species and resultant oxidative injury to 
pneumocytes. The generation of ROS may be exacerbated by admin-
istration of supplemental oxygen and is felt to have contributed to the 
development of postoperative respiratory failure in patients previously 
treated with bleomycin in case reports.27 A recent case report described 
the use of nitric oxide in a case of postop ARDS as an oxygen-sparing 
strategy to minimize hyperoxia-induced bleomycin toxicity. The study 
confirmed earlier findings by Dellinger et al of an increase in PaO2 with 
the addition of nitric oxide to lowest possible concentration of oxygen. 
The mechanism of this benefit is likely due to improved V/Q matching; 
however, the effects on mortality are less clear.28,29

Pulmonary venoocclusive disease due to deposition of fibrinous 
material in the pulmonary veins and venules has been reported after 
treatment with bleomycin as well as mitomycin and BCNU. Typical of 
any occlusive process with in the pulmonary circulatory bed, clinical 
findings include pulmonary hypertension with resultant dyspnea and 
hypoxia. Onset is rarely acute and treatment involves discontinuation of 
the implicated drug and supportive therapy with mechanical ventilation. 
Treatment of pulmonary hypertension with prostacyclin is currently not 
recommended due to adverse effects in case reports.30,31

Alveolar hemorrhage can been seen in instances of germ cell tumors 
with pulmonary involvement undergoing initial chemotherapeutic 
treatment, though this is as a result of tumor response to chemotherapy 
rather than the chemotherapeutic agent itself. Bevacizumab has been 
associated with pulmonary hemorrhage and hemoptysis in 2.3% of 
patients treated for NSCLC.16

Finally, innumerable chemotherapeutic agents as well as radiation 
therapy have been demonstrated to cause pneumonitis and interstitial 
lung disease. This topic will not be discussed as it lies outside of the 
focus of this text. For a review of the pulmonary manifestations likely to 
be encountered in the acute, ICU setting, please see Table 95-3.

In general, as stated earlier, the diagnosis of pulmonary-related drug 
toxicity is a diagnosis of exclusion. Treatment typically involves dis-
continuing the offending agent, supportive care with bronchodilators 
and mechanical ventilation, taking care to avoid high inspired oxygen 
concentrations in cases of bleomycin and mitomycin C toxicity, and 
systemic steroids ranging 0.5 to 1.0 mg/kg/day depending on severity. 

  TABLE 95-3    Pulmonary Toxicities

Clinical Manifestation Agents Implicated Treatment Comments

ARDS Anthracyclines, cytarabine Supportive •	 High mortality associated

Noncardiogenic pulmonary 
edema (capillary-leak syndrome)

Cytarabine, all-trans-retinoic acid, 
mitomycin, gemcitabine, IL-2

Supportive; possible steroids but lacking 
clinical studies to support their routine use.

•	 Onset 2-21 days following treatment
•	 Incidence ranges 11%-28% except for gemcitabine (5%-8%)

Pulmonary Fibrosis Bleomycin Avoidance of exposure to high fractional 
inspiration of oxygen; discontinue drug; 
inhaled nitric oxide shown to be effective 
in improving PaO2 in case reports 

•	 Dose dependent (especially at dose >400 units)
•	 Onset 1-6 months after treatment
•	 Incidence ∼10%; risk increased with concomitant radiation 

treatment

Venoocclusive disease Bleomycin, mitomycin, BCNU Supportive therapy •	 Resultant pulmonary hypertension should not be treated 
with prostacyclin

Alveolar hemorrhage Bevacizumab Supportive management of hypoxemia 
and hemoptysis

•	 Incidence ∼2.3% in patients treated for nonsmall cell 
lung cancer

Pneumonitis Bleomycin, busulfan, BCNU, cyclophos-
phamide, mitomycin, methotrexate

Supportive; may be steroid responsive •	 Incidence, prognosis and chest x-ray findings can be variable

Retinoic acid syndrome All-trans-retinoic acid Supportive; corticosteroids •	 Chest x-ray findings consistent with pulmonary edema 
including pulmonary vascularity and pleural effusions
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  TABLE 95-4    Cardiotoxicities

Cardiotoxicity Common Agents Treatment Comments

Cardiomyopathy Doxorubicin, daunorubicin, 
epirubicin, mitoxantrone

Diuretics, β-blockers, ACE-inhibitors •	 ∼7% incidence at maximal recommended cumulative dose  
of 550 mg/m2 (≥900 mg/m2 for epirubicin)

•	 Risk decreased with mitoxantrone due to decreased generation of ROS
•	 Incidence increases with underlying cardiac risk factors and age
•	 Frequent cardiac monitoring for at-risk patients recommended
•	 Use of dexrazoxane may decrease incidence
•	 Prognosis more favorable if identified early and treated aggressively

Myocarditis/pericarditis Cyclophosphamide Supportive •	 May cause hemorrhagic myocarditis at high doses

Ischemia Fluorouracil (5-FU), taxanes Supportive; discontinue drug and later 
dosing schedule

•	 Cardiac events reported within the first 72 hours after treatment with 5-FU
•	 Increased incidence in those with underlying cardiac risk factors

Arrhythmias Paclitaxel, rituximab Supportive; supplement electrolytes 
as needed

•	 Patients with underlying cardiac risk factors should be monitored during 
and after infusion of agent

Hypertension Bevacizumab, cisplatin Supportive; antihypertensive therapy •	 Systolic blood pressure greater than 220 mm Hg reported

In instances of noncardiogenic pulmonary edema, diuretics should be 
utilized following cardiovascular assessment.

■■ CARDIOTOXICITY
The cardiotoxic effects of cancer therapy range from acute and  
subacute, including manifestations such as pericarditis, myocardi-
tis, acute coronary syndrome (ACS), SVTs, and QT prolongation, to 
chronic, insidious onset of left ventricular dysfunction resulting in car-
diomyopathy and congestive heart failure (CHF).32 A critically ill patient 
may present acutely with chest pain following recent cancer treatment, 
or have a remote history of potentially cardiotoxic therapy and is admit-
ted after a progressive decline in cardiac status. In either case, knowledge 
of the common cardiotoxic therapies is essential to the appropriate 
diagnosis and subsequent management of these patients. A summary of 
cardiotoxic effects of chemotherapy is presented in Table 95-4.

The most well-known cardiotoxic cancer therapy class is the sub-
group of antibiotics called anthracyclines (doxorubicin, daunorubicin, 
epirubicin, and idarubicin). Via the formation of reactive oxygen species 
(ROS) and subsequent oxidative stress resulting in apoptosis, anthracy-
clines have been reported to cause both symptomatic and asymptomatic 
arrhythmias, transient nonspecific ECG changes, rare pericarditis and 
myocarditis (particularly daunorubicin), and dose-dependent cardio-
myopathy. One of the earliest series to describe the dose-related car-
diotoxic effects of doxorubicin was published in 1973 by Lefrak et al.33 
In his case series of 399 patients treated with doxorubicin, there were 
11 cases (3%) of acute cardiac decompensations with 8 resultant deaths 
within 3 weeks. An additional 45 patients (11%) experienced transient 
ECG changes. With regard to patients developing refractory heart 
failure, a dose cutoff ≥550 mg/m2 was found to correlate with a much 
higher incidence than doses below 550 mg/m2 (30% vs 0.27%). Factors 
that were found to increase the risks of cardiotoxicity include cumula-
tive dose, extremes of age, prior radiation therapy, and combination 
chemotherapy.34 An early retrospective study by Von Hoff et al nicely 
demonstrated an increasing incidence of anthracycline-induced heart 
failure (3%, 7%, and 18%) with increasing cumulative dosages (400, 550, 
and 700 mg/m2, respectively).35 Early onset heart failure (up to 1 year 
after treatment) has a much more favorable prognosis if identified and 
treated aggressively with traditional CHF regimens (diuretics, β-blocker, 
ACEIs). Late onset heart failure, typically reported in patients who had 
received anthracyclines for malignancy as a child, responds poorly to 
treatment and increases what is already a significant mortality of 30% 
to 60%.36 Given the above findings, the American Society of Clinical 
Oncology recommends frequent cardiac monitoring for patients who 
have received a cumulative doxorubin dose of 400 mg/m2 and strong 
consideration for discontinuance of treatment in patients who demon-
strate clinical CHF or decline in LVEF below normal limits.37

Due to the significant morbidity and mortality associated with 
cumulative dosing of anthracyclines, agents have been developed in 
attempts to mitigate these dose-limiting cardiotoxic effects. Liposomal 
doxorubicin encapsulates the drug within a liposome, thereby limiting 
its exposure to organs with tight capillary junctions such as the heart and 
GI tract.38 Mitoxantrone is an anthracycline derivative that was devel-
oped in attempts to reduce the generation of cardiotoxic ROS associated 
with the original anthracyclines and early randomized trials did show a 
significantly lower incidence of CHF or moderate to severe decrease in 
LVEF with mitoxantrone compared to doxorubicin. However, as with 
the original anthracyclines, higher cumulative doses (>160 mg/m2) are 
associated with increased risk of developing heart failure. Dexrazoxane 
is an iron chelator which prohibits oxygen-free radical production by 
anthracyclines but can also interfere with their anticancer effects, so 
it is not administered simultaneously with chemotherapy, rather it is 
reserved for those patients who have received >300 mg/m2 and antici-
pate further need for anthracycline-containing regimen.39

Liposomal doxorubicin was shown to have considerably less risk of 
cardiomyopathy at long-term follow-up of 42 patients who received 
≥500 g/m2 on posttreatment MUGA scans. Thirty-four of the 42 had 
not been previously treated with doxorubicin and 41 of the 42 were 
available for posttreatment MUGA scans at a median of 2.7 years. Only 
2 patients without a history of prior doxorubicin exposure demonstrated 
a drop of ≥10% in LV EF (5.8%) compared to historical rates of >7% 
with a comparable dose of doxorubicin.40 A recently published meta-
analysis reviewed 55 randomized controlled trials of anthracyclines in 
a variety of cancers (including metastatic breast, multiple myeloma, 
and ovarian cancer), in patients without preexisting cardiac disease and 
risk for cardiotoxicity.41 Fifteen of these studies compared an anthra-
cycline with mitoxantrone and showed an anthracycline-containing 
regimen increased the risk of clinical cardiotoxicity or CHF (OR 2.88) 
compared to mitoxantrone. This same analysis also reviewed studies 
which compared liposomal doxorubicin and epirubicin compared to 
conventional doxorubicin and found a decreased risk for clinical car-
diotoxicity or CHF (OR 0.18 and 0.39, respectively). Another six studies 
reviewed compared the use of the cardioprotective agent dexrazoxane 
versus placebo in combination with an anthracycline and were shown 
to significantly decrease the risk of clinical cardiotoxicity or CHF (OR 
0.21). Studies of other agents and their potential cardioprotective effects 
when combined with anthracyclines showed no significant benefits 
(carvedilol, L-carnitine, amifostine).

The antimetabolite agent fluorouracil (5-FU) is also well known for its 
cardiotoxic effects. Vasospasm has long been the suspected mechanism 
of cardiac toxicity. Clinical manifestations reported include ST-segment 
changes, heart failure, hypertension, hypotension, conduction distur-
bances, and cardiac arrest.42 The majority of cardiac events reported 
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occur within 72 hours of the first cycle. Depending on study size, the 
incidence of 5-FU cardiotoxicity ranges from 1.6% to 10%. Saif et al 
reviewed the data of 377 patients from previously published clinical 
studies and case reports of 5-FU–induced cardiotoxicity to better identify 
its incidence and risk factors.43 The median age of the patients was 57 
years while 14% and 37% of them were identified as having preexisting 
cardiac disease or cardiac risk factors (smoking, diabetes, hyperlipid-
emia), respectively, and half of them received combination chemother-
apy. Manifestations of cardiotoxicity included angina (45%), MI (22%), 
arrhythmia (23%), pulmonary edema (5%), heart failure (2%), and 
cardiac arrest and pericarditis (1.4%). Sixty-nine percent experienced 
transient ECG findings consistent with ischemia. Risk factors associated 
with increased incidence of these cardiac events were advanced age, a 
history of CAD, and administration of 5-FU via a continuous infusion 
(>24 hours) versus IV bolus dosing (<3 hours). Capecitabine is an orally 
administered prodrug of 5’-deoxy-5-fluorouridine which is converted to 
5-FU in the liver and tumor cells. Its use has been increasing due to its 
effectiveness and convenience of administration. Initially, hopes were 
that capecitabine had milder toxicity profile; however, a retrospective 
analysis by Van Cutsem et al found the incidence of cardiotoxicity of 
capecitabine to be comparable to that of 5-FU.44 This is perhaps due to 
the metabolites ultimately produced by 5-FU which have been shown  
to be directly toxic to myocardial cells in animal studies.

The alkylating agent, cyclophosphamide, has also been shown to exert 
a dose-related cardiotoxicity in cancer patients within 10 days of the first 
dose. Patients receiving high-dose (≥150 mg/kg) preparative regimens 
for stem cell transplants are particularly at risk. Toxicity may manifest as 
myocarditis, pericarditis, cardiomyopathy, pericardial effusion, or heart 
failure with an incidence of LV dysfunction ranging from 7% to 28%.45 
The proposed mechanism of cyclophosphamide toxicity is believed to 
be mediated by neurohumoral activation as shown by increased BNP 
levels in 23 patients treated with 4 g/m2 cyclophosphamide for multiple 
myeloma in anticipation of autologous stem cell transplant.46

Cisplatin infusion can be associated with acute-onset chest pain and 
elevated cardiac enzymes, as well as late onset complications including 
hypertension, LV hypertrophy, and myocardial ischemia up to 20 years 
following remission.47

Paclitaxel has been reported to potentiate heart failure when used in 
combination with anthracyclines in addition to an estimated 29% inci-
dence of transient asymptomatic bradycardia possibly due to massive 
histamine release.32,48 The antitumor mechanism of action of paclitaxel 
and docetaxel exerts a negative ionotropic effect by reducing calcium 
release from the sarcoplasmic reticulum, leading to both brady- and 
tachyarrhythmias, as well as myocardial ischemia or infarction sec-
ondary to coronary vasospasm. Reports of the incidence myocardial 
ischemia following taxane treatment range 1.7% to 5% and myocardial 
infarction 0.5% in patients with a known history of CAD.45 For this 
reason, cardiac monitoring is recommended during treatment in patients 
with known history of conduction defects or ventricular dysfunction.48,49

Newer biologic agents including monoclonal antibodies and tyrosine 
kinase inhibitors also have cardiotoxic potential. The incidence of car-
diac dysfunction due to the monoclonal antibodies trastuzumab and 
bevacizumab ranges 0.8% to 16%; however, in most studies these agents 
were combined with an anthracycline.34,45 Bevacizumab can also cause 
severe hypertension in up to 5% of patients, resulting in complications 
such as hypertensive encephalopathy and subarachnoid hemorrhage.50 
The tumor cell target of trastuzumab, ErbB2, is also present on cardiac 
myocytes and serves a presumed cardioprotective role; thus inhibition of 
ErbB2 may predispose to anthracycline-induced cardiotoxicity.51,52 The 
clinical manifestations of cardiotoxicity that may occur in 2% to 3% of 
patients treated with the EGFR inhibitor cetuximab include acute MI, 
arrhythmias, myopericarditis, cardiomyopathy, CHF, hypotension, and 
nonspecific ECG changes.53 Hypomagnesemia is a common side effect 
of cetuximab that should be aggressively treated in order to avoid poten-
tially exacerbating cardiotoxic effects such as conduction disturbances 
such as prolongation of QTc interval.

VEGF-targeted tyrosine kinase inhibitors sunitinib and sorafenib 
have demonstrated a 20% incidence in asymptomatic LVEF decline as 
well as a 4% incidence of LVEF decline of greater than 20%.54

Finally, radiation therapy is also damaging to the heart and this risk 
increases with fractional dose as well as concomitant administration of 
cardiotoxic systemic anticancer therapies mentioned above. The cardio-
toxic effects of radiation develop at a mean interval of 82 months after 
therapy and most commonly manifests as pericardial disease (effusion or 
pericarditis) which can later lead to fibrosis and constrictive physiology.50  
Of particular concern is the frequency with which combination  
radiation and chemotherapy are used in treatment regimens and their  
potential for synergistic cardiotoxic effects.

The American College of Cardiology and American Heart Association 
2003 guidelines for the use of cardiac radionuclide imaging recommend 
baseline EF assessment with a multigated acquisition scan, or MUGA, 
in all patients prior to receiving doxorubicin (IA).55 Serial LVEF assess-
ments have been advocated based on an early study by Alexander et al, 
which demonstrated serial MUGA during treatment with doxorubin 
was able to detect preclinical moderate declines in LVEF.56 However, 
MUGA and echocardiograms are felt to lack adequate sensitivity for 
the detection of preclinical cardiotoxicity. The most sensitive indicator  
of early myocardial toxicity, however, is endomyocardial biopsy, which 
given its invasive nature, limits its utility. Serum markers such as  
troponin and BNP have been shown to be predictive of cardiac 
events; however, there are no established values that demonstrate good  
sensitivity and specificity due to limited studies.50

■■ GASTROINTESTINAL AND HEPATIC TOXICITIES
The incidence of clinically significant grade 3-4 oral mucositis (pain-
ful erythema or ulcers preventing swallowing with inability to take PO 
or handle oral secretions that may require prophylactic endotracheal 
intubation) is 1% to 10% when associated with anthracycline-based regi-
mens while 5-FU–related mucositis approaches rates of >15%. Taxane- 
and platinum-based regimens also have an incidence of oral mucositis 
in the range of 3% to 13%; however, concomitant XRT increases the risk 
up to sevenfold. Stem cell transplant recipients (largely acute leukemia 
and lymphoma patients) have the highest rates of mucositis as a result of 
high-dose chemotherapy regimens (30%-50% and >60% when accom-
panied by whole body irradiation) followed by head and neck patients 
(approximately 40%).57,58

The onset of mucositis typically occurs 5 to 7 days after treatment with 
chemotherapy or radiation and may resolve in 2 to 3 weeks in the absence 
of myelosuppression. Treatment is largely supportive with adequate 
hydration, topical anesthetics such as lidocaine and systemic analgesia 
with morphine via PCA. Present guidelines do not recommend chlorhex-
idine to treat established oral mucositis. The painful nature of muco-
sitis limits oral intake and leads to malnutrition that may require total 
parenteral nutrition (TPN). In severe cases, patients may be unable to  
handle their oral secretions and require intubation for airway protection.  
Mucositis involving the gastrointestinal tract can result in clinically  
significant diarrhea leading to hypovolemia and electrolyte abnormalities.  
Subcutaneous octreotide (100 µg) is recommended when first-line 
therapy with loperamide is unsuccessful. Radiation-induced proctitis 
accompanied by rectal bleeding can be treated with sucralfate enemas.59,60

At least 70% of patients receiving cancer chemotherapy will experi-
ence nausea and vomiting that can lead to dehydration, malnourish-
ment, and electrolyte abnormalities.61 Chemoreceptors in the fourth 
ventricle of the brain mediate the individual’s emetogenic response to 
cytotoxic drugs. Some of the chemotherapeutics agents with highest 
emetogenic potential (>60%) include carmustine, cisplatin cyclophos-
phamide (especially at higher doses), dacarbazine, procarbazine (oral), 
dactinomycin, doxorubicin, methotrexate, and pentostatin. Treatment 
is largely supportive with IV hydration and/or nutrition as well as 
aggressive electrolyte replacement in combination with attempts at 
chemoreceptor blockade via 5-HT3 receptor antagonists (ondansetron, 
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metoclopramide), dopamine receptor antagonists (prochlorperazine, 
haloperidol), and newer neurokinin-1 receptor antagonists (aprepitant).

Neutropenic enterocolitis, or typhlitis, is a necrotizing process involving  
the bowel as a result of neutropenia most commonly resulting from che-
motherapeutic treatment of leukemia. Onset is within the first month of 
initiation of chemotherapy and may be occult as in most cases or present 
with diarrhea, abdominal pain, and fever. The incidence of neutropenic 
enterocolitis in leukemic patients approaches 46% on autopsy series.30

Various forms of hepatotoxicity may occur as a result of anticancer 
therapies. Venoocclusive or sinusoidal obstructive syndrome is a feared 
complication of bone marrow transplant, which will be discussed below. 
Other manifestations of hepatotoxicity include cholestasis; elevations in 
transaminases due to hepatocellular injury; steatosis as seen with treat-
ment with L-asparaginase; and hepatitis B reactivation and increased 
hepatitis C viremia as a result of chemotherapy-induced immunosup-
pression particularly in patients being treated for hematologic malig-
nancies and NHL (18% and 40% incidence, respectively). Underlying 
liver disease (cirrhosis and viral hepatitis) also increases the risks of 
hepatotoxicity due to dependence of cytochrome P450 oxidation for 
chemotherapy drug metabolism. Fulminant hepatic failure has been 
described with IFN-α, though is rare.62

Many of the anticancer therapies have been found to occasionally 
cause asymptomatic, transient elevations in LFTs. The more common 
agents known to cause elevations in bilirubin and transaminases include 
carboplatin, 6-MCP, 5-FU, pentostatin, and taxanes. The mechanisms 
of these LFT abnormalities are largely unclear and incidences are dif-
ficult to determine due to comorbid conditions that may be present. 
Vincristine and dactinomycin have been shown to precipitate more 
severe hepatotoxicity following radiation treatment and dose adjust-
ments should be considered as in any individual with compromised 
liver function prior to beginning chemotherapy due to increased risks 
of developing toxicity.62

The hepatotoxic effects of chemotherapy have been a more recent 
topic of intense investigation in the setting of colon cancer with isolated 
liver metastasis. With the advent of new chemotherapeutic combina-
tions, neoadjuvant treatment has shown improved response rates as well 
as 5-year survival rates after surgical resection. However, with the use of 
new chemotherapeutic regimens came the concern of hepatotoxic side 
effects that would affect the function of remaining liver parenchyma. As 
a result, many studies in the past 5 to 10 years have tried to elucidate the 
precise hepatotoxic effects of anticancer therapies and how they impact 
outcome following resection.63

Steatosis (fat accumulation within hepatocytes) has been associated 
with floxuridine, 5-FU, folinic acid, IFN-α, levamisole while agents 
inducing oxidative stress such as 5-FU, platinums, taxanes, and irino-
tecan have been associated with more severe steatohepatitis (fat accu-
mulation associated with inflammation). The impact of steatosis on 
long-term liver function following hepatic resection is unclear, while 

steatohepatitis demonstrates a postoperative mortality odds ratio of 
10.5 and postoperative liver failure odds ratio of 7.7.64 Adjuvant, locally 
delivered chemotherapy with floxuridine via a hepatic artery pump is 
associated with damage to bile ducts and can lead to biliary sclerosis in 
up to 35%. Due to this side effect and lack of clear survival advantage, 
use of hepatic artery pump is less common in recent years.

Of the platinum agents, both carboplatin and oxaliplatin have one 
or more case reports describing fulminant liver failure, while 15% of 
patients treated with carboplatin can experience a transient, reversible  
elevation of LFTs (AST, alkaline phosphatase, and bilirubin).62 
Dacarbazine has also been implicated in case reports as causing fulmi-
nant hepatic failure in patients with melanoma via proposed mechanism 
of small vein thrombosis.

High-dose cytoreductive chemotherapy in anticipation of stem cell 
transplantation is associated with hepatic venoocclusive disease or 
sinusoidal obstruction syndrome. Incidence ranges from 5% to 60% 
and clinical diagnosis requires painful hepatomegaly, jaundice, ascites, 
fluid retention, and weight gain. The mechanism of disease involves 
chemotherapy-induced injury to sinusoidal endothelial cells followed 
by sinusoidal hemostasis, obstruction, and eventual hepatocyte ischemia 
and necrosis. Secondary effects of sinusoidal obstruction include portal 
hypertension, liver failure, encephalopathy, multiorgan dysfunction, 
and death with mortality rates up to 98% to 100% in severe cases.65,66 
Until recently, treatment was largely supportive including diuresis and 
dialysis, while efforts toward prevention centered on reduced-intensity 
conditioning. Experimental therapies such as t-PA, heparin, and anti-
thrombin III have showed little promise in investigational studies. 
Defibrotide is an experimental agent with antithrombotic activity that 
has shown response rates of 36% to 76% and improved survival rates in 
clinical trials of adult and pediatric patients with VOD.66,67 A summary 
of these GI and hepatotoxicities is available in Table 95-5.

■■ RENAL AND BLADDER TOXICITIES
The bladder and kidneys are at particular risk of toxicity due to anti-
cancer therapies because they are the route of elimination for many 
of these agents. Comorbid diseases such as hypertension, diabetes, 
hypovolemia, concomitant nephrotoxic drug use such as nonsteroidal 
anti-inflammatory agents, and advanced age may increase the risk of 
developing chemotherapeutic-induced kidney injury. Acute renal failure 
may be precipitated by capillary leak syndrome (prerenal failure), acute 
tubular necrosis (intrinsic failure), or obstruction (postrenal failure). 
Examples of therapies causing acute renal failure by these mechanisms 
are IL-2 (prerenal), ifosfamide and cisplatin (intrinsic), and methotrex-
ate (postrenal).

The heavy metal makeup of platinum drugs results in dose-limiting 
nephrotoxicity. Cisplatin causes proximal renal tubular impairment 
in reabsorption of water and sodium and increased renal vascular 

  TABLE 95-5    GI and Hepatotoxicities

Toxicity Common Agents Treatment Comments

Mucositis Anthracyclines, taxanes, platinums Supportive nutrition and hydration;  
analgesia; airway protection

•	 Risk increases significantly in the setting of concomitant 
radiation therapy

•	 Stem cell transplant recipients most commonly affected

Transient elevations in LFTs Carboplatin, 6-MP, 5-FU, pentostatin, 
taxanes, vincristine, dactinomycin

Supportive •	 Patients with underlying liver dysfunction at higher risk 
of developing LFT abnormalities

Steatohepatitis 5-FU, platinums, taxanes, irinotecan Supportive •	 Presence of steatohepatitis increases postoperative liver 
failure and mortality in patients undergoing hepatic 
resection

Biliary sclerosis Floxuridine via hepatic artery pump Supportive •	 Local delivery causes direct damage to bile ducts

Venoocclusive disease (sinusoidal 
obstructive syndrome)

Alkylating agents, antimetabolites,  
high-dose cyclophosphamide

Supportive; discontinue drug; 
defibrotide (experimental)

•	 Patients undergoing high-dose cytoreductive therapy for 
stem cell transplant most commonly affected
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resistance leading to a decrease in creatinine clearance on an average 
of 15% for up to 6 months after treatment.68 Forced diuresis (normal 
saline plus mannitol or furosemide to achieve 24-hour urine volume 
of >3 L) was developed in the late 1970s and is now routinely used to 
avoid nephrotoxicity due to cisplatin by way of dilution and accelerating 
transit time of the agent through the tubules to prevent damage. The glu-
tathione analog, amifostine, has been used to prevent cisplatin-induced 
nephrotoxicity but not without its own side effects of nausea, vomiting, 
and hypotension. In a study by Hartmann et al, 1000 mg of amifostine 
given prior to chemotherapy with cisplatin-based regimens resulted in 
maintained GFR compared to the control group, which experienced a 
30% decline in GFR.69,70

Renal tubular damage also leads to electrolyte abnormalities such 
as hyponatremia, hypocalcemia, and hypomagnesemia in up to 10% 
of patients due to impaired resorption and excess renal losses.71 Renal 
salt wasting syndrome (RSWS) due to cisplatin can occur as early as 
12 hours after administration and may be difficult to distinguish from 
SIADH, which is also common in cancer patients. Therefore, the inci-
dence of RSWS is unclear with estimates anywhere from 1% to 10% in 
case reports.72 RSWS is characterized by hyponatremia, polyuria, hypo-
volemia, and high urinary sodium concentration with high fractional 
excretion of sodium despite volume depletion. Treatment for RSWS is 
restoration of volume and serum sodium via saline infusion (isotonic or 
hypertonic based on severity of hyponatremia) or salt tablets. Free water 
restriction will not be effective since urinary losses include salt and water.

Carboplatin, due to alterations in chemical structure, compared to 
cisplatin is less nephrotoxic unless used at high doses in anticipation of 
stem cell transplantation.

Ifosfamide and cyclophosphamide result in production of the renally 
cleared metabolite acrolein, which is toxic to the bladder epithelium 
resulting in hemorrhagic cystitis. Prevention of hemorrhagic cystitis 
is accomplished by vigorous IV hydration and mesna, which binds to 
acrolein. In the event bleeding does occur, bladder irrigation to evacuate 
clots is necessary.73 Ifosfamide can also cause a Fanconi-like syndrome, 
typically in children, via proximal tubular damage similar to cisplatin, 
resulting in electrolyte abnormalities and acidosis.74

High-dose methotrexate (1-12 g/m2) causes nephrotoxicity by pre-
cipitation in the renal tubules where it is actively secreted as well as the  
collecting ducts resulting in renal failure due to ATN and renal obstruc-
tion, respectively. Its solubility is pH and volume dependent requiring 
urine alkalinization with sodium bicarbonate and IVF prior to admin-
istration. Adequate pretreatment with these strategies can decrease the 
incidence of methotrexate nephrotoxicity to 1.8%.75 Treatment with leu-
covorin rescue in the event of renal toxicity due to methotrexate is meant 
to mitigate the potentially harmful nonrenal effects of increased metho-
trexate levels that ensue when renal function is impaired. By providing 
reduced folates to nontumor cells, effects on bone marrow suppression 
due to methotrexate may be prevented.76 In severe cases of renal failure 
and methotrexate toxicity (MTX serum level >1 μmol/L), carboxypep-
tidase has been shown to rapidly decrease serum levels of methotrexate by  

hydrolyzing MTX to an inactive metabolite.77 A list of chemotherapeutic 
agent–induced toxicities is provided in Table 95-6.

■■ NEUROLOGIC COMPLICATIONS
Chemotherapy-induced peripheral neuropathy can be a debilitating side 
effect of cancer therapy. The incidence is likely underestimated as many 
cases may go undiagnosed unless symptoms are significant prompting 
diagnostic evaluation. While most cases are reversible after discontinu-
ation of the offending drug, severe cases may be permanent and have 
significant effects on quality of life for a cancer survivor. The signs and 
symptoms are typical of any peripheral neuropathy and include burning 
pain and hyperesthesias with loss of pain or temperature sense. With 
progression of neuropathy, involvement of larger nerve fibers can result 
in loss of vibration, proprioception, reflexes, and muscular weakness. 
Toxicity is generally a dose-dependent, axonal degeneration occurring 
weeks to months after exposure to chemotherapy. Agents commonly 
associated with peripheral neuropathy include vincristine, methotrexate, 
paclitaxel, cisplatin, oxaliplatin, thalidomide, and the newer proteasome 
inhibitor bortezomib.78

Vincristine neurotoxicity is predominantly sensory though one-third 
can have autonomic dysfunction as well characterized by orthostatic 
hypotension and bladder dysfunction. More severe cases, typically at 
high cumulative doses, can begin to involve motor function leading to 
reduced strength.78

It is well established that platinum-based agents are associated with 
a dose-dependent sensory neuropathy at doses >500 mg/m2 in 50% to 
90% of patients treated.79 Oxaliplatin has uniquely been associated with 
an acute onset sensory neurotoxicity immediately after infusion. Clinical 
symptoms include transient paresthesias and muscle spasms in the upper 
limb and jaw.80 The mechanism of acute neurotoxicity is secondary to 
axonal hyperexcitability due to altered voltage-gated sodium channel 
function. Chemoprotective agents such as amifostine, glutathione, and 
glutamine have been studied for their neuroprotective effects and while 
some small observational studies show promise, larger randomized con-
trolled trials need to be performed before their use can be advocated.81

Bortezomib also causes a dose-limiting peripheral neuropathy in up to 
37% of those treated characterized by small-fiber axonal neuropathy caus-
ing burning and paresthesias in the hands and feet as well as a debilitating 
neuropathic pain and eventual sensory deficits. The onset of neuropathy 
occurs after a cumulative dose of 26 mg/m2. The majority of patients expe-
rience resolution of symptoms within 3 to 4 months after discontinuation.82

Liposomal cytarabine administered intrathecally for palliation in 
cases of lymphomatous meningitis, can cause arachnoiditis in 2% to 
8% of patients and warrants prophylactic dexamethasone. Presenting 
symptoms are difficult to distinguish from those that would otherwise be 
attributable to lymphomatous involvement and include headache, back 
pain, meningismus, and nausea.83 Other serious neurotoxic side effects 
reported include seizure, encephalitis, cauda equina syndrome, and pseu-
dotumor cerebri.84 Nelarabine also has significant neurotoxicity in 20% to 

  TABLE 95-6    Renal and Bladder Toxicities

Toxicity Common Agents Treatment Comments

Tubular necrosis Platinums, methotrexate Forced diuresis to achieve urine output >3 L 
over 24 hours; electrolyte supplementation

•	 Amifostine may be used to prevent nephrotoxicity but can 
be associated with nausea, vomiting, and hypotension

Renal salt wasting 
syndrome

Cisplatin, carboplatin, 
cyclophosphamide 

Restoration of volume and correction of serum 
sodium

•	 Distinguished from SIADH by presence of high FE
Na

 despite 
hypovolemia

SIADH Methotrexate, vinca alkaloids, 
cisplatin, ifosfamide

Fluid restriction; serum sodium correction; 
vasopressin receptor antagonists (conivaptan) 

•	 Careful attention should be paid to the rate of correction 
of hyponatremia

•	 SIADH due to chemotherapy may be difficult to distinguish 
from SIADH due to underlying malignancy

Hemorrhagic cystitis Ifosfamide, cyclophosphamide Bladder irrigation; vigorous IV hydration •	 Preventive therapy with mesna and vigorous IV hydration
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40% of patients and is characterized by peripheral neuropathy with weak-
ness in the lower extremities, which if severe, can mimic Guillain-Barre 
Syndrome. Other associated symptoms can include headache and altered 
consciousness. The mechanism of neurotoxicity is unknown.82

Another manifestation of cancer therapy–induced neurotoxicity,  
particularly with VEGF inhibitors due to their tendency to cause hyper-
tension, is posterior reversible encephalopathy syndrome or PRES. PRES 
is a clinical radiographic syndrome of headache, altered consciousness, 
visual disturbances, and seizures associated with characteristic sym-
metrical white matter edema in the posterior cerebral hemispheres on 
MRI. These findings are frequently accompanied by hypertension and 
hypertensive crisis may precede the syndrome by ≥24 hours. PRES 
is a well-described complication of anticancer therapies including  
tacrolimus, cyclosporine, cisplatin, 5-FU, capecitabine, bevacizumab,  
sorafenib, and sunitinib. The mechanism is secondary to acute endothelial  
damage leading to microangiopathy with cerebrovascular dysregulation 
and vasogenic edema.85 Treatment is largely supportive with antihyper-
tensives and discontinuation of inciting agent.82

Another worrisome, though uncommon, complication of the VEGF 
inhibitor bevacizumab is intratumoral bleeding in patients with cerebral 
metastasis leading to intracerebral hemorrhage. While this concern 
is practical, no clear incidence has been determined as patients with 
cerebral metastases were largely excluded from these drug studies. In 
addition, in published series of 21 patients treated with bevacizumab 
and anticoagulation, only 3 patients developed asymptomatic, small 
intraparenchymal hemorrhages.86

Central nervous system toxicity can also occur following treat-
ment with anticancer therapies. Busulfan, in about 10% of patients 
receiving high-dose therapy, can precipitate seizures within 24 hours 

of administration. Ifosfamide can precipitate encephalopathy in 10% to 
25% manifesting as decreased attention and agitation within hours of 
administration lasting 1 to 4 days. High-dose ara-C can cause encepha-
lopathy in 10% to 30%, again within 24 hours of administration and 
resolves weeks after discontinuation. High-dose ara-C can also cause 
painful corneal toxicity associated with blurred vision, photophobia, and 
conjunctival injection, which can be prevented and treated with gluco-
corticoid eye drops. Cerebellar syndrome has also been described with 
high-dose cytarabine and includes dysarthria, ataxia, and nystagmus. 
Intrathecal methotrexate administration can cause aseptic meningitis in 
10% of patients and manifests as headache, lethargy, and nuchal rigidity. 
Overdosage of intrathecal MTX can cause fatal myeloencephalopathy 
manifest by seizure and coma. Subacute central neurologic toxicity 
associated with moderate to high doses of MTX can occur weeks to 
months after administration and may present with aphasia, dysarthria, 
hemiparesis, seizures, and behavioral abnormalities while chronic neu-
rotoxicity occurring greater than 6 months after therapy in combination 
with whole brain XRT is very common (>90%) and can present as 
dementia, ataxia, and incontinence. All-trans-retinoic acid commonly 
causes headache and in some cases can be associated with increased 
intracranial pressure due to idiopathic intracranial hypertension as 
evidence by papilledema.87 The peripheral and central manifestations of 
neurotoxicity due to chemotherapy are presented in Table 95-7.

■■ HYPERSENSITIVITY REACTIONS
A hypersensitivity reaction is defined as an unexpected reaction to an 
agent that is not consentient with that drug’s known toxicity profile. 
Hypersensitivity reactions may be immune or nonimmune mediated. 

  TABLE 95-7    Neurotoxicities

Toxicity Common Agents Presentation Comments

Peripheral neuropathy Vincristine
>5 mg
30-50 mg

Painful polyneuropathy and autonomic neuropathy
Sensory symptoms— hypoesthesia and dysesthesia
Autonomic effects seen in 1/3 of patients (orthostatic 
hypotension, bladder dysfunction)

•	 60%-100% incidence
•	 Presentation dependent on dose

Paclitaxel
Single dose >250 mg/m2

Cumulative dose >1000 mg/m2

Sensory neuropathy with loss of DTRs and painful myalgias
Acute paraesthesia and progressive sensory-motor 
neuropathy

•	 Incidence 50%-70%
•	 Dose-dependent effects are largely 

reversible

Cisplatin (dose >400 mg/m2) Sensory neuropathy associated with paresthesias, ataxia, 
decreased DTRs

•	 Incidence 30%-100%
•	 Symptoms typically resolve within 1 year

Oxaliplatin
Acutely following infusion (30-60 min)
Cumulative dose >750 mg/m2

Paresthesias and dysesthesias in hands and feet, periorally 
and pharyngolaryngeally, associated with jaw tightness, 
exacerbated by cold exposure
Noncold-related paresthesias and dysesthesias with 
sensory loss, ataxia, and functional impairment

•	 Incidence ranges 40%-90%
•	 Acute onset following infusion is reversible 

over hours to days while toxicity due to 
cumulative dose may resolve months after 
discontinuation

Thalidomide (doses 25-1600 mg/m2)
Earlier onset (1-2 mo) with higher 
doses, later onset (8-12 mo) with 
lower doses

Painless paresthesias of hand and feet with diminished 
sensation to light touch/pinprick and loss of DTRs; 
autonomic neuropathy leading to constipation

•	 Incidence of 30%-70%
•	 Recovery is slow and incomplete

Bortezomib Severe debilitating neuropathic pain •	 ∼70% of cases reversible

Nelarabine LE weakness and paresthesia, severe cases may mimic 
Guillain-Barre syndrome

Central Neurotoxicity

Encephalopathy High-dose cytarabine, ifosfamide Decreased attention, agitation

Posterior reversible encepha-
lopathy (PRES)

Tacrolimus; cyclosporin; cisplatin, 
5-FU; capecitabine; bevacizumab; 
sorafenib; sunitinib

Headache, altered mental status, seizure, visual 
disturbances, and hypertension

•	 Characteristic MRI finding of symmetrical 
white matter edema in the posterior 
cerebral hemispheres

Corneal toxicity High-dose cytarabine Blurred vision, photophobia, conjunctival injection •	 Glucocorticoid eye drops may be used for 
prevention and treatment

Cerebellar syndrome High-dose cytarabine Dysarthria, nystagmus, ataxia
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Anaphylaxis is an immune-mediated reaction secondary to preformed 
IgE antibodies from prior exposure to the agent. An anaphylactoid 
reaction is non-IgE mediated but may result in identical symptomatol-
ogy and does not require past exposure. Cytokine release syndrome is 
another nonimmune-mediated reaction to the monoclonal antibody 
class of drugs that can result in similar anaphylactoid reactions. An 
infusion reaction is merely a hypersensitivity reaction that occurs during  
or immediately after administration of the drug infusion. Depending 
on the severity of the reaction, agents may be continued as part of the 
patient’s treatment regimen at lower dosages and with premedication 
with steroids, antihistamines, and histamine blockers. Desensitization 
has been utilized successfully without adverse effects on the antineoplas-
tics efficacy. Otherwise, in severe, life-threatening reactions, use of a dif-
ferent agent with similar efficacy should be entertained. While most all 
antineoplastics have been shown to cause hypersensitivity reactions, the 
most common include paclitaxel, docetaxel, platinums, epipodophyllo-
toxins, monoclonal antibodies, as well as bacterial-derived asparaginase.

The severity of a hypersensitivity reaction can be graded by clinical 
manifestations. Mild reactions may include transient facial flushing, fever, 
rash, urticaria, and dyspnea. A more severe reaction can include the previ-
ous symptoms in addition to bronchospasm and hypotension. Anaphylaxis 
is a life-threatening reaction and can rapidly lead to death if not recognized 
and treated aggressively. Severe reactions, including anaphylaxis, will have 
immediate onset, whereas milder reactions may occur during the infusion 
or be delayed for up to 24 to 72 hours after administration.88

In general, if a patient experiences a hypersensitivity reaction, the 
infusion should be discontinued and the patient monitored for signs 
and symptoms of anaphylaxis while providing supportive therapy with 
oxygen, bronchodilators, and IV fluids in addition to histamine blockade 
with diphenhydramine and ranitidine. Treatment of anaphylaxis includes 
hemodynamic and respiratory support with rapid, large volume fluid 
administration, epinephrine and endotracheal intubation with mechanical  
ventilation. One should anticipate a difficult intubation due to significant 
soft tissue edema which may obscure adequate visualization of the vocal 
cords. Attempts to intubate that are unsuccessful may lead to complete 
airway obstruction and need for emergency surgical airway. For this  
reason, collaboration between the intensivist, anesthesiologist, and otolar-
yngologist may be advised. Concomitant with hemodynamic and respira-
tory stabilization, antihistamines should be administered with intravenous 
diphenhydramine 50 mg and H2 blocker such as ranitidine 50 mg every  
6 hours in addition to hydrocortisone 100 mg or methylprednisolone at 
1.0 to 2.0 mg/kg/day to prevent a biphasic reaction which occurs in up to 
one-quarter of patients who experience true anaphylactic shock.

To avoid potentially life-threatening reactions, premedication is  
typically administered with histamine blockers and corticosteroids.

■■ DERMATOLOGIC TOXICITY
The nature of traditional chemotherapeutic agents to target cells with 
high mitotic rates makes the skin, hair, and nail particularly vulnerable 
to side effects. Most of these reactions are not life-threatening though 
may be dose limiting due to painful effects. Even with the advent of 
newer targeted agents, dermatotoxicity remains a concern.

Acral erythrodysesthesia, known as hand-foot syndrome, has been 
associated with high doses of 5-FU, doxorubicin, and cytarabine, as 
well as tyrosine kinase inhibitors. The syndrome is characterized by 
progressive tingling and burning pain in the palms and soles which sub-
sequently become edematous and erythematous and in some instances 
desquamated. The onset of hand-foot syndrome ranges from 24 hours 
to 10 months after initiation of treatment and management requires 
treatment interruption or dose reduction. Topical emollients and adjunc-
tive treatment with pyridoxine or cyclo-oxegenase-2-inhibitors have 
shown symptomatic improvement when compared to placebo. Due to loss 
of skin integrity, affected patients may be at increased risk of infection.89

Other examples of dermatologic patterns of toxicity include radiation 
recall (inflammatory dermatitis at site of prior radiation after exposure to 
chemotherapy); hyperpigmentation; hidradenitis; and photosensitivity.90

Extravasation of chemotherapeutic agents occurs in up to 22% of 
adults and can cause local inflammation (agents with irritant proper-
ties) or tissue necrosis and blistering (agents with vesicant properties). 
Vesicant agents include anthracyclines, vinca alkaloids, and taxanes 
while irritants include alkylating agents, platinums, and topoisomerase II  
inhibitors.91 Treatment is supportive (elevation and warm or cold com-
presses) and in some instances an antidote may be available that can 
prevent tissue necrosis by mitigating the chemical effects of the drug on 
soft tissue (ie, prevention or scavenging of free radicals). Anthracycline 
extravasation may be particularly severe due to the drugs tendency to 
bind fat and surgical intervention may be warranted.

■■ THROMBOTIC COMPLICATIONS
Venous thromboembolism is a well-known complication of malignancy 
with studies revealing >50% of cancer patients with VTE on autopsy.92 In 
addition, several anticancer therapies have been shown to further increase 
risk of VTE. For patients receiving tamoxifen, there was a relative risk of 
2.4 for the development of DVT/PE in a large population-based study with 
a long-term follow-up of 10 years.93 The risk for DVT/PE was found to 
be greatest in the first 2 years of therapy (3.5 times the risk of women not 
receiving tamoxifen) while the risk was not significantly increased during 
year 3 to 10 of follow-up. Other contributing factors may further increase 
this risk such as age, obesity, immobility, smoking, and hypertension.

Cisplatin-based chemotherapies have also been shown to increase 
risk of vascular events including cerebrovascular events, arterial 
thromboses, superficial phlebitis, angina pectoris, as well as DVT/PE. 
In a study by Czaykowski et al of 271 consecutive patients, 35 (12.9%) 
experienced a vascular event, 77% of which were during the first two 
cycles. Chemotherapy was prematurely discontinued in 24%, and there 
were 3 deaths (9%).94 A phase II trial examining the use of combination 
gemcitabine, 5-FU and thalidomide in patients with metastatic renal 
cell carcinoma was suspended after enrollment of 21 patients due to 
an unexpectedly high rate of DVT/PE (43%) and no improvement in 
response rate compared to historical controls treated with gemcitabine 
and 5-FU.95 While this study was small due to early suspension, simi-
lar risks of DVT/PE associated with thalidomide have been shown in 
patients treated for multiple myeloma.96

Thrombotic thrombocytopenic purpura has been most commonly 
associated with mitomycin, cisplatin, and more recently, gemcitabine. The 
proposed mechanism for chemotherapy-induced TTP is direct endothelial 
cell dysfunction due to the chemotherapeutic agent and resultant generation 
of small immune complexes and platelet aggregates. The term thrombotic 
microangiopathic syndrome has also been used to describe chemotherapy-
related development of microangiopathic hemolytic anemia, thrombo-
cytopenia, and renal insufficiency. Depending on the severity of renal 
dysfunction, the term HUS may also be used. Despite different terminology 
used, the underlying histology of all three is characterized by platelet laden 
microthrombi within the glomeruli and afferent arterioles with subsequent 
thickening of the glomerular basement membrane due to fibrin deposition. 
As a result, patients will present with new or worsening hypertension and 
progressive renal dysfunction. Compared to classic TTP-HUS, TTP that 
is chemotherapy related is typically more insidious in onset, neurologic  
symptoms are less common, and it does not respond well to plasma 
exchange. Incidence ranges from 8.5% to 15% for cases of mitomycin-
related disease, 2.6% secondary to cisplatin, and 0.015% to 1.4% due to 
gemcitabine.97 Mitomycin-related TTP is dose related and most cases 
report a cumulative dose >60 mg. The onset ranges 4 to 9 weeks after 
treatment though in some cases onset may be delayed up to 15 months.31 
The risk of gemcitabine-induced TTP appears to increase at cumulative 
doses >20,000 mg/m2 and has a relatively later onset of 7 months compared 
to mitomycin. Renal failure in most cases is progressive and requires renal 
replacement therapy while mortality ranges from 9% to 100% depending 
on the chemotherapeutic agent; however, these estimates are based on small 
case reviews. Plasma exchange has been utilized in both mitomycin- and 
gemcitabine-induced TTP with mixed results (response rates only 30% 
compared to 80% in classical TTP) and its role remains controversial. 
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Response rate to immunosuppressive agent such as glucocorticoids, 
rituximab, and vincristine has been discouraging as well. Protein A 
immunoadsorption has been used with some success (response rates 
45%-75%) by removing immunoglobulin G and circulating immune 
complexes from the serum with significantly fewer adverse effects that 
plasma exchange.98,99
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C H A P T E R

KEY POINTS

•• Sickle cell disease causes a chronic hemolytic anemia associated 
with acute and chronic vaso-occlusion.

•• Baseline hemodynamic and laboratory values in patients with 
sickle cell disease can be confused with sepsis.

•• Serum creatinine levels of 1 to 1.5 mg/dL often indicate significant 
renal dysfunction.

•• The most common intensive care management problems in 
patients with sickle cell disease include the acute chest syndrome, 
very severe anemia, sepsis, stroke, priapism, splenic sequestration, 
or right heart failure associated with acute chest syndrome and/or 
acute severe hemolytic anemia.

•• The acute chest syndrome is a form of acute lung injury that occurs 
in 10% to 20% of patients hospitalized in vaso-occlusive pain crisis, 
often caused by fat embolization syndrome or pneumonia.

•• Secondary pulmonary hypertension, defined by right heart cath-
eterization and often unrecognized, occurs in 10% of adult patients 
with sickle cell disease.

•• Red cell transfusion is an important treatment for most patients 
with sickle cell disease requiring intensive care management.

•• Rapid exchange transfusion is indicated for central nervous system 
events, serious respiratory disease, or multiorgan failure.

•• Transfusion management in patients with sickle cell disease 
requires investigation of alloimmunization history.

•• Preoperative red cell transfusion and detailed supportive care are 
advisable for significant surgery in patients with sickle cell disease.

Sickle cell disease is a highly prevalent disease in the United States, affecting 
1 in 500 African American infants. It is common in individuals of African, 
Caribbean, Mediterranean, Arab, and other Middle Eastern descent. It is a 
genetic disorder with an autosomal recessive inheritance pattern. Sickle cell 
disease is often called “the first molecular disease” because the biochemi-
cal alteration in sickle hemoglobin described by Linus Pauling in 1948 
was one of the first lesions identified at the molecular level for a human 
disease. Sickle hemoglobin forms rod-like polymers in deoxygenated red 
cells in areas of the circulation, with low oxygen tension, acidosis, or hyper-
osmolarity. Sickle hemoglobin polymerization causes a host of secondary 
molecular and cellular changes, many of which impair blood flow and con-
tribute to tissue damage. The microcirculation can be acutely or chronically 
impaired in virtually any organ in the body, resulting in the characteristic 
crisis pattern of intermittent pain and acute organ injury superimposed on 
the gradual development of chronic organ failure.

Despite the early progress in a molecular understanding of sickle cell 
disease, its treatment remained largely palliative for many decades. In 
recent years, the longevity of patients with sickle cell disease has been 
prolonged by the institution of prophylactic penicillin treatment and 
immunization to decrease mortality rate from pneumococcal sepsis. 
Chronic transfusion therapy for selected patients has improved out-
come, and acute transfusion therapy is the central intervention for most 
complications requiring admission to the intensive care unit (ICU). 
Hydroxyurea, the first treatment approved by the Food and Drug 
Administration for sickle cell disease, decreases disease severity and mor-
tality rate.1,2 Most recently, new paradigms have emerged regarding the 
pathophysiology of secondary complications of sickle cell disease, with 
much of this involving the pathological effects of intravascular hemolysis 
which impairs normal vascular function, in part by disrupting the nitric 
oxide (NO) pathway3-5 (Fig. 96-1). These new paradigms have triggered 
a wave of research seeking to translate these basic science advances into 
clinical practice.6 This chapter reviews general aspects of the genetics and 
pathophysiology of sickle cell disease, common clinical problems with 
an emphasis on those faced in a critical care setting, and contemporary 
therapeutic approaches to these complications of sickle cell disease.

GENERAL BACKGROUND
In 1910, James Herrick first reported the observation of sickle-shaped 
red cells from the blood of an anemic Chicago dental student from 
Grenada. Subsequently, in 1949, Linus Pauling and his colleagues 
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FIGURE 96-1.  Chronic and acute complications of sickle cell disease. Sepsis is an additional potential acute complication of sickle cell disease.
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demonstrated a difference in the electrophoretic pattern of sickle hemo-
globin compared with normal hemoglobin and introduced the label of 
“molecular disease.” Marotta and colleagues in 1977 showed that the 
hemoglobin alteration was due to a single nucleotide change in the gene 
encoding the β subunit of hemoglobin A.

GENETICS AND EPIDEMIOLOGY
Sickle cell disease is a general category of sickling disorders including 
the most common homozygous (HbSS) form, which is called sickle cell 
anemia. Sickle cell anemia is inherited in a classic Mendelian autosomal 
recessive pattern, with affected individuals demonstrating complications 
of hemolytic anemia and impaired microvascular blood flow. Usually 
the heterozygous carrier state, sickle trait, is completely asymptomatic, 
although rarely vaso-occlusive events, splenic infarction, renal papillary 
necrosis, or sudden death can occur, usually under high-altitude hypoxic 
conditions. Several other mutant β-globin alleles can induce sickling 
disorders when inherited in combination with the sickle trait, the most 
common of which are β-thalassemia and hemoglobin C. Although 
the homozygous state typically results in severe disease, the sickle trait 
appears to confer resistance to severe malaria, leading to an evolutionary 
selection for this carrier state in geographic regions with a high preva-
lence of malaria.7 The sickle trait allele appears to have independently 
arisen at least three times in Africa and once in the Arab-Indian region. 
Migration from these regions has brought sickle cell disease to other 
parts of the world, particularly the Caribbean, Mediterranean, and the 
North and South American regions. Some variation in disease severity 

has been attributed to distinct haplotypes surrounding these alleles; 
additional polymorphisms in several other genes appear to modify dis-
ease severity, including those affecting expression of the α- and β-globin 
(thalassemia mutations) and γ-globin (fetal hemoglobin) genes.

Homozygous sickle cell disease is also referred to as SS disease 
or sickle cell anemia, to distinguish it from hemoglobin SC disease, a 
compound heterozygous combination of sickle trait and hemoglobin 
C trait. Hemoglobin SC disease is clinically similar in scope to SS, but 
hemoglobin SC disease on average presents milder or less frequent 
vaso-occlusive complications. The spectrum of SC disease overlaps 
considerably with SS. Other compound heterozygous forms of sickle 
cell disease are the S-β-thalassemias and S-α-thalassemias. A combina-
tion of a β-globin S allele with a nonexpressing β-globin allele, called 
S-β0-thalassemia, results in production of only hemoglobin S, and the 
clinical phenotype closely resembles SS. If the thalassemia allele of 
β-globin permits partial expression of a normal β-globin protein, the 
combination is called S-β+-thalassemia, and like hemoglobin SC, the 
disease tends to be milder. There are several additional combinations 
of the β-globin S allele with rare variant hemoglobins that can result in 
different severities of sickle cell disease. With S-α-thalassemias, a reduc-
tion in the amount of α-globin produced results in hemoglobin chain 
imbalances that reduce the concentration of total hemoglobin in the red 
blood cell. Because hemoglobin S polymerization is reduced at lower 
intraerythrocytic hemoglobin concentrations, this reduces the severity 
of hemolytic anemia. In general, patients with S-thalassemias and SC 
disease have higher steady-state hemoglobin concentrations (10-12 g/dL)  
than patients with homozygous Hb-SS disease (7-9 g/dL).
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  TABLE 96-1    Pathogenesis of Sickle Cell Anemia

Mechanism Modifying Factors

RBC sickling

�Hemoglobin polymerization 
(crystal-solution equilibrium)

Hemoglobin deoxygenation-degree and duration of hypoxia

Hemoglobin concentration-cellular dehydration

Inversely proportional to hemoglobin F concentration

Disturbance of 
vasoregulation

Transcriptional induction of endothelial cell genes 
encoding endothelin 1, a potent vasoconstrictor, after 
contact with sickled RBCs

Endothelin 1 levels are elevated during VOC and ACS

Cell-free plasma hemoglobin impairs nitric oxide bioavailability

�Activation of the coagulation 
system

Platelet activation by hemolysis and cell free hemoglobin

Pulmonary in situ thrombosis and thromboemboli from 
distant sources

Elevated whole blood tissue factor procoagulant activity

�Increased adhesion of RBCs 
and WBCs to vascular endo-
thelium

Increased expression of adhesion molecules results in  
RBC-endothelial cell adhesion and endothelial cell damage

Association between clinical severity and in vitro adhesion 
of sickled RBCs to endothelial cells

Increased expression of adhesion molecules after activation 
by inflammatory cytokines (TNF α and IL-1β)

Reticulocyte integrin complex, α4
β

1
, binds to plasma 

fibronectin and endothelial cell VCAM-1

Sickle red blood cell CD36 and endothelial cell CD36 bind to 
thrombospondin secreted by activated platelets

Increased numbers of circulating microvascular endothelial 
cells in sickle cell disease, particularly during VOC

Increased endothelial cell activation as evidenced by 
increased ICAM-1, VCAM-1, E selectin, P selectin

ACS, acute chest syndrome; ICAM-1, intercellular adhesion molecule 1; IL-1β, interleukin 1β; RBC, 
red blood cell; TNFα, tumor necrosis factor α; VCAM-1, vascular cellular adhesion molecule 1; VOC, 
vaso-occlusive pain crisis; WBC, white blood cell.

PATHOPHYSIOLOGY
The single nucleotide mutation in the sixth codon of the β-globin gene 
changes the corresponding amino acid in β-globin from valine to glu-
tamic acid. This induces a conformational change in the hemoglobin 
tetramer that renders it susceptible to polymerization with deoxygen-
ation in hypoxic, hyperosmolar, or acidic regions of the circulation. 
The rod-like polymer bundles distort the red cell membrane into the 
characteristic sickle shape. Intracellular hemoglobin S polymerization 
and “sickling” are associated with a complex combination of pathophysi-
ologic changes (Table 96-1 and Fig. 96-2). It is likely that adhesion of 
erythrocytes and leukocytes to endothelial receptors such as vascular 
cellular adhesion molecule 1 (VCAM-1) combines with physical rigid-
ity and distortion (“sickling”) of the red blood cells to occlude the 
microvascular circulation. Additional involved cell adhesion molecules 
include intercellular adhesion molecule 1, E selectin, and P selectin. 
The resulting tissue ischemia-reperfusion drives tissue and organ 
injury, generalized inflammation, and ultimately produces tissue infarc-
tion. These pathophysiologic events produce clinical and biochemical 
perturbations, such as fever and leukocytosis, which can mimic sepsis. 
Tissue ischemia and infarction produce severe pain attacks called acute 
pain episode or vaso-occlusive crisis (VOC) and specific end-organ 
pathophysiology, such as the acute chest syndrome (ACS), an acute lung 
injury syndrome similar to acute respiratory distress syndrome (ARDS), 
discussed in greater detail below.

Steady-state sickle cell disease is characterized by intense inflamma-
tion that accelerates during VOC, likely secondary to nearly constant 
tissue ischemia-reperfusion. This is illustrated by frequent fever during 
VOC and the ACS and by increased leukocyte, platelet, and endothe-
lial cell activation, with increased circulating mediators and markers 
of oxidant stress and inflammation. Examples of these inflammatory 
markers include elevated levels of C-reactive protein, cytokines (tumor 
necrosis factor α, interleukin 1β, and granulocyte-macrophage colony-
stimulating factor), chemokines (interleukin 8), integrins (α4β1), selec-
tins (E and P), adhesion molecules (VCAM-1 and intracellular adhesion 
molecule 1), markers of oxidant stress and inflammation (isoprostanes 
and tyrosine nitration), hemostatic activation (platelets and coagulation 
factors), angiogenic factors (placenta growth factor), and vasoconstric-
tors (endothelin 1).4,5

Associated with this inflammation is a state of endothelial dysfunc-
tion, with impaired NO bioavailability. Strong evidence points to intra-
vascular consumption of NO by cell-free plasma hemoglobin liberated 
from red cells by intravascular hemolysis and by radical-radical inactiva-
tion reactions with superoxide produced by xanthine oxidase, uncoupled 
endothelial NO synthase and the NADPH oxidases.8,9 Impairment of 
NO signal transduction leads to many adverse consequences, including 
increased inflammation and impaired microcirculatory blood flow.10,11 
It may also lead to platelet activation and acute and chronic pulmonary 
hypertension.12,13

BASELINE PHYSIOLOGY
Sickle cell disease is fundamentally a severe hemolytic anemia. This 
is characterized by a normocytic, normochromic anemia with reticu-
locytosis at baseline. Characteristic laboratory profiles for patients with 
SS and SC without hydroxyurea treatment are presented in Table 96-2.  
Hemolysis is mostly but not exclusively extravascular and is due pri-
marily to mechanical injury and destruction of erythrocytes rendered 
rigid by intracellular hemoglobin S polymerization. Baseline leukocy-
tosis is commonly present and should not necessarily be construed as 
evidence of infection. Nucleated red blood cells commonly are mis-
counted in the complete blood count as white cells, although the overall 
counting error is usually relatively small. The diminished oxygen-
carrying capacity due to chronic anemia is compensated by increased 
cardiac output (Table 96-3). Cardiomegaly and biventricular chamber 
dilation due to constantly increased cardiac output are common 
(Table  96-4). Splenic dysfunction due to sub-clinical splenic infarc-
tion is almost universal by late childhood in patients with homozygous 
sickle cell disease; on computed tomography, the spleen appears typi-
cally as a small calcified mass (Fig. 96-3). As discussed below, patients 
with SC disease or S-thalassemia may retain their spleens and present 
with acute splenic sequestration or infarction. While almost 98% of 
adult SS patients have functional asplenia, about 50% of patients with 
SC or S-β+-thalassemia have a spleen. Likewise, gradual infarction of 
the renal medulla by adolescence leads to isosthenuria (iso-osmolar 
urine), with increased urination because of diminished urinary con-
centrating capacity, mimicking a mild nephrogenic diabetes insipidus 
phenotype. Aside from increasing maintenance fluid requirements, 
these changes mean that urine specific gravity is not closely indicative 
of hydration status. The increased cardiac output and higher plasma 
content of each milliliter of blood present the renal glomeruli with 
a volume of plasma per minute up to twice that of patients without 
sickle cell disease. This leads to baseline glomerular hyperfiltration 
(up to 200 mL/min) and a low baseline serum creatinine range in adults 
of approximately 0.5 to 0.6 mg/dL, and even lower in children (see 
Table 96-2). Serum creatinine levels above this level actually imply 
renal insufficiency. A serum creatinine level of 1.0 mg/dL may often 
be associated with other consequences of renal insufficiency, such as 
hyperkalemia, hyperuricemia, and increased anemia due to a partial 
defect in erythropoietin secretion. Importantly, these features of renal 
insufficiency may arise even when the glomerular filtration rate may 
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  TABLE 96-2    Ranges of Laboratory Values in Normal Adults With Sickle Cell Diseasea

Parameter SS SC General Population

Oxygen saturation (%) 95.4 ± 3.3 98.3 ± 1.2 95-98

Leukocyte count (K/µm3) 11.3 ± 3.2 8.7 ± 4.0 4.5-11.0

Hemoglobin (g/dL) 8.3 ± 1.1 11.6 ± 1.2 M: 13.5-17.5

F: 12.0-16.0

Platelets (K/µm3) 401 ± 119 268 ± 117 150-450

Urea nitrogen (mg/dL) 9 ± 6 9 ± 5 6-20

Creatinine (mg/dL) 0.7 ± 0.3 0.8 ± 0.2 0.7-1.2

Alkaline phosphatase (U/L) 115 ± 91 95 ± 51 25-100

Bilirubin, total (mg/dL) 3.5 ± 1.8 1.7 ± 1.1 0.3-1.2

Bilirubin, direct (mg/dL)  0.5 ± 0.3 0.4 ± 0.6 0-0.2

Lactate dehydrogenase (U/L) 437 ± 154 247 ± 80 208-378

Ferritin (ng/mL) 656 ± 1058 253 ± 395 M: 20-250

F: 10-120

Iron (µg/dL) 94 ± 41 87 ± 57 M: 65-175

F: 50-170

Transferrin (mg/dL) 215 ± 57 249 ± 46 200-400
aRanges are mean ± standard deviation for sickle cell patients not on hydroxyurea treatment. Laboratory values are 
included only for those common tests in which sickle cell patient values often differ from the general population.

F, female; M, male; SC, hemoglobin sickle cell disease; SS, homozygous sickle cell disease.

Data from Gladwin MT, Sachdev V, Jison M, et al. Pulmonary hypertension as a risk factor for death in 
patients with sickle cell disease. N Engl J Med. February 26, 2004;350(9):886-895.

FIGURE 96-2.  Model of pathophysiology of sickle cell disease. This model reflects a summary of pathophysiologic events for which there is substantial supportive evidence. Nitric oxide (NO·) is normally 
synthesized from l-arginine by isoforms of NO synthase (NOS). Recent findings have implicated vascular instability due to inactivation of endogenous NO by free plasma hemoglobin released from lysed red 
cells and by superoxide (O

2
−) generated possibly by xanthine oxidase (XO), which is strongly expressed in the plasma of patients with sickle cell disease. NO deficiency leads to vasoconstriction and inflamma-

tion. Cell-free hemoglobin also induces the expression of endothelin 1 (ET-1), an extremely potent vasoconstrictor. The best characterized mechanism of vaso-occlusion occurs due to extensive hemoglobin 
S polymerization, leading to dense, poorly compliant red cells that cannot readily traverse capillaries. More recent evidence has indicated the adhesion of immature red cells and leukocytes to cell adhesion 
molecules (green arcs) expressed on endothelial luminal surfaces of postcapillary venules in response to NO deficiency, tumor necrosis factor α and other inflammatory cytokines, commonly found to be in 
patients with sickle cell disease. Activated monocytes and platelet-monocyte aggregates have been described in patients with sickle cell disease, and these appear to secrete inflammatory cytokines. The 
resulting sluggish flow of desaturated red cells in the venules may promote sickling, leading to multifactorial vaso-occlusion.
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be in the 80-mL/min range. However, renal physiology is more normal 
in SC disease or S-β+-thalassemia.

These baseline physiologic perturbations result in a hyperdy-
namic cardiovascular state with relatively low blood pressure, low 

  TABLE 96-3   � Echocardiographic Measurements in Adults With Sickle Cell 
Disease With or Without Pulmonary Hypertensiona

Parameter
Without  
Pulmonary HTN

With  
Pulmonary HTN

Normal 
Range

LA size (mm)b 39 ± 5 45 ± 8 <40

LV size (mm)b 37 ± 7 40 ± 7 37-56

RA area (cm2)b 17 ± 4 20 ± 5 <18

Ejection fraction (%) 61 ± 5 60 ± 9 55-74

Systolic blood pressure (mm Hg)b 119 ± 15 129 ± 21 90-135

Diastolic blood pressure (mm Hg) 67 ± 11 68 ± 13 50-90

Mean arterial pressure (mm Hg)c 85 ± 11 88 ± 15 70-105

Tricuspid regurgitant jet velocity (m/s) 2.0 ± 0.4 2.8 ± 0.3 <2.5

Systolic pulmonary artery pressure,  
estimated (mm Hg)

26 ± 6 42 ± 8 19-37

aRanges are mean ± standard deviation.
bp ≤0.05 for pulmonary hypertension vs no pulmonary hypertension.
c1/3 × systolic blood pressure + 2/3 × diastolic blood pressure.

HTN, hypertension; LA, left atrial; LV, left ventricular: RA, right atrial.

Data from Gladwin MT, Sachdev V, Jison M, et al. Pulmonary hypertension as a risk factor for death in 
patients with sickle cell disease. N Engl J Med. February 26, 2004;350(9):886-895.

systemic and pulmonary vascular resistances, high cardiac output 
and renal hyperfiltration (see Tables 96-3 and 96-4). These find-
ings resemble other high cardiac output states such as pregnancy 
and thyrotoxicosis. These hemodynamic parameters combined with 
significant baseline inflammation in patients with sickle cell disease, 
characterized by leukocytosis and increased serum ferritin, often 
can be mistaken for sepsis in the absence of a true infectious insult 
(see Table 96-4).
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  TABLE 96-4    Cardiac Catheterization Data for Adults With Sickle Cell Diseasea

Parameter Without Pulmonary HTN With Pulmonary HTN

Pulmonary artery systolic (mm Hg) 30.3 ± 5.77 54.3 ± 12.26

Pulmonary artery diastolic (mm Hg) 11.7 ± 4.86 25.2 ± 7.72

Pulmonary artery mean (mm Hg) 17.8 ± 4.86 36.0 ± 7.78

Cardiac output (L/min) 8.62 ± 3.03 8.60 ± 1.76

Pulmonary capillary wedge 
pressure (mm Hg)

10.6 ± 3.82 16.0 ± 5.87

Pulmonary vascular resistance  
(dynes·s/cm5)

57 162

aRanges are mean ± standard deviation.

Data from Castro et al15 and Anthi et al.58

■■ VASO-OCCLUSIVE PAIN CRISIS (VOC)
VOC is perhaps the most characteristic manifestation of sickle cell disease. 
These severe painful attacks, most frequently affecting the extremities 
and back, result from acutely impaired microvascular blood flow. Most 
commonly affected are bones, due primarily to ischemia and infarction 
of the bone marrow and inflammation of the periosteum, with intense 
bone pain due to the resulting edema and tissue swelling in the inelas-
tic compartment of the bone marrow medulla. Most often, pain affects 
the lumbosacral vertebrae, iliac and the long bones, although any bone 
may be affected. Joint effusions of the elbows and knees are common. At 
times, especially in children, there is difficulty in distinguishing painful 
crisis from osteomyelitis, another complication of sickle cell disease. The 
mainstays of treatment for pain crisis are analgesics, in particular nonste-
roidal anti-inflammatory drugs and opioids. Correction of dehydration 
or hypoxemia is important, as is careful monitoring for development of 
acute chest syndrome (ACS; see below). Clinicians frequently undertreat 
the severe pain of sickle cell crisis. Opioid tolerance due to recurrent or 
chronic opioid treatment may dramatically increase the dosage required 
in individual patients. There is little, if any, risk for developing opioid 
dependency with short courses of large-dose opioids for VOC.

■■ STROKE
Ischemic stroke is a frequent complication of sickle cell disease, occur-
ring at any age, but mainly in children. This topic is discussed in detail 
below in the section on special problems in the ICU.

■■ EYE DISEASE
A proliferative retinopathy develops in 10% of patients with SS disease 
and at least twice as often in patients with SC disease. This chronic 
complication may be treated with laser photocoagulation. Two acute 
complications present ophthalmologic emergencies. The first is vision 
loss due to acute occlusion of the central retinal artery. This may resolve 
with emergency exchange transfusion before retinal infarction occurs. 
The second emergency is traumatic hyphema in a patient with sickle 
cell disease or sickle trait. The environment of the anterior chamber of 
the eye promotes sickling, and this can readily cause acute glaucoma. 
Evacuation of the blood should be undertaken for hyphema without 
delay to avoid vision loss.14

■■ LUNG DISEASE
Sickle cell disease is associated with a high incidence of acute and 
chronic lung complications. The ACS is an acute lung injury syndrome 
and, in cases of extensive lung involvement, is similar to ARDS. It 
is defined by a new pulmonary infiltrate secondary to alveolar con-
solidation, not atelectasis, in a patient with sickle cell disease often 
accompanied by chest pain, fever, tachypnea, wheezing, or cough. It is 
caused frequently by pulmonary fat embolism syndrome from infarcted, 
necrotic bone marrow or by an exuberant pulmonary inflammatory 
response to common respiratory pathogens. Its pathogenesis and treat-
ment are discussed in detail in the section on special ICU problems. 
Chronic complications can include the development of restrictive lung 
disease, pulmonary fibrosis, or pulmonary hypertension; with the latter  
occurring in approximately 10% of adults with sickle cell disease.15 
Pulmonary hypertension appears to be the most serious risk factor for 
early mortality in adult patients with sickle cell disease and, in the past, 
may have been underrecognized by clinicians. Reactive airway disease 
or asthma occurs with increased frequency in children with sickle cell 
disease.16 Both pulmonary hypertension with right heart failure and 
reactive airways disease commonly complicate the acute chest syndrome 
and lead to a more severe clinical course.16

■■ HEART DISEASE
Although vaso-occlusion of the coronary microcirculation can pro-
duce myocardial infarction, acute wall motion abnormalities, and 

FIGURE 96-3.  Sickle cell disease injury to soft tissues. A. Lung cavitation resulting from 
previous acute chest syndrome, causing infarction and necrosis of a subsegmental region of 
the left middle lobe. The cavitary lesion (arrow) has an inflammatory wall that subsequently 
resolved after antimicrobial therapy. B. The calcified, atrophic spleen (arrow) is visible on an 
abdominal scan from the same patient. This is typical in adults with homozygous sickle cell 
disease. The stomach is visualized by oral contrast material.

COMMON CLINICAL PROBLEMS
Common and significant clinical problems in patients with sickle cell 
disease are summarized in Figure 96-1. Virtually every organ system 
is subject to acute ischemia-reperfusion injury and infarction during 
vaso-occlusive events. Many organ systems are subject to chronic dys-
function, particularly in the adult aging sickle cell disease population.
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cardiac enzyme release, coronary atherosclerosis is essentially non-
existent in patients with sickle cell disease for reasons that are poorly 
understood, possibly owing to low levels of low-density lipoprotein 
cholesterol, early mortality of males, and increased heme oxygenase-1 
activity. Cardiomegaly and biventricular chamber dilation are nearly 
universal due to a long-term high cardiac output state as compensa-
tion for severe chronic anemia. High-output cardiac failure, diastolic 
dysfunction, and pulmonary hypertension are common cardiac com-
plications of sickle cell disease (see Tables 96-3 and 96-4).

■■ HEPATOBILIARY
Up to 42% of patients with sickle cell disease have calcium bilirubinate 
gallstones by age 18 years, although only a fraction of these patients are 
symptomatic. Stones develop due to hemolytic anemia and the very high 
rate of bilirubin excretion in bile as a breakdown product of hemoglobin 
turnover. In cases of acute cholecystitis, awaiting its resolution decreases 
perioperative complications. Acute vaso-occlusion in the liver can cause 
pain, elevated transaminases, and extreme hyperbilirubinemia, gener-
ally responding well to supportive care. Rarely, the liver may acutely 
sequester peripheral blood cells, clinically analogous to splenic seques-
tration syndrome (see Special Problems in the ICU).

■■ SPLENIC
Nearly all patients with sickle cell disease develop progressive loss of 
splenic function secondary to its microvascular vaso-occlusion and 
infarction, beginning at birth and complete by age 10 years. This mani-
fests primarily as a marked susceptibility to sepsis and meningitis due to 
encapsulated organisms, particularly in children younger than 5 years. 
The incidence of serious infection is dramatically decreased by penicillin 
prophylaxis and conjugate vaccines against Haemophilus influenzae and 
Streptococcus pneumoniae. However, splenic dysfunction still causes a 
modest lifelong risk of overwhelming sepsis. The spleen is atrophic and 
nonfunctional in 98% of adults with homozygous SS sickle cell anemia 
(see calcified spleen in Fig. 96-3B). A dramatic acute complication of 
sickle cell disease is splenic sequestration crisis, described in detail in the 
section on special problems in the ICU. This complication occurs fre-
quently in pediatric patients with functioning spleens, primarily young 
children with homozygous SS disease, and adults with hemoglobin SC 
sickle cell disease or S-β+-thalassemia because approximately 50% of 
these patients retain their spleen into adulthood. It is conceivable that 
hydroxyurea therapy in children with sickle cell disease might lead to 
prolongation of splenic function.

■■ RENAL
Isosthenuria or hyposthenuria (decreased urine osmolarity) develops 
in most patients by age 10 years, resulting in increased maintenance 
fluid and sodium requirements. Hematuria due to papillary necrosis is 
an occasional complication, usually self-resolving. A nephropathy with 
nephrotic grade proteinuria can gradually progress to uremia. Early 
signs include the normally low serum creatinine exceeding 0.6 mg/dL, 
progressively severe anemia, and a rise in the serum uric acid level. 
Angiotensin-converting enzyme inhibitors can decrease proteinuria 
and potentially slow progression of renal insufficiency. Uremia has been 
treated with dialysis and with renal transplantation.

■■ SKELETAL
Bone marrow infarcts are frequent causes of pain. These may be 
detected on magnetic resonance imaging or radionuclide imaging with 
technetium sulfur colloid, although it is not normally clinically helpful 
to ascertain these by imaging. The heads of the femur and humerus 
are susceptible to avascular necrosis, a potential source of constant 
pain and disability, sometimes requiring joint replacement. Ischemic 
bone becomes susceptible to bacterial osteomyelitis; however, this is 
quite rare in adult patients. Staphylococcus aureus is the most common  
organism in sickle cell osteomyelitis episodes. Salmonella species are 

frequently encountered, which very rarely cause bone sepsis in patients 
without sickle cell disease. Joint effusions and occasionally hemarthro-
sis may be seen adjacent to infarcted bones. Septic arthritis is seen less 
commonly.

■■ SKIN
Leg ulcers, a clinical feature of this and other hemolytic disorders, are 
usually limited to adolescence and adulthood. They usually heal very 
slowly and can cause very severe pain. They rarely develop acute cellu-
litis or osteomyelitis. They are best treated with scrupulous wound care 
rather than antibiotics.

SPECIAL PROBLEMS IN THE ICU
The demographics of adult patients with sickle cell disease admitted to 
the medical ICU at a single institution over a 10-year span are presented 
in Table 96-5. Specific issues in management of patients with sickle cell 
disease admitted to the ICU are discussed in detail below.

■■ ACUTE CHEST SYNDROME
The ACS of sickle cell disease is an all-inclusive acute lung injury (ALI) 
syndrome, akin to ARDS.16 The largest clinical study of ACS defined 
ACS on the basis of the finding of a new pulmonary infiltrate involv-
ing at least one complete lung segment that was consistent with the 
presence of alveolar consolidation but excluding atelectasis. In addi-
tion, the case definition required chest pain, a temperature higher than 
38.5°C, tachypnea, wheezing, or cough.17 Implicit in this definition is 
the acknowledgment that lung injury from a wide variety of causes can 
induce pulmonary microvascular sickling to a greater or lesser extent.

Identified etiologies of the ACS include infection, vascular infarction, 
and fat emboli (Table 96-6). Vichinsky and colleagues found that infec-
tions account for about one-half of cases with identified etiologies, with 
identified pathogens in order of frequency: Chlamydia, Mycoplasma, 
respiratory syncytial virus, Staphylococcus aureus, Streptococcus pneu-
moniae, and Parvovirus (Table 96-7). Approximately one-third of cases 
were presumed due to pulmonary infarction from vaso-occlusion.17 
Some of these cases may have resulted from pulmonary atelectasis due to 
hypoventilation caused by painful infarction of ribs or vertebrae. Localized 
hypoxemia due to ventilation-perfusion mismatch of any cause may result 
in intrapulmonary sickling and vaso-occlusion (see Table 96-6).

Fat embolism appears to play a large role in episodes of ACS develop-
ing after the onset of a pain crisis. In the study by Vichinsky et al, oil 
droplets in pulmonary macrophages were found in bronchoalveolar 
lavage fluid from approximately one-sixth of all cases, indicative of 
fat embolism.18 The mechanism appears to involve infarction of bone 
marrow, with sloughing of fat droplets from necrotic marrow into 
the venous circulation, resulting in pulmonary fat emboli resembling 

  TABLE 96-5    Demographics of MICU Admissions for Patients With SCDa

SCD hospitalizations resulting in MICU admission (range) 1.5%-2.9%

MICU stay, days (mean ± standard deviation) 5.0 ± 6.5

MICU mortality rate 13%

MICU diagnosis:

  Acute chest syndrome (including pneumonia) 43%

  Severe anemia 36%

  Sepsis 20%

  Pulmonary hypertension 9%

  Left heart failure 4%

  Multiorgan failure 3%
aChart survey between 1983 and 1994 at Howard University Hospital in Washington, DC.

MICU, medical intensive care unit; SCD, sickle cell disease.
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  TABLE 96-6    Pathogenesis of the Acute Chest Syndrome

Mechanism Supporting Evidence

Bone infarction leads to atelectasis and 
regional hypoxia

Rib, vertebral, and sternal bone infarctions result in pain, hypoventilation, atelectasis, and subsequent hypoxia

Incentive spirometry decreases radiographic atelectasis in patients with sickle cell anemia and VOC

Fat emboli Evidence of bone marrow embolization found in 9%-75% of autopsy series

Lipid-laden alveolar macrophages can be recovered from 20%-60% of patients with ACS; sPLA
2
 levels are elevated in ACS; sPLA

2
 may liberate 

free fatty acids from bone marrow lipid, releasing arachidonic acid and promulgating inflammation

Infection Microbiological, serologic, or PCR evidence of pathogensa

Pathogen Episodes Pathogen Episodes

Chlamydia pneumoniae 29% Haemophilus influenzae 2%

Mycoplasma pneumoniae 20% Cytomegalovirus 2%

Respiratory syncytial virus 10% Influenza A virus 2%

Staphylococcus aureus 5% Legionella pneumophila 2%

Streptococcus pneumoniae 4% Escherichia coli 1%

Mycoplasma hominis 4% Epstein-Barr virus 1%

Parvovirus 4% Herpes simplex virus 1%

Rhinovirus 3% Pseudomonas species 1%

Parainfluenza virus 2% Miscellaneous 6%

Vascular occlusion Increased adherence of erythrocytes to endothelial cells

In animal models, regional pulmonary hypoxia results in entrapment of sickle erythrocytes

Vascular obstruction indicated by ventilation/perfusion scan

Pulmonary emboli documented by autopsy series

Vascular injury and inflammation Endothelin 1 levels are elevated during VOC and ACS

Elevated levels of inflammatory mediators such as sPLA
2

Clinical progression to adult respiratory distress syndrome (noncardiogenic pulmonary edema)
aACS, acute chest syndrome; sPLA

2
; secretory phospholipase A

2
; PCR, polymerase chain reaction; VOC, vaso-occlusive pain crisis.

Data from Vichinsky EP, Neumayr LD, Earles AN, et al. Causes and outcomes of the acute chest syndrome in sickle cell disease. National Acute Chest Syndrome Study Group. N Engl J Med. June 22, 2000;342(25):1855-1865.

  TABLE 96-7    Causes of Acute Chest Syndromea

Cause Cases With Identified Etiology

Fat embolism 16%

Chlamydia 13%

Mycoplasma 12%

Virus 12%

Typical bacteria 8%

Mixed infections 7%

Legionella 1%

Miscellaneous infections 1%

Infarction 30%
aOnly those cases with complete analysis for the indicated potential infectious causes by culture, serol-
ogy, and polymerase chain reaction are reported. Cases without any defined infectious etiology were 
presumed to be due to infarction without infection.

Data from Vichinsky EP, Neumayr LD, Earles AN, et al. Causes and outcomes of the acute chest syndrome in sickle 
cell disease. National Acute Chest Syndrome Study Group. N Engl J Med. June 22, 2000;342(25):1855-1865.

This receptor, normally involved in the recruitment of inflammatory 
cells, may bind erythrocytes and leukocytes, contributing to pulmonary 
vaso-occlusion. This pulmonary microvascular obstruction worsens 
ventilation-perfusion mismatch, thereby aggravating hypoxemia, which 
increases sickling and leads to a vicious cycle (see Fig. 96-5). The ACS 
can evolve to a common end point of acute lung injury resembling that 
of ARDS, regardless of the initial etiology.16,22 Interestingly, a recent 
study found that approximately 17% of patients with ACS had an abnor-
mal CT-angiogram of the pulmonary vasculature, suggesting acute 
thromboembolism or in situ thrombosis.23

The clinical severity of ACS is highly variable. Common physical 
findings include fever, tachypnea, rales, and wheezing. Laboratory 
findings often include leukocytosis, an acute decrease in hemoglobin 
level (average decrease of approximately 1.6 g/dL) and platelet count 
(often dropping from a baseline of about 400,000/mm3 to less than 
200,000/mm3), and hypoxemia. Pulmonary infiltrates are often found in 
the upper lobes in children and lower lobes in adults. Multilobar disease 
suggests a worse prognosis. In addition to a new pulmonary infiltrate 
or consolidation, pleural effusions develop in up to half of the episodes 
during the course of hospitalization (see Fig. 96-4). In the study by the 
National Acute Chest Syndrome Study Group, 22% of ACS episodes 
in adults and 10% of episodes in children required management with 
mechanical ventilation. Risk factors for requiring mechanical ventila-
tion were decreased platelet count (<200,000/mm3), multilobar disease, 
a history of cardiac problems, and neurologic complications. Of sickle 
cell patients admitted to the ICU for ACS, 60% develop abnormally high 
pulmonary artery pressures estimated by echocardiography, and those 
with tricuspid regurgitant velocity above 3 m/s and evident cor pulmo-
nale (right heart failure) were most likely to develop respiratory failure 
and die. Total mortality rates were 9% in adults but lower than 1% in 
children. Other than pain (especially abdominal or chest pain), the most 

those classically seen in patients with femur and pelvic fractures after 
trauma (Figs. 96-4 and 96-5). Serum levels of secretory phospholipase 
A2 rise before the clinical onset of ACS associated with painful crisis.19 
This enzyme can hydrolyze phospholipids into potent inflammatory 
mediators such as free fatty acids and lysophospholipids. Liberation of 
arachidonic acid may lead to production of leukotrienes, thrombox-
anes, and prostaglandins, all of which mediate inflammation and affect 
endothelial function. Inflammation leads to endothelial cell surface 
expression of cell adhesion molecules, especially VCAM-1. Expression 
of VCAM-1 may be further increased by depletion of NO and its 
precursor arginine, which normally suppress VCAM-1 expression.20,21 
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FIGURE 96-4.  Acute chest syndrome of sickle cell disease. A 27-year-old man with sickle cell disease presented with fever, shortness of breath, and vaso-occlusive crisis with left chest wall pain. 
A chest radiograph on day 3, initially normal on day 1, demonstrates the development of a bilateral lower lobe infiltrate and bilateral pulmonary volume loss. Chest computed tomographic images on 
day 3 show bilateral basilar infiltrates, with dense consolidation of left lower lobe, and small bilateral pleural effusions. Micrographs after oil red O staining (which stains fat red) of specimens obtained 
by bronchoalveolar lavage showed lipid-laden macrophages consistent with the acute chest syndrome caused by bone marrow fat embolism to lung. (Haley M, Gladwin MT, unpublished observations.)

FIGURE 96-5.  Model of acute chest syndrome pathophysiology. Vaso-occlusive crisis mediated though increased polymerization of hemoglobin S, erythrocyte rigidity, deformation, mechanical 
obstruction, and blood cell adherence to vascular cell adhesion molecule 1 (VCAM-1) leads to infarction of a variety of tissues, most characteristically the marrow of bones, causing severe bone pain. 
In some cases, fat droplets from necrotic marrow appear to slough into the venous circulation of the bone medulla, where the droplets embolize to the pulmonary circulation and increase the amount 
of secretory phospholipase A

2
 in blood plasma. Hydrolysis of these fat emboli releases proinflammatory free fatty acids that can induce VCAM-1 expression in the pulmonary microvasculature, 

leading to adhesion of red and white blood cells. The pulmonary microvascular occlusion can lead to ventilation-perfusion mismatch, generalized hypoxemia, and increased systemic hemoglobin 
S polymerization. Alternatively, the cycle may be initiated by hypoventilation due to chest wall pain, causing localized hypoxia and pulmonary microvascular hemoglobin S polymerization, or by a 
pulmonary infection, which generates local hypoxia with shunting and inflammation to induce VCAM-1. The cycle may be broken by exchange transfusion or possibly by glucocorticoids. The potential 
therapeutic effect of inhaled nitric oxide on ventilation-perfusion matching, which decreases pulmonary artery pressure and inhibits adhesion events, is currently being studied. (Reproduced with 
permission from Gladwin MT, Rodgers GP. Pathogenesis and treatment of acute chest syndrome of sickle-cell anaemia. Lancet. April 29, 2000;355(9214):1476-1478.)
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  TABLE 96-8    Therapy of the Acute Chest Syndrome of Sickle Cell Disease

Judicious hydration

 � 1-1.5 times daily requirement; fluid restriction may be indicated in patients with severe 
acute chest syndrome and capillary leak or in renal insufficiency

Oxygen

 � Indicated to maintain adequate oxygenation; does not offer benefit for vaso-occlusive 
crisis in the absence of hypoxemia

Pain management

  Mild pain

    Oral codeine, acetaminophen or ibuprofen

  Moderate to severe pain

  �  Medication can be administered on a fixed time schedule with interval analgesics to 
obtain adequate pain control (see Table 96–9)

    Consider patient controlled analgesia (see Table 96–10)

Prevent atelectasis

  Incentive spirometry: 10 maximum inspirations q2h while awake

Empiric antibiotics

  Cephalosporin to cover Streptococcus pneumoniae

 � Include macrolide or quinolone for coverage of atypical pathogens Chlamydia  
pneumoniae and Mycoplasma pneumoniae

 � Cultures should include nasal washings for viral pathogens (influenza, respiratory  
syncytial virus, adenovirus, parainfluenza virus, cytomegalovirus, and parvovirus)

Diagnose and treat reactive airways disease

    Consider occult positive end-expiration pressure and its complications

Consider exchange transfusion or simple transfusion (see Table 96–12)

Inhaled nitric oxide

  May prove efficacious but cannot be recommended routinely at this time

common complications are neurologic (11% of episodes), including 
seizures or stroke. Cardiac, gastrointestinal, or renal complications are 
infrequent. Mean duration of hospitalization was 10.5 days, as compared 
with 3 to 4 days for uncomplicated ACS.17 The outcomes for patients 
with ACS may be improving in the current era of aggressive and early 
transfusion therapy. In the recently completed DeNOVO clinical trial 
of inhaled NO gas for patients with acute VOC, only 10% of patients 
admitted in VOC went on to develop ACS.24 All patients with ACS were 
transfused and transferred to medical intensive care units and none 
required mechanical ventilation or died.

Treatment of ACS involves careful supportive care, empiric antibiotic 
therapy, and transfusion therapy (Table 96-8). Pain should be treated 
aggressively, and often patient-controlled analgesia is best. Relief of chest 
pain may improve tidal volume and improve oxygenation, although it 
is important to avoid excessive sedation and respiratory suppression. 
Incentive spirometry also helps to reduce atelectasis. Because an infec-
tious etiology in practice can rarely be ruled out, initial management 
should include empiric antibiotic coverage for Chlamydia pneumoniae, 
Mycoplasma pneumoniae, and Streptococcus pneumoniae, frequently 
encountered organisms in ACS.17 Commonly a third-generation cepha-
losporin is combined with a macrolide or quinolone antibiotic. Patients 
may respond to inhaled bronchodilator therapy, especially if they have a 
history of reactive airway disease.16

Pulse oximetry is a useful tool to monitor the severity of hypoxemia. 
Due to difficulties in interpretation caused by sickle cell disease, the data 
from pulse oximetry are only approximate.25-27 Pulse oximetry while the 
patient is on room air should be followed, with consideration of arterial 
blood gas sampling while the patient is on room air if the oxygen satura-
tion is below 92%. An increase in the alveolar-arterial oxygen gradient 
is the best predictor of ACS severity. The magnitude of the gradient and 

the rate at which it develops determine the need for ICU admission, 
emergency transfusion, and aggressive respiratory support.28

Transfusion therapy is an important consideration in any case of ACS. 
Simple transfusion of 2 to 4 U of packed red blood cells should be con-
sidered early when ACS is diagnosed. Simple transfusion appears to be 
as effective as a more complete red blood cell exchange, but hemoglobin 
must be maintained below 10 g/dL.29 This is usually possible because 
hemoglobin levels usually decrease during ACS. In the event of rapid 
progression of respiratory distress, more severe hypoxemia, multilobar 
disease, or requirement for mechanical ventilation, exchange transfu-
sion is more definitive, more rapid, and the current standard of care (see 
section on transfusion therapy). Simple transfusion can be performed as 
a temporizing maneuver until manual or automated exchange transfu-
sion can be performed.

Other treatments for ACS have been reported in the literature. 
Dexamethasone pulse therapy (0.3 mg/kg intravenously every 12 hours in 
four doses) has been reported to be effective in decreasing the severity of 
ACS in children. However, the rate of rebound pain or ACS progression 
when dexamethasone is stopped may exceed 25%, thus preventing wide-
spread acceptance of this treatment.30 Our own anecdotal experience indi-
cates that a steroid taper does not alleviate this rebound. Dexamethasone 
may be useful in clinical settings in which transfusion therapy is not avail-
able or as a temporizing measure pending definitive therapy with exchange 
transfusion. Two case series have suggested that inhaled NO might provide 
clinical benefit, but this cannot be recommended without further clinical 
investigation in patients with sickle cell disease.31,32 A recently completed 
randomized-placebo controlled trial of inhaled NO for patients in VOC 
found no benefit for this therapy. There was no reduction in the duration of 
hospitalization, the severity of pain, or in the number of patients who went 
on to develop ACS during the hospitalization.24

■■ PULMONARY HYPERTENSION
This frequent but previously underreported complication of sickle cell dis-
ease is associated with a high mortality rate. Population screening studies in 
adults using noninvasive Doppler-echocardiography have reported a preva-
lence as high as 30% with an associated 10-fold increased risk for death.33 A 
retrospective analysis of patients diagnosed with pulmonary hypertension 
by right heart catheterization suggested a 2-year mortality rate appro
aching 50%, comparable to that of primary pulmonary hypertension.15  
Three new Doppler-echocardiographic screening studies with confirma-
tion of pulmonary hypertension by right heart catheterization (mean pul-
monary artery pressures of greater than or equal to 25 mm Hg) report that 
6% to 10.5% of all adult patients with sickle cell disease have pulmonary 
hypertension, and are at the highest risk for death.34-37 Sudden death from 
sickle cell disease may be linked to pulmonary hypertension. Severity of 
pulmonary hypertension in patients with sickle cell disease in steady state 
is mild to moderate and associated with a high cardiac output and low 
pulmonary vascular resistance compared with control subjects with sickle 
cell disease without pulmonary hypertension (see Tables 96-3 and 96-4).  
In our experience, pulmonary vasculature remains vaso-responsive to 
prostacyclin and NO in approximately 80% of patients. CT angiographic 
images from an 18-year-old patient with homozygous Hb-SS disease with 
severe pulmonary hypertension are illustrated in Figure 96-6. The patient 
has enlarged pulmonary arteries, a dilated right atrium and right ventricle, 
and a mosaic perfusion pattern in the lung parenchyma.

Our data indicated that endogenous NO is consumed in the plasma of 
patients with sickle cell disease by the cell-free hemoglobin liberated from 
red cells by intravascular hemolysis.8,38-40 The increase in plasma hemo-
globin commonly observed during VOC may heighten NO consumption 
during crisis and cause acute decompensation of previously moderate 
pulmonary hypertension. This is exacerbated by an apparent depletion 
of the substrate for NO synthesis, the amino acid l-arginine, by the 
enzyme arginase-1, released by the red blood cell during hemolysis.38,39  
Elevated plasma levels of endothelin 1, an extremely potent vasocon-
strictor, are found in patients with sickle cell disease during VOC, poten-
tially increasing pulmonary artery pressures in VOC. Chronic and acute 
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FIGURE 96-6.  Radiographic findings of pulmonary hypertension in an 18-year-old sickle cell patient. A. The central pulmonary artery (PA) is enlarged and significantly larger than the 
adjacent ascending aorta (AA) indicating a PA/AA ratio >1. B and C illustrate the relative increase in segmental artery size relative to adjacent bronchus (arrows) as well as loss of peripheral 
vascularity. D. Right ventricular (RV) and right atrium (RA) are dilated. All images illustrate the finding of mosaic perfusion pattern of parenchymal attenuation.

pulmonary thromboembolic disease may also contribute to pulmonary 
hypertension in subgroup of sickle cell patients.

■■ SEPSIS AND MENINGITIS
Due primarily to splenic dysfunction, patients with sickle cell disease 
are at particular risk for sepsis. Children younger than 6 years are at 
greatest risk, especially for meningitis. Advances in conjugate vaccines 
are improving these risks, but these patients remain at higher risk for 
sepsis and meningitis than the general population. Although sepsis and 
meningitis may be caused by any organisms pathogenic in the general 
population, patients with sickle cell disease are particularly susceptible 
to infection with encapsulated organisms, especially Streptococcus pneu-
moniae. This organism may be resistant to β-lactam antibiotics due to 
long-term penicillin prophylaxis or recurrent courses of empiric antibi-
otics. Empiric antibiotic coverage with ceftriaxone or cefotaxime should 
be considered for fever in children younger than 6 years and in patients 
of all ages who appear toxic or have fever with high-grade leukocytosis. 
These antibiotics have rarely been associated with immune-mediated 
hemolytic anemia, and appropriate caution and monitoring should be 
undertaken. Cerebrospinal fluid pleocytosis or strongly suspected bacte-
rial meningitis should be treated initially with vancomycin in addition 
to large doses of ceftriaxone or cefotaxime. Antimicrobial management 
of ACS was discussed earlier.

■■ STROKE
Approximately 7% of patients with sickle cell disease will develop clini-
cally detected cerebral infarction, with much of this risk occurring in 
early childhood. Young children are at risk of ischemic stroke, with a 
peak incidence between ages 2 and 5 years, and another peak is seen in 
adults older than 53 years.41 These strokes are commonly in large vessel 
distributions, in contrast to the microvascular infarcts incurred in other 
organs. The infarctions are commonly multifocal and can be clinically 

overt or subclinical in nature. Population screening with transcranial 
Doppler ultrasonography is performed prospectively to identify those 
at high risk for strokes because prophylactic transfusion therapy can 
prevent these strokes. Patients at risk are those with time-averaged 
mean blood flow velocity over 200 cm/s in the internal or middle carotid 
arteries.42 Clinical strokes can manifest during acute illness or as isolated 
neurologic events. Children with acute neurologic events should be 
rapidly assessed clinically for the likelihood of ischemic stroke versus 
bacterial meningitis, with the latter normally presenting with features of 
sepsis. Ischemic clinical stroke mandates rapid treatment with exchange 
transfusion to limit the extent of the infarction and prevent recurrences. 
Emergency exchange transfusion should be considered in children with 
sickle cell disease and acute neurologic disability even before neuro-
imaging studies. Without continued chronic transfusion, two of three 
patients will have a recurrence. The required duration of long-term 
transfusion remains unclear, although most children with stroke are 
transfused into adulthood. Issues in stroke in sickle cell disease have 
recently been reviewed.43

Ischemic stroke generally predominates over hemorrhagic stroke, but 
during the third decade of life, stroke is more commonly hemorrhagic.41  
These are usually intracerebral hemorrhages but may occur as subarach-
noid hemorrhages, with the latter often following rupture of aneurysms. 
Hemorrhages occur apparently due to chronic vasculopathy, and there 
is no published evidence to indicate whether or not its course is modi-
fied by transfusion therapy. Unfortunately, there is a dearth of published 
experience to guide therapy in these patients, and treatment is largely 
supportive, with consideration of exchange transfusion. Surgical inter-
vention may be indicated for aneurysms.

■■ SPLENIC SEQUESTRATION AND INFARCTION
Splenic sequestration involves acute engorgement of the spleen, presum-
ably due to obstruction of its venous outflow by sickled erythrocytes.44 
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The volume of blood acutely sequestered from the circulation can cause 
severe anemia and life-threatening hypotension. Because most patients 
with sickle cell anemia have splenic atrophy by age 10 years due to 
gradual microinfarction, splenic sequestration occurs only in those 
patients with significant residual splenic parenchyma, namely young 
children with sickle cell anemia and individuals at all ages with less 
severe sickling syndromes, such as hemoglobin SC disease and hemo-
globin S-β+-thalassemia. Splenic sequestration when acute and severe 
should be treated with rapid red cell transfusion, analogous to the treat-
ment of acute severe traumatic blood loss. Overtransfusion should be 
avoided because, during resolution, sequestered red cells can be abruptly 
released, potentially causing hyperviscosity. When splenic sequestration 
syndrome occurs in adolescents or adults with hemoglobin SC disease, 
it may be associated with acute splenic infarction. This clinically impres-
sive syndrome can present with very high-grade fever, extraordinary 
splenic pain and tenderness, and enormous splenomegaly. Sonography 
or computed tomography may depict inhomogeneity representative of 
hemorrhagic infarction, which should be differentiated from possible 
splenic abscess. Patients with acute splenic infarction can be managed 
medically with transfusions and supportive care.45

Recurrence of splenic sequestration or infarction indicates a risk of 
multiple future recurrences, and some have recommended splenec-
tomy. If this is done, it should probably be done electively after medical 
management and clinical resolution of the acute episode to minimize 
operative risk.

■■ PRIAPISM
Priapism refers to pathologically prolonged erection of the penis, which 
is often extremely painful.46 Although its pathophysiologic mechanism 
remains to be elucidated, it seems likely that penile venous outflow 
is obstructed by sickled erythrocytes, compounded by disordered 
vasomotor function in penile blood vessels. Case reports of many 
therapeutic approaches have been proposed based on experience in 
limited numbers of patients, but these have rarely proved to be of 
benefit in larger clinical experiences. The most widely recommended 
acute treatment for severe episodes is exchange transfusion, although 
evidence of its efficacy is limited. Therapies of questionable value have 
included adrenergic agonists, nitrates, and a surgical approach known 
as a Winter shunt. Only one therapy has shown some benefit in a 
relatively large single-institution study involving percutaneous drain-
age and irrigation of the corpus cavernosum initiated within 3 hours 
of onset.47 Although the grade of evidence remains only moderate, the 
urology community has recognized the importance of promoting early 
penile aspiration in cases of severe acute priapism. One very interesting, 
counterintuitive approach has been reported. Sildenafil, normally used 
clinically to treat erectile dysfunction, given in single 50-mg doses as 
needed, rapidly relieved several episodes of priapism in three patients 
with sickle cell disease.48 Because of the possibility that this drug might 
also be capable of inducing priapism, its use cannot be recommended 
until further research is conducted.

■■ PERIOPERATIVE MANAGEMENT
Patients with sickle cell disease have a high risk of perioperative 
complications, with 10% to 50% developing a VOC or ACS postop-
eratively. Careful preoperative anesthesiology consultation should be 
undertaken. Many sickle cell centers have traditionally performed serial 
transfusion or exchange transfusion preoperatively with a goal of prevent-
ing postoperative complications by reducing the hemoglobin S fraction 
to less than 30%, with a final total hemoglobin level of at least 10 g/dL.  
A randomized study by Vichinsky et al showed that preoperative simple 
transfusion with a goal of raising the total hemoglobin concentration to 
10 g/dL, without a specific goal for hemoglobin S percentage, has similar 
efficacy. However, this study included predominantly patients with less 
invasive surgical procedures, such as tympanostomy tube placement 
or laparoscopic cholecystectomy. Some centers still prefer to perform 
exchange transfusion before major surgery in patients with sickle cell 
disease, although many transfuse less aggressively. A careful risk-benefit 
evaluation must be applied to each case, especially in patients with a 
history of red blood cell alloimmunization.

Supportive care should include careful attention to avoiding dehydra-
tion, overhydration, deoxygenation, vascular stasis, low temperature, 
acidosis or infection. The operating room should be kept warm, and 
warming devices should be used for the patient. Oxygenation status 
should be closely monitored intraoperatively and postoperatively, and 
incentive spirometry should be prescribed postoperatively. The literature  
regarding perioperative management of patients with sickle cell disease 
has been reviewed in more detail by Marchant and Walker.49

TREATMENTS

■■ OXYGEN AND FLUIDS
Because hypoxemia and dehydration can trigger sickling, it is important 
to prevent these from developing. Contrary to traditional teaching in 
many medical training programs, there is no indication of benefit from 
aggressive hydration in patients who are not dehydrated or from oxygen 
therapy in the absence of hypoxemia. Excessive fluid resuscitation may 
even compromise some older patients who have some degree of conges-
tive heart failure or renal insufficiency.

■■ ANALGESICS
At times, acetaminophen can suffice for mild pain. More severe pain 
often requires addition of an oral opioid analgesic such as codeine, 
hydromorphone, morphine, or oxycodone; morphine and oxycodone are 
available as short-acting or sustained-release preparations (Table 96-9). 
Severe pain episodes are best treated with intravenous opioids, usually 
morphine or hydromorphone, with considerable added convenience to 
patient and clinician when administered via a patient-controlled analge-
sia pump (Table 96-10). Patients with severe pain may also benefit from 
the parenteral nonsteroidal anti-inflammatory drug ketorolac, although 
questions have been raised about potential impairment of renal blood 

  TABLE 96-9   � Parenteral Analgesics Commonly Used in Painful Crisis of Sickle Cell Diseasea

Class Agent Adult Dose Pediatric Dose Notes

NSAID Ketorolac 30 mg IV q 6 h 0.5 mg/kg IV q 6 h After 3 days, change to oral ibuprofen due to risk of gastrointestinal bleeding; 
omit in patients with known pulmonary hypertension; risk of kidney dysfunction

Opioid Morphine 5-20 mg IV q 3 h 0.1-0.2 mg/kg IV q 3-6 h Usually use morphine as opioid except in cases of previous morphine  
intolerance

Hydromorphone 1-4 mg IV q 3-6 h 0.015-0.03 mg/kg IV q 3-6 h
aMost patients will require midrange doses. Use a lower dose range in elderly or debilitated patients or consider an upper dose range in opioid-tolerant patients. Highly tolerant patients at times may require even 
larger doses than the ranges listed. The use of meperidine is generally discouraged, due to seizures occasionally seen as a complication of its use. Most patients can obtain satisfactory analgesia with morphine or 
hydromorphone. Opioid-induced side effects often require medical management (see text).

IV, intravenously; NSAID, nonsteroidal anti-inflammatory drug.
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  TABLE 96-11    Acute Indications for Transfusion in Patients With Sickle Cell Disease

Indication Transfusion Form

Severe anemia associated with high output cardiac failure, dyspnea, 
postural hypotension, angina, or cerebral dysfunction

Simple

Sudden reduction in hemoglobin concentration (splenic or hepatic  
sequestration, aplastic crisis)

Simple

Acute or suspected stroke Exchange

Multiorgan failure syndrome Exchange

Acute chest syndrome with severe hypoxia Exchange

Acute chest syndrome with acute anemia Simple

Preoperative preparation, hemoglobin SS Simple

Preoperative preparation, hemoglobin SC, major surgery Partial exchange

Acute severe priapism Exchange

SC, hemoglobin sickle cell disease; SS, homozygous sickle cell disease.

flow. Ketorolac also presents a risk of gastrointestinal hemorrhage, 
particularly if used for 5 days or longer. We recommend that nonste-
roidal anti-inflammatory agents be withheld in patients with sickle cell 
disease with pulmonary hypertension or serum creatinine level above 
0.8 mg/dL. Clinicians should consider the baseline narcotics the patient 
is using for determining an adequate dose of narcotics. Opioid toler-
ance due to previous chronic or frequent opioid administration may be 
an indication for much larger doses of opioids for acute pain control. 
Elderly or debilitated patients may require smaller doses of opioids to 
reduce toxicity. Opioid therapy may result in constipation, nausea, or 
pruritus. A laxative such as Senokot should be administered prophy-
lactically. Nausea may be treated with diphenhydramine, hydroxyzine, 
promethazine, ondansetron, or dolasetron. Pruritus may be treated with 
diphenhydramine or hydroxyzine. Very severe pruritus may respond to 
naloxone 0.25 µg/kg per hour as a continuous intravenous infusion. This 
small dose can block opioid receptors associated with pruritus without 
blocking those associated with analgesia. Detailed recommendations for 
analgesia in patients with sickle cell disease have been published.50

■■ INCENTIVE SPIROMETRY
Bedrest during a pain crisis may lead to pulmonary atelectasis. This can 
trigger ACS (see below). Bedside incentive spirometry during pain crisis 
has been shown to prevent the development of pulmonary infiltrates.

■■ TRANSFUSION
Although there is probably no indication for treatment of the acute pain 
crisis, most other acute serious complications of sickle cell disease can 
be stabilized through the use of transfusions to diminish the percentage 
of circulating hemoglobin S. Table 96-11 lists indications for transfusion 
therapy. It is clear from reviewing this list that almost any sickle cell anemia 
patient who requires an ICU visit is likely to require a simple or exchange 

transfusion. As such, the intensivist must be well versed in the indications, 
complications, and pitfalls of transfusion therapy in this population.

Patients with sickle cell disease have severe chronic anemia, and they 
generally tolerate transient episodes of at least a 20% decrease in their 
baseline hemoglobin level quite well, if the reticulocyte count remains 
high. Knowledge of a given patient’s baseline parameters can help to 
determine the need for transfusion for exacerbation of anemia. The 
most severe and life-threatening anemia and reticulocytopenia occurs 
during aplastic crisis resulting from infection with the parvovirus B19, 
otherwise known as erythema infectiosum, fifth disease, or slapped-
cheek disease. Life-threatening anemia and hypovolemia due to splenic 
sequestration are other such indications, discussed in more detail below.

There are several important transfusion issues unique to patients 
with sickle cell disease to consider. First, transfused red cells should be 
negative by Sickledex or another rapid screening test to exclude blood 
from sickle trait donors. Second, the detailed red cell phenotype should 
be ascertained in the blood bank, particularly for patients who will be 
chronically transfused, such as children with a new stroke. This permits 
more directed management of alloimmunization to red cell antigens, 
although the actual approach is controversial. The rate of alloimmuniza-
tion to red cell antigens in patients with sickle cell disease is 18% to 36%, 
most often involving the D, C, and E antigens in the Rh system and less 
often the Kell, Kidd, and Duffy blood groups. This is attributable in large 
part to discrepancy in allele frequency between these patients of African 
descent and the blood pool from donors of mostly European descent. 
One workshop report has recommended the use of red cell units pro-
phylactically matched to prevent sensitization to the Rh antigens D, 
C, and E and the Kell antigen K.51 However, others have advocated 
matching these antigens only after the patient has become immunized 
to antigens.52 The high rate of alloimmunization in patients with sickle 
cell disease promotes a higher incidence (3%) of delayed hemolytic 
transfusion reactions. These are defined as premature clearance of trans-
fused red cells, usually several days after transfusion. In some cases, the 
hemoglobin level may decrease to below the pretransfusion level, with 
the immune reaction to transfused cells apparently generalizing to also 
involve the patient’s own red cells, a phenomenon that has been called 
“bystander hemolysis.”

Because of this complication, it is critical to obtain a transfusion 
antibody history from blood banks where a patient was previously trans-
fused. Over several months, alloantibody titers to red blood cell antigens 
may become undetectable on a routine type and cross-match but remain 
capable of mediating a transfusion reaction. The resulting delayed trans-
fusion reaction in an acutely ill hospitalized patient can be catastrophic, 
with hemoglobin levels decreasing to 2 to 3 g/dL.

Simple transfusion is sufficient for correcting severe anemia, but 
exchange transfusion can more rapidly dilute sickle hemoglobin to less 
than 40% of circulating hemoglobin, which is desirable in acute life-
threatening sickle cell complications, in particular stroke, ACS, and mul-
tiorgan failure syndrome. Exchange transfusion may be accomplished 
rapidly and isovolumetrically by erythrocytapheresis, when this pro-
cedure is available (Table 96-12). This requires upper extremity veins 
sufficient for two large-bore needles, placement of a Quinton or similar 
apheresis, or hemodialysis venous catheter in a central vein (femoral, 
internal jugular, or subclavian). Alternatively, manual exchange transfu-
sion may be performed by using one of several protocols, with a goal of 
replacing 70% of the sickle red cell mass with transfused red cells. One 
simplified approach for adults is presented in Table 96-12. Another 
approach useful in children and adults is to exchange the red cell mass 
twice, as calculated below:

volume transfused =

 2 × (patient hematocrit, decimal, not %)  
× (patient weight in kg) × (70 mL/kg)

average hematocrit of transfused 
packed red bloodcells, usually 0.55

This volume may be transfused while whole blood is being withdrawn 
from a high-flow site, often an arterial or central venous line. The 

  TABLE 96-10    Approaches for Patient-Controlled Analgesiaa

Adult Dose Pediatric Dose

Agent Continuous Demand Continuous Demand

Morphine 1-2 mg/h 1-2 mg 0.01-0.03 mg/kg  
per hour

0.01-0.03 mg/kg

Hydromorphone 0.2-1 mg/h 0.2-1 mg 0.003-0.005 mg/kg  
per hour

0.003-0.005 mg/kg

aIn adults and children, common parameters include 6- to 10-minute lockout, limited to five demand 
doses per hour. Meperidine should never be administered by continuous infusion. Most patients will 
require midrange doses. Use a lower dose range in elderly or debilitated patients or consider an upper 
dose range in highly opioid-tolerant patients. Highly tolerant patients at times may require even larger 
doses than the ranges listed. Opioid-induced side effects often require medical management (see text).
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transfusion may be accomplished as rapidly as the inflow and outflow 
catheters allow, as long as care is taken to maintain balanced hourly 
inflow and outflow rates for the duration of the procedure. If the hemo-
globin level exceeds 10 g/dL or hematocrit exceeds 30% during the first 
half of the exchanged volume, the red cell hourly infusion rate should 
be halved, and the reduced red cell rate replaced with normal saline, so 
that the hourly inflow rate continues to equal the outflow rate. The final 
target hemoglobin level should be 10 g/dL. Higher hemoglobin levels 
can cause hyperviscosity problems at the microvascular level in patients 
with sickle cell disease.

■■ HYDROXYUREA
This agent was first widely used to treat chronic myeloid leukemia and 
has found a place in the prophylactic treatment of sickle cell disease. 
At least in adults with more severe than average sickle cell disease, it 
decreases the incidence of significant pain episodes, ACS, and trans-
fusions by approximately 50% and significantly prolongs lifespan. Its 
favorable effects are mediated through its elevation of fetal hemoglobin, 
which inhibits sickle hemoglobin polymerization. Its use may be com-
plicated by myelosuppression, and administration is commonly inter-
rupted during sepsis or serious infection, although it is unclear whether 
this is truly necessary in the absence of drug-induced neutropenia. 
Hydroxyurea is contraindicated in pregnancy due to its potential terato-
genicity, and a potential carcinogenic effect after long-term use has not 
been completely excluded.

■■ GLUCOCORTICOIDS
Methylprednisolone (15 mg/kg per day intravenously IV in two doses) 
and dexamethasone (0.3 mg/kg every 12 hours intravenously in four 
doses) have produced statistically significant improvements in painful 
crisis and ACS, respectively, but this treatment is troubled by significant 
rebound symptoms in at least 25% of patients. The partial success of 
these agents indicates the probable role that inflammatory pathways play 
in acute vaso-occlusive phenomena.

  TABLE 96-12    Exchange Transfusion in Sickle Cell Disease

Indications

  Patients with extensive pulmonary infiltrates (especially multilobar)

  Rapidly progressive respiratory disease

  Signs of respiratory distress

 � PaO2 <60 mm Hg in an adult breathing supplemental oxygen (70 mm Hg for children) 
or a decrease >25% from baseline in a patient with known hypoxemia

  Patient requiring ICU admission for ACS

  Before major surgery (controversial)

  Priapism and other severe symptoms

Goals

  Increase hematocrit to 10 g/dL (do not exceed 12 g/dL to avoid hyperviscosity)

  Decrease percentage of hemoglobin S to <30% (ie, replace >70% of red cell mass)

Methods of exchange transfusion

 � Exchange transfusion is preferred if there is concern about volume overload, initial 
hemoglobin is >9-10 g/dL, or a significant rapid reduction in hemoglobin S is required 
(which is often the case in the ICU)

 � Remove 500 mL of whole blood from an arterial line or freely flowing venous line while 
infusing into another venous line simultaneously; repeat until the goals are met

 � Alternatively, remove 500 mL of blood, infuse 500 mL of normal saline, remove another 
500 mL of blood, then transfuse 2 U of packed red cells; repeat until the goals are met

 � Automated apheresis devices can also be used; a typical adult will require 6-8 U of 
blood for apheresis exchange

ACS, acute chest syndrome; ICU, intensive care unit; PaO2, arterial pressure of O
2
.

■■ INVESTIGATIONAL
While pilot trials suggested that inhaled NO could reduce the severity 
of VOC pain and narcotic use,53 a recently completed randomized-
placebo controlled trial of inhaled NO for patients in VOC found no 
benefit for this therapy.24 There was no reduction in the duration of 
hospitalization, the severity of pain, or in the number of patients who 
went on to develop ACS during the hospitalization.24 Case reports have 
documented its effect on increasing arterial oxygenation and decreasing 
pulmonary pressures during the ACS.31,32 Its use in secondary pulmo-
nary hypertension in sickle cell disease is being studied. The natural 
NO donor l-arginine often is depleted from the blood of patients with 
sickle cell disease in crisis, and its supplementation is being evaluated.54 
Inhibitors of the red cell Gardos channel decrease hemolysis in sickle cell 
disease, but do not reduce pain-related complications.55,56 Poloxamer 188 
(Flocor) is a rheological agent that has shortened the duration of VOC 
under some circumstances.57
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Acute Kidney Injury
Claire Hannon
Patrick T. Murray97

C H A P T E R of acute renal failure and the emergence of evidence that even small 
increases in serum creatinine are associated with increased mortality 
has led to widespread adoption of diagnostic criteria for the term acute 
kidney injury (AKI).2 AKI has largely replaced the term acute renal 
failure (ARF). It is a syndrome that includes minor degrees of injury as 
well as more severe renal failure, and does not allude to the mechanism 
of injury. Glomerular filtration rate (GFR) is the best measure of kidney 
function, but is not easily measured in clinical practice. A change in 
serum creatinine or urine output is used as a marker for a change in GFR 
and forms the basis for the various diagnostic criteria for AKI.

A number of classification systems for AKI exist; the most widely 
validated is the RIFLE system.3,4 This classification system was pro-
posed by the Acute Dialysis Quality Initiative (ADQI) in 2004.5 The 
acronym RIFLE represents three severity of injury classes: risk, injury, 
and failure, and two outcomes: loss of function and end-stage renal 
disease (Fig. 97-1). The severity of injury is defined by the magnitude 
of increase in serum creatinine from a baseline value (within a 7-day 
period or less), or a reduction in urine output for a defined period 
of time. The outcomes are defined by the duration of kidney injury. 
Criticisms of the RIFLE classification include the need for a baseline 
creatinine value to define a case of AKI, and a lack of clarity concerning 
the effect of RRT requirement on AKI staging.

A modification of the RIFLE classification was introduced by the Acute 
Kidney Injury Network (AKIN) in 2007.6 It differs from RIFLE in a num-
ber of ways: it introduces an increase in serum creatinine by 0.3 mg/dL  
(≥26.4 µmol/L) into the definition of AKI; uses changes in serum cre-
atinine within a time window of 48 hours to define AKI, instead of 
referring to a baseline value; and the requirement of RRT is taken into 
consideration for staging. AKI according to AKIN is defined as an abrupt 
(within 48 hours) reduction in kidney function currently defined as an 
absolute increase in serum creatinine of more than or equal to 0.3 mg/dL 
(≥26.4 µmol/L), a percentage increase in serum creatinine of more than or 
equal to 50% (1.5-fold from baseline), or a reduction in urine output (doc-
umented oliguria of less than 0.5 mL/kg per hour for >6 hours). Staging of  
AKI according to AKIN classification is detailed in Table 97-1. Staging  

KEY POINTS

•• Prerenal azotemia and acute tubular necrosis account for the over-
whelming majority of hospital-acquired acute kidney injury cases, 
whereas acute glomerulonephritis and vasculitides are relatively more 
common causes of acute kidney injury developing outside the hospital.

•• Acute kidney injury occurs in at least 10% to 30% of patients admit-
ted to an ICU, and severe AKI is associated with a mortality rate 
of about 50%, despite advances in supportive care and technology.

•• Traditionally, the most important diagnostic classification to be 
made in the evaluation of patients with acute kidney injury is 
based on the site of the renal lesion (pre-, intra-, or postrenal).

•• Since there are few specific therapies available in patients with 
established acute tubular necrosis, the major clinical focus is on 
prevention of AKI by identification of subjects at highest risk.

•• All aspects of treatment of acute tubular necrosis, including renal 
replacement therapy, are basically supportive. The nondialytic 
measures of greatest importance are maintenance of nutritional, 
volume, and electrolyte homeostasis.

FIGURE 97-1.  RIFLE classification of AKI. (Data from Ricci Z, Cruz DN, Ronco C. Classification and staging of acute kidney injury: beyond the RIFLE and AKIN criteria. Nat Rev Nephrol. April 
2011;7(4):201-208.)
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Acute renal failure (ARF) is defined as a rapid decline (over hours to 
days) in glomerular filtration rate (GFR). This manifests as a rapid 
increase in blood urea nitrogen (BUN; “azotemia”) and serum creati-
nine, and may or may not be accompanied by a decline in urine output.1 
The concept of acute renal failure has undergone significant change 
over the last number of years. Lack of standardization in the definition 
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of AKI is important because the risk for death and RRT rises with increased 
stage of AKI. Patients should be staged according to the criteria that give 
them the highest stage, when staging based on creatinine and urine output 
criteria differ. The Kidney Disease: Improving Global Outcomes (KDIGO) 
group published clinical practice guidelines for acute kidney injury in 
2012.7 These guidelines acknowledged that two validated classification 
systems existed, but recognized the need for a single definition of AKI for 
research and clinical practice. KDIGO defines AKI as an increase in SCr 
by ≥0.3 mg/dL (≥26.5 μmol/L) within 48 hours; or an increase in SCr to 
≥1.5 times baseline, which is known or presumed to have occurred within 
the prior 7 days; or a urine volume of ≤0.5 mL/kg per hour for 6 hours or 
longer. KDIGO uses a staging system similar to AKIN.

The incidence of AKI varies with the clinical setting and definition 
used. AKI occurs in 2% to 5% of general medical-surgical admissions, 
but up to 10% to 30% of ICU admissions. Acute kidney injury can be 
classified into three broad etiologic/anatomic categories: prerenal AKI, 
intrarenal AKI, and postrenal AKI. Prerenal AKI is caused by renal 
hypoperfusion with intact renal parenchyma (55%-60% of instances of 
AKI). Intrarenal AKI is caused by parenchymal renal diseases (35%-40% 
of instances of AKI). Postrenal AKI is caused by urinary tract obstruc-
tion (∼5% of instances of AKI).8

Most AKI in the ICU is caused by prerenal azotemia, and the rest 
predominantly by renal parenchymal injury with acute tubular necrosis 
(ATN); the former may convert to the latter. Despite advances in criti-
cal care and dialysis technologies, the mortality of AKI requiring acute 
renal replacement therapy (RRT) in critically ill patients remains 50% 
to 80%.9-11 Outcome is particularly poor in septic ARF; in one study, 
mortality of septic ARF was 74%, compared to 45% in nonseptic cases.12 
ARF in the presence of shock (septic or cardiogenic) is an increasingly 
common occurrence in modern ICUs, and has driven the development 
of continuous renal replacement therapy (CRRT) to permit control of 
azotemia and fluid balance in hemodynamically unstable patients.11,13

Although there is evidence that isolated AKI itself increases mortal-
ity, it is clear that mortality of ICU AKI increases with every additional 
nonrenal organ failure present at the time of initiation of renal replace-
ment therapy (RRT).9,11 Emerging data suggest that renal ischemia-
reperfusion injury and the uremic milieu actually contribute to the 
development of distant organ injury (increased pulmonary vascular 
permeability and cardiac and splanchnic organ apoptosis).14-16 Evidence 
from animal models suggests that this interaction arises in part from 
systemic inflammatory changes, activation of proapoptotic pathways, 

increases in leukocyte trafficking and dysregulated aquaporin channel 
expression. Identification and modulation of these pathways will be 
critical to efforts aimed at improving outcomes in patients with AKI.17

AKI with non-recovery can cause end stage renal disease (ESRD) 
directly; usually when superimposed on significant chronic kidney 
disease (CKD), or, more rarely due to bilateral renal cortical necrosis. 
Typically, however, AKI episodes are followed by renal tubular regen-
eration and apparent recovery. However, in recent years, epidemiologic 
evidence has accumulated that a significant subset of ESRD is caused by 
AKI, including de novo cases that are not superimposed on preexisting 
CKD. Experimental models have demonstrated persistent alterations in 
kidney structure and function following renal tubular injury, including 
reduced renal mass, vascular insufficiency, cell cycle disruption (arrest), 
and maladaptive, fibrosing repair.18 A meta-analysis of 48 studies involv-
ing 47,017 patients who were followed up for at least 6 months examined 
the incidence of CKD, cardiovascular disease and mortality following 
one episode of AKI.19 Fifteen studies provided follow-up mortality 
data on controls. The mortality rate in these studies was 8.9 deaths/ 
100 person-years for patients with AKI who survived hospitalization 
compared with 4.3 deaths/100 person-years for patients who survived 
hospitalization without AKI (relative risk [RR], 2.59; 95% confidence 
interval [CI], 1.99-3.42). Cardiovascular outcomes following AKI were 
examined in 2 studies. Approximately 15.4% of survivors of AKI and 
7.0% of survivors without AKI had an MI at 1 year post AKI (RR 2.05; 
95% CI, 1.61-2.61). The rate of CKD after AKI was 7.8 events/100 patient- 
years, and the rate of ESRD was 4.9 events/100 patient-years.19 Of course, 
the long-term risk of cardiovascular disease is markedly increased by 
the development or worsening of chronic kidney disease after AKI. 
In addition, the severity and frequency of AKI episodes are important 
predictors of poorer outcomes. The KDIGO clinical practice guidelines 
recommend clinical follow-up of patients 3 months after developing 
AKI, to determine whether new or worsening CKD has developed, to 
guide further renal and cardiovascular risk management.7

Although a broad differential diagnosis and therapeutic plan should 
be considered for every ICU patient with AKI, in most cases the 
approach is to consider the possibility of urinary tract obstruction, 
reverse any element of prerenal azotemia, provide supportive care in the 
presence of ATN, and intervene with effective RRT when indicated, in 
anticipation of probable renal recovery in the event of patient survival.

CLASSIFICATION OF ACUTE RENAL FAILURE

■■ PRERENAL ACUTE RENAL FAILURE
Prerenal azotemia is the most common cause of AKI in hospitalized 
patients. The main features of prerenal AKI are decreased renal perfu-
sion (often in the setting of decreased systemic perfusion), the presence 
of intact renal parenchymal tissue, and the rapid correction of GFR with 
restoration of renal perfusion. Uncorrected and/or severe prerenal azo-
temia predisposes to the development of ischemic ATN. Prerenal AKI  
is caused by any condition leading to renal hypoperfusion, including 
systemic hypoperfusion with hypovolemia, cardiac failure, or vasodila-
tory shock, and/or regional hypoperfusion caused by renal vasoconstric-
tion (Table 97-2).

Renal blood flow and GFR are relatively maintained during mild 
hypoperfusion, due to compensatory mechanisms.20 Renal perfusion 
is largely preserved within a range of mean arterial pressure (MAP) 
between 80 and 180 mm Hg, if cardiac output is adequate. As MAP falls 
below 80 mm Hg, there is a precipitous fall in renal blood flow and GFR.21 
There are two major mechanisms of renal blood flow autoregulation: a 
myogenic reflex and tubuloglomerular (TG) feedback. The myogenic 
reflex is mediated by stretch receptors in the afferent arterioles, which 
detect a decrease in perfusion pressure, leading to autoregulatory relax-
ation of afferent arterioles and vasodilation. TG feedback defends renal 
perfusion as follows: chloride concentration is continuously sensed in 
the tubular lumen by the macula densa, just distal to the thick ascending 
loop of Henle. When luminal chloride decreases (presumably reflecting 

  TABLE 97-1    Classification/Staging System for Acute Kidney Injurya

Stage Serum Creatinine Criteria Urine Output Criteria

1 Increase in serum creatinine of more than or equal 
to 0.3 mg/dL (≥26.4 μmol/L) or increase to more 
than or equal to 150% to 200% (1.5- to 2-fold)  
from baseline

Less than 0.5 mL/kg per 
hour for more than 6 hours

2b Increase in serum creatinine to more than 200% 
to 300% (>2- to 3-fold) from baseline

Less than 0.5 mL/kg per 
hour for more than 12 hours

3c Increase in serum creatinine to more than 300% 
(>3-fold) from baseline (or serum creatinine of more 
than or equal to 4.0 mg/dL (≥354 μmol/L) with an 
acute increase of at least 0.5 mg/dL (44 μmol/L)

Less than 0.3 mL/kg per 
hour for 24 hours or anuria 
for 12 hours

aModified from RIFLE (risk, injury, failure, loss, and end-stage kidney disease) criteria.26 The staging 
system proposed is a highly sensitive interim staging system and is based on recent data indicating that 
a small change in serum creatinine influences outcome. Only one criterion (creatinine or urine output) 
has to be fulfilled to qualify for a stage.
b200% to 300% increase = 2- to 3-fold increase.
cGiven wide variation in indications and timing of initiation of renal replacement therapy (RRT), individu-
als who receive RRT are considered to have met the criteria for stage 3 irrespective of the stage they are 
in at the time of RRT.

Reproduced with permission from Mehta RL, Kellum, JA, Shah SV, et al. Acute Kidney Injury Network: 
report of an initiative to improve outcomes in acute kidney injury. Crit Care. 2007;11(2):R31.
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decreased renal blood flow, GFR, intravascular volume, or a combina-
tion of these), a vasodilatory signal is transduced to the corresponding 
afferent arteriole (and vice versa if flow increases). Together, these 
mechanisms autoregulate renal blood flow in the face of hypotension 
or hypertension. A third mechanism additionally helps autoregulate 
GFR. Increased renin secretion stimulated by hypotension/hypovolemia  
sensed in the afferent arteriole helps maintain GFR (but not renal blood 
flow) during hypotension, through the efferent arteriolar action of 
angiotensin II (discussed further below).

Of course, in addition to local autoregulation, systemic neurohor-
monal influences also play a prominent role in determining the renal 

response to shock. Systemic hypoperfusion activates the sympathetic 
nervous system and renin-angiotensin-aldosterone axis. Norepinephrine 
and angiotensin II are systemic vasoconstrictors, and tend to increase 
renal blood flow by preserving renal perfusion pressure. On the other 
hand, both hormones are renal vasoconstrictors, though they differ in 
their glomerular hemodynamic effects. Angiotensin II preferentially 
constricts efferent arterioles, and helps preserve glomerular filtration, 
increasing filtration fraction (the ratio of GFR to renal plasma flow) by 
creating “back-pressure” to augment net filtration pressure in the glo-
merular capillary. Norepinephrine causes balanced afferent and efferent 
arteriolar constriction, similarly increasing filtration fraction in the face 
of decreased renal blood flow, but to a lesser extent than angiotensin II. 
Both angiotensin II and norepinephrine stimulate intrarenal vasodilator 
prostaglandin production, thus attenuating their simultaneous effect of 
afferent arteriolar vasoconstriction and helping preserve renal perfusion.

Drugs may unfavorably alter the glomerular hemodynamic response 
to renal hypoperfusion. Nonsteroidal anti-inflammatory drug (NSAID) 
administration to patients with decreased effective arterial blood  
volume (due to hypovolemia or congestive heart failure) or renal vaso-
constriction (due to cirrhosis) leads to a decline in renal blood flow and 
GFR. These patients are dependent on vasodilator prostaglandins to 
maintain renal perfusion, so NSAIDs leave renal vasoconstrictor influ-
ences unopposed. Angiotensin-converting enzyme inhibitors (ACEIs) 
and angiotensin receptor blockers (ARBs) can lead to prerenal azotemia 
in patients who are dependent on angiotensin II for maintenance of 
GFR. This phenomenon is most commonly seen in patients receiving 
ACEIs or ARBs in the presence of hypovolemia, bilateral renal artery 
stenosis, or unilateral renal artery stenosis with a solitary kidney.

Prerenal azotemia also leads to avid renal tubular sodium and water 
reabsorption throughout the nephron. Catecholamines and angiotensin II  
directly increase sodium transport and reabsorption in the proximal  
and distal nephron. Efferent arteriolar constriction by angiotensin II and  
increased filtration fraction simultaneously lead to decreased peritu-
bular capillary hydraulic pressure and increased peritubular capillary 
oncotic pressure. The combination of high oncotic pressure and low 
hydraulic pressure in peritubular capillaries increases sodium and 
water absorption in the proximal tubule, a process termed glomerulo-
tubular balance. Angiotensin II also leads to downstream production 
of aldosterone, another salt-retaining influence. Severe hypovolemia/
hypotension (>10%-15% decrease in MAP or blood volume) leads to 
nonosmotic vasopressin secretion, and avid water reabsorption in the 
collecting duct, along with systemic vasoconstriction. Finally, in hypo-
volemic patients, decreased atrial stretch downregulates production of 
atrial natriuretic peptide, also favoring sodium retention (the opposite 
is true if renal hypoperfusion is caused by congestive heart failure). Thus 
the combination of glomerulotubular balance and the tubular effects of 
catecholamines, angiotensin II, aldosterone, and vasopressin mediate 
the salt and water retention which is the hallmark of prerenal azotemia. 
Accordingly, patients with prerenal azotemia tend to have oliguria, low 
urine sodium, and concentrated urine with a urine osmolality exceeding 
500 mOsm/kg. Low urine sodium (and fractional excretion of sodium; 
see below) and increased urine osmolality (with a high urine:plasma 
creatinine ratio) are not seen in patients who have prerenal AKI due 
to renal losses (ongoing diuretic therapy, salt-wasting nephropathies, 
osmotic diuresis, adrenal insufficiency, and central or nephrogenic dia-
betes insipidus). Other common laboratory features of prerenal AKI are 
increased serum BUN:creatinine ratio (caused by low tubular flow and 
increased urea reabsorption), decreased fractional excretion of urea (see 
below), polycythemia/high serum albumin (hemoconcentration), mild 
hypercalcemia, hyperuricemia, and acid-base abnormalities (metabolic 
acidosis from diarrhea or shock or lactic acidosis; metabolic alkalosis  
from diuretics or vomiting). Hyponatremia may also be present, 
depending on abnormalities in water balance (see Chap. 99). The renal 
response to volume challenge or vasoactive drug initiation may also be 
used to determine the presence or absence of a reversible, “prerenal” 
etiology of AKI.

  TABLE 97-2    Causes of Acute Renal Failure

Prerenal

Volume depletion: Gastrointestinal fluid loss or hemorrhage; renal losses (diuretics or glu-
cosuria, salt-wasting nephropathy, diabetes insipidus, or adrenal insufficiency); cutaneous 
losses (burns, desquamation)

Volume redistribution: Peripheral vasodilation (sepsis or antihypertensives), peritonitis, 
burns, pancreatitis, hypoalbuminemia (nephrotic syndrome or hepatic disease)

Cardiac dysfunction: Pericardial tamponade, complications of myocardial infarction, acute 
or chronic valvular disease, cardiomyopathies, arrhythmias

Vasodilatory shock: Sepsis, liver failure, postcardiotomy, anaphylaxis, or antihypertensives

Renal vasoconstriction: Cirrhosis, sepsis, hypercalcemia, drugs (cyclosporine, tacrolimus, 
nonsteroidal anti-inflammatory drugs, or pressors)

Renal

Ischemia: Trauma, surgery, sepsis, pigment nephropathy (hemolysis or rhabdomyolysis), 
cardiac or aortic hemorrhage

Nephrotoxic: Radiocontrast, antibiotics (aminoglycosides or amphotericin), nonsteroidal 
anti-inflammatory drugs, carbon tetrachloride, ethylene glycol, heavy metals (lead, 
mercury, arsenic, cadmium, or uranium), pesticides, fungicides, cyclosporine, or tacrolimus

Disorders of glomeruli and blood vessels: Poststreptococcal glomerulonephritis, infective 
endocarditis, systemic lupus erythematosus, Goodpasture syndrome, microscopic 
polyarteritis, Wegener granulomatosis, Henoch-Schöunlein purpura, idiopathic rapidly 
progressive glomerulonephritis, polyarteritis nodosa, malignant hypertension, thrombotic 
microangiopathies (hemolytic uremic syndrome, thrombotic thrombocytopenic purpura, 
postpartum renal failure, or antiphospholipid syndrome), renal artery embolism, renal 
artery dissection, bilateral renal vein thrombosis, or abdominal compartment syndrome

Acute interstitial nephritis:

Allergic: Semisynthetic penicillin analogues (eg, methicillin, ampicillin, or nafcillin), cepha-
losporins, rifampin, ciprofloxacin, cotrimoxazole, sulfonamides, thiazides, furosemide, 
allopurinol, phenytoin, tetracyclines, or warfarin

Infectious: Streptococcal, staphylococcal, leptospirosis, infectious mononucleosis, 
diphtheria, brucellosis, Legionnaire disease, toxoplasmosis, or cytomegalovirus

Infiltrative: Sarcoidosis, lymphoma, leukemia

Autoimmune/alloimmune: Systemic lupus erythematosus or renal transplant rejection

Postrenal

Malignancy: Lymphoma, renal adenocarcinoma, bladder ureteral carcinoma, gynecologic 
cancers, prostate cancer, other pelvic tumors, or metastatic disease

Inflammatory processes: Tuberculosis, inflammatory bowel disease, retroperitoneal abscess 
or fibrosis, postradiation therapy

Vascular diseases: Aortic aneurysm, renal artery aneurysm

Papillary necrosis: Diabetes mellitus, sickle hemoglobinopathy, analgesic abuse, prosta-
glandin inhibition, or hepatic cirrhosis

Intratubular: Uric acid, calcium phosphate, Bence Jones proteins, methotrexate, acyclovir, 
sulfonamide antibiotics, or indinavir

Miscellaneous: Nephrolithiasis, ureteral ligation, retrograde pyelography with ureteral 
edema, neurogenic bladder, neuropathic ureteral dysfunction, or obstructed urinary catheter
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■■ POSTRENAL ACUTE RENAL FAILURE
Postrenal AKI (often called obstructive uropathy) accounts for 5% of all 
cases of AKI, and is more common in the elderly. Unilateral obstruction 
is not sufficient alone to cause AKI. Renal insufficiency due to obstruc-
tion occurs only when the obstruction involves a site that affects both 
kidneys, or a single functioning kidney. The most common cause of 
postrenal obstruction is bladder neck obstruction (prostatic hypertro-
phy, prostate cancer, and neurogenic bladder). Postrenal obstruction is 
also caused by bilateral ureteral obstruction or unilateral obstruction in 
patients with solitary kidney (stones, clots, sloughed renal papillae, ret-
roperitoneal fibrosis, or retroperitoneal masses). Intratubular obstruc-
tion can be caused by crystals like uric acid, calcium oxalate, calcium 
phosphate, acyclovir, sulfadiazine, indinavir, methotrexate, or by para-
protein (myeloma cast nephropathy). Volume expansion, sometimes 
with urinary alkalinization (uric acid, methotrexate, or myeloma), is the 
primary treatment for these causes of intratubular obstruction.

Obstruction to urine flow by increased tubular hydrostatic pressure is 
only partly responsible for the reduced GFR of obstructive uropathy.  
AKI is also caused and sustained by renal vasoconstriction that 
occurs in response to ureteral obstruction, mediated by thromboxanes. 
Obstruction should be suspected in patients with recurrent urinary tract 
infections, nephrolithiasis, prostate disease, or pelvic tumor. Causes of 
obstructive uropathy are listed in Table 97-2. These patients usually have 
a preceding history of obstructive symptoms followed by sudden onset 
of anuria or oliguria. Polyuria and nocturia due to renal concentrating 
defect may be seen in patients with partial or intermittent obstruc-
tion. Other features of AKI secondary to obstruction are increased  
BUN : creatinine ratio, hyperkalemia, and defective urinary acidification 
with metabolic acidosis.

The two most important diagnostic tests when obstruction is suspected  
are bladder catheterization and renal ultrasonography. If urinary tract 
obstruction is strongly suspected, but ultrasound results are equivocal, 
then a “stone protocol” noninfused computed tomography (CT) scan 
should be performed. In some cases where false-negative ultrasound or 
CT scan results are suspected, cystoscopy and retrograde pyelograms 
may be required to definitively exclude the diagnosis of obstructive 
uropathy. For example, we would request retrograde pyelograms despite 
normal ultrasound images in a patient with anuric, hyperkalemic AKI 
and extensive pelvic tumor, potentially encasing the ureters and prevent-
ing dilation and hydronephrosis. Retroperitoneal fibrosis can similarly 
cause obstructive AKI without hydronephrosis. Early diagnosis is essen-
tial, as the extent of parenchymal damage is dependent on the duration 
of obstruction; complete recovery is possible up until 10 to 14 days of 
obstruction.

■■ INTRINSIC ACUTE RENAL FAILURE
Intrinsic acute renal failure can be categorized anatomically, according 
to the site of the lesion: vascular, glomerular, or tubulointerstitial. We 
will discuss tubular and interstitial causes first, because they are far more 
common in hospitalized patients.

Acute Tubular Necrosis:  The most common cause of intrinsic AKI in 
hospitalized patients is acute tubular necrosis (ATN). ATN is caused 
by ischemia, nephrotoxins, or a combination of both, and accounts for 
approximately 85% to 90% of intrinsic AKI cases.8,22 Ischemic ATN 
is commonly seen in patients with sepsis or severe cardiac failure, or 
postoperative patients, particularly after cardiac and aortic surgeries. 
Massive trauma or cardiac arrest are other causes of ATN. Prerenal 
failure can result in ischemic ATN if renal hypoperfusion is severe 
and not reversed by timely therapy. Although improving renal perfu-
sion may reverse prerenal AKI (by definition), and diminish ischemic 
contributions to the pathogenesis of ATN, it is quite conceivable that 
in many cases ATN develops despite appropriate resuscitation and 
adequate renal perfusion. Zager has shown in an endotoxemic rat 
model of septic AKI that paired combinations of insults (renal cross 

clamp, systemic endotoxin, amino-glycoside, and temperature eleva-
tion) cause azotemia and renal pathologic findings of ATN, but these 
insults individually cause no renal dysfunction or injury.22 We suspect 
that this synergistic injury model accurately reflects the pathogenesis 
of much AKI in the ICU. Positive pressure mechanical ventilation 
alters renal perfusion and function through a variety of mechanisms, 
both hemodynamic and inflammatory.23 Other experimental data 
have shown that endotoxin, tumor necrosis factor, and numerous 
other inflammatory mediators are directly cytotoxic to renal endo-
thelial and tubular cells.24

The diagnosis of ATN is usually made by clinical exclusion of alter-
native diagnoses such as obstruction or prerenal azotemia, and a lack 
of features suggestive of other intrinsic renal lesions. Characteristic 
urinalysis and urine chemistry findings frequently support the clini-
cal diagnosis, increasingly combined with analysis of novel biomarkers 
of renal tubular damage (although the latter are not currently avail-
able for clinical use in the USA). Ischemic ATN is usually reversible 
by tubular regeneration in surviving patients with previously normal 
renal function; although, as discussed above, in a significant subset of 
cases, recovery may be less complete than is clinically apparent. Failure to 
recover prompts consideration of a differential diagnostic list including 
bilateral cortical necrosis, renal atheroembolism, renal artery stenosis/
thrombosis/dissection, and severe forms of other intrinsic lesions such 
as rapidly progressive glomerulonephritis (GN). Bilateral cortical necro-
sis causes irreversible renal failure and is associated with profound shock 
with disseminated intravascular coagulation, obstetric complications, 
hemolytic uremic syndrome, or snake bites.25

Cellular mediators that play a role in the pathogenesis of ATN include 
calcium, reactive oxygen species, phospholipases, proteases, adhesion 
molecules, and nitric oxide (NO).26 ATN has several phases: prerenal, 
initiation, extension, maintenance, and repair.27 It is not intuitive that 
renal tubular injury should cause decreased glomerular filtration and 
AKI. A decrease in glomerular ultrafiltration coefficient has been shown 
in several animal models of AKI, but this is a minor contributor to the 
observed decrement in GFR.28,29 The pathophysiologic mechanisms that 
explain the reduction of GFR in ATN are hemodynamic abnormalities, 
tubular obstruction, and tubular back leakage of glomerular filtrate 
(Fig. 97-2).30 Renal vasoconstriction is seen in AKI,30,31 caused by acti-
vation of tubuloglomerular feedback; increased distal chloride delivery 
past injured tubular segments is sensed by the macula densa, causing 
vasoconstriction of the corresponding afferent arteriole. This reversible, 
functional mechanism seems to be the major cause of decreased GFR 
in ATN, and is in part protective. Severe hypovolemia would rapidly 
result if injured tubules failed to reabsorb the bulk of filtered sodium 
and water; thus the term “acute renal success” has been used to describe 
the development of decreased GFR (“acute renal failure”) in the pres-
ence of tubular necrosis.31 Furthermore, reabsorption of filtered sodium 
accounts for the bulk of renal oxygen consumption; continued glomeru-
lar filtration of sodium in ATN may aggravate hypoxic damage to sub-
lethally injured tubules. The phenomenon of medullary hypoxia plays 
an important role in the pathogenesis of ATN. Low medullary blood 
flow is required for urinary concentration.32 Reabsorption of sodium 
chloride by the medullary thick ascending limb of the loop of Henle 
(mTAL) is the major determinant of medullary oxygen consumption, 
resulting in a hypoxic environment under normal circumstances.32,33 
mTAL is vulnerable to ischemic injury if increased oxygen requirement 
is associated with decreased oxygen delivery. In addition, the inflamma-
tory mechanisms that dominate as ATN progresses from initiation to 
extension and maintenance phases of ATN result in medullary conges-
tion and hypoperfusion.27

The tubular factors that are also involved in the reduction of GFR 
in AKI are tubular obstruction and tubular back leakage. Necrotic cell 
debris incorporated into casts causes obstruction of proximal and distal 
tubules and has been shown to play a significant role in experimental 
AKI.34,35 Back leakage of tubular fluid across denuded basement mem-
branes and injured proximal tubule cells has been demonstrated in 
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several experimental models of AKI.36 Subsequently it has been shown 
that tubular back leakage and intratubular obstruction are important 
factors contributing to the reduction of GFR in human ischemic AKI.37,38

Nephrotoxic injury is the second major cause of ATN. Nephrotoxic 
ATN is caused by drugs (aminoglycosides, cisplatin, amphotericin, and 
chemotherapy), radiocontrast agents, heme pigments (myoglobin and 
hemoglobin), and myeloma light chain proteins. AKI due to aminogly-
cosides and radiocontrast agents accounts for most cases of nephrotoxic 
ATN. Nephrotoxicity of cancer chemotherapy is discussed in Chap. 95; 
malignancy and AKI are further discussed below. Three nephrotoxic 
AKI syndromes will be further discussed here: aminoglycoside neph-
rotoxicity, radiocontrast nephropathy, and AKI caused by nonsteroidal 
anti-inflammatory drugs (NSAIDs).
Aminoglycoside Nephrotoxicity  Aminoglycosides like tobramycin, gentamicin, 
amikacin, and netilmicin are widely used for the treatment of gram-
negative infections. Although they are effective antibiotics, therapy with 
aminoglycosides is complicated by nephrotoxicity in 10% to 20% of 
patients.39 Aminoglycosides are excreted by glomerular filtration and 
are reabsorbed by proximal tubular cells. The mechanism of aminogly-
coside-induced renal injury is incompletely understood. Accumulation 
of aminoglycosides in the proximal tubules in high concentration results 
in disruption of a variety of intracellular processes. Aminoglycosides 
are tubular toxins, and the earliest morphologic changes consist of 
vacuolization of proximal tubules, loss of brush border, and the pres-
ence of myeloid bodies within proximal tubule cells. Clinical evidence 
also attests to the tubular toxicity of aminoglycosides; maximum 
urine osmolality falls, and renal wasting of mg2+ and K+ ensues. The 
relationship between this tubule damage and reduced GFR remains 
unclear, although in experimental models using high doses of amino-
glycosides, tubule obstruction and back leakage can be demonstrated. 
In experimental models of aminoglycoside nephrotoxicity, relatively 
small doses decrease glomerular permeability, while larger doses cause 
renal vasoconstriction. The relevance of these hemodynamic changes to 
human aminoglycoside nephrotoxicity is not known.

AKI generally develops 7 to 10 days after aminoglycoside therapy 
is started. Aminoglycoside nephrotoxicity is associated with nono-
liguric AKI, due to a concentrating defect caused by tubular injury. 
Aminoglycoside nephrotoxicity is also accompanied by potassium and 
magnesium wasting. Risk factors for aminoglycoside nephrotoxicity 
are summarized in Table 97-3. In patients with preexisting renal insuf-
ficiency, the dosing interval should be adjusted and levels monitored to 

minimize the risk of ototoxicity and nephrotoxicity. Once-daily dosing 
of aminoglycosides decreases nephrotoxicity with no apparent loss of 
effectiveness.40-42 In patients with acutely deteriorating renal function 
who require aminoglycoside therapy, monitoring may be very difficult 
and require frequent reassessment. Aminoglycosides should ideally be 
discontinued whenever renal dysfunction develops; increasing trough 
levels and decreased calculated aminoglycoside clearance may signal 
decreased GFR before serum creatinine increases. Recovery of renal 
function is expected in most cases when nephrotoxicity is recognized 
early and aminoglycosides held, but may be delayed for days to weeks.
Contrast-Induced AKI  AKI due to radiocontrast agents occurs within 24 to 48 
hours of intravenous radiocontrast administration, and is termed con-
trast-induced (CI-AKI). It has most commonly been defined in the liter-
ature as a rise in serum creatinine of ≥0.5 mg/dL (≥44 μmol/L) or a 25% 
increase from baseline value, assessed at 48 hours after a radiological 
procedure; but recent studies typically use the RIFLE, AKIN, or KDIGO 
definitions for case definitions.43 Vasoconstriction and direct tubular 
toxicity due to generation of oxygen free radicals are thought to be the 
pathogenic mechanisms of radiocontrast nephrotoxicity. In most cases, 
the AKI is mild and recovery typically begins with stabilization of serum 
creatinine at 3 to 5 days postcontrast.44 Renal failure is usually nonoli-
guric. However, in patients with preexisting severe chronic renal failure, 
CI-AKI may be severe, irreversible, and require chronic dialysis. Patients 
who develop CI-AKI are at increased risk of death or prolonged hospi-
talization, as well as for other adverse outcomes, including early or late 

  TABLE 97-3    Risk Factors for Aminoglycoside Nephrotoxicity

Preexisting renal disease

Advanced age

Volume depletion

Obstructive jaundice

Severe infection

Drug interactions

Cephalosporins

Vancomycin

Prostaglandin inhibitors

Ischemia
nephrotoxins

(5)
? Direct glomerular

effect

Tubular damage
(proximal tubules and
 ascending thick limb

(2)
Obstruction

by casts

(3)
Tubular

backleak

(4)
Interstitial

inflammation

↓ Tubular
fluid flow

↑ Intratubular
pressure

↓ GFR Oliguria

(1)
Vasoconstriction

renin-angiotensin
endothelin

↓ PGI2
↓ NO

FIGURE 97-2.  Pathophysiologic mechanisms of acute kidney injury. Tubular damage by ischemia, nephrotoxins, or both, leads to decreased GFR by a combination of mechanisms. (1) Renal 
vasoconstriction via activation of tubuloglomerular feedback, and decreased vasodilator substances (PGI2, prostacyclin; NO, nitric oxide) is a prominent functional mechanism of decreased GFR in 
ATN. (2) Backpressure from tubular obstruction by casts directly decreases GFR. (3) Backleakage of glomerular filtrate into peritubular capillaries decreases the efficiency of glomerular filtration, 
effectively decreasing GFR. (4) There is increasing evidence for a role of interstitial inflammation in the extension phase of ATN. (5) Direct glomerular effects (mesangial contraction, decreased 
filtration surface area) may also play a role in decreasing GFR in the presence of ATN. (Reproduced with permission from Lameire N, Vanholder R. Pathophysiologic features and prevention of human 
and experimental acute tubular necrosis. J Am Soc Nephrol. February 2001;(12 suppl 17):S20-S32.)
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cardiovascular events. The mortality is higher in patients who develop 
severe CI-AKI requiring dialysis compared to those not requiring  
dialysis. In a study of 1896 patients undergoing coronary angiography, 
the hospital mortality was 7.1% in CI-AKI and 35.7% in patients who 
required dialysis.45

The risk of nephrotoxicity due to contrast agents varies with the type 
and dose of agent. Low- or iso-osmolal agents are less nephrotoxic than 
ionic high-osmolal agents.46,47 The incidence of AKI due to radiocontrast 
agents is less than 2% in patients with normal renal function, but is 
inversely related to GFR in patients with CKD; in high-risk patients the 
incidence is as high as 60%.48 There are several important risk factors for 
radiocontrast nephropathy, including CKD (the major risk factor; CI-AKI 
is usually a form of AKI superimposed on CKD), diabetic nephropathy 
(see below), severe congestive heart failure, intravascular volume deple-
tion, high contrast dose, and multiple myeloma (Table 97-4). Of note, the 
risk of radiocontrast nephropathy at any GFR level in CKD is approxi-
mately double in diabetics compared to nondiabetics. The group at risk 
for radiocontrast nephropathy can be reliably identified, and a variety of 
prophylactic strategies have been used, several successfully.

A number of measures are used for prevention of radio-contrast 
nephropathy. Alternative imaging approaches (ultrasound, noninfused 
CT) are preferred to radiocontrast studies in patients with a high risk of 
radiocontrast nephropathy. Nonionic low-osmolal agents46 and nonionic 
iso-osmolol agents47 are less nephrotoxic, and these agents are used to 
decrease the incidence of AKI due to radiocontrast agents. Volume 
expansion has been shown to reduce the incidence of CIN in a number 
of studies, but the optimum solution and administration regimen has yet 
to be conclusively demonstrated. Isotonic saline (1 mL/kg per hour for 
12 hours pre- and postcontrast) was associated with a lower incidence of 
CIN than a hypotonic saline regimen in a prospective randomized trial 
involving 1620 patients.49 It has been suggested that sodium bicarbonate 
may be superior to normal saline, as urinary alkalinization may reduce 
free radical formation. The results of randomized controlled trials and 
meta-analyses have been variable with some reporting lower rates of 
CIN and others equivalent rates. The largest meta-analysis published 
involved 14 trials and 2290 patients, but there was considerable clinical 
and statistical heterogeneity between trials (largely owing to variable 
trial size). Pooling the three large trials (1145 patients), there was no 
difference between CI-AKI rates with sodium chloride or sodium bicar-
bonate. The pooled relative risk of CI-AKI with sodium bicarbonate 
was 0.50 (0.27-0.93) in the 12 smaller trials; however, these trials were of 
lower methodological quality.50

In some studies, the administration of acetylcysteine, a thiol-containing  
antioxidant, in combination with saline hydration has been shown to 
be beneficial in reducing the incidence of contrast nephropathy when 
administered in various oral regimens (1200 mg once or 600 mg every 
12 hours before and after radiocontrast).51-53 One successful study used 
intravenous acetylcysteine for radiocontrast nephropathy prophylaxis.54 
Although other studies did not show any benefit,55 a recent meta-analysis 
of eight randomized controlled trials involving 855 patients reported 
that the use of acetylcysteine reduced the risk of radiocontrast by 59%.56 

However, further doubt has been cast over these inconsistent findings 
by emerging experimental data that suggest that the apparent efficacy of 
acetylcysteine in these studies may have been artifactual. Specifically, ace-
tylcysteine causes a decrement in serum creatinine (but not cystatin C)  
by a GFR-independent mechanism,57 perhaps by inhibiting creatinine 
phosphokinase function.58 In one of the largest randomized studies to 
date, involving 2308 patients assessing the utility of oral N-acetylcysteine 
to prevent CIN, the authors concluded that it did not lower the risk of 
CI-AKI or other renal outcomes.59 However, the generalizability of this 
study may be limited; only 362 patients (15.7%) had a baseline serum 
creatinine greater than 1.5 mg/dL, the median contrast volume was low 
at 100 mL and there was imprecision regarding which patients received 
hydration and what volume was given. It may be more appropriate to 
conclude that N-acetylcysteine is not effective at preventing CI-AKI in 
low-risk groups; however, it may still have a role in preventing CI-AKI 
in patients at high risk.

Other approaches such as vasodilation with dopamine60 or fenoldopam61  
failed to prevent radiocontrast nephropathy, and mannitol and furose-
mide appeared to increase the rate of AKI postcontrast in one study.62 
Prophylactic hemodialysis has not been shown to be beneficial in the 
prevention of contrast nephropathy.63 A recent meta-analysis looked at 
nine randomized and two nonrandomized trials involving 1010 patients 
who underwent RRT (hemodialysis or hemofiltration) to prevent 
CI-AKI. RRT did not decrease CI-AKI incidence compared with stan-
dard medical therapy (RR 1.02; 95% CI, 0.54-1.93). However, intertrial 
heterogeneity was high. Limiting the analysis to trials involving hemo-
dialysis only (eight trials) reduced heterogeneity. Hemodialysis appeared 
to confer an increased risk of CI-AKI (RR 1.61; 95% CI, 1.13-2.28) and 
had no effect on need for permanent RRT or progression to ESRD (RR 
1.47; 95% CI, 0.56-3.89).64 Since RRT is also expensive, associated with 
a variety of risks, and a limited resource, we do not recommend this 
approach to CI-AKI prevention.

A novel method of preventing CI-AKI is the RenalGuard system (PLC 
Medical, Franklin, MA); a fluid management device which precisely 
measures urine output and replaces the same amount of fluid intrave-
nously. The REMEDIAL II trial evaluated the effects of a forced diuresis 
induced by furosemide and replacement with saline as guided by the 
RenalGuard system.65 This strategy theoretically would reduce contrast 
exposure to tubular cells and increase its elimination. It evaluated the 
incidence of CI-AKI in 392 high-risk patients with an eGFR ≤30 mL/
min. Patients randomized to the RenalGuard system achieved urinary 
flow rates of ∼350 mL/min. CI-AKI occurred in 30/146 (20.5%) of 
patient in the control group (N-acetylcysteine and isotonic bicarbon-
ate solution) compared with 16/146 (11%) in the RenalGuard group 
(N-acetylcysteine, furosemide, and isotonic saline administration as 
controlled by the RenalGuard system), (OR, 0.47; 95% CI 0.24-0.92).65  
However, concerns have been raised about the volume of fluid replace-
ment precipitating pulmonary edema in patients with cardiac dys-
function, and the development of electrolyte abnormalities such as 
hypokalemia developing following diuretic use. Further research is 
required to determine the optimal approach to CI-AKI prevention.
Nonsteroidal Anti-Inflammatory Drugs and Acute Renal Failure  NSAIDs can cause 
hemodynamically mediated AKI. Vasodilatory prostaglandins (prosta-
cyclin and prostaglandin E2 [PGE2]) are essential for the maintenance of 
renal blood flow and GFR in states of effective volume depletion, such as 
congestive heart failure, cirrhosis of the liver, nephrotic syndrome, and 
in states of true volume depletion.66 Prostaglandins counterbalance the 
effects of vasoconstrictors such as angiotensin II and catecholamines. 
NSAIDs inhibit prostaglandins and thus would lead to unopposed 
effect of angiotensin II and catecholamines, leading to reduced GFR. 
Hyperkalemia may be prominent because NSAIDs impair renin secre-
tion. Patients with CKD are similarly at risk for NSAID-induced AKI, 
because vasodilator prostaglandins maintain hyperfiltration in rem-
nant nephrons. Hemodynamically mediated AKI is seen within days 
of taking NSAIDs in high-risk patients. Cyclooxygenase-2 (COX-2)  
selective drugs have the same renal effects as nonselective NSAIDs, 

  TABLE 97-4    Risk Factors for Radiocontrast Nephrotoxicity

Preexisting renal failure

Diabetes mellitus

Volume depletion

Previous contrast nephropathy

Multiple contrast procedures

High contrast dose (>2 mL/kg)

Congestive heart failure

Elderly patient

Multiple myeloma
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because COX-2 is constitutively expressed and physiologically active in 
the kidney.67 The second type of acute renal injury is allergic interstitial 
nephritis, as discussed below. Chronic NSAID use is also associated with 
papillary necrosis and is thought to occur in patients who are taking 
multiple analgesics.

Acute Tubulointerstitial Nephritis:  AKI due to acute interstitial nephritis 
(AIN) is most often caused by allergic reaction to various drugs (allergic 
AIN), but there are also a variety of infectious (Legionnaire disease, cyto-
megalovirus, and Hantavirus), autoimmune (lupus), alloimmune (renal 
transplant rejection), and infiltrative (sarcoidosis, leukemia, and lym-
phoma) disorders that can cause AIN (see Table 97-2). The most common 
drugs that cause allergic AIN are penicillins, cephalosporins, ciprofloxacin, 
rifampin, sulfonamides (furosemide, thiazide diuretics, and trimethoprim-
sulfamethoxazole), proton pump inhibitors (increasingly recognized as a 
cause of AIN), H2-blockers, allopurinol, and NSAIDs.

Patients with AIN classically present with AKI temporally related 
to drug therapy or infection, associated with a triad of fever, rash, and 
eosinophilia.68 Urinalysis findings include leukocyturia with eosin-
ophiluria, leukocyte casts, and low-grade proteinuria. Although all these 
signs are present in the majority of patients with AIN, absence of these 
does not exclude the diagnosis of AIN. In particular, these findings are 
usually absent in NSAID-induced AIN. Proteinuria is mild to moderate 
except in NSAID-induced AIN, in which nephrotic syndrome caused 
by a minimal change lesion has been described. Tubular dysfunction 
(eg, Fanconi syndrome, distal renal tubular acidosis, or hyperkalemia) 
occurs in the majority of patients with AIN.

AIN is usually suspected from the history and laboratory findings. In 
the absence of urinary tract infection, detection of large numbers of uri-
nary eosinophils (>5%) strongly suggests the diagnosis of drug-induced 
tubulointerstitial nephropathy (TIN). Hansel stain of the urine is more 
sensitive than Wright stain for the detection of urinary eosinophils.69 
The Hansel method correctly identified 10 of 11 patients with TIN, as 
opposed to only 2 of 11 correctly classified using Wright stain. False-
positive results with the Hansel technique are most commonly caused by 
rapidly progressive GN or acute prostatitis. Diagnosis can be confirmed 
by renal biopsy if AKI is progressive and treatment of an alternative 
diagnosis is considered (eg, rapidly progressive GN), or if there is no 
recovery of renal function after discontinuation of the medication sus-
pected to have caused AIN.

No therapy is recommended in patients with mild renal insufficiency, 
and in patients who respond after discontinuation of the offending 
medication. AIN is usually reversible after withdrawal of the offending 
agent and treatment of underlying disease. The optimal therapy of AIN 
is unknown, since there are no randomized controlled trials or large 
observational studies. Corticosteroid therapy is unproven, and generally 
recommended only in patients with biopsy-confirmed acute allergic 
interstitial nephritis who do not respond to conservative management, 
and have no contraindication to immunosuppression.

Rapidly Progressive Glomerulonephritis:  Glomerulonephritis such as 
postinfectious glomerulonephritis, lupus nephritis, and Goodpasture 
syndrome can cause acute or subacute renal failure (see Table 97-2). 
Rapidly progressive glomerulonephritis (RPGN) causing AKI is an emer-
gency. The combination of AKI with an “active” urine sediment (heavy 
proteinuria, hematuria, leukocyturia, and erythrocyte/leukocyte/ 
mixed cellular casts) should prompt urgent evaluation with renal 
biopsy and serologies. The underlying pathologic lesion is classically 
necrotizing crescentic glomerulonephritis, treated with high-dose 
pulse corticosteroid therapy to stabilize renal function, followed by 
intensive immunosuppression (with or without plasmapheresis). 
Causes include inflammatory disorders with immune complex depo-
sition (lupus, postinfectious, or cryoglobulinemia), anti–glomerular  
basement membrane antibodies (Goodpasture syndrome, when 
associated with pulmonary hemorrhage), and pauci-immune glo-
merulonephritis (usually with small-vessel vasculitis; see below). 
Associated clinical features such as pulmonary hemorrhage, sinus 

involvement, leukocytoclastic vasculitis, neuropathy, or other stig-
mata of autoimmune disease may increase the index of suspicion 
for this diagnosis, but it must be emphasized that a skilled urinalysis 
demonstrating an “active” sediment in a patient with AKI may make 
this diagnosis alone. In fact, the presence of erythrocyte casts is 
pathognomonic of GN; associated with AKI, this is essentially diag-
nostic of RPGN.

■■ VASCULAR CAUSES OF ACUTE RENAL FAILURE
Vascular causes of AKI are categorized into small-vessel diseases and 
large-vessel diseases (see Table 97-2). Diseases involving small vessels 
include microscopic polyarteritis (vasculitis in polyarteritis nodosa and 
Kawasaki disease involves medium-sized vessels), granulomatosis with 
polyangiitis (Wegener), mixed cryoglobulinemia, and conditions that 
are categorized as thrombotic microangiopathies, including thrombotic 
thrombocytopenic purpura, hemolytic uremic syndrome, scleroderma 
renal crisis, malignant hypertension, and antiphospholipid antibody 
syndrome. Large-vessel renal vascular diseases include thromboembolic 
diseases and renal vein thrombosis. Atheroembolic disease should be 
considered in patients who develop AKI after instrumentation of the 
aorta, particularly in patients with known atherosclerotic disease.70 
Renal vein thrombosis is usually a complication of nephrotic syndrome, 
and if bilateral can cause AKI. Abdominal compartment syndrome (see 
Chap. 114) is present when the intra-abdominal pressure (IAP) reaches 
20 to 25 cm H2O, and unless decompressed, irreversible organ failure 
may result.71 The pathogenesis of oliguria and AKI in abdominal com-
partment syndrome involves venous compression (decreased venous 
return and renal vein compression), ureteral compression with obstruc-
tive uropathy, and possibly changes in renovascular resistance and 
intrarenal blood flow distribution. Regardless of the underlying cause, a 
reduction in urine output with or without azotemia in the presence of a 
measured intra-abdominal pressure over 15 cm H2O is cause for concern 
and should prompt intervention.

RENAL FUNCTION MONITORING AND DIAGNOSTIC 
APPROACH TO ACUTE RENAL FAILURE

■■ MONITORING RENAL FUNCTION IN THE ICU
Attempts to develop strategies to prevent or treat AKI in the ICU have 
been hampered by the lack of sensitive real-time methods to monitor 
renal perfusion and function in the clinical setting.72 There are no direct 
measures of renal perfusion in clinical use. Of the available research 
techniques for this purpose, para-aminohippuric acid (PAH) clearance 
is not a valid method to assess renal plasma flow because renal PAH 
extraction is impaired in critical illness, after cardiac surgery, postrenal 
transplantation, and in AKI.73 Clinical indices such as plasma concentra-
tions of urea nitrogen and creatinine, urine output, urine chemistries, 
and urinalysis may be assessed in combination to monitor renal per-
fusion and function, but alterations in these markers are insensitive, 
indirect, and often delayed manifestations of renal hypoperfusion and 
injury.72 Although relatively insensitive, it should be recognized that 
progressive elevation of serum creatinine is a specific sign of decreased 
GFR and diagnostic of AKI. As depicted in Figure 97-3, daily serum 
creatinine increments of 0.5 to 1 mg/dL (depending on muscle mass, and 
in the absence of rhabdomyolysis) signal severe depression of GFR.74 
In the absence of obstruction or renal hypoperfusion, this is usually 
diagnostic of ATN.

Direct measurement of GFR is probably the most relevant marker of 
renal function to monitor in the ICU, and can be used as an index of 
adequate systemic perfusion, a marker of organ dysfunction, a guide 
to medication dosing, and to determine timing of initiation of renal 
replacement therapy. GFR measurement methods more sensitive than 
monitoring serum creatinine and urea nitrogen have been validated in 
this population, but are not yet in widespread clinical use.72,75 Abbreviated 
creatinine clearance measurements (2-4 hours) provide a more accurate 
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estimate of GFR than serum creatinine alone, and are more timely than 
24-hour urine collections.76 Emerging data suggest that serial monitoring 
of serum cystatin C levels may provide a more sensitive index of early 
AKI than serum creatinine or BUN. Cystatin C is a nonglycosylated 
13-kDa basic protein that is a member of the cystatin super-family of 
cysteine protease inhibitors. It is produced by all nucleated cells, and 
its production rate is unaltered by inflammatory conditions or muscle 
mass; only thyroid dysfunction has been shown to alter serum levels 

independent of GFR in studies to date.77-79 It undergoes purely renal 
excretion. Serum cystatin C levels increase before serum creatinine 
levels in patients with progressive chronic kidney disease.77,79 Emerging 
data suggest that plasma cystatin C levels similarly increase 1 to 2 days 
before serum creatinine in patients developing AKI in a variety of  
settings,79 including radio-contrast nephropathy,80 renal transplantation,81,82  
cirrhotic AKI,83 malarial AKI,84 and AKI in the ICU.85,86 In the latter study 
of 85 critically ill patients, Herget-Rosenthal and colleagues showed that 
AKI defined by elevation of cystatin C occurred 1 to 2 days before serum 
creatinine elevation; the area under the curve in receiver operating curve 
analysis was 0.82 and 0.97 on the 2 days prior to creatinine-defined AKI.86

In patients with azotemia and/or oliguria, traditional urine chemistry 
markers may provide useful information, interpreted in combination with 
other clinical and laboratory parameters (see below), including micro-
scopic urinalysis.72,87 Hopefully, more sensitive markers of early renal 
hypoperfusion and injury will prove clinically useful in the future.88,89 
Meanwhile, all clinically available renal function indices should be used 
in combination for assessment of renal perfusion and function in the ICU.

■■ DIAGNOSTIC APPROACH TO ACUTE RENAL FAILURE
The diagnostic approach to AKI involves assignment of the cause to 
prerenal, renal, or postrenal categories, with further refinement of the 
diagnosis based on additional laboratory testing.

History and Physical Examination in Acute Renal Failure:  Any decrease in 
effective perfusion of the kidneys can result in the syndrome of prer-
enal AKI. This may be the result of an absolute decrease in the extra-
cellular fluid (ECF) volume, redistribution of ECF from vascular to  
interstitial locations (third-spacing), or impaired delivery of blood  
to the kidneys such as can occur in patients with renal arterial ste-
nosis, vasculitis, or depressed cardiac function. Third-space losses 
should be suspected in the presence of severe burns, pancreatitis, 
peritonitis, or recent abdominal surgery. Absolute decreases in the 
ECF volume are most common in the setting of gastrointestinal fluid 
losses or in patients receiving excessive doses of diuretics.

Decreases in weight, if known, can provide some information 
about the degree of ECF loss. However, weight changes are subject to 
misinterpretation if the nature of fluid loss is not taken into account 
(Fig. 97-4). The ability of pure water loss (which is spread out across the 
total-body water) to cause volume depletion is only one-third as great 

FIGURE 97-3.  Dynamic relationship between serum creatinine and GFR in AKI. Moran and 
Myers demonstrated that elevation of serum creatinine lags significantly behind GFR decre-
ments in AKI. In this example, an acute decrement in GFR to <10 mL/min (commonly a dialysis-
requiring level) after a major ischemic insult is associated with a subsequent slow, daily rise of 
serum creatinine. The daily serum creatinine increment is determined by creatinine generation 
(muscle mass and catabolic state), volume status (volume of distribution of creatinine), and the 
new GFR level. Serum creatinine continues to rise until creatinine generation equals creatinine 
excretion at steady state. Only after a week is it fully apparent from the serum creatinine level 
how low the GFR is in this patient with AKI; this could have been inferred from the progressive 
daily serum creatinine increments, and measured by urine collection for an abbreviated creati-
nine clearance. (Reproduced with permission from Moran SM, Myers BD. Course of acute renal 
failure studied by a model of creatinine kinetics. Kidney Int. June 1985;27(6):928-937.)
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as an equivalent loss of isotonic fluid (all of which must come from the 
smaller ECF compartment). Thus the importance of changes in weight 
should be assessed relative to changes in serum sodium concentration.

The cardinal signs of ECF volume depletion are changes in hemody-
namic parameters, jugular venous pressure, and in the skin. An ortho-
static increase in pulse of 15 beats per minute or a decrease in diastolic 
blood pressure of 10 mm Hg can detect losses of 5% of the ECF volume. 
A postural increase in pulse (supine to standing) of at least 30 beats 
per minute is 96% specific for clinically significant volume depletion, 
whereas systolic pressure may fall 20 mm Hg upon standing in 10% 
of normal individuals and in up to 30% of patients less than age 65.90 
The inability of a patient to stand because of severe lightheadedness is 
a relatively specific sign of hypovolemia. Skin changes that accompany 
volume depletion include cool, mottled extremities, dry mucous mem-
branes and axillae, and skin tenting (particularly over the forehead and 
sternum, where age-related changes in skin elasticity are not as pro-
nounced as elsewhere). Unfortunately, such changes are not particularly 
sensitive or specific. More detailed discussion of assessment of intravas-
cular volume status and fluid responsiveness can be found in Chap. 34.

Obstruction of the urinary tract must be considered in every patient 
with an acute deterioration of renal function. The symptoms of acute 
urinary tract obstruction (severe flank pain, hematuria, and changes 
in urine flow) are often mistaken for urinary tract infection. Of more 
importance from a historical standpoint is the identification of preex-
isting conditions that predispose to urinary tract obstruction. Some of 
these are listed in Table 97-2. Physical findings suggestive of obstruction 
include palpably enlarged kidneys, pelvic or abdominal masses, bladder 
enlargement, prostatic hypertrophy, aneurysmal dilation of the aorta, 
and signs of inflammatory bowel disease. If oliguria or anuria develops 
in a critically ill patient with a Foley catheter in place, possible catheter 
occlusion should be assessed by sterile flushing and if necessary a cath-
eter change.

Intrinsic AKI can be the final result of many diverse renal insults. 
While space limitations do not permit a thorough review of all aspects 
of the history and physical examination in intrinsic AKI, some points 
deserve comment. AKI due to therapeutic or recreational drugs (eg, 
cocaine-induced rhabdomyolysis) is so common that a detailed drug 
history is mandatory.91 The presence of a skin rash should suggest 
the possibility of a systemic vasculitis with renal involvement or acute 
tubulointerstitial nephritis. Palpable purpura due to leukocytoclas-
tic vasculitis is characteristic of Henoch-Schönlein purpura. One of 
the pulmonary-renal syndromes should be considered if prominent 
thoracic complaints accompany AKI. These include, among others, 
Goodpasture syndrome, granulomatosis with polyangiitis (formerly 
known as Wegener granulomatosis), microscopic polyarteritis, systemic 
lupus erythematosus, and Churg-Strauss syndrome.

Diagnostic Tests in Acute Renal Failure:  The majority of cases of AKI can 
be diagnosed by history and physical examination, along with routine 
clinical testing. However, in a significant minority the cause remains 
obscure after initial assessment, and further evaluation is necessary.

Daily urine volume must be measured in all patients with AKI. 
Bladder catheterization is both diagnostic and therapeutic in patients 
with obstruction at the level of the bladder neck or urethra. Urine  
volume is determined by the requirement to excrete the daily obligate 
solute load (electrolytes and nitrogenous wastes) in appropriately 
concentrated urine. Assuming maximal urine concentrating ability 
(1400 mOsm/kg), the minimum daily urine output required to excrete 
the average daily solute load is 400 mL, below which positive solute 
balance and azotemia develop, thus the standard definition of oliguria 
(<400 mL/24 hours). In terms of monitoring urine output, if urine is 
maximally concentrated (1400 mOsm/kg), and excretion of 10 mOsm/kg  
per day (700 mOsm/d in a 70-kg person) is required to avoid solute reten-
tion, this mandates urine output of 500 mL daily (21 mL/h, or 0.3 mL/kg 
per hour). Of course, if solute appearance increases (patient size, hyper-
catabolism, or hyperalimentation) or maximal urinary concentrating 

ability is diminished (renal dysfunction or advanced age), higher urine 
volumes are required to maintain adequate solute excretion. Since such 
conditions are more the rule than the exception, it seems more appro-
priate to expect solute retention at urine outputs below the more typical 
ICU monitoring target of 0.5 to 1 mL/kg per hour (840-1680 mL/d). In 
the RIFLE, AKIN, and KDIGO classification systems, oliguria (defined 
as a urine output <0.5 mL/kg per minute) persisting for 6 hours or 
longer is defined as AKI, and more severe and/or persistent oliguria is 
classified as higher stage AKI, irrespective of serum creatinine trends. Of 
course, urine output targets must be sufficient to control fluid balance as 
well as solute excretion, so higher urine output values may be required 
for patients with large obligate fluid intakes.

AKI may be classified as anuric (urine output <100 mL/d), oliguric 
(urine output <400 mL/d), or nonoliguric (urine output >400 mL/d). 
Causes of AKI associated with various urine flow patterns are listed in 
Table 97-5. Prerenal AKI with polyuria may be seen very rarely if exces-
sive urine losses are the cause of the prerenal state. This occurs in adrenal 
or mineralocorticoid deficiency states and excessive diuresis. Although 
occasional polyuric patients with urinary indices suggestive of prerenal 
AKI have been described,92 it is believed that the majority of them in fact 
have polyuric ATN rather than prerenal AKI. The continued use of an 
indwelling bladder catheter after the cause of AKI has been determined 
is frequently unnecessary and merely increases the risk of nosocomial 
urinary tract infection. This is particularly true in the oligo-anuric patient. 
Intermittent bladder catheterization once or twice daily can provide use-
ful information with a lower risk of urosepsis. An external condom-type 
catheter does not provide sufficient information to replace the Foley cath-
eter in persons with AKI. Because it is also associated with an increased 
risk of urinary infection, it cannot be recommended in this setting.

Urinalysis is also useful in patients with AKI. The urinary specific 
gravity tends to be >1.020 in patients with prerenal failure. On the other  
hand, patients with intrinsic or postrenal AKI are generally isosthe-
nuric, with a urine specific gravity of approximately 1.010. Substantial 
proteinuria (3 g/d or more) strongly suggests the possibility of a glo-
merular disease, with nephrotic-range proteinuria (>3.5 g per 24 hours)  
pathognomonic of glomerular rather than tubular disease; this may 
be confirmed with a “spot” urine protein:creatinine ratio (>3 suggests  
nephrotic-range proteinuria, which should be confirmed by 24-hour 
urine collection). Glycosuria in the absence of hyperglycemia strongly  
suggests proximal tubular injury with Fanconi syndrome. A positive  

  TABLE 97-5    Urine Flow Rates in the Diagnosis of Acute Renal Failure

Anuria (<100 mL/d)

  Complete urinary tract obstruction

  Bilateral renal arterial or venous occlusion

  Bilateral cortical necrosis

  Overwhelming acute tubular necrosis

  Severe acute glomerulonephritis

Oliguria (100-400 mL/d)

  Prerenal azotemia

  Intrinsic acute renal failure

  Tubular necrosis

  Interstitial nephritis

  Glomerulonephritis

  Partial intermittent obstruction

Polyuria nonoliguria (>400 mL/d)

  Tubular necrosis

  Interstitial nephritis

  Partial intermittent obstruction
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reaction for blood in the urine is consistent with acute glomerular or 
tubular injury, urinary tract infection, or nephrolithiasis. If blood is  
present on dipstick but not microscopically, or if the findings are dispro-
portionate (eg, 4+ blood on dipstick with rare erythrocytes on micros-
copy), a pigment nephropathy (hemoglobinuria or myoglobinuria) 
should be considered. The urine sediment is usually unremarkable in  
prerenal and postrenal azotemia, except for occasional hyaline casts.  
In postrenal AKI due to stones, blood and crystals can be seen. Intrinsic 
AKI is often associated with a characteristic (or even diagnostic) urine 
sediment. A careful microscopic examination frequently can distinguish 
between GN, AIN, ATN, and TIN. Erythrocyte casts, often accompanied 
by proteinuria and numerous erythrocytes and leukocytes, are pathog-
nomonic of GN. Detection of large numbers of leukocytes, leukocyte 
casts, and eosinophils in uninfected urine strongly suggests the diagnosis 
of drug-induced AIN. ATN is suggested by findings including muddy 
brown granular casts, free renal tubular cells, and tubular cell casts.

Several measurements of urine composition have been suggested as 
ways to differentiate between prerenal azotemia and intrinsic AKI in 
the oliguric patient.93 Urine electrolytes are most useful in this regard, 
especially the fractional excretion of sodium (FENa), calculated as

FENa(%) =
 UNa × PCr × 100

PNa × UCr

where UNa and PNa are urine and plasma sodium concentrations, respec-
tively, and UCr and PCr are urine and plasma creatinine concentrations, 
respectively. Values of FENa <0.01 (1%) in oliguric patients suggest 
avid tubular sodium reclamation and prerenal azotemia with function-
ing renal tubules, whereas values >0.03 (3%) suggest tubular injury. 
The FENa is less useful in patients who are not oliguric.94 Contrary to 
common belief, however, it may be useful in diuretic-treated patients. 
Although an elevated value may be a result of ATN or the effects of 
the diuretic, a low level in the face of diuretic therapy strongly suggests  
volume depletion and prerenal AKI. Some causes of AKI presenting 
with a low FENa are listed in Table 97-6. A low UNa (<10 mEq/L) as 
an isolated measurement is often used as evidence of a prerenal state. 
However, this measurement depends exquisitely on the state of water 
balance in addition to sodium balance. It cannot be said that it is any 
easier to use than FENa, since an independent evaluation of water balance 
must be made to interpret it. Therefore, it is not recommended as an 
isolated measurement in the routine evaluation of AKI.

Most other urinary diagnostic indices do not show any clear-cut 
superiority over FENa in distinguishing prerenal azotemia from ATN; 
however, they are independently useful in the assessment of tubular 
function. Recent data suggest urinary fractional excretion of urea (FEUN)
is superior to FENa to distinguish prerenal azotemia from ATN, particu-
larly in diuretic-treated patients. FEUN is calculated as

FEUN(%) =
 UUN × PCr × 100

BUN × UCr

where UUN and BUN are urine and serum urea nitrogen concentra-
tions, respectively, and UCr and PCr are urine and plasma creatinine 

concentrations, respectively. The normal FEUN is 50% to 65%, reflect-
ing reabsorption of approximately 50% of filtered urea in the proximal 
tubule; urea reabsorption is trivial in the thick ascending limb and distal 
convoluted tubule. Hypovolemia results in increased urea absorption, 
decreased urea clearance, and thus a lower FEUN.95 Loop and thiazide 
diuretics, which act at the thick ascending limb and distal convoluted 
tubule, do not interfere directly with urea reabsorption and should not 
alter FEUN. However, proximal tubule diuretics and osmotic diuresis 
decrease proximal reabsorption of urea and may produce an inappro-
priately high FEUN. Carvounis and colleagues prospectively evaluated 
102 hospitalized patients with AKI.87 Patients were divided into three 
groups: 50 were deemed prerenal; 27 were deemed prerenal with diuret-
ics given up to the day of consultation (details were not provided as to 
whether diuretics were given 1 or 23 hours prior to the urine sample); 
and 25 were diagnosed with ATN. Patients with AIN, GN, and obstruc-
tive nephropathy were excluded. FeNa was <1%, as expected, in 92% of 
group 1 patients, but in only 48% of the prerenal patients treated with 
diuretics. In contrast, 90% of the group 1 patients and 89% of those given 
diuretics had a FEUN <35%. The ATN patients evidenced a mean FEUN 
of 59%. A FEUN <35% had 85% sensitivity, 92% specificity, 99% positive 
predictive value, and 75% negative predictive value for a prerenal state. 
In this study, the urine:plasma creatinine ratio also performed better 
than FENa to distinguish prerenal azotemia from ATN. One other urine 
chemistry test may be useful in hyperuricemic patients with AKI and 
possible urate nephropathy (tumor lysis syndrome and hypovolemia 
with hyperuricemia and acid urine): urine uric acid:urine creatinine 
ratios >1.1 are consistent with acute urate nephropathy.96

Urine microscopy may also be useful in distinguishing between intrin-
sic AKI and prerenal AKI, and has the advantage of being widely available 
and inexpensive. However, expertise is required in interpretation. In a 
study of 267 patients with AKI, a urine sediment scoring system based on 
the presence of casts and renal tubular epithelial cells was highly predictive 
of AKI. In patients with a high pretest probability of ATN, the presence of 
any casts or renal tubular epithelial cells resulted in a positive predictive 
value of 100% and negative predictive value of 41% for ATN. In patients 
with a low pretest probability of ATN, the lack of casts or renal tubular 
cells was associated with a negative predictive value for ATN of 91%.97

Although the diagnosis and staging of AKI is currently based on 
indices of kidney function (acute changes in serum creatinine or cys-
tatin, BUN, or the development of oliguria), the search for earlier and 
more sensitive biomarkers of renal tubular damage (in search of a “renal 
troponin”) has been an active area of investigations in recent years.98 
These tools have begun to undergo clinical evaluation in a number 
of health systems internationally. Early studies suggest that such tools 
may not only help to diagnose AKI with evolving ATN early (facilitat-
ing potentially successful clinical trials of new therapies), but will also 
help to distinguish reversible, prerenal functional AKI from AKI with 
structural kidney damage (ATN),99 and to predict which cases of AKI are 
likely to progress, require RRT, and have worse clinical outcomes.98-101 
Finally, it is hoped that emerging tools in development for “real-time” 
monitoring of GFR (as opposed to following serum creatinine changes 
hours-to-days after renal function is lost) will also help to dynamically 
assess kidney function in critically ill patients.102

Several radiographic studies are useful in the evaluation of patients 
with AKI. Plain films of the abdomen can assess kidney size, detect 
>90% of renal stones, and detect skeletal abnormalities of secondary 
hyperparathyroidism, which imply established CKD rather than AKI. 
In our view, the potential hazards of intravenous pyelography make 
this test of little benefit in the work-up of AKI. Renal ultrasound is a 
sensitive and specific method for detecting hydronephrosis. It is prob-
ably indicated in nearly every patient with AKI unless obstruction can 
be proven more quickly in another manner (eg, by bladder catheter-
ization in a patient with symptoms of bladder neck obstruction) or if 
some diagnosis other than obstruction is made with certainty early in 
the evaluation. If clinical suspicion of obstruction persists despite an 
apparently negative ultrasound, retrograde pyelography is the definitive 

  TABLE 97-6    Causes of Acute Renal Failure With Low Fractional Excretion of Sodium

Prerenal azotemia

Nonoliguric acute tubular necrosis

Acute glomerulonephritis

Acute obstruction (early)

Acute interstitial nephritis

Contrast nephropathy

Nontraumatic rhabdomyolysis

Uric acid nephropathy

(97-1)

(97-2)
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diagnostic maneuver.103 Computed tomography of the kidneys does not 
have any advantages over ultrasound and retrograde pyelography in the 
detection of obstruction, but may help clarify its cause (eg, detection of 
obstructing ureteral stones, or compressing tumor). Radionuclide scans 
of the kidneys may be useful in the evaluation of patients with suspected 
vascular accidents of the kidneys.

CLINICAL ACUTE RENAL FAILURE SYNDROMES
There are a number of diseases that commonly lead to AKI. In many 
cases of AKI in the ICU, prerenal azotemia combines with exposure to 
nephrotoxins (endogenous or exogenous) to cause ATN. However, the 
suspicion of other causes such as obstruction or specific parenchymal 
lesions is increased in certain patient populations.

■■ MALIGNANCY AND ACUTE RENAL FAILURE
AKI is seen in patients with malignancy and could be caused by malig-
nancy itself or its treatment with chemotherapeutic agents (Table 97-7). 
The full differential diagnosis of AKI must be considered in cancer 
patients, including common causes such as prerenal azotemia, drug 
nephrotoxicity, and obstructive uropathy, as well as rarer causes such 
as tumor infiltration of the kidneys and radiation nephritis. Urinary 
tract obstruction leading to AKI is commonly seen in patients with 
malignancy. Ureteral obstruction is seen in patients with abdominal and 
pelvic metastasis. AKI is also caused by intratubular obstruction. This is 
usually seen in patients with acute uric acid nephropathy and/or calcium 
phosphate crystallization as part of tumor lysis syndrome, intratubular 
obstruction by light chains in patients with multiple myeloma, and in 
patients who received high-dose methotrexate.

A variety of chemotherapeutic agents are potentially nephrotoxic, 
including cisplatin, nitrosoureas, and methotrexate, as discussed in 
Chap. 952. In addition, mitomycin is known to cause hemolytic uremic 
syndrome thus leading to renal failure.

If large numbers of malignant cells suddenly die, as in spontaneous 
necrosis or successful chemotherapy of large tumors, AKI can occur as a 

result of tumor lysis syndrome. This is noted most commonly in patients 
with germ cell tumors or hematologic malignancies because of their 
rapid turnover.104 The tumor lysis syndrome is due to the toxic effects 
of intracellular constituents, which cause AKI, hyperkalemia, hyper-
phosphatemia, hypocalcemia, and hyperuricemia. The most common 
pathogenetic mechanism involved is acute urate nephropathy. When 
serum uric acid levels exceed about 20 mg/dL, the risk of AKI is high. 
The urinary ratio of uric acid to creatinine is >1. Uric acid crystals may 
be seen in the urinary sediment. Synergistic factors in the development 
of the acute nephropathy include volume depletion and acidosis. The 
usual pathophysiology of urate nephropathy is intratubular deposition 
of urate crystals, causing intrarenal obstruction.105 Less commonly,  
ureteral obstruction may be seen.

Once oliguria occurs, diuretics are seldom useful in restoring urine 
flow. Allopurinol and alkaline diuresis are effective measures when insti-
tuted prophylactically, but do not reverse established urate nephropathy.106  
Rasburicase, a recombinant form of urate oxidase, has been shown to 
be effective in reducing plasma uric acid levels within 4 hours after the 
first dose107; urate oxidase converts uric acid to allantoin, which is more 
soluble than uric acid. Severe hyperphosphatemia (levels >20 mg/dL)  
can be associated with tumor lysis and subsequent AKI.108 The 
pathogenesis of the renal dysfunction can be either intratubular crys-
tallization of phosphate or metastatic calcification in the renal paren-
chyma. It is important to make the distinction between this entity and 
urate nephropathy, because urinary alkalinization promotes calcium 
phosphate crystallization. If hyperuricemia is prevented or controlled by 
volume expansion, allopurinol, or uricase, it may be preferable to avoid 
or stop urinary alkalinization if severe hyperphosphatemia develops, 
to avoid hyperphosphatemia AKI and the risk of tetany (hypocalcemia 
combined with metabolic alkalosis). Renal replacement therapy in 
tumor lysis syndrome is indicated in patients in whom the resolution 
of AKI is unlikely, and is also indicated in patients with life-threatening 
fluid and electrolyte abnormalities. Normalization of uric acid and phos-
phorus levels is required for recovery of renal function. Hemodialysis is 
far more effective in the clearance of uric acid compared to peritoneal 
dialysis.104 Continuous renal replacement therapies (CRRT) have been 
used in the management of tumor lysis syndrome. The solute clear-
ances vary depending on the specific prescription. In these patients 
the uric acid and phosphorus clearances were, respectively, 45 mL/min  
and 47 mL/min in continuous venovenous hemodiafiltration and  
39 and 40 mL/min in continuous arteriovenous hemodialysis.109,110 These 
clearances were achieved with high dialysate and high replacement 
fluid rates. CRRT cannot correct electrolyte abnormalities as rapidly as 
intermittent hemodialysis, but it is a much more effective treatment for 
severe hyperphosphatemia, because rebound elevation of serum phos-
phorus post dialysis is prevented. Sequential hemodialysis to control 
severe evolving electrolyte abnormalities, followed by CRRT to prevent 
rebound may be the best approach. If RRT does not result in diuresis 
within a week, ureteral catheterization should be performed to exclude 
ureteral obstruction.

■■ THROMBOTIC MICROANGIOPATHY AND ACUTE RENAL FAILURE
Hemolytic uremic syndrome (HUS) and the closely related entity 
thrombotic thrombocytopenic purpura (TTP) are characterized by renal 
involvement early in their course. Renal disease tends to be more fulmi-
nant in HUS than in TTP. Nearly 100% of patients with HUS have AKI 
at some point in their course (which is severe in at least 60%) as com-
pared with a total incidence of renal failure of even mild severity in TTP 
that is <50%. Clinical features of these disorders are more thoroughly 
discussed in Chap. 91. Numerous other causes of microangiopathic 
hemolytic anemia and thrombocytopenia can also cause AKI, including 
malignant hypertension, scleroderma renal crisis, and antiphospholipid 
syndrome. In the syndrome of disseminated intravascular coagulation 
(DIC), the pathologic lesion in associated septic AKI may be cortical 
necrosis, although prerenal AKI or ATN are more common in septic 
patients with AKI associated with DIC.

  TABLE 97-7    Causes of Renal Dysfunction in Malignancy

Obstruction

  Ureteral

  Retroperitoneal lymphatic involvement

  Primary ureteral tumor

  Bladder neck

  Primary bladder tumor

  Prostate

Intrarenal

  Intratubular crystallization

  Light-chain proteins

Renal parenchymal invasion

  Renal cell carcinoma

  Metastases to kidneys

  Tumor infiltration (leukemias and lymphomas)

Drug effects

  Cisplatin

  Nitrosoureas

  Methotrexate

  Mithramycin

  Mitomycin

  Radiation nephritis
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■■ PREGNANCY AND ACUTE RENAL FAILURE
The incidence of AKI complicating pregnancy has been decreasing for 
the past 25 years. This is attributable to improvements in prenatal care 
and obstetric science and fewer complications related to septic abor-
tions. The timing of AKI in pregnancy has a bimodal distribution.111 The 
early peak, which occurs during the first 20 weeks of gestation, is due 
to septic abortions, while the later peak (at 36-40 weeks) is secondary to 
preeclampsia and bleeding complications.

Preeclampsia and eclampsia are accompanied by decreases in GFR 
of 20% to 25% that are seldom clinically significant (see Chap. 127). 
However, in a small proportion of pregnant women, the renal dys-
function progresses to severe AKI. Women with preeclampsia are at 
increased risk for the development of cortical necrosis. Cortical necrosis 
also can occur as a complication of placental abruption (often with 
concealed blood loss) or prolonged intrauterine death. Although severe, 
irreversible renal failure may be seen, partial recovery of renal func-
tion due to patchy cortical necrosis is more common.112 The diagnosis 
of complete cortical necrosis should be established by renal biopsy or 
arteriography to exclude patchy cortical necrosis and ATN, from either 
of which a degree of functional recovery is to be expected.

Coexisting AKI and fulminant hepatic failure have been described 
in gravid subjects. In women with acute fatty liver of pregnancy, AKI is 
present in over half. Although the mortality rate for both mother and 
fetus in this condition has been reported to be at least 70%, the prognosis 
may be improving because of increased recognition of less severe cases. 
The syndrome known by the acronym HELLP (hemolysis, elevated liver 
enzymes, and low platelets) is a variant of unusually severe preeclampsia. 
The great majority of these patients have evidence of hepatic dysfunc-
tion and sinusoidal congestion that may culminate in liver rupture. The 
mean creatinine clearance in these women is about 55 mL/min (less than 
half normal), while 10% have severe AKI with a creatinine clearance of 
<20 mL/min.

The rare but well-defined clinical entity of idiopathic postpartum AKI 
is characterized by the onset of AKI in the peripartum period following 
a previously normal pregnancy and childbirth.113 The serum creatinine 
level rises rapidly within a few days to several weeks following parturi-
tion. There is often an associated consumptive coagulopathy. Other 
common clinical features include malignant hypertension, lethargy, 
seizures, and a dilated cardiomyopathy. The pathophysiology of this 
disorder is unknown. The outcome is poor; most patients have severe 
chronic renal failure, require dialysis, or die.

■■ LIVER DISEASE AND ACUTE RENAL FAILURE
AKI frequently occurs in the setting of severe liver disease. Prerenal 
azotemia can be a consequence of ascitic redistribution of the ECF (or 
its excessive treatment with diuretics), GI fluid losses (eg, vomiting, 
diarrhea, or hemorrhage), or cardiac dysfunction (eg, alcoholic cardio-
myopathy). If a coagulopathy is present, blood clots in the collecting 
system can cause obstructive uropathy. Cirrhosis may predispose to the 
occurrence of papillary necrosis. Intrinsic AKI in subjects with liver 
disease is classified into disorders that simultaneously injure liver and 
kidney and those in which the renal disease is a consequence of the 
hepatic process (Table 97-8). The kidney is generally much more sensi-
tive to the effects of potential nephrotoxic agents if jaundice is present. 
A relatively specific glomerular lesion called cirrhotic glomerulosclerosis 
has been identified and is usually asymptomatic; however, it probably 
predisposes to AKI of other causes. More commonly, patients with hepa-
titis B or C with proteinuria have membranous nephropathy or mem-
branoproliferative (cryoglobulinemic) glomerulonephritis. Hepatitis B is 
also associated with polyarteritis nodosa. The most serious of coexisting 
hepatic and renal diseases is the hepatorenal syndrome (HRS). Diseases 
that may simultaneously involve both liver and kidney are summarized in  
Table 97-8. HRS is a potentially reversible syndrome that occurs in 
patients with acute or chronic liver failure and alcoholic hepatitis. It is 
characterized by impaired renal function, excessive activation of the 

renin angiotensin system, sympathetic nervous system, as well as cardio-
vascular abnormalities.114 HRS is difficult to distinguish from prerenal 
AKI in the setting of advanced liver failure. The principal functional 
abnormalities that have been described are renal vasospasm in the set-
ting of peripheral vascular resistance that is abnormally low115; there is no 
“typical” structural lesion of HRS. Oliguria and a low FENa are frequent, 
if not universal, findings; the diagnosis of HRS should be considered 
untenable in their absence. There are two types of HRS. Type I HRS is 
characterized by rapid progressive renal failure defined by doubling of the 
initial serum creatinine concentrations to a level greater than 2.5 mg/dL  
(226 μmol/L) in less than 2 weeks. It is associated with a poor prognosis. 
Type II HRS is less severe renal insufficiency than that observed with type 
I disease; serum creatinine typically is between 1.5 and 2.5 mg/dL (133 
and 226 μmol/L). It is principally characterized by ascites that is resistant 
to diuretics and has a steady or slowly progressive course.114

First line therapy for type 1 HRS is albumin replacement and vasocon-
strictor use.116 Terlipressin, a long-acting vasopressin analogue, is the most 
widely used agent. The mechanism of action of this therapy is not well 
understood. It is thought that albumin expands the circulatory volume 
improving cardiac output and thereby corrects the circulatory dysfunction. 

  TABLE 97-8    Coexisting Renal and Liver Failure

Simultaneous liver and renal injury

Cardiovascular collapse with shock

Drugs and toxins

  Chlorinated solvents

  Heavy metals (arsenic, chromium, and copper)

  Antibiotics

  Isoniazid

  Rifampin

  Tetracyclines

  Sulfonamides

  Acetaminophen

  Mushroom poisoning (Amanita phalloides)

Infections

  Viral hepatitis

  Bacterial sepsis

Miscellaneous

  Reye syndrome

  Acute fatty liver

  Systemic lupus erythematosus

  Polyarteritis nodosa

Sequential liver and renal injury

Prerenal azotemia

  Ascites

  Alcoholic cardiomyopathy

  Emesis

  Excessive diuresis

Intrinsic acute renal failure

  Cirrhotic glomerulosclerosis

  Acute tubular necrosis

  Hepatorenal syndrome

Obstructive nephropathy

  Blood clots in the collecting system

  Papillary necrosis
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Terlipressin increases resistance in the splanchnic circulation allowing 
redistribution of blood to extra-splanchnic organs including the kidney, 
thereby switching off the RAS.114 Randomized controlled trials have shown 
that use of terlipressin with and without albumin improved GFR in patients 
with HRS.117,118 This may be of particular benefit as a supportive therapy in 
patients awaiting liver transplantation. Randomized trials have not shown 
any superiority of terlipressin over other systemic vasoconstrictors, such as 
vasopressin, norepinephrine or octreotide and midodrine in combination. 
The ADQI group produced a consensus document regarding management 
of HRS. Terlipressin and albumin was the recommended regimen for first 
line management, with the recommendation that treatment should be  
discontinued after 4 days in nonresponders.116

An alternative therapy for HRS is transjugular intrahepatic portosys-
temic shunt (TIPS). TIPS has been shown to improve refractory ascites 
in patients with type 2 HRS.119 In patients with type 1 HRS, TIPS may 
improve survival but data are limited.120,121 It is not recommended as a 
first line treatment for HRS.116 TIPS is contraindicated in patients with 
serum bilirubin levels >85.5 mmol/L (5 mg/dL), severe encephalopathy 
or history of recurrent encephalopathy, severe bacterial infection, seri-
ous cardiac or pulmonary dysfunction, or a Child–Pugh score >11.

Renal replacement therapy (RRT) can be used in HRS as a supportive 
therapy in patients awaiting liver transplantation. CRRT may be pre-
ferred in patients with hemodynamic instability, but there are no large 
trials comparing methods of RRT in HRS.116

■■ ACUTE RENAL FAILURE IN RENAL TRANSPLANTATION
The approach to the transplant patient with AKI is no different from 
that in any other patient, with the exception that several unique entities 
must be considered. It is simplest to consider these in relation to the time 
since transplantation occurred. Within the first few hours or days after 
surgery, technical problems are the first consideration. In addition to 
hypovolemia and ATN, these include vascular thrombosis, ureteral ste-
nosis, urinary leaks, and obstructive fluid collections such as hematomas 
or lymphoceles. Hyperacute rejection, though often apparent at the time 
of surgery, may not be recognized for several hours or days. Thorough 
diagnostic evaluation is mandatory, including renal ultrasound, confir-
matory tissue typing (particularly the direct cross-match), and occa-
sionally angiography or transplant biopsy. Surgical intervention is often 
required in addition to the usual supportive measures.

During the period beginning approximately a week after surgery and 
continuing for the next several months, drug effects, acute rejection, 
and infectious processes are of particular concern. It is during this time 
that antirejection drug dosages are at their highest levels, and as a result 
complications related to these drugs are most frequent. The immunosup-
pressive drugs cyclosporine and tacrolimus are frequent causes of dose-
dependent acute nephrotoxicity, and levels should be monitored closely; 
thrombotic microangiopathy is a rarer adverse effect of these calcineurin 
inhibitors. The clinical diagnosis of acute rejection is often difficult to make,  
frequently requiring histologic confirmation or empirical antirejection 
therapy. Although an acute rejection episode occurs in the majority of renal 
transplant recipients within the first year following engraftment, it is increas-
ingly uncommon thereafter. Thus a diagnosis of acute rejection several years 
after transplantation is less likely as long as the patient adheres to therapy.

One of the most frequent and severe infections compromising renal 
function in transplant recipients is cytomegalovirus (CMV), which can 
cause dysfunction in many organ systems, including the central nervous 
system, lungs, liver, and kidneys. CMV is often suspected clinically on 
the basis of fever, multisystem organ involvement (including AKI), and 
progressive leukopenia. It is more common in patients who have received 
intensive immunosuppression for severe or recurrent rejection episodes.

Late causes of AKI in transplant recipients include recurrence of 
the patient’s original renal disease, de novo transplant glomerulopa-
thy, infections, transplant artery stenosis, and urologic problems such 
as stricture or rejection of the ureter. In addition to renal ultrasound, 
transplant biopsy is often useful in defining the cause of AKI late in the 
course of a kidney transplant.

Prevention of Acute Renal Failure
Frequently, AKI develops in hospitalized patients in whom it is predict-
able and can be prevented or ameliorated. To intervene effectively, it is 
important to identify the patients at risk (Table 97-9). There is an addi-
tive interaction among the risk factors. Unfortunately, most attempts 
to modify the course of AKI are probably too late if tubular damage  
has already begun.10

Although AKI may be prevented or ameliorated by judicious use and 
monitoring of nephrotoxic drugs, and perhaps evolving cytoprotective 
and anti-inflammatory therapies, the major focus in AKI prophylaxis and  
therapy remains optimization of renal perfusion. The primary causes 
of renal hypoperfusion differ between the major types of shock, and 
therapies vary accordingly. The role of hemodynamic monitoring  
and support with fluids and vasoactive drugs in the prevention of 
AKI in the ICU is important, but there is little high-grade evidence to 
guide these therapeutic choices. As discussed above, renal perfusion 
is optimized by using fluids and vasoactive drugs to seek an adequate 
perfusion pressure and cardiac output.

It appears that colloids are not superior to crystalloids for prevention  
of AKI in critically ill patients. A large randomized, controlled prospec-
tive trial of albumin versus saline in almost 7000 critically ill patients 
found no demonstrable effect of one over the other on mortality, renal 
function, or the frequency of renal replacement therapy.122 Of note, 
patients with cirrhosis were excluded from this trial, and limited data 
suggest that albumin is useful to prevent AKI in cirrhotic patients 
with spontaneous bacterial peritonitis,123 or those undergoing large-
volume paracentesis. Another comment regarding this study relates to 
the volume of fluids used; few patients in the study received very large 
volume fluid resuscitation (>5 L), and consequently the results may 
not be applicable to all patients. The patients in the albumin group also 
received less fluid compared with the saline group.

Hydroxyethyl starch (HES) is a widely used alternative to human 
albumin. A variety of HES preparations are available which differ in 
molecular weight, concentration, molar substitution, and substitution of 
hydroxyethyl for hydroxyl groups. The molar substitution refers to the 
number of hydroxyethyl groups per glucose molecule: 0.4 (tetrastarch), 
0.5 (pentastarch), 0.6 (hexastarch), and 0.7 (hetastarch). The colloid 
osmotic pressure is dependent on the concentration of colloid in solu-
tion; a 10% solution is hyperoncotic. There has been concern that these 
products may increase the risk of AKI, particularly hyperoncotic HES 
solutions with molar substitutions greater than 0.5.124 In the efficacy of 
volume substitution and insulin therapy in severe sepsis (VISEP) study, 
patients were randomized to receive a hypertonic solution (10%) of low 
molecular weight HES (200/0.5) or an isotonic modified Ringer’s lactate 
solution. The trial was stopped prematurely due to safety concerns fol-
lowing the first interim analysis. The HES group had a higher rate of 
AKI (35.9% vs 22.8%) and a trend toward greater mortality at 90 days.124

Colloid-induced AKI is associated with morphological abnormali-
ties of the proximal tubular cells, called osmotic nephrosis. The tubu-
lar pathology observed occurs as a consequence of accumulation of 
proximal tubular lysosomes due to pinocytosis of exogenous osmotic 

  TABLE 97-9    Risk Factors for the Development of Acute Renal Failure

Preexisting chronic renal failure

Volume depletion

Diabetes mellitus

Elderly patients

Postoperative patients

Congestive heart failure

Urinary tract infection

Prior history of acute renal failure
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solutes.125 However, the precise mechanism is not well understood. In 
a porcine kidney model, infusion of either 10% HES 200/0.5, 6% HES 
130/0.42 or Ringer lactate (RL) was performed to achieve a hematocrit 
of 20% which was then maintained. Pathophysiological measurements 
(including creatinine clearance and colloid oncotic pressure measure-
ments) and histological examination was carried out. The lesions of 
osmotic nephrosis were present in all groups but were more severe in 
the two HES groups. Lesions appeared as early as 6 hours after exposure. 
The 10% HES 200/0.5 group was associated with more severe interstitial 
inflammation.126

The recently published Crystalloid versus Hydroxyethyl Starch Trial 
(CHEST)127 attempted to evaluate the safety and efficacy of an isotonic 
HES preparation. Almost 7000 ICU patients were enrolled and random-
ized to receive 6% HES (130/0.4) in 0.9% saline solution or 0.9% saline 
solution for volume resuscitation. There was no significant difference in 
90-day mortality between the two groups (18% in the HES group and 
17% in the saline group; RR in the HES group, 1.06; 95% CI, 0.96-1.18; 
p = 0.26). In the HES and saline groups, renal injury occurred in 34.6% 
and 38.0% of patients, respectively (p = 0.005), and renal failure occurred 
in 10.4% and 9.2% of patients, respectively (p = 0.12). More patients who 
received HES required RRT, 7% in the HES group and 5.8% in the saline 
group (RR 1.21; 95% CI, 1.00 to 1.45; p = 0.04). HES was associated with 
significantly more adverse events (5.3% vs 2.8%, p < 0.001).127

A recently published Cochrane review concluded that there was no 
evidence that colloids reduced the risk of death compared to crystal-
loids when used for resuscitation on patients following burns, trauma, 
or surgery.128 Given the toxicity concerns with HES preparations and the 
lack of evidence of superiority of colloids over crystalloids, there is no 
rationale to support their routine use in preference to crystalloid therapy. 
However, colloids may still be of benefit in certain patient populations, 
and the relative risks and benefits of different colloids and crystalloids 
remains an active area of research and debate.129 Concerning vasopres-
sors and inotropes, there are no proven advantages of any specific agent 
with respect to renal function. A large RCT involving 1679 patients 
compared norepinephrine and dopamine as first line vasopressors in 
the treatment of shock. There was no difference in mortality or renal 
function between the two groups, but dopamine therapy was associated 
with more arrhythmias. A subgroup analysis showed that dopamine was 
associated with an increased risk of death at 28 days in patients with car-
diogenic shock.130 Vasopressin is occasionally used in shock refractory to 
norepinephrine. It is a peptide hormone which induces vasoconstriction 
through activation of V1 receptors on vascular smooth muscle. It did not 
reduce mortality or need for RRT compared to norepinephrine in a RCT 
involving 778 patients.131

Among interventions which have been found potentially beneficial in 
septic patients in recent years, including the use of early goal-directed 
therapy, corticosteroids, and activated protein C, none have been shown 
to decrease the incidence or severity of AKI. Limited evidence suggests 
that lung-protective mechanical ventilation strategies may decrease the 
adverse renal impact of positive pressure ventilation. Early evidence sug-
gested that intensive insulin therapy may be associated with a reduced 
incidence of AKI.132 A systematic review of three RCTs investigating 
the association between tight glycemic control and AKI involving  
2684 patients demonstrated a 38% risk reduction of AKI in the intensive 
control group. However, intensive therapy was associated with a fourfold 
increased risk of hypoglycemia.133 In a meta-analysis of 29 RCTs total-
ing 8432 patients, no difference in mortality was observed in 27 of the 
studies.134 New need for dialysis was reported in 9 trials, 8 of which were 
published. There was no significant association between tight glucose 
control and a new need for RRT overall (11.2% vs 12.1%; RR, 0.96; 95% 
CI, 0.76-1.20).134 The NICE-SUGAR trial randomised 6104 ICU patients 
to intensive or conventional glucose control. The authors reported no 
difference in need for RRT between groups but an increase in mortal-
ity and hypoglycemia in the intensive control group.135 Tight glycemic 
control in critically ill patients is not therefore generally recommended; 
certainly not to prevent or ameliorate AKI.7

Prevention of nephrotoxic injury is the other mainstay of AKI preven-
tion in critically ill patients. Avoidance of potential nephrotoxins such as 
intravenous radiocontrast, aminoglycosides, amphotericin, and NSAIDs 
is prudent, when possible. Single daily dosing of aminoglycoside anti-
biotics is associated with a lower risk of nephrotoxicity and equivalent 
antimicrobial efficacy compared to multiple dosing strategies.39-41 Drug 
modifications such as nonionic radiocontrast46,47 and lipid-emulsified 
amphotericin B may also reduce the incidence of ATN. Aggressive diuresis 
must be avoided when possible, particularly in conjunction with the use of 
ACEIs or ARBs, and must be accompanied by careful monitoring of fluid 
balance and renal function. Monitoring the serum levels of potentially 
nephrotoxic drugs such as aminoglycosides, cyclosporine, tacrolimus, and 
vancomycin is recommended, although studies proving that therapeutic 
drug monitoring decreases the incidence of ATN are lacking.

Numerous studies have sought to demonstrate efficacy of pharma-
cologic interventions for primary prevention of AKI (prophylaxis), or 
secondary prevention in AKI (ATN therapy to decrease dialytic require-
ment and improve outcome). Broadly speaking, these studies have been 
trials of diuretics or renal vasodilators.

■■ DIURETICS
Furosemide is a loop diuretic and vasodilator that may decrease oxygen 
consumption in the loop of Henle by inhibiting sodium transport, thus 
potentially lessening ischemic injury. By increasing urinary flow, it may 
also reduce intratubular obstruction and back leakage of filtrate. A 
number of studies have examined the role of furosemide in the preven-
tion and treatment of AKI. A meta-analysis including nine randomised 
controlled trials totalling 849 patients with or at risk of acute renal 
failure concluded that furosemide treatment did not significantly alter 
in-hospital mortality (RR 1.11, 95% CI 0.92-1.33), risk for requiring 
RRT (RR 0.99, 95% CI 0.80-1.22), dialysis sessions required, and pro-
portion of patients with persistent oliguria.136 Stratifying studies that 
used furosemide to prevent or treat acute renal failure did not change 
the results on mortality and the risk for requiring dialysis (RR 4.12, 95% 
CI 0.46-37.2). High-dose furosemide (1-3.4 g/d) was associated with an 
increased risk of temporary deafness and tinnitus.136 An update of this 
meta-analysis which included 11 studies and 962 patients confirmed the 
earlier findings; furosemide did not appear to reduce the risk of requir-
ing RRT (RR 1.02, 95% CI 0.90-1.16, p = 0.73) and hospital mortality 
(RR 1.12, 95% CI 0.93-1.34, p = 0.23) when used as a preventive or 
therapeutic drug in patients at risk of or with established AKI.137 The  
primary prevention studies included general, vascular, and cardiac  
surgery patients, as well as patients undergoing coronary angiography.

It was shown that the mortality rate of oliguric patients who 
responded to furosemide with a diuresis was lower than those who did 
not.138,139 However, the clinical characteristics, severity of renal failure, 
and mortality rates were similar in patients with either spontaneous 
nonoliguric ARF or patients who became nonoliguric after furosemide. 
This implies that those patients able to respond to furosemide have less 
severe renal damage than nonresponders, rather than deriving any true 
therapeutic benefit from furosemide administration.

A retrospective review of a recent trial in critically ill patients with 
ATN raised concerns of possible harm from loop diuretics in AKI. The 
authors found that diuretic use was associated with an increased risk of 
death and nonrecovery of renal function.140 Most of the increased risk, 
however, was seen in those patients unresponsive to high doses of diuret-
ics, implying they had more severe disease. Therefore, diuretics should 
be used with caution in critically ill patients, and iatrogenic hypovolemia 
and superimposed prerenal azotemia must be avoided. Diuretics should 
be withdrawn if there is no response, to avoid ototoxicity. Our current 
maximal, synergistic diuretic challenge combines furosemide 200 mg IV 
with chlorothiazide 500 mg IV. In patients who experience an increase 
in urine output, hypotension must be avoided, since kidneys with ATN 
are susceptible to further damage from decreases in perfusion pressure. 
To maintain the diuresis, a continuous infusion of drug is theoretically 
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preferable to intermittent bolus administration.141 However, a recent  
randomized controlled trial which compared bolus versus infusion 
of furosemide in 308 patients with acute decompensated heart failure 
showed no difference in the patient’s global assessment of symptoms or 
change in creatinine from baseline to 72 hours between the two groups.142

Mannitol is an osmotic diuretic that can decrease cell swelling, scavenge 
free radicals, and cause renal vasodilatation by inducing intrarenal pros-
taglandin production.143 It may be beneficial when added to organ pres-
ervation solutions during renal transplantation and may protect against 
AKI caused by rhabdomyolysis if given extremely early.143-145 Otherwise, 
mannitol has not been shown to be useful in the prevention of AKI. In fact, 
mannitol may aggravate AKI due to radiocontrast agents.61 Furthermore, 
mannitol may precipitate pulmonary edema if given to volume-overloaded 
patients who remain oliguric, can exacerbate the hyperosmolar state of 
azotemia, and may even cause acute renal failure (“osmotic nephrosis”).146

■■ RENAL VASODILATORS
Atrial Natriuretic Peptide:  Atrial natriuretic peptide (ANP) is a 28 amino-
acid peptide with vasodilator, diuretic, and natriuretic properties. It 
has been investigated in clinical trials for the treatment or preven-
tion of AKI. ANP can lead to an increase in GFR due to arteriolar 
dilatation. ANP improved renal function in animal studies and a phase 
II human ATN study.147,148 However, larger randomized trials failed to 
show any benefit of ANP compared to placebo.149,150 Hypotension was 
significantly more common in ANP-treated patients in these studies, 
and may have negated any potential benefit of renal vasodilation in these 
patients. A promising but underpowered (61 patients) positive study 
of ANP to treat AKI immediately following cardiac surgery showed a 
decreased rate of postoperative renal replacement therapy compared 
to placebo-treated patients.151 A recent systematic review and meta-
analysis152 investigating the role of natriuretic peptides for management 
of AKI post-cardiac surgery was conducted. Data were pooled from  
13 studies and 974 patients. Study quality was suboptimal overall. Data on 
acute renal failure requiring dialysis were reported in 11 studies; the use 
of natriuretic peptide was associated with a reduction in ARF requiring 
dialysis (OR 0.32 [0.15-0.66]). Data on 30-day or in-hospital mortality 
were reported in 12 studies, and a pooled estimate showed that natriuretic 
peptide administration was associated with a nonsignificant trend toward 
reduced mortality (OR 0.59 [0.31-1.12]). A further meta-analysis of ANP 
use in the prevention or treatment of AKI included 19 studies (11 pre-
vention, 8 treatment) and 1861 patients.153 Pooled analysis of prevention 
trials showed a trend toward reduction in RRT in the ANP group (OR 
0.45, 95% CI, 0.21-0.99) and good safety profile, but no improvement in 
mortality. For the treatment of established AKI, ANP, particularly in high 
doses, was associated with a trend toward increased mortality and more 
adverse events. While there may be some evidence supporting ANP use 
in the prevention of AKI postcardiac surgery, there is no convincing evi-
dence supporting its routine use in other settings and high-dose therapy 
has been associated with hypotension which itself is a risk factor for AKI.

Dopamine:  Low-dose dopamine administration (1-3 µg/kg per minute) 
to healthy individuals causes renal vasodilation and increased GFR, and 
acts as a proximal tubular diuretic. Due to these effects, numerous studies 
have used low-dose dopamine to either prevent or treat ATN in a variety 
of clinical settings. It has been given as prophylaxis for AKI associated 
with radiocontrast administration, repair of aortic aneurysms, orthotopic 
liver transplantation, unilateral nephrectomy, renal transplantation, and 
chemotherapy with interferon.154-157 Yet, despite more than 20 years of 
clinical experience, prevention trials with low-dose dopamine all have 
been small, inadequately randomized, of limited statistical power, and 
with end points of questionable clinical significance. Denton and associ-
ates reviewed the data on the use of renal doses of dopamine and con-
cluded that there is no convincing data that renal-dose dopamine either 
prevents AKI or improves outcome in patients with established AKI.155 
Meta-analyses done by Kellum and Decker156 and by Marik157 similarly 
did not show any benefit of dopamine in the prevention or treatment 
of AKI. The Australian and New Zealand trial (ANZICS) studied the 

effects of low-dose dopamine in ICU patients with systemic inflamma-
tory response syndrome and AKI in a double-blind randomized study.158 
The patients were randomly assigned to receive either dopamine at a 
dose of 2 µg/kg per minute or placebo. The investigators found no dif-
ference in the primary outcome measure, which was the peak serum 
creatinine concentration during trial infusion (Fig. 97-5). The propor-
tion of patients reaching serum creatinine values above 3.4 mg/dL and 
proportion of patients requiring renal replacement therapy was similar 
in both groups (Fig. 97-6). There was no difference in the length of ICU 
and hospital stay, or mortality and time to renal recovery. This study 
convincingly demonstrated that low-dose dopamine does not improve 
outcome in critically ill patients with early AKI. Furthermore, there 
is concern for the potential harmful effects of dopamine, even at low 
doses. It can trigger tachyarrhythmias and myocardial ischemia, decrease 
intestinal blood flow, cause digital necrosis and hypothyroidism, and 
suppress T-cell function.154 It has also been shown to increase the risk of 
radiocontrast nephropathy when given prophylactically to patients with 
diabetic nephropathy.59 A meta-analysis of 61 trials comparing low-dose 

FIGURE 97-5.  Primary end point of the ANZICS low-dose dopamine trial. In the ANZICS 
trial, there was no difference between low-dose dopamine and placebo in the primary out-
come measure, which was peak serum creatinine attained during trial drug infusion. Peak 
urea and increments from baseline of creatinine and urea were also similar in the placebo and 
dopamine groups. (Data from Murray PT. Use of dopaminergic agents for renoprotection in the 
ICU. Yearbook of Intensive Care and Emergency Medicine. Springer-Verlag; 2003 and Bellomo 
R, Chapman M, Finfer S, et al. Low-dose dopamine in patients with early renal dysfunction: 
a placebo-controlled randomised trial. Australian and New Zealand Intensive Care Society 
(ANZICS) Clinical Trials Group. Lancet. December 23-30, 2000;356(9248):2139-2143.)
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dopamine (≤5 µg/kg of body weight per minute) with placebo or no 
therapy, which included 3359 patients at risk for ATN, concluded that 
was no benefit in terms of overall mortality, need for renal replacement 
therapy or adverse effects. Consequently, there is no evidence to support 
the use of dopamine to prevent AKI.159

Fenoldopam:  Fenoldopam is an agonist of dopamine type-1 receptors. 
It has similar hemodynamic effects as low-dose dopamine without 
adrenoceptor stimulation. A meta-analysis of 13 studies160 evaluated the 
effects of fenoldopam on the need for renal replacement therapy and 
mortality following cardiovascular surgery. One thousand and fifty-nine 
patients were included in the meta-analysis, ten of the studies included 
patients at high risk for requiring RRT based on their baseline creatinine 
or the presence of comorbidities. Treatment with fenoldopam reduced 
the need for renal replacement therapy (OR 0.37 [95% CI 0.23-0.59],  
p < 0.001) and in-hospital death (OR 0.46 [95% CI 0.29-0.75], p = 0.01). 
However, this meta-analysis included early treatment, prevention, and 
case-matched studies. An RCT of fenoldopam versus placebo to prevent 
RRT postcardiac surgery was completed in 2013 and results are awaited. 
A prospective double-blind randomised pilot trial of fenoldopam infu-
sion versus placebo161 was conducted in 300 septic patients without renal 
impairment. The treatment group had a lower rate of AKI (OR 0.47,  
p = 0.005) and shorter ICU stay. There was no difference between the 
groups in incidence of severe AKI (creatinine >300 µmol/L), need for 
dialysis or death. Larger confirmatory studies are required to confirm 
this finding.

Growth Factors:  Insulin-like growth factor (IGF) is an anabolic peptide 
with renal vasodilatory properties. In animal models of AKI, rhIGH-1 
has accelerated recovery of renal function.162 A number of small ran-
domised studies have examined the role of IGF-1 in the prevention and 
treatment of AKI. One study randomised 54 patients to receive rhIGF-1 
every 12 hours for 6 doses or placebo following abdominal aortic  
surgery. The incidence of post-operative AI was 22% in the interven-
tion group compared to 33% in the control group.163 In a further study,  
43 patients undergoing cadaveric transplant recipients were randomised 
to receive rhIGF-1 or placebo.164 Patients were eligible if they were at 
high risk of developing delayed graft function with a GFR of <20 mL/min,  
as estimated by 2 hour posttransplant CrCl. There was no difference in 
renal function at 7 days as measured by inulin clearance, or fractional 
sodium excretion, urine flow or the nadir of serum creatinine after  
6 weeks or the proportion of patients requiring dialysis postoperatively. 
A multicenter study involving 72 patients with AKI were randomised 
to receive either rhIGF-1 or placebo for up to 14 days.165 Sepsis and 
hypovolemic shock were the commonest causes of AKI in both groups. 
There was no difference in mortality, need for RRT changes if GFR or 
urine output. Consequently, despite promise in animal studies, there 
is little supportive evidence for IGF-1 in the prevention or treatment 
of AKI.

NONDIALYTIC SUPPORTIVE CARE  
OF ACUTE RENAL FAILURE
When a diagnosis of intrinsic AKI has been firmly established and 
potentially reversible causes have been excluded or treated, the patient 
is then monitored for early detection of complications. Conservative 
measures consist of hospital observation with attention to blood pres-
sure, volume status, neurologic function, and evidence of hemorrhagic 
or infectious complications. Electrolytes (Na+, K+, CI−, HCO3

2− , Ca2+,  
and PO4

3−), BUN, and creatinine should be monitored daily, although the 
hyperkalemic patient will require more frequent monitoring.

Fluid intake should be adjusted to replace urine and insensible losses, 
while Na+ and K+ are allowed in amounts to replace urine and GI losses. 
Obviously, fluid and electrolyte restriction will be more substantial in 
the oliguric patient. A small daily reduction in weight is expected in the 
patient with AKI, but weight loss >1 kg daily indicates severe catabolism 
or volume loss. On the other hand, it should be emphasized that mainte-
nance of weight or weight gain indicates volume expansion.

Patients who develop AKI, particularly in the ICU, are at risk of 
protein-energy malnutrition. This occurs due to a number of factors 
including inadequate nutritional support, preexisting poor nutritional 
status, superimposed catabolic illnesses (sepsis, trauma, surgery, che-
motherapy, etc), acidosis, blood losses, and nutrient losses during extra-
corporeal circulation.166 Nutritional status is a major prognostic factor in 
patients with AKI; severe protein-energy malnutrition is associated with 
an increased risk of complications, increased length of stay and hospital 
mortality.167 Carbohydrate metabolism in AKI is characterized by hyper-
glycemia due to peripheral insulin resistance and accelerated hepatic 
gluconeogenesis.7 The optimal energy-to-nitrogen ration has not been 
determined in AKI. In a randomized trial in AKI patients comparing 
30 and 40 kcal/kg per day energy provision, the higher energy allowance 
was associated with more hyperglycemia, hypertriglyceridemia, and a 
more positive fluid balance.168 Consequently a total energy intake of  
20 to 30 kcal/kg per day is recommended in patients with AKI.7

The optimal amount of protein supplementation in AKI patients is 
unknown. The protein catabolic rate (PCR) in AKI varies from 1.4 to 
1.8 g/kg per day and an intake of at least 0.25 g of nitrogen per day is 
required to achieve less negative or nearly positive nitrogen balance.166 It 
is important that nutrition is optimised in critically ill patients, includ-
ing administration of sufficient protein to maintain metabolic balance. 
Protein restriction to prevent need for RRT in patients with AKI should 
therefore be avoided. Loss of protein and amino acids through extra-
corporeal circulation has been estimated at 5 to 10 g/d of protein and 
10 to 15 g amino acids per day.166 Such losses should be included in 
daily protein supplementation up to a maximum of 1.7 g/kg per day in 
patients on CRRT.166

Protein restriction should not be used to limit urea generation and 
decrease the need for RRT initiation or dose in AKI patients. If azote-
mia is worsened by aggressive protein nutrition in critically ill, hyper-
catabolic AKI patients, then RRT should be initiated or intensified to 
control azotemia, rather than choosing to limit protein intake instead. 
If patients are unable to tolerate oral feed, enteral nutrition should be 
instituted. Enteral nutrition in preferable to parenteral nutrition as deliv-
ery of nutrients to the intestinal lumen helps maintain gut integrity. In 
general, feeds with lower K+ and Na+ concentrations are chosen. For the  
patient who cannot tolerate enteral feeding, total parenteral nutrition 
(TPN) becomes necessary. Because of the volume of fluid required for 
TPN, earlier institution of dialysis and ultrafiltration is often neces-
sary. A reasonable approach is to give sufficient calories to prevent 
negative nitrogen balance but not to overfeed patients to the point that 
hepatic and platelet complications develop or that dialysis imposes 
additional risks.

The management of various electrolyte abnormalities often associ-
ated with AKI is described in greater detail in Chap. 99 and will only 
be touched on here. Administration of excessive amounts of free water 
is the most common cause of hyponatremia in patients with AKI. Less 
important causes of hyponatremia in this setting include water produc-
tion from carbohydrate metabolism and water release from injured 
tissue. Judicious fluid management will prevent any untoward com-
plications from hyponatremia. Hyperkalemia is the most grave of the 
electrolyte perturbations that may complicate AKI. The clinical conse-
quences of hyperkalemia are largely confined to the cardiovascular and 
neuromuscular systems. The earliest hyperkalemic effects are manifest 
in the electrocardiogram (ECG). ECG changes are uniformly present 
above a potassium level of 8 mEq/L; below 7 mEq/L, changes may not be 
evident. The treatment of hyperkalemia is summarized in Table 97-10.

Disturbances of divalent ion metabolism are common in AKI. 
Hyperphosphatemia is an almost universal accompaniment of oliguric 
AKI. Acute severe hyperphosphatemia with symptomatic hypocalcemia 
can be life-threatening. Hemodialysis may be required in patients with 
symptomatic hypocalcemia, especially in the setting of AKI.

Hypocalcemia is an expected complication of AKI but is generally 
of no clinical significance and does not require intervention. However, 
severe depression of serum Ca2+ may complicate rhabdomyolysis-
induced AKI. Nevertheless, calcium salts are contraindicated except as 
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part of the treatment of life-threatening hyperkalemia or if hypocalcemic 
tetany develops. Hypercalcemia may be observed when rhabdomyolysis-
induced AKI enters the diuretic phase, and Ca2+ deposited in damaged 
muscle is released. It is usually self-limited.

Uric acid levels may rise by 1 to 2 mg/dL per day in cases of AKI not 
due to rhabdomyolysis, but rarely does the level exceed 15 mg/dL. This 
plateau is thought to result from enhanced metabolism of uric acid by gut 
bacteria. Extreme elevations in uric acid levels have been observed in cases 
of exertional rhabdomyolysis and following treatment of some lymphomas.

Metabolic acidosis occurs commonly in AKI, and in cases of trauma 
or sepsis the fall in plasma bicarbonate may exceed 15 mEq/L per  
24 hours. In the catabolic patient with AKI, acid is released from metab-
olism of sulfur- and phosphorus-containing compounds, which con-
tributes to a rise in the anion gap. Acidosis may be treated with sodium 
bicarbonate; however, the additional volume is hazardous in the patient 
with compromised renal function, the buffering requires increased 
ventilation, and adverse intracellular effects may result. Uncontrollable 
acidosis may mandate dialysis therapy.

Metabolic alkalosis may complicate AKI in the patient with nasogas-
tric suction, but is a less frequent acid-base disturbance in these patients. 
Although nasogastric suction–induced metabolic alkalosis normally 
responds to saline supplementation, this maneuver is ineffective in AKI 
and carries the hazard of potential volume overload. Severe metabolic 
alkalosis in AKI may require dialysis using a reduced concentration 
of bicarbonate or acetate in the bath. Alternatively, 0.1 N hydrochloric 
acid may be administered by slow intravenous infusion. Development 
of metabolic alkalosis in the patient on nasogastric suction may be  
prevented or attenuated by use of proton pump inhibitors

Infection continues to be a leading cause of death in the patient with 
AKI, and pneumonia, urinary tract infection, and wound infection are 
most common. Infection has been the cause of death in up to 70% of 
cases of AKI and has contributed to 50% of deaths occurring during the 
diuretic phase.169 In several large series of AKI, the incidence of sepsis 
exceeds 50%, and intra-abdominal sepsis is known to be a particularly 
important determinant of survival. In the septic patient without an 
obvious source, intra-abdominal sepsis must be vigorously excluded. 
Imaging procedures of value for detecting an abdominal source include 
CT scanning and ultrasound, with CT the better of the two. The severity 
of infection in AKI is undiminished despite the advent of new antibiotics 
and other advances in general medical care. Prophylactic antibiotics are 
not recommended for the patient with AKI and may be harmful.

Prior to the use of prophylactic acid suppression to prevent gastric 
stress ulceration in AKI, GI hemorrhage was the second leading cause of 
death. Now many centers report a dramatic decline in GI hemorrhage in 
AKI patient.170 Recent advances in the therapy of uremic bleeding include 
use of 1-deamino-8-d-arginine vasopressin (DDAVP), cryoprecipitate, 
and conjugated estrogens.171 These drugs are most useful in patients with 
clinically significant bleeding episodes who lack evidence of any other 
(nonuremic) coagulopathy. DDAVP is typically infused over 30 minutes 
in a dose of 0.3 µg/kg of body weight and is effective within minutes.172 
Unfortunately, because of the short duration of action of this compound 
(1-4 hours), frequent dosing may be required. The use of cryoglobulin 

infusions (10 units IV over 15 minutes) also may serve as a temporary 
expedient in patients with uremic bleeding. Conjugated estrogens (0.6 mg/
kg IV daily for 5 days) have a delayed onset of action (3-5 days), but the 
duration of the therapeutic effect can be as long as 14 days.173

  TABLE 97-10    Therapy of Hyperkalemia

Drug Dose Onset Duration Mechanism

Calcium gluconate 10-20 mL IV 1-5 min 0.5 h Membrane 
antagonist

Sodium bicarbonate 1-2 ampules (IV 
50-100 mEq)

30 min 1-4 h Cellular shift

Glucose + insulin 500 mL D
10

W with 10 U 
regular insulin IV

30 min 1-4 h Cellular shift

Sodium polystyrene 
sulfonate

30-50 g with sorbitol PO, 
or as retention enema

1-2 h 4-6 h Increased  
excretion

D
10

W, 10% dextrose in water.
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C H A P T E R

KEY POINTS

•• Indications for the initiation of renal replacement therapy (RRT) 
remain reactive, often waiting until potentially life-threatening 
complications/thresholds have been met.

•• The goal of renal replacement therapy should be to provide “renal  
support” to facilitate the other aspects of care of the critically ill 
patient (fluid balance, nutritional support, etc).
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•• Retrospective and observational studies suggest that the early ini-
tiation of RRT may improve patient outcomes; however, definitive 
randomized, controlled trials have yet to be performed.

•• In the setting of acute kidney injury (AKI), no specific RRT modality 
(intermittent, continuous, or peritoneal) provides a mortality benefit 
over another. However, certain clinical scenarios (eg, hepatic failure, 
increased intracranial pressure) may mandate a specific modality.

•• In the setting AKI, randomized controlled trials have demon-
strated that a minimum dose of 25 mL/kg/h of continuous renal 
replacement therapy (CRRT) be delivered in order to improve 
patient survival. Data on dosing of intermittent dialysis suggest 
prescription of a minimum of three treatments per week.

•• No singular method of systemic or regional anticoagulation, in the 
setting of AKI requiring renal replacement therapy, has demon-
strated superiority. Several options including heparin, citrate, and 
no anticoagulation remain extremely common and each has their 
own risks and benefits.

•• In the setting of AKI requiring RRT, nutritional support consistent 
with the current ESPEN guidelines and monitoring of parameters 
of nutritional status in critically ill patients are appropriate.

•• Depending on the modality of RRT (intermittent, continuous, or 
peritoneal), dosing strategies for medications (including antimi-
crobials) differ significantly.

•• Adherence to dosing guidelines is critical to ensure that the tar-
geted therapeutic dose is delivered in the setting of AKI and RRT, 
as inappropriate dosing has a significant impact on patient out-
comes and increases the risk of mortality.

Despite advances in medicine and critical care, the nephrology commu-
nity has yet to develop a consistent, proven intervention to predictably 
prevent or hasten the recovery of all forms of acute kidney injury (AKI), 
including its most severe form, acute tubular necrosis (ATN). Thus, 
care for the patient with AKI is focused on supportive measures includ-
ing treatment of the underlying disease state and, when needed, renal 
replacement therapy (RRT). While advances in nephrology have not 
identified a consistent therapy for the prevention or improved recovery 
for AKI, there have been considerable advances in the field of RRT.

RRT: AN INTRODUCTION
RRT, in this setting, refers to the use of extracorporeal support to 
remove solutes and water. The current available modalities of RRT 
are intermittent hemodialysis (IHD), peritoneal dialysis (PD), and the 
various blood-based modalities of continuous renal replacement therapy 
(CRRT). CRRT modalities include continuous venovenous hemodialysis 
(CVVHD), continuous venovenous hemofiltration (CVVH), and com-
bination therapies, that is continuous hemodiafiltration (CVVHDF). 
The advances in technology with readily available large bore temporary  
and tunneled venous catheters and blood pumps have made the use 
of arteriovenous circuits, in the form of continuous arteriovenous  
hemofiltration/hemodialysis (CAVH/CAVHD) essentially obsolete.

The general principles underlying these various modalities remain 
the same: Solutes and water move across a semipermeable membrane 
and are ultimately removed from the body. The process by which solute 
and water transfer occur differs based on the modality of RRT. Dialysis 
operates on the principle of diffusion, that is solutes move across a semi-
permeable membrane down their concentration gradient (moving from 
higher concentration to lower concentration). This is utilized in modern  
hemodialysis techniques with blood flowing adjacent to a dialysate 
solution separated by a biocompatible filtering membrane. To maximize 
the concentration gradient between the blood and dialysate space, the 
dialysate flow is countercurrent to the flow of blood. Diffusion-based 
clearance of solutes remains limited by the principles governing all 

diffusion; the movement of solutes will depend not only concentration 
gradient, but also on the size of the solute. Smaller solutes are more dif-
fusible, because they randomly move more in solution than large solutes.

Convective clearance, used in hemofiltration, is an alternative means 
of achieving solute clearance that generally provides better clearance 
of larger size solutes (see below, “Modality of RRT: Convective Versus 
Diffusive”). Ultrafiltration operates on the principle that water will move 
across a semipermeable membrane from a higher-pressure system to a 
lower-pressure system. Solutes dissolved in ultrafiltered water also move 
across the membrane via “solvent drag,” or convection. Importantly, 
solute clearance by ultrafiltration requires high volumes of water move-
ment. Thus, low-volume hemofiltration, as utilized in slow continuous 
ultrafiltration (SCUF), is effective at removing water, with limited solute 
removal (or “clearance”). Conversely, high-volume hemofiltration, such 
as used in CVVH, is effective at removing solutes, but large amounts of 
water are removed and fluid must be returned to maintain blood volume 
in the form of a replacement solution. The replacement solution also 
contains supplemental electrolytes (eg, potassium, phosphorus, calcium) 
and a buffer (lactate or bicarbonate) to prevent iatrogenic depletion of 
these solutes, in addition to treating metabolic acidosis, and both dilut-
ing and removing circulating uremic solutes. The use of acute peritoneal 
dialysis in the setting of AKI has largely fallen out of favor in many 
countries, although still commonly used in critically ill children and for 
adult acute RRT in developing countries. In the large, multicenter inter-
national observational study of the epidemiology of AKI in the setting 
of critical illness conducted by the Beginning and Ending Supportive 
Therapy for the Kidney (BEST for the Kidney) investigators, only 40 of 
1258 (3.2%) individuals requiring RRT underwent PD or SCUF.1 Thus, 
the focus of this chapter will be on the use of blood-based extracorpo-
real therapies to achieve small solute clearance, including IHD and the 
forms of CRRT outlined above. The choice of modality (intermittent vs 
continuous therapy and diffusive vs convective therapy) remains contro-
versial and the data supporting the different modalities will be outlined 
in more detail in the sections below. Nevertheless, the goal of all RRT 
therapy remains the same; ameliorate the severe metabolic and volume 
derangements that contribute to the poor prognosis of AKI in the setting 
of critical illness. Combinations of these complementary therapies are 
commonly used to support such patients at various stages of their acute 
illness and recovery.

INDICATIONS FOR RENAL REPLACEMENT THERAPY 
AND TIMING OF INITIATION
The indications for renal replacement therapy vary between the clear 
and the obscure. Medical students and physicians-in-training are rou-
tinely instructed that there are some uncontroversial, standard “acute 
indications for hemodialysis” (see Table 98-1).

These established “indications,” however, are severely limited. Firstly, 
they are reactive in nature, as they aim to avert potentially life- 
threatening complications of renal dysfunction as they become clinically 
problematic. Secondly, while some of the indications are objective and 
readily apparent (ie, hyperkalemia with ECG changes or pulmonary 
edema requiring mechanical ventilatory support), others are potentially 
subjective and nonspecific (the clinical diagnosis of uremia).

In recent years, many clinicians have opted to initiate RRT earlier 
in the evolving course of AKI, attempting to be more proactive and 

  TABLE 98-1    Common Indications for RRT initiation

Severe acidemia (pH <7.1) secondary to metabolic acidosis refractory to medical care

Severe hyperkalemia (K >6.5 mmol/L) or rapidly rising K refractory to medical care

Ingestion of dialyzable toxins

Volume overload with pulmonary edema refractory to medical care

Uremic complications of renal dysfunction
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reduce the burden of the complications before they become acutely life 
threatening. Similarly, investigators have studied various criteria for 
the initiation of RRT to identify the optimal time of initiation, mostly 
by conducting retrospective analyses of RRT datasets. Initial studies 
focused on the degree of azotemia at RRT initiation to compare “early” 
versus “late” initiation of RRT. Uncontrolled data on “prophylactic” RRT 
in the setting of posttraumatic renal failure (initiation of dialysis prior 
to blood urea nitrogen (BUN) reaching 200 mg/dL) suggested marked 
improvement in survival as well as neuromuscular, metabolic, and 
hematologic consequences of renal dysfunction.2 The first controlled 
trial by Conger and colleagues confirmed these findings; 18 individuals 
with posttraumatic AKI were randomized to a more intensive hemodi-
alysis therapy to maintain BUN <60 mg/dL and serum creatinine (SCr) 
<5 mg/dL versus holding the initiation of hemodialysis until BUN 
>150 mg/dL and SCr >10 mg/dL or other complications developed  
(hyperkalemia, volume overload, or uremic encephalopathy). Five  
of eight patients (64%) in the intensive dialysis arm survived, versus 2 of  
10 patients (20%) in the conservative arm, a difference that did not 
reach statistical significance (p = 0.14).3 While the study was small, the 
results were consistent with the retrospective findings, and supported 
to the notion that “prophylactic” hemodialysis may be helpful to reduce  
the complications of kidney injury.

Controlled trials regarding timing of initiation of RRT since the 
initial study by Conger have been limited and the results have failed 
to provide definitive direction on optimal timing. Rather than using 
markers of azotemia as the strict criteria for randomization, Bouman 
and others conducted a more recent randomized controlled trial of 
initiation of RRT using a more comprehensive strategy. One hundred 
six adult subjects were randomized to one of three strategies: (a) early, 
high-volume hemofiltration, (b) early, low-volume hemofiltration, or 
(c) late, low-volume hemofiltration. Patients were critically ill and eli-
gible for randomization if they met the following criteria: urine output 
<30 mL/h for more than 6 hours despite adequate circulatory support 
(central venous pressure [CVP] or pulmonary artery occlusion pressure 
[PAOP] >12 mm Hg), addition of any dose of norepinephrine or phos-
phodiesterase inhibitors or >5 µg/kg/min of dobutamine or dopamine 
and challenge with high-dose diuretics (>500 mg of furosemide in  
<6 hours), creatinine clearance (CrCl) of <20 mL/min in a 3-hour 
urine collection and receiving mechanical ventilation. Individuals with 
preexisting chronic kidney disease (Cockroft-Gault estimated creatinine 
clearance <30 mL/min), AKI secondary to glomerulonephritis, tubu-
lointerstitial nephritis, post-renal obstruction, surgical renal artery 
occlusion, or preexisting advanced liver disease or AIDS were excluded. 
Early initiation was defined as initiation of CRRT within 12 hours of 
meeting inclusion criteria. Late initiation was defined as implementa-
tion once conventional criteria for RRT were met (BUN >112 mg/dL,  
potassium >6.5 mmol/L or severe cardiogenic pulmonary edema 
requiring high-level ventilatory support). The study also compared dose 
of therapy—high volume defined as blood flow rate of 200 mL/min and 
hemofiltration rate of >3 L/h and low volume defined as blood flow rate 
of 150 mL/min and hemofiltration rate of 1 to 1.5 L/h. The mean time 
from meeting inclusion criteria to initiation of CRRT was 7 hours in the 
early group and 42 hours in the late group. There was no baseline differ-
ence in severity of illness scores (at ICU admission or study inclusion), 
vasoactive support or creatinine clearance (at study inclusion) between 
the early and late groups. The investigators found no difference in 
survival (ICU, hospital, or 28-day) or duration of renal failure, mechani-
cal ventilation, or hospitalization between the early and late groups. 
Although this was a very small and underpowered trial, and essentially a 
pilot study, it remains the only prospective, randomized, controlled trial 
of RRT initiation timing in the modern era.4

Despite the absence of convincing data supporting or refuting 
early initiation of RRT, further prospective trials have been lacking. 
Additional data supporting the early initiation of RRT come from 
retrospective, observational studies examining the use of RRT in AKI 
occurring in a variety of clinical settings, including sepsis, post-cardiac 

surgery and combined liver and renal failure. Overall, the data appear to 
support earlier RRT initiation.5-8 However, given the retrospective nature 
of these studies, the variability in criteria used to define “early” versus 
“late” timing, and the diversity of patient populations, it is impossible to 
use this literature to provide a strong, evidence-based recommendation 
for early initiation of RRT. The literature remains conflicting and the 
primary limitations in study design have been the continued reliance 
on markers of clearance to identify individuals with kidney injury and 
the common practice of waiting for significant complications to develop 
prior to initiating RRT. Levels of certain serum chemistries (eg, potas-
sium, phosphorus, bicarbonate) are affected by issues not directly related 
to the severity of AKI. They are also influenced by dietary intake, choice 
of fluid administration, and medication use; thus, their utility as thresh-
olds for initiation of RRT is questionable (Table 98-2).

The goal of initiation of RRT should move beyond the notion of a 
simple “replacement therapy”, used reactively to remove the waste prod-
ucts and excess fluid that accumulate in AKI. Rather, as Mehta writes, 
the goal of RRT should be to provide “renal support” and facilitate the 
other aspects of care of the critically ill patient including early nutri-
tional support, restoration or preservation of euvolemia, maintenance 
of acid-base balance, maintenance of respiratory gas exchange, and pre-
vention of the accumulation of endogenous and exogenous (ie, medica-
tions/metabolites and poisons) toxins.9

Unfortunately, the available literature does not provide specific, 
objective guidelines for how to integrate these additional clinical factors  
(volume excess, nutritional support, etc) into the decision-making 
process of initiating RRT. Nevertheless, the available literature does 
emphasize the potential deleterious effects of the complications of AKI 
and the potential benefits of full supportive measures. Specifically, data 
from the PICARD study, a multicenter, prospective observational study 
of patients with AKI in the setting of critical illness, observed that indi-
viduals with AKI and fluid overload (defined as >10% increase in fluid 
as compared to admission weight) had greater mortality: in-hospital— 
48% versus 35%, p = 0.01, 30-day—37% versus 25%, p = 0.02, and 
60-day—46% versus 32%, p = 0.006.10 An observational study of more 
than 17,000 individuals with AKI and concomitant critical illness, using 
multivariate stepwise logistic regression the use of enteral nutritional 
support, compared to all other nutritional support options, was associ-
ated with improved survival (OR 0.86; p < 0.001).11

Guidelines regarding initiation of RRT in the setting of AKI and 
critical illness should, therefore, take into account the complete aspects 
of treating these complex patients as well as objective definitions of 
AKI. It is likely that until the development and acceptance of standard-
ized and reproducible criteria to initiate RRT, the standard approach 
to timing of RRT initiation will continue to be individualized without 
use of standardized criteria, and accordingly there will be a high degree  
of practice variability.

MODALITY OF RRT: INTERMITTENT VERSUS 
CONTINUOUS DELIVERY
The widespread availability of sophisticated modern dialysis technologies 
including tunneled and temporary venous catheters; blood pumps that are 
able to maintain adequate blood flows to prevent thrombosis; standard-
ized, portable dialysate and replacement solutions; and RRT equipment 
platforms that can be operated by well-trained nursing staff without a 
dedicated dialysis background has increased the popularity of continuous 
modalities of RRT (CRRT). In the study conducted by the BEST Kidney 
investigators of AKI in the ICU, 1006/1258 (80%) of individuals received 
CRRT.1 Nevertheless, the optimal choice of modality remains controver-
sial, and may be limited by resources available at a given institution.

The rationale for the use of continuous modalities is based primar-
ily on the common presence of hemodynamic instability of critically 
ill patients with AKI, which is often exacerbated by IHD. Initially 
described in clinical use in 1977, continuous arteriovenous hemofiltra-
tion (CAVH) provided a means of fluid and solute removal in patients 
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  TABLE 98-2    Studies of RRT Initiation in AKI

Study Year Design # of Pts Early Initiation Criteria Late Initiation Criteria
Recovery of  
Renal Function Survival

Conger3 1975 RCT 18 BUN <70 mg/dL  
or SCr <5 mg/dL

BUN ≥150 mg/dL or SCr ≥10 mg/dL  
or clinical indication

Early 64%

Late 20%

Gillum et al100 1986 RCT 34 Treatment goal BUN <60 mg/
dL and SCr<5 mg/dL

Treatment goal BUN <100 mg/dL  
and SCr <9 mg/dL

Early 41%

Late 53%

Bouman et al4 2002 RCT 106 <12 h after meeting definition  
for AKI requiring RRT

BUN >112 mg/dL, K >6.5 mmol/L or 
severe cardiogenic pulmonary edema

Early high dose 
74.3%

Early low dose 68.6%

Late low dose 75%

Gettings et al5 1999 Retrospective Observational 100 BUN <60 mg/dL BUN >60 mg/dL Early 100% Early 39%

Late 91.6% Late 20%

Demirkilic et al6 2004 Retrospective Observational 61 Urine output <100 mL ×  
8 hours despite diuretic

SCr >5 mg/dL or K >5.5 mEq/L Early 76.5%

Late 45.5%

Elahi et al7 2004 Retrospective Observational 64 Urine output 100 mL ×  
8 hours despite diuretic

Urea >84 mg/dL or Early 78%

SCr >3.39 mg/dL or Late 57%

K >6 mEq/L

Wu et al8 2007 Retrospective Observational 80 BUN <80 mg/dL BUN >80 mg/dL Early 39.2% Early 37%

Late 12% Late 15.4%

Liu KD et al101 2006 Retrospective Observational 243 BUN ≤76mg/dL BUN >76 mg/dL Early 65%

Late 59%

with systemic hypotension.12 Since its initial inception, the use of CRRT 
(initially CAVH and subsequently using continuous hemodialysis—
CAVHD) increased, and investigators worldwide reported its effective-
ness at facilitating both solute clearance and volume removal in the 
setting of AKI, especially in the critically ill.13-15 Despite the widespread 
use, reported success, and improved fluid balance/solute clearance, 
experimental studies directly comparing the use of continuous versus 
intermittent RRT have been limited, and have not shown clear superior-
ity of CRRT over intermittent RRT in the majority of studies.

In 2001, the results of the first direct comparison trial of intermittent 
versus continuous RRT in the setting of AKI and critical illness was 
reported. This study of 166 critically ill adults with AKI was conducted 
at four US medical centers. AKI was defined as a BUN ≥40 mg/dL or 
SCr ≥2 mg/dL for those without baseline values and an increase of 
≥1 mg/dL from a baseline for those with known prior serum creatinine 
values. Subjects were randomized to receive IHD or CRRT (CAVHDF 
for the initial 2 years, and CVVHDF for the subsequent years of the 
study). Importantly, individuals were required to have a mean arterial 
pressures (MAP) >70 mm Hg (with or without vasopressor support) 
to be eligible for randomization, so the population most likely to be 
selected for CRRT in clinical practice were excluded from this trial. 
The baseline characteristics of the subjects were generally similar, 
except individuals randomized to CRRT were more likely to have liver 
failure and had higher mean APACHE III scores. Unadjusted mortal-
ity was higher in the group randomized to CRRT: 59.5% versus 41.5%,  
p < 0.02 at 28-day and 65.5% versus 47.6, p < 0.02 in-hospital. However, 
after adjusting for the fact that individuals randomized to CRRT were 

more severely ill, the survival difference was eliminated. Specifically, 
when each tertile of APACHE III scores was examined and mortality 
was compared between IHD and CRRT, no difference was seen.16 The 
importance of this study is that it highlighted that while a randomized 
trial of modality of RRT could be executed, enrollment would remain 
limited by underlying illness. Approximately 21% of individuals who 
were initially screened and underwent RRT were not included in the 
study because they failed to meet the criteria for hemodynamic stability. 
Thus, while no benefit to CRRT was observed in the study, there were a 
significant number of individuals who could not safely receive IHD. No 
data were given on the outcome of these individuals and whether their 
ability to receive RRT ultimately influenced their outcomes is unknown.

The results of subsequent, randomized controlled trials have dem-
onstrated similar outcomes. A single-center study conducted at the 
Cleveland Clinic randomized 80 critically ill adults with AKI requiring  
RRT to IHD or CVVHD. Importantly, the subjects were randomized  
according to severity of illness (high or low as determined by the 
Cleveland Clinic Foundation severity of illness score). Furthermore, 
while exclusion criteria were similar to other studies (eg, individu-
als previously receiving dialysis were excluded), no individuals were 
excluded for hemodynamic instability. Although the study failed to 
demonstrate a significant mortality benefit for either modality (67.5% 
of patients died in the CVVHD group vs 70% of the patients in the IHD 
group; p = NS), the study was inadequately powered for this end point. 
However, the two groups did differ significantly in their hemodynamic 
response to RRT, and in their achievement of fluid balance control. In 
the 72 hours after initiation of RRT, MAP fell in the individuals receiving 
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IHD while there was no change in MAP in the individuals receiving 
CVVHD. MAP at day 3 of RRT was higher in the CVVHD group  
versus the IHD group (79.9 ± 9.3 mm Hg vs 74.2 ± 10 mm Hg) despite 
achieving a greater negative fluid balance over the first 3 days (median 
−4.005 L vs ±1.539 L; p < 0.001).17

The Hemodiafe study group, a multicenter study consortium includ-
ing French medical centers, also conducted a randomized trial of 
intermittent versus continuous renal replacement therapy. One hundred 
eighty-four adult subjects were randomized to IHD and 175 individuals 
were randomized to CVVHDF. Importantly, the study excluded individ-
uals with a SAPS II score less than 37, focusing on individuals with AKI 
and multiorgan system failure in the ICU; however, no comment was 
given with regard to exclusion of patients with hemodynamic instability. 
Similar to the results of previous studies, no difference in mortality was 
seen between the two groups—41.8%, 31.5%, and 27.2% in the intermit-
tent group versus 38.9%, 32.6%, and 28.5% in the continuous group at 
28, 60, and 90 days, respectively; p = NS for all comparisons. Further, 
there was no difference in frequency of hypotensive episodes (39% in 
IHD group vs 35% in the CVVHDF group; p = 0.47), despite similar 
mean net fluid removal on days of therapy (2213 mL in the IHD group vs 
2107 mL in the CVVHDF group). The total net fluid balance, accounting 
for days not receiving therapy, was not reported.18

Finally, the Stuivenberg Hospital Acute Renal Failure (SHARF)  
project also conducted a randomized trial of intermittent versus  
continuous renal replacement therapy. Similar to the study conducted by 
the Cleveland Clinic, randomization was according to severity of illness 
as determined by the SHARF severity of illness score. The investigators 
randomized a total 316 adults, 144 to intermittent dialysis and 172 to 
CVVH. One hundred twenty-four of the eligible patients were excluded 
from randomization due to “medical reasons”—primarily coagulation 
or hemodynamic disturbance. The groups at baseline were similar and 
hospital mortality was similar in the two groups—58.1% in the CVVH 
group and 62.5% in the IHD group.19

Taken together, the collective results of the clinical trials conducted to 
date comparing intermittent versus continuous renal replacement therapy 
do not demonstrate a mortality benefit or a significant impact on recovery 
of renal function for either modality. Even when other effects of RRT are 
assessed, that is fluid balance and adequacy of clearance, the benefits of 
CRRT do not translate into mortality differences. The implications of the 
study results for clinicians are unclear. Should the results guide clinicians 
to only use IHD in that it allows more patient mobility and has lower cost? 
Have the conducted studies been adequately powered to demonstrate a 
mortality difference when the overall mortality in the studies is lower 
than observed mortality in nonexperimental trials? Further complicat-
ing our assessment of the findings of experimental trials, the results of a 
meta-analysis conducted in 2002 utilizing 13 studies and 1400 individuals 
including both observational and experimental designs concluded, after 
adjusting for severity of illness and quality of study, the relative risk of 
mortality was lower in patients receiving CRRT.20

Rather than a nihilistic approach, an alternative method of interpret-
ing the data is simply that we are studying the wrong question. Applying 
a “one-size-fits-all” approach to studying modality of RRT is flawed. In 
centers where both modalities—IHD and CRRT—are available, choice 
of therapy will be influenced by both patient and nonpatient factors that 
are not included in randomized controlled trials (ie, catheter function, 
safety of anticoagulation, patient mobility, nurse staffing, etc). Most 
importantly, the results of the available studies suggest that with use 
of either modality of RRT, practicing physicians are “doing no harm.” 
Individuals with severe hemodynamic instability or certain other 
special conditions outlined below may still benefit from use of CRRT 
over intermittent therapy. However, for the majority of individuals, 
even in the setting of multiorgan system failure, intermittent dialysis 
can adequately achieve solute clearance and control of volume balance. 
Rather than focusing on selecting one modality for all individuals, the 
goals of therapy—large amounts of volume removal, removal of ingested 
toxins, clearance of uremic solutes, etc, should be kept in mind and the  

therapy selected accordingly. The most important point is that in  
centers where both intermittent and continuous modalities are avail-
able in the ICU, they are used as complementary therapies. Apart from 
the special populations discussed below, such centers generally use 
IHD for hemodynamically stable ICU patients, or when rapid removal 
of potassium, toxins, or fluid is desired and the patient is sufficiently 
hemodynamically stable to tolerate aggressive dialytic therapy, reserving 
continuous modalities for periods of hemodynamic instability, particu-
larly when associated with significant fluid overload. This personalized 
approach was successfully used in the ATN trial of RRT intensity (dose), 
which is discussed below.

MODALITY OF RRT: SPECIAL CONSIDERATIONS
While the above literature suggests that both intermittent and continu-
ous therapies can be used in critically ill patients with AKI, a few clinical 
scenarios deserve special attention with regard to modality of therapy 
and may represent situations where one modality is superior.

■■ ACUTE LIVER FAILURE
Acute liver failure (or fulminant hepatic failure) is characterized by labo-
ratory abnormalities suggestive of hepatocyte injury, impairment of liver 
function (manifested by increased prothrombin time [PT]/international 
normalized ratio [INR] and bilirubin), and encephalopathy. Individuals 
with fulminant hepatic failure are at risk for increased intracranial pres-
sure and cerebral herniation. Clearance of solutes and water via inter-
mittent RRT in the setting of AKI and fulminant hepatic failure may 
have adverse effects on intracranial pressure, because rapid extracor-
poreal clearance of uremic solutes causes acute plasma hypoosmolality, 
shifting water into the brain. In an observational study of nine patients 
with fulminant hepatic failure, increased intracranial pressure (ICP) and 
AKI treated with RRT, investigators compared the effect of IHD versus 
CRRT on ICP and cerebral perfusion. The mean ICP increased from  
9 ± 1.4 mm Hg to 13 ± 1.8 mm Hg (p < 0.05) in the first hour of an 
intermittent hemofiltration treatment versus no change in ICP (19 ± 4.8 
to 18 ± 4 mm Hg) in the first hour of treatment with CAVH. Further, 
MAP also significantly declined in the first hour of intermittent hemo-
filtration treatment (93 ± 2 to 82 ± 2.1 mm Hg), whereas there was no 
change in MAP in individuals receiving CAVH. Overall, the cerebral 
perfusion pressure (MAP – ICP) declined approximately 27% in the 
individuals receiving intermittent hemofiltration versus no change in 
the group receiving CAVH. The study was not designed to demonstrate 
a mortality difference between the groups and no significant difference 
was observed.21 The small study population, single center, and relative 
severity of disease (individuals already had evidence of increased ICP) 
limit the generalizability of the study findings. Additionally given the 
limited data describing the effects of CRRT on ICP in the setting of 
hepatic failure, studies such as this one which utilized the outdated 
modality of CAVH technology still guide therapy. Nevertheless, cerebral 
perfusion pressure is a critical parameter in the setting of fulminant 
hepatic failure and interventions that risk cerebral perfusion pressure 
should be avoided if possible. The hemodynamic benefits of CRRT in 
the setting of AKI and liver failure were further documented in a small, 
randomized trial conducted at the same center as the study above. 
Thirty-two patients with fulminant hepatic failure, intracranial pressure 
monitoring, and oliguric AKI were randomized to intermittent hemofil-
tration or CRRT. Ultimately, 12 patients were randomized to intermittent 
therapy and 20 patients were randomized to CRRT (8 received CAVH, 
12 received CAVHD). Hemodynamic parameters including right atrial 
pressure, systemic vascular resistance (SVR), cardiac index (CI), and  
tissue oxygen delivery (DO2) were assessed along with ICP. During the 
first hour of intermittent hemofiltration, CI fell 15 ± 2% versus no change 
in the CRRT arm (3 ± 3%). CI did return back to the index value during the  
course of the intermittent treatment. MAP also fell during the intermit-
tent treatment, 82 mm Hg to 74 mm Hg, p < 0.05, versus no change 
in the CRRT arm, 74 mm Hg to 74 mm Hg. Correspondingly, oxygen 
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delivery fell in the intermittent versus continuous therapy arm. After the 
initiation of therapy, intracranial pressure fell in the CRRT group prior 
to returning back to the baseline value. Conversely, intracranial pressure 
increased in the intermittent therapy group and remained increased 
throughout the duration of the treatment. No difference in hospital 
outcome or mortality was reported.22 The results of the, albeit limited, 
literature on RRT in the setting of acute liver failure suggest that inter-
mittent therapies increase ICP and, thus, increase the risk for cerebral 
herniation. Further, similar to other states of circulatory dysfunction, 
there is greater hemodynamic stability with CRRT versus intermittent 
therapy. Individuals with both AKI and fulminant hepatic failure may 
represent a specialized group of patients where, in attempts to “do no 
harm,” CRRT is the preferred modality of treatment.

■■ ACUTE NEUROLOGIC INJURY
The data demonstrating the superior cerebral perfusion of CRRT over 
IHD in patients with fulminant hepatic failure may also apply to other 
forms of acute neurologic injury where cerebral perfusion pressure is 
already compromised such as intracranial hemorrhage, postneurosurgi-
cal, etc. While explicit data comparing cerebral perfusion in patients 
receiving CRRT or IHD do not exist, the same principles outlined above 
apply. IHD does induce increased in brain water, thereby increasing 
ICP.23 In clinical scenarios where acute neurologic injury has occurred 
and lowering of CPP may exacerbate the injury, CRRT may be prefer-
able as a modality. If CRRT is not available, IHD with reduced strategies 
to minimize solute shift—reduced blood flow rates, reduced dialysate 
flow rates and dialysate sodium modeling (keeping dialysate sodium 
>145 mmol/L)—should be employed.

■■ ACID-BASE DISTURBANCE
RRT is an effective means of treating acid-base disturbances. Large 
amounts of a buffered solution (bicarbonate or lactate based) can be 
administered with concomitant removal of excess sodium, water as well 
as the removal of organic acids that accumulate in renal dysfunction. 
The critically ill represent a special population with regard to acid-base 
disturbance. Often, they have mixed acid-based disorders (concomitant 
metabolic and respiratory disturbances) and the metabolic acidosis 
results not only from the retention of the organic acids that accumu-
late in renal dysfunction, but also the generation of organic acids from 
anaerobic metabolism (ie, lactate, pyruvate, etc) and the other effects 
of systemic inflammation.24 Given the increased complexity and, often, 
more severe form of acid-base disturbance in the setting of AKI and 
critical illness, the question of modality of RRT arises.

Unfortunately, little data exist to address this question. The previous 
studies outlined did not look at acid-base status as an entry criterion 
or as an outcome. The results of a retrospective, observational study 
suggest a potential benefit of CRRT for the control of acid-base distur-
bances. Forty-seven individuals with AKI in ICU treated with IHD were 
compared with 49 patients with AKI in the ICU treated with CVVHDF 
with regard to the effect of RRT on electrolyte and acid-base status. The 
two groups were comparable with regard to baseline arterial bicarbon-
ate concentration and proportion of individuals with decreased arte-
rial bicarbonate concentration. Patients treated with CVVHDF had a 
significant increase in the arterial bicarbonate concentration in the first 
48 hours, whereas the individuals treated with IHD did not. Further, 
individuals treated with CVVHDF were more likely to maintain normal 
arterial bicarbonate concentration throughout the observation period 
than their counterparts receiving IHD (71.5% vs 59.2%; p = 0.007). The 
study did not examine the clinical significance of these differences.25 
Given that the patients were well matched and the patients treated with 
IHD were supported with the only modality available at the time (rather 
than individuals selected as “less sick”), the study findings support the 
superiority of CRRT in ameliorating acid-base disturbance. However, 
whether the improved laboratory parameters translate to better patient 
outcomes cannot be determined from this study.

To better understand the effect of RRT in treating acid-base distur-
bances, investigators have specifically examined the effect of RRT on 
lactate clearance. Two hundred patients with AKI and lactic acidosis 
treated with CVVH were examined retrospectively. While lactic acidosis 
resolved in 45% of individuals while they were receiving CRRT, resolu-
tion of lactic acidosis had no effect on survival. Further, the authors 
attributed most of the improvement in the lactic acidosis to spontane-
ous improvement in metabolism and improved endogenous lactate 
clearance rather than attributable to CVVH therapy.26 A prospective 
study designed to examine lactate clearance by CRRT confirmed this 
conclusion. Ten individuals with AKI and stable plasma lactate levels 
treated with CVVH were infused with sodium lactate. Serial blood and 
effluent lactate concentrations were measured to determine total lactate 
clearance and the proportion of lactate clearance attributable to the 
CRRT. Total plasma lactate clearance had a mean of 1379 mL/min with 
a mean clearance of 24.2 mL/min attributable to extracorporeal therapy. 
Fractional lactate clearance achieved by CRRT ranged between 0.5% 
and 3.2%. While lactate clearance achieved by CRRT was equivalent 
to urea clearance, the extracorporeal circuit played a very small role in 
total lactate clearance.27 The available data on RRT in treating acid-based  
disorders provide limited guidance regarding the superiority of one 
modality. The available data suggest that endogenous pathways of 
clearing intermediate metabolites (eg, lactate) are far superior to extra-
corporeal removal even with continuous therapies. Thus, while there is 
often much enthusiasm regarding the use of CRRT to correct acid-based 
disorders in the critically ill with AKI, available data do not suggest it 
significantly affects patient outcome.

■■ HYPERPHOSPHATEMIA
Increased total body phosphate is near-universally observed in the setting 
of significant renal dysfunction. Concomitant tissue injury from tumor 
lysis, rhabdomyolysis, or visceral organ ischemia observed in the setting 
of critical illness as well as concomitant respiratory acidosis can all com-
pound impaired renal clearance and lead to severe hyperphosphatemia. 
The large volume of distribution of phosphate limits the efficiency of 
intermittent renal replacement therapies in phosphate clearance. In a 
study by Ratanarat et al comparing phosphate clearance in IHD, sus-
tained low-efficiency dialysis (SLED), and CVVH, investigators found 
that duration of therapy was the only variable that correlated to phos-
phate clearance and, accordingly, CVVH achieved the greatest phosphate 
clearance. The mean phosphate removal per week was 90 mmol in IHD 
group, 235 mmol in the SLED group, and 397 mmol in the CVVH group 
(p < 0.0001).28 The superiority of continuous modalities in phosphate 
clearance suggests that in clinical scenarios where there is severe hyper-
phosphatemia or continued intracellular phosphate release (eg, tumor 
lysis, rhabdomyolysis, etc), CRRT is the preferred modality.

■■ SEVERE SEPSIS
The overall prognosis of critically ill patients with AKI remains poor with 
mortality rates exceeding 50% in the most recent multicenter epidemio-
logic study.1 A proposed theory is that in sepsis, and especially in sepsis-
associated AKI, the marked increase in proinflammatory cytokines 
creates the clinical milieu of hypotension, volume overload, protein-
energy wasting, and neurologic dysfunction that collectively contribute 
to overall high degree of morbidity and mortality. Investigators have 
demonstrated that increased levels of proinflammatory cytokines (TNF-
α, IL-1β, IL-6) are associated with increased mortality in the setting 
of generalized critical illness with and without AKI.29,30 Extracorporeal 
therapy, in the form of renal replacement therapy, represents a potential 
means of removing these substances. A prospective study of 33 patients 
receiving CVVH demonstrated removal of TNF-α, IL-1β, and IL-6 
via their presence in the ultrafiltrate. However, plasma levels of cyto-
kines were not significantly affected.31 Similarly, a prospective study 
of 15 patients receiving CVVH demonstrated that both proinflamma-
tory cytokines (TNF-α, IL-1β, IL-6) and anti-inflammatory cytokines 
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(sTNFR-1, snTFR-2, IL-1ra) were removed. While there was a cor-
responding initial fall in plasma levels after initiation of CVVH, levels 
subsequently increased. Further, it appears that the majority of cytokine 
removal occurred via filter adsorption rather than ultrafiltration.32 
These study results suggest that while conventional dose hemofiltra-
tion removes some cytokines in the setting of sepsis-associated AKI, it 
does not effectively lower circulating cytokine levels and the removal is 
adsorptive rather than dependent on convective clearance.

One potential limitation of these studies is the dose of convective 
therapy, because cytokine removal is dependent on the volume of 
hemofiltration. Perhaps in order to observe significant, sustained lower-
ing of blood cytokine levels, higher volume hemofiltration is required. 
Accordingly, high-volume hemofiltration has demonstrated promise in 
improving hemodynamics and mortality in animal models of AKI with 
critical illness; however, data in humans remain limited.33-35 Twenty 
patients with refractory shock and severe sepsis (MAP <55 mm Hg and 
cardiac index <2.5 L/min/m2 despite maximum norepinephrine, dopa-
mine, and epinephrine dose of 0.5 µg/kg/min for >2 hours) were treated 
with short-term high-volume hemofiltration. Hemofiltration was set at 
8.75 L/h for 4 hours, followed by 1 L/h for the remainder of the treatment 
time. Investigators assessed if four clinical parameters improved after 
therapy—after 2 hours, increase in cardiac index by ≥50%, increase in 
mixed venous saturation by ≥25% and after 4 hours, increase in arte-
rial pH to 7.3 and a ≥50% reduction in epinephrine dose. Eleven out of  
20 patients demonstrated a clinical response—meeting all of the established 
criteria. Responders were more likely to survive (9/11 responders sur-
vived at day 28 vs all 9 nonresponders died by hour 24 after initiation). 
APACHE II and SAPS II scores did differ between the two groups.36 
This uncontrolled study suggests a potential role for acute high-volume 
hemofiltration to support patients with severe critical illness and AKI. 
However, given the lack of a control group, the exact effect of the CRRT 
on improving hemodynamics in the responders is unclear. Using pulsed, 
high-volume hemofiltration (CVVH with effluent rate of 85 mL/kg/h 
for 6 hours, followed by 35 mL/kg/h for the remaining 18 hours a day), 
other investigators examining the effect of high-volume hemofiltration 
on hemodynamic variables and mortality found similar results. Fifteen 
subjects with severe sepsis or septic shock that required RRT were  
studied. Investigators observed a significant, sustained fall in noradrena-
line dose required for vasoactive support and, accordingly, a significant 
and sustained increase in systolic blood pressure while receiving pulsed, 
high-volume hemofiltration. The observed mortality was also lower 
than predicted by APACHE II or SAPS II scores (46.7% vs 72% and 68%, 
respectively).37 The available studies suggest potential promise in using 
hemofiltration, especially high-volume hemofiltration, in modifying the 
cytokine milieu and improving hemodynamics in the setting of severe 
sepsis and AKI. However, the above studies represent the results of 
uncontrolled interventional trials. The limited controlled data available 
have only demonstrated more effective removal of cytokines with high-
volume hemofiltration as compared to conventional CVVH without a 
comparison to intermittent therapy or demonstrating effects on hospital 
course, renal recovery, or mortality.38,39 Overall, the lack of controlled 
data with clinically significant outcomes precludes any recommendation 
to favor the use of CRRT in the setting of severe sepsis and AKI based 
on potential immunomodulatory effects, which have never been dem-
onstrated at the doses used for renal replacement therapy.

MODALITY OF CRRT: DIFFUSIVE VERSUS  
CONVECTIVE THERAPIES
The literature reviewed above has included studies performed with a 
variety of continuous therapies, hemofiltration (CVVH or CAVH), 
hemodialysis (CVVHD or CAVHD), or combination therapy (CVVHDF 
or CAVHDF), and has assumed that diffusive and convective modalities 
of CRRT are equivalent with regard to their effect on amelioration of 
uremic syndrome and maintaining fluid, electrolyte, and acid-base 
balance. Whether diffusive, convective, or combination therapy is used 

remains institution dependent rather than standardized and depends on 
equipment available. Convective therapies, due to their use of “solvent 
drag” for clearance rather than diffusion have theoretically and conven-
tionally been thought to be more effective at removal of “middle-sized” 
molecules (10 -40 kDa), leading some nephrologists to argue the poten-
tial benefit of convective over diffusive therapies. The validity of this 
assumption with modern dialytic therapies is questionable. A prospec-
tive, crossover study of convective versus diffusive therapies in critically 
ill patients with AKI examined the relative clearance of small (urea, 
creatinine) solutes and middle-sized (β2-microglobulin) solutes. Fifteen 
consecutive patients underwent a total of 30 treatments (15 CVVH and 
15 CVVHD). Median clearance for urea (31.6 mL/min for CVVH vs 
35.7 mL/min for CVVHD; p = NS) and creatinine (38.1 mL/min for 
CVVH vs 35.6 mL/min for CVVHD; p = NS) was not significantly 
different. Clearance of β2-microglobulin was greater in the convective 
therapy group, but this difference did not reach statistical significance 
(16.3 mL/min for CVVH vs 6.27 mL/min for CVVHD; p = 0.055).40 
An in vitro study comparing clearance of solutes ranging from 10 to 
100 kDa with convective versus diffusive therapy also demonstrated 
no significant difference between the two modalities.41 The results of 
existing studies suggest that the assumption that convective therapy is 
superior to diffusive therapy with regard to middle molecule clearance 
may not apply to modern dialytic techniques using more porous (higher 
“flux”) membranes. Outcomes other than solute clearance have not been 
thoroughly examined. The crossover study of convective versus diffusive 
clearance outlined above did compare circuit filter time as part of its 
analysis and found that filter life was longer in diffusive therapy (37 vs  
19 hours; p = 0.03)41 Nevertheless, the existing literature suggests no 
definitive advantage between diffusive and convective therapies.

DOSE OF THERAPY
Integral to the discussion regarding optimal RRT in the critically ill 
is the consideration of the intensity (dose) of therapy. Clinicians have 
adopted the results of studies assessing dose adequacy in maintenance 
hemodialysis patients to the management of patients with AKI requiring  
RRT. For maintenance hemodialysis treatments, the available literature  
supports the current Kidney Disease Outcome Quality Initiative 
(KDOQI) guidelines of a urea reduction ratio (the difference between 
the predialysis urea nitrogen and postdialysis urea reduction divided by 
the predialysis urea nitrogen expressed as a percentage) of at least 65% 
with a target dose of 70%. This correlates to a single-pool Kt/V (dialyzer 
clearance of urea in mL/min multiplied by duration of dialysis in minutes  
divided by volume of distribution of urea) of at least 1.2 with a target of 
1.4 per dialysis treatment.42 A survey of clinicians (of the ATN trial net-
work) demonstrated significant variability in dose prescribing pattern 
for both intermittent and continuous therapies for RRT-requiring AKI. 
Specifically, 52% of patients were treated with intermittent hemodialysis 
three times weekly or every other day, 32% of patients received IHD 
four times weekly, and 7% of patients received IHD six or more times  
per week. With regard to CRRT, 17.9% of practitioners prescribed 
weight-based dosing, with 80% of those prescribing an effluent rate of 
35 mL/kg/h. The remainder varied in their prescription between effluent 
rates of 1 and 2.5 L/h.43

The argument for higher dose therapy was supported by the results of 
a retrospective study assessing the effect of dose on outcome in critically 
ill patients with AKI. Higher dose therapy was further supported by two 
prospective randomized studies of higher dose intermittent and con-
tinuous renal replacement therapy. In the study examining optimal dose 
of intermittent hemodialysis, investigators assigned 160 patients to one 
of two IHD strategies: daily versus conventional (three times weekly) 
dialysis with a prescribed Kt/V of 1.2. Individuals assigned to daily 
hemodialysis were more likely to recover renal function and survive. 
Specifically, the daily hemodialysis group recovered their renal function 
after a mean of 9 days versus 16 days in the alternate-day hemodialysis 
group (p = 0.001) and the mortality rate in the daily hemodialysis group 
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was 28% versus 46% in the alternate-day hemodialysis group (p = 0.01). 
Importantly, while the prescribed dose of dialysis in both groups was to 
achieve a Kt/V of 1.2, the delivered dose was lower in both groups (0.94 
in the alternate day group and 0.92 in the daily group) resulting in a 
delivered dose of dialysis lower than the minimum established adequate 
dose.44 Whether the renal recovery and mortality benefits would persist 
if the both groups in this single-center study received at least a delivered 
Kt/V of 1.2 per treatment is unclear.

In examining the optimal dose of CRRT therapy and its effect on mor-
tality, Ronco and colleagues randomized individuals with AKI requir-
ing CRRT to one of three treatment strategies (CVVH): prescribed 
dose of 20 mL/kg/h, 35 mL/kg/h, or 45 mL/kg/h. Individuals receiving 
the lowest dose of therapy, 20 mL/kg/h, had the highest mortality and 
shortest median survival. Specifically, the mortality rates were 59% in 
the 20 mL/kg/h group, 43% in the 35 mL/kg/h group, and 42% in the 
45 mL/kg/h group (only the difference between the 20 mL/kg/h group 
was statistically significantly compared with the other groups). The 
median survival in the lowest dose group was 19 versus 33 days in the 
intermediate dose group (p = 0.0007). All patients received ultrafiltra-
tion rates greater than 85% of their prescribed dose.45 The results of this 
single-center study, which included preset filter changes and additional 
treatment to ensure the dose prescribed was delivered, would require 
further validation.

Finally, the study conducted by Saudan and colleagues found a sur-
vival advantage to higher intensity CRRT in the 206 critically ill patients 
with AKI at a single institution. Rather than strictly comparing two 
doses of therapy, the study randomized individuals to a weight-based 
CVVH therapy arm versus the same dose of CVVH plus an additional 
1 to 1.5 L/h dialysate therapy. The replacement fluid rate was calculated 
as (0.6 × body weight in kg)/day and the dialysate fluid rate was 1 L/h 
for individuals less than 70 kg and 1.5 L/h for individuals greater than 
70 kg. Individuals receiving CVVH plus dialysis (CVVHDF) were more 
likely to survive at 28 days (59% vs 39%) as well as 90 days (59% vs 34%) 
than those receiving CVVH alone.46 At face value, the trial results would 
suggest that higher dose therapy confers a significant survival advantage. 
However, the trial design was not established to directly compare two 
doses of therapy as one group received not only a higher dose of therapy, 
but also dialysis in addition to ultrafiltration. While it is unclear whether 
the outcome would differ if the study simply compared two doses of 
CVVH, the conclusions drawn from the study must recognize this 
potential limitation. Nevertheless, results do suggest that more therapy, 
in the form of either additional hemofiltration or the addition of a dose 
of dialysis, is beneficial.

However, the majority of recent clinical trials have not shown a 
benefit of higher doses in AKI. Tolwani and colleagues performed a  
single-center study consisting of 200 individuals randomized to “standard- 
dose” CVVHDF with a prescribed rate of 20 mL/kg/h versus “high-dose” 
with a prescribed rate of 35 mL/kg/h. The randomization was stratified 
by presence of sepsis and oliguria. The investigators did not find a differ-
ence in survival or renal recovery between the standard and high-dose 
groups. Specifically, the survival (to ICU discharge or 30 days) was 56% 
in the standard dose group and 49% in the high-dose group (p = NS). 
Renal recovery was 41% in the standard dose group and 29% in the 
high-dose group (p = NS).47

Subsequently, Palevsky and colleagues performed the NIH ATN trial, 
which was a randomized controlled trial of varying intensity of RRT 
across 27 institutions. Unique in its design, the study included indi-
viduals receiving both IHD, if hemodynamically stable, and, if hemo-
dynamically unstable, CRRT. Subjects were randomized to an intense 
RRT strategy—6 days weekly of IHD or CVVHDF with a prescribed 
effluent rate of 35 mL/kg/h—or standard therapy—3 days per week of 
IHD (alternate day except for Sunday) or CVVHDF with a prescribed 
effluent rate of 20 mL/kg/h. IHD treatments were prescribed with a Kt/V 
of 1.2 to 1.4 and additional isolated ultrafiltration sessions were allowed 
in the standard therapy arm for volume management. A limited number 
of patients received slow low-efficiency dialysis in lieu of CVVHDF. 

Ultimately, 1124 patients were randomized with 563 individuals in the 
intensive strategy and 561 individuals in the standard strategy. Neither 
mortality (the primary end point) nor renal recovery differed between 
the two groups—53.6% mortality in the intense therapy group versus 
51.5% mortality in the standard therapy group, p = NS, and 75.8% of 
individuals in the intense therapy group remained RRT dependent as 
compared to 72.6% of individuals in the standard therapy group, p = NS.  
As one might expect, hypotension was more common in the intense 
strategy group (61.9% vs 48.6%; p < 0.05).48

Finally, the Randomized Evaluation of Normal Versus Augmented 
Level (RENAL) Replacement Therapy Study represents the most recent, 
randomized controlled trial assessing the effect of RRT dose on mortal-
ity. In this study of individuals receiving CRRT in 35 ICUs distributed 
throughout Australia and New Zealand, subjects were randomized to 
a higher intensity therapy (CVVHDF with a prescribed dose of efflu-
ent of 40 mL/kg/h) versus a lower intensity therapy (CVVHDF with a 
prescribed dose of effluent of 25 mL/kg/h). A total of 1508 patients were 
randomized and 721 individuals were in the higher intensity group and 
743 individuals were in the lower intensity group. Overall mortality was 
much lower than previous studies; however, no significant difference 
was observed in the two groups. Ninety-day mortality was 44.7% in both 
groups. Similarly, renal recovery did not differ between the two groups 
with 14.4% and 6.8% of individuals in higher intensity therapy group 
requiring RRT at 28 and 90 days, respectively versus 12.2% and 4.4% in 
the lower intensity group, p = 0.31, 0.14.49

The results of the most recent and multicenter randomized controlled 
trials do not support a mortality or renal recovery benefit for those 
receiving higher-dose RRT for AKI. Meta-analyses similarly failed to 
find any benefit of higher intensity RRT, with no improvement in sur-
vival or renal recovery.50,51 Nevertheless, similar to the question of the 
optimal modality of RRT, the existing data appear to support that “one-
size-fits-all” dose of RRT is a flawed strategy. For many patients, as long 
as a minimum dose of therapy is achieved, which appears to be a deliv-
ered dose of at least 20 mL/kg/h for CRRT and a single-pool Kt/V of 1.2 
for IHD, adequate support is given while not using excessive resources 
or causing unnecessary complications. Of course, this approach man-
dates careful prescription of RRT dose, and a commitment to monitor 
and ensure actual dose delivery. Furthermore, selected patients may still 
require higher dose RRT therapy (eg, those who are extremely catabolic, 
have refractory electrolyte or acid-base disturbances, or require toxin 
removal); however, for the majority of patients, higher dose therapy 
does not appear to confer a benefit. Similar to deciding on the optimal 
modality of therapy, an individual patient assessment is still necessary to 
determine an optimal dose of therapy (see Table 98-3).

TECHNICAL ASPECTS

■■ ACCESS
Patients with AKI requiring RRT differ significantly from ESRD 
patients in that vascular access must be established urgently to initiate 
RRT. Arteriovenous access has fallen out of favor for acute RRT, given 
the increased risk of complications resulting from arterial cannulation 
with a large bore vascular catheter. Dual-lumen venous access serves as 
an effective means of establishing vascular access that can be utilized 
in both intermittent and continuous forms of therapy. The optimal 
technique and site of placement of venous access has been examined. 
Retrospective and prospective data suggest that real-time ultrasound 
guidance of temporary dialysis catheter placement, in both the internal 
jugular vein and femoral vein, prevents complications and allows for 
greater success.52-54 The optimal site for dialysis access appears to be 
more variable. It is generally accepted that the subclavian vein should 
be avoided when placing a large-bore venous catheter in a patient 
who may require future maintenance hemodialysis as subclavian vein 
catheter insertion can lead to subclavian stenosis, precluding future 
ipsilateral arteriovenous access placement. Prospective studies have 

section08.indd   939 1/14/2015   8:28:00 AM

http://www.myuptodate.com


PART 8: Renal and Metabolic Disorders940

  TABLE 98-3    Studies of RRT Dosing in AKI

Study Year Design # of Pts Conventional Dose High Dose
Recovery of Renal 
Function Survival

RENAL102 2009 Multicenter RCT 1508 CVVHDF CVVHDF 85.5% Intensified Conventional dose 45%

Postfilter dilution Effluent 
rate of 25 mL/kg/h

Postfilter dilution Effluent rate 
of 40 mL/kg/h

87.3% Standard High dose 45%

Faulhaber-Walter et al103 2009 Single-center RCT 156 Standard SLEDD Intensified SLEDD 60% Intensified group Intensified SLEDD 55.6%

Median delivered dialysate 
volume 4 L/kg

Median delivered dialysate  
volume 12 L/kg

63% Standard group Standard SLEDD 61.3%

ATN104 2008 Multicenter RCT 1124 CRRT-prefilter dilution Effluent 
rate of 20 mL/kg/h or

CRRT-prefilter dilution Effluent rate 
of 35 mL/kg/h or IHD-6×/week

15.4% Intensive group Conventional dose 48%

IHD-3×/week 18.4% Standard High dose 46%

Tolwani et al47 2008 Single-center RCT 200 CVVHDF CVVHDF Prefilter dilution 
Effluent rate of 35 mL/kg/h

69% High dose Conventional dose 56%

Prefilter dilution Effluent  
rate of 20 mL/kg/h

80% Standard dose High dose 49%

Saudan et al46 2006 Single-center RCT 204 CVVH effluent rate 1-2.5 L/h CVVH effluent rate 1-2.5 L + HD 
1-1.5 L/h

CVVH 71% Conventional dose 39%

CVVHDF 78% High dose 59%

Bouman et al4 2002 Multicenter RCT 106 CVVH effluent rate 1-1.5 L/h CVVH effluent rate 3-4 L/h Conventional dose 68.6%

High dose 74.3%

Ronco et al45 2000 Single-center RCT 425 CVVH postfilter dilution  
effluent rate 20 mL/kg/h

CVVH postfilter dilution effluent 
rate 35 or 45 mL/kg/h

Conventional dose 41%

35 mL/kg/h 57%

45 mL/kg/h 58%

Schiffl et al44 2002 Single-center RCT 146 IHD alternate day IHD daily Conventional dose 54%

High dose 72%

compared the function as well as the complications of internal jugular 
versus femoral venous catheter placement. The Cathedia Study Group 
randomized 750 patients to internal jugular versus femoral venous 
catheter placement for RRT in the setting of AKI. The effect of catheter 
placement on nosocomial infection and catheter function was assessed 
in two studies. Venous catheter colonization per site varied according 
to body mass index (BMI). In individuals with a BMI in the lowest 
tertile, <24.2 kg/m2, the rate of colonization was higher in the group 
randomized to internal jugular catheter placement (45.4 vs 23.7 per 
1000 catheter-days with a HR for IJ placement 2.31, 95% CI 1.10-3.91; 
p < 0.001). Conversely, in the individuals with a BMI in the highest 
tertile, >28.4 kg/m2, the rate of colonization was higher in the group 
randomized to femoral venous catheter placement (50.9 vs 24.5 per 1000 
catheter-days, HR for IJ placement 0.40, 95% CI 0.23-0.69; p < 0.001). 
The rate of catheter-related bloodstream infection was similar in the 
two groups (2.3 per 1000 catheter-days in the internal jugular group vs 
1.5 per 1000 catheter-days in the femoral venous group).55 With regard 
to catheter function, no difference was seen between the two groups. 
Catheter dysfunction (inability to attain adequate blood flow necessitat-
ing catheter replacement) was 10.3% in the femoral venous group versus 
11.1% in the internal jugular catheter group. Mean urea reduction ratio 
was similar in the two groups—50.8% in the femoral venous group and 
52.8% in the internal jugular group, p = NS. CRRT circuit downtime 
was a median of 1.17 hours per day in both groups.56 The results of this 
study suggest, in selected patient populations, site of catheter placement 
does not affect rates of catheter infection or catheter function. However, 
in selecting a site for vascular access, body habitus should be considered 

and, for larger individuals, internal jugular vein catheter placement may 
be safer to prevent unnecessary complications. Further, regardless of site 
selected, real-time ultrasound guidance should be used to increase the 
chance of successful placement without complications.

■■ ANTICOAGULATION
Given the importance of delivering an adequate dose of RRT for patients 
with AKI and critical illness, maintaining circuit patency in CRRT  
prevents therapy “downtime” and additional vascular access procedures. 
Anticoagulation protocols vary according to institution and some  
institutions limit anticoagulation to specialized circumstances. Nevertheless, 
the available literature does provide some guidance regarding anticoagula-
tion for CRRT.

Two primary choices exist when deciding on an anticoagulation 
strategy: whether to use systemic or regional anticoagulation, or no  
anticoagulation. The options for systemic anticoagulation are heparin 
(unfractionated or low molecular weight) or the direct thrombin inhibitors. 
The options for regional anticoagulation are heparin (with protamine) or 
citrate. Heparin is relatively inexpensive, readily available and has been 
demonstrated to prolong filter life when the dose is titrated to maintain 
an increased partial thromboplastin time (PTT). However, heparin 
use also predisposes individuals to development of heparin-induced 
thrombocytopenia (HIT), increases the risk of bleeding with systemic 
use, and has a longer half-life in the setting of renal dysfunction.57  
Nevertheless, it remains common, usually with a starting bolus dose of 
30 IU/kg followed by a continuous infusion of 5 to 10 IU/kg/h into the 
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arterial limb of the CRRT circuit. The PTT is targeted to approximately 
1.5 to 2 times the upper limit of normal.58 Low-molecular-weight hepa-
rin (LMWH) offers an alternative to unfractionated heparin (UFH) for 
systemic anticoagulation to maintain the CRRT circuit. Importantly, 
LMWH is usually renally cleared and, thus, has a greater duration of 
action in the setting of renal dysfunction. Further, protamine is not as 
effective to correct/reverse anticoagulation from LMWH. Nevertheless, 
LMWH anticoagulation can be carried out safely by monitoring 
anti-Xa activity.59,60 A safe protocol appears to be an initial prefilter 
bolus of enoxaparin at 0.15 mg/kg followed by a maintenance infu-
sion of 0.05 mg/kg/h titrated to maintain an anti-Xa level between 
0.25 and 0.30 IU/mL.61 Direct thrombin inhibitors (DTI) remain the 
alternative form of systemic anticoagulation when heparin use is 
contraindicated. Lepirudin, bivalirudin, and argatroban are the com-
mercially available DTIs. Importantly, Lepirudin is exclusively renally 
cleared, with a markedly prolonged half-life in renal failure, and has 
no antidote. Significant bleeding complications have been observed 
with the use of lepirudin for CRRT anticoagulation, and thus it is not 
recommended.62 Argatroban, on the other hand, is cleared by hepatic 
metabolism, has been used safely in the setting of AKI, and is accord-
ingly the preferred anticoagulant in the setting of AKI and HIT.63  
A loading dose of 250 µg/kg, followed by an infusion of 2 µg/kg/min 
to target the aPTT to 1.5 to 2 times the upper limit of normal was a 
previously accepted dosing strategy; however, more recent data sug-
gest that lower maintenance doses can be used (0.5 µg/kg/minute,  
or less in some patients).64 Specifically, Link and colleagues evaluated 
30 critically ill individuals with AKI requiring CRRT and concomitant 
history of HIT. Each individual was initially treated with an argatroban 
loading dose of 100 µg/kg, followed by an infusion of 1 µg/kg/min. 
Dosing was then modified to target a PTT of 1.5 to 3 × the upper limit 
of normal. Once a maintenance dose was identified, the investigators 
examined the association between severity of illness (via the APACHE 
II score, SAPS II score and indocyanine green plasma disappearance 
rate [ICG-PDR]) and maintenance dose to develop an equation to predict 
the maintenance dose of argatroban required in individuals dependent on 
severity of illness. The study provided two conclusions: First, the mean 
maintenance infusion rate was lower than 1 µg/kg/min (0.7 µg/kg/min)  
for the majority of individuals, consistent with other literature suggesting 
a decrease in the nonrenal clearance of argatroban in critically ill patients 
(even with apparently normal liver function). Second, based on the study 
results, the investigators found that the maintenance dose of argatroban 
required could be predicted using severity of illness assessment. Specifically, 
the argatroban maintenance infusion rate based on APACHE II was  
2.15-0.06 × APACHE II score, based on SAPS II was 2.06-0.03 × SAPS II 
score, and based on ICG-PDR was 0.35 + 0.08 ×_ICG-PDR value.65,66 This 
evolving literature continues to provide valuable information to optimize 
efficacy and safety in the use of argatroban in high-risk patients with HIT 
and renal failure. However, the use of predictive equations such as that devel-
oped by Link and colleagues requires further prospective validation studies.

The options for regional anticoagulation include regional heparin 
with protamine and citrate. Regional heparin carries less risk with 
regard to bleeding than systemic heparin. However, establishing the 
optimal dose of heparin and protamine remains difficult and the risk of 
HIT remains. Heparin is administered prefilter and protamine is admin-
istered postfilter to neutralize the heparin, after which the heparin-
protamine complex is taken up by the reticuloendothelial system and 
broken down. A ratio of 100 IU of heparin to 1 mg of protamine has been 
suggested with usual doses of 1000 to 1500 IU of heparin administered 
intravenously prefilter and 10 to 12 mg/h of protamine is administered 
postfilter.59 The unpredictability of the actual heparin/protamine dosing, 
the technical aspects of pre- and postfilter infusions, and the efficacy of 
regional citrate anticoagulation have made regional heparin-protamine 
an uncommon anticoagulation strategy.

Regional citrate remains the strategy of choice when anticoagulation 
is being used strictly to maintain the CRRT circuit. Prefilter infusion of 
citrate works as anticoagulant by chelating calcium (a required cofactor 

for the coagulation cascade). The advantage of regional citrate antico-
agulation is in its very targeted effect without the risk of HIT and a lower 
risk of bleeding compared with heparin. Multiple observational and 
controlled trials have demonstrated longer filter time with fewer bleed-
ing complications with the use of citrate versus heparin for anticoagula-
tion. A single-center, randomized trial of 20 patients receiving CVVH 
with anticoagulation compared filter time in the 12 patients receiving 
systemic heparin and 8 patients receiving regional citrate. Median cir-
cuit lifetime was 40 hours in the heparin group versus 70 hours in the 
citrate group (p = 0.0007).67 A separate, single-center, randomized trial 
also compared filter time in 16 patients receiving regional citrate versus 
14 patients receiving systemic heparin while on CVVHDF. The median 
filter survival was 124.5 hours in the group receiving citrate versus  
38.3 hours in the heparin group (p < 0.001). Overall circuit clotting was 
much less common in the citrate group occurring in 16.7% of subjects 
versus 53.5% in the heparin group.68 The sum of the data appears to 
support the use of regional citrate as CRRT circuit anticoagulation over 
systemic heparin.69 It is important to note that there are limited data 
comparing citrate to regional heparin with protamine.

Citrate infusion is not without its potential for complication. Serum 
calcium, especially the ionized calcium value, must be monitored closely 
to prevent hypocalcemia. Once citrate enters the blood, it is metabolized 
in the liver, creating three molecules of bicarbonate for every one mol-
ecule of citrate. Thus, if this buffer load is not accounted for with regard 
to the composition of replacement solutions, there is the potential risk 
of developing metabolic alkalosis. Finally, the conversion of citrate to 
bicarbonate requires a functional liver. Therefore, individuals with liver 
dysfunction may develop severe metabolic acidosis with an increased 
anion gap if they are unable to metabolize the citrate, because of 
(anionic) citrate accumulation and the failure of anticipated bicarbonate 
generation from citrate. An important additional clue to the develop-
ment of citrate overdose/toxicity is the development of a “calcium gap.” 
The “calcium gap” is observed when the total plasma calcium continues 
to increase (or is above the upper limit of normal) and the ionized cal-
cium remains low. Since the measurement of total calcium includes both 
ionized and bound calcium, increasing total calcium with unchanged 
ionized calcium reflects an increased bound percentage. Calcium can be 
increasingly bound to albumin (such as in the setting of alkalemia) or to 
citrate in the setting of citrate-based anticoagulation when systemic citrate 
levels are increasing due to impaired metabolism. Rather than directly 
measuring citrate levels, calculating the total plasma calcium to postfil-
ter ionized calcium ratio strongly correlates with citrate concentration.70  
A total calcium (in mmol/L): ionized calcium (in mmol/L) of greater 
than 2.1 had a sensitivity of 89% and specificity of 100% to identify a 
citrate concentration greater than 1 mmol/L.71 Inability to metabolize 
citrate leading to citrate “overdose” can occur even in the absence of ful-
minant hepatic failure. Therefore, while using regional citrate anticoagu-
lation, one should carefully monitor for the development of a “calcium 
gap.” Finally, an attractive alternative remains to withhold anticoagula-
tion while initiating therapy and only institute therapy if circuit patency 
becomes a problem. This strategy can be used with both diffusive and 
convective modalities where bleeding is a concern.

SUPPORTIVE CARE

■■ NUTRITIONAL SUPPORT
In recent years, the role of nutritional support in the critically ill has 
become an important topic of increased investigation.72,73 Patients with 
critical illness, especially severe sepsis, septic shock, and multiorgan 
system failure (MOSF) are especially at high risk for severe malnutri-
tion. Many patients who develop MOSF have comorbid disease that 
contributes to a generalized state of malnutrition. Further, MOSF is a 
catabolic state, where lean body mass breakdown is the rule leading to 
a state of even more severe malnutrition. This tissue breakdown will 
alter creatinine kinetics. States of acute malnutrition impair patients’ 
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ability to recover from their critical illness with respect to overcoming 
life-threatening infection, liberation from mechanical ventilation, and 
recovery of organ function.73,74

Acute kidney injury is a highly catabolic state. Thus, in combination 
with critical illness, AKI creates an environment of severe protein wast-
ing and malnutrition.75 The optimal nutritional support for individuals 
with acute kidney injury and critical illness is unclear. Variations in 
the optimal diet exist due to concerns of electrolyte abnormalities 
(hyperkalemia, hyperphosphatemia, etc), metabolic parameters (protein 
breakdown leading to worsening metabolic acidosis), as well as volume 
overload. However, the nutritional support in the setting of critical ill-
ness is especially important for those with acute kidney injury. Animal 
and human data have demonstrated a potential positive impact of nutri-
tional support on recovery of renal function.76,77

Identification of optimal nutritional support is further complicated 
by the increased removal of small solutes via the use of RRT, especially 
CRRT. The removal of these nutritionally valuable solutes is further 
accelerated via the combination of high-flux membranes and high blood 
flow rates (similar to intermittent hemodialysis). Further, because of 
data demonstrating improved outcomes with higher doses of delivered  
dialysis outlined above (compared to doses from 20 years ago), pre-
scribed and delivered doses of dialysis have increased. Unlike the 
kidney, RRT is nonselective in its removal of small and middle  
molecules. Observational human data have consistently demonstrated 
the significant removal of essential amino acids, water-soluble vitamins, 
and trace minerals with CRRT.78,79 Undoubtedly, the combination of 
critical illness, AKI, and amino acid removal via CRRT (teamed with 
technical and/or pathologic limitations impairing their ability to receive 
nutritional support) leaves many patients with significant negative nitro-
gen balance contributing to their state of malnutrition and inability to 
recover from their critical illness.

The European Society for Clinical Nutrition and Metabolism (ESPEN) 
recommends that individuals with AKI undergoing intermittent dialysis 
receive 1.5 g/kg body weight protein. Individuals undergoing CRRT 
receive 1.5 to 1.7 g/kg body weight protein intake daily (as a part of a 
total 20 to 30 kcal/kg body weight daily diet).80 These recommendations 
may be suboptimal as they are based on studies with RRT practices 
that significantly differ from current clinical practice. Specifically, the 
guideline is based on an observational study demonstrating that protein 
supplementation of at least 1.5 g/kg body weight was associated with 
less negative nitrogen (and some positive nitrogen balance) in patients 
with acute kidney injury receiving CVVH. Importantly, the dose of 
CRRT in this study was far less than what is currently recommended 
and commonly practiced: ultrafiltration rate of about 12 mL/kg/h versus 
current rates of 25 to 35 mL/kg/h. A more recent observational study 
assessing the protein equivalent nitrogen appearance and nitrogen  
balance in critically ill patients undergoing CVVHDF also determined a 
protein requirement of approximately 1.5 g/kg/daily, but the patients in 
this study were also prescribed a suboptimal dose of CRRT (blood flow 
rate of 150 mL/h, dialysate dose of 1000 mL/h with an effluent rate of 
300 mL/h—totaling 1300 mL/h of dialysis dosing).81

Theoretically, both an increase in dose and the choice of modality 
will influence the degree of amino acid removal and, thus, nitrogen 
balance. A study assessing nitrogen balance in critically ill patients 
with anuric acute kidney injury receiving CVVHD corroborates this 
theory. At protein intake of 1.5 g or 2 g/kg daily, individuals undergoing 
CVVHD with blood flow rate of 100 to 175 mL/h and dialysate dose of 
2000 mL/h remained in progressive negative nitrogen balance. Only at 
a protein supplementation rate of 2.5 g/kg daily did individuals achieve 
positive nitrogen balance.82 While differences beyond the modality and 
dose of CRRT exist between the two study populations, the later study 
certainly suggests that 1.5 g/kg protein supplementation, as suggested in 
the ESPEN guidelines, may not be applicable to clinical scenarios where 
CVVHD or CVVHDF is delivered at a higher dose. A study measuring 
the effect of high-dose amino acid supplementation in patients receiving 
CVVHDF at a dose of 2500 mL/h demonstrated that even at 2.5 g/kg  
amino acid supplementation patients remained in negative, albeit 

improved, nitrogen balance.83 Thus, existing data support the notion that 
a high level of protein supplementation, above the ESPEN recommended 
1.5 g/kg/day, is necessary in patients with AKI undergoing CRRT.

The impact of the modality of CRRT on nitrogen balance is unclear. 
Limited data from pediatric patients undergoing CVVH or CVVHD for 
acute kidney injury suggest that amino acid loss and net nitrogen balance 
are similar between the two modalities at a fixed dose of 2000 mL/h.84 
However, this comparison has not been repeated or studied in an adult 
population.

In order to optimize nutritional support, determine the validity of 
the ESPEN guidelines and better understand the effect of current CRRT  
dosing on nitrogen balance in the setting of acute kidney injury and 
critical illness, studies assessing nitrogen balance in critically ill patients 
with AKI not on CRRT and those with AKI receiving CRRT are required. 
Until further data are available, we recommend prescribing nutritional 
support consistent with the current ESPEN guidelines, and monitoring 
of parameters of nutritional status in critically ill patients receiving RRT.

■■ MEDICATION DOSING
Medication dosing must be adjusted in patients with AKI to prevent 
excessive medication administration and toxicity. Individuals with AKI 
receiving RRT, however, may be at risk for underdosing of medications, 
as administered medications are often removed by extracorporeal therapy.

Severe sepsis and septic shock are common comorbid conditions in the 
setting of AKI and critical illness. A key component of supportive care for 
patients with severe sepsis and septic shock is the timely administration 
of adequate antimicrobial therapy.85 The spread of nosocomial pathogens 
and the variable susceptibilities of bacteria to conventional antibiotic ther-
apy have highlighted the importance of not only selecting the appropriate 
antimicrobial but also the appropriate dose of antimicrobial.86 Inadequate 
or inappropriate antimicrobial therapy has been demonstrated to be 
common, occurring between 17% and 45% of documented bloodstream 
infections in an academic intensive care unit.87 Further, underdosing and 
inappropriate dosing has significant impact on patient outcomes and is 
associated with a greater than twofold risk of hospital mortality.88

Depending on the modality of RRT (ie, intermittent versus CRRT), 
the dosing strategies for antimicrobials differ. Further, the significant 
small solute clearance achieved with higher doses of CRRT increases 
the potential risk for excessive antimicrobial clearance and resulting 
underdosing of antibiotics. Piperacillin and cefepime are both commonly 
utilized, broad-spectrum, β-lactam antibiotics that have demonstrated 
significant increases in drug clearance with increased dose of dialysis.89,90 
Other antimicrobials with similar characteristics (with regard to size 
and volume of distribution) may carry similar dose-response effects and 
require increased dosing in the setting of higher-dose dialysis therapy. 
While pharmacokinetic data are limited, existing literature has guided the 
development of guidelines for antimicrobial dosing for patients under-
going CRRT.91 Individuals caring for these patients should utilize these 
guidelines, recruit the assistance of clinical pharmacists, and use therapeu-
tic drug levels, when available, to ensure adequate dosing of antibiotics.

FUTURE DIRECTIONS
While much progress has been made in making RRT safer and more 
effective at achieving therapeutic goals (volume control, solute clearance, 
etc), further improvements are still needed. In the future, the prediction 
and timing of RRT initiation and discontinuation in patients with AKI 
will probably be guided by the use of a panel of AKI.92 Advancing RRT 
beyond solute and water clearance to better reflect the intervention as 
a true renal “replacement” has started with using RRT to ameliorate 
the inflammatory milieu of severe sepsis-associated AKI. Development 
of more selective membranes that can function as adsorptive and fil-
tration devices, membranes with larger pore size allowing for more 
effective cytokine removal (high-cutoff hemofiltration/hemodialysis  
or HCO) and adding renal tubular cells in-line with a standard RRT 
circuit (referred to as the renal assist device, or RAD) represent potential 
areas of future direction that may provide promising advances in RRT. 

section08.indd   942 1/14/2015   8:28:01 AM

http://www.myuptodate.com


CHAPTER 99: Electrolyte Disorders in Critical Care 943

Removal of cytokines in the setting of sepsis and AKI via hemadsorp-
tion (coupled with hemofiltration) has been demonstrated as feasible  
and effective at improving hemodynamics and survival in animal  
studies.93,94 Similarly, high cutoff hemofiltration (HCO) has demonstrated  
effectiveness in clearance of cytokines and improving hemodynamics 
in sepsis and AKI in both animal and human studies. However, more 
effective removal of cytokines was complicated by removal of albumin as 
well, questioning the relative risk versus benefit of HCO and highlight-
ing the need for future investigation.95,96,97

The RAD represents the most advanced form of RRT that truly 
attempts to mimic renal “replacement.” Nonautologous cultured tubular 
cells grown along the inner surface of hollow fibers are placed in series 
with a conventional RRT circuit. The ultrafiltrate is pumped through 
the RAD allowing the renal cells to emulate their native functions. 
Animal data suggested its potential benefit and human studies have 
demonstrated not only safety, but also preliminary efficacy. Specifically, 
a phase II, randomized controlled trial of CRRT with the RAD versus 
conventional CRRT alone demonstrated improved survival and renal 
recovery. Forty patients were assigned to CRRT plus the RAD and  
18 patients were assigned to conventional CRRT. Renal recovery  
and overall 28- and 180-day survival was better in the RAD group 
compared with the conventional CRRT group.98 However, a subsequent 
phase IIb trial was unsuccessful,99 and development efforts continue.

CONCLUSION
We have made significant progress in making RRT more accessible to 
the critically ill. Increased overall collaboration between intensivists and 
nephrologists has increased access to RRT and increased the potential 
for better outcomes in critically ill individuals with AKI requiring RRT. 
Large, coordinated investigative efforts have allowed the critical care 
nephrology community to reach some important conclusions: (1) there 
is a minimal, acceptable dose of RRT in AKI, but more intense CRRT 
or daily IHD does not improve outcomes for all patients and (2) CRRT  
is not superior to IHD in many AKI cases, and IHD can be safely  
performed on many critically ill patients with multiorgan system failure. 
Nevertheless, we have significant room for improving our understand-
ing of the application of RRT to critically ill patients. Determining the 
optimal time point to initiate RRT and the best approach to adjusting  
the dose of RRT to the underlying clinical environment remain two impor-
tant areas that require further investigation. Finally, we need to move 
this field to the point where we are truly providing renal “replacement,”  
accounting for innovative filter and circuit characteristics as well as 
providing optimal supportive care including nutritional support and 
appropriate medication adjustment. Once all of these components are 
in place, patients may receive the maximal benefit of extracorporeal  
support with fewer complications.
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•• Hyperkalemia should be treated emergently if typical electrocar-
diographic (ECG) changes are present; hence, ECG monitoring is 
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•• Severe hyperphosphatemia is seen in the setting of renal failure 

and/or massive cell lysis.
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•• Total body phosphate stores may be significantly reduced and pro-
duce organ dysfunction even in the face of normal or minimally 
decreased serum levels; if suspicion for a depleted state exists, treat-
ment should be given.

•• Severe hypomagnesemia may have significant consequences itself, 
including cardiac arrhythmias and muscle weakness; lesser degrees 
of hypomagnesemia often accompany hypokalemia and hypocal-
cemia and correction of the magnesium deficit facilitates correc-
tion of the other electrolyte abnormalities.

SODIUM

■■ METABOLISM
Sodium is the chief extracellular cation and is critical to regulating 
extracellular and intravascular volume. Total body sodium determines 
clinical volume status, but sodium concentration does not correlate 
with volume status. Both hypernatremia and hyponatremia occur in 
the presence of hypo-, eu-, and hypervolemia. The sodium concen-
tration itself is the single ion that best represents serum osmolality; 
essentially all of the clinically relevant symptoms of dysnatremia 
are secondary to alterations in osmolality. Hypernatremia is largely 
synonymous with hyperosmolality, while hyponatremia is generally 
indicative of hypoosmolality.

Osmolality and tonicity are related but separate concepts. Osmolality 
measures all of the solutes in solution, while tonicity only includes par-
ticles that are unable to cross from the intracellular to the extracellular 
compartment. It is these particles which are osmotically active, and by 
drawing water across compartments they may alter cell volume. Sodium 
and potassium are the primary determinants of tonicity.

Balancing water intake and excretion is the principal means by which 
the body regulates sodium concentration. This balance is maintained 
by the effects of thirst and antidiuretic hormone (ADH). Following a 
water load, osmolality falls and osmoreceptors in the hypothalamus 
suppress thirst and ADH release. The latter signals the kidney to pro-
duce dilute urine to clear the water load. In states of water deprivation 
(or a solute load), osmoreceptors detect the rise in osmolality and 
increase thirst and ADH.

The kidney regulates osmolality and sodium concentration by dilut-
ing or concentrating urine. Producing dilute urine allows the kidney to 
clear a water load, raising plasma osmolality.

In order to make dilute urine, multiple criteria must be met:

	 1.	 Tubular fluid must be delivered to the diluting segment of the  
nephron. This can be ensured in any patient with adequate effec-
tive arterial blood volume (EABV) and a normal or near normal 
glomerular filtration rate (GFR).

	 2.	 There must be intact sodium resorption in the diluting segments of 
the kidney (ie, the thick ascending limb of the loop of Henle [TALH] 
and the distal convoluted tubule. Loop and thiazide diuretics are the 
primary causes of inoperative diluting segments.)

	 3.	 The collecting tubule must be impermeable to water. ADH increases 
water permeability, so the production of dilute urine requires a lack 
of ADH.

Concentrating urine allows the kidneys to minimize water loss and 
compensate for an increase in serum osmolality.

In order to produce concentrated urine, the following conditions 
must be met:

	 1.	 A hypertonic medullary interstitium draws water from the medul-
lary collecting ducts. The TALH creates and maintains the high con-
centration of the interstitium. Any factor that antagonizes the TALH 
(eg, loop diuretics, hypercalcemia, or hypokalemia) will disrupt the 
production of concentrated urine.

	 2.	 The collecting duct must be permeable to water, allowing water 
to osmotically flow out of the collecting ducts into the medullary 
interstitium, concentrating the urine. This is affected by ADH. Thus 
ADH is required for production of concentrated urine.

Antidiuretic Hormone:  ADH plays a crucial role in the concentrating and 
diluting process. ADH, or vasopressin, is a six-peptide amino acid pro-
duced in the hypothalamus and stored in the posterior pituitary gland. 
Release of ADH follows increases in osmolality or dramatic drops in blood 
pressure or EABV. An increase in serum osmolality of 1% (2 mOsm/kg)  
will stimulate ADH, while a similar decrease inhibits release. ADH 
is less sensitive to changes in blood volume; a loss of 7% to 10% of 
blood volume is required to release ADH.1 When osmolality sup-
presses and volume depletion stimulates ADH release, volume effects 
predominate and ADH is released. Osmolality is a more sensitive ADH 
stimulus, while volume is a more potent ADH stimulus. ADH is also 
released in response to a collection of nonosmotic, nonvolemic stimuli  
(Table 99-1).

Free Water Clearance and Electrolyte-Free Water Clearance:  As outlined, 
the renal excretion or retention of water is central to the regulation 
of osmolality, so specialized concepts have been developed to model 
renal water handling. Clearance is a generic term used to quantify 
solute removal (x) by the kidney. Clearance is an artificial construct 
that represents the volume of blood that is completely cleared of a 
substance in a set amount of time (Eq. 99-1). The clearance formula 
can be manipulated to calculate the clearance of free water, called 
the free water clearance. Conceptually, urine can be divided into two 
components: an isotonic and a free water component. The isosmotic 
component contains all of the excreted solute at the same concentra-
tion as that found in plasma; since the solute and water loss occur in 
the same proportion as found in the body, excretion of this isotonic 
urine does not affect osmolality. The other component is free water; 
this is solute-free water and excretion of this compartment raises 
plasma osmolality. For example: A person makes 1200 mL of urine 
with an osmolality of 142 mOsm/kg. This urine can be divided into 
600 mL of isotonic urine (284 mOsm/kg) and 600 mL of free water. 
In terms of osmolality, only the 600 mL of free water needs to be  
considered. The loss of this 600 mL will tend to increase serum osmo-
lality. The case is reversed with concentrated urine. A patient produces 
1000 mL of urine with an osmolality of 568 mOsm/kg. This urine can 
be divided into 2000 mL of isotonic urine (284 mOsm/kg) and a neg-
ative 1000 mL of free water. In regard to changes in osmolality only  
the −1000 mL needs to be considered. The −1000  mL repre-
sents water that is added to the body and will decrease serum  
osmolality. Despite the patient excreting 1000 mL of urine, 1000 mL 
of fluid have been effectively added to the body by the production of 
concentrated urine. Equation 99-2 is used to calculate the free water 
clearance.

  TABLE 99-1    Causes of Antidiuretic Hormone (ADH) Release

Inappropriate Stimuli of ADH Release Appropriate Stimuli of ADH Release

Pain Hyperosmolality

Nausea Hypovolemia

Narcotics

Nicotine

Clofibrate

Vincristine

Carbamazepine

Ifosfamide

Chlorpropamide
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Equation 99-2.  Free water clearance. The derivation of free water clearance begins 
with the assumption that urine volume is the sum of the solute clearance (C

osm
) and free water 

clearance. From there, algebraic manipulation results in the free water clearance equation.

Free water clearance allows one to model changes in osmolality, but 
as described above, changes in tonicity and associated alterations in cell 
volume cause the clinical symptoms of dysnatremia. In order to model 
changes in tonicity (ie, sodium) rather than osmolality, the free water 
clearance is further refined to measure electrolyte-free water clearance 
(CEFW). In electrolyte-free water clearance, serum osmolality is replaced 
with serum sodium and urine osmolality is replaced with the sum of urine 
sodium and potassium (Eq. 99-3). To demonstrate the utility of CEFW over 
CH2O, consider two patients with identical urine output (800 mL) and urine 
and plasma osmolality (700 and 270, respectively). One has heart failure 
and the other has the syndrome of inappropriate secretion of antidiuretic 
hormone (SIADH). In both patients, the CH2O is identical at −1274. For 
every 800 mL of urine they produce, 1274 mL of water is added to the body. 
When using electrolyte-free water, the two cases look very different. In heart 
failure (and in all cases of decreased EABV) urine sodium is low, while in 
SIADH the urine sodium is elevated. Using urine sodium (UNa) = 90,  
urine potassium (UK) = 60, and plasma sodium (PNa) = 130 for SIADH, 
the CEFW is −123 mL. Using UNa = 5, UK = 60, and PNa = 130 for  
congestive heart failure (CHF), the CEFW is 400 mL. In the case of CHF 
the CEFW is positive, so the kidney is appropriately excreting excess water 
(although it is limited by oliguria), while in SIADH the CEFW is negative, so 
the production of urine further lowers plasma osmolality.
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Equation 99-3.  Electrolyte-free water clearance. This formula adapts the free water 
clearance formula to model changes in tonicity. C

EFW
 , free water clearance; P

Na
, plasma sodium; 

U
K
, urine potassium; U

Na
, urine sodium; V, urine volume.

■■ HYPERNATREMIA
Hypernatremia has been reported in 0.2% of hospital admissions and 
occurs in an additional 0.3% to 1% of patients during their hospital stay.2 
These numbers underrepresent the prevalence of hypernatremia in the 
ICU; a study by Polderman et al showed that 9% of medical ICU patients 
had a sodium level >150 mmol/L at admission, and an additional 6% 
developed hypernatremia during the ICU stay.3 More recently, a larger 
retrospective review of 981 patients showed that 9% of patients admitted 
to a medical ICU had a sodium level >149 mmol/L, and that hyperna-
tremia developed in a further 2% of patients during their stay.4 The body 
defends against increases in osmolality and serum sodium by increasing 
water intake and minimizing renal-free water excretion (through the 
creation of a concentrated urine). Though ADH is used to minimize free 

water losses, drinking water alone is able to maintain a normal sodium 
and serum osmolality despite a total absence of ADH and the produc-
tion of large amounts of dilute urine. Because the adequate ingestion of 
water can prevent and reverse hyperosmolality, persistent hypertonicity 
(and hypernatremia) only occurs when water ingestion is disabled, as 
occurs with altered mental status, lack of access to water, or inability 
to drink water. In a review of hypernatremia, 86% of patients lacked 
access to free water and 94% received less than a liter of electrolyte-free 
water.2 In the absence of adequate water intake, hypernatremia occurs 
when CEFW exceeds electrolyte-free water intake. Causes of increased 
electrolyte-free water clearance are listed in Table 99-2.

Etiologies

Loss of Water  Electrolyte-free water clearance can exceed water intake 
either from enhanced renal water loss or extrarenal loss.
Renal Water Loss  Renal water losses occur when the kidney is unable 
to appropriately concentrate urine. This is generically referred to as 
diabetes insipidus (DI). Diabetes insipidus can be either central or 
nephrogenic. In central diabetes insipidus (CDI), there is a complete 
or partial lack of ADH. In nephrogenic diabetes insipidus (NDI), there 
is a complete or partial end-organ resistance to ADH. Patients with DI 
have very high CEFW and present with polyuria, polydipsia, and a normal 
serum sodium. Hyperosmolality and hypernatremia only occur when 
the patient fails to drink enough water to compensate for the increased 
CEFW. Renal water loss plays a role in 90% of hospital-acquired hyperna-
tremia, primarily from osmotic diuresis.1

Extrarenal Water Losses  The CEFW equation can be modified to look at 
extrarenal water losses. To do this, change the urinary Na and K to 
the extrarenal fluid Na and K (see Eq. 99-3). When the fluid Na + K 
is significantly less than serum Na, electrolyte-free water is being lost, 
predisposing the patient to hypernatremia. Sweat, osmotic diarrhea, and 
insensible water loss all result in significant EFW loss.
Use of Hypertonic Fluids  The addition of any fluid to the body may alter 
osmolality. The change in osmolality is predictable using an equation 
that looks at the volume and electrolyte composition of both the infusate 
and urine. Equation 99-4 calculates the change in sodium following any 
combination of infusion and urine production.5 Figures 99-1 and 99-2 
show how the change in sodium formula works to predict hypernatre-
mia in two scenarios, one a hypertonic saline infusion and the other an 
increase in CEFW. The change in sodium formula is a general model of 
sodium handling in the body and works equally well in both the etiolo-
gies and treatment of dysnatremias.

∆
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Equation 99-4.  Change in sodium for any combination of urine and infusate. V
iv
 is the volume 

of infusate and Na
iv
 is the sodium content of the infusate. Typical values are 0 for 5% dextrose in 

water, 77 for 0.45% normal saline, 154  for 0.9% normal saline, and 513 for 3% saline; K
iv
 is the 

potassium content of the infusate; V
u
 is the volume of urine; Na

u
 is the sodium content of the urine; 

K
u
 is the potassium content of the urine; ∆V is the change in total body volume (V

iv
 − V

u
); Na

s
 is the 

current serum sodium concentration; TBW is the total body water, usually calculated by multiplying 
weight in kilograms by 0.7 for young men and 0.6 for women and older men.

Clinical Sequelae:  The primary symptoms of hypernatremia are due to 
loss of cell volume (Fig. 99-3). A decrease in brain volume causes neu-
romuscular irritability that clinically presents as lethargy, weakness, and 
headache. These are nonspecific signs and can be particularly occult in 
the population predisposed to hypernatremia (eg, altered mental status, 
dementia, and coma). As sodium rises above 158 mmol/L, more severe 
symptoms may emerge such as seizures and coma, and death may ensue. 
Interestingly even relatively modest hypernatremia (Na >150 mEq/L) 
has been associated with increased mortality among ICU patients  
(RR 1.6) and general inpatients (66% hospital mortality).3,4,6 Significant 
decreases in brain volume stretch cerebral bridging veins, rendering 
them susceptible to rupture and intracerebral hemorrhage.7,8 Beyond 
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cerebral effects, hypernatremia inhibits insulin release and causes insu-
lin resistance, predisposing patients to hyperglycemia.

In response to increased serum tonicity and volume loss, cells com-
pensate by increasing the number of intracellular osmoles. Initially cells 
move extracellular electrolytes into the cells, and later they transfer 
amino acids and other small molecules into the cell. Increased intracel-
lular osmolality restores intracellular volume, and decreases the clinical 
impact of hypernatremia.

Treatment:  The goal of treating hypernatremia is to arrest any ongoing 
cause of hypernatremia, and then to restore serum sodium to normal. 

Specific therapy should be employed to reduce ongoing water losses, 
such as correcting hypercalcemia-induced diuresis or administering 
desmopressin (DDAVP) to patients with CDI. Beyond this, correcting 
hypernatremia requires giving hypotonic fluid either enterally or paren-
terally. The enteral route is preferred, as it allows the use of electrolyte-
free water rather than hypotonic or dextrose-containing fluids. Though 
the optimum speed of correction has not been rigorously determined, 
studies on infants and children showed no seizures when sodium was 
corrected at less than 0.5 mmol/L per hour.9 The sodium can be safely 
lowered by 10 mmol in the first day of therapy. Patients with acute  
(<48 h) increases in sodium (eg, from hypertonic bicarbonate infu-
sions) can safely be corrected at 1 mmol/L per hour.10 The change in 

  TABLE 99-2    Causes of Hypernatremia

Increased CEFWa Sweat and Insensible Losses Water Loss into Cells Increased Intake of Sodium Central Impairment of Thirst

Central diabetes insipidus Fever Severe exercise Infusions of hypertonic sodium bicarbonate Reset osmostat

Nephrogenic diabetes insipidus Tachypnea Seizures Infusions of hypertonic saline Elderly patients

Hypercalcemia Burns Hypertonic dialysate

Hypokalemia Exercise Overdose of salt tablets

Recovery from acute tubular necrosis

Postobstructive diuresis

X-linked recessive

Lithium

Demeclocycline

Osmotic diuresis

Hyperglycemia

Mannitol

Urea (catabolic state, high-protein tube feedings)

Diarrhea (osmotic)

Lactulose

Sorbitol

Malabsorption
aNote: Patients with increased electrolyte-free water losses that are able to increase water intake will maintain eunatremia. These conditions increase the demand for water, but if that demand is met they will not 
cause hypernatremia.

ΔNa =

ΔNa =

ΔNa = 8.1

Viv × (Naiv + Kiv) − Vu × (Nau + Ku) − ΔV × Nas

TBW + ΔV

0.4 × (1000 + 0) − 0.4 × 140
42 + 0.4  

FIGURE 99-1.  Change in sodium following a cardiac arrest. This patient was given 
4 amps of sodium bicarbonate during a code. Each amp of bicarbonate contains 100 mL and 
has a concentration of 1 mmol/mL or 1000 mmol/L. The patient is anuric so the urine volume, 
Na, and K drop out. The patient weighs 70 kg and has 60% body water so TBW = 42. See 
caption to Eq. 99-4 for explanation of variables.

Viv × (Naiv + Kiv) − Vu × (Nau + Ku) − ΔV × Nas

TBW + ΔV

8 × (0 + 0) − 18 × (8 + 15) − (−14) × 140
42 + (−14)

ΔNa =

ΔNa =

ΔNa = 30.8

FIGURE 99-2.  Change in sodium in a patient with central diabetes insipidus who stopped 
his desmopressin and is ingesting an inadequate quantity of water. The patient weighs 70 kg 
and has 60% body water so TBW = 42. See caption to Eq. 99-4 for explanation of variables.

FIGURE 99-3.  Increased plasma osmolality causes a shift of water out of the intracellular  
compartment. Decreased cell volume impairs tissue function, particularly in the central 
nervous system.
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serum sodium from a given amount of fluid can be calculated using  
Eq. 99-4. An example of this is shown in Figure 99-4.

A number of complications from the treatment of hypernatremia 
can occur. If the sodium is lowered too quickly, cerebral edema may 
occur. Dextrose solutions predispose patients to hyperglycemia, which 
may cause an osmotic diuresis, worsening the hypernatremia. For this 
reason, enteral fluids are preferred during treatment of hypernatremia.

■■ HYPONATREMIA
Hyponatremia is defined as a serum sodium less than 136 mmol/L. Since 
serum sodium and its accompanying anions are the principal determi-
nants of serum osmolality, hyponatremic patients are typically hypoos-
molar; however, hyponatremia may also be associated with normal or 
elevated osmolality. Since the primary morbidity from hyponatremia is 
due to decreased tonicity, hyponatremia with normal or elevated osmo-
lality does not cause the clinical picture typically associated with the 
more typical hyponatremia with decreased tonicity.

Pseudohyponatremia is associated with a normal plasma osmolality.  
It is an artifact of two popular sodium assays, flame photometry and 
indirect potentiometry. Serum with elevated triglycerides, proteins 
(from multiple myeloma or Waldenström macroglobulinemia, or fol-
lowing intravenous immunoglobulin therapy), or rarely cholesterol 
has increased solute, and thus a given volume of serum contains less 
water. This results in a lab error due to overdilution of the sample 
(Fig.  99-5). Patients suspected of having pseudohyponatremia should 
have their sodium assessed by direct potentiometry, a technique gener-
ally employed by blood gas laboratories that is not susceptible to arti-
factual hyponatremia. Indirect potentiometry is used in two-thirds of 
clinical labs, making pseudohyponatremia a real issue.11 Since patients 

with pseudohyponatremia have normal sodium and osmolality, no  
specific treatment is needed.

With simultaneous hyponatremia and hyperosmolality, an additional 
solute is contributing to the osmolality. Both glucose and mannitol 
can act as the additional solute. The increased extracellular osmolality  
draws water from the intracellular space, diluting serum sodium. The 
measured serum sodium falls by a predictable amount; the common 
cited adjustment is a decrease in sodium of 1.6 mmol/L for every  
100 mg/dL increase in blood glucose.12 However, the only empiric data 
that looked at this showed a more complex relationship: The adjustment 
of 1.6 mmol/L holds until serum glucose exceeds 400 mg/dL, at which 
point the sodium should fall by 4.0 mmol/L for every 100 mg/dL rise 
in glucose. For glucose less than 700 mg/dL, using an adjustment of  
2.4 worked nearly as well as the more complex biphasic system.13

Hyposmotic hyponatremia, also called true hyponatremia, and in 
the remainder of the chapter simply called hyponatremia, occurs when 
electrolyte-free water intake exceeds electrolyte-free water clearance 
(CEFW). Intact kidneys are able to clear close to 20 L of electrolyte-free 
water, so outside of exceptional water intake, hyponatremia only occurs 
when there is a defect in the CEFW. This defect in CEFW can alternatively 
be stated as an inability to produce an adequate volume of dilute urine. 
This can be due to

•• Decreased delivery of water to the diluting segments of the nephron, 
namely the thick ascending limb of the loop of Henle (TALH) and 
distal convoluted tubule (DCT). Decreased delivery of tubular fluid 
is due to a generalized decrease in glomerular filtration rate (GFR), 
as seen in renal failure, or increased proximal resorption of water, as 
seen with decreased EABV.

•• Decreased activity in the diluting segments of the nephron due to 
diuretics. Loop diuretics block solute resorption in the TALH and 
thiazide-type diuretics block resorption in the DCT.

•• ADH activity, which allows water to be resorbed in the collecting 
tubules, preventing CEFW.

Etiologies:  Hypotonic hyponatremia is traditionally broken down by 
clinical volume status of the patient (Table 99-3). While this may help 
clinically classify patients, it does not elucidate the pathophysiology 
of hyponatremia (eg, CHF and vomiting both cause hyponatremia by 
inducing a nonosmotic release of ADH, but they are on opposite sides 
of the classification, as one is hypovolemic and the other hypervol-
emic). A pathophysiologic approach to hyponatremia categorizes the 
etiology based on why the patient has compromised CEFW.
Decreased Delivery of Water to the Diluting Segments of the Nephron  Decreases in GFR 
for any reason reduce CEFW. Patients with renal failure must moderate 
their intake of fluids or they may develop acute hyponatremia. Decreases 
in effective arterial blood volume can result from heart failure, cirrhosis,  
or volume depletion. Even in situations in which the GFR is intact, 
decreased EABV (due to CHF, liver failure, or nephrotic syndrome) 
increases resorption of fluid in the proximal tubule, reducing delivery 
of fluid to the diluting segments. Patients with reduced distal delivery 
of fluid have positive CEFW, but the clearance is less than their intake of 
free water. The hyponatremia tends to be gradual in onset and of mild 
severity.
Decreased Activity in the Diluting Segments of the Nephron Due to Diuretics  An intact 
diluting segment is essential to CEFW. In some patients, severe hypona-
tremia can follow the initiation of diuretics.14 Diuretics promote hypo-
natremia by blocking at least one and possibly all three factors required 
to produce dilute urine:

	 1.	 Thiazide and loop diuretics both directly antagonize the production 
of dilute urine.

	 2.	 Diuretic-induced volume depletion reduces the delivery of water to 
the diluting segments of the nephron.

	 3.	 With more dramatic volume loss, diuretics stimulate a nonosmotic 
release of ADH, dramatically reducing CEFW.

Initial Na = 168 mmol/L

So: 6 L free water will decrease Na by 24 to 144 mmol/L
To calculate the rate, limited to 2 mmol/L per hour:

24 mmol/L
2 mmol/L per hour 

× 6 L = 0.5 L/h   

ΔNa =

ΔNa =

ΔNa = 3.9 ≈ 4

Viv × (Naiv + Kiv) − ΔV × Nas

TBW + ΔV

1 × (0 + 0) − 1 × 168
42 + 1  

FIGURE 99-4.  Using the change in sodium formula to assist with the treatment of hyper-
natremia. In this example the patient is assumed to be anuric. During the treatment urine Na 
and K should be measured along with urine volume to better refine the estimated volume and 
time needed to correct the hypernatremia. See caption to Eq. 99-4 for explanation of variables.

Normal Pseudohyponatremia

Protein, lipid

Plasma water

RBC

PlasmaPlasma

FIGURE 99-5.  Pseudohyponatremia occurs when plasma proteins or lipids occupy an 
unexpectedly high volume. The decreased plasma water is overdiluted while preparing the 
sodium assay, so the sodium will be falsely reported as low.

section08.indd   947 1/14/2015   8:28:10 AM

http://www.myuptodate.com


PART 8: Renal and Metabolic Disorders948

Despite the fact that thiazide-type diuretics are less potent than loop 
diuretics, they cause hyponatremia more frequently and hyponatremia 
that is more severe. The NaK2Cl channel, which is antagonized by loop 
diuretics, is the engine that produces the hypertonic medullary inter-
stitium. This medullary interstitium is necessary for ADH-stimulated 
water resorption in the medullary collecting duct. Chronic loop diuretic 
use attenuates the hypertonicity of the interstitium, so that even in the 
presence of ADH, little water is resorbed (Fig. 99-6).

Thiazide-induced hyponatremia is classically seen among elderly 
Caucasian females.14,15 It should be noted that although these patients are 
classified as hypovolemic, the volume loss has repeatedly been reported 
as minor and subtle.16-18 Although hyponatremia associated with diuretic 
use normally occurs within the first few days of therapy, hyponatremia 
due to chronic diuretic use may emerge in a newly sick patient.17

ADH Activity  The primary role of ADH is to regulate osmolality, so that 
it is released in response to increases in osmolality. In the presence 
of hypoosmolality, ADH release is suppressed. However, ADH has a 
secondary role in maintaining perfusion, and is released in response to 
large decreases in blood pressure. This nonosmotic release of ADH sac-
rifices osmoregulation to maintain adequate perfusion. Volume deple-
tion, heart failure, and cirrhosis are all examples in which a nonosmotic 
release of ADH reduces CEFW and contributes to hyponatremia.

ADH may also be released without osmotic or perfusion-related 
stimuli. In these cases, the ADH release is considered inappropriate, as it 
serves no physiologic purpose. The syndrome of inappropriate secretion 
of ADH (SIADH) is a release of ADH despite decreased osmolality and 
normal EABV. Causes of SIADH are listed in Table 99-1. Among the  
elderly no cause of SIADH can be found in up to 10% of patients.19  
The diagnosis of SIADH requires four criteria:

	 1.	 Hypotonic (<270 mOsm/kg) hyponatremia (<135 mmol/L)
	 2.	 Inappropriately concentrated urine (>100 mOsm/kg)

	 3.	 Elevated urine sodium
	 4.	 No underlying adrenal, thyroid, pituitary, or renal disease

Unique Clinical Situations Resulting in Hyponatremia 

Cerebral Salt Wasting  Cerebral salt wasting (CSW) is a rare clinical event that 
typically follows a subarachnoid hemorrhage. Patients have high urinary 
flow rates with elevated urine sodium, which ultimately results in severe 
volume deficiency and hyponatremia. The pathophysiology behind CSW 
has not been fully elucidated but it is likely that natriuretic proteins are 
released in response to the CNS injury. Atrial natriuretic peptide, brain 
natriuretic peptide, and an endogenous ouabain-like peptide have all 
been proposed as possible etiologic agents. The key diagnostic dilemma 
is differentiating CSW from SIADH, as both can follow CNS insults and 
are marked by hyponatremia with elevated urine sodium. The principal 
differences are urine volume (in SIADH it is low, while it is high in CSW) 
and clinical volume status (it is normal in SIADH, while it is low in 
CSW). In CSW, ADH release is secondary to decreased volume status, and 
aggressive fluid replacement is required to maintain perfusion and sup-
press ADH. This differentiates it from SIADH, where isotonic saline will 
decrease serum sodium. CSW spontaneously resolves after 2 to 3 weeks.20

Postoperative Hyponatremia  The postoperative period is ripe with factors that 
stimulate ADH: stress, positive pressure ventilation, pain, nausea, and 
opioids. It is not surprising that with the addition of generous quantities 
of IV fluids, hyponatremia can occur.21

A unique form of postoperative hyponatremia may follow urologic 
or gynecologic procedures employing large amounts of hypotonic irrig-
ants, typically 1.5% glycine.22 The hypotonic fluid enters the systemic 
circulation and patients develop acute neurologic symptoms from either 
the rapid drop in sodium or increased ammonia produced from the 
metabolism of glycine. Patients with hypotonic and neurologic symp-
toms should be treated for acute hyponatremia. Intact kidneys rapidly 
clear the irrigant so hyponatremia is only transient. Severe hyponatre-
mia is more common following longer operations, larger resections, and 
high-pressure irrigation.23

Psychogenic Polydipsia  This disorder is most commonly seen in patients 
suffering from schizophrenia. They overwhelm their urinary diluting 
capacity by ingesting large volumes of water. Nausea and vomiting from 
acute hyponatremia are typical and stimulate a nonosmotic release of 
ADH, worsening the hyponatremia.24 These patients demonstrate exces-
sive diurnal weight gains, usually in excess of 10% of their body weight.

Adrenal Insufficiency  Adrenal insufficiency reliably causes hyponatremia. 
There are two mechanisms that cause this: hypovolemic release of ADH 
and corelease of ADH with adrenocorticotropic hormone (ACTH). 
Patients with adrenal insufficiency can be hypotensive due to either loss 
of cortisol, or in the case of primary adrenal insufficiency loss of aldo-
sterone, causing a salt-wasting nephropathy resulting in hypovolemia. 
The hypotension and hypovolemia reduces water delivery to the diluting 
segments and stimulates ADH release. The second mechanism is due to 
enhanced ADH release in response to increased corticotropin-releasing 
hormone (CRH). CRH is the secretagogue of ACTH, but it also stimulates 
ADH release.25,26 In primary and secondary adrenal insufficiency CRH is 
increased, which will cause increased ADH release, lowering CEFW.

Clinical Sequelae:  Symptoms seen in hyponatremia are largely neu-
rologic and increase in severity with lower sodium and increased 
rate of development of the hypoosmolar state. Symptoms are often 
vague and nonspecific: malaise, nausea, confusion, and lethargy. 
More dangerous symptoms follow: headache, obtundation, seizures, 
coma, and death.16 Unusual symptoms have been reported, includ-
ing hemiparesis and acute psychosis.27 Symptoms are largely due 
to cerebral edema (Fig. 99-7). With extracellular hypoosmolality, 
the intracellular compartment becomes relatively hypertonic and 
water osmotically flows into cells, resulting in cell swelling and 
increased intracranial pressure. Following prolonged hyponatremia  
(24-72 hours), cells compensate for the chronic hyponatremia by ejecting  

  TABLE 99-3    Etiologies of Hyponatremia Categorized by Clinical Volume Status

Hypovolemic Euvolemic Hypervolemic

Diarrhea SIADH CHF

Vomiting Hypothyroidism Cirrhosis

Pancreatitis Glucocorticoid deficiency Nephrotic syndrome

Burns Acute renal failure

Diuretic induced Chronic renal failure

Mineralocorticoid deficiency

Salt-wasting nephropathy

Cerebral salt wasting

CHF, congestive heart failure; SIADH, the syndrome of inappropriate secretion of antidiuretic hormone.

FIGURE 99-6.  In the left panel, thiazide diuretics block reabsorption in the DCT, leaving 
the TALH intact. ADH-induced water resorption is not dissipated. In the right panel, loop 
diuretics block TALH so that the medullary interstitium loses its concentration gradient. Even 
in the presence of ADH, little water is resorbed from the collecting tubule due to the loss of 
the hypertonic interstitium.

section08.indd   948 1/14/2015   8:28:11 AM

http://www.myuptodate.com


CHAPTER 99: Electrolyte Disorders in Critical Care 949

intracellular solutes, lowering intracellular volume. With the restora-
tion of intracellular volume in chronic hyponatremia, the condition 
becomes essentially asymptomatic.

Hypoxia is repeatedly reported as a common finding among patients 
with symptomatic hyponatremia. Some authors have attributed this to 
noncardiogenic pulmonary edema, though central hypoventilation may 
also be responsible.28 The average partial arterial oxygen pressure (PaO2) 
of patients with symptomatic hyponatremia was 63 mm Hg and 68% of 
the patients in this series were ultimately intubated.29 Hypoxia has been 
shown to delay cellular compensation, resulting in persistent symptoms 
of acute hyponatremia despite a prolonged clinical course of over 5 days.

Treatment:  Hyponatremia causes symptoms due to cerebral edema 
from the osmotic movement of water into cells. Compensation for 
acute hyponatremia consists of cells ejecting intracellular solutes in 
order to restore normal cell volume. This compensation complicates 
treatment decisions because rapidly restoring normal osmolality in 
the presence of compensated cells can cause the serum to be relatively 
hypertonic to the cells, resulting in the osmotic movement of water 
out of the cells. In the CNS, this can cause a condition called central 
pontine myelinolysis (CPM) or osmotic demyelination syndrome 
(ODS) that results in severe morbidity or death. In determining 
the treatment plan for hyponatremia, one must balance the risk of 
cerebral edema from the hyponatremia against the risk of ODS from 
treating compensated hyponatremia. Creating evidence-based guide-
lines is difficult because of the lack of randomized controlled trials. 
Recommendations are based on retrospective case series and expert 
opinion. The following guidelines attempt to balance the risks of these 
opposing outcomes.
Symptomatic Hyponatremia  In acute hyponatremia, little compensation has 
occurred and the benefits of rapid correction and resolution of cerebral 
edema outweigh the risks of ODS. While acute hyponatremia has clas-
sically been defined as hyponatremia lasting less than 48 hours, a pro-
spective (albeit not randomized) trial has shown active treatment to be 
superior to fluid restriction for a cohort of patients with CNS symptoms 
and an average duration of hyponatremia of 5.2 days (all had hypona-
tremia for longer than 48 hours and a gradual decrease in sodium of 
0.5 mmol/L per hour). Given this, patients with symptomatic hypona-
tremia regardless of duration should be actively treated. Sodium levels 
should be initially raised rapidly until symptoms abate or the serum 

sodium has been raised by 4 to 6 mEq/L.28 Furthermore, the sodium 
should be raised no more than 10- 12 mEq/L in the first 24 hours, and 
by no more than 18 mEq/L in 48 hours.30-34 The sodium concentration 
should be assessed frequently to maintain the permitted rate of correction.  
Aside from volume depletion, hypertonic saline is the best way to raise 
the sodium concentration to treat acute, symptomatic hyponatremia. 
When using hypertonic saline to correct hyponatremia, Eq. 99-4 
allows rapid calculation of how much the serum sodium will change in 
response to 1 L of IV fluid. It should be noted that when using IV fluids 
to treat hyponatremia, potassium in the IV fluid has the same effect 
on serum tonicity as sodium, and needs to be added to the sodium.35,36 
Figure 99-8 gives an example of using the change in sodium formula to 
manage hyponatremia.

Caution should be used when estimating total body water. The  
common estimate of 0.7 times total body weight for men and 0.6 times 
total body weight for women assumes a normal hydration status and 
normal percentage of body fat. This calculation overestimates total body 
water among patients who are volume depleted or obese. Overestimating 
TBW leads to exceeding limits on the speed of correction and possibly 
increased risk of osmotic demyelination.

In the setting of hyponatremia due to volume depletion, normal saline 
should be used to restore normal perfusion prior to specific therapy for 
hypoosmolality. Restoring normal perfusion will remove the nonos-
motic stimulus for ADH release so the kidney will increase free water 
clearance and autocorrect the hyponatremia. In some situations, patients 
will correct their sodium too fast and require free water infusions to slow 
the rate of correction.
Asymptomatic Hyponatremia  Whereas acute symptomatic hyponatremia 
demands aggressive treatment to reverse cerebral edema, chronic 
asymptomatic hyponatremia is well tolerated and should be treated 
conservatively. First, any ongoing cause of the hyponatremia (eg, water 
intake or diuretics) should be stopped and water restriction initiated. 
A spot urine sodium and potassium should be checked in order to 
calculate the CEFW. In most cases, this will be positive and can allow one 
to determine the degree of fluid restriction required to raise the serum 
sodium. However, in SIADH the CEFW will be negative, which means 
that for every milliliter of urine the patient produces, water is added to 
(rather than cleared from) the body. With a negative CEFW water restric-
tion will rarely be successful at raising serum sodium. In this unique 
situation, a loop diuretic can increase the CEFW by reducing the urine 
sodium. A negative CEFW only occurs when the urine Na plus urine K is 
higher than the serum Na, and loop diuretics typically reduce the urine 
sodium to around 70, which is sufficient to reduce the urine Na plus K  
to below serum Na. This will make the CEFW positive and allow fluid 

FIGURE 99-7.  Decreases in extracellular osmolality cause the intracellular compartment 
to be relatively hypertonic. The hypertonic intracellular compartment attracts water, result-
ing in cellular swelling and tissue dysfunction. In the brain, cellular swelling causes cerebral 
edema and elevated intracranial pressure.

Initial Na = 107 mmol/L

So :  1 L of 3% saline will increase Na by 10 and 1.2 L will increase it by 12,
the limit for the first day of therapy.
To calculate the rate, divide 1200 mL by 24 hour:

1200 mL
24 h

= 50 mL/h

ΔNa =

ΔNa =

ΔNa = 10.4

Viv × (Naiv + Kiv) − Vu × (Nau + Ku) − ΔV × Nas

TBW + ΔV

1 × (513 + 40) − 1 × 107
42 + 1

FIGURE 99-8.  Using the change in sodium formula to assist with the treatment of hypo-
natremia. In this example, the patient is assumed to be anuric. During the treatment urine Na 
and K should be measured along with urine volume to better refine the estimated volume and 
time needed to correct the hyponatremia.
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restriction to increase the serum sodium. (Note: In patients with a 
positive CEFW, adding a loop diuretic can have the opposite effect by  
increasing a low urine Na, indicative of good CEFW, to around 70.)

In patients with chronic SIADH, use of the antibiotic demeclocycline 
acts as an ADH antagonist and so allows more liberal fluid intake. Likewise, 
increasing the solute load by using a high-protein diet or increased sodium 
and potassium intake will also allow increased daily fluid intake.

The Role of Vasopressin Antagonists  There are three AVP receptor subtypes 
(V1a, V1b, and V2). Vaptans are nonpeptide competitive inhibitors of 
V2 primarily, the receptor subtype which mediates the effects of ADH.37 
They reduce urine osmolality, increase CEFW (aquaresis), and conse-
quently increase serum sodium concentration.

Currently there are no data to support the use of vaptans in acute 
symptomatic hyponatremia.38 However, their use has been examined in 
chronic hyponatremia from various causes. In the SALT-1 and SALT-2 
trials, Tolvaptan was efficacious at raising serum sodium at day 4 and 
day 30 in patients with euvolemic and hypervolemic hypernatremia.39 
Initial studies supported the efficacy of long-term vaptan use in chronic 
hyponatremia.40,41 However, due to concerns of liver injury the FDA 
recently advised that use of Tolvaptan should not exceed 30 days, 
and that its use be avoided in those with underlying liver disease.42 
Additional limitations include expense compared to more standard 
therapies, and the potential for over rapid correction, which is more 
likely to occur with use of these agents.38 Furthermore, increased thirst 
may limit the rise in serum sodium.39

Osmotic Demyelination Syndrome  ODS is the primary complication of therapy 
for hyponatremia. With rapid or complete restoration of extracellular 
osmolality, a well-adjusted intracellular environment becomes relatively 
hypotonic. Water then flows from the intracellular to the extracellular 
compartment, causing cell volume collapse. In the CNS, this can cause 
a demyelinating lesion. Symptoms usually present within a week of the 
correction of the hyponatremia. Although slowly evolving neurologic 
symptoms similar to a pseudobulbar palsy and the “locked-in” quadri-
paresis are classic, findings may be more subtle. Disturbances of move-
ment or behavior or seizures may be the presenting finding.43 Some 
patients tend to be more susceptible than others. In a case-control study 
by Ayus and colleagues, patients with hepatic encephalopathy, hypoxia, 
or normalization of Na (or an increase greater than 25 mmol/L) in the 
first 48 hours were found to be susceptible to ODS.44 In the event that 
ODS occurs, there is some evidence that reintroducing hyponatremia 
improves outcome. In a rat model of ODS, hypotonic fluid administra-
tion improved both survival and neurological outcomes. The greatest 
benefit was observed from early relowering of the sodium.45 In humans 
with ODS, case reports also suggest benefit of early relowering of 
sodium.46-48 Some authors advocate relowering the sodium to 120 mEq/L 
by giving hypotonic fluids and DDAVP, and then allowing the sodium 
to slowly return to normal. However, there are no randomized trials 
in the literature to validate this approach, and given the devastating  
morbidity and mortality of ODS, an attempt to reduce the sodium level 
to a value of 15-17 mEq/L greater than the initial (lowest) value should 
be attempted in patients displaying symptoms of ODS.

POTASSIUM
Potassium is the most common cation in the body. The ratio of the 
intracellular to extracellular potassium concentration is the primary 
determinant of the resting membrane potential (Em). Alterations in the 
Em disrupt the normal function of neural, cardiac, and muscular tissues. 
Normal serum potassium ranges from 3.5 to 5.2 mmol/L. The molecular 
weight of potassium is 39.1, so a daily potassium intake of 80 mmol is 
roughly equivalent to 3.1 g of potassium.

The normal physiologic handling of potassium can be viewed as 
a three-step process: ingestion, cellular distribution, and excretion. 
Irregularities at any of these steps can result in pathologic serum potas-
sium concentrations.

■■ METABOLISM
Intestinal Absorption:  Normal daily intake is roughly 40 to 80 mmol. 
Potassium is rapidly and completely absorbed by the small intestine. 
Net GI absorption (intake minus GI losses) is approximately 90%.49 
Lower GI secretions have high concentrations of potassium, 80 to 
90 mmol/L, but due to the limited amount of stool (80-120 g/d), daily 
GI excretion of potassium is only 10 mEq.50-52 The colonic epithelium 
is capable of actively excreting potassium, but this is not clinically sig-
nificant. Patients with chronic renal failure have elevated stool potas-
sium but total potassium excretion is still limited to about 12 mEq/d.53

Cell Uptake:  Following absorption, potassium distributes among the 
intracellular and extracellular compartments. The intracellular com-
partment acts as the primary buffer to changes in serum potassium 
concentration.

The Na-K-ATPase pump, driven by a ubiquitous cell surface enzyme, 
moves potassium into cells while pumping sodium out of cells. The 
pump is stimulated by β2-adrenergic activity, while α-adrenergic activity 
results in potassium efflux.53 Insulin also stimulates the activity of this 
pump and is independent of its hypoglycemic activity.54

Extracellular pH can affect the cellular distribution of potassium. 
Various explanations have been proposed, including a direct effect of 
pH on the Na-K-ATPase, or an H+-K+ exchange to maintain electroneu-
trality. The effect of pH on potassium distribution varies depending on 
the nature of the acid-base disturbance. Respiratory acidosis, alkalosis, 
and organic acidosis all have minimal effect on potassium distribu-
tion. Inorganic acidosis can increase serum potassium, while metabolic  
alkalosis can lower potassium.

Renal Excretion of Potassium:  Renal excretion of potassium can range 
from 5 to 500 mEq/d.55,56 Though 500 mmol of potassium is filtered by 
the glomerulus each day, >90% is resorbed in the proximal tubule and 
loop of Henle. Thus the secretory contribution from the distal tubule is 
the main determinant of urinary potassium excretion.57 Because of this 
phenomenon, the study of renal potassium handling can focus exclu-
sively on the distal nephron.

The secretion of potassium in the distal tubule is governed by 
two phenomena: tubular flow and aldosterone activity (Fig. 99-9). 
Potassium secretion by the principal cells of the collecting duct depends 
on a favorable electrochemical gradient. Rapid tubular flow provides 
a continuous supply of potassium-depleted fluid, maintaining a favor-
able chemical gradient. Increased tubular flow occurs with high tubular 
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FIGURE 99-9.  Potassium handling in the cortical collecting duct. The resorption of sodium 
creates a negatively charged tubule lumen. This charge helps drive the secretion of potassium. 
Chloride resorption decreases the negative charge, so increased chloride resorption decreases potas-
sium secretion. ADP, adenosine diphosphate; ATP, adenosine triphosphate; Pi, inorganic phosphate.
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sodium delivery. Furthermore, resorption of sodium by the principal 
cells generates a negative charge in the tubular lumen. The luminal 
electronegativity enhances potassium secretion. Some of this negative 
charge is lost by concurrent resorption of chloride. Decreased distal 
chloride delivery, as occurs with metabolic alkalosis, reduces chloride 
resorption, thereby increasing the tubule electronegativity and enhanc-
ing potassium secretion.58 Aldosterone is a steroid hormone produced 
in the zona glomerulosa of the adrenal gland. Its principal site of action 
is the connecting segment and collecting tubules of the distal nephron. 
In the principal cells of the cortical collecting duct (CCD), aldo-
sterone increases the resorption of sodium and hence the secretion of  
potassium. Aldosterone stimulates the production and activity of Na-K-
ATPase, sodium channels, and potassium channels.59 Aldosterone 
also has a small but measurable effect on increasing GI potassium  
excretion.49 Aldosterone is secreted in response to angiotensin II and 
elevated serum potassium.

The fact that potassium secretion is dependent on both tubular flow 
and aldosterone means that urinary potassium excretion is independent 
of volume status despite the fact that both tubular flow and aldosterone 
are intimately tied to volume status. With volume depletion, increased 
angiotensin II stimulates the release of aldosterone, which enhances potas-
sium secretion; however, the simultaneous decrease in GFR and increased 
resorption by the proximal tubule decrease tubular flow, antagonizing 
potassium secretion. In the opposite case of volume overload, decreased 
aldosterone suppresses potassium secretion, but increased tubular flow 
enhances potassium secretion, maintaining potassium balance.

■■ HYPOKALEMIA
Hypokalemia is defined as a serum potassium concentration below 
3.5 mmol/L, and is found among 20% of the hospitalized population. 
However, this high frequency probably does not reflect total body potas-
sium depletion. In a review of 70 hospitalized patients with a potassium 
less than 2.8 mmol/L, the potassium rose toward normal regardless if 
they were given potassium or not. The authors suggested that hospital-
ization for acute illness was associated with increased adrenergic stimu-
lation, resulting in intracellular movement of potassium and transient 
hypokalemia.60

Etiology:  See Table 99-4.
Decreased Dietary Intake  Potassium-poor diets usually are merely contribu-
tory to hypokalemia. In a study of normal individuals, a potassium 
restricted diet (20 mmL/day) was associated with a decline in serum 
potassium from 4.1 mEq/L to 3.5 mEq/L.61 Even among patients with 
severe malnutrition due to anorexia nervosa and/or bulimia, serum 
potassium less than 3 mmol/L occurred in less than 2%, and in all of 
those patients there was enhanced potassium loss from cathartics or 
vomiting.62

Cellular Shifts  Activation of β-adrenergic receptors increases Na-K-ATPase 
activity. Any physiologic stress that releases epinephrine or norepi-
nephrine can result in a transient decrease in serum potassium. Use of 
primarily β-adrenergic catecholamines, such as dobutamine, can cause 
transient hypokalemia.63 The β-agonists used for bronchodilation or as 
tocolytic agents can also acutely lower potassium.

Insulin reliably stimulates Na-K-ATPase and lowers serum potassium.54  
Insulin-induced hypokalemia has been documented in the treatment 
of diabetic ketoacidosis and hyperosmolar nonketotic states, and with 
the use of intravenous dextrose solutions.64 Refeeding syndrome occurs 
among patients given a carbohydrate-rich diet or parenteral nutrition 
following periods of starvation. Refeeding syndrome is associated with 
hypokalemia and hypophosphatemia.65

Metabolic (or respiratory) alkalosis is associated with the intracel-
lular movement of potassium. Increased pH results in movement of 
hydrogen ions from the intracellular to the extracellular compartment. 
Potassium shifts into cells to maintain electroneutrality. In addition, 
in metabolic alkalosis, increased serum bicarbonate enhances renal 

potassium excretion. Studies in nephrectomized dogs show a modest 
but measurable decrease in serum potassium of less than 0.3 mmol/L 
for each increase in pH of 0.1 (though these data did not account for a 
significant increase in serum osmolality).66 The common association of 
alkalosis and hypokalemia is primarily due to enhanced renal excretion 
of potassium rather than a transmembrane shift.

Hypokalemic periodic paralysis is an unusual clinical entity in which 
transcellular shifts in potassium result in paralysis. These patients 
develop sudden, severe drops in serum potassium associated with skel-
etal muscle paralysis. Triggers include carbohydrate loads, exercise, and 
changes in body temperature. Acetazolamide may decrease the frequency 
and severity of symptoms in some families; recent work suggests this 
response varies according to genotype.67,68 Oral potassium can be used to 
treat acute paralysis but patients often develop rebound hyperkalemia.69

Increased Potassium Loss  The cortical collecting duct is the critical site of 
renal potassium handling. Normally aldosterone activity and sodium 
delivery to the CCD are balanced so that when one is elevated the other 
is decreased. Excess renal potassium excretion only occurs when both 
aldosterone and distal sodium delivery are increased.

Most diuretics increase distal delivery of sodium and increase aldo-
sterone, resulting in hypokalemia. Primary hyperaldosteronism causes 
hypertension and hypokalemia. The hypokalemia is due to the simul-
taneous increase in aldosterone activity and sodium delivery to the 
distal nephron. The increased sodium delivery is due to a spontaneous 

  TABLE 99-4    Causes of Hypokalemia

Decreased Potassium 
Intake Cellular Shift Increased Potassium Loss

Anorexia β-Adrenergic activity Extrarenal losses

Malnutrition/malabsorption Endogenous Chronic diarrhea

Alcoholism Albuterol Fistulas and ostomies

Ingestion of grey clay Dobutamine Renal losses

Terbutaline Loop diuretics

Fenoterol Thiazide diuretics

Insulin Osmotic diuretics

Alkalemia Acetazolamide

Periodic paralysis Type I and II renal tubular 
acidosisThyrotoxicosis

Familial Metabolic alkalosis

Xanthines Bicarbonaturia (vomiting)

Theophylline toxicity Ketonuria

Caffeine Hypomagnesemia

Barium toxicity Carbenicillin

Treatment of anemia (rapid  
cell proliferation)

Bartter and Gitelman  
syndromes

Hyperaldosteronism

Exogenous steroids

Adrenal adenoma

Adrenal hyperplasia (Conn 
syndrome)

Syndrome of apparent  
mineralocorticoid excess

Liddle syndrome

Congenital adrenal hyperplasia

Renal artery stenosis

Renin-secreting tumor
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diuresis in response to the hypertension known as aldosterone escape. A 
full discussion of the causes of increased aldosterone activity is beyond 
the scope of this text; however, a list of causes is included in Table 99-4.

Normally, the primary anion in the tubular fluid is chloride. Various 
conditions can result in chloride being replaced by an unresorb-
able anion. Anions that are not resorbed prevent sodium from being 
resorbed and increase sodium and tubular fluid delivery to the distal 
nephron. In addition, unresorbable anions increase tubule electronega-
tivity, which enhances potassium secretion by the principal cells. The 
most common example of an unresorbable anion resulting in hypokale-
mia is bicarbonate. In metabolic alkalosis, increased serum bicarbonate 
is delivered to the distal nephron, resulting in increased renal potassium 
loss. Diabetic ketoacidosis increases delivery of the unresorbable anion 
β-hydroxybutyrate to the distal nephron.

Hypomagnesemia is associated with hypokalemia that is resistant to 
therapy. Decreased magnesium increases renal potassium losses and 
needs to be corrected prior to successful treatment of hypokalemia.70

Despite a high concentration of potassium in lower GI secretions, 
85 to 95 mmol/L, GI potassium losses are typically modest, about 
10 mEq/d.51 Chronic diarrhea can cause hypokalemia, but the mecha-
nism appears to be more complex than simple GI loss of potassium. In 
cases of experimental diarrhea, daily GI potassium loss was never higher 
than 24 mEq/d, a level well below average daily potassium intake.71 In 
addition, studies on diarrhea show that as stool volume increases, stool 
potassium concentration falls, ultimately reaching a level similar to that 
of plasma in cases of severe cholera.49 Explanations for the commonly 
seen association of diarrhea and hypokalemia include secondary hyper-
aldosteronism, diminished intake of potassium, or transcellular shifts of 
extracellular potassium.

Gastric secretions have potassium content similar to that of plasma, 5 
to 8 mmol/L. Gastric losses result in severe metabolic alkalosis and sec-
ondary hyperaldosteronism, both of which enhance renal potassium loss.

Clinical Sequelae:  Hypokalemia is a well-known risk factor for a variety 
of cardiac arrhythmias. Increased ectopy with hypokalemia has been 
documented in ambulatory hypertensive patients, in patients under-
going coronary artery bypass grafting, and during acute myocardial  
infarction (AMI).72,73 Following AMI, hypokalemia increases the risk 
for a number of arrhythmias; patients with hypokalemia are more 
than twice as likely to develop ventricular fibrillation.74 Hypokalemia 
enhances the risk of digitalis toxicity and associated arrhythmias. 
Digitalis-induced arrhythmias may occur despite normal digitalis levels 
in the presence of modest hypokalemia.75

A drop in extracellular potassium hyperpolarizes the muscle cells, which 
can prevent myocyte depolarization. Clinically, this can lead to weak-
ness, fatigue, cramping, and myalgia. Severe cases can result in paralysis. 
Numerous case reports of respiratory muscle weakness and respiratory 
failure have been reported with hypokalemia due to diabetic ketoacidosis. 
Severe hypokalemia can cause rhabdomyolysis. Alcoholics may be particu-
larly prone to proximal muscle weakness due to rhabdomyolysis.76,77

Hypokalemia can cause polyuria due to increased thirst and by induc-
ing a mild and reversible renal concentrating defect.78,79 The etiology 
of the concentrating defect is multifactorial, but primarily represents 
decreased renal response to ADH.

Gastrointestinal complications are primarily related to decreased gut 
motility associated with hypokalemia. Serum potassium of less than 
3.0 mmol/L is associated with constipation. Paralytic ileus can occur as 
potassium falls below 2.5 mmol/L.

Hypokalemia stimulates the proximal tubule to increase ammo-
niagenesis. Patients predisposed to hepatic encephalopathy can develop 
encephalopathy from this increased ammonia load.80

Diagnosis:  Hypokalemia is defined as a serum potassium concentra-
tion less than 3.5 mmol/L. Once hypokalemia has been established, the 
primary diagnostic goal is differentiating renal from extrarenal potas-
sium loss. Urine studies are used to separate extrarenal losses, in which 
the kidneys are potassium avid, from renal losses, in which the kidney 

inappropriately wastes potassium. Three studies may be used to differ-
entiate these states: spot urine potassium concentration, 24-hour urine 
potassium, and the transtubular potassium gradient (TTKG).

The spot urine is the simplest test to use. The urine potassium should 
be less than 20 mmol/L in the face of hypokalemia. If the spot potas-
sium is greater than 40, renal potassium wasting should be suspected. 
Urine potassium of 20 to 40 mmol/L is considered nondiagnostic.81  
There are two primary problems with this test; the first is it fails to 
control for changes in the water content of urine. Since hypokalemia 
is associated with decreased ADH sensitivity, increased water content 
will lower the urinary potassium concentration. The second problem 
is that spot samples provide information for only a single moment 
in time. Patients with diuretic-induced hypokalemia become potas-
sium avid after the diuretic has cleared. One study on the diagnosis 
of hypokalemia (mean K = 2.0 mmol/L) found spot urine potassium 
to have a sensitivity of 40% and specificity of 100% for excess renal 
potassium loss.82

The 24-hour urine potassium test avoids both of the above prob-
lems at the expense of increased complexity and a 24-hour delay. 
Patients with hypokalemia should reduce urinary potassium losses 
to less than 15 mEq/d. Potassium losses greater than that indicate 
inappropriate renal losses. The 24-hour urine provides no informa-
tion on the renal potassium handling prior to the urine collection  
(eg, diuretic use that is stopped prior to collection will show an 
appropriately potassium-avid kidney).

The transtubular potassium gradient calculates the ratio of tubular 
potassium to venous potassium at the end of the CCD. The CCD is 
responsible for potassium excretion, so increases in the TTKG indicate 
renal wasting of potassium, while decreases indicate renal potassium 
conservation (Fig. 99-10 and Eq. 99-5). When serum and renal potas-
sium handling are normal, the TTKG runs from 5 to 8.81,83 In the face 
of hypokalemia, the CCD should minimize the potassium excretion, 
resulting in a reduced TTKG. The TTKG has been validated in patients 
with decreased dietary potassium, periodic paralysis, diuretic-induced 
hypokalemia, primary hyperaldosteronism, and vomiting.83,84

TTKG =
UrineK

UrineOsm
PlasmaOsm

PlasmaK

÷

Equation 99-5.  The transtubular potassium gradient (TTKG). Plasma Osm, plasma 
osmolality; urine Osm, urine osmolality.

The TTKG has two assumptions that must be met prior to using this 
formula85:

	 1.	 There must be ADH activity to ensure that the osmolality of the 
tubular fluid approximates the osmolality of blood by the end of  
the cortical collecting duct. ADH activity is ensured by only using 
the formula when urine osmolality exceeds serum osmolality.

	 2.	 There must be adequate tubular sodium to allow the cortical collect-
ing duct to secrete potassium. The test should only be done if the 
urine sodium concentration is greater than 25 mmol/L.

Treatment:  The treatment of hypokalemia can be broken down into 
three questions: when to treat, with which potassium salt, and with what 
quantity. The National Council on Potassium in Clinical Practice has 
published clinical practice guidelines on potassium replacement. The 
guidelines recommend correcting potassium in any patient with potas-
sium below 3.0 mmol/L and select patients with serum potassium below 
3.5 mmol/L. They specified a more aggressive treatment regimen for 
patients with hypertension, congestive heart failure, and increased risk 
for or history of cardiac arrhythmias or stroke.86

Determining the dose of potassium to correct hypokalemia is dif-
ficult because there is not a firm relationship between serum potassium 
and total body potassium. Balance studies have shown that potassium 
is disproportionately lost from the extracellular compartment rather 
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gastrointestinal tract ulcers and stenotic lesions. The microencapsulated 
extended-release formulations have the best compliance and low rates 
of GI side effects.90-92

Parenteral potassium should be used to correct symptomatic hypo-
kalemia or when patients are unable to take oral medications. Twenty 
to forty millimoles of KCl in 0.5-1 L of isotonic saline or 5% dextrose 
is a typical solution. Saline solutions are preferred as dextrose solutions 
stimulate insulin release that can result in acute worsening of the hypo-
kalemia.77,93 The use of saline with dilute concentrations of potassium 
means that patients must get multiple liters of saline to correct even 
modest potassium deficits, which may be contraindicated in volume-
overloaded patients.

Concentrated potassium solutions delivered at a rate of 10-40 mEq/h 
in smaller volumes are frequently used in the ICU setting. The use of 
these solutions had generated fears about the possibility of precipitating 
arrhythmias from local, transient hyperkalemia near the infusion site or 
by causing peripheral vein irritation from caustic potassium solutions. 
Despite these concerns, the use of concentrated potassium infusions, 
200 mmol/L, at a rate of 20 mEq/h in the ICU was shown to be safe and 
efficacious in both a retrospective study of 495 infusions and a prospec-
tive study of 40 patients.94,95 Twenty milliequivalents of KCl increased 
the serum potassium by 0.25 mmol/L 1 hour after the infusion finished. 
The peak rise in serum potassium, 0.48 mmol/L, was at the end of the 
infusion. ECG monitoring showed no change except for decreased ven-
tricular ectopy. Potassium was infused safely through both peripheral 
and central sites. Infusion rates of greater than 20 mEq/h are best admin-
istered through a central vein.

Hypomagnesemia is a common cause of treatment failure. Patients 
who are resistant to potassium supplementation should have serum 
magnesium measured, and if low, repleted. Patients with diuretic-
induced hypokalemia often benefit from the initiation of a potassium-
sparing diuretic. Amiloride has been shown to mitigate magnesium 
losses associated with loop and thiazide diuretics.

Patients on amphotericin B often become hypokalemic. Both spirono-
lactone (100 mg twice a day) and amiloride (5 mg twice a day) have been 
shown to increase serum potassium and decrease the use of potassium 
supplements in randomized prospective trials.96,97

In patients with recalcitrant vomiting (ie, bulimia) and associated 
hypokalemia, one treatment strategy is to decrease the loss of hydrogen 

Tubular fluid leaving the TALH
is hypotonic to plasma

In the presence of ADH water flows
from the tubule so that the osmolality of
the DCT approaches that of plasma.

CCD secretes potassium under
the influence of aldosterone.

The ratio of tubular K to peritubular
(approx. equal to venous) K is a
measure of aldosterone activity.

ADH-induced resorption of water in
the medullary collecting duct increases
the tubular fluid osmolality and potassium
by the same factor.

Inner
medulla

Outer
medulla

K+ K+
K+

K+

K+

Cortex

FIGURE 99-10.  The transtubular potassium gradient measures the ratio of tubular potassium to interstitial potassium and quantifies the renal excretion of potassium. ADH, antidiuretic 
hormone; CCD, cortical collecting duct; DCT, distal convoluted tubule; TALH, the thick ascending limb of the loop of Henle.

than total body potassium (eg, a 25% drop in serum potassium is due 
to less than a 25% drop in total body potassium). Sterns and colleagues 
analyzed the results of seven balance studies and found a linear relation-
ship for potassium deficit and serum potassium (r = 0.893). The loss of 
100 mmol of potassium lowered the serum potassium by 0.27 mmol/L, 
so a fall from 4 to 3 mmol/L represented a 370-mmol potassium deficit.87 
In Scribner and Burnell’s review, they estimated that a drop in potassium 
from 4 to 3 mmol/L represented a loss of 100 to 200 mmol of potassium, 
and a drop in serum potassium from 3 to 2 mmol/L represented an 
additional 200 to 400 mmol deficit.88 These estimates do not account for 
altered cellular distribution of potassium. In diabetic ketoacidosis, for 
example, serum potassium overestimates total body potassium, while 
β-agonist–induced hypokalemia underestimates total body potassium. 
In most cases of hypokalemia due to cellular redistribution, experts 
advise against treatment, as the hypokalemia is transient and treatment 
predisposes the patient to hyperkalemia. One exception to this is symp-
tomatic periodic paralysis in which respiratory arrest due to hypokale-
mia may occur, so emergent treatment is indicated. Caution should still 
be used, as rebound hyperkalemia is common.

The form of potassium used in repletion is most often potassium 
chloride. The chloride anion has some advantages over alternatives such 
as phosphate, bicarbonate, or citrate. The chloride anion is primarily 
an extracellular anion, which minimizes the movement of potassium 
into the cell, maximizing the change in serum potassium. Chloride also 
does not increase the secretion of potassium at the collecting duct. The 
use of alternate potassium salts should be reserved for specific clinical 
scenarios in which there is an indication for the anion (eg, citrate in 
metabolic acidosis and phosphate in hypophosphatemia).

In patients who are asymptomatic, oral replacement is sufficient and doses 
from 40 to 100 mEq of KCl per day are typically sufficient to correct the 
hypokalemia over several days.86 Increasing intake of potassium-rich foods  
is less effective than potassium chloride supplements because the anions 
associated with dietary potassium are primarily phosphate and citrate.

Potassium chloride can be given as a liquid, in crystalline form (often 
marketed as a salt substitute), or pills with multiple formulations and 
coatings. The bioavailability of all these formulations is identical, with 
greater than 70% absorption.89 The liquid formulation has the fastest 
absorption and lowest patient compliance of all formulations (due to 
the bad taste).90 Wax-matrix extended-release tablets are associated with 
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ions with a proton-pump inhibitor or H2 blocker.98 Proton pump inhibi-
tors may have a similar role in ameliorating hypokalemia associated with 
gastric suction.

■■ HYPERKALEMIA
Etiologies:  The ability of the kidney to excrete potassium is flexible and 
adaptable. If dietary ingestion of potassium is increased over a number of 
days, the kidney increases daily potassium excretion to match. Because 
of this, dietary loads of potassium do not result in hyperkalemia unless 
they are sudden, or paired with a defect in renal potassium handling. 
Likewise, conditions associated with the movement of intracellular 
potassium to the extracellular space are associated with only transient 
hyperkalemia because either the kidneys excrete or the cells reuptake the 
excess potassium. Defective renal potassium handling increases suscep-
tibility to hyperkalemia from increased potassium intake or transcellular 
shifts (Table 99-5).

Increased Potassium Intake  Dietary potassium is typically in the range of 
40 to 80 mEq/d. Hyperkalemia has been reported to follow the use of 
potassium chloride salt substitutes, even in the presence of normal renal 

function.99 One teaspoon of potassium chloride contains 50 to 65 mEq of 
potassium. Enteral nutrition supplements may be rich sources of potas-
sium. Ensure Plus at 100 mL/h provides 130 mEq of potassium per day.

Red blood cell transfusions can have extracellular potassium 
concentrations as high as 70 mmol/L.100 The risk of hyperkalemia from 
transfusions rises as the age of the transfusions increases (Table 99-6). 
Use of “washed” packed red blood cells reduces the risk of transfusion-
associated hyperkalemia.101

Intracellular Redistribution of Potassium  Increases in plasma osmolality, most 
often due to hyperglycemia, causes an osmotic movement of water from 
the intracellular compartment. Potassium moves out of the cell with 
the water. Using mannitol to increase serum osmolality from 283 to 
300 mmol/kg increased potassium from 4.4 to 5.2 mmol/L.102

The Na-K-ATPase is critical in preventing intracellular potassium 
from causing hyperkalemia. Any factor that decreases the activity of 
this enzyme will cause potassium to leak from cells. A lack of insulin 
slows the Na-K-ATPase. In diabetic ketoacidosis hyperkalemia is typi-
cal despite total body potassium depletion, and in this setting is largely 
related to the hyperglycemia.

β-Blockers inhibit the Na-K-ATPase activity and are associated with a 
mild increase in serum potassium. Uremia reduces Na-K-ATPase activity 
so that renal failure patients are less able to use the intracellular compart-
ment to buffer potassium loads. Digitalis is an Na-K-ATPase antagonist. 
Digitalis toxicity can cause severe hyperkalemia. Removing digitalis with 
binding antibodies allows rapid correction of the hyperkalemia.103

Inorganic acids increase serum potassium. Attempts to predict the 
change in potassium from changes of pH have shown tremendous vari-
ability (0.3-1.1 mmol/L for a decrease in pH of 0.1) and are considered 
unreliable.102 Decreases in pH due to respiratory or organic acidosis have 
minimal effect on serum potassium.

Cell death results in release of intracellular potassium. Large-scale 
cell death can cause fatal hyperkalemia. Tissue necrosis and hyperka-
lemia can be seen with rhabdomyolysis of any etiology. Likewise, tissue 
ischemia can cause cell death and release large amounts of potassium. 
Bowel and limb ischemia are occult causes of hyperkalemia. Hemolysis 
causes hyperkalemia by releasing the intracellular potassium of red 
blood cells. Tumor destruction with chemotherapy results in release of 
intracellular contents. Tumor lysis syndrome (TLS) is hyperphosphate-
mia, hyperuricemia, hyperkalemia, and hypocalcemia associated with 
acute renal failure (due to uric acid nephropathy). The use of hydration 
and hypouricemic agents in prophylaxis regimens has substantially 
reduced the incidence of TLS.104 The syndrome most often occurs with 
poorly differentiated neoplasms with large tumour burden and/or high 
proliferation rates such as Burkitt lymphoma and acute leukemias, but 
it has been reported with breast cancer, medulloblastoma, and ovarian 
and lung cancer. In some rapidly growing tumors, spontaneous lysis 
occurs prior to therapy. Hyperkalemia in tumor lysis syndrome is more  
common in patients with premorbid renal insufficiency.105

Succinylcholine is a depolarizing paralytic. It can cause hyperkale-
mia by two unique mechanisms. The first occurs after muscle damage 
from burns, trauma, or disuse (often from denervation, prolonged ICU 

  TABLE 99-5    Causes of Hyperkalemia

Increased Potassium Intake Cellular Shift
Decreased Potassium 
Excretion

Oral β-Blockers Decreased tubular flow

  Dietary Lack of insulin   Renal insufficiency

  K supplements Acidemia (inorganic)   Prerenal azotemia

  Salt substitutes Digitalis toxicity     Volume depletion

  Ingestion of red clay Succinylcholine     Congestive heart failure

  Enteral feeding supplements Hyperkalemic periodic 
paralysis 

    Cirrhosis

  NSAID use

Parenteral Hypertonicity Decreased stimulation of  
aldosterone

  Medical error   Hyperglycemia   Type IV RTA (hyporeninism)

    TPN   Mannitol   ACE inhibitor use

    CVVH replacement Cell destruction   Angiotensin-receptor blocker

    fluid   Ischemia Decreased synthesis of aldosterone

    Peritoneal dialysis fluid   Necrosis   Adrenal insufficiency, primary

  Hemolysis   Ketoconazole

  Old blood transfusions   Rhabdomyolysis   Heparin

  Treatment of hypokalemia   Tumor lysis syndrome  � Congenital adrenal hyperplasia

  Penicillin     Chemotherapy Decreased aldosterone activity

  (K formulations)     Radiation therapy   Spironolactone

    Spontaneous   Trimethoprim

  Amiloride

  Triamterene

  Cyclosporine A

  Tacrolimus

 � Type I RTA, hyperkalemic 
variety

  SLE, obstruction, sickle cell

Decreased GI excretion

  Constipation in ESRD patients

ACE, angiotensin-converting enzyme; CVVH, continuous venovenous filtration; ESRD, end-stage renal 
disease; NSAID, nonsteroidal anti-inflammatory drug; RTA, renal tubular acidosis; SLE, systemic lupus 
erythematosus; TPN, total parenteral nutrition.

  TABLE 99-6    Potassium Concentration in Red Blood Cell Transfusions

Age (Days) Plasma Potassium (mmol/L)a
Extracellular Potassium (mmol) per 
250 mL of PRBC (Hematocrit 60%)

0 1.6 0.2

7 17 1.7

14 27 2.7

35 44 4.4

42 46 4.6

PRBC, packed red blood cells.
aPer Murthy.318
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stay, or central nervous system lesion such as stroke or Guillain-Barré 
syndrome). The muscle damage causes upregulation of the nicotinic 
acetylcholine receptors so that subsequent exposure to succinylcholine 
causes massive rhabdomyolysis. Nearly all of the reported cases of rhab-
domyolysis occurred in patients with a preexisting myopathy often a 
form of muscular dystrophy (Duchenne or Becker).106

Renal Dysfunction  Increased intake and cellular redistribution cause only 
transient increases in serum potassium because the kidneys are so effi-
cient at excreting potassium. Persistent hyperkalemia is almost always 
associated with a defect in renal potassium clearance. Renal potassium 
excretion is dependent on adequate tubular flow and adequate aldoste-
rone activity. Besides dramatic decreases in renal function, defects in 
renal potassium clearance can always be traced back to one of these two 
problems.

Decreases in GFR from chronic renal insufficiency or prerenal azote-
mia reduce the flow through the distal tubule and can cause hyperkalemia. 
Decreases in renal function not associated with oliguria do not typically 
cause hyperkalemia. Examples of this include aminoglycoside toxicity 
(usually associated with hypokalemia) and chronic interstitial nephritis.

Inadequate aldosterone activity can be due to pathology at any point 
in the aldosterone axis. Inadequate renin production causes hypoal-
dosteronism and subsequently type IV renal tubular acidosis (RTA). 
Angiotensin-converting enzyme inhibitors and angiotensin-receptor 
blockers prevent angiotensin II from stimulating the release of aldoste-
rone. Since serum potassium itself can directly stimulate aldosterone 
release, most patients can maintain potassium homeostasis despite the 
loss of angiotensin II. However, patients with other defects in potas-
sium handling (eg, renal insufficiency or decreased insulin) can become 
hyperkalemic.107

Ketoconazole and heparin cause hyperkalemia by blocking aldo-
sterone synthesis. Spironolactone and eplerenone act as competitive 
inhibitors of aldosterone. Calcineurin inhibitors cause hyperkalemia 
in a subset of patients, possibly by inducing tubular insensitivity to 
aldosterone.108,109 Potassium-sparing diuretics such as amiloride and 
triamterene and the antibiotic trimethoprim all block collecting tubule 
sodium channels, decreasing potassium secretion.110 Distal RTA usually 
causes hypokalemia; however, one subtype causes hyperkalemia due 
to a defect in sodium resorption at the cortical collecting duct. This is 
different from type IV RTA and does not respond to supplemental min-
eralocorticoids. This defect has been reported in chronic urinary tract 
obstruction, lupus, and sickle cell anemia.111,112

Clinical Sequelae:  The potassium concentrations inside and outside of 
the cell are the primary determinants of the cellular resting membrane 
potential (Em). Changes in the extracellular concentration can have 
dramatic effects on the resting membrane potential and the cell’s ability 
to depolarize. As extracellular potassium rises, the normally negative Em 
increases toward zero; this allows easier depolarization (ie, increased 
excitability). However, this excitability is short-lived as chronic hyper-
kalemia ultimately inactivates the sodium channels critical to produc-
ing an action potential. Hyperkalemia shortens the refractory period 
following depolarization by facilitating faster potassium uptake.

In the myocardium, inactivated sodium channels slow conduction 
velocity, and high serum potassium speeds repolarization. On ECG, 
hyperkalemia causes widened QRS complexes (slowed conduction 
velocity) and shortened ST intervals with tented T waves (rapid repo-
larization). The slowed conduction associated with rapid repolarization 
predisposes the myocardium to ventricular fibrillation.

While animal models and experimental protocols document a step-
wise progression of ECG changes from peaked T waves to widened QRS 
to disappearance of P waves, and ultimately a sinusoidal ECG, clinically 
patients may develop symptomatic arrhythmias without prior ECG 
changes.113,114 Rapid increases in potassium, hyponatremia, hypocalcemia,  
and metabolic acidosis all increase the likelihood of arrhythmia.115-119

Ascending paralysis mimicking Guillain-Barré syndrome has been 
documented with a serum potassium of 7 mmol/L. In a review of all 

published cases of hyperkalemic paralysis (excluding hereditary periodic 
paralysis), the average potassium was 9 mmol/L. The use of potassium-
sparing diuretics was the etiology of the hyperkalemia in over half of 
the cases. Electromyograms showed the paralysis to be due to abnormal 
nerve depolarization rather than muscle pathology.120

Diagnosis:  The high intracellular potassium content results in frequent 
misdiagnosis of hyperkalemia. The most common cause is hemolysis 
following phlebotomy. The lab should report this, as it is easy to detect. 
Increased platelets or white cells can also release potassium, especially if 
the specimen is allowed to clot. Thrombocytosis greater than 1,000,000 
platelets or leukocytosis over 100,000 increase the likelihood of pseu-
dohyperkalemia. Rarely, counts as low as 600,000 platelets or 70,000 
leukocytes have been reported to cause the same phenomenon.121 The 
other major cause of pseudohyperkalemia is fist pumping prior to phle-
botomy. Forearm exercise in the presence of a tourniquet can falsely 
elevate potassium by 1.4 mmol/L.122

In the diagnosis of hyperkalemia, urine chemistries have a limited 
role since they are primarily useful for differentiating decreased renal 
excretion from increased potassium loads. Increased potassium loads, 
whether endogenous or exogenous, rarely are an occult cause of persis-
tent hyperkalemia, and so the urinary chemistries nearly always point to 
inappropriate renal handling of potassium.

Treatment:  The decision of when and how to treat hyperkalemia should 
be based on physical signs, the clinical situation, and serum potassium. 
Individual tolerances of hyperkalemia can vary dramatically and are 
influenced by pH, calcium concentration, rate of potassium rise, and 
underlying heart disease. Patients with rapid increases in serum potas-
sium or hypocalcemia may have arrhythmias at serum potassium levels 
as low as 7 mmol/L, while newborns regularly tolerate potassium con-
centrations of that level. Patients with muscle weakness or ECG changes 
consistent with hyperkalemia should be urgently treated. Modestly 
elevated potassium in the absence of ECG or muscle weakness can be 
treated more conservatively (Table 99-7).

First-line therapy for hyperkalemia includes stopping any and all 
potassium sources. Total parenteral nutrition, potassium supplements, 
transfusions, and medications containing potassium should be stopped. 
Patients already on peritoneal dialysis with potassium added to the 
peritoneal fluid should be switched to potassium-free fluid. Patients on 
continuous renal replacement therapies need to have the replacement 
fluid potassium verified and removed.
Calcium  Calcium reverses the ECG changes seen in hyperkalemia and 
decreases the risk of arrhythmia. Both calcium chloride and calcium 
gluconate can be used, but the chloride formulation has three times 
the elemental calcium (0.225 mmol/mL vs. 0.68 mmol/mL of a 10% 
solution). Since the cardioprotective effect of calcium has been shown 
to be dose dependent it is presumed that the chloride salt is more effec-
tive than the gluconate.123 The downside of calcium chloride is that it 
is more irritating to veins. Both compounds cause tissue necrosis if 
extravasated. The onset of action is immediate and duration is approxi-
mately 1 hour. If, following a dose of IV calcium, hyperkalemic ECG 
changes persist, the calcium should be repeated. In animal studies, cal-
cium channel blockers ablate the cardioprotective effect of calcium.123,124

Historically, calcium was considered to be contraindicated in hyper-
kalemia due to digitalis toxicity.125 Digitalis toxicity is associated 
with intracellular hypercalcemia. Theoretically, additional calcium can 
worsen the toxicity and precipitate arrhythmias. Clinical data to support 
this are scant. Bower and Mengle reported two cases of cardiovascular 
collapse and death following the administration of calcium in digitalized 
patients, but no information on digitalis levels, serum calcium, or potas-
sium concentrations was provided.126 Other case reports document 
no adverse effects after calcium administration for digoxin-induced  
hyperkalemia.127,128 A recent retrospective review of patients with digoxin 
toxicity detected no adverse events for those treated with calcium.129 
Digitalis toxicity with hyperkalemia is best treated with digoxin FAB to 
rapidly remove the drug (improvement within 2 hours).
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effective.144 When given at doses of 20 to 40 g repeated 4-6 hourly, SPS 
resins can be effective at treating acute hyperkalemia after calcium and 
intracellular shift treatments have been initiated. Two recent studies 
have questioned the effectiveness of SPS resins, but until larger studies 
corroborate these findings, SPS resins remain part of the therapy for 
acute hyperkalemia.125,145 SPS and sorbitol usage have rarely been associ-
ated with intestinal necrosis.146-148

Enhanced Renal Clearance of Potassium  In patients with decreased renal excretion 
of potassium, but adequate GFR, the kidneys may be used to increase 
potassium excretion. The best way to increase renal potassium excre-
tion is to increase distal delivery of sodium and increase tubular flow by 
increasing sodium intake and using loop diuretics. Potassium-sparing 
diuretics should be stopped.
Dialysis  In cases of severe hyperkalemia, hemodialysis is the best method 
to remove potassium from the body. In a study comparing various 
therapeutic regimens for hyperkalemia, Blumberg and colleagues found 
hemodialysis to be faster than insulin and glucose, with 1-hour reduc-
tions of serum potassium of 1.34 mmol/L.141 Higher serum potassium 
concentrations enhance dialytic clearance of potassium. A 4-hour 
dialysis session with a potassium bath of 1 mmol/L can be expected to 
remove between 60 and 140 mmol of potassium.149 Following dialysis the 
serum concentration rises significantly. Therapies that shift potassium 
into cells decrease the effectiveness of dialysis and increase the post-
rebound serum potassium.149 There is concern that dialyzing patients 
prone to cardiac arrhythmias against a low potassium dialysate may 
precipitate arrhythmias. In a randomized controlled trial, potassium 
modeling (stepwise lowering of the potassium bath during treatment) 
reduced premature ventricular contractions (PVCs) and PVC couplets 
during dialysis.150 The use of intermittent dialysis has been successful 
in the face of cardiac arrest. In one case of ventricular fibrillation due 
to hyperkalemia, CPR provided adequate blood pressure to dialyze the 
patient. Cardiac function was restored after 25 minutes of dialysis.151

Continuous renal replacement therapy (CRRT) is also effective at 
reducing potassium and is better tolerated than intermittent hemodi-
alysis in unstable patients. CRRT has been used to successfully treat 
hyperkalemic asystole.152

Other Issues in the Treatment of Hypokalemia  An important factor to consider 
when adopting a treatment strategy for hyperkalemia is whether the 
source of potassium is transient (eg, potassium overdose) or continuous 

Transcellular Redistribution  The fastest method to reduce serum potassium is 
to induce a transcellular shift. IV insulin with glucose (to prevent hypo-
glycemia) will reduce potassium within 15 minutes and the lower serum 
levels persist for up to 6 hours.130 This treatment can be repeated. The 
primary side effect is hypoglycemia.

Albuterol has been used to stimulate β2 receptors and produce a tran-
scellular shift of potassium. Albuterol has been shown to be effective 
when given IV, by nebulizer, or by metered dose inhaler with spacer.131-133 
One concern is the β-selectivity of albuterol. α-Agonists increase serum  
potassium. Two studies that looked at potassium immediately after  
administration of albuterol showed a brief increase in serum potassium.131,134 A 
short-lived predominance of α activity immediately following administra-
tion of albuterol may account for the increase in serum potassium.

Combining therapies is additive but not synergistic. Combining 
albuterol and insulin/glucose is particularly appealing, as albuterol 
decreases the incidence of hypoglycemia.135 In a well-controlled trial, the 
use of insulin and glucose with albuterol was twice as efficacious than 
either drug alone (1.2 mmol/L at 1 hour vs. 0.6 mmol/L).136

Bicarbonate has long been listed as a way to induce an intracellular 
potassium shift, based primarily on case reports and small trials.137,138 
Recent data have shown bicarbonate to be an ineffective agent for the 
acute treatment of hyperkalemia. Blumberg and associates found an 
increase in potassium of 0.2 mmol/L following bicarbonate infusions, 
regardless of whether isotonic or hypertonic bicarbonate was used.139 
Sodium bicarbonate was also ineffective in patients with low serum 
bicarbonate. Additionally, increased pH lowers ionized calcium, increas-
ing the risk of arrhythmia with hyperkalemia.

Other strategies to induce a transcellular shift include epinephrine 
infusions and aminophylline; however, both of these therapies are less 
effective than insulin and glucose.140,141

In patients with cardiac arrest, the ability to induce a transcellular shift is 
reduced.142 This may be due to decreased blood flow to skeletal muscle and 
the liver, which are the primary tissues involved in cellular redistribution.143

Enhanced GI Clearance of Potassium  In addition to inducing a transcellular shift 
of potassium, patients with increases in total body potassium must get 
specific therapy to remove potassium from the body. Cation exchange 
resins can enhance intestinal potassium excretion. Sodium polystyrene 
(SPS) resins bind approximately 1 mEq of potassium per gram of resin. 
SPS maximally absorbs potassium when given orally, but enemas are 

  TABLE 99-7    Time Course, Expected Decrement of Potassium, and Side Effects of Each Therapy

Treatment Dose Onset Duration Magnitude Side Effects

Calciuma 1 g (10 mL) of 10% calcium gluconate  
or calcium chloride; may repeat

Immediate (documented normaliza-
tion of ECG as early as 15 s)

30-60 min Caution/contraindicated in hypercalce-
mia and digoxin toxicity

Insulin and glucosea 10 U of regular insulin and 50 g of 
glucose; can omit the glucose if 
the patient is hyperglycemic

Significant reduction at 15 mina; 
peak action at 60 mind

>6 h (potassium still 
decreased by 0.76 mmol/L 
at 6 h)e

1 mmol/L Hypoglycemia and hyperglycemia;  
hyperglycemia may increase serum  
potassium through solute drag

Albuterol IVf 0.5% mg in 100 mL of 5% dextrose 
solution infused over 15 min

Onset and peak action at 30 min 6 h 1-1.5 mEq/L Tachycardia, variable changes in BP, 
tremor; rise in blood glucose and insu-
lin; rise in serum potassium in the first 
minute after MDI spacer use; rise aver-
aged only 0.15 mmol/L, but 59% had a 
rise of at least 0.1 mmol/L and two had 
a rise of >0.4 mmol/L

Albuterol nebulizedc, g 10-20 mg in 5 mL of normal saline 
inhaled over 10-15 min

5-10 min with peak action at 
30-120 min

3-6 h

Albuterol MDI with 
spacerh

1200 µg via MDI 3-5 min with potassium falling at 
end of study

Only one study and test  
ended at 60 min;  
K was still trending down

≥0.4 mmol/L

Sodium bicarbonateb 4 mEq/min drip for a total of 
400 mEq; note: lower doses, 
50-100 mEq, have been shown  
to be ineffective

240 mini;note: the prolonged time 
for onset of hypokalemic effect

Potassium was still falling  
at end of 6-h study

0.6 at 4 h 
0.74 mmol/L 
at 6 h

May precipitate tetany by decreasing  
ionized calcium; may antagonize  
cardioprotective effect of calcium

Data from these references:
aCampieri et al319; bAllon and Shanklin130; cAllon Copkney.136; dLens et al320; eMahajan et al140; fMontoliu et al133; gMontoliu et al132; hMandelberg et al131; iBlumberg et al.321 
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(eg, limb or gut ischemia). In the latter situation, the use of intermittent 
hemodialysis will provide temporary correction followed by recurrent 
hyperkalemia. CRRT offers a unique advantage in this situation as it 
prevents rebound hyperkalemia. In cases of severe hyperkalemia from 
a continuous potassium leak, one should consider mixed modalities: 
initiating intermittent hemodialysis to rapidly correct the hyperkalemia, 
followed by CRRT to prevent rebound hyperkalemia.

There are multiple cases in the literature of patients with remark-
able neurologic recovery despite prolonged resuscitative efforts.142,151,153 
Patients with hyperkalemic cardiac arrest may have better outcomes 
than generally associated with cardiac arrest and deserve aggressive and 
prolonged resuscitative efforts.

CALCIUM
Calcium is a divalent cation that regulates cellular movement, hormone 
release, enzyme activity, and coagulation. Calcium also plays a role in 
cell injury and death.154,155 Ninety-nine percent of total body calcium is 
located in the bones and teeth. Normally, cytosolic calcium is very low, 
with a ratio of extracellular to intracellular ionized calcium of 10,000 : 1.156

■■ METABOLISM
Measuring Calcium:  Normal serum calcium is 8.8 to 10.3 mg/dL. The 
molecular weight of calcium is 40; in SI units the normal range is 2.2 
to 2.6 mmol/L (4.4 to 5.2 mEq/L). Forty percent of serum calcium is 
protein bound, primarily to albumin. An additional 10% to 15% is com-
plexed to serum anions, such as bicarbonate, phosphate, and citrate. The 
remaining 45% is the physiologically active, ionized fraction.157 Normal 
ionized calcium is 4.0 to 5.2 mg/dL (1.0 to 1.3 mmol/L). Decreases in 
albumin lower total serum calcium without affecting ionized calcium. 
Likewise, increases in albumin or globulins cause meaningless increases 
in total calcium, while the calcium regulatory mechanism maintains a 
normal ionized calcium.157-159 Increases in pH enhance calcium binding 
to albumin, lowering ionized calcium; decreases in pH have the opposite 
effect.157 Free fatty acids, either from lipid infusions or endogenous lipol-
ysis, increase calcium binding by albumin, lowering ionized calcium.160 
Despite widespread use of formulas to adjust total calcium for albumin 
and pH, these have been shown to be poor predictors of ionized calcium, 
especially in critically ill patients.161,162 In patients in whom total calcium 
is borderline or there is suspicion of disordered protein-calcium bind-
ing, an ionized calcium level should be measured.163-165

Calcium Regulation:  Regulation of calcium balance begins with control 
of dietary absorption. Net calcium absorption is 100 to 200 mg per day 
(Fig. 99-11). Normally, people are in calcium balance and absorbed 
calcium is excreted in the urine. Parathyroid hormone (PTH), calcitriol, 
calcitonin, estrogen, and testosterone regulate calcium balance. The 
effects of estrogen and testosterone are complex, poorly understood, and 
will not be discussed here.

PTH is a peptide hormone released from the parathyroid glands in 
response to ionized hypocalcemia (Fig. 99-12). Elevated calcium, mag-
nesium, and calcitriol all suppress PTH release. PTH minimizes urinary 
calcium excretion, stimulates the conversion of 25-hydroxyvitamin D to 
1,25-dihydroxyvitamin D (calcitriol) by the kidney, and in conjunction 
with calcitriol, mobilizes calcium from bone.

Vitamin D is ingested or synthesized in the skin. In order for vita-
min D to become metabolically active it must be hydroxylated, first in 
the liver, and then in the kidney, to form calcitriol. Calcitriol increases 
dietary absorption of both calcium and phosphorus and is active in bone 
metabolism. Calcitriol inhibits PTH release.

Calcitonin is a 32-amino acid peptide that decreases serum calcium.

Renal Handling of Calcium:  Both ionized and complexed calcium, repre-
senting 55% to 60% of total calcium, are freely filtered at the glomerulus.  
Nearly all of this filtered calcium (98%) is resorbed by the tubules 
(Fig. 99-13). In the proximal tubule, calcium is resorbed with sodium. 
Increased proximal sodium resorption, as occurs with volume depletion, 

increases calcium resorption. Typically two-thirds of filtered calcium 
is resorbed by the proximal tubules. Calcium resorption in the TALH 
is primarily passive, down an electrical gradient created by the Na-K-
2Cl carrier and the renal outer medulla potassium (ROMK) channel 
(Fig. 99-14). The distal convoluted tubule (DCT) is the only area where 
calcium can be resorbed independent of sodium. PTH increases perme-
ability of the paracellular tight junctions to calcium. PTH and calcitriol 
both stimulate calcium resorption in the DCT.

■■ HYPOCALCEMIA
Hypocalcemia is common among ICU patients, with prevalence reported 
to be 20% to 88%.165-168 Hypocalcemia is more frequent with increased 
severity of illness and is associated with increased mortality.167,168

Etiologies:  Broadly speaking, hypocalcemia occurs when calcium moves 
out of the vascular space faster than it can be repleted by intestinal 

Net GI absorption:
Ca      200 mg
PO4   1000 mg
Mg    120 mg

Renal excretion:
Ca      200 mg
PO4   1000 mg
Mg    120 mg

Unresorbed and GI secretion:
Ca      600 mg
PO4   200 mg
Mg    200 mg

Dietary intake:
Ca      800 mg
PO4   1200 mg
Mg    300 mg

50% of total body mg
99% of total body Ca
80% of total body PO4

FIGURE 99-11.  Calcium, phosphorus, and magnesium have unique patterns of dietary 
intake, absorption, and degrees of mineralization and renal excretion. Values are typical for 
adult males on an American diet.
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PO4
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FIGURE 99-12.  Decreased ionized calcium stimulates parathyroid hormone release from 
the parathyroid gland. PTH acts on three targets: it stimulates 1-α-hydroxylase to increase 
calcitriol synthesis, which increases GI calcium and PO

4
 (phosphate) absorption (calcitriol also 

inhibits PTH secretion); in concert with calcitriol PTH stimulates bone resorption, releasing 
calcium and PO

4
; PTH increases tubular resorption of calcium and decreases tubular resorption 

of phosphorus, increasing serum calcium and lowering serum phosphorus.
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absorption or the mobilization of skeletal calcium. Calcium enters the 
vascular space via diet or bone resorption. Calcium leaves the vascu-
lar space via renal excretion or deposition in bones and soft tissue. In 
addition, increased pH or chelation by anions can acutely drop the 
ionized calcium. The etiologies of hypocalcemia are summarized in 
Table 99-8.

Calcium Deposition  Deposition of calcium in tissues can occur with 
sudden increases in phosphorus.169 Tumor lysis syndrome releases a 
large amount of intracellular phosphorus that binds ionized calcium.  
Phosphorus overdoses from enemas (especially if mistakenly taken 
orally) cause hypocalcemia due to the hyperphosphatemia.169-172 
Pancreatitis results in increased serum lipase, resulting in increased free 
fatty acids that chelate ionized calcium.173 In addition, pancreatitis can 
be with increased calcitonin and decreased PTH, both of which contrib-
ute to hypocalcemia.

The citrate used to preserve blood transfusions can bind calcium and 
causes ionized hypocalcemia. It is normally rapidly metabolized and well 
tolerated, despite transient decreases in calcium; 10% of patients tran-
siently have ionized calcium levels less than 1 mmol/L.174 Factors that  
inhibit citrate metabolism (liver failure, kidney failure, or hypothermia) 
or rapid or large transfusions predispose patients to hypocalcemia. 
Plasmapheresis can use large amounts of citrate, predisposing patients 
to ionized hypocalcemia.175,176

Hypoparathyroidism  Hypoparathyroidism increases renal calcium excretion 
and prevents the mobilization of skeletal calcium. The most common 
cause of acquired hypoparathyroidism is neck surgery. Following thy-
roidectomy, the parathyroid gland often stops releasing PTH. This hypo-
parathyroidism may be temporary or permanent. Hypoparathyroidism 
can follow radiation therapy, as well as autoimmune, infiltrative, and 
granulomatous diseases. Following parathyroidectomy for primary or 
tertiary hyperparathyroidism, there may be widespread osteoblastic 
activity, resulting in hypocalcemia, hypomagnesemia, and hypokalemia. 
This is termed hungry bone syndrome and is due to the rapid mineraliza-
tion of osteoid. Although a nadir is generally reached in two days, the 
hypocalcemia can last for months.

Disorders of magnesium can decrease PTH activity. Modest hypomag-
nesemia decreases end-organ responsiveness to PTH, while more severe 
hypomagnesemia suppresses PTH release.177 At high concentrations 

Filtered at the glomerulus
60% of total serum calcium
70% of serum magnesium
90% of serum phosphorus Distal nephron

5%-10% of filtered Ca
5%-10% of filtered P
5%-10% of filtered Mg

Thick ascending limb
20% of filtered Ca
0% of filtered P
60% of filtered MgProximal tubule

60%-70% of filtered Ca
70% of filtered P
30% of filtered Mg

Fractional excretion
Ca    1%-2%
P       20%
Mg   2%-4%

FIGURE 99-13.  Renal handling of calcium, phosphorus, and magnesium varies in each 
segment of the nephron.
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Mg+, Ca+, Na+
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ROMK channel
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FIGURE 99-14.  The thick ascending limb of the loop of Henle (TALH). Calcium and 
magnesium are both resorbed through the paracellular space down an electrical gradient. 
The Na-K-2Cl carrier paired with the apical potassium channel, ROMK, generates the positive 
potential difference. The Na-K-2Cl carrier itself is not electrogenic because the two cations are 
balanced by the two chloride anions, but since potassium is recycled through the ROMK channel, 
the net movement of charge is one anion leaving the tubule, which generates a positive potential  
difference. Factors that block either the Na-K-2Cl carrier (eg, furosemide) or the ROMK channel 
(eg, hypercalcemia or magnesium depletion) increase renal excretion of calcium and magnesium. 
ADP, adenosine diphosphate; ATP, adenosine triphosphate; Pi, inorganic phosphate.

  TABLE 99-8    Etiologies of Hypocalcemia

Decreased Intestinal 
Absorption Increased Renal Excretion

Tissue Deposition/
Serum Complexes

Vitamin D deficiency Hypoparathyroidism Citrate

  25-D deficiency   Congenital EDTA

  �  Low sunlight 
exposure

    Liver disease

  �  Mutations of the calcium-
sensing receptor

    DiGeorge syndrome

Radiocontrast agents 
(gadolinium causes a 
pseudohypocalcemia)d

    Phenytoin     Pseudohypoparathyroidism Pancreatitis

    Phenobarbital   Acquired Hyperphosphatemia

    Malabsorption   �  Surgical hypoparathyroidism Hungry bone syndrome

    Nephrotic syndrome     APECED Osteoblastic metastatic 
lesions

    Gastrectomya     Hypermagnesemia   Breast cancer

  1,25 D deficiency     Hemochromatosis   Pancreatic cancer

    Renal failure     Granulomatous diseases Other

    Ketoconazole     Neoplastic infiltration   Pentamidine

    Hydroxychloroquine     Amyloidosis   Asparaginase

    5-Fluorouracil     Wilson disease   Doxorubicin

    Leucovorin   �  Hyperthyroidism (thyroid 
crisis)b

  Fluoride

    Cimetidinec

APECED, autoimmune polyendocrinopathy-candidiasis-ectodermal dysplasia syndrome; EDTA ethylene-
diamine tetraacetic acid.

Data from these references:
aEfstathiadou et al322; bYamaji et al323; cEdwards et al324; dLin et al325 
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(>5 mg/dL), magnesium binds the calcium-sensing receptor on the para-
thyroid gland, imitating hypercalcemia, directly suppressing PTH release.
Vitamin D Deficiency  Acute hypocalcemia with vitamin D deficiency occurs 
because of the inability to mobilize skeletal reserves of calcium. Vitamin 
D deficiency is common among nursing home patients, alcoholics, 
and malnourished patients. Increased hepatic metabolism of vitamin 
D occurs in patients on phenytoin and phenobarbital. The nephrotic 
syndrome is commonly associated with hypocalcemia. Though most of 
this is due to hypoalbuminemia, ionized hypocalcemia occurs due to 
the loss of 25-hydroxyvitamin D and its binding protein in the urine. 
Decreased activation of 25-hydroxyvitamin D occurs with renal failure 
and hypoparathyroidism.
Critical Illness  Hypocalcemia is a pervasive disorder in the ICU. While 
hypocalcemia was thought to be limited to patients with sepsis, Zivin 
and associates have shown hypocalcemia to be common in all patients 
with severe illness.168 However, despite careful assessment, a definitive 
etiology can be found in less than half of the patients.167 Some authors 
believe that ICU-associated hypocalcemia (ICU-H) is an adaptive bene-
ficial response to critical illness, as it may prevent intracellular hypercal-
cemia and associated tissue damage.178 While not describing all patients 
with ICU-H, most patients have elevated levels of PTH and low levels 
of calcitriol.179,180 Elevated levels of procalcitonin have also been found 
in ICU-H, leading some authors to wonder if this supposedly calcium-
neutral precursor to calcitonin may exert a hypocalcemic effect.180

Clinical Sequelae:  The primary manifestation of hypocalcemia is neu-
romuscular irritability. This can range from perioral numbness and 
acral paresthesias to severe tetany and seizures. Seizures can occur in 
the absence of any other neuromuscular irritability. Both generalized 
and partial (simple and complex) seizures have been reported.

Tetany classically affects the upper extremities followed by the lower 
extremities. Patients typically demonstrate elbow extension, wrist flexion,  
and metacarpophalangeal flexion.171 Tetany can cause laryngospasm or 
bronchospasm, resulting in respiratory failure. The classic signs of latent 
tetany are Trousseau sign (carpal spasm after inflation of a blood pres-
sure cuff on the arm and leaving it in place for 3 minutes) and Chvostek 
sign (facial spasm induced by tapping on the facial nerve anterior to the 
ear).181 The sensitivity of both is poor (both may be negative in hypo-
calcemia) and the specificity of Chvostek is particularly poor (a partial 
Chvostek sign is found in 25% of eucalcemic individuals).92,181,182 Tetany 
may be masked by anticonvulsant therapy.

Acute hypocalcemia can cause reversible heart failure.183,184 Even 
modest hypocalcemia can precipitate heart failure and hypotension in 
patients with latent cardiac damage. These serious findings can precede 
tetany.185 The classic electrocardiogram findings of hypocalcemia are 
bradycardia, prolonged QT interval, and inversion of the T wave.175 
Heart block and cardiac arrest have also been documented. The elec-
trocardiogram is not a sensitive marker of hypocalcemia and may be 
normal during life-threatening hypocalcemia.

Acute hypocalcemia may result in loss of vascular tone and  
hypotension.175 In one ICU study, decreased ionized calcium correlated 
with decreased mean arterial pressures. Digitalis acts by increasing 
intracellular calcium, thus hypocalcemia is a cause of digitalis resistance. 
Patients can sometimes tolerate toxic digitalis levels with concurrent 
hypocalcemia. Correction of this protective hypocalcemia can precipi-
tate arrhythmias due to digitalis toxicity.
Treatment 

When to Treat  Unique to calcium among all electrolyte disorders is the 
theory that hypocalcemia may be an adaptive response to critical ill-
ness, and because of this the treatment of ICU-associated hypocalcemia 
(ICU-H) was long deemed controversial.178 Care must be taken not to 
extrapolate this controversy to patients in whom the etiology of their 
hypocalcemia is understood (eg, acute hypoparathyroidism, tumor lysis 
syndrome, or acute renal failure). Patients with chronic hypocalcemia 
and myocardial dysfunction should be given a trial of calcium supple-
mentation. Patients with asymptomatic hypocalcemia secondary to  

surgical hypoparathyroidism had improved cardiac function with cal-
cium infusions.186 Calcium should be repleted in cases of seizures, tetany, 
laryngospasm, and hyperkalemia.187 Among asymptomatic patients, the 
risk of significant clinical symptoms rises as the ionized calcium falls 
below 3 mg/dL, and treatment is warranted in these patients.156

The controversy regarding the treatment of ICU-H is due to in vitro data 
that show intracellular calcium to be a mediator of cell injury in reperfu-
sion and sepsis models.188 In addition, animal studies have repeatedly 
shown that administering calcium to hypocalcemic septic rats improves 
blood pressure but increases mortality.189,190 The increased mortality was 
not reproduced in septic pigs and more recent research has questioned the 
appropriateness of the rat as an animal model for human sepsis.191

In critically ill hypocalcemic patients with life-threatening hypoten-
sion that is resistant to other therapies (eg, pressors, volume resuscita-
tion, and inotropes), a trial of IV calcium may be considered. In a study 
of 12 hypocalcemic patients with bacterial sepsis, seven were hypoten-
sive despite volume resuscitation and dopamine and norepinephrine 
infusions. Correcting hypocalcemia restored normal blood pressure 
in all seven patients. Cardiac output, systemic vascular resistance, and 
urine output all improved following the calcium.180,192

No studies have been done to assess whether treating ICU-H affects 
mortality. However, a Cochrane review in 2008 concluded that there was 
no clear evidence that parenteral calcium supplementation impacted the 
outcome of critically ill patients.175,193

It is important to note that all of the negative data on replacing  
calcium come from studies of sepsis in animals. The applicability to the 
human population with ICU-H is unclear. The multifactorial etiology of 
ICU-H is accepted, and it is likely that benefits of treatment vary with 
the etiology.
How to Treat  Patients with asymptomatic mild hypocalcemia (ionized calcium 
>3.2 mg/dL) can be treated with increased dietary calcium (Table 99-9). 
Increases of 1000 mg per day are appropriate. The 25-hydroxyvitamin 
D level should be checked and patients placed on vitamin D if low. In 
patients with renal failure, treating the hyperphosphatemia and decreased 
calcitriol levels will help correct the hypocalcemia.

Severe or symptomatic hypocalcemia should be treated with an infu-
sion of 100 to 200 mg of elemental calcium. This should be given over 
10 to 20 minutes to avoid cardiac toxicity. This initial infusion tends to 
suppress symptoms longer than it maintains a normal calcium level. In 
order to prevent rebound hypocalcemia, a calcium infusion should be 
started at 0.5 to 1.5 mg elemental calcium/kg per hour (Table 99-10).

Two forms of parenteral calcium are commonly available: calcium 
gluconate and calcium chloride. Concerns that calcium gluconate 
requires hepatic metabolism have not been borne out.194 In a random-
ized, double-blind trial of the two calcium salts in critically ill chil-
dren, the chloride salt resulted in a higher and more consistent rise in  
ionized calcium levels. All of the patients receiving the chloride salt had 
an increase in ionized calcium versus 65% of the gluconate group.195 
Calcium chloride is caustic to veins and should be reserved for central 

  TABLE 99-9    Oral Formulations for Hypocalcemia

Agent Elemental Calcium How Supplied

Calcium glubionate 64 mg/g 1.8 g/5 mL

Calcium gluconate 90 mg/g 500-1000 mg tab

Calcium lactate 130 mg/g 325-650 mg tab

Calcium citrate 211 mg/g 950 mg tab

Calcium acetate 253 mg/g 667 mg tab

Calcium carbonate 400 mg/g 650-1500 mg tab

Vitamin D requirements 1 µg = 40 IU

  RDA 10 µg 400 IU

  For D deficiency 40-50 µg/d 1600 IU/d

RDA, recommended daily allowance.
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Endogenous Calcitriol Production  Calcitriol synthesis can be increased by 
chronic granulomatous disorders (eg, tuberculosis or sarcoidosis), 
lymphomas, and acromegaly.199,200 Macrophages found in granulomas 
convert 25-hydroxyvitamin D to calcitriol despite low PTH levels. Both 
Hodgkin disease and non-Hodgkin lymphoma can cause hypercalcemia 
by endogenous production of 1,25-dihydroxyvitamin D.
Increased Bone Resorption  Malignancy is the most common cause of inpatient 
hypercalcemia. Twenty to thirty percent of patients with cancer develop 
hypercalcemia.201 The most common associated malignancies are breast 
cancer, lung cancer, and multiple myeloma. There are three primary 
mechanisms for increased bone resorption in malignancy:

	 1.	 Local osteolysis from bone metastasis
	 2.	 Tumor secretion of PTH-related peptide (PTH-rP), often called 

humoral hypercalcemia
	 3.	 Tumor-induced hydroxylation of 25-hydroxyvitamin D to calcitriol

PTH-rP is the most common cause of hypercalcemia of malignancy. 
PTH-rP is a physiologic protein that is normally involved in the syn-
thesis and development of cartilage. PTH-rP causes hypercalcemia 
by binding to PTH receptors. Though similar in structure to PTH, 
PTH-rP is not measured by PTH assays and requires a specific blood 
test. Hypercalcemia from PTH-rP is most common in nonmetastatic 
solid tumors, non-Hodgkin lymphoma, chronic myeloid leukemia (blast 
phase), and adult T-cell lymphoma.
Hyperparathyroidism  Primary hyperparathyroidism is the most frequent 
cause of hypercalcemia. Mild hypercalcemia, hypophosphatemia, and 
elevated PTH are the hallmarks of this condition. Generally patients 
have three normal parathyroid glands with one large gland containing a 
functional adenoma. However, in 15% of cases there will be hyperplasia 
of all four glands. Parathyroid cancer accounts for less than 1% of pri-
mary hyperparathyroidism. Surgery to remove the autonomous gland is 
the preferred treatment, and in cases of diffuse four-gland enlargement,  
three and a half glands are removed. Rarely, extreme symptomatic 
hypercalcemia can occur with hyperparathyroidism. This is called 
parathyroid crisis and is characterized by mental status changes, severe 
hypercalcemia, and very high PTH levels. Surgical removal of the para-
thyroid tissue is indicated.

Tertiary hyperparathyroidism occurs in chronic renal failure in which 
chronic PTH stimuli (decreased serum calcium or decreased calcitriol) 
result in parathyroid glands that autonomously secrete PTH, resulting in 
hypercalcemia. These patients typically have four-gland hyperplasia and 
are resistant to medical management and require surgery.

Clinical Sequelae:  Mild hypercalcemia is associated with relatively mild, 
nonspecific symptoms. Patients with primary hyperparathyroidism 
are generally asymptomatic, but may complain of weakness, fatigue, 
anorexia, depression, vague abdominal pain, and constipation.  
Gastrointestinal side effects become more severe at higher calcium 
levels. Hypercalcemia has been associated with increased gastrin 
secretion and may predispose patients to peptic ulcers. Severe hyper-
calcemia can cause pancreatitis.

Hypercalcemia can cause multiple forms of renal dysfunction. Long-
standing hypercalcemia predisposes patients to nephrolithiasis. It also 
causes volume depletion by reducing sodium resorption in the TALH 
and decreasing the renal response to ADH. Hypercalcemia can cause 
acute renal failure by causing volume depletion or by vasoconstriction, 
reducing renal blood flow. Long-standing hypercalcemia results in irre-
versible renal insufficiency.

Mental status changes from mild confusion to psychosis or coma can 
occur in severe cases of hypercalcemia. It is clinically important to note 
that mental status impairment can persist for days following correction 
of hypercalcemia.202

Treatment:  The best treatment for hypercalcemia is to correct the 
underlying etiology. In situations in which this is not possible or specific 
hypocalcemic therapy is needed, the treatment should focus on the three 

access. Calcium gluconate can safely be infused peripherally. Both  
calcium compounds can cause tissue necrosis if extravasated.
Other Treatment Issues  Treatment of hypocalcemia can precipitate arrhythmias, 
especially in patients on digitalis. Other complications reported from 
treating hypocalcemia include bradycardia, pancreatitis, and vasospasm.196

When hypocalcemia is due to hyperphosphatemia, there is concern 
that providing calcium could accelerate metastatic soft-tissue calcifica-
tion. The degree to which this occurs is unclear. In the face of hyper-
phosphatemia, calcium should be limited to reversing acute toxicity 
(tetany, laryngospasm, and arrhythmias) and full correction of hypocal-
cemia should be delayed until the phosphorus is normalized.169

Hypomagnesemia can contribute to hypocalcemia so patients should 
have a magnesium level checked and repleted if low.177 There have been 
reports of magnesium-responsive hypocalcemia despite normal serum 
magnesium levels. This is thought to be due to total body magnesium 
depletion despite normal serum levels (see section on the diagnosis of 
hypomagnesemia below for details).

The principal therapy for hypocalcemia due to citrate toxicity is 
metabolism of the citrate. Citrate metabolism occurs via tempera-
ture-dependent enzymes so correcting hypothermia improves hepatic  
metabolism. Steps to improve hypotension and hepatic blood flow should 
be taken. Saline loading in order to increase renal clearance may speed 
recovery. Be aware that saline loading will also increase renal calcium 
excretion. About 20% of citrate is excreted unmetabolized in the urine.

■■ HYPERCALCEMIA
Etiologies:  Hypercalcemia is a relatively common clinical finding. 
Hypercalcemia occurs when calcium enters the vascular compartment 
faster than it can be excreted. There are two mechanisms by which 
calcium enters the vascular space: calcitriol-mediated gut absorption 
and bone resorption. Likewise, there are two means by which calcium is 
removed from the vascular space: deposition in bone or soft tissue and 
excretion in urine.

The most common cause of hypercalcemia is primary hyperpara-
thyroidism, while malignancy is a distant second. Among hospitalized 
patients, however, this ratio is reversed, with cancer accounting for 65% 
of cases and hyperparathyroidism 25%. One series found milk-alkali 
syndrome to account for up to 12% of patients hospitalized for hyper-
calcemia, while more recently a prevalence rate of 8.8% was reported for 
non-ESRD hypercalcemic inpatients.197,198 A summary of the etiologies 
of hypercalcemia is listed in Table 99-11.
Increased Intake  Increased dietary intake alone rarely causes hypercalcemia 
because the kidney is able to increase calcium excretion dramatically. 
Increased intake causes hypercalcemia in patients with renal failure or 
in patients in whom the kidney is prevented from excreting calcium.
Milk-Alkali Syndrome  The milk-alkali syndrome (MAS) is defined by three 
concurrent findings, hypercalcemia, metabolic alkalosis, and renal 
insufficiency, and is due to the ingestion of calcium and alkali.198 In the 
modern era, patients are typically women being treated for osteoporosis 
with calcium carbonate, which supplies both the calcium and the alkali. 
Historically, MAS was characterized by hyperphosphatemia due to the 
high phosphorus content of milk. In modern MAS, the calcium is a 
pharmaceutical product without phosphorus and patients tend to be 
hypophosphatemic, which stimulates calcitriol production, increasing 
calcium absorption. The hypercalcemia typically responds to stopping 
alkali and calcium ingestion. Additionally, saline infusions and loop 
diuretics are effective treatments.198

  TABLE 99-10    Parenteral Calcium Formulations

Agent Supplied Elemental Ca per mL Elemental Ca per Gram

Calcium gluconate 1 g in 10 mL 9 mg/mL 90 mg 4.5 mEq

Calcium chloride 1 g in 10 mL 27.2 mg/mL 272 mg 13.6 mEq

Calcium gluceptate 1 g in 5 mL 18 mg/mL 90 mg 4.5 mEq
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  TABLE 99-11    Etiologies of Hypercalcemia

Increased Intestinal Intake Increased Bone Resorption
Decreased Renal 
Excretion Miscellaneous

Increased calcium intake Hyperparathyroidism Thiazide diuretics Pheochromocytoma

 � Renal failure (often with vitamin D  
supplementation)

  Primary Familial hypocalciuric 
hypercalcemia
Hyperparathyroidism

Adrenal insufficiency

    Adenoma Rhabdomyolysis

  Milk-alkali syndrome     Hyperplasia Theophylline toxicity

Hypervitaminosis D   Tertiary Coccidioidomycosisk

  Increased intake of vitamin D or metabolites   MEN I Pseudohypercalcemia due to thrombocytosis
Human growth hormoneml

Recovery of rhabdomyolysis-induced acute renal 
failuren

  MEN IIA

 � Calcipotriol (topical treatment for psoriasis is  
structurally similar to 1,25-dihydroxy- vitamin D)a

  Lithium therapyg

Malignancy

  PTH-rP (humoral hypercalcemia)

  Chronic granulomatous disorders

    Sarcoidosis

  Metastasis to the bones

    Breast cancer

    Leprosy     Prostate cancer

    Tuberculosis     Langerhans cell histiocytosish

    Berylliosis Hyperthyroidism

    Histoplasmosis Immobilization

    Silicon induced granulomasb Paget disease

    Disseminated candidiasis Estrogen and antiestrogens in metastatic breast 
cancer

    Wegener granulomatosisc Hypervitaminosis A

    Brucellosis Retinoic acid

    Talc granulomatosisd PTH-rP in pregnancy and lactationi

    Cat-scratch diseasee Vitamin A toxicityj

Hodgkin and non-Hodgkin lymphomasf

Acromegaly

MEN, multiple endocrine neoplasia; PTH-rP, parathyroid-hormone–related peptide.

Data from these references:
aHardman et al326; bKozeny et al327; cBosch et al328; dWoywodt et al329; eBosch330; fSeymour and Gagel205; gBendz et al331; hMcLean and Pritchard332; iLepre et al333; jFishbane et al334; kWestphal335; lHoward et al336; mKnox et al337;  
nMeneghini et al338

legs of calcium physiology: calcium resorption in the kidney, calcium 
mobilization by the bones, and calcium absorption by the gut. A sum-
mary of therapies can be found in Table 99-12.

Calcium resorption, except in the distal convoluted tubule, is paired 
with sodium resorption so reducing sodium resorption will increase 
calcium clearance. The most effective way to do this is to infuse saline. 
Saline also treats the volume depletion found with hypercalcemia. 
Following volume repletion, a loop diuretic may be introduced which will 
further reduce calcium reabsorption. The goal of therapy is to achieve a 
brisk diuresis of 250-300 mL/h, which requires ongoing aggressive hydra-
tion. A number of limitations are associated with this approach:

Sufficient for mild hypercalcemia only
Risk of fluid overload in patients with underlying renal or cardiac 

impairment203

Use of a loop diuretic may lead to further electrolyte derangement
Greater body of RCT evidence for use and efficacy of Bisphosphonates204

Although an effective short-term therapy, for the above reasons ongo-
ing saline infusion, beyond that necessary to restore euvolemia, has 
fallen out of favor.

Corticosteroids decrease calcium absorption at the gut and reduce 
extrarenal formation of calcitriol.205 Failure of prednisone (20-40 mg/d) 

to correct the granuloma-associated hypercalcemia within 2 weeks 
should prompt exploration for an alternative diagnosis.206 Chloroquine 
and hydroxychloroquine can block peripheral production of calcitriol 
and are effective treatment for sarcoid-induced hypercalcemia.207,208 
Ketoconazole has also been used in the treatment of calcitriol-induced 
hypercalcemia.

There are multiple pharmacologic strategies to block bone resorption. 
The most effective are bisphosphonates. The bisphosphonates are effective 
at correcting hypercalcemia of malignancy regardless of the etiology.209  
Their maximum effect occurs between 2 and 4 days. Pamidronate has 
achieved widespread use and has been shown to be superior in both 
efficacy and convenience to etidronate and clodronate.210 Zoledronate, 
a newer bisphosphonate, has been shown to be superior to the maxi-
mum dose of pamidronate in two randomized controlled trials, and 
can be administered over a shorter time period.211 However, some have 
questioned the validity of these data due to the poor performance of 
pamidronate compared to prior trials.

Salmon calcitonin can rapidly lower serum calcium by inhibiting 
osteoclastic bone resorption. It also increases renal excretion of calcium. 
It can be given IM or SC and reduces serum calcium by 1 to 2 mg/dL 
within hours of administration. Unfortunately, it only works in just over 
half of patients with hypercalcemia of malignancy, and tachyphylaxis is 
common after 2 days.
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  TABLE 99-12    Treatment of Hypercalcemia

Drugs Dose Onset Effectiveness Duration Concerns

Saline and 
furosemide

Infuse saline at a rate high enough to 
achieve urine output of 250-300 mL/h

24-48 h 0.5-2.0 mg/dL; frequent  
treatment failures

3 d Volume overload, electrolyte 
abnormalities

Calcitonin 4-8 IU/kg SC or IV bid-qid for 1-2 d 4 h 2-3 mg/dL 1-4 d Tachyphylaxis, nausea, rash, flushing, 
malaise

Hemodialysis 3 h with low-calcium dialysate  
(0-1 mmol/L)

Significant decrease 
in calcium after 1 h

4-6 mg/dL in 3 h Variable; may be repeated as 
needed

Cardiovascular instability from rapid 
decrease in calcium

Plicamycin 
(mithramycin)

25 µg/kg IV over 4-6 h, repeat qd 12-72 h 1-2 mg/dL per dose 2-14 d Hepatic, renal, bone marrow toxicity; 
thrombocytopenia

Pamidronatea Single infusion over 2, 4, or 24 h; 
30 mg for Ca <12 mg/dL; 60 mg for Ca 
12-13.5 mg/dL  
90 mg for Ca >13.5 mg/dL

48 h with 
normocalcemia 
at 96 h

30 mg lowered Ca by 2.2 mg/dL;  
60 mg lowered Ca by 3.3 mg/
dL; 90 mg lowered Ca by 
3.9 mg/dL

10-30 d; dosing every 2 weeks 
increased maintenance of 
normocalcemia

Limit to 30 mg in patients with renal 
failure; fever in 20%; hypocalcemia 
(asymptomatic)

Zoledronateb 4 mg given over 5 min; 8 mg for relapse 
or refractory hypercalcemia

96 h; calcium was not 
assessed prior to 96 h

50% remission at 4 d; 88% 
at 7 d

32 d for 4 mg; 43 d for 8 mg Fever; rare (1-2%) renal insufficiency

Chloroquinec 250 mg bid 1-3 d Able to normalize serum 
calcium in sarcoidosis

Maintenance chloroquine Only used in patients with increased 
1,25 dihydroxyvitamin D; ineffective 
in hypercalcemia of malignancy

Corticosteroids Hydrocortisone 200-400 mg/d for 3-5 d 4-7 d 0.5-3 mg/dL 3-4 d Hyperglycemia, immunosuppression, 
electrolyte abnormalities

Data from these references:
aNussbaum et al209; bMajor et al211; cAdams and Kantorovich.339

Dialysis  Dialysis should be considered in patients with severe symptom-
atic hypercalcemia that is unresponsive to drug therapy. Low-calcium 
hemodialysis (dialysate calcium of 0-0.5 mmol/L) has repeatedly been 
shown to rapidly correct hypercalcemia. Calcium clearance for hemo-
dialysis ranges from 270 to 680 mg/h. While there is a risk of rebound 
hypercalcemia, many patients are able to maintain normocalcemia with 
medical management following a single dialysis session.212 Continuous 
renal replacement therapy (CRRT) has been used in cases in which 
rebound hypercalcemia has been a problem. CRRT can be paired with 
citrate regional anticoagulation, which chelates free calcium, allowing 
rapid and durable control of hypercalcemia.213

Overview  Treatment of hypercalcemia may utilize multiple modalities. 
Initially calcium and vitamin D preparations should be stopped. The 
next action should be to administer saline to restore euvolemia. In the 
absence of evidence of volume overload, addition of a loop diuretic is no 
longer recommended. In severe hypercalcemia a bisphosphonate should 
be administered concurrently. As their onset of action can be delayed 
up to 48 hours, calcitonin may be used as a bridge. In hypercalcemia of 
malignancy, bisphosphonates are the standard of care. In cases of endog-
enous calcitriol excess, steroids are an effective acute treatment and 
chloroquine/hydroxychloroquine or ketoconazole may be used as long-
term therapies. In patients with hyperparathyroidism, surgical treatment 
is the definitive therapy and seldom is additional therapy required. 
Using bisphosphonates prior to surgery may result in severe hypocalce-
mia postoperatively (hungry bone syndrome). In recalcitrant cases, or if 
patients are severely symptomatic, dialysis should be initiated.

PHOSPHORUS

■■ METABOLISM
In medicine phosphate and phosphorus are often used interchangeably, 
though using strict nomenclature, phosphorus refers to the element and 
phosphate to the PO4

2− anion. Inorganic phosphorus exists as a weak 
acid with three protons that can dissociate: H3PO4, H2PO4

−, HPO4
2−, 

PO4
3−. At a pH of 7.4, the ratio of HPO4

2− to H2PO4
− is 4 : 1 and the other 

forms are essentially nonexistent. Clinical labs report the concentration 
of elemental inorganic phosphorus which exists almost exclusively as 

phosphate (eg, organic phospholipids and phosphorylated proteins, 
which represent two-thirds of all phosphorus located in the serum, are 
not measured in the lab assay). The normal range of phosphorus is 3 
to 4.5 mg/dL. The molecular weight is 31 so the normal concentration 
in SI units is 1 to 1.5 mmol/L (1.7 to 2.6 mEq/L). Normal values of 
phosphorus vary with age (higher levels in younger people). The upper 
limit of normal in infants is 6.5 mg/dL and adult ranges are not found 
until late adolescence. The majority (80%) of phosphorus is mineral-
ized in bone with almost all of the remainder in the intracellular com-
partment. Only 0.1% of total body phosphorus is in the extracellular 
compartment.

■■ RENAL HANDLING OF PHOSPHORUS
Ninety percent of serum phosphorus is filtered at the glomerulus and 75% 
to 99% is subsequently resorbed. Na-P cotransporters in the proximal 
tubule resorb 70% of the filtered phosphorus. PTH and metabolic acidosis 
both decrease phosphate resorption by the Na-P transporters, increasing 
the renal excretion of phosphorus.214 Since phosphorus is resorbed con-
comitantly with sodium, any factor that decreases sodium resorption will 
decrease the tubular resorption of phosphorus (see Fig. 99-13).

Normal phosphorus concentrations are maintained by adjusting 
intestinal absorption and renal excretion. Hypophosphatemia stimu-
lates production of calcitriol, which increases intestinal phosphorus  
and calcium absorption. The increased calcium suppresses PTH, and 
decreased PTH will increase resorption of phosphorus in the proximal 
tubule215 (see Fig. 99-12).

■■ HYPOPHOSPHATEMIA
Modest degrees of hypophosphatemia are common and of little conse-
quence. Severe hypophosphatemia, however, is rare. In a retrospective 
review of 55,000 serum phosphorus measurements, persistent phospho-
rus levels less than 1.5 mg/dL were found in only 0.2%.216 The incidence 
is higher in selected patient series, being found in 10% to 30% of patients 
with COPD exacerbations or those admitted to the ICU.217-219 A higher 
incidence still has been reported in those with severe sepsis or major 
trauma.220 Because only a tiny proportion of the total body phosphorus 
is found in the vascular space, the serum phosphorus is not a reliable 
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indicator of total body phosphorus. Isolated hypophosphatemia without 
intracellular depletion is of little consequence and is usually a transient 
phenomenon. Severe symptoms from hypophosphatemia are due to 
total body phosphorus depletion. The causes of hypophosphatemia are 
listed in Table 99-13.

Etiologies:  There are three principal mechanisms by which hypophos-
phatemia can arise: transcellular redistribution, decreased intestinal 
absorption, and increased urinary excretion.

Transcellular redistribution is movement of phosphorus into cells. 
This is usually transient, and in the face of normal total body phos-
phorus, harmless. However, in the face of preexisting phosphorus 
depletion, this transcellular movement can provoke serious symp-
toms including death.221 The most severe cases of hypophosphatemia 
due to transcellular distribution are found with refeeding syndrome. 
Starvation decreases total body phosphorus due to decreased dietary 
intake. Despite the phosphorus depletion, serum phosphorus typi-
cally remains normal as phosphorus leaks out of cells. With refeeding, 
insulin moves phosphorus into cells where it is consumed. Thirty-four 
percent of ICU patients experienced refeeding-associated hypophos-
phatemia after being NPO for as little as 48 hours.222 Alcoholics and 
those with anorexia nervosa admitted to the hospital also commonly 
suffer from refeeding syndrome. Both patient groups are often poorly 
nourished and have a renal phosphorus leak, resulting in total body 
phosphorus depletion.

One of the most common causes of intracellular phosphorus redis-
tribution in hospitalized patients is respiratory alkalosis.216 The drop in 
the partial pressure of carbon dioxide results in intracellular alkalemia, 
which stimulates glycolysis, consuming phosphorus.223 Metabolic alka-
losis rarely causes hypophosphatemia because it typically fails to induce 
the intracellular alkalemia essential for the phenomenon.

Dietary insufficiency of phosphorus is rare, as phosphorus is ubiq-
uitous in the diet and the body is efficient at reducing renal losses. 
Decreased intestinal absorption can occur due to corticosteroids, either 
endogenous or therapeutic. Antacids that contain magnesium, calcium, 
or aluminum bind dietary phosphorus, preventing its absorption. 
Vitamin D deficiency decreases intestinal absorption of phosphorus and 
the lack of calcitriol increases PTH release, further increasing urinary 
losses (Fig. 99-15).

Phosphorus is primarily resorbed in the proximal tubules (see 
Fig.  99-13). PTH enhances phosphorus excretion. Since phosphate is 
resorbed in conjunction with sodium, any process that decreases sodium 
resorption (volume expansion, osmotic diuretics, or glucosuria) decreases 
phosphorus resorption. Diuretics that act in the proximal tubules, such 
as osmotic diuretics and carbonic anhydrase inhibitors, have particu-
larly potent phosphaturic effects because they block the primary site of 
phosphate resorption. Any process that damages the proximal tubule will 
increase renal excretion of phosphorus. Fanconi syndrome is character-
ized by proximal tubule dysfunction and has marked phosphaturia as one 
of its components. Alcoholics develop a renal leak of phosphorus, which 
is reversible following weeks of abstinence.224

More recently phosphatonins such as fibroblast growth factor 23 
(FGF-23) have been found to play a role in increased urinary phosphate 
excretion, particularly in the setting of hypophosphatemia post renal 
transplantation.225,226 β2-Agonists, steroids, and IV fluids all increase 
renal excretion of phosphorus.227

Clinical Sequelae:  Modest hypophosphatemia is devoid of clinical sym
ptoms. Symptomatic hypophosphatemia generally becomes apparent 
as phosphorus falls below 1.0 mg/dL. Hypophosphatemia without 
intracellular phosphate depletion (ie, transcellular redistribution) 
is typically benign.228 Severe hypophosphatemia in the presence of 
intracellular phosphate depletion causes impaired energy metabolism 
resulting in significant cellular dysfunction, which can affect multiple 
organ systems.

The oxygen affinity of hemoglobin is regulated by 2,3 diphosphoglyc-
erate (2,3 DPG). Severe hypophosphatemia decreases 2,3 DPG, which 
increases hemoglobin’s affinity for oxygen, decreasing oxygen delivery to 
tissues. Since phosphate is a substrate for glycolysis, intracellular phos-
phate depletion can slow glycolysis, decreasing ATP levels.

CNS symptoms include weakness, tremors, and paresthesias. 
Progressive hypophosphatemia can cause delirium, seizures, central 
pontine myelinolysis, coma, and death.229,230 CNS symptoms are particu-
larly prominent with refeeding syndrome.

  TABLE 99-13    Etiologies of Hypophosphatemia

Intracellular Shift  
of Phosphorus

Decreased Phosphorus 
Absorption Increased Renal Excretion

Carbohydrate infusion Dietary insufficiency Alcoholism

  Fructose Malabsorption Volume expansion/natriuretic 
states

  Glucose Phosphate binders   IV Bicarbonate

  Glycerol   Calcium   Bicarbonaturia

  Lactate   Magnesium   Glucosuria

Calcitonin   Aluminum   Diuretics

Catecholamines   Sevelamer   �  Acetazolamide is the most 
phosphaturic  Epinephrine   Lanthium

  Dopamine Steatorrhea     Thiazides

  Terbutalinea Vitamin D deficiency     Loop diureticsc

  Albuterol Glucocorticoids     Osmotic diuretics

Insulinb

Respiratory alkalosis Miscellaneous  � High salt diet or saline infusion

Rapid cell proliferation Hungry bone syndrome

  Treatment of anemia Burns   Hyperaldosteronism

  CML in blast crisis Acetaminophen overdose   SIADH

  AML Bisphosphonates   Fanconi syndrome

  AMML Gallium nitrate   Multiple myeloma

Refeeding syndrome   Aminoglycosides

Rewarming hypothermia   Heavy metal toxicity

  Chinese herbs

  Congenital

  Ifosfamide

  Cisplatin

  Cystinosis

  Wilson disease

 � Hereditary fructose intolerance

Glucocorticoids

Hyperparathyroidism

Hypercalcemia

Metabolic acidosis

Paraneoplastic syndrome

  PTH-rP

 � Tumor-induced osteomalacia

Renal transplantation

Acute malaria (falciparum)

X-linked hypophosphatemic 
rickets (vitamin D resistant rickets)

Xanthines

AML, acute myelogenous leukemia; AMML, acute myelomonocytic leukemia; CML, chronic myelogenous 
leukemia; PTH-rP, parathyroid-hormone–related peptide; SIADH, syndrome of inappropriate secretion of 
antidiuretic hormone.

Data from these references:
aBrady et al227; bWinter et al243; cFiaccadori et al218
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an intracellular shift, worsening the hypophosphatemia. In patients with 
refeeding syndrome and severe hypophosphatemia, in addition to sup-
plementing phosphorus it is important to decrease the delivery of carbo-
hydrates (use lipids and proteins as the primary source of calories). Skim 
milk has a safe phosphorus:carbohydrate ratio, along with potassium, 
calcium, and protein needed in malnourished patients (Table 99-14).

Patients should get 1000 to 4000 mg (30 to 130 mmol) of phospho-
rus per day divided into three or four doses. This should replace most 
phosphorus deficits over 7 to 10 days. Dividing the daily dose reduces 
diarrhea. Since it is impossible to know the exact degree of phosphorus 
depletion, patients should have periodic laboratory monitoring.
Parenteral Replacement  Patients with signs or symptoms consistent with 
hypophosphatemia should be given IV phosphorus. Various regimens 
recommend giving 2.5 to 5 mg/kg over 6 hours.241 Larger and faster 
doses (620 mg in an hour or 25 mg/kg in 30 minutes) have been shown 
to be safe and effective.219,240 Continued vigilance is important as hypo-
phosphatemia returns in most patients. After IV therapy, patients should 
be continued on oral phosphates to replenish intracellular stores.

While therapy is generally safe, it is not without complications. In 
a randomized controlled trial of phosphorus replacement in diabetic 
ketoacidosis, no benefit from treatment was found in terms of speed 
of recovery, mental status, oxygen-carrying capacity, or 2,3 DPG levels. 
The only significant finding was decreased ionized calcium in the phos-
phorus group.242 Complications due to therapy for hypophosphatemia 
include hyperphosphatemia with or without associated hypocalcemia; 
hyperkalemia from potassium preparations; and volume overload or 
hypernatremia from sodium phosphorus preparations (4.4 mmol of 
sodium per mL is nine times the concentration of 3% saline).243

■■ HYPERPHOSPHATEMIA
The kidney is responsible for excreting excess phosphorus and is so 
effective at this that it is able to compensate for huge increases in daily 
phosphate intake. Essentially the study of hyperphosphatemia can be 
limited to acute phosphorus loads, generalized renal failure, and specific 
failure in the kidney’s ability to excrete phosphorus.

Many studies have demonstrated an association between hypophos-
phatemia and mortality in hospitalized patients.220,231 Hypophosphatemia 
may be a marker of disease severity however, as causality remains 
unproven.

Myopathy affecting both smooth and skeletal muscle can occur 
due to decreased ATP. This can present as proximal muscle weakness, 
ileus, cardiomyopathy, and respiratory failure.232 Respiratory failure 
may present acutely, or may be associated with difficulty weaning from 
ventilator support in the ICU setting.233 Phosphate repletion has been 
shown to restore cardiac contractility.219,234 Patients with decreased  
total body phosphorus who undergo a superimposed intracellular  
shift of phosphorus resulting in severe hypophosphatemia can develop 
rhabdomyolysis. This classically occurs in alcoholics following  
hospitalization.235,236 Since tissue lysis releases phosphorus, the serum 
phosphorus will normalize following the rhabdomyolysis.

Additionally, arrhythmias and hemolysis can occur with hypophos-
phatemia.237,238

Diagnosis:  A few clinical scenarios result in spurious lab results. 
Mannitol, multiple myeloma, and hyperbilirubinemia (>3 mg/dL) all 
interfere with some phosphorus assays, resulting in artifactual hypo-
phosphatemia. Patients with very high white blood cell counts can have 
spurious hypophosphatemia if the specimen is allowed to clot.

Occasionally, it is important to separate patients with extrarenal 
phosphorus losses from those with renal losses. Patients with extrarenal 
losses and transcellular distribution of phosphorus should have less than 
100 mg (3.3 mmol) of phosphorus in a 24-hour collection. Determining 
the fractional resorption of phosphorus (FrPO4) on a spot urine can give 
similar information. While FrPO4 normally varies from 75% to 99%, in 
the face of hypophosphatemia, an FrPO4 less than 95% indicates renal 
wasting (see Eq. 99-6).

FrPO sCr uPO
sPO uCr4

4= × −
×

×









100 1

4

Equation 99-6.  The fractional resorption of phosphorus (FrPO
4
) can be used to determine 

if hypophosphatemia is due to abnormal renal phosphorus loss or extrarenal phosphorus loss. An 
FrPO

4
 less than 95% in the face of hypophosphatemia indicates abnormal renal phosphorus wast-

ing. sCr, serum creatinine; sPO
4
, serum phosphorus; uCr, urine creatinine; uPO

4
, urine phosphorus.

Treatment:  Patients with hypophosphatemia and depletion of phos-
phorus should be treated. Patients with hypophosphatemia due solely 
to a transcellular shift (eg, respiratory alkalosis) do not need repletion 
of phosphorus. One should be particularly aggressive about treating 
hypophosphatemia in patients with septic shock. Hypophosphatemia 
is common in sepsis and hypophosphatemia is associated with arrhyth-
mias in this population.237 Animal data suggest that hypophosphate-
mia decreases response to vasopressors.239 Human data have shown 
increased left ventricular function, systolic blood pressure, and pH  
following normalization of phosphorus.219,240

Enteral Replacement  Oral replacement of phosphorus is appropriate for 
patients with low serum phosphorus in the absence of acute symptoms. 
Dietary phosphorus can be used but care should be taken not to give 
phosphorus with an abundance of carbohydrates, which could precipitate 
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FIGURE 99-15.  Decreased phosphorus directly stimulates the production of calcitriol by the kidney. Calcitriol has two principal actions: It increases gut absorption of calcium and phosphate 
and suppresses PTH release (the increased calcium from gut absorption also suppresses PTH release). The decreased PTH increases renal resorption of phosphorus. Increased serum phosphorus 
feeds back and inhibits calcitriol production.

  TABLE 99-14    Phosphorus Supplements

Phosphate Source Phosphate Sodium Potassium

Oral formulations

  Skim cow’s milk 1 mg/mL (0.032 mmol/mL) 28 mEq/L 38 mEq/L

  Neutra-Phos 250 mg/pkg (8 mmol) 7.1 mEq/pkg 7.1 mEq/pkg

  Fleet Phospho-Soda 150 mg/mL (5 mmol/mL) 4800 mEq/L

  Neutra-Phos K 250 mg/cap (8 mmol) 14.25 mEq/cap

  K-Phos 150 mg/cap (5 mmol) 3.65 mEq/cap

  K-Phos Neutral 250 mg/tab (8 mmol) 13 mEq/tab 1.1 mEq/tab

Parenteral formulations

  Potassium phosphate 93 mg/mL (3 mmol/mL) 4.4 mEq/mL

  Sodium phosphate 93 mg/mL (3 mmol/mL) 4.4 mEq/mL
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Etiologies 

Increased Intake of Phosphorus  The ability to maintain phosphorus balance 
in the face of massive phosphorus loads (4000 mg/d) depends on the 
phosphorus load being spread over time. Sudden loads can overwhelm 
renal phosphate clearance, resulting in hyperphosphatemia. Phosphorus 
loads can be exogenous or endogenous (Table 99-15). Exogenous intake 
can be from diet, phosphate enemas, or parenteral sources. Fleet enemas 
contain 130 mg (4.15 mmol) of phosphorus per milliliter. Dietary 
intake of phosphorus can be enhanced by vitamin D toxicity. Calcitriol 
enhances gut absorption of phosphorus and the associated hypercal-
cemia, along with the increased calcitriol, suppresses PTH, decreasing 
renal phosphorus clearance.

Endogenous sources of phosphate are due to release of intracellular 
phosphorus from cell death or transcellular distribution. Patients who 
present with diabetic ketoacidosis are usually hyperphosphatemic 
despite decreased total body phosphorus.244 This is due to the lack of 
insulin decreasing the movement of phosphorus into cells and metabolic 
acidosis slowing phosphorus consuming glycolysis. Tumor lysis syn-
drome is due to destruction of large bulky tumors with chemotherapy 
or radiation therapy. The tumor cells release phosphorus, potassium, 
and purines (metabolized to uric acid). Acute renal failure from urate 
nephropathy can exacerbate the electrolyte abnormalities. For more 
information, see the discussion in “Hyperkalemia”, above.
Decreased Renal Clearance of Phosphorus  Since the kidney is the primary means 
of excreting phosphorus, renal failure of any etiology is associated 
with hyperphosphatemia. The kidney maintains phosphorus balance 
by filtering serum phosphorus and then adjusting the fractional resorp-
tion of phosphorus via PTH. In some cases, the kidneys fail to excrete  
phosphorus despite adequate GFR. The primary cause of this is hypopara-
thyroidism due to removal of the parathyroids or other neck surgery. In 
the former, the hypoparathyroidism is permanent, while in the latter it is 
usually a temporary stunning of the gland. Other causes of hypoparathy-
roidism are discussed under etiologies of hypocalcemia (see Table 99-8).
Clinical Sequelae:  The primary clinical consequence of hyperphospha-
temia is hypocalcemia and its metabolic manifestations. Increased 
serum phosphorus binds ionized calcium, lowering the biologically 
active fraction of calcium.245

Severe hyperphosphatemia can result in metastatic calcification in 
soft tissues. In rare cases, this may contribute to acute renal failure or 

cardiac arrhythmias.246 The risk of calcification increases as the calcium-
phosphorus product (calcium times phosphorus) rises above 70 mg2/dL2.  
In patients with end-stage renal disease, empiric data have shown 
decreased mortality in patients with a calcium-phosphorus product less 
than 52. In the same study, isolated hyperphosphatemia also predicted 
increased mortality.247

Treatment:  Hyperphosphatemia in patients with intact renal func-
tion is usually transient and self-correcting. Infusing saline to induce 
natriuresis can enhance renal clearance of phosphorus. Acetazolamide 
can increase renal clearance by blocking phosphate resorption in the 
proximal tubule.248

If there is decreased renal function or symptomatic hypocalcemia, 
dialysis is essential. Twenty to thirty millimoles of phosphorus are 
removed with a 4-hour dialysis session. Continuous renal replacement 
strategies have been shown to provide better control of hyperphospha-
temia and hypocalcemia.249

In tumor lysis syndrome, the use of sodium bicarbonate to alkalinize 
the urine can be detrimental. Alkalinization has been used to increase 
solubility of uric acid in the urine; however, urinary phosphorus solu-
bility decreases with higher urine pH. The use of sodium bicarbonate 
predisposes to renal calcium deposition. In addition, raising the pH 
exacerbates the ionized hypocalcemia found in tumor lysis syndrome. 
The use of allopurinol and uricase prevents hyperuricemia, eliminating 
the need for alkalinization.

Phosphate binders are regularly used in patients with chronic renal 
failure to reduce absorption of dietary phosphorus. Though they primar-
ily act to decrease absorption of dietary phosphorus, they have a small 
but measurable ability to reduce phosphorus in patients not ingesting 
additional phosphorus.250 Patients with acute hyperphosphatemia should 
have a low-phosphorus diet and be started on phosphorus binders  
(ie, magnesium or calcium salts, lanthanum carbonate, or sevelamer).

MAGNESIUM

■■ METABOLISM
Magnesium is the second most prevalent intracellular cation. It is a 
critical cofactor in any reaction powered by ATP, so deficiency of this 
ion can have dramatic effects on metabolism. Magnesium also acts as 
a calcium channel antagonist and plays a key role in the modulation 
of any activity governed by intracellular calcium (eg, muscle contrac-
tion and insulin release).251 The atomic weight of magnesium is 24.3. 
Half of total body magnesium is mineralized in bone. Almost all of the 
remainder is localized in the intracellular compartment with only 1% 
of total body magnesium in the extracellular space.252 Normal plasma 
magnesium concentration is 1.8 to 2.3 mg/dL (0.75 to 0.95 mmol/L; 1.5 
to 1.9 mEq/L). Magnesium exists in three states: ionized (60% of total 
magnesium), protein bound (30%, mostly albumin), and complexed to 
serum anions (10%).253,254 Only the ionized magnesium is physiologically 
active; however, in most instances laboratory values come from determi-
nation of total mg in the serum, with ionized magnesium measurements 
typically available in point-of-care settings only. Patients with low serum 
albumin may have low serum magnesium levels with normal ionized 
magnesium levels.255

Magnesium Balance:  Net oral magnesium intake is 100 mg daily (see 
Fig. 99-11). The kidneys are responsible for excreting this magnesium 
load. The bulk of magnesium resorption (60% to 70%) occurs in the 
thick ascending limb of the loop of Henle (TALH)256 (see Fig. 99-13). 
The resorption of magnesium in the TALH is inversely related to flow, 
so that any situation associated with increased tubular flow reduces 
magnesium resorption. Similarly, any factor that abolishes the positive 
luminal charge (eg, loop diuretics or hypercalcemia) opposes magne-
sium resorption.

Renal resorption of magnesium varies widely to maintain magnesium 
homeostasis. Fractional resorption of filtered magnesium can decline to 

  TABLE 99-15    Etiologies of Hyperphosphatemia

Exogenous 
Phosphorus Intake

Endogenous Loads 
Phosphorus

Decreased Renal Clearance  
of Phosphorus

Fleet enemas Cell death Renal failure

Oral phosphorus 
overdose

  Tumor lysis syndrome Hypoparathyroidism

Parenteral phosphate   Rhabdomyolysis   Acquired

Vitamin D intoxication   Tissue infarction     Postsurgical

White phosphorus burns   Malignant hyperthermia     Hypomagnesemia

 � Neuroleptic malignant 
syndrome

    Radiation treatment
    Hemochromatosis

  Heat stroke   Congenital

Transcellular movement     Pseudohypoparathyroidism

  Metabolic acidosis     Hypoparathyroidism

    Ketoacidosis     DiGeorge syndrome

    Lactic acidosis Acromegaly

Respiratory acidosis Growth hormone therapy

Tumoral calcinosis

Bisphosphonates
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  TABLE 99-16    Etiologies of Hyper- and Hypomagnesemia

Hypomagnesemia

  Increased tubular flow

    Osmotic diuresis

    Diabetes types I and II

    Hyperaldosteronisme

    Volume expansion

    Diabetic ketoacidosis

  Tubular dysfunction

  �  Recovery from acute 
tubular necrosis

    Recovery from obstruction

  �  Recovery from 
transplantation

 � Congenital renal magnesium 
wasting

 � Bartter syndrome (one-third 
of cases)

  Gitelman syndrome (universal)

Data from these references:
aGalland340; bHessov et al264; cLipner341; dPapazachariou et al342; eMassry et al267; fSutton and 
Domrongkitchaiporn268; gEshleman et al343

nearly zero in the presence of hypermagnesemia or reduced GFR (ie, all 
of the filtered magnesium is excreted). In response to magnesium deple-
tion or decreased intake, the fractional resorption of Mg2+ can rise to 
99.5% in order to minimize urinary losses.

■■ HYPOMAGNESEMIA
Hypomagnesemia is common, occurring in approximately 12% of hos-
pitalized patients.257 Among ICU patients, the prevalence of hypomagne-
semia ranges from 11% to 65%.258-260 Hypomagnesemia frequently goes 
undetected. In a prospective study, 47% of patients undergoing clinical 
blood testing for electrolyte concentrations had hypomagnesemia, but 
physicians ordered magnesium levels in only 10% of these patients.261

Etiologies:  Hypomagnesemia is nearly always due to increased renal 
or GI losses (Table 99-16). GI losses or malabsorption of magnesium 
occur with steatorrhea, diarrhea, and short bowel syndrome (loss of 

  TABLE 99-16    Etiologies of Hyper- and Hypomagnesemia

Hypomagnesemia

Extrarenal causes Decreased renal excretion of magnesium

  Gastrointestinal   Renal insufficiency

    Diarrhea
    Steatorrhea

  �  Any etiology with a glomerular filtration rate 
<10 mL/min

    Congenital malabsorption   Lithium

    Protein calorie malnutrition   Hypocalciuria, hypercalcemia f

    Alcoholism Magnesium ingestion

    Enteral nutrition   Parenteral

  �  Inflammatory bowel 
diseasea

    Dosing error

    Gastric suction     Treatment of preeclampsia

    Vomiting   �  Treatment of torsades de pointes or myocardial 
infarction

    Short bowel syndromeb   Oral

    Sprue
    Intestinal bypass for obesityc

  �  Damage to the intestinal lining may increase Mg 
absorption

    Chronic pancreatitisd     Mg2+-containing antacids

  Skin       Gaviscon [Al(OH)
3
 and MgCO

3
]

    Burns       Mylanta (CaCO
3
 and MgCO

3
)

    Toxic epidermal necrolysis       Milk of magnesia [Mg(OH)
2
]

  Bone       Maalox [Al(OH)
3
 and Mg(OH)

2
]

    Hungry bone syndrome     Epsom salts (MgSO
4
)

  Other     Mg2+-containing cathartics

    Pancreatitis       Magnesium citrate

Renal causes       Milk of magnesia [Mg(OH)
2
]

  Drugs     Magnesium-containing enemas

    Aminoglycoside toxicity       Magnesium citrate

    Pentamidine toxicity     Aspiration

    Amphotericin B toxicity       Dead Sea near drowning

    Thiazide diuretics Other

    Calcineurin inhibitors   Theophylline toxicityg

    Foscarnet

    Cisplatin

  Loop of Henle

    Loop diuretics

    Hypercalcemia (Continued)

more than 75 cm of bowel).262-264 Hypomagnesemia has been associ-
ated with concurrent use of PPI and diuretic therapy.265 The US FDA 
has recommended monitoring magnesium levels periodically for the 
duration of treatment with proton-pump inhibitors.266

Renal loss of magnesium occurs most prominently in any situation 
in which there is increased tubular flow. Intravenous fluids or osmotic 
diuresis from glucosuria will increase tubular flow and magnesium 
wasting.267 Loop, thiazide, and osmotic diuretics, recovery from acute 
tubular necrosis, and relief of urinary tract obstruction have all been 
documented to increase magnesium loss.268-270 Specific magnesium 
wasting defects can be induced by tubular toxins. Cisplatin, ampho-
tericin B, and the aminoglycosides all cause magnesium wasting inde-
pendent of any effect on GFR.271-273 Gitelman syndrome is a congenital 
syndrome characterized by hypokalemia, metabolic alkalosis, and nor-
motension. Unlike the similar condition Bartter syndrome, Gitelman 
is often not diagnosed until early adulthood. Hypomagnesemia is a 
universal finding in Gitelman, with magnesium levels typically just 
over 1 mg/dL.274 Hypomagnesemia is also particularly common in 
alcoholic patients, with one study reporting a prevalence of almost 
30%. This results from the interplay of a number of pathophysiologi-
cal factors.275

Hypomagnesemia has been reported to occur in 40% of patients 
with burns.276 The decreased magnesium is due primarily to exudative  
skin losses.277

Clinical Sequelae:  Hypomagnesemia may be asymptomatic. In a retro-
spective review of 1576 consecutive admissions to a geriatric facility in 
Scotland, 169 patients with hypomagnesemia (≤1.6) showed no differ-
ence in duration of stay, survival to discharge, or 6-month survival.278 
However, a prospective study done in an inpatient setting showed a 
tremendous impact of hypomagnesemia on survival. Though there was 
no difference in Acute Physiology, Age, and Chronic Health Evaluation 
(APACHE) II scores at admission, patients with a serum magnesium 
level <1.5 mg/dL had a dramatically higher mortality rate than patients 
with normal magnesium (31% vs. 22%).279

Determining the clinical consequences of isolated hypomagnesemia 
is difficult because patients with hypomagnesemia typically also have 

(Continued)

Hypermagnesemia
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hypokalemia, hypocalcemia, and hyponatremia. Symptoms due to hypo-
magnesemia become more common as serum magnesium falls below 
1.2 mg/dL280 (Table 99-17).
Neuromuscular Effects  Neuromuscular irritability is a common sign of mag-
nesium depletion. Patients can develop Trousseau and Chvostek signs 
despite normal ionized calcium. Severe depletion can cause weakness, 
fatigue, vertical nystagmus, tetany, and seizures.281 Reversible blindness 
due to magnesium deficiency has been reported.282

Metabolic Effects  Hypokalemia is commonly associated with hypomagne-
semia. One series reported it to occur in 40% of patients with hypo-
magnesemia. The reverse is also true; 60% of patients with hypokalemia 
are hypomagnesemic.261 One explanation for this phenomenon is that 
many of the etiologies of hypomagnesemia (diuretics, alcoholism, 
and diarrhea, among others) also result in hypokalemia. In addition, 
hypomagnesemia causes renal potassium wasting. The mechanism for 
potassium wasting is multifactorial. Decreased intracellular magne-
sium slows adenosine triphosphate (ATP) production, which decreases 
Na-K-ATPase activity, resulting in the loss of intracellular potassium. 
In the TALH and cortical collecting duct, the loss of ATP increases the 
number of potassium channels on the apical membrane.70 Intracellular 
potassium flows down its concentration gradient into the tubule and is 
lost in the urine.

Hypocalcemia has been reported in 12% to 50% of patients with 
hypomagnesemia.278,283 Hypomagnesemia suppresses the release of 
PTH and causes end-organ resistance to PTH. The hypocalcemia is 
refractory to calcium supplementation until the magnesium deficit is 
corrected.177

Cardiovascular Effects  Hypomagnesemia has been associated with a variety 
of atrial and ventricular arrhythmias.284 Zuccala and associates pro-
spectively studied 52 elderly patients undergoing hip surgery. He noted 
an association of higher rates of arrhythmias with greater periopera-
tive drops in magnesium. The arrhythmogenic association of magne-
sium depletion was independent of changes in serum calcium and  
potassium.285 Torsades de pointes is a unique form of ventricular tachy-
cardia that is refractory to cardioversion, but responds to magnesium 
repletion. ECG findings with hypomagnesemia include flattened T 
waves, U waves, prolonged QT interval, and widened QRS complexes. 
All of these ECG effects are also found with hypokalemia, and may be 
secondary to changes in potassium.

Since both magnesium depletion and digitalis inhibit the Na-K-
ATPase pump, it is not surprising that hypomagnesemia aggravates digi-
talis toxicity. In fact, hypomagnesemia was the most frequent electrolyte 
abnormality in a study of digitalis toxicity.286

Diagnosis:  Hypomagnesemia can be divided into extrarenal and renal 
causes, which can be readily distinguished by determining if the kidney 
is magnesium avid or wasting magnesium. There are two ways to deter-
mine renal magnesium avidity: 24-hour urine collection and fractional 

excretion of magnesium. A 24-hour urine magnesium level less than 
20 mg is consistent with an intact renal response to hypomagnesemia 
and implicates decreased intake or extrarenal losses as the cause of 
hypomagnesemia. A 24-hour urinary magnesium level greater than 
24 mg indicates renal magnesium wasting. The fractional excretion of 
magnesium (FeMg) allows assessment of the renal handling of mag-
nesium on a single urine specimen. A cutoff of 4% correctly separates 
patients with renal magnesium wasting (FeMg >4%) from patients 
with decreased magnesium absorption (FeMg <4%)287 (Eq. 99-7).

FeMg = 100
sCr uMg

sMg uCr
×

×
× ×( . )0 7

Equation 99-7.  The fractional resorption of magnesium differentiates between 
magnesium-avid and magnesium-wasting states. An FeMg greater than 4% in the presence of 
hypomagnesemia indicates abnormal renal magnesium wasting. sCr, serum creatinine; sMg, 
serum magnesium; uCr, urine creatinine; uMg, urine magnesium.

Clinical sequelae of altered magnesium content are more dependent 
on tissue magnesium levels than blood magnesium concentration. 
Isolated tissue magnesium depletion (normomagnesemic magnesium 
deficiency) may be a cause of refractory hypokalemia or hypocalcemia, 
especially in those at high risk of magnesium deficiency.284 One method 
to infer the tissue magnesium level in patients with normal serum mag-
nesium is a physiologic test that measures the renal response to a magne-
sium load. An 800 mg infusion of magnesium is given over 8 hours, and 
a 24-hour urine is collected starting from the initiation of the infusion. 
Patients who excrete less than 560 mg (70%) are considered magnesium 
depleted, while those who excrete more than 640 mg (80%) are said to be 
magnesium replete.288 This will only work in patients with normal renal 
function and normal renal magnesium handling.

Treatment:  Patients with symptomatic hypomagnesemia should be treated 
with intravenous magnesium. The most common formulation is mag-
nesium sulfate (MgSO4 · 7H2O). One gram of MgSO4 contains 0.1 g of 
elemental magnesium. Acute symptomatic hypomagnesemia (eg, seizures, 
tetany, and arrhythmias) should be treated with 2 g IV over 2-15 minutes.289 
In order to restore intracellular magnesium stores the acute bolus should 
be followed by 8 g over 24 hours and 4 to 6 g a day for 3 or 4 days.284,290,291

The American College of Cardiology and the American Heart 
Association (AHA) recommend 1 to 2 g of magnesium sulfate as an IV 
bolus over 5 minutes for treatment of torsades de pointes. The 2004 
AHA/ACC guidelines do not support the routine use of IV magnesium 
in the setting of an acute myocardial infarction, except in the instances 
of torsades de pointes or documented magnesium deficiency.292

Magnesium replacement should be done cautiously in patients 
with renal insufficiency; doses should be reduced by 50% to 75%. 
Patients should be monitored during infusions for decreased deep ten-
don reflexes, atrioventricular block, and magnesium levels should be 
checked at regular intervals.

Oral supplementation with 360 mg of elemental magnesium per day 
(divided into tid dosing) was effective at treating magnesium depletion.293  
Trials at lower doses were not effective.294 Patients with significant GI 
magnesium wasting who fail to raise their magnesium on one formula-
tion of Mg2+ may respond to another.295 Diarrhea frequently complicates 
oral magnesium repletion.

Potassium-sparing diuretics may be helpful in patients with chronic 
renal magnesium wasting. Amiloride and triamterene have been shown 
to be helpful in selected patients.296,297

■■ HYPERMAGNESEMIA
Normally the kidney excretes only 2% to 4% of the filtered magnesium, 
but is capable of increasing fractional excretion to nearly 100% in the 
face of decreased GFR or increased serum magnesium levels.268 Because 
of this renal reserve, significant hypermagnesemia is rarely seen. In a 
study that looked for magnesium levels greater than 6 mg/dL, only eight 

 TA BLE 99-17    Clinical Sequelae of Magnesium Disturbances

Magnesium Level

mg/dL mEq/L mmol/L Manifestation

<1.2 <1 <0.5 Tetany, seizures, arrhythmias

1.2-1.8 1.0-1.5 0.5-0.75 Neuromuscular irritability, hypocalcemia, hypokalemia

1.8-2.5 1.5-2.1 0.75-1.05 Normal magnesium level

2.5-5.0 2.1-4.2 1.05-2.1 Typically asymptomatic

5.0-7.0 4.2-5.8 2.1-2.9 Lethargy, drowsiness, flushing, nausea and vomiting, 
diminished deep tendon reflexes

7.0-12 5.8-10 2.9-5 Somnolence, loss of deep tendon reflexes, hypotension, 
electrocardiographic changes

>12 >10 >5 Complete heart block, cardiac arrest, apnea, paralysis, coma
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cases were found among nearly 20,000 nonobstetric patients who had 
magnesium levels checked.298

Etiologies:  The most common cause of hypermagnesemia is renal 
insufficiency. Patients with progressive renal insufficiency maintain 
magnesium balance by increasing the fractional excretion of magnesium 
(FeMg). Patients with severe renal insufficiency have an FeMg of nearly 
100%, which allows preservation of magnesium balance despite severe 
decreases in GFR.299

Symptomatic hypermagnesemia (despite normal renal function) has 
been reported with magnesium infusions. The typical setting is the 
treatment of preterm labor or preeclampsia/eclampsia. Standard obstet-
ric protocols (4- to 6-g load followed by 1 to 2 g/h) result in serum mag-
nesium levels of 4 to 8 mg/dL.300 Patients suffering accidental parenteral 
magnesium overdoses usually have good outcomes, despite significant 
short-term morbidity and magnesium levels as high as 24 mg/dL.301,302 
Sequelae in the newborn have been linked with magnesium administra-
tion in a dose-dependent fashion and include hypotonia, osteopenia, 
and increased rates of admission to neonatal intensive care units.303-305

Hypermagnesemia due to ingestion of magnesium is unusual in the 
absence of renal insufficiency. In one retrospective study of hypermagne-
semia, excluding obstetric admissions all cases were due to oral intake and 
the average creatinine was 4.8. Oral sources of magnesium include antac-
ids and Epsom salts.306-308 Chronic oral ingestions of magnesium result in 
severe symptoms, including death. Hypermagnesemia has been repeatedly 
reported following the use of magnesium-containing enemas.309-312

Clinical Sequelae:  Magnesium can block synaptic transmission of nerve 
impulses. Hypermagnesemia causes loss of deep tendon reflexes, and may 
lead to flaccid paralysis and apnea.298,301,313,314 Neuromuscular toxicity also 
affects smooth muscle, resulting in ileus and urinary retention.315 In cases 
of oral intoxication, the development of ileus can slow intestinal transit 
times, increasing absorption of magnesium.306 Hypermagnesemia has also 
been reported to cause parasympathetic blockade, resulting in fixed and 
dilated pupils, mimicking brain stem herniation.301 Other neurologic signs 
include lethargy, confusion, and coma298,301,314 (see Table 99-17).

Cardiovascular manifestations of hypermagnesemia initially include 
bradycardia and hypotension.298,306,314 Higher magnesium levels cause 
PR interval prolongation, increased QRS duration, and prolonged QT 
interval.298 Extreme cases can result in complete heart block or cardiac 
arrest. One case of ventricular fibrillation has been reported with an 
Mg2+ level of 9.7 mg/dL.302

Treatment:  The first principle of treatment is prevention. Patients with 
renal insufficiency should not be given magnesium-containing antacids 
or cathartics. In cases of hypermagnesemia, stopping the infusion or 
supply of magnesium will allow patients with intact renal function to 
recover. Initiation of IV fluids and loop diuretic should also be con-
sidered, particularly in those with mild to moderate renal impairment.

Calcium salts can reverse hypotension and respiratory depression.316 
Patients are typically given 100 to 200 mg of elemental calcium intrave-
nously over 5 to 10 minutes.

In patients with severe renal dysfunction, dialysis offers a way to 
rapidly clear magnesium. Though both peritoneal and hemodialysis can 
lower magnesium in an acute situation, hemodialysis is the preferred 
modality.298,306,317 Continuous renal replacement therapy is also effective 
at lowering serum magnesium, but is slower than hemodialysis.314
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100
C H A P T E R

KEY POINTS

•• The blood [H+] and pH are determined by the strong ion differ-
ence (SID), the PCO2, and the total concentration of weak acids, 
mostly consisting of phosphate and albumin.

•• Both acidemia and alkalemia have potentially harmful physiologic 
effects, and the presence of either is related to mortality.

•• Most acid-base derangements do not benefit from specific correc-
tion of the abnormal pH; instead, the intensivist should focus on 
detecting and treating the underlying condition.

•• Acid-base disorders are easily characterized using a stepwise approach.
•• Lactic acidosis is the most important acid-base abnormality in 

ICU patients. Inadequate tissue oxygenation underlies the lactic 
acidosis in some patients (acute hemorrhage, critical hypoxemia, 
cardiogenic shock) but probably does not in others (such as the 
resuscitated septic patient).

Acid-base balance and acid-base disorders are imperfect terms for the 
determining factors and disease processes that lead to a particular 
hydrogen ion concentration [H+] in the blood. The methodology used 
routinely to determine an acid-base disorder is accurate in defining the 
disturbance. This methodology does not, however, isolate the variables 
that have led to a particular [H+] in blood. The components of blood 
that contribute to acid-base balance are

	 1.	 Water
	 2.	 Strong cations (Na+, Mg2+, Ca2+, K+) and strong anions (Cl−, lactate−)
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	 3.	 Bicarbonate ion (HCO3
−)

	 4.	 Weak acids and their conjugate bases (HA + A− = Atot) (Atot is the 
total independent variable, and HA + A− are dependent variables.)

	 5.	 Partial pressure of carbon dioxide (PCO2)
	 6.	 Carbonate ion (CO3

2−)
	 7.	 Hydroxyl ion (OH−)
	 8.	 Hydrogen ion (H+)

The difference between the strong cations and strong anions (the strong 
ion difference [SID]), PCO2, and the total amount of weak acids and their 
conjugate bases ([Atot]) are the only independent variables.1 All the other 
components are, by definition, dependent, including [HCO3

−], [HA], 
[A−], [CO3

2−], [OH−], and [H+]. Because the concentrations of each of 
these six variables are dependent on one or more of the independent 
variables, we must solve separate equilibrium equations for each. Water 
itself is minimally dissociated despite the importance of [H+] and can be 
considered a constant. The six equations are as follows:

Water dissociation:

[H+] × [OH–] = K1 × [H2O]

Weak acid dissociation:

[H+] × [A–] = K2 [HA]

Weak acid conservation:

[HA] + [A–] = [Atot]

HCO3
− formation:

[H+] × [HCO3
−] = K3 × PCO2

CO3
2− formation:

[H+] × [CO3
2−] = K4 × [HCO3

−]

Electrical neutrality:

SID + [H+] − [HCO3
−] −

 [A−] − [CO3
2−] − [OH−] = 0

K1 through K4 represent constants for the individual reactions. Now that 
we have six equations and six unknowns, we can arrange any unknown as 
a fourth-order polynomial and solve the equation. In acid-base balance, 
the dependent variable in question is [H+]. Stated less elegantly, there is a 
unique value for each of the six dependent variables once SID, PCO2, and 
Atot are known so that all the equations can be solved simultaneously.

By taking logarithms to base 10 of Eq. (100-4) and rearranging, we get 
the familiar Henderson-Hasselbalch equation:

pH = pKa + log{[HCO3
−]/(PCO2 × 0.03)}

Since this equation is no more or less correct than any of the other five 
equations that must be solved simultaneously, there is nothing wrong 
with using it to determine an acid-base disorder. Indeed, the fact that 
all three values are readily available from a standard arterial blood gas 
determination explains the popularity of this equation.

METABOLIC DISTURBANCES
By examining Eq. (100-7) it is possible to determine whether an acid-
base disturbance is present and whether it is due to respiratory (PCO2) or 
metabolic [HCO3

−] derangements. One might assume, therefore, that pH 
is determined by the relationship between PCO2 and [HCO3

−]. This pre-
sumption is false. Likewise, solving Eq. (100-2) for [H+] does not mean 
that [H+] is determined by the HA and A−. In truth, [H+] and thus pH 
are determined by PCO2, SID, and Atot. Since we define respiratory disor-
ders by alterations in PCO2, metabolic disturbances are brought about by 
changes in SID and Atot. They are not caused by changes in [HCO3

−], but 
rather, changes in [HCO3

−] occur as a result of the disturbance.

(100-1)

(100-2)

(100-3)

(100-4)

(100-5)

(100-6)

(100-7)

As SID becomes less positive, more [H+] is released into the solution, 
and acidemia develops. As SID becomes more positive, more [H+] asso-
ciates with [OH−], forming water, and alkalemia develops. By contrast, 
Atot, composed of weak acids, is acidifying. As Atot increases, the pH  
falls, and as Atot decreases, such as with hemodilution, the pH increases.

RESPIRATORY DISORDERS
By definition, abnormalities in PCO2 are classified as respiratory dis-
orders. SID (and possibly Atot) is manipulated by the human body to 
compensate for chronic respiratory disorders, thus maintaining pH 
within the normal range (7.35-7.45). SID decreases to compensate for 
a chronic respiratory alkalosis, and SID increases to compensate for a 
chronic respiratory acidosis. The physiologic determinants of PCO2 are 
straightforward:

PCO2 ∝ VCO2/VA

where VCO2 is CO2 production and Va is alveolar ventilation. A change in 
PCO2 must be explained by one of these factors. Hypercarbia and hypo-
carbia usually can be explained easily at the bedside.

ACIDEMIA AND ALKALEMIA
Even relative extremes of [H+] are remarkably well tolerated (eg, pH 
7.1-7.7), at least for the short term, in otherwise healthy individuals. 
However, some authors have even suggested that acidemia itself may be 
beneficial to critically ill patients.2 For example, since acidemia shifts the 
oxyhemoglobin curve to the right, there is better oxygen delivery under 
acidemic conditions. Unfortunately, this “benefit” is dubious because 
acidosis also reduces synthesis of 2,3-diphosphoglycerate (2,3-DPG),  
and thus chronically, acidosis does not appear to improve oxygen  
delivery. Acidosis may produce other salutary effects on the circulation 
that could result in benefit in certain clinical scenarios,2 but acidosis also 
produces numerous undesirable effects on various systems (Table 100-1),  
and we caution against “permissive acidosis.”

This is not to say that we believe that correcting an acid-base disorder 
is always appropriate. Indeed, the existing evidence does not support the 
use of sodium bicarbonate for the purpose of correcting the pH in most 
conditions of acute acidosis,3 and some animal experiments even suggest 
harm.4 However, supporting respiratory compensation when feasible 
and avoiding acidosis when possible seems a prudent course of action in 
most clinical scenarios. Frequently, when treating critically ill patients, 
it is easy to blur the lines between supportive measures and therapeu-
tic interventions. Common forms of acidemia may be associated with  
significant mortality because of the disease processes that underlie them, 
not necessarily because of the actual [H+]. For instance, bowel infarc-
tion is lethal, and only surgical resection is curative. Treating the lactic 
acidosis without addressing the underlying cause of the lactic acidosis in 
this scenario is certain to fail. Dissecting out the effects of acidosis itself 
from the causes that underlie it is difficult in patients. However, acidosis 
itself has been shown to produce harm in animal models5-8—especially 
in models of sepsis, where decreased survival time and hypotension 
appear to be attributable to exogenous acid loading.7,8 Nonetheless, it has 
yet to be demonstrated that treating acidosis per se improves outcome.

SPECIFIC METABOLIC DISORDERS
To diagnose a disorder leading to a change in SID, an actual account-
ing of strong ions occurs. A decrease in SID may be brought about by 
the generation of organic strong anions (eg, lactate and ketones) or the  
loss of strong cations paired with weak anions to balance charge. If  
the patient has diarrhea, he or she is losing [Na+] and [HCO3

−]; there
fore, the [Cl−] will increase relative to the [Na+], leading to a decrease in 
SID and, ultimately, acidosis.

The organs of the gastrointestinal tract are underappreciated regula-
tors of acid-base balance. Their ability to manipulate SID complexly 
is a direct result of the fact that strong ions are handled differently in 
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  TABLE 100-1    Potential Clinical Effects of Metabolic Acid-Base Disorders

Metabolic Acidosis Metabolic Alkalosis

Cardiovascular Cardiovascular

  Decreased inotropy   Increased inotropy (Ca2+ entry)

  Conduction defects   Altered coronary blood flowa

  Arterial vasodilation   Digoxin toxicity

  Venous vasoconstriction Oxygen delivery

Oxygen delivery   Increased oxy-Hb affinity

  Decreased oxy-Hb binding   Increased 2,3-DPG (delayed)

  Decreased 2,3-DPG (late) Neuromuscular

Neuromuscular   Neuromuscular excitability

  Respiratory depression   Encephalopathy

  Decreased sensorium   Seizures

Metabolism Metabolic effect

  Protein wasting   Hypokalemia

  Bone demineralization   Hypocalcemia

  Catecholamine, PTH, and aldosterone stimulation   Hypophosphatemia

  Insulin resistance   Impaired enzyme function

GI effect

  Emesis

Electrolytes

  Hyperkalemia

  Hypercalcemia

  Hyperuricemia
aAnimal studies have shown both increased and decreased coronary artery blood flow.

Adapted with permission from Kellum JA. Diagnosis and treatment of acid-base disorders. In: Grenvik A, 
Shoemaker PK, Ayers S, Holbrook, eds. Textbook of Critical Care. Philadelphia, PA: Saunders; 1999.

different portions of the gastrointestinal tract. Cl− is pumped into the 
stomach, reducing SID in the stomach and increasing the [H+] (decreas-
ing the pH) and, at the same time, causing the alkaline tide in the blood 
(increasing SID) that occurs at the beginning of a meal when gastric 
acid secretion is maximal. The alkaline tide refers to the Cl−-depleted 
plasma that leaves the stomach. The elevated SID leads to a decrease in 
[H+] (increase in pH). Cl− is reabsorbed in the duodenum, and plasma 
[H+] or pH is restored. Given the combination of Cl− secretion into the 
stomach and Cl− reabsorption in the duodenum, a net balance occurs, 
and plasma [H+] or pH is not affected. However, if gastric secretions are 
removed from the patient by nasogastric (NG) suction or by vomiting, 
Cl− cannot be reabsorbed, and SID will increase. Increased SID will lead 
to a metabolic alkalosis.

The pancreas secretes fluid into the small intestine, which has a SID 
that is much higher than plasma and very low in [Cl−]. The Cl−-rich 
plasma leaving the pancreas counteracts the alkaline tide along with 
Cl− reabsorption in the duodenum. Large amounts of pancreatic fluid 
loss will lead to a decrease in plasma SID and an associated acidosis. 
At the other end of the gastrointestinal (GI) tract, in the large intestine, 
most of the Cl− already has been removed in the small intestine, so the 
only strong ions present are Na+ and K+. If large amounts of these strong 
ions are lost with diarrhea fluid, then the plasma SID will decrease, and 
acidosis will result. During ischemia to the intestinal tract, significant 
amounts of lactate can be produced. At physiologic pH, lactate acts as a 
strong anion and decreases SID, leading to a metabolic acidosis. There is 
some evidence that the gut may modulate systemic acidosis in experimen-
tal endotoxemia by removing anions from the plasma.9 However, the 
full capacity of the GI tract to affect acid-base balance is not known.  

The treatment of metabolic acidosis requires treatment of an underlying 
disease process and not, strictly speaking, of the acid-base disorder. If 
the patient developed a lactate acidosis following a seizure, this lactic 
acidosis would resolve rapidly once the liver metabolized the lactate. 
Indeed, treatment of acid-base disturbances can lead to severe overshoot 
alkalosis or acidosis.

Finally, the liver is perhaps the most important abdominal organ 
involved in the regulation of acid-base balance.10,11 Hepatic glutami-
nogenesis is important for systemic acid-base balance and is tightly 
controlled by mechanisms sensitive to plasma [H+] and is stimulated 
by acidosis.12 Nitrogen metabolism by the liver can produce urea, 
glutamine, or NH4

+. Normally, the liver does not release more than a 
very small amount of NH4

+ but incorporates this nitrogen into either 
urea or glutamine. However, the production of urea or glutamine has 
significantly different effects at the level of the kidney. This is so because 
glutamine is used by the kidney to generate NH4

+ and facilitate the 
excretion of Cl−. Thus the production of glutamine can be seen as hav-
ing an alkalinizing effect on plasma pH because of the way in which the 
kidney uses it. In humans, the liver is also the only organ that synthesizes 
albumin, the major component of Atot.

CRYSTALLOID SOLUTIONS
Manipulating [H+] in the blood is intellectually easy once one under-
stands the importance of SID but certainly is not of proven benefit. 
When administered to patients, equimolar concentrations of Na+ and 
Cl− (such as in saline solutions) will increase the [Cl−] more rapidly than 
the [Na+] because [Na+] is normally much greater than [Cl−]. When this 
occurs, SID will decrease, and [H+] will increase. In a test tube, lactated 
Ringer solution will behave just like saline because lactate is a strong ion. 
However, in humans, lactate metabolism is rapid even under conditions 
of relatively severe hepatic dysfunction. If the liver is functioning and 
can metabolize lactate, then the unbalanced Na+ will increase the SID 
and result in alkalemia. Conversely, if lactate-containing solutions are 
administered quickly (as in replacement fluid for hemofiltration) and 
hepatic function is impaired, acidosis will develop, just as in the case of 
saline loading, because SID is lowered.

Normal saline (0.9% NaCl) is often blamed for causing a “dilutional” 
acidosis, but all that is occurring is that [Na+] is relatively unchanged as 
the [Cl−] rises, leading to a decreased SID and hyperchloremic acidosis. 
Adding 75 mEq/L of [NaHCO3] to 0.45% saline (77 mEq/L Na+ and 
77 mEq/L Cl−) will create an isotonic solution that contains half the 
[Cl−] (a strong anion) with twice the [Na+] (strong cation). This solu-
tion has a higher SID than normal saline or lactated Ringer solution 
and favors alkalemia. Mixing 150 mEq NaHCO3 in 1 L of sterile water 
increases the SID further and creates an even more potent alkalizing 
fluid. Again, it is worth emphasizing the need to treat the underlying 
disorder and not just “correct” the acid-basis disorder.

The ANION GAP AND THE STRONG ION GAP
The anion gap (AG) was popularized over 30 years ago. Traditionally, 
it is calculated from the equation [(Na+) + (K+)] − [(Cl−) + (HCO3

−)]; 
K+ is often omitted because its plasma concentration is so tightly con-
trolled that there is little variation. However, this is a mistake for two 
reasons. First, a 2- to 3-mEq difference in the AG may be clinically 
relevant in some scenarios, and second, techniques used to correct the 
AG for abnormalities in [Atot] require a full accounting of other ions. 
The difference in the gap is made up largely by albumin and, to a lesser 
extent, phosphate. Other anions, such as sulfate and lactate, normally 
contribute less than 2 mEq of negative charge, similar in fact to the 
amount of positive charge contributed by ionized calcium and ionized 
magnesium. Thus these ions tend to offset each other. Many medical 
textbooks still report a normal range for the AG of about 12 to 16 mEq 
(when K+ is considered). This value, however, is based on older assay 
methods that were less sensitive for Cl−; the expected AG using modern 
analyzers is closer to 8 to 10 mEq. However, many critically ill patients  
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have hypoalbuminemia or hypophosphatemia, and it has been recom-
mended to correct the normal AG for these abnormalities.10,13 The  
following formula can be used to estimate the expected “normal” AG 
for a given patient:

AGc = corrected AG = 2 (albuming/dL)  
+ 0.5 (phosphate mg /dL)

Thus, for a patient with half the normal albumin and phosphate, 
the AGc should be approximately 5 mEq/dL. If the measured AG is 
10 mEq/dL, then there would be 5 mEq/dL of negative charge still unac-
counted for—perhaps attributable to lactate, ketoacid anions, or others.

An alternative to using the traditional AG is to focus on SID. By 
definition, SID must be equal to and opposite of the negative charges 
contributed by all the anions, including total CO2. Normally, the plasma 
SID is strongly positive (between 40 and 42 mEq/L in healthy humans). 
Since charge must be balanced in any solution (the principle of electri-
cal neutrality), there must be negative charges to balance this positive 
charge. Total CO2 and the weak acids (mainly albumin and phosphate) 
account for the vast majority of this negative charge. These charges are 
equal to the “buffer base” first mentioned by Singer and Hastings over 
half a century ago.14 Thus, under normal circumstances, SID should 
equal buffer base. Although hydroxyl ion concentration [OH−] is 
another negative charge, its value is small enough to ignore. Thus total 
CO2 + AG = SID.15,16 This estimate of SID, or buffer base, is termed 
the effective SID (SIDe). Alternatively, the apparent SID (SIDa) can be 
estimated by the equation:

SIDa = ([Na+] + [K+] + [Ca2+] 
+ [Mg2+]) − ([Cl−] + [lactate−])

Normally, SIDa = SIDe = SID = buffer base. However, if there are 
unmeasured strong ions (eg, sulfates or ketoacid anions), then SIDa will 
be an inaccurate estimate of true SID, and if there are abnormal weak 
ions (eg, proteins), then SIDe will be an inaccurate measure of true SID. 
When SIDa and SIDe are not equal, their difference (SIDa − SIDe) is 
termed the strong ion gap (SIG). The SIG is positive when unmeasured 
anions exceed unmeasured cations, and the SIG is negative when 
unmeasured cations exceed unmeasured anions.

POSITIVE-ANION-GAP (SIG) ACIDOSES

■■ LACTIC ACIDOSIS
In many forms of critical illness, lactate is the most important cause of a 
metabolic acidosis.17 Lactate has been shown to correlate with outcome 
in patients with hemorrhagic18 and septic shock.19 Lactic acid tradition-
ally is viewed as the predominant source of metabolic acidosis occur-
ring in sepsis.20 In this view, lactic acid is released primarily from the 
musculature and the gut as a consequence of tissue hypoxia. Moreover, 
the amount of lactate produced is felt to correlate with the total oxygen 
debt, the magnitude of the hypoperfusion, and the severity of shock.17 
In recent years, this view has been challenged by the observations 
that during sepsis, even with profound shock, resting muscle does not 
produce lactate. Indeed, studies by various investigators have shown 
that the musculature actually may consume lactate during endotox-
emia.21-23 Data concerning the gut are less clear. There is little question 
that underperfused gut can release lactate; however, it does not appear 
that the gut releases lactate during sepsis if its perfusion is maintained. 
Under such conditions, the mesentery is either neutral to or even takes 
up lactate.21,22 Perfusion is likely to be a major determinant of mesen-
teric lactate metabolism. In a canine model of sepsis using endotoxin,  
gut lactate production could not be shown when flow was maintained 
with dopexamine hydrochloride.23

It is interesting to note that studies in animals as well as humans have 
shown that the lung may be a prominent source of lactate in the setting 
of acute lung injury.21,24-26 While studies such as these do not address the 
underlying pathophysiologic mechanisms of hyperlactatemia in sepsis, 

(100-8)

(100-9)

they do suggest that the conventional wisdom regarding lactate as evi-
dence of tissue dysoxia is an oversimplification at best. Indeed, many 
investigators have begun to offer alternative interpretations of hyperlac-
tatemia in this setting,25-29 including metabolic dysfunction from mito-
chondrial to enzymatic derangements, which can and do lead to lactic 
acidosis. In particular, pyruvate dehydrogenase (PDH), the enzyme 
responsible for moving pyruvate into the Krebs cycle, is inhibited by endo-
toxin.30 Catecholamine use, especially epinephrine, also results in lactic 
acidosis, presumably by stimulating cellular metabolism (eg, increased  
hepatic glycolysis), and may be a common source of lactic acidosis in the 
ICU.31,32 Interestingly, this phenomenon does not appear to occur with 
either dobutamine or norepinephrine32 and does not appear to be related 
to decreased tissue perfusion.

Although controversy exists as to the source and interpretation of lactic 
acidosis in critically ill patients, there is no question about the ability of 
lactate accumulation to produce acidemia. Lactate is a strong ion by virtue 
of the fact that at a pH within the physiologic range it is almost completely 
dissociated (the pKa of lactate is 3.9; at a pH of 7.4, 3162 ions are dissociated 
for every one that is not). Because the body can produce and dispose of 
lactate rapidly, it functions as one of the most dynamic components of the 
SID. Lactic acid therefore can produce significant acidemia. Virtually any-
where in the body, pH is above 6.0, and lactate behaves as a strong anion. 
Its generation decreases the SID and results in increased [H+].

■■ KETOACIDOSIS
Another common cause of a metabolic acidosis with a positive AG or SIG 
is ketoacidosis. Ketones are formed by β-oxidation of fatty acids, a pro-
cess inhibited by insulin. In insulin-deficient states (eg, diabetes), ketone 
formation may increase rapidly. This is so because severely elevated 
blood glucose concentrations produce an osmotic diuresis, and this may 
lead to volume contraction. This state is associated with elevated cortisol 
levels and catecholamine secretion, which further stimulate free fatty acid 
production.33 In addition, increased glucagon, relative to insulin, leads 
to decreased malonyl coenzyme A and increased carnitine palmityl acyl 
transferase, the combination of which increases ketogenesis.

Ketone bodies include acetone, acetoacetate, and β-hydroxybutyrate. 
Both acetoacetate and β-hydroxybutyrate are strong anions at physiologic 
pH (pKa = 3.8 and 4.8, respectively). Thus, like lactate, their presence 
decreases the SID and increases the [H+]. Ketoacidosis may result from 
diabetes (DKA) or alcohol (AKA). The diagnosis is established by mea-
suring serum ketones. However, it is important to understand that the 
nitroprusside reaction used for this measurement only measures acetone 
and acetoacetate, not β-hydroxybutyrate. The state of measured ketosis 
depends on the ratio of acetoacetate to β-hydroxybutyrate. This ratio is low 
when lactic acidosis coexists with ketoacidosis because the reduced redox 
state of lactic acidosis favors production of β-hydroxybutyrate. In such 
circumstances, the apparent level of ketosis is small relative to the amount 
of acidosis and the elevation of the AG. There is also a risk of confusion 
during treatment of ketoacidosis because ketones, as measured by the 
nitroprusside reaction, may increase despite resolving acidosis. This occurs 
as a result of the rapid clearance of β-hydroxybutyrate with improvement 
in acid-base balance and without change in the measured level of ketosis. 
Furthermore, ketones may even appear to increase as β-hydroxybutyrate is 
converted to acetoacetate. Hence it is better to monitor success of therapy 
by pH and AG or SIG than by the assay of serum ketones.

The acidosis seen in AKA is usually less severe. The treatment consists 
of fluids and glucose rather than insulin.34 Indeed, insulin is contraindi-
cated because it may cause precipitous hypoglycemia.35 Thiamine must 
also be given to avoid precipitating Wernicke encephalopathy.

■■ RENAL FAILURE
Although renal failure may produce a hyperchloremic metabolic acidosis, 
especially when chronic, the increase in sulfate and other acids frequently 
increases the AG and SIG. However, the increase is usually not large. 
Similarly, uncomplicated renal failure rarely produces severe acidosis 
except when it is accompanied by high rates of acid generation, such as 
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from hypermetabolism.36 In all cases, the SID is decreased and is expected 
to remain so unless some therapy is provided. Hemodialysis will permit 
the removal of sulfate and other ions and allow normal Na+ and Cl− bal-
ance to be restored, thus returning the SID to normal (or near normal). 
However, patients not yet requiring dialysis and those who are between 
treatments are often given other therapies to increase the SID. NaHCO3 
is used as long as the plasma [Na+] is not already elevated. Other options 
include Ca2+, which usually requires replacement anyway. Ca2+ replace-
ment cannot increase the SID much given the rather narrow range of  
ionized Ca2+ (0.975 − 1.125 mmol/L). Even though Ca2+ is a divalent cation, 
it is unreasonable to expect much effect on the SID by administering Ca2+.

■■ POISONS
Metabolic acidosis with an increased AG and SIG is a major feature of 
various types of drug and substance intoxications (Table 100-2; see also 
Chap. 124). Again, it is generally more important to recognize these 
disorders so that specific therapy can be provided than to treat the acid-
base disorder itself.

■■ MISCELLANEOUS AND UNKNOWN
Table 100-2 lists several commonly and not so commonly recognized 
causes of positive AG metabolic acidosis. It is important to recognize 
that unexplained anions have been found commonly in the plasma of 
critically ill and injured patients. The etiology or even identity of these 
anions has not been established, nor has the clinical significance.

NON-ANION-GAP (HYPERCHLOREMIC) ACIDOSES
Hyperchloremic metabolic acidosis occurs as a result of either the 
increase in Cl− relative to strong cations, especially Na+, or the loss of 
cations with retention of Cl−. As seen in Figure 100-1, these disorders 
can be separated by history and by examination of the urine [Cl−]. 
When acidosis occurs, the normal response by the kidney is to increase 
Cl− excretion. Failure to do so identifies the kidney as the source of aci-
dosis. Extrarenal hyperchloremic acidoses occur as a result of exogenous 
Cl− loads (iatrogenic acidosis) or because strong cations (Na+ or K+) are 
lost from the lower gastrointestinal tract disproportionally to the loss of 
strong anions (Cl−).

■■ RENAL TUBULAR ACIDOSIS
Examination of the urine and plasma electrolytes and pH and calcula-
tion of the urine SIDa allow one to correctly diagnose most cases of 
renal tubular acidosis (RTA)37 (see Fig. 100-1). However, caution must 
be exercised when the plasma pH is greater than 7.35 because this may 
turn off urine Cl− excretion. In such circumstances, it may be necessary 
to infuse sodium sulfate or furosemide. These agents stimulate Cl− and 

K+ excretion and may be used to unmask the defect and to probe K+ 
secretory capacity.

The mechanisms of RTA are not well established. It is likely that much 
of the confusion has occurred as a result of attempting to understand 
the physiology from the point of view of regulating [H+] and [HCO3

−]. 
However, as we have discussed, this is simply inconsistent with the prin-
ciples of physical chemistry. The kidney does not excrete H+ any more 
as NH4

+ than it does as H2O. The purpose of renal ammoniagenesis is 
to allow the excretion of Cl−, which balances the charge of NH4

+. The 
defect in all types of RTA is the inability to excrete Cl− in proportion to 
Na+, although the reasons vary by type. Treatment is largely dependent 
on whether the kidney will respond to mineralocorticoid replacement or 
there is loss of Na+ that can be replaced as NaHCO3.

Classic distal (type I) RTA responds to NaHCO3 replacement, and 
generally 50 to 100  mEq/d is required. K+ defects are also common in 
this type of RTA, and K+ replacement is also required. A variant of 

  TABLE 100-2    Causes of an Increased AG (Na+ − Cl− − HCO
3
−)

Renal failure

Ketoacidosis

  Diabetic

  Alcoholic

  Starvation

  Change in AG (usually small AG)

Lactic acidosis

Toxins

  Methanol

  Ethylene glycol

  Salicylates

  Toluene

Critical illnessa

Sodium with weak anions

Decreased cation

  Hypomagnesemia

  Hypokalemia

  Hypocalcemia

Alkalosis
aUnexplained anions have been found in critically ill and injured patients, especially those with sepsis 
and liver disease. The causative anions have not been identified.

FIGURE 100-1.  Differential diagnosis for a hyperchloremic metabolic acidosis. (Reproduced with permission from Kellum JA. Diagnosis and treatment of acid-base disorders. In: Grenvik 
A, Shoemaker PK, Ayers S, et al, eds. Textbook of Critical Care. Philadelphia, PA: Saunders; 1999.)

Urine SID (Na + K – CI)

(+)

Renal tubular acidosis

Urine pH >5.5
Distal (type I)

Urine pH <5.5
Low serum K+

Proximal (type II)

High serum K+

Aldosterone deficiency
(type IV)

Gastrointestinal diarrhea
Small bowel/pancreatic

drainage

latrogenic Parenteral
nutrition Saline

Carbonic anhydrase inhibitors
Anion exchange resins

Non renal

(–)
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the classic distal RTA is a hyperkalemic form, which is actually more  
common than the classic type. The central defect here appears to be 
impaired Na+ transport in the cortical collecting duct. These patients 
also respond to NaHCO3 replacement. Proximal (type II) RTA is 
characterized by both Na+ and K+ reabsorption defects. The disorder 
is uncommon and usually part of the Fanconi syndrome, where reab-
sorption of glucose, phosphate, urate, and amino acids is also impaired. 
Treatment of this disorder with NaHCO3 is ineffective because increased 
ion delivery merely results in increased excretion. Thiazide diuretics 
have been used to treat this disorder with varying success.

Type IV RTA is caused by aldosterone deficiency or resistance. This 
disorder is diagnosed by the high serum K+ and low urine pH (<5.5). 
Treatment is usually most effective if the cause can be removed. The 
most common causes are drugs such as nonsteroidal anti-inflammatory 
agents, heparin, or potassium-sparing diuretics. Occasionally, mineralo-
corticoid replacement is required.

■■ GASTROINTESTINAL ACIDOSIS
Fluid secreted into the gut lumen contains higher amounts of Na+ than 
Cl−, similar to the differences in plasma. Extremely large losses of these 
fluids, particularly if volume is replaced with fluids containing equal 
amounts of Na+ and Cl−, will result in a decrease in the plasma [Na+] 
relative to [Cl−] and a decrease in the SID.

■■ IATROGENIC ACIDOSIS
Two of the most common causes of a hyperchloremic metabolic acidosis 
are iatrogenic, and both are due to administration of chloride. Modern 
parenteral nutrition formulas contain weak anions such as acetate in addi-
tion to Cl−, and the balance of each anion can be adjusted depending on 
the acid-base status of the patient. If sufficient amounts of weak anions 
are not provided, the plasma [Cl−] will increase, decreasing the SID and 
resulting in acidosis. As already discussed, administration of normal 
saline can cause a decrease in the SID and, subsequently, an acidosis.

■■ METABOLIC ALKALOSIS
Metabolic alkalosis occurs as a result of an increased SID. This may 
occur secondary to losses of anions (eg, Cl− from the stomach) or 

increases in cations (rare). Metabolic alkaloses can be divided into those 
in which Cl− losses are temporary and can be effectively replaced (chlo-
ride responsive) and those in which hormonal mechanisms produce 
ongoing losses that can, at best, be offset temporarily by Cl− admin-
istration (chloride resistant) (Fig. 100-2). Similar to hyperchloremic 
acidosis, these disorders can be distinguished by examination of the 
urine [Cl−]. Although much more investigation has focused on acidosis, 
alkalosis appears to be associated with poor prognosis as well. In a pro-
spective study, Anderson and Henrich38 looked at 409 patients with an 
arterial pH of greater than 7.48. Of these patients, 213 were medical and 
196 were surgical. Overall, hospital mortality was 27.9% and increased 
as pH values rose, reaching 48.5% when the pH was greater than 7.60. 
While only 2% had pure metabolic alkalosis, patients at greatest risk 
were those with a mixed respiratory and metabolic alkalosis, having a 
mortality of 44.2%.

CHLORIDE-RESPONSIVE DISORDERS
These disorders usually occur as a result of Cl− losses from the stomach,  
such as from vomiting or gastric drainage. The treatment involves 
lowering the SID, by giving NaCl (since serum [Cl−] will rise greater 
than serum [Na+]), KCl, or even HCl (which is most potent because it 
contains only strong anions). Saline plus KCl is usually the treatment of 
choice because volume depletion usually coexists with these disorders. 
Volume depletion, in turn, stimulates aldosterone secretion, which 
results in Na+ reabsorption and the loss of K+ and Cl−.

Diuretics and other forms of volume contraction produce meta-
bolic alkalosis predominantly by stimulating aldosterone, as discussed 
earlier. However, diuretics also induce K+ and Cl− excretion directly, 
further complicating the problem and inducing metabolic alkalosis 
more rapidly.

CHLORIDE-RESISTANT DISORDERS
These disorders (see Fig. 100-2) are characterized by an increased urine 
[Cl−](>20 mmol/L) and are said to be chloride resistant because of 
ongoing Cl− losses. Most commonly, this occurs as a result of increased 

Metabolic alkalosis

Anion depletion

Measure urinary chloride

Chloride responsive
(urine CI– concentration
<10 mmol/L)

Gastrointestinal losses
Vomiting
Gastric drainage
Chloride wasting
Diarrhea (villous adenoma)

Post hypercapnea
Ongoing diuretic use

Cation administration

Sodium salt administration (acetate,
citrate)
Massive blood transfusions
Parenteral nutrition
Plasma volume expanders
Sodium lactate (Ringer solution)

Mineralocorticoid excess
Primary hyperaldosteronism
(Conn syndrome)
Secondary hyperaldosteronism
Cushing syndrome
Liddle syndrome
Bartter syndrome
Exogenous corticoids
Excessive licorice intake

Chloride unresponsive
(urine CI– concentration
>20 mmol/L)

Post diuretic use

FIGURE 100-2.  Differential diagnosis algorithm for metabolic alkalosis (increased SID).
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mineralocorticoid activity. Treatment requires that the underlying 
disorder be addressed.

OTHER CAUSES OF METABOLIC ALKALOSIS
Rarely, an increased SID (and therefore metabolic alkalosis) occurs sec-
ondary to cation administration rather than anion depletion. Examples 
of these disorders include milk-alkali syndrome and intravenous admin-
istration of strong cations without strong anions. The latter occurs with 
massive blood transfusion or plasma exchange because Na+ is given with 
citrate (a weak anion) instead of Cl−. Similar results occur when paren-
teral nutrition formulations contain too much acetate and not enough 
Cl− to balance the Na+ load.

RESPIRATORY ACID-BASE DISORDERS

■■ PATHOPHYSIOLOGY OF RESPIRATORY ACID-BASE DISORDERS
CO2 production by the body (at 220 mL/min) is equal to 15,000 mM/day  
of carbonic acid.39 This compares with less than 500 mM/day (depend-
ing on diet) for all nonrespiratory acids, which are managed by the 
kidney and gut. Pulmonary ventilation is adjusted by the respiratory 
center in response to signals from PCO2, pH, and PO2, as well as some 
from exercise, anxiety, and wakefulness. The normal PCO2 of 40 mm Hg 
is attained by a precise match of alveolar ventilation to metabolic CO2 
production. PCO2 changes in a “compensatory” ventilatory response 
to altered arterial pH produced by metabolic acidosis or alkalosis in 
predictable ways.

■■ DISEASES OF VENTILATORY IMPAIRMENT
As for virtually all acid-base disorders, treatment begins with address-
ing the underlying disorder. Acute respiratory acidosis can be caused by 
CNS suppression, neuromuscular disease or impairment (eg, myasthenia  
gravis, hypophosphatemia/hypokalemia), severe mechanical derange-
ments of the chest wall, or airway and parenchymal lung disease  
(eg, asthma, acute respiratory distress syndrome [ARDS], etc). This last 
category of conditions also produces primary hypoxia, not just alveolar 
hypoventilation. The two can be distinguished by the alveolar gas equation:

PAO2 = PIO2 − PCO2/R

where R is the respiratory exchange coefficient (generally taken as 
0.8), PIO2 is the inspired oxygen tension (room air is approximately 
150 mm Hg), and PAO2 is the alveolar PO2. Thus, as PCO2 increases the  
PAO2 will decrease in a predictable fashion. If the PAO2 is significantly 
lower than the calculated PAO2, there is a defect in gas exchange.

Chronic respiratory acidosis is caused most often by chronic lung  
disease (eg, chronic obstructive pulmonary disease [COPD]) or chest 
wall disease (eg, kyphoscoliosis). Rarely, its cause is central hypoventila-
tion or chronic neuromuscular disease.

■■ RESPIRATORY ALKALOSIS
Respiratory alkalosis may be the most frequently encountered acid-
base disorder. It occurs in residents at high altitude and in a number of  
pathologic conditions, the most important of which include salicylate 
intoxication, early sepsis, hepatic failure, and hypoxic respiratory disorders. 
Respiratory alkalosis also occurs with pregnancy and with pain or anxiety.  
Hypocapnia appears to be a particularly bad prognostic indicator in 
patients with critical illness.40 As in acute respiratory acidosis, acute 
respiratory alkalosis results in a small change in [HCO3

−], as dictated by 
the Henderson-Hasselbalch equation. If hypocapnia persists, the SID 
will begin to decrease as a result of renal Cl− reabsorption. After 2 to  
3 days, the SID will assume a new, lower steady state.41 Severe alkalemia 
is unusual in respiratory alkalosis, and management therefore is directed 
to the underlying cause of the acid-base disorder. Typically, these mild 
acid-base changes are more important clinically as an alarm than as any 
threat they pose to the patient.
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and Hypoglycemia
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101
C H A P T E R

INTRODUCTION
Hyperglycemia crisis and hypoglycemia are both life-threatening 
medical emergencies but are usually readily treatable if recognized 
early. Hyperglycemic crises comprise diabetic ketoacidosis (DKA) and 
hyperosmolar hyperglycemic state (HHS). While some elements of 
their clinical presentation and pathophysiology are distinct, the general 
principles of treatment are similar. They will be discussed together. 
Hypoglycemia is a problem commonly seen in patients with diabetes 
mellitus (DM) and requires prompt treatment. The common causes and 
treatment regimens will be outlined here.

HYPERGLYCEMIC CRISIS

KEY POINTS

•• Hyperglycemic crisis has a high mortality, particularly in the elderly.
•• Mortality rates are falling due to improved recognition and medi-

cal care.
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■■ PATHOPHYSIOLOGY
Serum glucose is a continuum and there is a spectrum of hyperglyce-
mia. DKA and HHS represent the extremes of hyperglycemia and are 
regarded as medical emergencies. Hyperglycemia is caused by a relative 
insulin insufficiency. This may be caused by any combination of

a)	 Decreased insulin production
b)	 Increased insulin requirements
c)	 Increased counterregulatory hormones
d)	 Decreased peripheral glucose utilization

In type 1 diabetes mellitus (DM), autoimmune-mediated β-cell death 
leads to a dramatic fall, and eventually a complete cessation, of insulin 
production. This can lead to hyperglycemia over a very short period of 
time. In type 2 DM, there is lowered insulin sensitivity, increased hepatic 
gluconeogenesis, and a more gradual reduction in insulin secretion over 
years. Traditionally DKA was seen almost exclusively in patients with 
type 1 DM, while HHS was a rare complication of elderly patients with 
type 2 DM. HHS has supplanted the older terms hyperglycemic hyper-
osmolar nonketotic coma and hyperglycemic hyperosmolar nonketotic 
state. This change reflects that patients with HHS may have detectable 
ketonemia and need not have an altered sensorium or present with coma.

Profound insulin deficiency leads to conversion of excess fatty 
acid to acetyl coenzyme A (ACA) via β-oxidation. Ordinarily ACA 
would be further oxidized via the TCA cycle. In the absence of 
insulin, excess amounts of ACA form ketone bodies (acetone, aceto-
acetate, and B-hydroxybutyrate) via acetoacyl-CoA and β-hydroxy-
β-methylglutaryl-CoA. Ketone bodies are produced in small 
physiologically acceptable amounts (<0.5 mM) in the fasting state when 
carbohydrate is unavailable or inaccessible for short periods of time. 
However, hyperketonemia (>1 mM, usually >3.0 mM in ketoacidosis) 
can result in a raised anion gap metabolic acidosis, ketonuria, dehydra-
tion, and electrolyte imbalance.1

Ketonemia and ketoacidosis are classically seen in patients with type 
1 DM leading to DKA. However, DKA can be seen in any form of DM 
with significant insulin deficiency, usually during times of physiological 
stress (eg, sepsis, cardiovascular event, or trauma). Increasingly, DKA is 
being described as the presenting illness of African American patients 
with type 2 DM.2 Initially these patients may require high doses of 
insulin but often remain off insulin therapy for many years after their 
original presentation.3,4 Glucotoxicity and lipotoxicity are postulated 
causes for this transient β-cell dysfunction but the etiology is uncertain.5 
These patients are typically negative for both anti-islet antibodies and 
mutations in genes known to be associated with maturity onset diabetes 
of youth (MODY).6

In response to significant hyperglycemia, a cascade of counter-
regulatory hormones is released. Glucagon, catecholamines, cortisol,  
and growth hormone all stimulate gluconeogenesis and lipolysis, have 
anti-insulin effects, and reduce glucose utilization in the peripheral  
tissues. In patients with type 2 DM, high insulin resistance coupled with this 
increase in anti-insulin hormones can lead to a relative insulin deficiency. 
This combination can result in profound hyperglycemia without ketosis as 
there is sufficient circulating insulin to prevent significant ketonemia.7

Once the renal threshold for reabsorption of glucose is breached 
(∼10.0 mmol/L or 180 mg/dL), glycosuria occurs.8 The resultant osmotic 
diuresis gives rise to many of the symptoms and signs associated with 

hyperglycemia. Hyperglycemia itself is a β-cell toxic state and insulin 
secretion is reduced.9 This cycle of hyperglycemia, falling insulin secre-
tion, and dehydration through glucose-mediated osmotic diuresis can 
result in HHS, particularly if unmatched by increased oral increased 
free water intake. Peripheral insulin sensitivity, peripheral glucose uti-
lization, and endogenous insulin production, all increase after HHS is 
treated. When euglycemia is restored, endogenous insulin production 
may be sufficient to prevent recurrence of uncontrolled hyperglycemia if 
combined with dietary changes and oral hypoglycemic agents.

Initially, rising serum glucose draws free water into the intravascular 
space. While transiently maintaining intravascular volume, this process 
can lead to a dilutional hyponatremia. Over time, intravascular volume 
contraction occurs if water loss through hyperglycemia associated 
osmotic diuresis is not met by an increase in oral free water intake. 
Serum sodium, urea, and glucose rise gradually and thus serum osmo-
lality climbs. Hypertriglyceridemia, secondary to hyperglycemia, can 
also result in lowering of serum sodium concentration.10

■■ PRESENTATION
There is huge variation in the presentation patterns of patients with 
hyperglycemia emergencies. The typical signs, symptoms, and biochem-
ical profiles are represented in Tables 101-1 and 101-2. DKA develops 
over a short period of time, often less than 24 hours, while HHS tends to 
be a more insidious process. Patients with hyperglycemia can range from 
being relatively asymptomatic to unresponsive and obtunded. Patient 
factors including age, access to water, ability to communicate thirst, 
and pre-existing medical conditions affect the mode of presentation. 
Biochemical factors such as degree of acidosis and hyperglycemia also 
influence both the severity of the illness and the mode of presentation.

Elderly patients with reduced mobility and an inability to access 
sufficient fluids to counter the hyperglycemic diuresis are particu-
larly vulnerable. Equally infants may have quite nonspecific signs 
and become profoundly dehydrated prior to contact with medical 
services. Significant neurological compromise is rare in the absence of 

  TABLE 101-1    Signs and Symptoms of Hyperglycemic Crisis

Symptoms Signs

Polyuria
Polydipsia
Weight loss
Orthostatic dizziness
Lethargy
Malaise
Nausea
Vomiting
Abdominal paina

Symptom of precipitating illness

Dry mucous membrane
Increased skin turgor
Tachycardia
Postural hypotension
Neurological compromise
Signs of precipitating illness
Seizures
Acetone breatha

Kussmaul respirationa

aAssociated with DKA.

•• Fluid volume restoration, insulin, and electrolyte management are key.
•• Regular electrolyte and glycemic assessment is needed.
•• DKA is more commonly seen in younger patients with type 1 DM.
•• Patients presenting with HHS are often older with type 2 DM.
•• Precipitating causes should be sought.

  TABLE 101-2    Hyperglycemic Crisis Biochemical Profiles

Laboratory Values DKA HHS

Glucose mmol/L >11.0 >33.0

pH <7.3 >7.3

HCO
3
− mmol/L <18.0 >18.0

Anion gap Raised Variable

Serum ketones mmol/L >2.0 <2.0

Serum osmolality mmol/kg <320 mmol/kg >320

Serum osmolality = 2(Na) + serum urea + glucose

Anion gap = (Na) – (Cl + HCO
3
−)
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hyperosmolarity or acidosis.11 DKA can be graded based on the severity 
of acidosis (see below).12 However, other coexisting conditions at presen-
tation, which also affect the acid-base balance, may result in DKA being 
graded incorrectly. Therefore, it is important to identify other factors 
affecting the acid-base balance in patients at initial assessment and not 
rely solely on pH and serum bicarbonate for risk stratification.13 

Delays in presentation to medical services and diagnosis have been 
recognized as contributing to mortality.26 Public education campaigns 
and frequent consultation with diabetes services have been shown to 
reduce DKA rates in the pediatric population.31,32

Cerebral Edema:  The pathophysiology of cerebral edema is uncertain. 
It is an infrequent (0.3%-1%) complication in adult cases of DKA but 
a major cause of mortality and morbidity in children.29,33

With rising intracranial pressure and eventual brainstem hernia-
tion, cerebral edema usual presents with headache and a gradual 
deterioration in level of consciousness. Loss of sphincter tone, pupillary 
changes, papilledema, and bradycardia may be followed by hyperten-
sion, seizures, and respiratory arrest.

The clinical picture should guide the diagnosis of cerebral edema. 
Radiographic evidence of cerebral edema is relatively common in 
asymptomatic children with mild acidosis but can also be falsely reas-
suring as approximately 40% of children who develop cerebral edema 
have no abnormality on initial imaging.34,35 Neurological signs on pre-
sentation, low partial pressure of arterial CO2, use of sodium bicarbon-
ate therapy, slowed rise in serum sodium during treatment, and higher 
concentrations of serum urea are all associated with cerebral edema  
in children.36,37

Dramatic fluxes in serum glucose, bicarbonate, sodium, and potas-
sium are seen in DKA during treatment. Rapid fluid resuscitation, 
correction of glucose and electrolytes have all been postulated as 
precipitating or causative factors.38 Cerebral hypoperfusion and reper-
fusion injuries may play a role. The resultant cerebral ischemia and 
hypoxia may generate inflammatory mediators.39 Other authors have 
pointed to abnormalities in aquaporin channels and multiple metabolic 
derangements.40-42

The standard treatment regimen for those with cerebral edema is a 
combination of intravenous manitol,43,44 reduced IV fluid volume, con-
sideration given to using hypertonic saline,45 and avoiding hypocapnea 
in the intubated patient.33 Early recognition of those at risk and regular 
neurological surveillance are key.

Gastroparesis:  Acute hyperglycemia can result in gastroparesis.46 Typically 
this resolves once patients become euglycemic but chronic hyperglycemia 
can result in persistent gastric dysmotility.47 Enteric feeding may need  
to be suspended in the acute setting of a hyperglycemic crisis. The  
presence of a succussion splash, persistent nausea, or vomiting should 
prompt suspicion.

DVT and Intra-Arterial Disease:  Raised serum osmolality and viscosity in 
hyperglycemic states can predispose to disseminated intravascular coagu-
lation, intra-arterial and intravenous thrombus formation.48,49 In vitro  
dysfunctional platelet and protein aggregation in patients with DM has 
been demonstrated in patients with poor glycemic control.50-52 In the 
absence of contraindications, thromboprophylaxis therapy should be 
commenced for patients with HHS.53,54 Therapeutic doses of heparin 
should be reserved for those with a clinical evidence of an acute thrombus.

Mucormycosis:  Mucormycosis (previously known as zygomycosis) is a 
fungal infection that can occur in immunocompromised patients and 
is an infrequent complication of hyperglycemic crisis. It can present 
with any combination of sinusitis, pyrexia, nasal discharge, headache, 
facial/orbital edema, ophthalmoplegia, decreased visual acuity, or nasal 
ulceration. It carries a high mortality even when treated with appropri-
ate antifungal agents (amphotericin B).55 This opportunistic pathogen is 
presumably carried in the nasal sinuses. Hyphae may invade the vascu-
lature and structure surrounding the sinuses. Palatal necrosis, cerebral 
involvement, and disseminated disease, all carry huge mortality risks. 
Early recognition and treatment are key.56

Hypokalemia:  Serum potassium often falls quickly during treatment. 
The combination of intravenous insulin, saline without potassium  
supplementation, and bicarbonate use contributes to dramatic 
changes in serum potassium. Frequent monitoring (initially 2 hourly) 
is required to gauge the appropriate rate of replacement.

Mild pH 7.25-7.3 or serum bicarbonate 15-18 mEq/L

Moderate pH 7.00-7.24 or serum bicarbonate 10-14 mEq/L

Severe pH <7.0 or serum bicarbonate <10 mEq/L

The classical triad seen in DKA is hyperglycemia, ketosis, and a raised 
anion gap metabolic acidosis. The key features of HHS are hypergly-
cemia, dehydration, and hyperosmolarity without significant ketosis. 
Most patients can be readily separated into DKA or HHS, but there 
can be overlap with clinical presentation.14 In HHS, plasma glucose can 
reach >60 mmol/L or 1080 mg/dL while it is unusual to have readings 
>30 mmol/L or 541 mg/dL in DKA. Treatment regimens (see below) are 
similar but should be adjusted to suit individual patients.

■■ EPIDEMIOLOGY/INCIDENCE
The reported incidence of DKA in the Unites States has increased by 
approximately 50% over the last 20 years. DKA was the primary rea-
son for admission for 81,000 hospital discharges in 1989. That figure 
has risen steadily to 140,000 in 2009.15 Over the same period, hospital 
lengths of stay have fallen from 5.8 days to 3.4 days.16 In children with 
diabetes mellitus (aged <18 years) admitted to hospital, DKA represents 
the primary reason for admission in 47% of discharges.17,18

■■ DIFFERENTIAL DIAGNOSIS
Any cause of raised anion gap acidosis should be considered as an 
alternative or a coexisting diagnosis in patients presenting with DKA. 
Ingestion of salicylates, ethylene glycol, sulfates, propylene glycol, and 
methanol can result in a raised anion gap acidosis. Usually these can be 
readily distinguished from DKA, as ketonemia is not present. Polyuria, 
polydipsia, dehydration, and hyperosmolarity are all features of diabetes 
insipidus but the absence of significant hyperglycemia at presentation 
distinguishes it from HHS.

Lactic acidosis and uremia can result in a similar biochemical profile 
to DKA but they can also complicate severe DKA/HHS.19 Their initial 
presence may worsen prognosis but rarely affects treatment regimen/
algorithm. Alcoholic and starvation ketosis rarely present with hypergly-
cemia. Ketonemia and acidosis can be marked in alcoholic ketosis but 
starvation ketosis rarely presents with significant acidosis.20

■■ COMPLICATIONS
Death:  Despite the exponential rise in incidence of new cases of  
diabetes,21,22 there has been a fall in overall mortality for hyperglyce-
mic crisis over the last 30 years.23,24 Mortality remains high in elderly 
patients presenting with hyperglycemic crisis despite the significant 
improvements in survival rates.14,24 Patients with HHS continue to 
have a significantly higher mortality (10%-15%) than those with DKA 
(<3%).25,26 This may be due to an older population with more comor-
bidities.27 However, DKA is still the leading cause of death in children 
and young people (aged <24) with type 1 DM.28,29

Tackling these figures involves a combination of improving emer-
gency care and preventative measures to reduce the frequency of delayed 
presentation. Medical staff confronted with hyperglycemic emergencies 
should have local guidelines available to them and access to experienced 
ICU and diabetes services. Recognition of gravely ill patients is vital as 
a low-dose insulin regimen in an ICU setting has been shown to signifi-
cantly reduce DKA mortality.30
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Dysglycemia:  Iatrogenic hypoglycemia is a common occurrence during  
the course of treatment of hyperglycemia. Frequent blood glucose 
monitoring and using low-dose insulin therapy lessen the risk of this 
complication. Rebound hyperglycemia and ketosis may arise from 
either inappropriate overlap of intravenous with subcutaneous insulin 
or failure to continue insulin therapy long enough. Twenty-four to  
48 hours of IV therapy may be needed to completely “turn off ” ketone-
generating enzymes in the liver.

Other Complications:  Rhabdomyolysis is a rare but potentially fatal 
finding in hyperglycemic crisis.26 Serum creatine kinase measurement 
should be performed on all patients presenting with HHS. Acute lung 
injury is also an established complication. Changes in alveolar capil-
lary permeability coupled with overzealous fluid resuscitation may 
result in noncardiogenic pulmonary edema.57

■■ MANAGEMENT
HHS and DKA are medical emergencies and should be managed in a 
unit with

•• Experienced nursing and medical staff, trained in the management 
 of hyperglycemic emergencies

•• Regularly updated guidelines for DKA and HHS treatment
•• Access to frequent and timely biochemical investigations

Goals of Therapy 

•• Restoration of circulatory volume and improved tissue perfusion
•• Steady reduction of serum glucose and osmolality/ketonemia
•• Correction of electrolyte imbalances
•• Identification and treatment of precipitant factors
•• Identification and treatment of potential complications

There are multiple local and international guidelines available.13,58 
The key principles of treatment will be outlined here. Local guidelines/
protocols should be available and adhered to. However, the ability for 
senior medical staff to individualize therapy and modify guidelines in 
the patient with a complex presentation is also important.

Fluids:  In both HHS and DKA, patients are volume deplete varying 
from 6 to 10 L.

The choice of intravenous fluid and rate of infusion is dictated by 
the serum osmolality and patient hydration status. Typically 0.45% 
saline is used in adults with HHS or hypernatremia patients with DKA. 
Otherwise isotonic saline (0.9%) is used. Regular monitoring of the 
patients volume status is necessary as most guidelines suggest a high rate 
of fluid replacement. Five percent dextrose should be added to the fluid 
regimen once plasma glucose falls below 250 mg/dL.

Fluid replacement should be guided by bedside ultrasound or other 
dynamic predictors of fluid-responsiveness (see Chap. 34). Intensive 
monitoring may be useful in the first 24 to 48 hours in patients with 
HHS/DKA with coexisting congestive cardiac failure, sepsis, or renal 
failure.

Insulin and Glucose Monitoring:  Continuous insulin therapy is particu-
larly important in DKA as the half-life of IV insulin is short and ketosis 
can recur quickly. DKA itself is an insulin-resistant state and rela-
tively high doses are often needed in the initial period. A 0.1 unit/kg  
bolus followed by a 0.1 unit/kg/h infusion is a reasonable starting 
point in DKA. In HHS, blood glucose can drop dramatically with 
rehydration alone and lower doses of insulin are required.

Regular glucose monitoring is needed as insulin sensitivity changes 
markedly in the first 24 hours of therapy. When glucose falls below 
250 mg/dL, intravenous fluids should include 5% dextrose and the IV 
insulin therapy continued. Hourly urine output, hourly glucose mea-
surement, heart rate, blood pressure, venous pH (2-4 hourly, rarely are 
repeated arterial blood gas measurements required purely for pH/HCO3

−  

measurements), and 2 hourly electrolyte profiles should be performed. 
It is extremely helpful to have charts prepared to monitor these variables 
in graphical format either by hand or in the electronic medical record.

Potassium:  HHS and DKA often result in a 3 to 5 mEq/L total body 
potassium deficit.

IV insulin therapy promotes an intracellular shift of K+ through the 
glucose Na+/K+ transporter. Large volumes of IV saline without K+ supple-
mentation can further lower serum K+. Concomitant hypomagnesemia 
can exacerbate hypokalemia through increased renal K+ loss.59 Untreated 
hypomagnesemia can render hypokalemia refractory to treatment with 
potassium supplementation. Careful monitoring and supplementation of 
K+ is required. If patients are hypokalemic on presentation, potassium can 
be given along with IV insulin.60

Phosphate:  Profound hypophosphatemia is associated with muscle 
weakness (cardiac and skeletal), hemolysis, and rhabdomyolysis. 
Hypophosphatemia as a consequence of hyperglycemic crisis is relative 
common, usually mild and self-limiting. Phosphate supplementation 
during DKA has not shown any significant clinical benefit.61 Indeed 
phosphate therapy during DKA has been associated with hypocal-
cemia and hypomagnesemia.62 Therapy with IV phosphate should 
therefore be reserved for patients with profound (<0.32 mmol/L or 
1 mg/dL) hypomagnesemia, rhabdomyolysis, or hemolytic anemia.

Bicarbonate:  Many international and local guidelines have incorporated 
intravenous bicarbonate use to correct profound diabetic ketoacidosis in 
adults. Alkalization is felt to improve myocardial contractility.63 However, 
bicarbonate use may lower serum potassium and ionized calcium levels 
and decrease peripheral tissue oxygenation by increasing the affinity 
between hemoglobin and oxygen.64 There are few randomized control 
trials to assess any clinical benefits.65 Its use remains contentious.

Bicarbonate use in children and adolescence is not recommended and 
there is evidence to suggest it may worsen cerebral edema and cause a 
paradoxical drop in the pH of cerebrospinal fluid.33,66

Predisposing Factors:  Insulin omission and new presentation with DM 
(usually type 1 DM but also type 2 DM and in rare cases of MODY) 
represent a large portion of the cases of hyperglycemic crisis, but 
other potential factors should be sought and treated.67 Some of the 
more common predisposing factors are listed in Table 101-3.

Infectious precipitants often arise from pelvic inflammatory disease, 
meningitis, or sources in the skin, sinuses, or respiratory and urinary 
tracts.68 The neutrophil and total white cell counts are often raised in 
hyperglycemic crisis.11 The etiology is uncertain but leukocytosis may 
be in part due to elevated cortisol, catecholamines, and proinflammatory 
cytokines.69 Given the high incidence of coexisting infection and high 
mortality associated with HHS, there should be low threshold for early 
broad-spectrum antibiotic use.

  TABLE 101-3    Predisposing Factors for Hyperglycemic Crisis

New presentation of DM
Pancreatitis
Acute major illness
Sepsis and infection68

Dehydration
Insulin omission67

Poor compliance86

CSII pump failure87

Medications/drugs
Cocaine88

Atypical antipsychotics89

Glucocorticoids
High dose thiazide diuretics
Sympathomimetic, eg, dobutamine
Alcohol
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In many cases, the precipitating factor for the hyperglycemia is clear. 
Despite this, chest radiograph, blood and urine cultures are almost 
always indicated following the initial clinical assessment and initiation 
of therapy. More than one etiology or a second infection as a complica-
tion is possible. There should be a low threshold for treating acutely 
unwell patients with antimicrobials while awaiting the formal culture 
results. CSF glucose results need to be interpreted with caution in 
patients with hyperglycemia.70

Amylase and lipase may be raised in patients with DKA without 
active pancreatitis. However, acute pancreatitis is an established cause 
of DKA.71 Some authors suggest a lipase of >400 U in those with a 
combination of DKA and abdominal pain as this is highly suggestive of 
underlying abdominal pathology.72

Deep venous and pulmonary embolic disease along with coronary 
and cerebrovascular intra-arterial thrombosis can precipitate or compli-
cate HHS.26 In the absence of a bleeding disorder or active GI bleed, pro-
phylaxis with low-molecular-weight heparin is suggested. Therapeutic 
doses should be reserved for those patients with overt signs suggestive 
of an acute thromboembolism.

Patients with chronic kidney disease and hyperglycemia represent a 
particularly challenging group. Anuric patients without osmotic diuresis 
sequester free water from the intracellular compartment. They may have 
signs and symptoms of congestive cardiac failure rather than the volume 
depletion usually evident in HSS. IV insulin without IV hydration is 
the treatment of choice.73 Restoration of euglycemia causes free water to 
shift back to the intracellular compartment from the intravascular space. 
Continuous venovenous hemofiltration dialysis (CVVHD) may also be 
required to treat refractory metabolic acidosis since ketoacids may persist.74

Transitioning:  Patients already on insulin therapy may be transitioned 
back to their regular doses with resolution of DKA. Resolution is 
determined by pH >7.3, HCO3

− >18, and glucose <200 mg/dL. 
Ketonuria can persist for a number of days post–DKA, but ketonemia 
can be more accurately assessed using serum β-hydroxybutyrate and 
monitoring the anion gap (Table 101-1).

Sudden withdrawal of IV insulin can result in dramatic rebound hyper-
glycemia. An overlap of 1 to 4 hours between IV and subcutaneous basal 
insulin is recommended depending on the subcutaneous insulin used. 
The slower onset the insulin, the longer the overlap must be. Not giving a 
sufficient overlap of insulins remains a common error in the ICU setting.

Patients previously untreated with insulin are often commenced on a 
basal bolus regimen initially. Patients with type 1 DM typically require a 
total daily dose of 0.5 to 1.0 unit/kg/day.75 The IV insulin requirements can 
also be used as a guide to estimating subcutaneous insulin doses. Frequently 
the insulin requirements fall over the subsequent few days postepisode.

HYPOGLYCEMIA

In spontaneous hypoglycemia, the goal is identification of the etiology 
and treatment. Hypoglycemic disorders are rare aside from critically ill 
patients or those with an obvious drug cause.

■■ SYMPTOMS AND SIGNS
Symptoms of hypoglycemia are nonspecific but typically are divided into 
neuroglycopenic symptoms and those affecting the autonomic nervous 
system (see Table 101-4). Given the array of potential and variable symp-
toms, it can be difficult to ensure hypoglycemia is the cause. Patients who 
are not on treatment to lower blood glucose must satisfy Whipple triad in 
order to attribute their symptoms/signs to a hypoglycemic disorder.

Whipple Triad 

a)	 Symptoms in keeping with hypoglycemia (Table 101-4)
b)	 Low plasma glucose at time of symptoms
c)	 Resolution of symptoms following treatment and elevation of plasma 

glucose

Glucose meters lose accuracy at lower serum glucose concentrations 
<70 mg/dL (3.9 mmol/L) and are not used for the diagnosis of hypogly-
cemic disorders.79,80

■■ CAUSES
Insulin, sulfonylurea, and alcohol use are responsible in the majority of 
cases in adults. Combinations of DDP4 inhibitors or incretin agonists 
with sulfonylureas can increase the incidence of hypoglycemic events. 
Over 150 other drugs have been implicated, but the majority of these 
have very low-quality data to substantiate the association.81 Some of 
the causes seen in adults are listed in Table 101-5. The physiological 
response to hypoglycemia is a dynamic process with varying thresholds 
in individuals that can change significantly over time (Table 101-6).78,82,83  
Understanding of the normal response to falling blood glucose can aid 
in the identification of the pathophysiological mechanism commonly 
responsible for hypoglycemia. These include

a)	 Inappropriate insulin secretion or administration (eg, sulfonylurea or 
exogenous insulin use)

b)	 Insufficient counterregulatory hormone(s)
c)	 Increased metabolic demands
d)	 Reduced availability of glycogen
e)	 Reduced sensation/awareness of symptoms

Neonates and infants have a lower reference range for euglycemia, 
varying symptomatology, and a different list of causes of hypoglycemia. 
It is difficult to assign a set numerical cutoff for hypoglycemia in this 
population. Differing gestational age, postnatal age, level of ketonemia, 
and concomitant illness can all affect glycolysis, making patient-specific 
plasma glucose ranges problematic. Infants also have nonspecific signs 
of hypoglycemia (poor feeding, jitteriness, hypotonia, seizures, brady-
cardia, etc). The American Academy of Pediatrics has tried to address 
the difficulties with diagnosing and treating hypoglycemia in the infant/
newborn with recently published guidelines.84

  TABLE 101-4    Signs and Symptoms of Hypoglycemia

Neuroglycopenic Autonomic

Irritability Tremor

Confusion Tachycardia

Psychomotor dysfunction Palpitations

Behavioral changes Anxiety

Focal neurological deficit Hunger

Coma Diaphoresis

Seizure Paresthesia

KEY POINTS

•• Most commonly seen in patients treated for DM.
•• Insulinoma is a rare cause of hypoglycemia.
•• Oral treatment with rapid acting carbohydrate is the preferred 

treatment.

INTRODUCTION

Typically iatrogenic causes of hypoglycemia are seen in patients with 
known DM or on medication with the known side effect of hypoglyce-
mia. Symptomatic hypoglycemia on average affects patients with type 1 
DM twice a week, and, remarkably, 2% to 4% of patients with type 1 DM 
will die as a result of hypoglycemia.76,77 Rapid elevation of glucose and 
modification of therapy to reduce the risk of significant hypoglycemia are 
the primary goals in patients with iatrogenic hypoglycemia. There may be 
absence or blunting of symptoms in patients with long-standing diabetes 
or those exposed to persistent or frequent episodes of hypoglycemia.78
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Further information can be derived from the response of plasma glu-
cose, insulin, C peptide, proinsulin, and ketones 1 hour after treatment 
with 1 mg IV glucagon.

The presence of circulating insulin while hypoglycemic suggests 
inappropriate endogenous production (insulin secretagogue use or an 
insulin producing tumor) or exogenous insulin use. The majority of 
secretagogues can be detected through urinalysis.85 Exogenous insulin 
would result in detectable insulin but absent C peptide and proinsulin, 
as these components are not present in commercially available insulins.

Often symptomatic hypoglycemia is treated quickly in the hospital 
setting without performing investigations to elucidate a cause. Ideally 
patients suspected of excess endogenous insulin production would have 
the above investigations done during a witnessed event. Alternatively, a 
prolonged fast may be needed to reproduce symptomatic hypoglycemia.

■■ TREATMENT
Patients with DM should be concerned of the risk of hypoglycemia when 
their capillary blood glucose is <72 mg/dL (<4.0 mmol/L). Early treat-
ment with ingestion of fast-acting carbohydrates is preferred whenever 
possible. Parenteral use of glucagon or glucose can be used in the fasting 
or unconscious patient. Frequent mild hypoglycemia or any episode  
of hypoglycemia requiring parenteral therapy should prompt a review of 
the current therapy regimens.

  TABLE 101-5    Causes of Hypoglycemia

Drugs
•	 Alcohol
•	 Chloroquine
•	 Cibenzoline
•	 Gatifloxacin
•	 Glucagon (during endoscopy)
•	 Insulin
•	 Indomethacin
•	 Meglitinides
•	 Pentamidine
•	 Propranolol
•	 Quinine
•	 Salicylates
•	 Sulfonamides
•	 Sulfonylureas
Critical illness
•	 Sepsis
•	 Burns
•	 Renal failure
•	 Hepatic failure
•	 Cardiac failure

Anorexia
Hormone deficiency
•	 ACTH
•	 Cortisol
•	 Catecholamine
•	 Glucagon
Endogenous hyperinsulinemia
•	 Insulinoma
•	 Nesidioblastosis
•	 Noninsulinoma pancreatogenous hypoglycemia

•	 Postgastric bypass hypoglycemia
•	 Secretagogue use
Insulin autoimmune hypoglycemia
Non islet cell tumor
IGF-1 or IGF-2 secreting retroperitoneal tumors82

Factitious/accidental

  TABLE 101-6    Physiological Response to Hypoglycemia

Arterial Plasma Glucose mg/dL (mmol/L) Response

83 (4.6) Insulin secretion inhibited

68 (3.8) Glucagon secretion

Epinephrine secretion

67 (3.7) Growth hormone secretion

Glucose transport into the brain reduced

58 (3.2) Cortisol secretion

Autonomic symptoms

51 (2.8) Neuroglycopenic symptoms

49 (2.7) Cognitive dysfunction

■■ EVALUATION
The cause is frequently obvious in patients with DM or those who are 
critically ill.

The Endocrine Society has issued evidenced-based guidelines on the 
investigation of hypoglycemic disorders in adults.85 A brief summary of 
these guidelines is outlined.

Confirmation of a significant hypoglycemic event is aided by ensur-
ing patients without diabetes satisfy Whipple triad (see above). A clinical 
evaluation should assess for evidence of likely causes such as drugs, critical 
illnesses, hormone deficiencies, and nonislet cell tumors. In the absence of 
these causes, the differential diagnosis should include the use of nonpre-
scribed exogenous insulin or an insulin secretagogue and excess endog-
enous insulin production. During a symptomatic hypoglycemic episode, a 
number of investigations can be performed (sometimes termed a “critical 
sample”) to identify excess endogenous insulin production.

•• Plasma glucose
•• Insulin
•• C peptide
•• Proinsulin
•• β-hydroxybutyrate
•• Circulating oral hypoglycemic agents
•• Insulin antibodies
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Critical Illness–Related 
Corticosteroid Insufficiency
Paul E. Marik

102
C H A P T E R

KEY POINTS

•• Acute adrenal insufficiency in critically ill patients is best referred 
to as critical illness–related corticosteroid insufficiency (CIRCI).

•• CIRCI may arise due to adrenal insufficiency or tissue resistance 
to cortisol.

•• Adrenal insufficiency is best diagnosed by a random cortisol 
<10 µg/dL (Type 1 CIRCI) or a delta of <9 µg/dL after a 250 µg 
cosyntropin stimulation test (Type II CIRCI).

•• The diagnosis of adrenal insufficiency/CIRCI should not be made 
on the basis of laboratory criteria alone.

•• Treatment with low-dose hydrocortisone (200 mg/day) or meth-
ylprednisolone (60 mg/day) should be considered in patients with 
septic shock who have responded “poorly” to resuscitation with flu-
ids and vasopressor agents and those with ARDS who have failed to 
show an improvement within 48 hours of supportive care. The role 
of low-dose hydrocortisone in patients with severe sepsis and other 
clinical situations in the ICU remains to be determined.

Exposure of the host to diverse noxious stimuli results in a stereotypic 
and coordinated response, referred to by Hans Selye as the general adap-
tion syndrome (or stress response) which serves to restore homeostasis 
and enhance survival.1 The stress response is mediated primarily by the 
hypothalamic-pituitary-adrenal (HPA) axis as well as the sympatho-
adrenal system (SAS). Activation of the HPA axis results in increased 

secretion from the paraventricular nucleus of the hypothalamus of  
corticotropin-releasing hormone (CRH) and arginine vasopressin (AVP). 
CRH plays a pivotal integrative role in the response to stress. CRH 
stimulates the production of ACTH by the anterior pituitary, causing the 
zona fasciculata of the adrenal cortex to produce more glucocorticoids 
(cortisol in humans).2 AVP is a weak ACTH secretagogue and vasoactive 
peptide that acts synergistically with CRH to increase secretion of ACTH. 
The increase in cortisol production results in multiple effects (metabolic, 
cardiovascular, and immune) aimed at restoring homeostasis during 
stress. In addition, the HPA axis and immune system are closely inte-
grated in multiple positive and negative feedback loops (see Fig. 102-1).  
Activation of the SAS results in the secretion of epinephrine and norepi-
nephrine from the adrenal medulla and to an increased production of 
inflammatory cytokines such as interleukin-6 (IL-6).

CORTISOL PHYSIOLOGY
Cortisol (hydrocortisone) is the major endogenous glucocorticoid 
secreted by the adrenal cortex. Over 90% of circulating cortisol is bound 
to corticosteroid-binding globulin (CBG) with less than 10% in the free, 
biologically active form. CBG is the predominant binding protein with 
albumin binding a lesser amount. During acute illness, particularly sep-
sis, CBG levels fall by as much as 50%, resulting in a significant increase 
in the percentage of free cortisol. The circulating half-life of cortisol 
varies from 70 to 120 minutes, with a biological half-life of about 6 to 
8 hours. The adrenal gland does not store cortisol; increased secretion 
arises due to increased synthesis under the control of ACTH. Cholesterol 
is the principal precursor for steroid biosynthesis in steroidogenic tissue. 
In a series of sequential enzymatic steps, cholesterol is converted to preg-
nenolone and then to the end products of adrenal biosynthesis, namely, 
aldosterone, dehydroepiandrostenedione, and cortisol. At rest and during 
stress about 80% of circulating cortisol is derived from plasma choles-
terol, the remaining 20% being synthesized in situ from acetate and other 
precursors. High-density lipoprotein (HDL) is the preferred cholesterol 
source of steroidogenic substrate in the adrenal gland.3

The activities of glucocorticoids are mediated by both the glucocorticoid 
(GR) and mineralocorticoid receptors (MR). The GR and MR share both 
functional and structural homology.4 Both aldosterone and glucocorticoid 
hormones bind to both the GR and MR. At low basal levels cortisol binds 
to the high-affinity, low-capacity MR. However, with increased cortisol 
secretion the MR are saturated and cortisol then binds to the low affinity, 
high-capacity GR. In addition, the 11β-hydroxysteroid dehydrogenase 
(11β-HSD) enzymes play an important role in preventing glucocorticoid 
access to cells that express the MR.5,6 This enzyme has two isoforms: an 
NAD+-dependent form (11β-HSD-2) and an NADP+-dependent form 
(11β-HSD-1). 11β-HSD-2 is found in tissues with high levels of MR 
activity such as the kidney, sweat and salivary glands, placenta, and colon. 
11β-HSD-2 converts cortisol to cortisone, its inactive reduced metabolite 
which is unable to bind to the GR and MR. 11β-HSD-1, which is found in 
glucocorticoid target tissues, catalyzes the conversion of cortisone to the 
active glucocorticoid cortisol. Proinflammatory cytokines modulate the 
activity of the 11β-HSD enzymes, with interleukin-1β (IL-1β) and tumor 
necrosis factor-α (TNF-α) increasing the activity of 11β-HSD-1 while 
decreasing that of 11β-HSD-2.7,8

Cortisol diffuses rapidly across cell membranes binding to the GR. 
Two isoforms of the GR have been isolated, namely GR-α and GR-β. 
The GR-β isoform fails to bind cortisol and activate gene expression and 
thus functions as a negative inhibitor of GR-α.9 The GR-β binds to the 
glucocorticoid antagonist RU-486 and may play a role in regulating gene 
expression.10 Seven isoforms of GR-α have been reported; these isoforms 
may be selectively expressed by different tissues with each isoform elicit-
ing a distinct response.11,12 Through the association and disassociation 
of chaperone molecules, the glucocorticoid-GR-α complex moves into 
the nucleus where it binds as a homodimer to DNA sequences called 
glucocorticoid-responsive elements (GREs); these are located in the pro-
moter regions of target genes which then activate or repress transcription of  
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FIGURE 102-1.  Activation of the hypothalamic-pituitary adrenal axis (HPA) and the 
interaction with the inflammatory response. ACTH, adrenocorticotrophic hormone; CRH, corti-
cotropin releasing hormone; IL-6, interleukin-6; IL-11, interleukin-11; LIF, leukemia inhibitory 
factor; POMC, proopiomelanocortin; TGF-β, transforming growth factor-beta; TNF, tumor 
necrosis factor. (Reproduced with permission from Marik PE, Pastores SM, Annane D, et al. 
Recommendations for the diagnosis and management of corticosteroid insufficiency in criti-
cally ill adult patients: consensus statements from an international task force by the American 
College of Critical Care Medicine. Crit Care Med. June 2008;36(6):1937-1949.)
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the associated genes (see Fig. 102-2). In addition, the cortisol-GR com-
plex may affect cellular function indirectly by binding to and modulat-
ing the transcriptional activity of other nuclear transcription factors 
such as nuclear factor κB (NF-κB) and activator protein-1 (AP-1). 
Overall, glucocorticoids effect the transcription of thousands of genes in 
every cell of the body. It has been estimated that glucocorticoids affect 
20% of the genome of mononuclear blood cells.13

Glucocorticoids play a major role in regulating the activity of NF-κB 
which plays a crucial and generalized role in inducing cytokine gene 
transcription.14-16 NF-κB is normally maintained in an inactive form by 
sequestration in the cytoplasm through interaction with inhibitory pro-
teins (IκBs). Upon stimulation by lipopolysaccharide, double-stranded 
DNA, physical and chemical stresses, and inflammatory cytokines, the 
latent NF-κB/IκB complex is activated by phosphorylation and proteo-
lytic degradation of IκB, with exposure of the NF-κB nuclear localization 
sequence. The liberated NF-κB then translocates to the nucleus and 
binds to promoter regions of target genes to initiate the transcription of 
multiple cytokines including TNF- α, IL-1, and IL-6 and cell adhesion  
molecules (eg, ICAM-1, E-selectin) and other mediators of inflammation.  
Glucocorticoids inhibit the activity of NF-κB by increasing the transcrip-
tion of IκBs and by directly binding to and inhibiting NF-κB.15,16

Cortisol has several important physiologic actions on metabolism, 
cardiovascular function, and the immune system.17,18 The metabolic 

effects of cortisol include an increase in blood glucose concentrations 
through the activation of key enzymes involved in hepatic gluconeo-
genesis and inhibition of glucose uptake in peripheral tissues such as 
the skeletal muscles. In addition, in adipose tissue, lipolysis is activated 
resulting in the release of free fatty acids into the circulation. Cortisol 
also has a permissive effect on other hormones increasing glucose levels, 
including catecholamines and glucagon. Sustained cortisol hypersecre-
tion stimulates glucose production at the expense of protein and lipid 
catabolism and insulin resistance.

Cortisol increases blood pressure through several mechanisms 
involving the kidney and vasculature. In vascular smooth muscle, 
cortisol increases sensitivity to vasopressor agents such as catechol-
amines and angiotensin II.19,20 These effects are mediated partly by 
the increased transcription and expression of the receptors for these 
hormones.19,20 While the effect of glucocorticoids on nitric oxide (NO) 
is complex, it appears to increase endothelial nitric oxide synthetase 
(eNOS), thereby maintaining microvascular perfusion.21-24 Cortisol 
has potent anti-inflammatory actions including the reduction in the 
number and function of various immune cells, such as T and B lympho-
cytes, monocytes, neutrophils, and eosinophils at sites of inflammation. 
Cortisol decreases the production of cytokines, chemokines, and 
eicosanoids and enhances the production of macrophage migration 
inhibitory factor.25,26
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FIGURE 102-2.  An overview of the mechanisms of action of glucocorticoids. CBP, cyclic AMP response element binding (CREB) binding protein; cPLA2α, cytosolic phospholipase A2 alfa; 
eNOS, endothelial nitric oxide synthetase; FKBP51/52, FK-binding protein 51/52; FYN, FYN oncogene–related kinase; GILZ, glucocorticoid-induced leucine zipper protein; GRα, glucocorticoid 
receptor α; Grβ, glucocorticoid receptor β; HSP90, heat shock protein 90; LCK, lymphocyte-specific protein tyrosine kinase; MAPK, mitogen-activated protein kinases; MKP-1, MAPK phospha-
tase 1; NF-κB, nuclear factor kappa B; PI3K, phosphatidylinositol 3-kinase; PKB, protein kinase B; PKC, protein kinase C; POMC, proopiomelanocortin; SLPI, secretory leukoprotease inhibitor. 
(Reproduced with permission from Marik PE. Critical illness related corticoseroid insufficiency. Chest. January 2009;135(1):181-193.)
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CRITICAL ILLNESS–RELATED  
CORTICOSTEROID INSUFFICIENCY
There has recently been a great deal of interest regarding the assessment 
of “adrenal function” and the indications for corticosteroid therapy 
in critically ill patients. While the use of high-dose corticosteroid 
(10,000 to 40,000 mg of hydrocortisone equivalent over 24 hours) in 
patients with severe sepsis and ARDS failed to improve outcome and 
was associated with increased complications,27,28 an extended course of 
“stress-dose” corticosteroids (200-350 mg hydrocortisone equivalent/
day for up to 21 days) has been demonstrated to increase ventilator- and 
hospital-free days and improve short-term survival in select groups of 
ICU patients.29-32 These patients typically have an exaggerated proin-
flammatory response and are considered to be “relatively” corticosteroid 
insufficient.

Until recently the exaggerated proinflammatory response that char-
acterizes patients with systemic inflammation has focused on suppres-
sion of the HPA axis and “adrenal failure.” However, experimental and 
clinical data suggest that corticosteroid tissue resistance may also play 
an important role. This complex syndrome is referred to as critical 
illness–related corticosteroid insufficiency (CIRCI).2,33 CIRCI is defined as 
inadequate corticosteroid activity for the severity of the patient’s illness. 
CIRCI manifests with insufficient corticosteroid mediated downregula-
tion of inflammatory transcription factors.

■■ TISSUE CORTICOSTEROID RESISTANCE DURING CRITICAL ILLNESS
Tissue corticosteroid resistance is a well-known manifestation of 
chronic inflammatory diseases such as chronic obstructive pulmo-
nary disease (COPD), severe asthma, systematic lupus erythematosus 
(SLE), ulcerative colitis, and rheumatoid arthritis. Emerging data 
suggest that corticosteroid tissue resistance may develop in patients 
with acute inflammatory diseases such as sepsis and acute lung 
injury (ALI).2,34 In a sheep model of ALI induced by Escherichia coli 
endotoxin, Liu et al demonstrated decreased nuclear GRα-binding 
capacity and increased expression of phospholipase A2 (PLA2) despite 
increased serum cortisol levels.35 These authors demonstrated similar 
findings in the liver cytosol following a burn injury in rats, which were 
partially reversed by TNF-α and IL-1β neutralizing antibodies.36 In an 
ex vivo model, Meduri and colleagues compared the cytoplasmic to 
nuclear density of the GR complex in patients with ARDS who were 
survivors and nonsurvivors.34 These authors demonstrated a markedly 
reduced nuclear density of the GR complex in nonsurvivors while the 
cytoplasmic density was similar between survivors and nonsurvivors. 
This experiment provides further evidence that the nuclear GC-GR 
activity may be impaired in critically ill patients despite adequate cyto-
plasmic (serum) levels of cortisol.

■■ HPA AXIS FAILURE IN ACUTE ILLNESS
HPA axis failure appears to be a common problem in patients with sys-
temic inflammation. Patients at risk for developing tissue glucocorticoid 
resistance are similarly at risk for HPA axis failure. The incidence of 
HPA axis failure varies widely depending on the criteria used to make 
the diagnosis and the patient population studied. The overall incidence 
of “adrenal insufficiency” in critically ill patients approximates 20%, 
with an incidence as high as 60% in patients with severe sepsis and sep-
tic shock.37 The mechanisms leading to inadequate cortisol production 
during critical illness are complex and poorly understood, and likely 
include decreased production of CRH, ACTH, and cortisol.2 A subset of 
patients may suffer structural damage to the adrenal gland from either 
hemorrhage or infarction and this may result in long-term adrenal 
dysfunction. In addition, a number of drugs are associated with adrenal 
failure. However, reversible HPA dysfunction is increasingly being recog-
nized in critically ill patients with systemic inflammation associated with  
the sepsis, ALI, liver disease, and following cardiopulmonary bypass  
(see Table 102-1).

CLINICAL MANIFESTATIONS OF CIRCI
Patients with chronic adrenal insufficiency (Addison disease) usually 
present with a history of weakness, weight loss, anorexia, and lethargy 
with some patients complaining of nausea, vomiting, abdominal pain, 
and diarrhea. Clinical signs include orthostatic hypotension and hyper-
pigmentation (primary adrenal insufficiency). Laboratory testing may 
demonstrate hyponatremia, hyperkalemia, hypoglycemia, and a normo-
cytic anemia. This presentation contrasts with the features of CIRCI. The 
clinical manifestations CIRCI are consequent upon an exaggerated pro-
inflammatory immune response. Hypotension refractory to fluids and 
requiring vasopressors is a common manifestation of CIRCI.17,38 CIRCI 
should therefore be considered in all ICU patients requiring vasopressor 
support as well as those with severe progressive ARDS.2 Patients usually 
have a hyperdynamic circulation which may compound the hyper-
dynamic profile of the patient with sepsis/systemic inflammation.38  
However, the systemic vascular resistance, cardiac output, and pul-
monary capillary wedge pressure can be low, normal, or high.39 The 
variability in hemodynamics reflects the combination of CIRCI and  

  TABLE 102-1    Causes of Adrenal Insufficiency

Reversible dysfunction of the hypothalamic-pituitary adrenal axis
Sepsis/systemic inflammatory response syndrome
Drugs

Corticosteroids (secondary AI)
Ketoconazole (primary AI)
Etomidate (primary AI)
Megesterol acetate (secondary AI)
Rifampin (increased cortisol metabolism)
Phenytoin (increased cortisol metabolism)
Metyrapone (primary AI)
Mitotane (primary AI)

Hypothermia (primary AI)
Primary adrenal insufficiency

Autoimmune adrenalitis
HIV infection

HIV
Drugs
Cytomegalovirus infection

Metastatic carcinoma
lung
breast
kidney

Systemic fungal infections
Histoplasmosis
Cryptococcus
Blastomycosis

Tuberculosis
Acute hemorrhage/infarction

disseminated intravascular coagulation
meningococcemia
anticoagulation
antiphospholipid syndrome
heparin induced thrombocytopenia (HIT)
trauma

Secondary adrenal insufficiency
Chronic steroid use
Pituitary or metastatic tumor
Pituitary surgery or radiation
Empty-sella syndrome
Craniopharyngioma
Sarcoidosis, histiocytosis
Postpartum pituitary necrosis
HIV infection
Head trauma
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the underlying disease. CIRCI should also be considered in patients with 
progressive ALI. Laboratory assessment may demonstrate eosinophilia 
and hypoglycemia. Hyponatremia and hyperkalemia are uncommon.

DIAGNOSIS OF ADRENAL INSUFFICIENCY AND CIRCI
The diagnosis of adrenal insufficiency in the critically ill is fraught with 
difficulties. Furthermore we have no test that quantifies corticosteroid 
activity at the tissue level. Traditionally the diagnosis of adrenal insuf-
ficiency in the critically ill has been based on the measurement of a 
random total serum cortisol (“stress” cortisol level) or the change in 
the serum cortisol in response to 250 µg of synthetic ACTH (cosyntro-
pin) the so-called delta cortisol.18,40 Both of these tests have significant 
limitations in the critically ill.41 Commercially available cortisol assays 
measure the total hormone concentration rather than the biologically 
active free cortisol concentration42 Furthermore, the timing of cortisol 
measurements may be important as large hourly variations in cortisol 
have been reported.41,43 In addition, the reproducibility of the ACTH 
stimulation test is poor in critically ill patients.43,44 To complicate the issue 
further, the specificity, sensitivity, and performance of the commercially 
available assays are not uniform.45 Despite these limitations, Annane and 
colleagues have reported that a delta cortisol of less than 9 µg/dL was the 
best predictor of adrenal insufficiency (as determined by metyrapone 
testing) in patients with severe sepsis/septic shock.37 A cortisol of less 
than 10 µg/dL was also highly predictive of adrenal insufficiency (PPV of 
0.93); however, the sensitivity of the test was poor (0.19).

One approach to resolving the question of whether too little glucocor-
ticoid signal ultimately “gets through” is to examine target tissues whose 
function is regulated in part by glucocorticoids. Through their inhibitory 
effects on nuclear factor-κβ signaling pathways, glucocorticoids are the 
most potent anti-inflammatory hormones in the body and thereby serve 
to suppress the production and activity of proinflammatory cytokines 
during exposure to stress. Inadequate glucocorticoid-mediated feed-
back inhibition of the immune response will result in excess circulating  
levels of proinflammatory mediators. Kwon and colleagues measured 
the levels of proinflammatory mediators in a cohort of 82 patients, most 
of whom had sepsis.46 Thirty-six patients (43%) met the above cited 
criteria for adrenal inefficiency. The authors divided the patients with 
adrenal inefficiency into two groups, namely (1) those with a low basal 
cortisol (basal cortisol <10 µg/dL ) and (2) those with a basal cortisol 
>10 µg/dL and a delta cortisol <9 µg/dL. In the group of patients with 
a low delta cortisol the serum levels of proinflammatory mediators 
were markedly elevated compared to group of patients with a low basal 
cortisol. In the low basal cortisol group the levels of proinflammatory 
mediators were similar to those of the nonadrenal insufficiency control 
patients. These data suggest that the adrenal insufficiency subgroup with 
a low delta cortisol may truly have too little glucocorticoid signaling 
while the low baseline subgroup appears to have adequate cellular gluco-
corticoid activity. From a pathophysiological and therapeutic standpoint 
it may therefore be useful to divide adrenal inefficiency/CIRCI into two 
subgroups, namely, Type I, characterized by a random (stress) cortisol 
<10 µg/dL, and Type II, characterized by a random cortisol ≥10 µg/dL 
and a delta cortisol <9 µg/dL. The practical implication of this classifi-
cation is that only patients with type II CIRCI may benefit from stress 
doses of corticosteroids. Additional studies are required to confirm the 
findings of Kwon and colleagues.

TREATMENT WITH CORTICOSTEROIDS.  
WHO AND HOW?
Over the last three decades approximately 20 randomized controlled 
trials (RCTs) have been conducted evaluating the role of glucocorticoids 
in patients with sepsis, severe sepsis, septic shock, and ARDS. Varying 
doses (37.5-40,000 mg/hydrocortisone Eq/day), dosing strategies (single  
bolus/repeat boluses/continuous infusion/dose taper), and duration of 
therapy (1-32 days) were used in these studies.27,28 Similarly, approximately 

20 meta-analyses have been published in an attempt to better under-
stand the role of glucocorticoids in the treatment of critically ill patients. 
The results of these studies together with our current understanding 
of CIRCI allow us to make a number of general recommendations. It 
should be appreciated that the nonstressed daily production of cortisol 
(hydrocortisone) in adults is approximately 15 to 25 mg/day while the 
maximal stressed daily production of cortisol (hydrocortisone) is about 
200 to 350 mg/day.47 Based on these data, a daily dose of hydrocorti-
sone (or equivalent) of 25 to 200 mg/day can be considered “low-dose,” 
200 to 350 mg/day a physiologic “stress-dose”, 351 to 1000 mg/day a 
 “supraphysiologic” dose, and >1000 mg/day pharmacologic-dose corti-
costeroid. A number of RCTs have investigated the clinical outcomes of 
pharmacologic-dose, short course corticosteroid treatment in patients 
with ARDS and sepsis. Doses of methylprednisolone as high as 20 
to 30 mg/kg body weight (10,000-40,000 mg of hydrocortisone) over  
24 hours were investigated.27,28 These studies were unable to demonstrate 
improved outcomes and there was a higher incidence of complications 
in the patients who received high-dose corticosteroids.27,28 Furthermore, 
this dosing strategy is at odds with our current understanding of CIRCI. 
Ideally the dose of corticosteroid should be sufficient to downregulate 
the proinflammatory response without causing excessive immune 
paresis and interference with wound healing. Similarly, the duration of 
glucocorticoid therapy should be guided by the duration of CIRCI and 
the associated duration of systemic inflammation.

Schneider and Voerman were the first investigators (in 1991) to sug-
gest that “physiologic and not pharmacologic doses of glucocorticoids 
[be administered] in the course of septic shock.”48 These authors dem-
onstrated reversal of shock in three of eight patients given “100 mg of 
hydrocortisone intravenously followed by 100 mg every 8 hours with 
dose tapering with improvement.” The use of extended course, stress-
dose corticosteroids has been evaluated in 10 RCTs in critically ill 
patients with sepsis, septic shock, and ARDS (see Table 102-2).29-31,49-54 
Overall, this dosing strategy has been reported to be associated with a 
significant reduction in 28-day all-cause mortality, more rapid weaning 
of vasopressor agents (septic shock), a reduction in ICU length of stay, 
and an increase in ventilator-free days (ARDS).27,28,33,55 It is, however, 
important to realize that the analysis and meta-analyses of these studies 
are largely influenced by the largest two studies, namely, the study by 
Annane et al and the CORTICUS study.31,49 Both of these studies have 
important limitations in that 24% patients received etomidate in the 
Annane study while 19% received etomidate in the CORTICUS study 
(see implication below). Furthermore, only patients with “refractory 
septic shock” were enrolled into the Annane study while an overwhelm-
ing selection bias resulted in approximately only 5% of eligible patients 
being enrolled into the CORTICUS study. A more recent study found 
no benefit from a 7-day course of 40 mg prednisolone in patients hos-
pitalized with community-acquired pneumonia.56 Based on the current 
data, it is not possible to make strong recommendations regarding the 
use of corticosteroids in the critically ill. The risk/benefit ratio should be 
determined in each patient and a “prolonged” course (10-14 days) of low 
dose (200 mg/day hydrocortisone or equivalent) should be considered 
in patients with septic shock who have responded poorly to fluids and 
vasopressor agents as well as patients with ARDS who have progressive 
disease (after 48 hours) despite supportive care. Infection surveillance is 
critical in patients treated with corticosteroids and to prevent the rebound 
phenomenon the drug should be weaned slowly (after 10-14 days)  
and never stopped abruptly (see Table 102-3).

The use of a continuous infusion of hydrocortisone has been reported 
to result in better glycemic control with less variability of blood glucose 
concentration.57,58 This may be important, as it has been demonstrated 
that oscillating blood glucose is associated with greater oxidative injury 
than sustained hyperglycemia.59,60 A number of reports indicate that 
glucose variability may be an independent predictor of outcome in 
critically ill patients.61-63 Nevertheless, “tight” glucose control has not 
been demonstrated to improve the outcome of general ICU patients 
nor specifically in those patients being treated with glucocorticoids.64-66 
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  TABLE 102-3    Regimen for Corticosteroid Treatment in Critically Ill Patients

Indicationsa

•	 Vasopressor-dependent septic shock (dosage of norepinephrine or equivalent  
>0.05 - 0.1 µg/kg/min) within 12 hours of onset or

•	 Progressive ARDS after 48 hours of supportive care

Dosing schedule

•	 Hydrocortisone 50 mg IV q6 hourly or 100 mg bolus then 10 mg/h continuous infusion 
for at least 7 days with option of treatment for 10-14 days. Patients should be  
vasopressor and ventilator “free” before taper

•	 Hydrocortisone taper
•	 Hydrocortisone 50 mg IV q8 hourly for 3-4 days
•	 Hydrocortisone 50 mg IV/PO q12 hourly for 3-4 days
•	 Hydrocortisone 50 mg IV/PO daily for 3-4 days
•	 Reinstitution of full-dose hydrocortisone with recurrence of shock or worsening oxygenation

•	 Hydrocortisone and methylprednisone are considered interchangeable

Limiting complication of corticosteroid treatment

•	 Infection surveillance: low threshold for performing blood cultures, mini-BAL, and other 
appropriate cultures

•	 Hyperglycemia: monitor blood glucose, limit glycemic load, and treat with insulin as 
appropriate

•	 Myopathy: monitor CPK and muscle strength, avoid neuromuscular blocking agents
aA random cortisol or ACTH stimulation test is not required.

Furthermore, a continuous infusion of glucocorticoid may result in 
greater suppression of the HPA axis. In the “sepsis” studies, patients 
were treated with hydrocortisone, while methylprednisolone was the 
corticosteroid of choice in the ARDS studies. Different corticosteroids 
differentially effect gene transcription and have differing pharmacody-
namic effects. Consequently, the preferred corticosteroid as well as the 
optimal dosing strategy in critically ill patients with sepsis, ARDS, and 
other inflammatory states remain to be determined.

The complications associated with the use of corticosteroids are 
dependent on the dose, the dosing strategy, and the duration of 

  TABLE 102-2    Randomized Placebo-Controlled Clinical Trials Investigating the Mortality Benefit of Stress-Dose Glucocorticoids in Critically Ill Patients

Investigated Condition Author (Year) n Initial Dose

Av Daily Duration (days)

Death: OR (95% CI)HC Equivalents (mg) Rx Taper

General ICU patients with AI (n = 1)

  McKee et al, 198329 18 Hydrocortisone 100 mg bolus then every 12 hours 200 CI No 0.02 (90.0-0.3)

Severe sepsis/pneumonia (n = 1)

  Confalonieri et al, 200530 46 Hydrocortisone 200 mg bolus then 10mg/h 240 7 No 0.06 (0.0-1.09)

Septic shock (n = 7)

  Bollaert et al, 199850 41 Hydrocortisone 100 mg every 8 hours 300 5 6 0.27 (0.07-0.99)

  Briegel et al, 199951 40 Hydrocortisone 100 mg bolus then 0.18 mg/kg/h 300 SR 6 0.71 (0.14-3.66)

  Chawla et al, 199952 44 Hydrocortisone 100 mg every 8 hours 300 3 4 0.39 (0.11 1.38)

  Annane et al, 200231 300 Hydrocortisone 50 mg every 6 hours + fludrocortisone 200 7 No 0.76 (0.48-1.20)

  Oppert et al, 200553 41 Hydrocortisone 100 mg bolus then 0.18 mg/kg/h 300 SR 4 0.69 (0.2-2.43)

  Cicarelli et al, 200754 29 Dexamethasone 0.2 mg/kg every 36 hours × 3 190 4.5 No 0.25 (0.05-1.29)

  Sprung et al, 200849 499 Hydrocortisone 50 mg every 6 hours 200 5 6 1.12 (0.77-1.63)

  Subtotal 0.7 (0.47-1.05)

ARDS (n = 1)

  Meduri et al, 200732 91 Methylprednisolone 1 mg/kg/day infusion 350 21a 7 0.42 (0.16-1.07)

Total 0.51 (0.31- 0.83)b

AI, adrenal insufficiency; CI, until clinical improvement; SR, shock reversal.
aUp to 21 days.
bp = 0.007, I2 =56%.

therapy. In the ICU setting (short-term treatment of CIRCI), the 
most important complications include immune suppression with 
an increased risk of infections (typical and opportunistic), impaired 
wound healing, hyperglycemia, myopathy, hypokalemic metabolic 
acidosis, psychosis, and HPA axis and GR suppression. The effect 
of glucocorticoids on immune suppression may be critically dose 
dependent. It is well known from the organ transplant experience 
that high-dose corticosteroids effectively abolish T-cell–mediated 
immune responsiveness and are very effective in preventing/treating 
graft rejection. However, while stress doses of corticosteroids inhibit 
systemic inflammation with decreased transcription of proinflamma-
tory mediators, they maintain innate and Th1 immune responsive-
ness and prevent an overwhelming compensatory anti-inflammatory 
response (CARS).67,68 While the effects of corticosteroids on IL-10  
and soluble TNF receptors (TNFsr) are conflicting, corticosteroids 
should be avoided in chronically critically ill ICU patients with pre-
sumed CARS.67,69-72 Similarly, while myopathy is common in patients 
treated with high-dose corticosteroids, this complication is uncom-
mon with stress dose of corticosteroids.27,28

In the study by Annane and colleagues, patients in the treatment 
group received hydrocortisone together with fludrocortisone (50 µg 
orally once daily).31 Stress doses of both hydrocortisone and methyl-
prednisolone are believed to provide adequate mineralocorticoid activity  
negating the need for fludrocortisone. This is supported by the COIITSS 
study which failed to demonstrate a benefit from the addition of oral 
fludrocortisone to hydrocortisone in patients with septic shock.65 
Although treatment with dexamethasone has been suggested in patients 
with septic shock until an ACTH stimulation test is performed, this 
approach can no longer be endorsed. This recommendation is based 
on the fact that a single dose of a long-acting corticosteroid may cause 
prolonged suppression of the HPA axis (limiting the value of ACTH 
testing).73,74

The use of etomidate as an anesthetic induction agent in critically 
ill patients is controversial, as this agent inhibits the 11β-hydroxylase 
enzyme that converts 11β-deoxycortisol into cortisol in the adrenal 
gland.75 A single dose of etomidate has been demonstrated to inhibit 
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cortisol production for up to 48 hours, prompting the suggestion of 
steroid supplementation during this period.76 In the Annane study,  
72 patients received etomidate within 3 hours prior to randomization of 
whom 68 were nonresponders; in this group of nonresponders the mor-
tality was 54% in those treated with corticosteroids as compared to 75% 
in those who received placebo.75 In the CORTICUS study, 96 patients 
received etomidate a median of 14.5 hours prior to randomization.49 
In this study, etomidate was identified as an independent risk factor 
for death, with this risk being unaffected by treatment with glucocor-
ticoids. These data suggest that critically ill patients who have received 
an intubating dose of etomidate should probably be treated (within  
6 hours) with stress doses of hydrocortisone for 24 hours (200 mg on day 
1,100 mg on day 2).

■■ ADDITIONAL INDICATIONS FOR CORTICOSTEROIDS
RCTs have demonstrated the benefit of corticosteroids in patients with 
severe community-acquired pneumonia, during weaning from mechan-
ical ventilation, in patients undergoing cardiac surgery, and in patients 
with the HELLP syndrome. In addition, observational studies suggest 
that stress doses of corticosteroids may have a role in the management 
of critically ill patients with liver disease and those with pancreatitis.77,78

Cardiac Surgery:  Corticosteroids have been demonstrated to downregu-
late activation of the proinflammatory cascade following cardiopulmo-
nary bypass (CPB). The clinical benefits of corticosteroids (similar to 
that of sepsis and ARDS) may however be dose dependent. A number 
of studies noted an increase in the shunt fraction, greater hemodynamic 
instability, and a delay in extubation in patients undergoing CABG  
following the use of high-dose methylprednisolone.79-81 However, Kilger 
and colleagues reported that the perioperative use of physiologic stress 
doses of hydrocortisone (100 mg before induction, 10 mg/h for 24 hours 
followed by a taper) improved the outcome of a high-risk group of 
patients after cardiac surgery.82 Similarly, corticosteroids have been dem-
onstrated to reduce the incidence of postoperative atrial fibrillation.83

Posttraumatic Stress Disorder:  Corticosteroids are believed to play an 
important role in the posttraumatic stress disorder (PTSD) by influencing 
the consolidation or retrieval of traumatic memories. Patients with PTSD 
often show neuroendocrine system alterations such as increased urinary 
norepinephrine excretion and low plasma or urinary cortisol excretion.84,85 
Patients with low cortisol blood levels after a major motor vehicle accident 
have a high risk of developing PTSD during follow-up.86,87 The adminis-
tration of physiologic doses of hydrocortisone to critically ill patients with 
sepsis and following cardiac surgery results in a significant reduction of 
PTSD symptoms after recovery as well as improvements in health-related 
quality of life.88-90 The mechanisms by which glucocorticoids improve 
PTSD may be a direct effect of glucocorticoids on neurotransmission; 
alternatively, the benefit may be due to the deceased use of catecholamines 
or the suppression of inflammatory mediators.

Liver Failure:  Sepsis and end-stage liver disease have a number of patho
physiologic mechanisms in common (endotoxemia, increased levels of 
proinflammatory mediators, decreased levels of HDL), and it is therefore 
not surprising that adrenal insufficiency (and CIRCI) is common in 
patients with end-stage liver disease.91-93 Tsai and colleagues performed a 
corticotrophin stimulation test in 101 patients with cirrhosis and sepsis.94 
In this study 51.4% of the patients were diagnosed with adrenal insuffi-
ciency; survival at 90 days was 15.3% in these patients compared to 63.2% 
in those patients with normal adrenal function. None of the patients 
were treated with corticosteroids. Fernandez and coauthors compared 
the survival of patients with cirrhosis and sepsis who underwent adrenal 
function testing in which patients with adrenal insufficiency were treated 
with hydrocortisone (Group 1) compared to a control group (Group 2) 
that did not undergo cosyntropin testing and were not treated with cor-
ticosteroids.95 The incidence of adrenal failure was 68% in Group 1; the 
hospital survival was 64% in Group 1 as compared to 32% in Group 2  
(p = 0.003). We reported the results of the Hepatic Cortisol Research and 

Adrenal Pathophysiology Study in which 245 of 340 (72%) critically ill 
patients with liver disease were diagnosed with adrenal insufficiency (the 
hepatoadrenal Syndrome).96 These data suggest that adrenal dysfunction 
and CIRCI are common in critically ill patients with end-stage liver 
disease and that treatment with corticosteroids may improve outcome.

HELLP Syndrome:  The acronym HELLP describes a variant of severe 
preeclampsia characterized by hemolysis, elevated liver enzymes, right 
upper quadrant pain, and thrombocytopenia. The development of HELLP 
syndrome places the pregnant patient at increased risk for morbidity 
and death. The HELLP syndrome usually develops suddenly during 
pregnancy (27-37 weeks’ gestation) or in the immediate puerperium. 
The HELLP syndrome occurs in up to 20% of pregnancies complicated 
by severe preeclampsia. The development of a SIRS-like condition with 
increased levels of proinflammatory cytokines in patients with HELLP 
led to the consideration of the use of corticosteroids to treat this dis-
ease.97 A number of retrospective cohort studies have been published, 
which suggested improved maternal and fetal outcome with the use 
of corticosteroids. In addition, four small RCTs have been conducted, 
which randomized participants to standard therapy or dexamethasone. 
A meta-analysis of these RCTs demonstrated no significant difference in 
maternal mortality or morbidity or fetal outcome, however hospital stay 
was significantly shorter in the women allocated to dexamethasone.98 
Furthermore, taken together most of the studies demonstrate that corti-
costeroids produce a significant improvement in the hematologic abnor-
malities associated with the HELLP syndrome together with a more rapid 
improvement of the clinical features such as mean arterial pressure and 
urine output. Most of the studies to date used dexamethasone in a dose 
of 10 mg (equivalent to 200 mg hydrocortisone) every 12 hours for 24 to 
36 hours. In should be noted that the placenta has a high concentration of 
the enzyme 11β-hydroxysteroid dehydrogenase (11 β-HSD) type 2, which 
converts cortisol to the inactive metabolite cortisone and prednisolone to 
prednisone.99 Inactivation of the synthetic corticosteroid dexamethasone 
and betamethasone by the placenta is negligible.100 With our increased 
understanding of the role of corticosteroids in SIRS, dexamethasone in a 
dose of 10 mg every 12 hours appears appropriate.2,33 However, we would 
recommend treatment for at least 5 days followed by a slow taper.2

PERIOPERATIVE CORTICOSTEROIDS IN PATIENTS  
ON CHRONIC CORTICOSTEROIDS
In 2001, over 34 million prescriptions were written in the Unites States 
for the four most commonly used oral corticosteroids.101 Corticosteroids 
are prescribed for patients with a wide variety of autoimmune and 
inflammatory diseases, for patients with chronic obstructive pulmonary 
disease (COPD) and asthma, as well as recipients of organ transplants. 
Due to their chronic medical conditions, these patients frequently require 
both elective and emergency surgical procedures. It is generally believed 
that patients taking long-term glucocorticoids require perioperative 
“stress doses” of corticosteroids due to the presumed suppression of the 
HPA axis.102-105 Furthermore, it is believed that failure to provide supple-
mental perioperative corticosteroids will result in “adrenal crisis.”102-105

We performed a systematic review of prospective and cohort studies 
which specifically investigated the necessity for perioperative corticoste-
roids in patients receiving chronic corticosteroids (duration >2 weeks).  
This study suggested that patients receiving therapeutic doses of 
corticosteroids who undergo a surgical procedure do not routinely 
require stress doses of corticosteroids so long as they continue to receive 
their usual daily dose of corticosteroid. Adrenal function testing is not 
required in these patients, as the test is overly sensitive and does not 
predict which patients will develop an adrenal crisis. However, the 
anesthesiologist, surgeon, and intensivist must be aware that the patient 
was receiving suppressive doses of corticosteroids, necessitating close 
perioperative hemodynamic monitoring and the use of stress doses 
of hydrocortisone in patients with volume refractory hypotension (a 
serum cortisol should be measured in these patients prior to initiating 
treatment).106 These recommendations do not apply to patients who 
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receive physiologic replacement doses of corticosteroids due to primary 
dysfunction of the HPA axis, for example, patients with primary adre-
nal failure due to Addison disease, congenital adrenal hyperplasia or 
patients with secondary adrenal insufficiency due to hypopituitarism. 
It is likely that these latter patients are unable to increase endogenous 
cortisol production in the face of stress. These patients require adjust-
ment of their glucocorticoid dose during surgical stress under all 
circumstances.

■■ CONCLUSION
Critical illness–related corticosteroid insufficiency (CIRCI) is a complex 
disease; our understanding of which continues to develop. In critically 
ill patients with septic shock poorly responsive to fluids and vasopres-
sor agents and patients with persistent severe ARDS treatment with 
stress-dose corticosteroids (200-350 mg hydrocortisone/day or 60 mg 
methylprednisolone/day) should be considered. Treatment for at least 
7 days (and up to 14 days) is suggested, followed by a slow taper. These 
recommendations are based on limited data and are likely to evolve as 
additional studies are published.
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Thyroid Disease
Roy E. Weiss
Samuel Refetoff103

C H A P T E R

KEY POINTS

•• Virtually all patients admitted to an ICU have low levels of serum 
triiodothyronine (T3), and 30% to 50% have low levels of thyroxine 
(T4) with normal or low levels of serum thyrotropin (TSH).

•• Patients who have a T4 level of less than 3.0 µg/dL despite normal 
levels of T4-binding proteins have a 68% to 84% mortality rate.

•• T3 is the logical choice for critically ill patients requiring thyroid 
hormone replacement.

•• Early intubation and mechanical ventilation are crucial for suc-
cessful treatment of myxedema coma.

•• Management of myxedema coma should include administration of  
glucocorticoids while the adrenal status is being assessed.

•• Alterations in thyroid function change the metabolism of almost 
all drugs, and the doses need careful adjustment to prevent drug 
toxicity or decreased efficacy.

•• Autonomous hypersecretion and exogenous overdose of thyroid  
hormone are the most common causes of severe thyrotoxicosis.

•• Hyperpyrexia and altered mental status are the hallmarks of 
thyroid storm.

•• Medical treatment of severe hyperthyroidism usually normalizes 
circulating thyroid hormone levels in 2 to 3 weeks, except under 
circumstances of iodine overload, in which case hyperthyroxinemia 
may persist for months.

•• Blockade of hormonal secretion is best accomplished by the addi-
tion of stable iodine to an antithyroid drug regimen.

•• In severe thyrotoxicosis, treatment with iopanoic acid can be lifesaving.
•• β-Blockers prevent thyroid storm in the thyrotoxic patient undergo-

ing surgery, and they may ameliorate cardiovascular dysfunction in 
thyroid storm, but their side effects often interfere with therapy in the 
elderly, in patients with asthma, and in patients with cardiomyopathy.

•• Amiodarone-induced thyrotoxicosis in a critically ill patient 
should be managed with methimazole (30-50 mg/d), potassium 
perchlorate (500 mg twice a day), and prednisone (30-40 mg/d).

•• After gastric aspiration and lavage, only symptomatic and support-
ive treatment is needed in cases of levothyroxine overdose.

•• Neonatal thyrotoxicosis can be life threatening; it is usually caused 
by transplacental transfer of thyroid-stimulating antibodies. It is 
transient and requires only short-term treatment.

HYPOTHYROIDISM, NONTHYROIDAL ILLNESS,  
AND MYXEDEMA COMA
Hypothyroidism is a state of tissue deprivation of thyroid hormone. It 
is manifested by general reduction of the metabolic rate accompanied 
by specific symptoms and signs. Usually, hypothyroidism is caused by 
a decreased supply of thyroid hormone due to one of the following: 
(1) failure of the gland to synthesize and secrete thyroid hormone,  
(2) failure of the pituitary to secrete thyrotropin (thyroid-stimulating 
hormone [TSH]), or (3) hypothalamic disease resulting in a deficiency 
of thyrotropin-releasing hormone (TRH).

Perhaps the most controversial, if not the most challenging, aspects 
of thyroidology for the intensivist are how to interpret thyroid func-
tion tests in critically ill patients and what to do when the test results 
are abnormal. Clinically important hypothyroidism in its most severe 

section08.indd   986 1/14/2015   8:28:34 AM

http://www.mhprofessional.com/hall
http://www.myuptodate.com


CHAPTER 103: Thyroid Disease 987

form usually is seen in patients with primary hypothyroidism who then 
develop some intercurrent illness; it develops over several weeks and 
culminates in myxedema coma. Equally challenging are the thyroid 
function abnormalities seen in patients with concurrent severe illness 
and the assessment of the thyroid hormone status at the tissue level.

EVALUATION OF THYROID FUNCTION IN PATIENTS 
WITH SEVERE NONTHYROIDAL ILLNESS  
SYNDROME (NTIS)

■■ DEFINITION OF NONTHYROIDAL ILLNESS SYNDROME
Virtually all critically ill patients have reduced serum levels of triiodo-
thyronine (T3), and approximately 30% to 50% also have low levels of 
thyroxine (T4), both associated with normal or low serum TSH values.1 
This phenomenon has been termed low T3 syndrome, nonthyroidal ill-
ness (NTI), or euthyroid sick syndrome. Each of these descriptive terms 
assumes a priori that such patients are euthyroid despite reduced thyroid 
hormone levels. The condition is not limited to acute illness. Patients 
with chronic hepatic or renal failure, calorie deprivation, and a variety 
of other illnesses present similar thyroid hormone profiles.2 Serum con-
centrations of both T3 and T4 are also decreased following nonthyroid 
surgical procedures.3 In patients with a T4 value of less than 3.0 µg/dL, 
the mortality rate is 68% to 84%,4 indicating that a low T4 concentration 
without a corresponding increase in TSH is a marker for a high risk of 
death in the critically ill population. Critical illness results in a profound 
change in set point of the hypothalamic-pituitary-thyroid axis and per-
turbs local levels of thyroid hormone available to various tissues due to 
differential metabolism.5 To understand this phenomenon and develop a 
rational basis for treatment, it is useful to review the thyroid physiology, 
with emphasis on processes occurring in NTI.

■■ THYROID HORMONE PHYSIOLOGY IN CRITICAL ILLNESS (FIG. 103-1)
Metabolism of Thyroid Hormone in Peripheral Tissues:  Ninety percent 
of the hormone secreted by the thyroid gland is T4, the remainder 
being T3. Thyroid hormone is metabolized in peripheral tissues by 
stepwise monodeiodination until the molecule is completely stripped 
of iodine. This process uses specific enzymes called deiodinases.91  
The deiodination of T4 can take one of two pathways—removal of the 
iodine from the outer or phenolic ring (5 position), resulting in 3,3′, 

5-triiodothyronine (T3) or removal of the iodine from the inner or 
tyrosyl ring (5 position), yielding 3,3′, 5′-triiodothyronine (reverse 
T3 [rT3]). T3 is the active form of the hormone, whereas rT3 has no 
biologic activity. The same enzyme that removes iodine from the 5′ 
position of the T4 molecule is also responsible for deiodination of the 
5′ iodine from rT3. Therefore, reduction in the 5′-deiodinase activity, 
which is invariably associated with severe illness and malnutrition, 
not only reduces the serum T3 level but also increases that of rT3.

The deiodinases are selenium-containing enzymes and dependent 
on selenium to function. In critical illness, it has been reported that 
selenium levels have a negative correlation with the APACHE II scores 
and patients with a score >15 had a marked decrease in selenium levels.6 
Several pharmaconutrition studies have suggested that selenium supple-
mentation may improve outcomes from critical illness.7

Thyroid Physiology in the Brain in NTIS:  The nature of perturbations of 
the hypothalamic-pituitary-thyroid axis in critically ill patients is begin-
ning to be understood. The basal TSH values in serum of humans with 
NTIS can be normal or low, but the response of TSH to TRH usually is 
attenuated.2 Stress and malnutrition may be partly responsible. In rats, 
starvation reduces hypothalamic messenger ribonucleic acid (mRNA) 
for TRH, reduces portal serum TRH, and lowers pituitary TSH content.8 
Furthermore, low TRH mRNA has been documented in the paraven-
tricular nuclei of patients with NTIS.9 One therefore would predict that 
if diminished TRH is, at least in part, contributing to NTIS and the low 
thyroid hormone levels, then treatment with TRH should increase the 
TSH and therefore increase the thyroid hormone levels. In fact, Van den 
Berghe and colleagues10 have demonstrated that administration of TRH 
to patients with NTIS leads to increase in serum TSH, T3, and T4 levels. 
Critically ill patients who eventually will recover from their illness have, 
as a rule, less impairment of the TSH response to TRH. The mechanism 
for the reduced TRH production in NTIS is unknown but may be related 
to cytokines or glucocorticoids. These factors probably are responsible 
for suppression not only of TRH but also of other hypothalamic factors 
that may be decreased in NTIS, such as corticotropin-releasing hormone 
and gonadotropin-releasing hormone.

The preceding, however, does not rule out an effect of NTIS directly 
on the pituitary. For example, why is serum TSH not elevated when the 
thyroid hormone levels are low? There is experimental evidence that  
the pituitary may be “euthyroid” owing to increased pituitary conversion 
of T4 to T3, unlike other tissues.11

In addition, drugs commonly administered to ICU patients have 
inhibitory effects on the hypothalamic and pituitary function. Dopamine 
is one such drug; it inhibits TSH even when infused at low doses.12,13

Other Actions of Thyroid Hormone on Physiology in NTIS:  Type II pneumo-
cytes, which have been shown to be involved in regulation of lung function, 
express thyroid hormone receptors on their surfaces.14 Furthermore, T3 has 
been shown to modulate surfactant function during sepsis.15-17

Sepsis and multisystem organ failure often are associated with 
disseminated intravascular coagulation (DIC) and consumption of 
coagulation inhibitors such as antithrombin III. Rats with experimen-
tally induced NTIS treated with T3 show attenuation of sepsis-induced 
decreases in antithrombin III levels.18

■■ INTERPRETATION OF THYROID FUNCTION STUDIES (TABLE 103-1)
The levels of thyroid hormone and TSH are measured in many criti-
cally ill patients at some point during the course of hospitalization. Low 

FIGURE 103-1.  Physiologic basis for nonthyroidal illness syndrome (NTIS). Diagrammatic 
representation of the events that may contribute to NTIS, including the effects on the hypo-
thalamus and pituitary and site of thyroid hormone action at the peripheral tissue level. D2, 
deiodinase type 2; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; T3, 
triiodothyronine; T4, thyroxine; TSH, thyroid-stimulating hormone. (Barca-Mayo O, Liao XH, 
DiCosmo C, et al. Role of type 2 deiodinase in response to acute lung injury (ALI) in mice, Proc 
Natl Acad Sci USA. 2011 Dec 6;108(49):E1321-E1329.)

Sepsis/Lung injury/Critical illness

Low serum T3

Inflammation (Lung and other tissues)
(proinflammatory cytokines & chemokines) 

Central hypothyroidism (Low TSH)

 Lung NF-kB activation

Increased lung D2
(compensatory increase in

local T3)

T4 T3

  TABLE 103-1    Interpretation of Thyroid Function Tests

Diagnosis T
4
 Level T

3
 Level TSH Level rT

3
 Level

Primary hypothyroidism ↓ ↓ or N ↑ ↓ or N

Central hypothyroidism ↓ ↓ N ↓

NTI ↓ or N ↓ N or ↓ ↑ or N

↓, decreased; ↑, increased; N, normal; NTI, nonthyroidal illness.
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concentrations of thyroid hormone without an appropriate increase in 
serum TSH level would, under normal conditions, raise the suspicion 
of pituitary (secondary) or hypothalamic (tertiary) hypothyroidism. 
However, in a critically ill patient, the diagnosis of primary hypothyroid-
ism with inadequate pituitary response needs consideration. A modest 
elevation of serum TSH level without an increase in rT3 concentration is 
a strong indicator of primary hypothyroidism. Except in the presence of 
renal failure, a decreased rT3 level raises the possibility of hypothyroid-
ism and should prompt a search for the etiology. While these possible 
diagnoses are being investigated, thyroid hormone replacement and 
glucocorticoid treatment are indicated. Since results of rT3 measure-
ment often are not obtained readily, this test is useful in retrospect for 
ruling out primary endocrine dysfunction and adds little to the initial 
management of patients. Since only severe primary hypothyroidism 
requires emergency treatment, its recognition is usually simple because 
of persistent TSH elevation, a prior history of thyroid disease, and physi-
cal findings compatible with hypothyroidism.

■■ TO TREAT OR NOT TO TREAT
Should patients with low serum levels of thyroid hormone in the 
face of catastrophic NTIS receive hormonal replacement? In order 
to answer this question, several issues need to be determined: (1) Is 
the serum TSH level an accurate reflection of the thyroid status of all 
body tissues, or does it only reflect the status of the pituitary? (2) Are  
the tissues of the body functionally hypothyroid? and (3) Is the low 
serum T3 level an adaptive mechanism for conservation of energy 
during critical illness? Unfortunately, these questions remain relatively 
unanswered. In a randomized, prospective study to determine the 
effect of T4 treatment in NTIS, 11 patients admitted to an ICU with 
reduced thyroid hormone levels were treated with intravenous T4, and 
12 served as controls.19 The study indicated an earlier mortality in the 
treated group, although the number of survivors was not significantly 
different between the groups. It was concluded that T4 therapy was not 
beneficial, and inhibition of TSH secretion by the administration of T4 
may be detrimental to the recovery of thyroid function. These results 
have been confirmed in a similar study carried out in an ICU setting.20 
Nevertheless, many physicians understandably find it difficult to with-
hold treatment in a dying patient with virtually undetectable thyroid 
hormone levels.

Not only are data on the benefit of thyroid hormone treatment limited, 
but it is unlikely that an answer regarding the efficacy of this treatment 
will be forthcoming, given multiple-organ involvement in serious illness 
and the difficulty of interpreting the effect of thyroid hormone replace-
ment in individuals receiving multiple drugs. Thus the argument centers 
not only on the question of whether such patients are truly hypothyroid 
(hence the bias of the term euthyroid sick) but also on whether this tem-
porary hypothyroidism may not, in fact, be beneficial. Inhibition of the 
type I 5′-deiodinase is the principal mechanism that reduces the supply 
of biologically active thyroid hormone, T3, to peripheral tissues in the 
severely ill. Experimental work in a rat model indicates that peripheral 
tissue hypothyroidism is maintained by an inhibition of the usual com-
pensatory increase in TSH level. This inhibition occurs because normal 
levels of T3 are generated in the pituitary gland, which uses a different 
form of 5′-deiodinase, the type II enzyme, that is actually more active in 
severe illness.11,21 Teleologists argue that this mechanism to reduce the 
delivery of thyroid hormone to peripheral tissues is not accidental and, 
therefore, that reduced metabolic activity may be beneficial in the face 
of the increased catabolism characteristic of severe illness. The question 
is: Does the physician or nature know best? At our institution there is no 
consensus on this subject.

Studies have shown decreased serum T3 concentrations in patients 
undergoing cardiopulmonary bypass surgery. T3 treatment can normal-
ize the serum levels and may increase cardiac output and lower systemic 
vascular resistance22; however, these effects may be negligible.23

Table 103-2 may serve as a bedside guide to the intensivist for the 
selection of patients for thyroid hormone treatment.

  TABLE 103-2    Indications for Thyroid Hormone Treatment in Patients with Severe NTI

Increased serum TSH concentrations

History of radioactive iodine treatment

Hypothermia

Macroglossia

Goiter

History of thyroid disease

Treatment with thyroid hormone at any time prior to the current illness

Hypercholesterolemia

Hyporeflexia

Unexplained pleural or pericardial effusions

Increased serum creatine phosphokinase level

■■ WHAT TO TREAT WITH
If the decision is made to treat a sick patient who has reduced thyroid  
hormone levels, the logical choice is T3. Administration of T4 does not 
change the serum T3 concentration significantly—it only increases the 
level of the biologically inactive rT3. The problem with T3 treatment is its 
potential cardiac “toxicity.” One possible problem is the proarrhythmogenic 
effect of T3 in anesthetized patients; another possible problem is that T3 
may increase the oxygen demand of a myocardium with a fixed coronary 
artery lesion. T3 is now available as the product Triostat™; however, the 
cost of a single day’s treatment for myxedema would be in excess of $3500! 
Alternatively, a solution of T3 for intravenous use can be prepared by the 
hospital pharmacist by dissolving l-T3 in 0.1 N NaOH, followed by a 10-fold 
dilution in normal saline containing 2% albumin to a final concentration of 
25 µg T3 per milliliter. The solution is sterilized by a single passage through 
a 0.22-µm Millipore filter and is stored, for no longer than 1 week, at 4°C, 
protected from light. The materials for this preparation cost about $1.

MYXEDEMA COMA

■■ DIAGNOSIS
Myxedema coma is caused by marked and prolonged depletion of thyroid 
hormone. The cardinal features of myxedema coma are (1) defective 
thermoregulation to the point of hypothermia, (2) altered mental status 
to the point of coma, (3) a history or sign (such as a neck scar) of ablative 
thyroid treatment, and (4) an identifiable precipitating event. The condi-
tion is a medical emergency because it is fatal in approximately one-half 
of cases.24 This rare entity occurs typically in elderly women with long-
standing hypothyroidism who develop an intercurrent illness and lapse 
into coma or in hypothyroid persons exposed to cold or given sedatives, 
hypnotics or opiates, sufficient to push them to the brink of myxedema 
coma. Table 103-3 lists events likely to precipitate myxedema coma. The 
usual features of severe hypothyroidism (myxedema) include dry, coarse 
skin, scaly elbows and knees, yellowness in the skin without scleral icterus, 
coarse hair, thinning of the lateral aspect of eyebrows, macroglossia  
and hoarseness, obtundation, delayed deep tendon reflexes, and hypo-
thermia. When a markedly reduced serum T4 level and an elevated TSH 
concentration accompany these signs, the diagnosis is obvious. However, 
as for thyrotoxic crisis, initiation of treatment should not be delayed until 
the results of the thyroid function studies are available. Furthermore, 
because of intercurrent illness, TSH values may not be elevated in pro-
portion to the severity of hypothyroidism. A high index of suspicion in a 
patient presenting as just described should prompt immediate treatment 
after a blood sample is taken for laboratory confirmation of the diagnosis.

■■ PULMONARY AND CARDIOVASCULAR COMPLICATIONS
Alveolar hypoventilation is known to occur in myxedema.25 It is thus 
not surprising that patients with underlying lung pathology experience 
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  TABLE 103-3    Common Precipitating Factors of Myxedema Coma

Exposure to cold

Infection

Surgery

Strokes

Occult gastrointestinal bleeding

Trauma

Drug overdose

  Sedatives

  Tranquillizers

  Narcotics

  Anesthetics

Congestive heart failure

worsening of gas exchange. It has been demonstrated that the hypoxic 
ventilatory drive is depressed in patients with myxedema and that 
it responds to hormone replacement.26 The hypercapnic ventilatory 
response is also significantly depressed, but it does not change with 
replacement of thyroid hormone. Therefore, a reduced central nervous 
system (CNS) drive to breathe and decreased respiratory muscle activ-
ity are the main reasons for respiratory depression in myxedema coma. 
Secondary aspiration pneumonia, laryngeal obstruction, and reduced 
surfactant contribute to lung dysfunction. It is important to be alert to 
the potential for subtle but progressive aspiration and ventilatory failure.

The cardiovascular complications in myxedema coma are caused by 
the combination of hypothyroid cardiomyopathy, hypothermia, and 
hypoxia. Pericardial effusion is almost a constant finding, but it rarely 
leads to tamponade. It is best demonstrated by echocardiography. In 
patients with long-standing hypothyroidism, hypercholesterolemia may 
accelerate the progress of atherosclerosis, leading to ischemic heart 
disease. The reader is referred to the discussion of hypothermia and its 
cardiovascular complications (see Chap. 131).

The intercurrent illness and decreased food intake caused by the 
mental obtundation of myxedema may reduce the serum levels of cho-
lesterol and TSH, diminishing their value as indicators of the severity of 
the myxedema. Patients presenting with a more profound hypothermia 
have a poor prognosis. The laboratory findings in patients with myx-
edema coma are listed in Table 103-4.

■■ TREATMENT
Thyroid Hormone:  Although severe hypothyroidism, especially in elderly 
patients, should be treated cautiously, with gradual increments of small 
doses of thyroid hormone, myxedema coma is an exception to this rule. 
The immediate threat to life takes precedence over the risks of rapid 
hormone replacement. The advantage of treating critically ill patients 

  TABLE 103-4    Laboratory Findings in Myxedema Coma

Hypoglycemia

Hyponatremia

Hyperkalemia

Hypercortisolemia

Anemia

Leukocytosis with a left shift

Serum creatinine level >2.0 mg/dL

Increased PCO2 in arterial blood

Decreased PO2 in arterial blood

with T3 as opposed to T4 was discussed earlier. In hypothyroid patients 
without major intercurrent illness, T4 therapy alone may be sufficient to  
increase the serum T3 level to normal in 2 to 3 days. This is unlikely 
to be true in ICU patients with multiple-organ-system failure. The 
principle of hormonal treatment is to rapidly replenish the extrathyroid 
pool of thyroid hormone, which consists mainly of hormone bound to 
serum proteins, and to provide the tissues with their daily requirement 
of the biologically active hormone. Replenishment is best achieved by 
the immediate administration of T4, a hormone with a considerably  
longer half-life (7 days) and higher affinity for serum proteins than T3.

25-

27 The active form of the hormone, T3, then can be provided because it is 
readily available to tissues and carries a smaller risk of accumulating to 
excessive amounts (owing to a half-life of approximately 1 day).

The average size of the extrathyroid T4 pool is approximately 
800 µg/1.73 m2.27-30 On the basis of this estimate and the normal turnover 
rate of 10% per day, the daily T4 requirement can be calculated to be, on 
average, 80 µg (possibly 50 µg in hypothyroidism, owing to a reduced 
rate of hormone degradation). Intensivists using only T4 for treatment 
should give initially 500 µg l-T4, followed by 50 to 100 µg daily. The 
serum T4 concentration should be in the normal range within 24 to 
48 hours. Daily electrocardiographic (ECG) monitoring for ischemic 
changes and continuous monitoring of rhythm are essential.

We prefer a regimen that uses both T4 and T3. Following the intrave-
nous loading dose of 500 µg T4, 25 µg T3 is given every 6 hours through 
a nasogastric tube until improvement is noted, and provided the diag-
nosis has been confirmed by laboratory tests. The dose is then reduced 
to maintenance level, and the agent is changed to T4 only after recovery 
from intercurrent illness.

Use of Steroids:  The rate of metabolism of most drugs and natural com-
pounds is markedly reduced in patients with myxedema coma. Therefore, 
the absolute requirement for steroids is reduced. However, because of 
the 5% to 10% incidence of associated primary hypoadrenalism, glu-
cocorticoids should be given until evidence for intact adrenal function 
is secured by the cortisol measurement on the blood sample obtained 
on admission. The usual dose of hydrocortisone is 50 mg intravenously 
every 6 hours. The steroid dose then can be tapered rapidly after con-
firmation of a normal pituitary-adrenal axis. Alternatively, the initial 
dose can be 2 mg dexamethasone, and a 1-hour adrenocorticotropin 
hormone (ACTH, cosyntropin) stimulation test can be done on the spot 
to assess adrenocortical function29 (see Chap. 102).

Supportive Care:  Early intubation and mechanical ventilation are 
believed to be central for the successful treatment of myxedema coma. 
Severe hemodynamic collapse in the presence of a large pericardial 
effusion may necessitate immediate pericardiocentesis. Because hypo-
thyroidism can cause an elevation of the serum creatine phosphokinase 
(CPK) level, obtaining a baseline value is helpful for follow-up, particu-
larly if a myocardial infarction is later suspected. Moderate elevations of 
the blood urea nitrogen (BUN) and creatinine levels are not uncommon 
and are not necessarily indicative of chronic renal failure.

Hypothermia is treated with blankets, letting internal heat generation 
slowly warm the body.24 External warming runs the risk of initiating 
shock by producing peripheral vasodilation in a patient with already 
reduced cardiac output. Patients with myxedema are rarely volume over-
loaded, and the use of diuretics runs the risk of further reducing cardiac 
output. Hyponatremia is best treated by water restriction because the 
total body sodium content is increased owing to the storage of sodium 
in glycosaminoglycan, forming the myxedematous accumulation that 
becomes mobilized with thyroid hormone treatment. Antiulcer prophy-
laxis is recommended. More important, it should be remembered that 
hypothyroidism reduces the metabolism of all drugs, and their dosing 
needs careful adjustment to prevent drug toxicity. Diligent investigation 
into the precipitating causes should include blood, urine, and sputum 
cultures, and empirical treatment with antibiotics should be given.

If severe anemia is present, it should be corrected with blood trans-
fusion to increase the oxygen-carrying capacity of the blood. Use of 
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α-adrenergic agents should be avoided because patients are already 
vasoconstricted.

■■ EFFICACY OF TREATMENT
Assuming that an accurate diagnosis has been made and that proper 
therapeutic measures have been carried out, how are the patient’s prog-
ress and the efficacy of treatment followed? The physician is committed 
to treat the patient for several days or as long as the serum TSH con-
centration remains elevated. Reduction of the TSH level is the earliest 
indicator of a response to thyroid hormone therapy. Irreversible damage 
to the respiratory centers has been observed, with failure of spontane-
ous respiration, despite full repletion of thyroid hormone. No laboratory 
measurements are helpful in assessing the peripheral tissue responses 
to thyroid hormone in the critical care setting. The ultimate gauge of  
successful treatment is complete clinical recovery.

GOITER AND ACUTE AIRWAY OBSTRUCTION
Large goiters, weighing 150 g or more, can cause some degree of tracheal 
obstruction, especially if they are substernal in location. In a series of 
2908 goiters, only 58 (2.0%) caused tracheal obstruction at presentation. 
Tracheal compression obstructing up to 75% of the tracheal lumen 
often remains asymptomatic.31 Although dyspnea on exertion has been 
attributed to goiter, the symptoms are often only nocturnal, manifesting  
as stridor or, when more severe, as sleep apnea. This problem can be 
confirmed by x-ray and CT views of the trachea at rest and during a 
reverse Valsalva maneuver and by sleep studies.32

Growth of the goiter would have to be extensive to cause direct 
tracheal compression. In Riedel struma, there is tracheal cartilage 
destruction by fibrous invasion, which can also cause bilateral vocal 
cord paralysis. Several case reports have been published describing the 
acute presentation of tracheal obstruction associated with goiter.33,34 
Management of these patients is somewhat difficult because emergency 
tracheostomy may be difficult to perform owing to interference by the 
thyroid gland. The use of small endotracheal tubes and immediate sub-
total thyroidectomy should reduce the need for tracheostomy. It should 
be noted that subtotal thyroidectomy may not be successful in the pres-
ence of tracheomalacia, which may necessitate prosthetic supports.35 In 
some instances, a simple division of the thyroid isthmus may be suf-
ficient to relieve the symptoms. Although not particularly useful in the 
acute care setting, 131I therapy can be effective in the long term in elderly 
patients with large, compressive goiters.36

THYROTOXICOSIS
Thyrotoxicosis occurs when the supply of thyroid hormone exceeds 
the amount needed for normal tissue function. The source of thyroid 
hormone may be (1) excessive synthesis and secretion of hormone 
from the thyroid gland in response to either TSH or abnormal thyroid-
stimulating substances (usually immunoglobulins), (2) autonomous 
hormone hypersecretion or abnormal release of preformed hormone, 
or (3) production of the hormone by an exogenous or ectopic source.37 
Manifestations can be mild or severe depending on the degree of hor-
mone excess and its duration, as well as the presence of intercurrent 
illness. Aspects related to thyrotoxicosis in the severely ill patient will be 
the focus of this section.

A few basic facts about thyroid physiology are important for under-
standing the therapeutic approach to thyroid disorders. Iodine is 
actively transported into the thyroid gland, where it is covalently bound 
to tyrosines within the thyroglobulin molecule. The iodinated tyrosines 
are coupled to form mainly T4 as well as some T3. It is in the form of 
thyroglobulin that the hormone is stored in the colloid of the thyroid 
follicles. In response to TSH or an abnormal stimulator, thyroglobulin 
is digested by proteolysis, and the liberated hormone—predominantly 
T4—is secreted into the circulation. In the blood, T4 is transported 
bound to specific serum proteins. In virtually all peripheral tissues, 

  TABLE 103-5    Cardiopulmonary Complications of Thyrotoxicosis

Increased metabolic demand with increased O
2
 consumption and CO

2
 production

Respiratory muscle weakness

Increased work of breathing

Hyperdynamic circulation

Potential for high-output heart failure

Potential for myocardial ischemia

Arrhythmias

T4 derived from blood is converted into the active hormone, T3, by 
removal of a single iodine atom from the 5′ position in the outer ring 
of the molecule. This reaction is mediated by a tissue-specific 5′-deio-
dinase. Removal of iodine from the inner ring yields the inactive form 
rT3. Intracellular T3 binds to nuclear receptors, through which it exerts 
its effects.

■■ DIAGNOSIS IN THE ICU
Thyrotoxicosis may be manifested by adverse changes in every organ 
system. Pyrexia, tachycardia, congestive heart failure, oxyhemoglobin 
desaturation, and hypertension are the hallmarks of thyrotoxic crisis.38 
There may also be involvement of the CNS, ranging from tremulousness 
to seizures and coma, or involvement of the respiratory system, with 
tachypnea and respiratory muscle fatigue. Goiter and exophthalmos are 
as likely to be absent as present. Unfortunately, at the time of presentation 
in the ICU, most patients with these characteristics have only modest  
elevations of thyroid hormone concentration in serum (see above). 
Failure to recognize these symptoms as manifestations of thyrotoxicosis 
may result in nonspecific treatment, with a resulting risk of morbidity 
or even death. On the other hand, failure to treat pyrexia as a sign of 
sepsis or tachycardia as a sign of ischemia or hypoxia could be equally 
devastating. Stat laboratory measurement of thyroid hormone levels is 
not always available to provide firm laboratory support for the diagno-
sis. A 2-hour radioiodine uptake test conceivably could be done at the 
bedside using a portable gamma counter probe, but it is not practical. 
Therefore, the preliminary diagnosis of thyrotoxicosis usually is based 
on a careful history and physical examination. Useful findings are  
(1) a previous diagnosis and treatment of thyrotoxicosis, (2) presence 
of exophthalmos, (3) goiter, (4) a history of thyroid hormone ingestion,  
(5) evidence of previous thyroid surgery, including an anterior neck 
surgical scar, and (6) recent use of iodine-containing radiologic contrast 
agents. Such information only supports the possibility that suggestive 
physical signs may be due to thyrotoxicosis.

■■ PHYSIOLOGIC CONSEQUENCES  
AND CARDIOVASCULAR COMPLICATIONS

Thyroid hormone exerts its tissue effect both directly by interaction 
with specific nuclear receptors and indirectly through activation of the 
sympathoadrenal system. Each of these actions causes unique effects on 
various tissues. The physiologic basis of the sympathomimetic effect of 
thyroid hormone is unknown. Table 103-5 summarizes the cardiopul-
monary complications of thyrotoxicosis.

Perhaps the most detrimental effect of thyrotoxicosis, which clearly is 
evident in the more severe state of thyroid storm (see below), is pyrexia. 
Increased body temperature may be secondary to the increased basal 
metabolic rate or to actual resetting of hypothalamic thermoregulation. 
Pyrexia further increases cardiovascular stress; therefore, reduction of 
body temperature is an important goal of therapy.

Neurologic complications of severe thyrotoxicosis include neuromus-
cular disorders of myopathy (present in over 50% of all hyperthyroid 
patients and classified as severe in 4%),39 exophthalmic ophthalmoplegia,  
aggravation of myasthenia gravis, and thyrotoxic periodic paralysis 
(primarily in Asian men). Except for irritability and tremulousness, the 
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delirium, stupor, coma, and convulsions may be related to the direct 
action of thyroid hormone on the brain.40 Thyroid hormone can affect 
the concentrations and distributions of various neurotransmitters.41 
Hematologic manifestations of thyrotoxicosis42 are rarely life threatening.  
It is useful for the intensivist to be aware that hyperthyroidism can cause 
slight anemia. Anemia may be secondary to hemodilution caused by 
increased blood volume, but true reduction of red blood cell mass may be 
caused by reduced iron absorption and vitamin B12 deficiency associated 
with autoimmune reduction of gastric acidity and intrinsic factor. 
Minimal thrombocytopenia, with rare instances of idiopathic throm-
bocytopenic purpura, has been reported.43 Moderate eosinophilia may 
occur and has been attributed to relative or absolute hypoadrenalism.  
A variable relative or absolute lymphocytosis may be associated with 
hyperthyroidism. These manifestations may cloud the picture of a 
critically ill patient who may have other hematologic perturbations for  
different reasons.

Hypercalcemia is the most common life-threatening electrolyte abnor-
mality seen in thyrotoxicosis.42 Severe hypercalcemia (11.8-19.2 mg/dL)  
has been reported in several patients with thyrotoxicosis.44

The most notable effect of thyrotoxicosis on the gastrointestinal system 
is hypermotility with malabsorption.45 The myopathy of hyperthyroidism 
may cause weakness of the striated muscles of the pharynx and, perhaps, 
the smooth muscle of the esophagus. Such patients could have dysphagia 
and then could aspirate and develop pneumonia.46 Patients with hyper-
thyroidism appear to have a higher incidence of gastritis.47 This associa-
tion is consistent with the hypergastrinemia seen in thyrotoxic patients.48 
Treatment with H2 blockers or proton-pump inhibitors is indicated.

Rarely, fulminant hepatic necrosis or less severe hepatic injury occurs. 
Although thyroid hormone has no direct toxic effect on the liver, hyper-
thermia can result in hepatic failure. In patients receiving propylthiouracil  
(PTU), drug toxicity is more likely the cause of fulminant hepatic necro-
sis.49 Any thyrotoxic patient who presents with jaundice or other signs of 
hepatic injury should have a thorough evaluation for possible alternative 
causes of liver damage.

THYROID STORM
Thyroid storm, or thyrotoxic crisis, is a life-threatening though rare 
complication of severe thyrotoxicosis. The diagnosis is clinical, bearing 
no direct relation to the absolute levels of thyroid hormones in serum. 
The cardinal features of thyroid storm are marked tachycardia, hyper-
tension, and widened pulse pressure; hyperpyrexia (usually greater than 
38.5°C [101°F]); and altered mental status. In extreme cases, cardio-
vascular collapse and shock may be seen. Some investigators contend 
that abnormal mentation is the most important diagnostic component 
of thyroid storm.29 Of course, these clinical features can occur with a 
multitude of illnesses in the absence of thyrotoxicosis. Some authors 
propose a “point system” for determining whether a patient’s condi-
tion represents true storm or severe thyrotoxicosis, but the distinction 
between these two entities is not useful clinically.47 The key to treatment 
of this condition is to recognize severe thyrotoxicosis or storm and treat 
immediately. Recent studies have shown a 10% mortality rate in patients 
with “storm.”50 A blood sample for measurement of the levels of T4 or 
free T4, or the free T4 index (FT4I), and TSH, by a sensitive method, 
should be obtained immediately in all individuals suspected of having 
this disorder. Empirical treatment then should begin. It is prudent to 
obtain a blood sample for cortisol determination before “stress doses” 
of steroids are administered for use later in deciding later whether long-
term therapy is necessary. Laboratory findings in thyroid storm are 
listed in Table 103-6.

■■ PRECIPITATING FACTORS
Patients who develop thyroid storm usually have poorly controlled 
thyrotoxicosis; often there is an identifiable precipitating factor51,52 
(Table  103-7). In many cases, it is difficult to determine whether the 
intercurrent illness is the cause or the consequence of the thyroid storm.

  TABLE 103-6    Laboratory Findings in Thyroid Storm

Elevated levels of T
4
 and free T

4

Elevated T
3
 level

Hyperglycemia

Leukocytosis with left shift

Anemia

Hypercalcemia

Hypokalemia

Abnormal liver function test findings

Hypercortisolemia

  TABLE 103-7    Factors Precipitating Thyroid Storm

Surgery

Infection

Acute psychiatric illness

Congestive heart failure

Diabetic ketoacidosis

Pulmonary embolism

Bowel infarction

Parturition

Trauma

Vigorous palpation of thyroid gland

Withdrawal of antithyroid medication

Drugs

  Sympathomimetic drugs such as pseudoephedrine

  Amiodarone

Radioactive iodide therapy

Iodine-containing contrast agents

“Health food” preparations containing seaweed or kelp

TREATMENT
To prevent irreversible cardiovascular collapse, the treatment of thyroid 
storm should take a four-pronged approach: (1) therapy to reduce the  
serum thyroid hormone levels, (2) therapy to reduce the action of  
the thyroid hormones on peripheral tissues, (3) therapy to prevent car-
diovascular decompensation and to maintain normal homeostasis, and  
(4) treatment of the precipitating event(s).

Therapy to Reduce Thyroid Hormone Levels:  An antithyroid drug, either 
PTU or methimazole (MMI), is given to prevent further synthesis of 
thyroid hormone. These drugs are not available in parenteral form; they 
can only be given orally or by nasogastric tube. Instances may arise 
in which these drugs cannot be given even by nasogastric tube—such 
as, for example, in patients with infarcted bowel (see below). PTU 
offers a slight advantage over MMI in that, in addition to its inhibitory 
effect on hormone synthesis, it decreases the conversion of T4 to T3 in 
peripheral tissue. PTU should be given in a dose of 200 to 250 mg every 
6 hours, and MMI should be given in a dose of 25 mg every 6 hours. 
Some authors recommend giving an initial PTU loading dose of 600 
to 1000 mg, but this strategy has not been proved to be advantageous. 
In patients in whom oral or nasogastric administration is not possible 
one 600-mg loading dose of PTU (12 tablets suspended in 90 mL of 
water) is given as a retention enema, followed by 250 mg of PTU every 
4 hours plus potassium iodide, 1 g diluted in 60 mL of water, given 
after the second PTU dose.53 PTU has an immediate onset of action for 

section08.indd   991 1/14/2015   8:28:36 AM

http://www.myuptodate.com


PART 8: Renal and Metabolic Disorders992

blocking the synthesis of thyroid hormone, but serum levels of thyroid 
hormone may take several weeks to normalize because of continuing 
secretion of stored hormone. In severe thyrotoxicosis with a decreased 
glandular content of hormone, a significant decline in serum levels may 
be observed in a matter of a few days. We usually repeat measurements 
of serum FT4, total T3 and reverse T3 every other day and TSH weekly 
every other day while the patient is acutely ill to help guide management.

Management of severe hyperthyroidism when oral administration is 
not possible has been reviewed.54 Whereas β-blockers and steroids are 
readily available for parenteral administration, thioaminides are not. 
Transdermal application has been successful in hyperthyroid cats55; its 
use in humans for epidermal melasma did not result in any perturba-
tions in serum thyroid hormone levels, making it an unlikely mode 
of therapy.56 Rectal or vaginal insertion has been reported by taking 
1200 mg of methimazole in 12 mL of water and 2 drops of Span 80 and 
52 mL of cocoa butter and making a suppository.57

Blockade of hormonal secretion usually is best accomplished by the 
addition of stable iodine to the antithyroid drug regimen. Iodine can 
be administered as Lugol solution or as a saturated solution of potas-
sium iodide (ssKI) (2 drops every 12 hours) or given by intravenous 
drip as sodium iodide (0.5 mg every 12 hours). It is important not to 
give iodide prior to antithyroid drug blockade because new hormone 
synthesis may occur and result in delayed release of hormone. There 
have been several cases where the use of iodine alone triggered thyroid 
storm. Administration of antithyroid drugs 1 hour before iodine is given 
is sufficient to establish blockade of hormone synthesis. A combination 
of antithyroid drugs and ssKI should decrease the serum T3 level to the 
normal range in 1 to 5 days; however, the metabolic response may lag 
behind by 2 to 3 days.58 Corticosteroids and propranolol, which also 
decrease the peripheral conversion of T4 to T3, can be used to further 
reduce the serum T3 concentration (Tables 103-8 and 103-9).

In the event that antithyroid drugs cannot be used because of a pre-
vious history of reactions, such as agranulocytosis or hepatotoxicity, 
iodine and oral cholecystographic agents may have to be used alone—the  
latter in the form of ipodate or iopanoate (iopanoic acid). These agents 
are strong inhibitors of the 5′ deiodination of thyroid hormones; thus 
they decrease serum levels of T3 and increase those of rT3.

59 They also 
bind to the thyroid hormone receptor, but it is unclear whether this 
results in competitive inhibition of T3 action.60 These agents have a 
high iodine content (approximately 60% by weight) and thus also act 

  TABLE 103-9    Drugs Used in the Treatment of Thyrotoxicosis

Drug Dose How Supplied Adverse Effects

Propylthiouracil 200-250 mg q6h PO 50-mg tablet Rash, agranulocytosis,  
hepatic toxicity

Methimazole 25 mg q6h PO 5- and 50-mg tablet Rash, agranulocytosis,  
hepatic toxicity

Lithium  
carbonate

300 mg q6h PO 150-, 300-, and 600-mg 
tablets

Nausea, vomiting, 
arrhythmias,  
pseudotumor cerebri

Lugol solution 2 drops q12h PO 8-mg iodine drop Hypersensitivity

ssKI 1 drop q12h PO 50-mg iodide drop Hypersensitivity

Iopanoic acid 0.5 g tid PO 0.5-g tablet Abdominal cramps,  
diarrhea, hypersensi-
tivity, nephrotoxicity

Perchlorate 1.0 g qd 0.5-g tablet (66.7% 
organically bound)

Aplastic anemia

Propranolol 40 mg q6h PO 
1-3 mg slow IVP

10-, 20-, 40-, 60-, and 
80-mg tablets; 1-mg/mL  
vials

Asthma, heart block

Hydrocortisone 100 mg IV piggyback 
q8h

100-mg vials Immunosuppression

ssKI, saturated solution of potassium iodide.

  TABLE 103-8    Mechanisms of Action of Antithyroid Drugs

Mechanism PTU MMI LiCO
3

KClO
4

ssKI IOP β- Blocker Glucocorticoids Cholestyramine TBG

Reduction of Serum Hormone Levels

Blocking of  
thyroidal I− uptake

– – ++ + + + – – – – – –

Blocking of T
4
 

synthesis
+ + + + + + – – – + – – – –

Blocking of T
4
 

release
– – ++ + + + + + – – – –

Blocking of T
4
 to T

3
 

conversion
++ – – – – + + + + + – –

Decrease of intes-
tinal absorption of 
hormone

– – – – – – – – + –

Reduction of Action on Peripheral Tissues

Increase of T
4
 binding to serum protein – – – – – – – – – + + +

Blocking of thyroid hormone receptor – – – – – + – – – –

Blocking of sympathomimetic activity – – – – – – + + + + – –

+, minor effect; ++, moderate effect; +++, strong and principal effect; IOP, iopanoic acid; KClO
4
, potassium perchlorate; LiCO

3
, lithium carbonate; MMI, methimazole; PTU, propylthiouracil; ssKI, saturated 

solution of potassium iodide; TBG, thyroxine-binding globulin.

by releasing iodine in the course of their degradation. As in the case 
of iodine treatment, their administration in the absence of antithyroid 
drugs requires careful monitoring of the clinical status. Iopanoic acid 
(telepaque™) may be given in amounts of 1 to 3 g daily. We have found 
that 3 g/d often causes diarrhea; this effect can be prevented with no 
reduction of the drug’s therapeutic efficacy by giving 0.5 g three times a 
day. Alternatively, sodium ipodate (oragrafin) may be used at a dose 
of 0.5 mg/d, which can reduce serum T3 by 62% in 1 day.61,62

For the rare patient with allergic reactions to both antithyroid drugs 
and iodine-containing contrast media, lithium carbonate and perchlo-
rate are alternative drugs. Lithium carbonate can be given in doses of 
300 mg every 6 hours, with subsequent adjustments to maintain a serum 
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lithium level of 0.7 to 1.4 mEq/L. Caution should be exercised in patients 
over 60 years of age. This drug acts by blocking iodide uptake and  
hormone release by the thyroid gland. Sodium or potassium perchlorate 
(ClO4) competes with iodide for uptake by the thyroid gland, ultimately 
reducing the production of T4. These compounds are not readily avail-
able in the United States. Serious side effects, including aplastic anemia 
and nephrotic syndrome, occur rarely.

Successful reduction of the serum concentration of thyroid hormones 
by means of plasma exchange has been reported in less than 100 patients.63 
Although there are no standard recommendations as to when to start 
plasma exchange, most agree this should be reserved for the severely symp-
tomatic patients. It may be effective in hyperthyroidism due to autoim-
mune causes as well as amiodarone-induced hyperthyroidism and during 
a molar pregnancy. Plasma exchange is done by ultrafiltration with dialysis 
and central venous access. The replacement solution is generally albumin. 
The range of exchanges performed was 1 to 6 per patient with a median 
volume of approximately 3 L replaced per patient.63 Filtration through a 
resin bed that removes T3 and T4 has been used occasionally.64 Intravenous 
administration of thyroxine-binding globulin has been shown experimen-
tally to decrease the transfer of thyroid hormone from blood to tissues.65

Prevention of Systemic Decompensation:  Reduction of the body tem-
perature decreases the demands on the cardiovascular system. Body 
temperature can be reduced by cooling and by pharmacologic blockade 
of the thermoregulatory centers. Use of a cooling blanket and ice packs 
alone will induce shivering; treatment with chlorpromazine, 25 to 50 mg, 
and meperidine, 25 to 50 mg, intravenously every 4 to 6 hours will 
decrease the severe shivering and limit further heat generation.24

Patients in thyroid storm lose excessive amounts of fluid because of  
(1) increased insensible water loss associated with hyperthermia and 
tachypnea, (2) decreased levels of antidiuretic hormone, and (3) vomiting  
and diarrhea associated with increased intestinal motility. Thus patients 
may present with either high- or low-output congestive heart failure. 
Solutions containing crystalloid (for volume replacement) and dextrose 
(to replenish hepatic glycogen stores and minimize the breakdown 
of body protein) are used. Treatment with high doses of propranolol, 
as discussed below, can make it necessary to use 5% to 10% dextrose  
solutions. Multivitamins often are administered to replenish the 
B-complex vitamins.

Treatment of congestive heart failure usually is supportive. While 
reduction of the high body temperature should be attempted before 
specific treatment is instituted, the judicious use of inotropic agents 
and diuretics should also be considered. Since patients are often volume 
depleted, diuretics should be used carefully and always with meticulous 
monitoring of intravascular volume. Impending shock should be treated 
with rapid correction of volume and with inotropic agents, as indicated. 
Atrial fibrillation is a known complication of thyrotoxicosis. Control of 
ventricular response can be achieved with β-blockers, but conversion to 
sinus rhythm can be achieved only after the patient is made euthyroid.

Since relative hypoadrenalism is thought to occur in thyroid storm 
because of accelerated metabolism of glucocorticoids, it is prudent to 
give 300 mg hydrocortisone intravenously, followed by 100 mg every 
8 hours to provide adequate stress levels. In addition, glucocorticoids 
can be beneficial for their effect in reducing the conversion of T4 to 
T3 in peripheral tissue. Use of parenteral H2 blockers or proton-pump 
inhibitors are indicated to reduce the likelihood of ulcer formation. In 
thyrotoxicosis, there is rapid clearance of drugs. Therefore, doses of 
digoxin, insulin, and antibiotics need to be increased to be effective. 
Two exceptions are adrenergic drugs and anticoagulants.66 It is necessary 
to remember to reduce these drug doses as the thyrotoxicosis resolves.

Reduction of Thyroid Hormone Action on Body Tissues:  The effects of thy-
roid hormone can be reduced by (1) decreasing its conversion to the active 
form, T3, (2) counteracting its sympathomimetic effects, (3) displacing  
it from its receptor, and (4) reducing its transport to tissues.

The oral cholecystographic agents, as discussed earlier, may act in 
part by displacing T3 from its site of action at the receptor in cell nuclei. 

Other analogs of thyroid hormone with reduced thyromimetic activity, 
which nevertheless compete with thyroid hormone at its site of action, 
deserve theoretical consideration.67 The activity of 5′-deiodinase is 
regulated by the concentration of T4, as well as by catecholamines and 
other factors. PTU, glucocorticoids, propranolol, oral cholecystographic 
agents, and amiodarone also reduce the activity of this enzyme and thus 
decrease the generation of T3, resulting in reduction of serum T3 con-
centration. Severe acute or chronic nonthyroidal illness also suppresses 
T3 generation in peripheral tissues.

β-Blockers, which are useful in the preparation of thyrotoxic patients 
for surgery, should be used with caution in thyroid storm. Whereas 
surgical stress clearly is related to increased catecholamine levels, and 
thyroid storm can be prevented by the use of propranolol, it is unclear 
whether thyroid storm induced by other mechanisms is equally respon-
sive to β-blockers. However, when there is evidence of increased adren-
ergic activity short of thyroid storm (ie, no evidence of hyperpyrexia or 
mental status changes), 1 mg propranolol can be administered by slow 
intravenous push every 5 minutes until an effect on pulse rate is seen. 
Usually a total daily dose of 300 to 400 mg oral propranolol is required to 
achieve effective β blockade in the severely thyrotoxic patient. It appears 
that younger patients are more susceptible to hyperadrenergic states 
with more labile courses and do better with β-blockers.24 By contrast, 
elderly patients may present with “apathetic” thyrotoxicosis without 
elevation in body temperature and without severe tachycardia. These 
elderly patients more often experience cardiotoxic effects in response 
to β-blockers. Therefore, β-blockers should be used with caution  
in thyroid storm and in severe thyrotoxicosis, except in the elderly, in 
asthmatics, and in patients with evidence of dilated cardiomyopathy. 
Cardioselective β-blockers such as metoprolol or atenolol can be used 
with caution in patients with asthma or COPD. When surgery is indi-
cated in such patients, careful titration of the adverse adrenergic cardio-
vascular effects (tachycardia, large pulse pressure) can be implemented 
with shorter-duration β-blockers (esmolol) preceded by maximal bron-
chodilator therapy in asthmatic patients or right-sided heart catheteriza-
tion in elderly patients and those with prior heart failure.

Treatment of Precipitating Events:  Without an antecedent history of 
surgery, any patient with thyroid storm should be suspected of being 
septic until proven otherwise. Blood, urine, and other body secretions 
(ie, ascites or pleural fluid and sputum) should be Gram stained and 
cultured. Empirical use of broad-spectrum antibiotics is recommended.

In a seriously ill patient in whom an infection or other precipitating 
cause, such as diabetic ketoacidosis, cannot be identified, pulmonary 
thromboembolism68,69 or bowel infarction should be considered.

Thyroid Storm in Pregnancy:  The approach to treatment of thyroid storm 
in pregnant patients is similar to that outlined earlier. Thyroid storm is 
clearly a life-threatening condition for the mother. The basic approach 
to prevent decompensation is aggressive fluid replacement along with 
treatment of the precipitating event and antithyroid therapy. Because 
β-blockers may have deleterious effects on the fetus at all stages of fetal 
development, their use must be weighed against maternal safety. While 
administration of iodide often results in the development of massive 
fetal goiter, PTU can be given to the toxic pregnant patient with only a 
small likelihood of adverse effects on the fetus.

ANESTHESIA AND SURGERY: RISKS  
AND MANAGEMENT IN THYROTOXIC PATIENTS
The Swiss surgeon Emil Theodor Kocher (1841-1917), who was the first 
to operate on hyperthyroid patients, was also among the first to recog-
nize that thyroidectomy carried a high rate of mortality in “unprepared” 
thyrotoxic patients. The stress of any form of surgery or anesthesia alone 
could push a mildly decompensated thyrotoxic patient into a thyroid 
crisis, a life-threatening condition (see above). Therefore, it is important 
to control thyrotoxicosis prior to surgery. Ideally, the FT4I should be below 
the upper limit of normal. Unfortunately, even in the presence of a rapid 
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turnover rate, thyroxine has a half-life of at least 72 hours, and frequently 
it takes more than 1 week to achieve a normal FT4I—an unacceptable 
wait, especially when the need for surgery is urgent. In such instances, 
the preoperative therapeutic goal is to prevent the occurrence of thy-
roid storm. Blocking the effect of thyroid hormone on the sympathetic 
nervous system, particularly on the heart, is an alternative (if not an 
ideal) approach to therapy.70 An arbitrary goal of maintaining a heart 
rate below 90 beats per minute may not always be achieved in patients 
who have a pulse rate of 200 beats per minute at the outset. In fact, there  
are no strict criteria for the response to therapy prior to surgery. 
Propranolol is the most widely used drug71-73; other parenteral prepara-
tions are now available, but there is no clear evidence that any of them 
has advantages over any other. Propranolol, however, has the added 
effect of decreasing the conversion of T4 to T3 in peripheral tissues. This 
effect may not be shared by other β-blockers, such as atenolol. By and 
large, β-blockers have little effect on the serum concentration of T4 or on 
the metabolic status of the patient. The combined use of an antithyroid 
drug (PTU or MMI) and iodide provides the most rapid means of reduc-
ing the serum level of thyroid hormone; the antithyroid drug blocks the  
synthesis of the hormone, and iodide blocks its release. Although  
the results of determinations of serum thyroid hormone concentrations 
may not be available on a stat basis, it is important to obtain a blood 
sample before treatment is initiated.

We would like to discuss three scenarios for the preoperative treat-
ment of thyrotoxic patients. First, consider an ICU patient who is in a 
septic condition with severe cholecystitis. The presence of thyrotoxicosis 
has been confirmed by an FT4I of 21 (normal range = 6-10.5) and a TSH 
level below 0.01 mU/L. A cholecystectomy is planned as the definitive 
treatment, to take place in approximately 1 week. In this instance, the 
physician has time to institute therapy aimed at reducing the thyroid 
hormone concentration and to follow serum hormone levels as guides 
of therapeutic response. Initiation of PTU, 200 mg every 8 hours given 
orally or by nasogastric tube, followed by 1 or 2 drops of ssKI twice 
daily, is the suggested treatment for this patient’s thyrotoxicosis. The 
reason for starting PTU before iodide is to prevent the gland from being 
flooded with iodide, which has been shown to produce, on occasion, 
a later exacerbation of thyrotoxicosis. A full discussion of these drugs 
appears under “Thyroid Storm” above and in Table 103-4. Thyroid 
function tests should be performed every 2 days.

Second, consider a 65-year-old woman admitted for semiemergent 
aortic valvuloplasty for severe aortic stenosis due to rheumatic carditis. 
She has been noted to be thyrotoxic; recent thyroid function tests revealed 
an FT4I of 19 and a TSH level of less than 0.01 mU/L. The valvuloplasty is 
scheduled for the next morning. While antithyroid drugs and ssKI should 
be given at the onset, in this case there is little chance for this treatment to 
reduce the thyroid hormone levels in 24 hours. Propranolol can provide a 
rapid and effective preparation for surgery.73 An initial oral dose of 40 mg 
every 6 hours is appropriate, to be followed by increments of 20 mg every  
6 hours, depending on the response, as judged by the heart rate. Although 
the usual dose is approximately 40 mg every 6 hours, doses of up to 
320 mg/d may be required. Symptoms of tachycardia, anxiety, and sweat-
ing should be relieved within 12 hours. Intraoperative propranolol may be 
administered for tachycardia as needed. Propranolol treatment should be 
resumed within 4 to 6 hours after surgery and maintained for 48 hours. 
If the patient is unable to take oral medications perioperatively, then  
propranolol can be administered as a 1.0- to 2.0-mg slow intravenous 
bolus. On postoperative day 3, the dose of propranolol can be halved; it can 
be halved again on day 4, and the drug can be discontinued completely on 
day 5, 6, or 7, depending on the symptoms and the response to continu-
ing antithyroid drug therapy. Propranolol is not indicated in patients with 
asthma, advanced grades of heart block, nor in patients taking quinidine 
or psychotropic drugs that augment adrenergic activity. β-Blockers gener-
ally are safe and effective in congestive heart failure, when administered 
with caution, and are useful in correcting the high-output failure of thyro-
toxicosis. Three cases have been reported in which thyroid storm followed  
surgery for which the patient had been prepared with propranolol alone.67-69

Third, consider a 25-year-old 38-week primigravida who must 
undergo emergent cesarean section for fetal distress. The patient is 
known to have active Graves disease. She has not been compliant in 
taking the prescribed PTU and is febrile, tachycardic, and hallucinating. 
Appropriate preparation for this patient prior to general anesthesia and 
emergency cesarean section would be intravenous propranolol, 1.0 to 
2.0 mg as a slow intravenous bolus. Then 10 to 15 mg propranolol can 
be added to 500 mL 5% dextrose and infused while the patient’s and 
fetus’s heart rates are monitored. Continuation of the propranolol after 
surgery would be indicated, as discussed earlier. The use of atropine 
to control bronchial secretions during surgery should be avoided in 
thyrotoxic patients because of possible exacerbation of the sympathomi-
metic activity. There are reports of the use of plasma exchange in severe 
thyrotoxicosis of pregnancy.54 In summary, euthyroidism can be rapidly 
accomplished with iopanoic acid and dexamethasone, β-blockers, and, 
when possible, antithyroid drugs.74,75

AMIODARONE-INDUCED THYROTOXICOSIS
Amiodarone is an iodine-rich antiarrhythmic (37% of its weight is 
organic iodine). Because of its efficacy, it has become widely used. This 
has resulted in a significant increase in side effects associated with the 
drug, such as thyrotoxicosis. Given the patient’s underlying cardiac 
problem that necessitated the use of this drug, the thyrotoxicosis, 
when it occurs, results in a worsening of the problem. The incidence of  
amiodarone-induced thyrotoxicosis (AIT) is thought to be higher in 
individuals with low dietary iodine. Amiodarone can also cause hypo-
thyroidism but usually in populations with relatively high dietary iodine.

The mechanism of AIT is unknown but undoubtedly involves thyroid 
iodine dysautoregulation and destruction and/or inflammation of the 
thyroid gland. AIT is classified as types I and II. Type I occurs in struc-
turally abnormal thyroid glands (such as a nodular goiter), and type II  
occurs in a structurally normal gland.76 Type I is caused by iodine-
induced thyroid hormone synthesis, and type II is believed to be due to 
a destructive thyroiditis. Treatment of type I and type II AIT in critically 
ill patients can be a challenge, and often the type of AIT is not apparent 
at the time of presentation.

The diagnosis is made in a patient who presents with the typical labo-
ratory findings of thyrotoxicosis and a history of being on or recently 
having been on amiodarone. Owing to accumulation of the drug in fat 
tissue, it has a long half-life in the body. Laboratory tests such as an ele-
vated spot urinary iodine determination or an123 I uptake test (although 
the latter is rarely practical in the ICU setting) can be helpful to confirm 
the diagnosis in a patient who is thyrotoxic and on amiodarone.

The most appropriate treatment of AIT is still to be determined. 
All agree that amiodarone should be discontinued immediately in all 
patients, where possible. Two recent investigations have demonstrated 
that treatment with prednisone or prednisolone was advantageous in 
resolution of the hyperthyroidism.77,78 The mechanism of how steroids 
help may be related to their anti-inflammatory effect during a destruc-
tive type II AIT or to the effect on reduction of conversion of T4 to T3. A 
protocol for the treatment of AIT in the ICU is outlined in Figure 103-2. 
Briefly, the critically ill patient should be placed on prednisone 30 mg 
daily, along with an antithyroid drug, PTU 200 mg three times daily or 
MMI 20 mg twice daily, and potassium perchlorate, 500 mg twice daily. 
This regimen should continue for 2 weeks, at which time repeat serum 
FT4I and FT3I and urine iodine level should be measured. If the FT4I 
and FT3I both are normal, a rapid taper of the steroid and discontinu-
ation of the potassium perchlorate (because of its poor gastrointestinal 
tolerance) should be initiated, and management of the antithyroid drug 
should be as in anyone with hyperthyroidism. If the FT4I and/or FT3I 
are elevated, then the same course of medications should be contin-
ued for 2 more weeks, and then remeasurement of the serum thyroid 
hormone and urine iodine levels would be indicated. In circumstances 
where medication is not an option and the severity of the thyrotoxico-
sis is causing cardiovascular collapse, patients should be stabilized as 

section08.indd   994 1/14/2015   8:28:38 AM

http://www.myuptodate.com


CHAPTER 103: Thyroid Disease 995

much as possible, and emergent thyroidectomy should be considered. 
Radioactive iodine ablation is rarely an option given the low thyroidal 
uptake of the isotope.

LEVOTHYROXINE OVERDOSE
Levothyroxine (l-T4) is dispensed commonly and, in the United States, 
is the fourth most frequently prescribed drug with 3.05 billion prescrip-
tions written in 2002 (http://www.rxlist.com/top200.htm). This wide 
availability leads to frequent overdoses, with reports of 2000 to 5000 
acute toxic exposures annually in this country.79-81 Despite the high 
frequency of overdosage, with documented blood levels of T4 up to  
16 times normal, there have been no reported deaths from l-T4 inges-
tion.80 Clearly, patients do become symptomatic, with tachycardia, 
nervousness, diarrhea, and even seizures, but these symptoms generally 
are self-limited. In patients suspected (but denying) of having ingested 
thyroid hormone, the finding of a suppressed serum thyroglobulin level 
in the presence of a high serum T4 and/or T3 level is diagnostic.82

The most commonly used thyroid preparation today is synthetic 
l-T4, which contains no T3, in contrast to the thyroid preparations of  
20 years ago, which consisted of thyroid gland extracts containing 20% 
to 30% T3. Therefore, ingestion of a large quantity of l-T4 does not cause 
immediate toxic effects. Symptoms occur after a significant amount 
of T4 has been converted to T3, usually about 24 hours after ingestion. 
After gastrointestinal decontamination, by induction of vomiting with 
syrup of ipecac and gastric lavage using charcoal, only symptomatic 
and supportive treatment is indicated. Recommendations by Lehrner 
and Weir,83 based on experience with two patients and review of the 
literature, are aggressive treatment with (1) gastrointestinal decontami-
nation, (2) cholestyramine to increase fecal elimination of the hormone,  
(3) prednisone and propylthiouracil, and (4) propranolol. Recently, 
Gorman and colleagues80 recommended only gastrointestinal decon-
tamination and propranolol if the patient is markedly symptomatic. 
They suggested home gastrointestinal decontamination when 0.5 mg 
l-T4 has been ingested and determination of the serum T4 level for 

FIGURE 103-2.  Proposed protocol for the treatment of critically ill patients with amiodarone-induced hyperthyroidism. bid, twice a day; FT3, free triiodothyronine; FT4, free thyroxine; 
qd, once a day; tid; three times a day.

Discontinue the amiodarone!!

Protocol for treatment of
amiodarone induced thyrotoxicosis

in the intensive care unit

Propylthiouracil
Potassium perchlorate
Prednisone

Continue for 14 days 
Measure FT4, FT3, urine Iodine

Normalization of FT4, FT3 and
urinary iodine <200 mg/L

Rapidly taper prednisone

Discontinue potassium perchlorate

Continue propylthiouracil

Repeat FT4, FT3 in 2 weeks...if still
normal discontinue propylthiouracil
or manage as other hyperthyroidism.

Persistent elevation of FT4, FT3

Continue prednisone

Continue perchlorate

Continue propylthiouracil

200 mg TID
500 mg BID

30 mg QD

ingestions of roughly 2.0 to 4.0 mg. When we give 1 mg T4 for an absorp-
tion test, the serum T4 level increases by only about 2 µg/dL in 8 hours. 
Therefore, the former guidelines are a bit conservative, and we would 
recommend that ingestion of over 10 mg in an adult is cause for aggres-
sive treatment. Elderly patients and persons with underlying cardiac 
disease should be hospitalized for observation if the serum T4 level is 
high or the patient is symptomatic. Cholestyramine has been used in 
treating iatrogenic thyrotoxicosis and may shorten the time it takes for 
the thyroid hormone concentration to normalize.84 The use of other 
medical therapy should await the onset of symptoms.

NEONATAL THYROTOXICOSIS
Neonatal thyrotoxicosis is a rare emergency that is treatable but nev-
ertheless is associated with a 12% to 16% mortality.85,86 A neonate can 
present signs of thyrotoxicosis within the first 24 hours of life but usually 
later if the mother was receiving thyroid-suppressive therapy and when 
blocking as well as stimulating antibodies are present. Physical findings 
are goiter, tachypnea, tachycardia, cardiomegaly, hyperkinesis, restless-
ness, diarrhea, and poor weight gain. Flushing, periorbital edema, and 
exophthalmos may also be present.

Most infants with neonatal thyrotoxicosis are born to mothers with 
hyperthyroidism. Neonatal thyrotoxicosis can also occur with no docu-
mented maternal thyroid disease and even in the presence of maternal 
hypothyroidism. In most cases, this disease is caused by transplacental 
transfer of thyroid-stimulating immunoglobulin.87 In others, where such 
a substance cannot be demonstrated in the mother’s serum, there may be 
de novo formation of thyroid-stimulating immunoglobulins in the fetus 
due to neonatal Graves disease or autonomous hyperfunction due to an 
activating mutation in the TSH receptor.88

Treatment of neonatal thyrotoxicosis is short term until the placen-
tally transferred immunoglobulins have disappeared. PTU is given 
at doses of 5 to 10 mg/kg per day in three divided daily doses. Iodide 
solutions (10% potassium iodide, 76.6 mg/mL) may be given in a dose 
of 1 drop, or about 4 mg, every 8 hours. High-output congestive heart 
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failure and other sympathomimetic effects can be treated with oral 
propranolol, 2 mg/kg per day in two or three divided doses. Caution 
should be exercised in the use of propranolol because severe bradycardia 
and hypoglycemia may result.89 Surgery and radioiodine treatment are 
required after the initial drug control of thyrotoxicosis in infants with 
nonautoimmune hyperthyroidism.

IODIDE-INDUCED THYROTOXICOSIS (JODBASEDOW)
Iodide, in the form of dietary supplements or medication (eg, antitus-
sive agents, amiodarone, or contrast agents), can induce thyrotoxicosis, 
especially in patients who are relatively iodide deficient. Treatment 
requires special considerations because antithyroid drugs alone are slow 
to act because of a flooded iodine pool. To deplete the gland of iodine, 
perchlorate must be added to the therapeutic regimen—particularly 
in amiodarone-induced thyrotoxicosis.90 Naturally, iodide treatment is  
not indicated.
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excretion).1 The majority of bilirubin (70%-80%) is derived from degrada-
tion of hemoglobin from senescent erythrocytes, with a minor component 
of this being premature destruction of newly formed erythrocytes. The 
remaining 20% to 30% is mostly formed from breakdown of hemoproteins, 
such as catalase and cytochrome (CYP family) oxidases, in hepatocytes.

Bilirubin circulates in plasma tightly, but noncovalently, bound to 
albumin. To be excreted, bilirubin must be converted to water-soluble 
conjugates by hepatocytes and subsequently secreted in a multistep 
process. Bilirubin is taken up across the sinusoidal membrane of hepato-
cytes and conjugated with uridine diphosphate (UDP)-glucuronic acid 
by the enzyme bilirubin UDP-glucuronyl transferase (B-UGT). This 
converts the hydrophobic bilirubin into a water-soluble form that can 
be excreted into the bile canaliculus. Any conjugated bilirubin in plasma 
undergoes renal elimination and this pathway may be upregulated in 
disorders characterized by cholestasis. With prolonged cholestasis, 
a large proportion of conjugated bilirubin in plasma becomes cova-
lently bound to albumin (referred to as delta bilirubin) which cannot 
be excreted into urine. Of note, this delta bilirubin will take longer to 
resolve than typical hyperbilirubinemias as its half-life becomes that 
of albumin, which is 14 to 21 days. Approximately 80% of bilirubin in 
bile is in the form of diglucuronides, with the rest being in the form of 
monoglucuronides and only trace amounts being unconjugated.

Normal serum bilirubin concentration in adults is less than 1.2 mg/dL 
or <20 µmol/L. Jaundice is generally not evident until serum concentra-
tions exceed 3 mg/dL or 50 µmol/L. In healthy adults, <5% circulates in 
its unconjugated form.

Depending on the laboratory method of measurement, bilirubin 
concentration may be reported as total and conjugated, or potentially 
as total, direct, and indirect. Indirect bilirubin is not directly equivalent 
to unconjugated bilirubin and reliance on direct and indirect measure-
ments can lead to errors in the diagnosis of isolated disorders of bilirubin 
metabolism. Measurement of the total and conjugated fraction is more 
useful. However, in disorders with prolonged cholestasis such assays 
may underestimate the conjugated bilirubin concentration because they 
do not accurately detect albumin-bound conjugated bilirubin (delta 
bilirubin). Even with modern assay techniques, the levels of total and 
conjugated bilirubin are often not able to distinguish hepatic disorders 
from biliary obstruction. Nevertheless, when combined with history and 
physical examination, jaundice can be characterized as obstructive or 
nonobstructive in over 75% of cases.

KEY POINTS

•• Jaundice (hyperbilirubinemia) is seen in critically ill patients and 
can occur due to prehepatic, intrahepatic, or posthepatic causes.

•• Biliary obstruction and acalculous cholecystitis are two common 
surgical problems requiring urgent intervention.

•• For acalculous or calculous cholecystitis, cholecystectomy removes 
the inflamed and ischemic gallbladder and prevents recurrence 
and thus is preferred in those able to tolerate the procedure. A 
cholecystostomy tube is indicated for nonsurgical candidates.

•• Diarrhea commonly occurs in critical illness (up to 60% of those on 
enteral feeds) and may be related to infection, medications, malab-
sorption, composition of the enteral feeds, or gastrointestinal disease.

•• Clostridium difficile should be ruled out as the cause of diarrhea in 
the ICU or any patient with risk factors (particularly antibiotics or 
contact) as morbidity and mortality increase with delay in treatment.

•• Fulminant Clostridium difficile can present as an ileus or with diar-
rhea in a toxic patient, and is associated with high mortality and 
frequent need for surgical intervention.

•• Studies are ongoing to determine the optimal medical and surgi-
cal management of Clostridium difficile. Currently for severe cases 
enteral vancomycin plus intravenous metronidazole is suggested ± 
subtotal colectomy or ileostomy with colon lavage.

•• Bowel obstruction should be ruled out prior to managing as pseu-
doobstruction.

•• Commonest causes of adult small bowel obstruction are adhesions and 
hernia, whereas commonest causes of adult large bowel obstruction are 
colon cancer, sigmoid volvulus, and stricture from diverticulitis.

•• Pseudoobstruction (nonmechanical obstruction) is managed by 
resuscitation, removing or limiting precipitants, using nasogastric 
or rectal tubes to relieve overdistension, and occasional endoscopic 
decompression or use of neostigmine in appropriate patients.

JAUNDICE

■■ OVERVIEW
Jaundice is characterized by yellow discoloration of the skin, conjunctivae,  
and mucous membranes as a result of widespread tissue deposition of 
the pigmented metabolite bilirubin. It can present as an isolated abnor-
mality, or associated with specific hepatic and/or pancreatic dysfunc-
tion, or associated with multisystem organ dysfunction.

In the intensive care setting, jaundice may be an important sign of a 
condition that requires ICU admission, such as acute cholangitis, or a 
new development in an already admitted patient, such as one with septic 
shock. Patient history, laboratory evaluation, appropriate imaging inves-
tigations, and a thorough understanding of those conditions that place a 
patient at increased risk for the development of hyperbilirubinemia will 
help narrow the broad differential diagnosis of jaundice and identify 
those conditions that require specific therapy.

■■ METABOLISM AND MEASUREMENT OF BILIRUBIN
Bilirubin is a hydrophobic and potentially toxic compound that is an end 
product of heme degradation (Fig. 104-1 depicts bilirubin metabolism and 

FIGURE 104-1.  Bilirubin metabolism and excretion.
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■■ ETIOLOGY OF JAUNDICE
Table 104-1 lists possible causes of jaundice. The key step to determine 
management relies on differentiating whether the cause of hyperbiliru-
binemia is due to biliary obstruction or not.

Nonobstructive jaundice is often due to global hepatic or systemic dis-
ease for which the treatment is supportive and directed at the underlying 
disease. However, drugs and hepatotoxins as causative agents should be 
ruled out as specific time-sensitive antidotes exist (eg, n-acetyl-cysteine 
for acetaminophen toxicity).2

The common causes of obstructive jaundice in patients requiring ICU 
care include choledocholithiasis (stones in the common bile duct) with 
cholangitis,3 Mirizzi syndrome (cholecystitis with extrinsic compression 
of the common bile duct),4 biliary or pancreatic malignancies, severe 
pancreatitis, and postsurgical biliary strictures or complications. The 
importance in recognizing these causes is that many of them require 
surgical or urgent invasive therapies for effective treatment.

■■ INVESTIGATION OF JAUNDICE
The patient’s history and physical examination provide important clues 
regarding the cause of jaundice. Important aspects of the history include 
presence of biliary and/or systemic symptoms, previous biliary tract 
disease or procedures such as ERCP, and previous biliary or intestinal 
surgery that may have resulted in altered biliary anatomy (eg, Whipple, 
Billroth II, bariatric procedures). The patient’s risk factors for viral 
infections should be assessed including any history of travel or blood 
transfusions. A history of alcohol use and/or abuse as well as exposure 
to hepatic toxins or recreational drugs is important. Any family history 
of hepatic or biliary disease, Gilbert syndrome, or hemoglobinopathy 
should be sought out. Physical examination may reveal abdominal scars, 
masses, areas of tenderness, or signs of existing liver disease. Laboratory 
investigation should begin with obtaining a CBC, alkaline phosphatase, 
serum transaminases (ALT and AST), bilirubin, lipase, albumin, and 
coagulation profile. Use of diagnostic imaging and modality will be 
guided by the clinician’s assessment of the most likely etiologies, but an 
abdominal ultrasound is a useful and common initial investigation. An 
algorithm for the investigation of jaundice is depicted in Figure 104-2.

■■ TREATMENT
Treatment of obstructive jaundice generally involves relief of the 
obstruction with invasive endoscopic, interventional radiologic, or sur-
gical therapies. Nonobstructive causes largely require supportive therapy 
although specific medical therapies do exist for some diseases. Below we 
discuss several select causes of jaundice seen in the ICU setting.

Cholangitis:  Acute cholangitis, also known as ascending cholangitis, is 
a bacterial infection of the biliary tract that occurs in an obstructed 
system and leads to systemic signs of infection.5 The leading cause 
of cholangitis is choledocholithiasis (common bile duct stones). 
The prevalence of gallstones (cholelithiasis) is estimated to be 10% 
to 20% in Western populations,6-8 with approximately one-quarter  

  TABLE 104-1    Causes of Jaundice

Prehepatic •	 Hemolysis (hemoglobinopathy, enzyme deficiency, drugs, autoimmune,  
infectious, DIC, TTP, HUS, vasculitis, malignancy)

•	 Hematoma reabsorption
•	 Decreased uptake or conjugation (Gilbert, Crigler-Najjar, drugs)

Intrahepatic •	 Hepatitis (eg, viral, drug, autoimmune, steatohepatitis, Wilson, iron 
overload, toxins, ischemia, sepsis, HELLP)

•	 Hereditary dysfunction (Dubin-Johnson)

Posthepatic •	 Biliary obstruction (stones, tumors, cysts, congenital, Mirizzi syndrome, 
pancreatitis, strictures, surgical ligation)

DIC, disseminated intravascular coagulation; HELLP, hemolysis, elevated liver enzymes, low platelets; 
HUS, hemolytic-uremic syndrome; TTP, thrombotic thrombocytopenic purpura.

  TABLE 104-2    Tokyo Guidelines for Acute Cholangitis

Two of the three Charcot triad (fever, abdominal pain, jaundice) plus

•	 Lab evidence of an inflammatory response
•	 Increased serum liver tests (ALP, GGT, AST, ALT)
•	 Imaging showing biliary dilation or an etiology (stones, stricture, stent)

FIGURE 104-2.  Algorithm for evaluation and management of jaundice.
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of these patients becoming symptomatic during their lifetime. 
Choledocholithiasis occurs in 10% to 20% of patients with symptom-
atic gallstone disease, and it’s these patients who are at risk for the 
development of acute cholangitis.5

The clinical diagnosis of acute cholangitis was first described by 
Charcot in 1877 and consists of the triad of fever, jaundice, and right 
upper quadrant pain. In 1959, Reynolds and Dargan added two other 
worrisome clinical findings (mental confusion and hypotension) asso-
ciated with worse outcomes and this constellation of signs was subse-
quently termed Reynold pentad.9 The gold standard method of diagnosis 
is confirmation of biliary infection as the source of systemic illness by 
aspiration of purulent bile. However, this procedure is seldom done for 
diagnostic purposes, and thus the diagnosis of acute cholangitis contin-
ues to be made clinically. The diagnostic criteria developed by the Tokyo 
international consensus conference in 2006 are listed in Table 104-2.10

Diagnostic imaging in patients with cholangitis can serve to make 
the diagnosis as well as reveal the etiology of the biliary obstruction. 
Abdominal ultrasound, historically the first imaging test used in the 
investigation for biliary obstruction, continues to be extremely useful 
in the ICU setting. Its advantages include being able to be performed 
at a patient’s bedside, not requiring the use of intravenous nephrotoxic 
radiocontrast dye, being noninvasive, and widely available. Although 
obscuration of the distal common bile duct by overlying bowel gas is 
not uncommon and contributes to its lack of sensitivity for visualizing 
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stones, it provides excellent visualization of the intrahepatic and proxi-
mal biliary tree and gallbladder, thereby allowing a diagnosis of biliary 
dilation to be made and the level of biliary obstruction (intrahepatic, 
proximal extrahepatic, or distal extrahepatic) to be determined. More 
recently, studies have demonstrated favorable accuracy of endoscopic 
ultrasound (EUS) and magnetic resonance cholangiopancreatography 
(MRCP) when compared to endoscopic retrograde cholangiopancrea-
tography (ERCP),11 as well as favorable accuracy of computed tomo-
graphic cholangiography (CTC) when compared to EUS in the diagnosis 
of choledocholithiasis.12 EUS has been recently recommended by the 
American Society for Gastrointestinal Endoscopy as being highly accu-
rate with fewer complications than ERCP in the detection of choledo-
cholithiasis.13 Computed tomography provides imaging of not just the 
biliary system but the surrounding liver, pancreas, and foregut as well, 
making it an important investigative technique in determining the etiol-
ogy of the biliary obstruction. ERCP is generally reserved as a primarily 
therapeutic procedure,3 although it may be used for diagnosis in centers 
without the availability of other noninvasive modalities.

Treatment of acute cholangitis depends on its severity and response to 
supportive therapies. Supportive care with early intravenous fluid resus-
citation and broad-spectrum antibiotics is standard. The most common 
bacterial pathogens include Escherichia coli, Klebsiella, Enterobacter, 
Streptococcus, and Enterococcus,14,15 with Clostridium being the most 
common anaerobe. Patients with biliary stents in situ have a higher 
rate of polymicrobial infection (90% vs 45% of those without stents).15 
Although no specific guidelines for antibiotic therapy exist, broad-
spectrum coverage for the above listed common organisms includ-
ing anaerobic coverage should be used, with definitive antimicrobial 
therapy based on the culture and sensitivity results obtained from blood 
if bacteremia is present and otherwise from bile cultures. However, the 
most important therapy is providing expeditious and effective biliary 
drainage. Without drainage the increased pressure in the biliary system 
creates ongoing cholangiovenous reflux of bacteria with resultant bacte-
remia and sepsis, as well as preventing effective secretion of antibiotics 
into the biliary system.14 A Cochrane review summarizes the superiority 
of ERCP compared to open surgery in the treatment of bile duct stones 
and cholangitis.16 Surgical and percutaneous biliary drainage is reserved 
for those cases where ERCP is unsuccessful or contraindicated such as 
some patients with a Roux-en-Y biliary-enteric anastomosis, bariatric 
procedures such as gastric bypass or duodenal switch, or a Billroth II 
reconstruction.17 Of note, removal of stones, if the causative etiology, 
is not necessary in the acute setting and can be performed electively 
at a later time so long as a stent can be successfully placed acutely.18 
Patients admitted to the ICU with cholangitis are most likely to have 
a severe form and require early supportive therapy as outlined above 
as well as emergent biliary drainage.10,19 Patients without organ failure 
who respond to antibiotic therapy may be treated by ERCP within 24 
to 48 hours.5

Patients who develop cholangitis as a complication of biliary stone 
disease should be referred for eventual elective cholecystectomy.19  
These patients are at risk of recurrent cholangitis and other biliary 
complications (Fig. 104-3 illustrates biliary obstruction due to cho-
ledocholithiasis). A Cochrane review of over 600 patients randomized 
to endoscopic sphincterotomy or cholecystectomy for the treatment of 
choledocholithiasis demonstrated significantly reduced complication 
rates in the group that received an elective cholecystectomy as definitive 
treatment.20

Acalculous Cholecystitis:  Acalculous cholecystitis is an acute inflam-
matory disease of the gallbladder that frequently presents in the ICU 
as fever or an elevated white count of unknown origin, or right upper 
quadrant pain.21 It is associated with elevated liver enzymes and 
jaundice in up to 20%. The pathophysiology is thought to be due to 
gallbladder stasis, endothelial injury, and ischemia leading to inflam-
mation and necrosis of the gallbladder. A number of infections (eg, 
Epstein-Barr, cytomegalovirus, Campylobacter jejuni, Vibrio cholera) 
are also associated with development of acalculous cholecystitis, 

along with more commonly seen ICU risk factors such as prolonged 
lack of enteral feeds, total parenteral nutrition, mechanical ventila-
tion, burns, shock, sepsis, massive transfusion, diabetes, renal failure, 
and cardiovascular disease.

Ultrasound is the investigation of choice, although the diagnosis can 
also be made by CT. Management consists of appropriate resuscita-
tion, broad-spectrum intravenous antibiotics (covering enteric bacteria 
such as E Coli, Enterococcus, Klebsiella, Pseudomonas, Proteus, and 
Bacteroides), and prompt surgery consultation. For those able to tolerate 
the operative procedure without undue risk, laparoscopic cholecystec-
tomy provides definitive source control and prevents recurrence. In 
those deemed not an appropriate candidate for surgery, a percutaneous 
drain placed by interventional radiology has been shown to be almost 
as effective as surgery in most patients.22 Providing the patient recovers, 
studies have shown that subsequent cholecystectomy is not needed in 
all patients.23 In such cases, the percutaneous drain is left in place for 
several weeks to ensure development of a fibrous tract, and a cholangio-
gram is done via the tube to ensure the absence of persistent gallbladder 
or biliary obstruction or leak, prior to drain removal.

Morbidity and mortality of acalculous cholecystitis increases with delay 
in diagnosis and management, with mortality as high as 75% having been 
reported in critically ill patients. As such, a high index of suspicion and 
early diagnosis plus surgery consultation are recommended.

Parenteral Nutrition–Associated Cholestasis:  Total parenteral nutrition 
(TPN) is associated with a number of significant side effects includ-
ing steatosis, lipidosis, and cholestasis.24 The mechanisms are mul-
tifactorial, with TPN promoting bacterial overgrowth in enterally 
unstimulated bowel, which in turn favors conditions known to induce 
cholestasis such as translocation of intestinal endotoxins into the  
portal venous system, bacterial sepsis, and formation of lithogenic bile 
acids.25 Long-term TPN therapy results in gallbladder akinesis, biliary 
stasis, and biliary sludge that promotes the formation of gallstones, 
which in turn contribute to obstructive forms of jaundice as well as 
acalculous cholecystitis. Persistent parenteral nutrition–associated 
cholestasis (PNAC) can progress to cirrhosis and eventual liver failure.25  
Efforts to treat PNAC include cyclical TPN, decreasing dextrose and 

FIGURE 104-3.  Cholangiogram showing bile duct dilation and obstruction from distal 
common bile duct stone. (Used with permission of LN Tremblay, MD.)
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fat amounts, promoting enteral nutrition, treating bacterial over-
growth, and discontinuation of TPN altogether.25

Postsurgical, Trauma, and Other:  Jaundice is a common postoperative 
complication of surgery, most commonly occurring in cardiac surgery,26  
hepatobiliary surgery including liver transplantation, and surgery 
complicated by, or for the treatment, of sepsis.27 Not unexpectedly, 
hepatobiliary and pancreatic surgeries are associated with multiple 
potential complications (vascular thrombosis, strictures, leaks, hepatic 
insufficiency), and thus in such patients, early surgical consultation  
is advised.28,29

Bile leakage into the peritoneal cavity may be reabsorbed by the 
peritoneal lining and manifest as hyperbilirubinemia, such as in a 
post-laparoscopic cholecystectomy missed bile duct injury, perforated 
acalculous cholecystitis, or severe liver trauma. Another interesting but 
rare cause of jaundice in postoperative or trauma patients is hematobilia 
which often presents as jaundice, severe right upper quadrant pain, and 
melena. Hemolysis can also occur in the postoperative setting espe-
cially in patients who received large amounts of red blood cell transfu-
sions, those with hemoglobinopathies including sickle cell disease, and 
those susceptible to any pro-oxidant medications (eg, patients with 
glucose-6-phosphate dehydrogenase deficiency) that may have been 
given perioperatively.

Severe hypotension and ischemia can also produce a condition 
termed “shock liver”30 with a clinical pattern of a rapid rise in serum 
aminotransferases to levels 10 to 100 times the upper limit of normal, 
along with delayed and less significant rises in bilirubin. Levels subse-
quently plateau within a few days and the fall steadily with return to 
normal levels.24 Gilbert syndrome, characterized by a relative deficiency 
of hepatic UDP-glucuronyl transferase, may also become unmasked by 
the stress of surgery or infection and a self-limited asymptomatic rise 
in bilirubin may occur. There are also many drugs that can cause injury 
to the liver and an examination of the patient’s medications and doses, 
including any herbal or recreational agents used, is important when 
searching for an etiology of jaundice.

DIARRHEA

■■ INTRODUCTION
The occurrence of gastrointestinal complications in the critically ill 
patient is common.31 A multicenter study of 400 patients conducted in 
Spain in 1999 found that diarrhea complicated 15% of patients admitted 
to the ICU.32 A similar study of over 1300 ICU patients published 10 years 
later reported a 14% incidence of diarrhea.33 The occurrence of diarrhea 
continues to complicate the care of ICU patients and its management is 
an ongoing challenge, especially in the face of recommendations for ear-
lier and more aggressive enteral feeding.34,35 This section will discuss the 
approach and management to diarrhea that develops in the critical care 
patient, followed by a separate discussion of Clostridium difficile.

■■ CAUSES OF DIARRHEA IN CRITICAL CARE
While diarrhea can be classified into osmotic, secretory, infectious, or 
noninfectious, the causes of diarrhea in the critically ill patient can be 
simplified to those due to infection, medication, oral or enteral feeds, 
or preexisting intestinal disorders of absorption or motility. Most diar-
rhea in the ICU is acute in onset (<14 days) as opposed to persistent  
≥14 days or chronic ≥4 weeks.36 Infection must always be considered 
and ruled out in any new-onset diarrhea (see Fig. 104-4 and Tables 104-3 
and 104-4). A careful history including any collateral information from 
the patient’s family or close associates may reveal a preexisting condition 
such as lactose intolerance, celiac disease, inflammatory bowel disease, 
or irritable bowel syndrome. Investigation generally involves fecal speci-
men analysis for common bacterial and viral pathogens, and assessment 
for the presence of fecal toxins when infection with C difficile or entero-
toxigenic/enterohemorrhagic bacteria is suspected. Routine testing for 
ova and parasites is not cost-effective for the majority of patients,37 but  

should be considered in the setting of persistent diarrhea, patients with a 
history of travel to a high risk area, and immunocompromised patients.36

Medications are another cause of diarrhea by a variety of mecha-
nisms. Antibiotics are frequently associated with diarrhea by altering 
the colonic flora, and laxatives and prokinetics increase intestinal  
motility. Acid-suppressive medications also have an inherent propensity 
to cause diarrhea (up to 7% of proton-pump inhibitors) and many oral 
electrolyte formulations or antacids are known irritants to the gastroin-
testinal mucosa (magnesium, phosphates). A study of 27 ICU patients 
treated for constipation showed 70% of them subsequently developed 
diarrhea,38 and another study showed diarrhea resolved in over 25% of 
patients following the discontinuation of laxative therapy.39 Many oral 
medications are hyperosmolar and/or contain sorbitol which can cause 
GI intolerance especially when given in large volumes. Sorbitol is a sugar 
alcohol that is used as a sweetener in many oral liquid medications and 
is known to cause osmotic diarrhea and cramping when ingested in 
amounts over 10 to 20 g in healthy volunteers.40 The amount of sorbitol 
is often not specified on medication labels as it is an inactive ingredient, 
and thus the amount of sorbitol being delivered to a patient is often dif-
ficult to determine.

■■ MANAGEMENT OF DIARRHEA IN CRITICAL CARE
Fluid and electrolyte repletion is an important initial therapy as large-
volume diarrhea can quickly lead to significant fluid, electrolyte, and 
acid-base disturbances; repletion should be accomplished via the intra-
venous route until the etiology of the diarrhea is determined.

The patient’s medication list should be examined for causative agents 
and these should be discontinued or substituted with alternative medica-
tions or routes of administration when appropriate. Sorbitol-containing 
liquid medications should be discontinued and sorbitol-free formula-
tions or crushed tablets used when available. Dilution of any necessary 
hyperosmolar medications should be considered.41,42

Antimotility and antidiarrheal agents should be reserved for those 
patients whose diarrhea persists despite the identification and treatment 
of the underlying cause. C difficile infection should specifically be ruled 
out as antimotility agents in this setting can precipitate the develop-
ment of a toxic megacolon.43 Antimotility agents include loperamide, 
diphenoxylate/atropine, and oral narcotic derivatives. Loperamide is 
advocated as the medication of choice as it has the lowest risk of central 
nervous system adverse effects.42 Bismuth subsalicylate is less effective 
than loperamide and lacks supporting data to recommend its use.44 
Cholestyramine is effective in the treatment of diarrhea caused by bile 
acid malabsorption (eg, patients with short bowel syndrome, terminal 
ileum resection, postcholecystectomy) but given concerns about binding 
to other medications—most notably oral vancomycin45—and the lack of 
data outside of these specific patient populations, its general application 
is not recommended.

The composition of enteral nutrition formulas (ENF) can also be 
responsible for diarrhea and modification of these components can  
bring resolution.31 ENF with high osmolality may cause diarrhea, 
especially when being fed directly into the small bowel, and changing 
to a lower osmolality formula may alleviate diarrhea.46,47 Some ENF 
may contain poorly absorbed and rapidly fermentable short-chain 
carbohydrates collectively termed FODMAPs (fermentable, oligo-, di-, 
monosaccharides, and polyols).41,48 These act similarly to undigested 
lactose and include fructooligosaccharides (FOS), galactooligosaccha-
rides (GOS), and fructose. FODMAPs significantly increase output from 
the small bowel due to osmotic effects and present rapidly fermentable 
substrates to colonic bacteria with subsequent excessive and ongoing gas 
production. Dietary FODMAPs have even been shown to induce symp-
toms in healthy volunteers,49,50 and their role in intestinal dysmotility in 
the ICU is an area of active research.

Fiber is also often incorporated into the ENF or be added as a supple-
ment. Fiber can be classified as soluble or insoluble, and each has different  
effects. Soluble fibers, typically found in fruits and vegetables51 (eg, partially  
hydrolyzed guar gum, fructooligosaccharides, pectin, inulin, psyllium), are 
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fermented by colonic anaerobic bacteria to short-chain fatty acids.42 These 
fatty acids are a preferred fuel for colonocytes and may mitigate diarrhea 
by improving sodium and water reabsorption in the colon.52 Insoluble 
fibers, typically found in whole grains (eg, cellulose and hemicellulose) 
may decrease diarrhea by increasing stool bulk and absorbing water.42,51 
Many types of fiber have been studied in the prevention and treatment  
of diarrhea in patients. Conflicting meta-analyses have been pub-
lished53,54 although the more recent analysis including over 1700 patients  
in 51 studies showed a reduction in the incidence of diarrhea with fiber 
supplementation of enteral feeds.53 The SCCM and ASPEN guidelines 
state that the use of soluble (but not insoluble fiber) may be useful in 
patients who develop diarrhea while receiving enteral nutrition.34

Modification of the microflora of the gastrointestinal tract is another 
area of active investigation and its role in the ICU has yet to be deter-
mined. Probiotics are a preparation or product containing viable defined 
microorganisms in sufficient numbers which alter the microflora by 
implantation or colonization in a compartment of the host and that exert 

FIGURE 104-4.  Algorithm for evaluation of acute diarrhea. FODMAPs, fermentable, oligo-, di-, monosaccharides, and polyols.
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  TABLE 104-3    Common Causes of Acute Infectious Diarrhea in Developed Countries

Bacteria Salmonella, Campylobacter, Shigella, E coli 0157, Clostridium difficile

Viruses Caliciviruses (eg, norovirus), rotavirus, adenovirus, astrovirus

Protozoa Cryptosporidium, Giardia, Cyclospora, Entamoeba histolytica

  TABLE 104-4    Major Causes of Chronic Diarrhea

Osmotic •	 Carbohydrate malabsorption
•	 Mg, PO

4
, SO

4
 ingestion

Fatty •	 Malabsorption (mucosal disease, short bowel, bacterial  
overgrowth, ischemia)

•	 Maldigestion (pancreatic exocrine insufficiency, inadequate bile)

Inflammatory •	 Inflammatory bowel disease (ulcerative colitis, Crohn,  
diverticulitis)

•	 Infectious (C difficile colitis, invasive bacteria, or  
ulcerating viruses)

Secretory •	 Addison disease
•	 Bacterial toxins
•	 Bile salt malabsorption
•	 Congenital syndromes
•	 Drugs and poisons
•	 Dysmotility (postvagotomy, postsympathectomy, diabetic  

autoimmune, hyperthyroidism, irritable bowel)
•	 Inflammatory bowel disease (ulcerative colitis, Crohn,  

lymphocytic, collagenous colitis, diverticulitis)
•	 Laxatives
•	 Neuroendocrine tumors
•	 Neoplasia (villous adenoma, colon cancer, lymphoma)
•	 Postcholecystectomy
•	 Vasculitis
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beneficial effects in the host. Prebiotics are nondigestible food ingredi-
ents that beneficially affect the host by selectively stimulating the growth 
or activity of one or a limited number of bacteria in the colon, and thus 
improve the health of the host. Synbiotics are a combination of prebiotics  
and probiotics able to modulate gut immunity and facilitate nutrient/
factor interaction necessary for gut recovery.55 A review of the literature  
by Isakow in 2007 found no evidence for the use of probiotics in 
critically ill patients.56 The SCCM/ASPEN Clinical Practice Guidelines 
published in 2009 state there exist insufficient data to make recommen-
dations for general usage in the ICU population.34 There are currently 
a number of active trials investigating their use in the ICU population.

Finally, the method of delivering enteral feeds can also cause diarrhea 
with continuous feeding potentially having a lower incidence compared 
with intermittent feeding.57,58 Bacterial contamination of enteral feeds 
has also been postulated as a cause of diarrhea although data for this 
are lacking.34

■■ CLOSTRIDIUM DIFFICILE
The Clostridium difficile bacillus was first described in 1935, although 
its association with disease was not identified until 1978.59 Clostridium 
difficile infection (CDI) has become an increasingly common cause of 
health care–associated diarrhea and an increasingly common reason for 
admission to the intensive care unit (ICU).60-63

The prevalence of asymptomatic colonization with C difficile is 7% to 
26% among adult inpatients in acute care facilities.43 The primary reser-
voirs of C difficile are colonized or infected patients and contaminated 
environments and surfaces within hospitals.64 Recently, there have been 
major outbreaks of CDI in North America, England, Europe, and Asia, 
and the emergence of more virulent strains is leading to greater numbers 
of infected patients with greater disease severity and mortality.63,65-67

Pathogenesis of Clostridium Difficile:  C difficile is an anaerobic gram-
positive spore-forming bacillus that most commonly exists in a veg-
etative form that is readily killed by even brief exposures to oxygen.68 
When in its spore form, it is heat stable and resistant to gastric acid 
and many ethanol-based disinfectants. It is transmitted via the fecal-
oral route, from person to person and fomite to person.

In healthy adults, the colon contains more than 500 species of bacteria,69  
some of which antagonize the adherence and proliferation of C difficile 
in the colonic crypts. Creation of a suitable local environment allows 
C difficile reproduction and the generation of toxins, thereby establish-
ing CDI. The pathogenesis of CDI is dependent on the three events:  
alteration of normal fecal flora, colonic colonization with toxigenic  
C difficile, and growth of the organism and elaboration of its toxins.64

C difficile toxin A (enterotoxin) and B (cytotoxin) are both exotoxins. 
Toxin B is more potent (up to 10×) than toxin A and demonstrates 
cytotoxic effects,68 but both cause increased vascular permeability by 
opening tight junctions between cells. They both induce the produc-
tion of TNF-α and proinflammatory cytokines which contribute to the 
associated inflammatory response and formation of colonic pseudo-
membranes. The majority of toxigenic C difficile strains produce both 
toxins, but approximately 1% to 2% of strains in the USA are negative 
for toxin A.43

In 2002, hospitals in Quebec, Canada, began experiencing an epi-
demic of CDI with over 14,000 nosocomial cases reported between 
2003 and 2004 with a mortality rate of almost 14% (historic controls 
had 2% mortality).43,66 Similar outbreaks were also reported in a hand-
ful of US states. In 2005, the NAP1/B1/027 epidemic strain of C difficile 
was reported as the causative strain in these outbreaks with its increased 
virulence traced to its ability to produce 16 × more toxin A and 23 × 
more toxin B than control strains, as well as uniformly carrying the gene 
for binary toxin.66 Further studies demonstrated this strain to have resis-
tance to fluoroquinolone antibiotics that was new when compared to 
historic isolates.65 A recent assessment shows this strain has now spread 
to over 40 US states and 7 Canadian provinces, and caused outbreaks in 
England, Europe, and Asia.43,62,63 Infection with this strain may mean a 

reduced time from the development of symptoms to severe disease and 
thus require more aggressive therapy and monitoring.70,71

Identified risk factors for the development of CDI include age ≥65 years,  
increased duration of hospitalization, exposure to antimicrobial agents 
(with longer exposure and exposure to multiple antimicrobials increas-
ing this risk), cancer chemotherapy, gastrointestinal surgery, and gastric 
acid suppression.43,68 Prognostic factors for poor outcome following CDI 
include advanced age, comorbidities, decreased antibody response to the 
infection, gastric acid suppressants, the need to prolong inciting antibi-
otic therapy, immunodeficiency, and ICU admission.62,71

Clinical Presentation of Clostridium Difficile:  CDI symptoms present at 
a median of 2 to 3 days after colonization. Typical clinical features 
consist of watery, grossly nonbloody diarrhea and abdominal pain. 
Systemic features can include fever, anorexia, nausea, malaise, and 
a leukocytosis. Severe disease can develop a colonic ileus and toxic 
dilation with minimal or no diarrhea. Complications of CDI include 
dehydration, electrolyte imbalances, hypoalbuminemia, renal failure, 
toxic megacolon, colonic perforation, SIRS, sepsis, shock, and death. 
Fulminant colitis occurs in 1% to 3% of patients and the hospital  
mortality associated with toxic megacolon is reported as 24% to 38%.64,72

Diagnosis of Clostridium Difficile:  Diagnosis is made based on a com-
bination of clinical and laboratory information. Recently published 
US and European guidelines have better defined this disease and its 
treatment.43,71,73 CDI is defined by the presence of symptoms (usually 
diarrhea) and either a stool test positive for C difficile toxins or toxigenic 
C difficile, or colonoscopic or histopathologic findings revealing pseu-
domembranous colitis. Laboratory testing should only be performed on 
diarrheal stool unless ileus due to CDI is suspected, and it is not recom-
mended to test asymptomatic patients or use as a test of cure.68 Although 
stool culture is the most sensitive test, it requires 2 to 3 days for results. 
Enzyme immunoassays (EIA) for toxin are rapid but have historically 
had poor sensitivity. However, newer EIA and polymerase chain reac-
tion tests for toxin have high sensitivity and specificity rates.74 Since no 
testing strategy is 100% sensitive and specific, clinical suspicion and 
consideration of patient risk factors remain important in making clinical 
decisions about treatment.43,71 This is particularly important for the up 
to 37% of fulminant CDI that present with ileus rather than diarrhea.

In CDI patients with ileus, and some with diarrhea, the diagnosis can 
sometimes be made endoscopically. Pseudomembranes are islands of 
neutrophils, fibrin, mucin, and cellular debris that can be appreciated 
histologically or on direct visualization via endoscopy.64 Of the patients 
who are diagnosed with combined laboratory and clinical criteria, 
approximately 50% of these cases will have pseudomembranes on direct 
visualization or on histopathologic examination, but the percentage 
with pseudomembranes in severe disease can be as high as 85%. Thus, 
although endoscopy is not a sensitive test, the visualization of pseudo-
membranes is sufficiently specific to confirm the diagnosis of CDI.

Radiographic imaging may also provide information suggestive of 
CDI. Abdominal x-ray may show “thumbprinting” which is representa-
tive of colonic haustral thickening that can be seen in any form of colitis. 
Abdominal computed tomography (CT) is a more sensitive test to assess 
for radiographic features of colitis (see Fig. 104-5).61 In the authors’ 
experience, an advantage of CT lies in its ability to help identify the 
etiology of undifferentiated severe abdominal sepsis while confirmatory 
laboratory testing is pending. A patient hospitalized with new onset 
abdominal sepsis, diarrhea, and pancolitis on CT scan has CDI until 
proven otherwise and requires immediate empiric therapy.
Treatment of Clostridium Difficile 

Medical  Medical therapy for CDI largely revolves around antibiotic ther-
apy and supportive care. The various society guidelines vary depending 
on the severity of disease, with most recommending for severe cases 
the use of oral vancomycin alone or in combination with intravenous 
metronidazole. There are also a number of other important aspects for 
CDI management. First, the inciting antibiotics should be discontinued 
if possible. In severe cases, empiric therapy should be initiated as soon as 
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the diagnosis is suspected and not delayed for laboratory confirmation. 
Antiperistaltic agents should be avoided as they may obscure symptoms 
and precipitate toxic megacolon. Also, appropriate infection control 
measures including glove and gown contact precautions for the duration 
of the diarrhea, hand hygiene compliance, and private rooms for CDI 
patients should be instituted.

In addition to these standard therapies, multiple adjunctive thera-
pies have been proposed but generally lack sufficient evidence to 
recommend. For example, both the US and European guidelines state 
there is no role for the use of probiotics in the treatment or preven-
tion of CDI.43,71 Similarly the data on the effectiveness of IVIG are not 
particularly compelling and until sufficient evidence is available its 
use is not recommended. In vitro and animal data showed that both 
cholestyramine and colestipol bind the toxins produced by C difficile.45 
Unfortunately, these agents also bind vancomycin, thereby decreasing 
the amount of active drug available. Given the lack of evidence and the 
current recommendation for vancomycin as first-line therapy for severe 
CDI, anion-exchange resins are not recommended. Fecal transplanta-
tion is another treatment that has recently shown promise for recurrent 
CDI, but it similarly at present has no role in acute severe CDI.

There are a number of antibiotics whose role in CDI is evolving.75 
Nitazoxanide, an antiprotozoal drug, has been shown to be at least as 
effective as both metronidazole and vancomycin in small randomized 
controlled trials.73,76 Although not available in the United States, the 
use of teicoplanin is endorsed by both US and European guidelines as 
being equally efficacious to vancomycin and metronidazole. Rifaximin 
is an antibiotic with minimal absorption in the gastrointestinal tract 
after oral administration that has been reported to be effective against  
C difficile.77 Fidaxomicin is a new nonabsorbed macrocyclic antibi-
otic that has recently has been approved by the US Food and Drug 
Administration for treatment of C difficile, with studies suggest it 
is noninferior to oral vancomycin in mild to moderate CDI cases.78

Surgical  Surgical therapy for CDI is indicated for toxic megacolon, 
perforation, failure of medical therapy, and fulminant disease. While 
the former two indications are relatively easy to identify, the latter two 
can be more difficult. Clinical response to medical therapy may take  
48 to 72 hours to manifest.79 Multiple retrospective series have sought 

to identify predictive factors that could be applied to decide when such 
patients would benefit from an early colectomy.61,80-82 Certain factors 
such as lactate level of 5.0 mmol/L or greater,61 WBC >3780 or >50,61 use 
of preoperative vasopressors, preoperative single or multiorgan failure, 
and immunosuppression have been identified as predictive of mortality. 
While there are no prospectively validated data to confirm the clinical  
utility of these factors, it is the opinion of the authors that after the 
initial resuscitation and institution of antibiotic therapy of patients with 
CDI admitted to the ICU, any new onset or worsening of existing organ  
failure, increasing lactic acidosis, increasing WBC, or the requirement 
for vasoconstrictor medications for support should prompt consider-
ation of surgical therapy, with a lower threshold applied to those who 
are immunocompromised.

The gold standard surgical treatment for severe CDI currently is a 
total abdominal colectomy with sparing of the rectum and creation of 
an end ileostomy.83 Unfortunately, this operation is associated with high 
mortality and morbidity. In a retrospective analysis of the Quebec 2003-
2005 CDI outbreak series, following adjustment for several confounders, 
the group undergoing this surgery had lower mortality (adjusted odds 
ratio of 0.22; 95% CI, 0.07-0.67; p = 0.008) versus those managed non-
operatively61; but the 30-day mortality for the surgical group was 34%! A 
recent long-term follow-up study of patients treated with colectomy for 
CDI found 1-year, 2-year, 5–year, and 7-year mortality of 68.5%, 79.6%, 
88.9%, and 90.7%.72 In an effort to improve outcomes, another surgical 
technique—a diverting loop ileostomy and colonic lavage—has recently 
gained favor. A preliminary study using this new approach suggested a 
much lower early mortality of only 19%.84 Further studies are ongoing to 
better define the optimal surgical approach.83

INTESTINAL OBSTRUCTION
Intestinal obstruction develops when air and secretions are prevented 
from passing normally as the result of mechanical blockage. Mechanical 
blockage can occur due to extrinsic compression of the bowel, or intrin-
sic obstruction from an abnormality of the bowel wall or intraluminally 
(see Tables 104-5 and 104-6).

Obstruction can occur at any point along the entire gastrointestinal 
tract from oropharynx to anus. It is classified in a number of important 
ways that direct management:

•• Anatomical location (ie, esophageal, gastric, small bowel, colonic)
•• Complete or incomplete
•• Mechanism (ie, adhesions, masses, hernia, volvulus)

Additionally, for obstruction caused by hernias, it is important to 
determine whether the contents of the hernia (ie, the portion of the 
intestine stuck in the hernia sac) are incarcerated (cannot be reduced 
to their normal anatomical location with physical manipulation) or 
strangulated (compromised blood flow resulting in bowel ischemia). 
Obstruction can occur at a single point in the bowel or at two points in 
a loop, termed a closed-loop obstruction. A closed-loop obstruction can 
occur (1) within hernias where the bowel is obstructed at the entrance 
and exit point of the hernia, (2) with adhesive obstructions where 

  TABLE 104-5    Causes of Small Bowel Obstruction in Adults

Extrinsic Intramural Intraluminal

•	 Adhesion
•	 Hernia
•	 Tumor, metastatic disease
•	 Volvulus
•	 Abscess, hematoma
•	 Pancreatic pseudocyst
•	 Drains
•	 Tight stoma

•	 Tumor
•	 Stricture
•	 Hematoma
•	 Intussusception
•	 Enteritis

•	 Tumor
•	 Gallstone
•	 Foreign body
•	 Bezoar
•	 Worms

FIGURE 104-5.  Abdominal CT with classic findings of C difficile including diffusely thick-
ened colon and ascites. (Used with permission of LN Tremblay, MD.)
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the bowel twists around a fixed point, (3) with any volvulus (colonic, 
gastric, small bowel), (4) and potentially with colonic obstruction in a 
person with a competent ileocecal valve that will not allow the colonic 
contents to reflux and decompress in a retrograde fashion into the small 
bowel. The importance in classifying the nature of the obstruction is to 
assess for the presence of, and determine the risk of, bowel ischemia. 
Conditions that result in compromised viability of the bowel or those 
that have no meaningful chance of spontaneous resolution require 
emergent operation. Obstruction that does not result in immediate or 
impending bowel ischemia can be given a trial of nonoperative manage-
ment depending on the likely underlying etiology.

■■ WORKUP OF BOWEL OBSTRUCTION AND MANAGEMENT
The investigation of intestinal obstruction depends on important clues 
from the history if available, physical examination, and appropriate 
radiologic imaging. A history of clinical obstructive features (vomiting, 

obstipation, bloating) can make the diagnosis, and history of previous 
malignancies and abdominal operations can provide clues regarding 
the etiology and location of the obstruction along the gastrointestinal 
tract. A physical examination is essential to exclude hernias or rectal 
obstruction as an etiology, as well as to assess for any signs of peritoneal 
irritation that may indicate complications of obstruction such as isch-
emia or perforation. An approach to the evaluation of ileus with or with-
out abdominal distension is presented in Figure 104-6. Although many 
modalities for imaging intestinal obstruction exist, none is as singularly 
useful as a CT scan of the abdomen.

■■ SMALL BOWEL OBSTRUCTION
Small bowel obstruction (SBO) is a common clinical problem (see 
Table 104-5 for causes) and is due to adhesions from previous surgery in 
60% of cases, and may occur in up to one-third of all patients who have 
abdominal surgery.85 The Eastern Association for the Surgery of Trauma 
Practice Management Guidelines for the Management of Small Bowel 
Obstruction state that all patients being evaluated for SBO should have 
plain abdominal films to differentiate obstruction from nonobstruction, 
and inconclusive plain films for complete or high-grade obstruction 
should have a CT of the abdomen.86 In detecting a high-grade small bowel 
obstruction, abdominal plain films are as sensitive as CT.86 The American 
College of Radiology guidelines corroborate this approach, as it lists CT 
of the abdomen (with intravenous contrast but not oral contrast) as the 
most appropriate radiologic investigation of a suspected complete or 
high-grade partial small bowel obstruction. CT can provide information 
regarding the presence or absence of obstruction, its anatomical location, 

  TABLE 104-6    Causes of Large Bowel Obstruction in Adults

Common Less Common

•	 Cancer (primary, metastatic)
•	 Volvulus (sigmoid > cecal)
•	 Diverticulitis
•	 Hernia
•	 Anastomotic stricture
•	 Ogilvie (pseudoobstruction)

•	 Fecal impaction
•	 Foreign body
•	 Intussusception
•	 Inflammatory or ischemic stricture
•	 Extrinsic compression (tumor,  

metastases, pseudocyst, hematoma)

Ileus ± abdominal
distension

Consult
surgery

Concerning
abdominal exam?

X-ray ±
bedside U/S

No Yes

Ascites

Free air Consult surgery

Colon only
Bowel distension
± air fluid levels

Small bowel
only

CT ± surgery consult
to R/O obstruction

Normal
Tumor or
stricture

Feces

DisimpactionConsult surgery
Risk factors or signs of possible volvulus,

bowel ischemia, or tumor?

Manage as ileus/
pseudoobstruction

Surgery consult
± CT

Unresolved

YesNo

Small bowel &
colon

Rectal exam

Medical management &
diagnostic ± therapeutic tap

FIGURE 104-6.  Algorithm for evaluation of ileus ± abdominal distension.
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the degree of the obstruction, the presence of complicating features such 
as ischemia or perforation, as well as if any other intra-abdominal cause 
of ileus is present should no obstruction be found. Recent studies have 
demonstrated CT to have an accuracy of 85% to 100%86,87 in diagnosing 
strangulation, with accuracy increased when combined with classical 
clinical criteria such as the presence of tachycardia, fever, abdominal  
tenderness, and leukocytosis.87 CT findings suggestive of ischemia 
include mesenteric haziness, reduced wall enhancement, wall thickening, 
mesenteric fluid, mesenteric venous congestion, and ascites.

A partial small bowel obstruction can be treated successfully 
with nonoperative management in over 80% of cases, with a risk of  
progression to strangulation in 3% to 6%. As the vast majority of patients 
being treated nonoperatively improve within 48 hours, those that do 
not improve after such a trial should with rare exception be taken for 
surgery. Patients with complete small bowel obstruction require surgery 
with resection of compromised bowel in approximately 30% of cases.86 
As mortality is increased by up to sevenfold when an operation is per-
formed for intestinal strangulation compared with simple obstruction, 
earlier surgery is preferred. Of note, there is no evidence supporting 
the use of routine antibiotics as adjunctive therapy in the nonoperative 
treatment of small bowel obstruction, and as such, antibiotics should 
only be used for patients with signs of intestinal compromise who are on 
their way to the operating theatre. There is also no evidence of benefit 
of long intestinal tubes over conventional oro- or nasogastric tubes.86

■■ LARGE BOWEL OBSTRUCTION
The investigation and management of large bowel obstruction have 
evolved considerably over the last decade. Etiologies of large bowel 
obstruction are listed in Table 104-6, with the most common causes in 
North America being malignancy (60%), volvulus (10%-15% of which 
75% are sigmoidal and 20% cecal),88 and strictures (10%). Large bowel 
obstruction can be diagnosed on plain abdominal x-rays with a sensitiv-
ity of 84%,89 although differentiation from acute colonic pseudoobstruc-
tion may require additional imaging. When differentiating acute colonic 
pseudoobstruction from true obstruction, the use of a rectal contrast 
study is recommended. This may be in the form of a water-soluble 
enema or potentially CT scan with rectal contrast. Use of barium con-
trast is contraindicated in an obstructed colon as it is not necessary to 
make the diagnosis of obstruction, it can precipitate barium peritonitis 
in the setting of compromised bowel at risk of perforation, and its reten-
tion in the bowel will hamper any future radiographic imaging as it is 
extremely radiodense and causes significant artifact. A water-soluble 
contrast enema may be used in the investigation of volvulus where plain 
abdominal films are not diagnostic, but CT scan (± rectal contrast) is 
being increasingly used to diagnose these conditions.90

Management of volvulus of the sigmoid colon is emergent endoscopic 
detorsion and elective resection to prevent recurrence, or emergent  
surgical exploration in the setting of bowel compromise.91 Cecal volvu-
lus generally does not respond to endoscopic therapy and thus emergent 
surgery is the procedure of choice. Similarly, malignant colonic obstruc-
tion generally requires surgical resection for definitive management, 
although sometimes either endoscopy or interventional radiology can 
place stents in nonoperative candidates.92,93

■■ AN APPROACH TO ILEUS AND/OR FEED INTOLERANCE IN THE ICU
Unfortunately, up to 60% of ICU patients will experience gastrointestinal 
symptoms during their stay.31-33 Both surgical and nonsurgical ICU patients 
often have multiple causes for ileus or pseudoobstruction (Table 104-7), in 
addition to being at risk for mechanical bowel obstructions. An algorithm 
for assessing ileus and/or abdominal distension is provided in Figure 104-6.  
In the case of a likely mechanical obstruction, remember that delay in 
surgical management increases morbidity and mortality.94 Indeed, even 
experienced surgeons have been shown to be able to accurately predict the 
development of intestinal ischemia in only 50% of cases of complete small 
bowel obstruction.95 Thus, if mechanical obstruction is high on the differ-
ential, early surgical consultation should be obtained.

PSEUDOOBSTRUCTION
Paralysis of the gastrointestinal tract, or ileus, is a common response 
in patients undergoing abdominal surgery, but it can also develop in 
response to a number of acute extra-abdominal and intra-abdominal 
conditions (see Table 104-7). Studies have demonstrated that ileus 
complicates up to 40% of ICU patients who have not had antecedent 
abdominal surgery.32,33

The pathophysiology of ileus is incompletely understood, although is 
best described as multifactorial, involving abnormalities of the enteric 
nervous system, autonomic nervous system, neurohormonal pathways, 
and local and systemic inflammatory processes.96-98 Vasoactive intestinal 
peptide, substance P, and nitric oxide have all been shown to play a 
role in the development of postoperative ileus. The body’s inflamma-
tory response, whether as a result of direct intestinal manipulation by 
surgeons or from systemic illness, also plays a significant role in the 
development of ileus and helps explain the frequent occurrence of this 
condition in nonsurgical ICU patients.32,98

Postoperative ileus is manifested by atony of the stomach, small 
bowel, and colon that usually resolves spontaneously within a few days. 
Typically the small bowel regains motility first, followed by the stom-
ach then colon. Initial therapy is directed at identifying and correctly 
reversible causes (see Table 104-7) and providing relief of symptoms 
such as distension, nausea, or vomiting. Many studies have investigated 
methods of preventing or shortening the duration of postoperative ileus. 
While no such methods are universally accepted nor employed, the  
following have support for their use in the literature: laparoscopic surgical 
technique,98 postoperative gum chewing,99,100 judicious perioperative 
intravenous fluid administration,101-103 nonopioid pain control medica-
tions (eg, NSAIDS),98 use of local anesthetic epidural anesthesia instead 
of epidural or systemic narcotics,104 and most recently, alvimopan105 and 
methylnaltrexone.106 Use of promotility agents such as erythromycin107  
or metoclopramide have not been shown to decrease postopera-
tive ileus,108,109 although they are useful in assisting with enteral feed  
tolerance in ICU patients and diabetic gastroparesis.34 It is important to 
note that according to the SCCM/ASPEN guidelines, in the ICU setting 
the resolution of clinical ileus is not required in order to initiate enteral 
nutrition, and in fact, NPO status may prolong ileus.34

Ileus without antecedent abdominal operation also commonly occurs 
in the ICU. Although the treatment of ileus in these patients is the 
same, it is important that the etiology is clarified sufficiently to exclude  
anything more ominous that may require surgery or other interventions. 
Similarly, when an ileus persists for an inappropriate length of time, 

  TABLE 104-7    Causes and Risk Factors of Intestinal Pseudoobstruction

Intra-abdominal •	 Postoperative
•	 Prolonged mechanical bowel obstruction
•	 Trauma
•	 Peritonitis (chemical, infectious, autoimmune)
•	 Impaired bowel perfusion

Retroperitoneal •	 Orthopedic, spinal, vascular, renal, or other surgery
•	 Trauma, hematoma, infection
•	 Pancreatitis

Thoracic •	 Myocardial infarction
•	 Infection

Systemic •	 Medications (eg, narcotics, anticholinergics)
•	 Electrolyte imbalances
•	 Increasing age
•	 Bedrest
•	 Uremia
•	 Sepsis
•	 Neurologic disorders, spinal cord injury
•	 Hypothyroidism, hypo/hyperparathyroidism
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investigation for an underlying obstructive or otherwise sinister etiology 
(eg, such as an intra-abdominal abscess) should be considered.

■■ ACUTE COLONIC PSEUDOOBSTRUCTION
In 1948, Sir William Heneage Ogilvie described two cases of colonic 
dilation without obstruction,110 a phenomenon which was subsequently 
called Ogilvie syndrome. In the early 1980s, the term acute colonic pseu-
doobstruction (ACPO) was introduced.111

ACPO is characterized by massive colonic dilation with symptoms 
and signs of colonic obstruction without mechanical blockage.112 Although 
its exact prevalence is unknown, it most often affects those in their 
sixth decade of life with a slight male predominance (60% males).113 It 
is reported to occur in approximately 1% of orthopedic procedures,114 
but is almost exclusively restricted to hospitalized or institutionalized 
patients with serious underlying medical and/or surgical conditions. 
Complications occur in 3% to 15% of patients and mortality rate can be 
up to 50%.113,115,116

■■ PATHOGENESIS OF OGILVIE SYNDROME
The exact mechanism of the development of ACPO has not been deter-
mined, but the most accepted theory is an imbalance in autonomic 
output to the colon, produced by a variety of factors, leading to excessive  
parasympathetic suppression or sympathetic stimulation.112,116 Most 
patients who develop ACPO have multiple predisposing factors that 
include certain drugs, recent trauma or operation, infections, and meta-
bolic disturbances (see Table 104-7).

■■ CLINICAL PRESENTATION OF ACPO
ACPO is characterized by abdominal distension, pain, nausea ± vomiting,  
with variable passage of flatus or stools. On examination, the abdomen 
is tympanitic and bowel sounds are typically present. Abdominal disten-
sion usually develops over 3 to 7 days but can occur as rapidly as within 
24 hours.113 The presence of marked abdominal tenderness, fever, and 
leukocytosis raises the suspicion of ischemia or perforation, although 
these findings are neither specific nor reliably sensitive for such com-
plications. Radiographically, plain abdominal x-rays show colonic dila-
tion primarily involving the proximal colon. Concomitant dilation of 
the small bowel suggests an ileus or distal colonic obstruction with an 
incompetent ileocecal valve. A reduction in distal colonic diameter or 
“cutoff sign” may be present, the presence of which begs the dilemma of 
whether there is an actual mechanical obstruction or not.

■■ DIAGNOSIS OF ACPO
The differential diagnosis of ACPO includes mechanical colonic 
obstruction and toxic megacolon. As the name suggests, this disease 
presents with clinical and/or radiographic evidence of obstruction, and 
thus mechanical obstruction must always be ruled out before ascribing 
the patient’s condition to ACPO.

Distal mechanical colonic obstruction can be investigated with rectal 
examination, careful colonoscopy, CT (with IV and/or oral or rectal 
contrast),117 or with a water-soluble (never barium) contrast enema. 
The ASGE guidelines suggest the use of a water-soluble contrast enema 
to rule out obstruction which is reported to have a sensitivity of 96% 
and specificity of 98%.89 Recently, CT with a sensitivity and specificity 
of at least 91% for determining the etiology of large bowel obstruction, 
while simultaneously ruling out complications such as ischemia and 
perforation, or other etiologies for the ileus (eg, tumors, intra-abdominal 
abscesses) has become the most frequently used test. Colonoscopy can 
be diagnostic and therapeutic, but is often contraindicated when isch-
emia or perforation is suspected and can be challenging to perform as 
the bowel is unprepared and insufflation must be kept to a minimum.116

■■ TREATMENT OF COLONIC PSEUDOOBSTRUCTION
Once mechanical colonic obstruction and the presence of any compli-
cating features such as ischemia or perforation have been ruled out, 

the initial therapy of ACPO is supportive and aimed at alleviating any 
predisposing factors and encouraging spontaneous resolution (see 
Fig. 104-7). The major risk factors for complications and poor outcome 
are the amount and duration of colonic distension.113,118 By Laplace law, 
tension in the wall of the cecum is proportional to its radius. When the 
cecal wall tension exceeds that of capillary perfusion pressure, ischemia 
results and this can progress to infarction and perforation. Retrospective 
analysis of over 400 reported cases in the literature has shown that the 
risk of cecal perforation is negligible when its diameter is <12 cm, but 
increases steadily with increasing diameter.113,116 Although duration of 
distension >6 days has been listed as a risk factor in some reviews,112,119 
examination of the primary literature reveals this number is based on 
a series of only 25 patients, five of which perforated, and of note, all 
patients who had cecal dilation for 4 days or less survived.118

Initial therapy includes giving the patient nothing per mouth, placing 
a nasogastric suction catheter to limit swallowed air from contributing 
further to colonic distension, intravenous correction of any fluid or 
electrolyte imbalances (Na, K, Ca, PO4, Mg), investigation for contribut-
ing etiologies such as hypothyroidism and infection, discontinuation of 
any possibly offending medications, and mobilization as much as pos-
sible. Oral laxatives are avoided, particularly lactulose which results in 
further gas production via colonic bacterial fermentation.112 Placement 
of a rectal tube ± tap water enemas may be included. Patients should be 
followed with serial physical examinations, plain abdominal radiographs 
every 12 to 24 hours, and serial laboratory tests including complete 
blood cell count and electrolytes. The reported success rates for this 
approach varies widely from 20% to 92%.120

It is important to note that if at any point during treatment the 
patient’s condition deteriorates, investigation for ischemia and perfora-
tion should be undertaking immediately. Patients who fail to improve 
after 24 to 48 hours of conservative therapy should be considered for 
pharmacological therapy with neostigmine.

Neostigmine is an acetylcholinesterase inhibitor that works by 
increasing the amount of acetylcholine at the muscarinic receptors in  
the bowel (and elsewhere), thereby enhancing colonic motor activity.  
The onset of action is within a few minutes and lasts 1 to 2 hours 

FIGURE 104-7.  Algorithm for management of acute colonic pseudoobstruction.
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when given intravenously. The typical dose is 2 mg IV given over 3 to  
5 minutes and may be repeated once. Contraindications included hyper-
sensitivity to the drug and gastrointestinal or genitourinary mechanical 
obstruction. Caution should be exercised administering neostigmine 
to patients with recent myocardial infarction, asthma, bradycardia, or 
renal failure. The most common side effects are abdominal cramping, 
excessive salivation, and bradycardia.121 Administration of neostigmine 
should only be done with cardiac monitoring and atropine available at 
the bedside. Of note, the administration of neostigmine to a patient with 
a mechanical colonic obstruction can also precipitate bowel perforation.  
To date, neostigmine use for ACPO has been reported in over 140 patients, 
with a pooled success rate of 87% and recurrence rate of 10%.112 A ran-
domized controlled study of 24 patients by van der Spoel et al examined 
the use of an IV infusion of 0.4 to 0.8 mg/h of neostigmine to treat 
colonic ileus in mechanically ventilated critically ill patients.122 The 
study found significant success in obtaining stool passage, but an exclu-
sion criterion of the study was Ogilvie syndrome, and thus these results 
are not immediately generalizable to critical care patients with ACPO.

Sgouros et al performed a randomized controlled trial investigating 
the effect of administration of polyethylene glycol (PEG) solution after 
decompression of ACPO with the aim of decreasing recurrence rates.123 
Their study of 30 patients revealed a significant reduction in relapse  
(0 of 15 as compared with 5 of 15 patients) after the daily administration 
of 29.5 g of PEG in 500 mL of water in two divided doses for 1 week.123

The use of lidocaine infusions to reduce the duration of postoperative  
ileus is also an area of active investigation.124,125 Success with treatment  
of colonic pseudoobstruction with IV naloxone has also been reported.126 
Methylnaltrexone and alvimopan, both peripherally acting opioid 
antagonists, have recently been introduced to clinical practice and 
although they have not yet been reported to help with ACPO, their  
utility in treating opioid-induced bowel dysfunction is a promising area 
of investigation106,127 and studies for ACPO are underway.

Endoscopic decompression for ACPO is now mainly used only 
in those patients who fail neostigmine or have a contraindication to 
its use. Success rates in large retrospective series approach 80% with 
recurrence rates of 20% to 40%.115,116,128 The difficulty in negotiating an 
unprepared bowel with minimal insufflation contributes to the reported 
perforation rate of 2%.120 Placement of a decompression tube has been 
shown to reduce the recurrence rate in some small studies and as such, 
is recommended.112,129,130 Of note, if colonoscopy demonstrates ischemia, 
discontinuation of the procedure and immediate surgical consultation 
are advised.

Surgical management of ACPO is reserved for bowel ischemia or 
perforation. Historical use of surgical management of ACPO resulted  
in mortality rates double that of medical or endoscopic management 
(10%-14% vs 30%-35%).113,115 Thus, surgery is only used for patients 
who fail endoscopic and pharmacologic efforts, and for those in whom 
another indication for surgery exists.

Finally, although percutaneous cecostomy—placed either radiologically  
or endoscopically—has been reported for the treatment of refractory 
cases, experience with this technique is limited. Less than 25 cases have 
been reported for the treatment of colonic pseudoobstruction, and many 
of these were patients with chronic bowel conditions.131-137 Reported com-
plications of this procedure include fecal peritonitis and death,131 and as 
such, this procedure is not currently recommended for ACPO.
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KEY POINTS

•• Aggressive intravenous resuscitation with fluids and blood, and 
airway protection are crucial in the management of the acutely 
bleeding patient.

•• Endoscopy should be performed with therapeutic intent for both 
upper and lower gastrointestinal bleeding.

•• Pharmacologic therapy should be used as an adjunct to endoscopic 
therapy.

•• An early team approach, involving medical, radiologic, and surgical  
personnel, should be implemented.

•• In the setting of severe bleeding or bleeding refractory to endo-
scopic therapy, angiographic and surgical therapies should be 
instituted promptly.

Gastrointestinal (GI) hemorrhage continues to be a frequent indication 
for intensive care management, with estimated rates of acute hospitaliza-
tions of 375,000 annually in the United States.1 Upper GI (UGI) bleeding 
has continued to predominate, with lower GI (LGI) bleeding constitut-
ing approximately 25% of all GI bleeding.2 Despite improved diagnostic 
and therapeutic modalities in the last two decades, the mortality rates 
for upper and lower GI hemorrhage have demonstrated different trends. 
Mortality from UGI bleeding has remained stable at 10%,3-6 which could 
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  TABLE 105-1    Adverse Clinical and Endoscopic Prognostic Indicators

Clinical indicators

  Age >60 years

  Severe comorbidities

  Onset of bleeding during hospitalization

  Emergency surgery

  Clinical shock

  Red blood emesis or NG aspirate

  Requiring >5U PRBCs

Endoscopic indicators

  Major stigmata: active bleeding, visible vessel, adherent clot

  Ulcer location: posterior duodenal bulb, higher lesser gastric curvature

  Ulcer size >2 cm in diameter

  High-risk lesions: varices, aortoenteric fistula, malignancy

  TABLE 105-2    Initial Management of Gastrointestinal Hemorrhage

Maintain two large-bore IV catheters (14- or 16-gauge peripheral IV/central line)

Fluid resuscitate with crystalloids to maintain hemodynamic stability

Transfuse packed red cells to maintain hematocrit >30%

Urgent endoscopy with therapeutic intention for refractory hypotension/shock

Acid-suppression therapy with IV H
2
RAs or PPIs after endoscopic treatment

Platelet transfusion and fresh frozen plasma/recombinant factor VIIa to correct thrombocy-
topenia and coagulopathy

ECG in patients at risk for myocardial ischemia

A nasogastric tube should be inserted if the patient has hematemesis

CVP or Ppw monitoring may be helpful if variceal bleeding is suspected. A CVP 
<10 mm Hg may help prevent recurrent variceal bleeding

Splanchnic vasoconstrictors (octreotide/terlipressin) in variceal bleeding

Empirical antibiotics in variceal bleeding

Consultation with interventional radiology and surgery

be explained by an aging population with a significantly higher GI 
bleeding mortality due to comorbid conditions. In contrast, the mor-
tality from LGI bleeding has decreased dramatically despite an aging 
population, and this is probably due to more aggressive diagnostic and 
therapeutic endoscopic intervention.

The management of GI hemorrhage in the ICU is multidisciplinary, 
involving the intensivist, gastroenterologist, radiologist, and surgeon. A 
successful outcome relies on effective fluid resuscitation, maintenance 
of adequate perfusion pressure, prompt hemostasis, monitoring of end-
organ function, and prevention of multiple-organ failure.

CLINICAL CONSIDERATIONS

■■ PROGNOSTIC FACTORS
Multiple studies focusing primarily on nonvariceal UGI bleeding have 
been designed to define prognostic factors for GI bleeding and to iden-
tify high-risk patients.7-10 A common and pivotal feature of these studies 
is the combined use of clinical variables and endoscopic findings to 
guide risk stratification, thereby stressing the importance of integrat-
ing clinical and endoscopic information for optimal decision making. 
Table 105-1 outlines the clinical and endoscopic indicators associated 
with an increased risk of rebleeding and higher mortality. Other studies 
identified similar prognostic indicators for LGI bleeding.11-13

■■ INITIAL PRESENTATION
GI bleeding is divided into UGI and LGI bleeding based on its location 
proximal or distal to the ligament of Treitz at the junction of the duode-
num and jejunum. UGI bleeding commonly presents with hematemesis 
and/or melena, and a nasogastric (NG) lavage that yields blood or 
coffee-ground material supports the diagnosis. However, it is important 
to note that a negative or bile-stained NG aspirate (indicating an open 
pylorus) does not exclude a UGI source because the bleeding may be 
intermittent.14, 15 In comparison, hematochezia is usually the presenting 
sign of an LGI source. These distinctions based on presenting signs are 
not absolute because melena can be seen with proximal LGI bleeding 
and hematochezia can be present due to massive, brisk UGI bleeding.

■■ INITIAL EVALUATION AND MANAGEMENT
Table 105-2 outlines the initial evaluation and management for GI 
hemorrhage.

Hemodynamic:  Regardless of the etiology and site of GI hemorrhage, 
the initial management should be directed at maintaining hemody-
namic stability by restoring intravascular volume. Intravenous access 
with two large-bore IV catheters should be maintained at all times. 

In the presence of hypotension or hypovolemic shock, prompt fluid 
resuscitation with crystalloids and packed red blood cells is essential. 
Monitoring end-organ perfusion and preventing ischemic organ injury 
improve survival. In particular, coronary and renal perfusion should 
be assessed. An electrocardiogram should be obtained in patients at 
risk for myocardial ischemia, and renal laboratory parameters and 
urine output should be followed to assess for possible prerenal azo-
temia, acute renal failure, and (in cirrhotics) hepatorenal syndrome. 
In the subset of patients with suspected variceal hemorrhage, central 
venous pressure (CVP) monitoring may be useful to prevent sustained 
portal hypertension and recurrent bleeding following aggressive fluid 
replacement, with a goal to maintain a euvolemic status. When left-
sided heart failure coexists, monitoring of pulmonary artery wedge 
pressure (Ppw) may facilitate aggressive fluid resuscitation while 
reducing the risk of cardiogenic pulmonary edema.

Gastrointestinal/Endoscopic:  Prompt identification and hemostasis of 
the source of GI hemorrhage are essential in improving patient out-
come. In the event that initial fluid resuscitation establishes hemody-
namic stability, endoscopy may be performed under stable conditions 
within the first 24 hours of the bleed.16 However, more emergent 
endoscopy with therapeutic hemostatic intent should be considered 
for patients with UGI hemorrhage who cannot be stabilized hemo-
dynamically with intravascular volume resuscitation and continue to 
bleed. For lower GI hemorrhage, some studies have suggested that 
early colonoscopy can identify the source of bleeding and improve 
outcome in patients with lower GI bleeding.17,18 However, other 
studies have not shown a difference in terms of clinical outcomes and 
cost between urgent colonoscopy as compared with routine elective 
colonoscopy in patients with serious lower GI bleeding.19 If there is 
massive lower gastrointestinal hemorrhage, a bleeding scan followed 
by angiography should be considered, as this allows identification of 
the source of bleeding and allows for therapeutic intervention, with-
out the need for bowel prep that often limits the utility of colonos-
copy. Absolute contraindications to endoscopy include suspected GI 
perforation, acute uncontrolled unstable angina, severe coagulopathy, 
untreated respiratory decompensation, and severe patient agitation. 
Apart from perforation, other conditions contraindicating endoscopy 
can be corrected, following which endoscopy should be performed. In 
the face of massive exsanguination, angiography or emergent surgical 
intervention (possibly facilitated by intraoperative endoscopy) should 
be considered instead of endoscopy.

Recent studies have suggested that the prokinetic agent erythromycin, 
given as a single intravenous dose of 250 mg prior to an EGD, improves 
visualization and diagnosis,20 and should be considered for patients 
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expected to have substantial amounts of blood and clots in the stomach.16  
However, prokinetics should not be used routinely, as they were not 
shown to affect important outcomes such as units of blood transfused, 
length of hospital stay, or the need for surgery.21

In the setting of nonvariceal UGI bleeding, acid suppression with 
proton-pump inhibitors is recommended prior to endoscopy, as this may 
downstage the endoscopic lesion and decrease the need for endoscopic 
intervention. An intravenous bolus followed by continuous-infusion PPI 
therapy should be used to decrease rebleeding and mortality in patients 
with high-risk stigmata who have undergone successful endoscopic 
therapy.16,22 In the setting of variceal bleeding, pharmacologic therapy 
with a splanchnic vasoconstrictor such as octreotide and empiric antibi-
otic therapy should be initiated.

Hematologic:  In order to ensure adequate oxygen-carrying capacity 
in the circulation and to prevent end-organ ischemia, the hematocrit 
should be maintained above 30%. It should be noted that the initial 
hematocrit after an acute GI bleed can be misleading because acute 
hemorrhage produces loss of whole blood, and the hematocrit does not 
change initially because the initial loss of plasma and erythrocytes is 
equivalent. Within 24 to 72 hours of the initial bleed, plasma is redis-
tributed from the extravascular to the intravascular space, thus resulting 
in a dilution of the red cell mass and a fall in the measured hematocrit. 
Intravenous hydration with crystalloids compounds this dilutional 
anemia so that red cells should be replaced promptly. In most instances, 
there is sufficient time to allow typing and cross-matching of red cells; 
however, in the setting of massive exsanguination, the transfusion of 
non–cross-matched type-specific blood may be necessary. In the pres-
ence of thrombocytopenia, platelets must be transfused to maintain the 
count above 60,000/µL. Any existing coagulopathy should be corrected 
with fresh frozen plasma; however, this should not delay endoscopy 
in most cases. Studies have demonstrated the ability of recombinant 
activated factor VIIa (rFVIIa) to rapidly correct severe coagulopathy 
in hepatic failure23,24; however, two large studies have not shown a ben-
efit for factor VIIa for upper gastrointestinal bleeding in patients with 
cirrhosis.25,26 During the process of aggressive intravascular volume 
resuscitation, fluids and blood products should be warmed to prevent 
the development of a cold coagulopathy, and the core body temperature 
should be maintained above 35°C.

Pulmonary:  In the presence of active hematemesis, a nasogastric tube 
should be placed to decrease the risk of aspiration. Endotracheal intuba-
tion should be performed for airway protection and to decrease the risk 
of aspiration in the following situations: (1) in the presence of active 
hematemesis and decreased mental status, (2) prior to an emergent 
EGD for active hematemesis, and (3) prior to insertion of an esophageal 
tamponade tube. In the setting of shock, intubation and full mechanical 
ventilatory support are indicated to decrease the oxygen consumption of 
the respiratory apparatus. During the performance of an EGD, signifi-
cant hypoxemia may occur, especially in elderly patients and in those 
with moderate to severe obstructive pulmonary disease (defined as an 
FEV1/FVC ratio of less than 0.6).27 Probable causes include hypoventila-
tion due to sedative agents, the partial airway obstruction produced by 
the endoscope, and aspiration of gastric contents, resulting in broncho-
spasm and ventilation-perfusion mismatch.

Consultation:  Radiology and surgery should be consulted early in the 
course of management. In the setting of nondiagnostic upper or lower 
endoscopy, radiologic modalities offer diagnostic and therapeutic 
options to achieve hemostasis. Emergent surgical intervention is indi-
cated in the exsanguinating patient who may not be stable enough for 
endoscopic or radiologic evaluation.

When endoscopic evaluation is unable to identify the cause of bleed-
ing, the two diagnostic radiologic modalities available are angiography 
and radionuclide scans. As outlined later, angiography with embo-
lotherapy or selective infusion of vasoconstrictors offers therapeutic 
options as well.

The angiographic diagnosis of acute arterial hemorrhage is based on 
visualization of extravasated contrast material in the gastrointestinal 
lumen. Therefore, it only identifies the bleeding site if active bleeding is 
occurring when the study is performed. In addition, the rate of bleed-
ing must be brisk, in the range of 0.5 to 1 mL/min. In the case of brisk 
UGI bleeding, angiography may demonstrate a bleeding site in 75% of 
patients, with most bleeding episodes originating from a branch of the 
left gastric artery. In the setting of LGI bleeding, the average diagnostic 
yield is decreased to about 60%, with diverticular disease and vascular 
ectasia being the most common findings.

Radionuclide studies occasionally aid in the detection of the bleeding 
site. The current radionuclide scan of choice is the 99mTc-pertechnetate-
labeled red blood cell scan. The radionuclide scan offers the ability to 
detect rates of bleeding of less than 0.5 mL/min, and the 48-hour stability 
of the tagged red blood cells allows repeated nuclear imaging for 1 to 2 days 
following administration of the radionuclide in the setting of intermittent 
bleeding. However, a positive radionuclide study localizes the bleeding only 
to an area of the abdomen and cannot define the mucosal location of the 
bleeding site precisely. Therefore, a positive result should prompt a repeat 
endoscopy or angiography to localize the bleeding site precisely.

■■ REBLEEDING
In most instances, the presentation of rebleeding is similar to that of the 
initial episode, and the source is identical to the site of the initial bleed. 
After hemostasis of the initial bleed following spontaneous cessation or 
therapeutic intervention, the patient should be monitored closely for 
rebleeding, especially in the presence of clinical and endoscopic indica-
tors associated with an increased risk of rebleeding (see Table 105-1). 
Most patients who have undergone upper endoscopic hemostasis for 
high-risk stigmata should be hospitalized for at least 72 hours thereafter. 
Apart from the obvious signs of gastrointestinal blood loss characterized 
by melena, hematemesis, or hematochezia, more subtle signs of rebleed-
ing may include tachycardia and hypotension owing to a decreasing 
intravascular volume. Therefore, continuous hemodynamic monitoring 
should be performed following initial hemostasis, and invasive monitor-
ing with a central venous catheter or an arterial line may be considered 
for the patient at high risk for rebleeding. A falling serum hemoglobin 
concentration on serial measurements may suggest a recurrent bleed. 
The management of rebleeding should include immediate repeat endo-
scopic intervention targeted at the initial lesion, followed by radiologic 
or surgical intervention, if necessary. Specific pharmacologic and 
endoscopic interventions for long-term secondary prophylaxis against 
rebleeding will be discussed in the sections that follow.

UPPER GASTROINTESTINAL HEMORRHAGE
With regard to prognosis and treatment, UGI hemorrhage can be 
divided into (1) variceal hemorrhage and (2) nonvariceal hemorrhage.

VARICEAL HEMORRHAGE
Variceal hemorrhage presents as a symptom of decompensated cirrhosis 
in as many as 50% of patients and accounts for about one-third of all 
deaths related to cirrhosis. Mortality is related to hepatic disease severity, 
as defined by the Child-Pugh classification (Table 105-3), with an overall 
mortality estimated at 50%. There are two distinct phases in the course of 
variceal hemorrhage. In the first phase, defined by the initial episode of 
active hemorrhage, only 50% of patients stop bleeding spontaneously (in 
contrast to nonvariceal hemorrhage, in which 90% cease spontaneously). 
The initial bleed is followed by a second phase of an approximately 
6-week duration, defined by a high risk of recurrent hemorrhage, with 
the greatest risk of rebleeding being within the first 48 to 72 hours.

■■ MANAGEMENT
The management of variceal bleeding is outlined in Figure 105-1. In 
addition to multiorgan ischemic injury from hypoperfusion, variceal 
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  TABLE 105-3    Child-Pugh Classification of Hepatic Disease Severity

Points Assigned

Parameter 1 2 3

Ascites Absent Slight Moderate

Bilirubin (mg/dL) <2 2-3 >3

Albumin (g/dL) >3.5 2.8-3.5 <2.8

INR <1.7 1.8-2.3 >2.3

Encephalopathy None Grade 1-2 Grade 3-4

hemorrhage in the setting of cirrhosis predisposes the patient to specific 
derangements, including hepatic encephalopathy, type 1 hepatorenal 
syndrome, and systemic infection. These processes contribute to the 
high mortality associated with variceal bleeding, and therefore, the man-
agement should address these issues in addition to achieving hemostasis 
and hemodynamic stability.

Cardiopulmonary:  Fluid resuscitation should be aimed at achieving 
a euvolemic status because this approach prevents persistent portal 
hypertension and recurrent variceal bleeding.28 To this end, invasive 
hemodynamic monitoring with a central venous catheter can be used 
to guide fluid therapy. In the setting of hypotension that is refractory to 
fluid resuscitation, a peripheral vasoconstrictor such as norepinephrine 

should be the vasoactive agent of choice. Agents that have β2-agonist 
activity, such as dopamine, should be avoided because they potentially 
could cause splanchnic vasodilation and therefore worsen the variceal 
bleed. Splanchnic vasoconstrictors such as octreotide and terlipressin 
(discussed later) can have a beneficial effect on systemic blood pressure 
by diverting blood away from the splanchnic circulation. Endotracheal 
intubation for airway protection is critical, especially in the setting of 
encephalopathy, active hematemesis, or emergent endoscopy.

Infection:  Cirrhosis is characterized by cellular and humoral immune 
dysfunction, and increased bacterial translocation from the gut into 
the bloodstream, facilitating the development of infections. The most 
common bacterial infections are caused by gram-negative bacteria, pro-
ducing spontaneous bacterial peritonitis (25%), urinary tract infections 
(20%), pneumonia (15%), and bacteremia (12%).29,30 The presence of 
infection has been associated with failure to control the initial bleed and 
an increase in the recurrence of rebleeding, likely owing to the induc-
tion of a hyperdynamic circulation and increased portal pressure.31,32 
A recent meta-analysis and systematic review of studies regarding the 
use of prophylactic antibiotics in cirrhotics with upper gastrointestinal 
bleeding concluded that antibiotics reduced bacterial infections, all-
cause mortality, bacterial infection–related mortality, rebleeding events, 
and hospitalization length29; therefore, the administration of antibiot-
ics in the setting of variceal bleeding has become the standard of care. 
Although most of the pertinent studies include a quinolone, the optimal 
choice and duration of antibiotic therapy have not been defined, and 
therefore, the choice of empiric antibiotic therapy should be institution 
specific. One study from Spain showed that intravenous ceftriaxone is 
more effective than oral norfloxacin33; however, this was likely second-
ary to high incidence of quinolone resistance in that patient population. 
The choice of nonfluoroquinolone antibiotic therapy is an important 

Total Score (Five Parameters) Child-Pugh Stage

5-6 A

7-9 B

10-15 C

FIGURE 105-1.  Management of variceal hemorrhage. EST, endoscopic sclerotherapy; EVL, endoscopic variceal band ligation.

Gastric varices: consider EVL/injection with
cyanoacrylate/thrombinEsophageal varices: EVL/EST

Emergent upper GI endoscopy

Suspected or known variceal
hemorrhage

•  Resuscitation, multiple organ support
•  Endotracheal intubation
•  Correct coagulopathy/thrombocytopenia
•  Pharmacologic therapy to decrease portal pressure—octreotide/terlipressin
•  Pan culture: Blood, urine, ascitic fluid; empiric antibiotics

Uncontrolled bleeding:
•  Balloon tamponade
•  TIPS
•  Surgical therapy

Controlled bleeding:
Continue octreotide for 3-5 days
Continue antibiotics for 7 days
Secondary prophylaxis with non selective β-blocker
Consider TIPS/shunt surgery
Consider referral for transplantation
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consideration in cirrhotic patients who have been previously on fluo-
roquinolones for the prevention of spontaneous bacterial peritonitis 
(SBP). It is recommended that intravenous antibiotics be started initially, 
followed by a switch to an oral formulation once the bleeding has been 
stabilized, for a total duration of 7 days. Prior to initiating antibiotic 
therapy, blood, urine, and (if indicated) ascitic fluid cultures should be 
obtained.

Hematologic:  In acute variceal bleeding, both under- and overtransfu-
sion should be avoided.34 Undertransfusion can lead to tissue hypoxia, 
and overtransfusion can lead to rebound portal hypertension, and 
possibly worsening of the acute bleeding episode. One randomized 
prospective study showed that a restrictive strategy of blood transfusion 
with a hemoglobin threshold of 7 g/dL resulted in decreased transfusion 
requirements, with a similar incidence of side effects and survival as 
compared to a liberal strategy of blood transfusion with a hemoglobin 
threshold of 9 g/dL.34 Failure to control bleeding was higher in the liberal 
strategy group. Another recent randomized prospective study showed 
that a restrictive transfusion strategy significantly improved outcomes 
in patients with acute upper gastrointestinal bleeding, and especially in 
the subgroup of patients with Child-Pugh cirrhosis class A and B.35 In 
general, a hemoglobin of 7 to 8 is safe except in patients with cardiac 
ischemia.36

In addition, fresh frozen plasma should be given to correct coagu-
lopathy; however, this should not delay endoscopy. rFVIIa is used as a 
procoagulant that can rapidly correct severe coagulopathy associated 
with decompensated liver disease. Initial studies suggested that it can 
promote hemostasis in variceal hemorrhage.23,24 However, two large 
subsequent trials of rFVIIa in cirrhotic patients with upper gastroin-
testinal bleeding showed no benefit in controlling variceal hemorrhage, 
rebleeding rates or mortality,25,26 and therefore, this drug is currently not 
recommended in the setting of variceal bleeding.

Neurologic:  In the setting of decompensated liver disease, variceal 
bleeding could induce or exacerbate hepatic encephalopathy (HE). 
Therefore, in the presence of decreased mental status during variceal 
bleeding, HE should be considered a potential etiology in addition to 
cerebral hypoperfusion, and empirical lactulose therapy via an NG tube 
or as an enema should be considered.

Hemostatic Therapy:  Specific therapies aimed at arresting active bleed-
ing include pharmacotherapy and endoscopic therapy. Multiple studies 
have proven the increased hemostatic efficacy of combined pharmaco-
therapy and endoscopic therapy over either treatment alone.

■■ PHARMACOTHERAPY
In the setting of variceal bleeding, pharmacologic agents are aimed 
at causing splanchnic vasoconstriction and reducing portal hyper-
tension. Empiric pharmacotherapy should be initiated in suspected 
variceal hemorrhage prior to endoscopic diagnosis and intervention. 
Selective splanchnic vasoconstriction has the added advantage of 
diverting blood flow from the splanchnic circulation to the systemic 
circulation, thereby improving systemic blood pressure. In particular, 
improved renal perfusion could prevent or ameliorate the hepatorenal 
syndrome.

The current agent of choice in the United States is the somatostatin 
analog octreotide. Somatostatin and its analogs inhibit the release of 
vasodilator hormones such as glucagon, thereby indirectly causing 
splanchnic vasoconstriction and decreased portal inflow. Although 
octreotide has a longer half-life than somatostatin, its therapeutic effi-
cacy is obtained only with a continuous infusion; the recommended dose 
is a 50 µg IV bolus, followed by an infusion of 50 µg/hour for 5 days. A 
meta-analysis of trials of octreotide has demonstrated improved con-
trol of bleeding compared with other therapies, including the previous  
agent of choice, vasopressin.37 Furthermore, the adverse extrasplanchnic 
vasoconstrictive effects observed with vasopressin, such as myocardial 
and cerebral ischemia, are not observed with octreotide.

Terlipressin is a long-acting vasopressin analogue that has received 
a favorable recommendation based on European studies, which report 
fewer side effects than vasopressin and an efficacy similar to that of 
octreotide and endoscopic sclerotherapy.38 In addition, a systematic 
review comparing trials of terlipressin with other pharmacotherapies 
identified terlipressin as the only pharmacologic agent that reduced 
mortality.39 More recently, the efficacy of terlipressin was shown to be 
similar to octreotide as an adjuvant therapy for the control of esophageal 
variceal bleed and in-hospital survival.40 Terlipressin alone is inferior 
to terlipressin combined with band ligation in the treatment of acute 
variceal bleeding without active bleeding at endoscopy.41 In conclu-
sion, endoscopic band ligation combined with a somatostatin analogue 
(octreotide or terlipressin) remains the standard of care for acute vari-
ceal bleeding.

■■ ENDOSCOPIC THERAPY
Following the administration of pharmacotherapy, emergent endos-
copy with therapeutic hemostatic intent is imperative. As outlined in  
Figure  105-1, endoscopic evaluation can localize the source of the 
variceal bleed to an esophageal or gastric varix. This is an important 
distinction because, while esophageal variceal bleeding is amenable to 
endoscopic therapy, gastric variceal bleeding may require more aggres-
sive salvage measures, as outlined below.

Endoscopic therapy is based on the interruption of blood flow 
through the venous collateral system lining the distal esophagus and 
gastric cardia using either stimulation of thrombosis (eg, sclerotherapy) 
or immediate occlusion (eg, band ligation). The two established forms of 
endoscopic therapy are endoscopic sclerotherapy (EST) and endoscopic 
variceal band ligation (EVL). While sclerotherapy involves the intra-
variceal or paravariceal injection of a sclerosant (eg, sodium morrhuate), 
band ligation involves the placement of small bands around varices in 
the distal 5 cm of the esophagus (Fig. 105-2). A meta-analysis has shown 
that EVL is superior to EST in initial hemostasis, obliteration of varices, 
rates of recurrent bleeding, complications, and mortality.42 EVL was also 
shown to be superior to sclerotherapy when both treatments are com-
bined with a somatostatin analogue,43 and EVL is now the endoscopic 
treatment of choice for acute variceal hemorrhage. However, a techni-
cal challenge during use of the band ligator apparatus is the decreased 
endoscopic field of view in a setting already complicated by active  
hemorrhage. Therefore, EST may be indicated in the setting of poor 
initial visualization, followed later by definitive EVL treatment.

Gastric Varices:  While the preceding endoscopic interventions are 
effective in esophageal variceal bleeding, gastric variceal bleeding 
presents a technical challenge. Gastric varices are located deeper in 
the submucosa, where EVL and EST are not successful in obtaining 
sustained hemostasis. Initial studies reporting successful hemosta-
sis with intravariceal injection of cyanoacrylate tissue glue44,45 and 
thrombin46 suggest novel approaches to endoscopic intervention 
in gastric variceal bleeding. However, these therapies need further  
validation, are only done in specialized centers, are not FDA approved, 
and can lead to serious complications such as embolism, infection, 
and death. In the setting of gastric variceal bleeding, EVL may be 
attempted to obtain initial hemostasis. However, given the limited 
success of endoscopic hemostasis, the emergent application of non-
endoscopic interventions should be anticipated, which may include 
balloon tamponade (using the Linton-Nachlas tube), transjugular 
intrahepatic portosystemic shunt (TIPS), and surgery.

Complications of Endoscopy:  Most complications have been associated 
with EST, and the advent of variceal band ligation (EVL) has decreased 
the incidence of complications significantly after therapeutic endos-
copy. Following endoscopic intervention, local complications include 
ulceration, dysmotility, and stricture formation, and regional compli-
cations include esophageal perforation and mediastinitis. In addition, 
both EST and EVL increase the risk of developing portal hypertensive 
gastropathy (PHG) and its bleeding sequelae because blood is shunted 
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away from the venous system of the gastroesophageal junction to 
that of the gastric mucosa. Bleeding from PHG is characterized by a  
diffuse, slow bleed from the gastric mucosa that typically is not  
amenable to localized endoscopic therapy.

■■ SALVAGE THERAPY FOR ENDOSCOPICALLY UNCONTROLLED BLEEDING
In the event that hemostasis cannot be achieved by initial endoscopic 
therapy or there is evidence of rebleeding after initial hemostasis, a 
repeat trial of endoscopic therapy may be attempted. However, following 
a second failed endoscopic trial, nonendoscopic interventions need to 
be implemented emergently. These interventions may include balloon 
tamponade, TIPS, and surgical therapy.

Balloon Tamponade:  Tamponade tubes (such as the Sengstaken-
Blakemore or Minnesota tubes) effectively achieve short-term hemo-
stasis by compressing the gastric and distal esophageal mucosa. In 
most cases, tamponade is effective after inflating only the gastric 
balloon. Endotracheal intubation is imperative prior to insertion of 
tamponade tubes to decrease the risk of aspiration. Once the airway is 
secured, the tube can be passed either nasally or orally to the stomach. 
The gastric balloon should be inflated only partially (with approxi-
mately 30 mL of air) pending radiographic confirmation of correct 

placement because inadvertent inflation of the balloon in the esopha-
gus can lead to esophageal perforation. Once adequate positioning 
is ensured, the gastric balloon can be inflated fully according to the 
manufacturer’s recommendations (gastric balloons are inflated to 
predetermined volumes, whereas the esophageal balloon component 
is inflated according to pressure). If hemostasis is not achieved by 
isolated inflation of the gastric balloon, the esophageal balloon can be 
inflated to 35 mm Hg, a pressure exceeding the intravariceal pressure. 
Following inflation, traction should be applied to the apparatus at 
the insertion site to maintain proper positioning. A maximum dura-
tion of 48 hours is recommended for variceal compression because 
prolonged tamponade can lead to esophageal wall ischemia. A naso-
gastric tube inserted above the esophageal balloon is mandatory to 
prevent aspiration of oropharyngeal secretions that collect above the 
inflated apparatus (eg, Sengstaken-Blakemore tube), unless the tube 
has its own lumen for esophageal suction (eg, Minnesota tube). A 
major limitation of tamponade therapy is the high risk of rebleeding 
following deflation of the balloon. Furthermore, given the serious 
complications of pulmonary aspiration and esophageal ulceration 
and perforation, this mode of therapy should be performed by skilled 
personnel and generally as a temporizing step while planning defini-
tive treatment such as a TIPS. For gastric varices, balloon tamponade 
should be attempted using the Linton-Nachlas tube which has a  
600-mL volume single gastric balloon that seems to be more effective 
in controlling fundal variceal bleeding.47

Transjugular Intrahepatic Portosystemic Shunt:  Following temporary stabi-
lization with balloon tamponade, further definitive treatment to achieve 
hemostasis involves the creation of an artificial vascular shunt between 
the systemic and portal circulation in order to decompress the variceal 
vasculature. This can be accomplished surgically (discussed below) or via 
TIPS, which offers a less invasive method for obtaining a vascular shunt. 
The TIPS consists of an expandable metallic stent placed intrahepatically 
between portal and hepatic veins using radiologically guided access. 
Traditionally, TIPS has been recommended as secondary prophylactic 
therapy for variceal bleeding in the setting of mild to moderate liver 
disease, and advanced cirrhosis has been regarded as a contraindication 
to TIPS therapy due to increased mortality after TIPS in this setting. 
However, recent studies with favorable hemostasis and mortality data 
have supported the use of emergent TIPS as salvage therapy for refractory 
variceal hemorrhage, even in advanced cirrhosis.48,49 Therefore, when vari-
ceal hemorrhage is refractory to pharmacologic and endoscopic therapy, 
urgent TIPS therapy should be considered irrespective of the severity of 
hepatic disease. The hemodynamic benefits of TIPS therapy can be attrib-
uted not only to portal decompression and variceal hemostasis, but also to 
increased venous return due to intravascular mobilization of any existing 
ascites. Additional beneficial effects of TIPS therapy include treatment of 
refractory ascites and the hepatorenal syndrome.

Recently, early TIPS has been investigated to prevent variceal rebleed-
ing and improve outcome early after EBL therapy in patients with 
Child-Pugh class C or those in class B who have persistent bleeding 
at endoscopy.50 Early TIPS (within 72 hours of admission) was com-
pared with standard therapy (continuation of vasoactive drug therapy),  
followed after 3 to 5 days by treatment with propranolol or nadolol and 
long-term EBL. Patients in the standard therapy group received TIPS 
if needed as rescue therapy. The early TIPS group was more likely to 
remain free of rebleeding events compared to the standard therapy 
group (97% vs 50%; p < 0.001). The 1-year survival was higher in the 
early TIPS group compared to the standard therapy group (86% vs 61%; 
p < 0.001).50 In light of the findings in this study, early TIPS could be 
considered in patients with advanced cirrhosis at high risk of variceal 
rebleeding; however, larger multicenter trials are needed to validate this 
study’s findings.

Surgical Therapy:  Since the advent of TIPS as salvage therapy for refrac-
tory variceal hemorrhage, there has been a reduction in the need for 
surgical intervention. However, shunt surgery for portal decompression 
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is indicated for variceal hemostasis in patients with preserved hepatic 
synthetic function (ie, Child-Pugh A disease).51 Esophageal transection 
with or without devascularization may be another surgical option in 
massive exsanguination refractory to other interventions.

Shunt operations can be divided into (1) nonselective shunts  
(eg, portocaval shunts) that decompress the entire portal system and 
divert all blood flow away from the portal vein and (2) selective shunts 
(eg, distal splenorenal shunt) that compartmentalize the portal tree into 
a decompressed variceal system and a hypertensive superior mesenteric 
vein that maintains sinusoidal perfusion. A selective shunt is the pre-
ferred operation because portocaval shunts significantly alter vascular 
anatomy and therefore complicate future liver transplant surgery. In 
addition, emergency portocaval shunts are associated with a higher rate 
of thrombosis and shunt failure.

Distal splenorenal shunt was found to be similarly efficacious in the 
control of refractory variceal bleeding in Child-Pugh class A and B 
patients compared to TIPS.52 The reintervention rate was higher in the 
TIPS group, mainly due to TIPS occlusion. However, the TIPS used in 
this study were the older uncoated stents, which are known to occlude 
more frequently than the currently used coated stents.

Distal esophageal transection in the setting of massive variceal 
exsanguination may control bleeding, but mortality remains above 80%. 
Since the transection does not address the underlying portal hyper-
tension, varices recur after a variable period, and rebleeding should 
be anticipated. Esophageal transection with devascularization of the 
gastroesophageal junction (Sugiura procedure) may be considered in 
patients who have an absolute contraindication to shunt surgery, such 
as extensive thrombosis in the portal venous circulation involving the 
splenic, superior mesenteric, and portal veins.

Variceal hemorrhage may occur in noncirrhotic patients. Patients 
with extrahepatic portal hypertension are better operative shunt candi-
dates than cirrhotics. When large gastric varices accompanied by small 
or absent esophageal varices are identified, splenic or portal vein throm-
bosis should be considered as a possible etiology rather than cirrhosis. 
Splenic and portal vein thrombosis may occur in the setting of acute 
pancreatitis, pancreatic cancer, abdominal trauma, and hypercoagulable 
states. It is essential to identify this subset of patients with variceal  
hemorrhage because splenectomy rather than a portosystemic shunt 
may be curative. Celiac angiography is diagnostic.

Emerging Therapies:  A new method for the control of variceal hem-
orrhage was recently described in which a removable, covered, self-
expanding metal stent is deployed in the lower esophagus.

The stent controls bleeding by tamponade of varices in the lower 
esophagus.53 In the initial pilot studies, this method was found to be 
effective to control refractory esophageal variceal bleeding.53,54 Further 
studies are underway to further characterize the role of such treatment 
in the management of refractory variceal bleeding.

Secondary Prophylaxis:  If successful hemostasis is achieved by any of the 
interventions discussed above, it is essential that secondary prophylaxis 
to prevent variceal rebleeding is initiated in the ICU. Once the hemo-
dynamic status is stabilized, nonspecific β-blocker therapy (nadolol 
20-40 mg/d) should be initiated to decrease portal hypertension. This 
pharmacologic intervention should be coupled with an endoscopic vari-
ceal band ligation schedule as defined by the gastroenterologist because 
the combination of these therapeutic modalities decreases the risk of 
variceal recurrence and rebleeding. In addition, the patient should be 
evaluated for vascular shunt procedures, including TIPS and surgical 
shunts. Most importantly, early referral to a transplant center should be 
initiated to evaluate the patient for liver transplantation.

NONVARICEAL HEMORRHAGE
In contrast to variceal hemorrhage, nonvariceal hemorrhage presents 
a favorable prognosis. The improved outcome can be attributed to a 
greater than 90% spontaneous cessation rate of bleeding and to the 

absence of a predisposition to multiorgan dysfunction that exists in 
decompensated cirrhosis. As outlined in Table 105-1, multiple studies  
pertaining to nonvariceal hemorrhage have identified clinical and 
endoscopic indicators that increase the risk for continued or recurrent 
bleeding, and therefore predict an adverse prognosis. The remaining 
mortality rate of 10% is largely due to rebleeding in patients with these 
factors. The important role of early therapeutic upper endoscopy in 
achieving hemostasis, reducing rebleeding, and improving short-term 
morbidity and mortality has been established55,56 and reiterated in a 
recent consensus statement addressing the management of nonvariceal 
bleeding.16 Furthermore, with regard to peptic ulcer disease, endoscopic 
characterization of high-risk ulcer lesions has led to the development 
of specific endoscopic therapies that have improved hemostatic efficacy 
and outcome compared with prior medical therapy.2

The evaluation and management of nonvariceal hemorrhage are out-
lined in Figure 105-3. Following initial hemodynamic, pulmonary, and 
hematologic management, early upper endoscopic evaluation with thera-
peutic intent should be conducted. Emergent endoscopy should be pursued 
in the setting of hemodynamic instability that is refractory to fluid resus-
citation. Acid-suppression therapy in the form of proton-pump inhibi-
tors is recommended prior to endoscopy to downstage the endoscopic  
lesion and decrease the need for endoscopic intervention. However, 
this has no clear benefit on important outcomes such as blood transfusion,  
rebleeding, need for surgery, and mortality, and therefore should be used 
only as an adjunct to endoscopy.57 Following endoscopic hemostasis,  
intravenous high-dose proton-pump inhibitors have demonstrated  
significant benefit with regard to rebleeding, need for surgery, and  
mortality, and should be given for 72 hours as an intravenous infusion.22,58 
Since peptic ulcer disease accounts for the majority of nonvariceal bleeds 
and has been the focus of therapeutic developments, the different treat-
ment modalities will be discussed in this context. The management of some  
nonulcer lesions, including stress-related mucosal damage, will follow.

■■ PEPTIC ULCER DISEASE
Endoscopic Therapy:  Progress in endoscopic diagnosis and therapy has 
been due largely to major improvements in endoscopic techniques 
and equipment. A number of hemostatic endoscopic methods have 
been developed, but the two used most commonly in the United States 
are contact thermal devices and injection therapy with epinephrine.
Contact Thermal Devices  Thermal therapy is designed to produce coagulation 
and dehydration in the ulcer base surrounding the bleeding vessel, and 
this results in constriction and destruction of the submucosal feeding 
vessels supplying the surface artery. The two types of thermal therapy 
that have gained popularity are the bipolar probe and the heater probe. 
Bipolar probes heat contacted tissue by passing electricity via tissue 
water between positive and negative electrodes located at the tip of the 
probe. Once the contact tissue is fully desiccated, electrical conduction 
ceases, and deeper tissue coagulation is restricted. On the other hand, 
the heater probe uses a thermocouple at the end of the probe to generate  
heat, and this process does not depend on tissue water. Therefore, 
deeper tissue coagulation is achievable despite desiccation, although this 
increases the risk of perforation.
Endoscopic Clips  Placement of endoscopic clips is a relatively new method 
in endoscopic treatment of bleeding peptic ulcer. The endoscopic clip is 
placed directly on the visible vessel in the ulcer bed. Multiple clips can 
be applied to achieve hemostasis of the bleeding ulcer.
Injection Therapy  Injection therapy is aimed at causing vasoconstriction and 
necrosis of the bleeding vessel and surrounding tissue. Injection with 
epinephrine (1 : 10,000 dilution in saline) or absolute alcohol has been 
shown to be effective in achieving acute hemostasis.59 While epinephrine 
exerts a vasoconstrictive effect on the vessel, pure ethanol causes dehy-
dration, contraction, and necrosis of the vessel and surrounding tissue. It 
should be noted that the rebleeding rate is high if epinephrine injection 
therapy is performed in isolation, and therefore, it should be combined 
with thermal coagulation therapy. The technique used in injection 
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therapy involves the injection of the agent via an injector catheter in four 
quadrants within 2 to 3 mm of the active bleeding point in the ulcer base. 
While the volume of total epinephrine administered can range from  
5 to 10 mL, the total volume of ethanol should not exceed 1 mL because 
extensive ulceration may occur.

Endoscopic Evaluation and Treatment in PUD  As outlined in Figure 105-3, the 
endoscopic management of peptic ulcer diseases (PUD) is guided by 
the characteristics of the ulcer, which defines the lesion as exhibiting 
“major” or “minor” stigmata of ulcer hemorrhage. The major stigmata 
consist of (1) active bleeding, (2) a visible, nonbleeding vessel, and (3) an  
adherent clot, and these three lesions are associated with a high risk of 
rebleeding and therefore increased short-term mortality. The stigmata 
associated with a low risk of rebleeding include (1) a clean base and 
(2) a flat/pigmented spot, and these lesions have a favorable prognosis. 
Specific endoscopic treatment guidelines have been developed and 

recently reviewed in an international consensus statement.16 This state-
ment provides the following recommendations regarding endoscopic 
therapy in nonvariceal upper gastrointestinal bleeding: (1) Endoscopic 
hemostatic therapy is not indicated for patients with low-risk stigmata (a 
clean-based ulcer or a nonprotuberant pigmented spot in an ulcer bed). 
(2) A finding of a clot in an ulcer bed warrants targeted irrigation in an 
attempt at dislodgement, with appropriate treatment of the underlying 
lesion. If the clot cannot be dislodged, the role of endoscopic therapy is 
controversial. Either endoscopic therapy or intensive high-dose proton-
pump inhibitor therapy can be considered (Fig. 105-4). (3) Endoscopic 
hemostatic therapy is indicated for patients with high-risk stigmata 
(active bleeding or a visible vessel in an ulcer bed). This can include 
clips, thermocoagulation, or sclerosant injection, alone or in combina-
tion with epinephrine injection. Epinephrine injection alone provides 
suboptimal efficacy and should be used in combination with another 
hemostatic modality.60-62

FIGURE 105-3.  Management of nonvariceal hemorrhage. Bold entries indicate high-risk lesions.
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In anticipation of initiating secondary prophylaxis for PUD, the visu-
alization of a duodenal or gastric ulcer should prompt the endoscopist 
to obtain a gastric antral mucosal biopsy to test for Helicobacter pylori. 
The gastric biopsy may be difficult to perform during the acute phase 
of the bleeding, and the presence of blood or antiulcer medications may 
interfere with a biopsy urease test. In the absence of a gastric biopsy, 
a venous blood sample should be tested for H pylori serology, or stool 
or breath testing should be performed. Furthermore, a negative gastric 
antral mucosal biopsy should be confirmed with a serologic test, espe-
cially if antiulcer therapy has been initiated prior to the biopsy.

Pharmacotherapy:  An intravenous bolus of PPI followed by continuous 
infusion of intravenous PPI for 72 hours is recommended in all patients 
who underwent endoscopic therapy for peptic ulcer disease.16,63 This 
therapy clearly reduces rebleeding rates and mortality in randomized 
trials.22,58,64 Histamine receptor antagonists (H2RAs) are not recom-
mended in the initial management of PUD bleeding as there is no evi-
dence that they improve short-term outcomes, such as rebleeding rates 
or transfusion requirements.57,65 The improved hemostatic efficacy of 
PPI over H2RA therapy may be due to the superior ability of PPI therapy 
to maintain a gastric pH above 6.0 and therefore protect an ulcer clot 
from fibrinolysis.66 However, there are no clinical trials linking gastric 
pH level achieved with various acid reducing regimens and the risk of 

rebleeding. Studies comparing standard-dose PPIs given by intermittent 
intravenous infusion once or twice daily to continuous high-dose infu-
sion over 72 hours have shown equal efficacy of both regimens, with 
similar rebleeding rates and mortality.67,68 This suggests that intermittent 
dosing may be an equally efficacious regimen for prevention of bleeding. 
Splanchnic vasoconstrictors such as somatostatin and octreotide are not 
routinely recommended for patients with acute ulcer bleeding.16 These 
can be considered in patients that cannot get endoscopy for any reason, 
or for those with profuse bleeding awaiting surgery.
Angiography:  In most cases of nonvariceal hemorrhage, endoscopic 
evaluation is able to visualize the bleeding lesion and deliver effective 
hemostatic therapy. However, in a minority of patients, the bleeding 
source is not visualized by endoscopy, thereby necessitating angio-
graphic localization. Also, angiography offers the option of hemostatic 
therapy using arterial vasoconstrictors or embolization; however, this 
generally is reserved for patients who are poor surgical candidates or for 
the control of bleeding in an unstable patient awaiting surgery.
Localization  As mentioned previously, angiography can successfully local-
ize brisk UGI bleeding (rate >0.5 mL/min) in 75% of cases,69 with 
most bleeding episodes (85%) originating from a branch of the left 
gastric artery. The right gastric and short gastric arteries account for the 
remainder of the sources.
Hemostatic Therapy  UGI arterial bleeding can be controlled by the selective 
arterial infusion of vasoconstrictors such as vasopressin or embolization 
of particulate matter. Most studies indicate that selective intra-arterial 
vasopressin is more effective than a peripheral intravenous infusion in 
achieving hemostasis.70 Since the vasoconstrictive action of vasopres-
sin is more pronounced on terminal blood vessels such as arterioles, 
venules, and capillaries, this therapy is more effective in controlling 
bleeding from such vessels, as in diffuse hemorrhagic gastritis, rather 
than a duodenal ulcer bleed originating from a large gastroduodenal 
artery. In the setting of gastric bleeding, therapy appears to be equally 
effective when administered via the left gastric or celiac artery.71 A usual 
therapeutic vasopressin dose is 0.2 unit/min, with a recommended 
maximum dose of 0.4 unit/min. If hemostasis is achieved, the infu-
sion is continued in the ICU for 24 to 36 hours and then tapered over  
24 hours. Rebleeding after cessation of the infusion is a concern71 and 
can be treated with repeat vasopressin treatment or embolization.

Embolization therapy uses various substances, most frequently a gela-
tin sponge (Gelfoam), to selectively embolize the bleeding vessel. Since 
this technique carries the risk of causing bowel wall ischemia and infarc-
tion due to nonspecific embolization, a target vessel must be accessible 
for selective catheterization of the bleeding site. Necrosis of the stomach, 
duodenum, gallbladder, liver, and spleen has been documented following  
nonspecific embolotherapy. Since the duodenum has a dual blood sup-
ply from the celiac artery and the superior mesenteric artery, sponta-
neous infarction of the duodenum is rare. The patient with advanced 
atherosclerotic vascular disease or with prior gastric surgery involving 
ligation of collateral vessels is at greater risk of infarction due to a com-
promised collateral circulation. In view of the higher morbidity associ-
ated with embolization therapy, it should be used only after unsuccessful 
intra-arterial vasopressin therapy. Furthermore, embolization therapy 
should not be followed immediately by vasopressin therapy because this 
may compromise the collateral circulation, resulting in tissue infarction.

Endoscopic marking of the bleeding ulcer with a metallic clip should 
be considered, as it can guide superselective angiography which has 
better chances to demonstrate extravasation, making blind coil place-
ment unnecessary.72 This can increase the efficacy of the procedure and 
decrease the risk of nonselective luminal and hepatic embolization.73,74

Surgical Therapy:  Surgical intervention for bleeding peptic ulcers should 
be considered in two situations. First, surgery is used to control life-
threatening hemorrhage that is refractory to medical and endoscopic 
intervention. In fact, in patients who have a low operative risk and who 
have been stabilized effectively to allow surgery, angiographic therapy 
should not be attempted. Second, surgery should be considered in the 
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FIGURE 105-4.  A. Bleeding gastric ulcer prior to therapy. B. Successful hemostasis 
following thermal and injection therapy.
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patient in whom medical management has failed to heal or prevent 
recurrence of peptic ulceration, particularly if there have been previous 
complications attributable to PUD, such as bleeding. The patient who 
has recurrent hemorrhage owing to noncompliance with maintenance 
ulcer therapy should be considered for elective surgical therapy once 
bleeding has stopped. It should be emphasized that surgical morbidity 
and mortality are greatly reduced when the surgeon operates electively 
in the nonbleeding patient. Therefore, successful initial hemostasis 
using endoscopic and pharmacologic therapy is preferable prior  
to surgical intervention. In the setting of hemorrhage refractory to 
nonsurgical intervention, stabilization of cardiopulmonary status and 
optimization of hematologic parameters prepare the patient for emer-
gent surgery and improve postoperative outcome.

The choice of surgical procedure depends on the location of the ulcer 
and on the stability of the patient. In the patient with an actively bleed-
ing duodenal ulcer undergoing an emergent operation, the bleeding 
point of the ulcer will be oversewn and truncal vagotomy and pyloro-
plasty performed. Vagotomy and antrectomy may be considered if the 
patient has been stabilized adequately. In the setting of exsanguinating 
hemorrhage from gastric bleeding, gastric resection may be considered,  
but this procedure carries a high mortality of approximately 50%. 
Selective vagotomy with either pyloroplasty or antrectomy, an option in 
the elective situation, is not advisable in an unstable patient.

Gastric ulcer bleeding is treated with the same approach as a bleeding 
duodenal ulcer, except that resection is recommended if the situation 
permits. Partial gastrectomy carries a slightly lower mortality in the 
setting of gastric ulcer bleeding than when performed for a bleeding 
duodenal ulcer.75 Resection for an actively bleeding gastric carcinoma is 
recommended only when performed electively because it is a prolonged 
procedure that may be unsuitable for an unstable patient.

Following surgical intervention for bleeding peptic ulcers, mortality 
approaches 30%, with postoperative wound infection being the major 
complication.

Secondary Prophylaxis:  Once successful hemostasis is achieved, sec-
ondary prophylaxis is initiated to prevent recurrent ulcer bleeding, 
especially following nonsurgical hemostatic therapy. If histologic or 
nonhistologic evaluation for H pylori is positive, appropriate treatment 
should be initiated because this reduces the long-term (1-year) rate of 
rebleeding from gastric or duodenal ulcers.76 In addition to initiating a 
course of treatment, documenting eradication of H pylori is indicated.77 
In addition, long-term acid suppressive therapy with oral H2RAs or 
PPIs is indicated, and nonsteroidal anti-inflammatory drugs (NSAIDs) 
should be avoided.

■■ MALLORY-WEISS TEAR
Mallory-Weiss tear generally is a self-limited cause of nonvariceal 
bleeding, rarely requiring more than supportive intervention. However, 
patients with portal hypertension are at increased risk of massive 
bleeding from Mallory-Weiss tears compared with those with normal 
portal pressures.78 In the rare instance of continued bleeding from a 
Mallory-Weiss tear in a patient without portal hypertension, endoscopic 
therapy with either thermal coagulation or injection therapy should be 
attempted prior to surgical oversewing of the lesion. In the presence 
of portal hypertension, thermal coagulation may worsen the bleeding;  
therefore, band ligation or sclerotherapy should be performed. Following 
hemostasis, acid-suppression therapy with H2RAs or PPIs may be given 
as adjunctive therapy to accelerate healing.

■■ DIEULAFOY LESION
A Dieulafoy lesion is a dilated aberrant submucosal vessel of unclear 
etiology that erodes the overlying epithelium in the absence of a primary 
ulcer. It is usually located along the high lesser curvature of the stomach 
near the gastroesophageal junction, although it has been found in all 
areas of the GI tract, including the esophagus and duodenum. Massive 
bleeding can occur when the eroding submucosal vessel is an artery. 

The endoscopic treatment of choice is a combination of epinephrine 
injection therapy and thermal coagulation.79 Also, endoscopic band 
ligation has been used successfully to achieve hemostasis in bleeding  
Dieulafoy lesions.80,81 Endoscopic clipping has also been used with simi-
lar efficacy.82 The risk of rebleeding after endoscopic therapy remains 
high (up to 40% in some reports) owing to the usually large size of the 
underlying artery. In the event of rebleeding, repeat endoscopic inter-
vention may be attempted, following which surgical wedge resection of 
the lesion should be performed to achieve permanent hemostasis.

■■ STRESS-RELATED MUCOSAL DAMAGE
Stress-related mucosal damage (SRMD), also referred to as stress ulcers 
or stress-related erosive syndrome (SRES), is the result of multiple organ 
system failure in the critically ill patient. The incidence of hemorrhage 
due to SRMD appears to be decreasing, probably as a result of significant 
advances in the intensive care management of the critically ill patient, 
including optimization of hemodynamic status and tissue oxygenation,83 
and the early initiation of stress ulcer prophylaxis. However, in the event 
of SRMD-induced hemorrhage, the mortality rate is greater than 30% 
owing to the difficulty in controlling such bleeding and the poor prog-
nosis of the underlying disease. With regard to etiology, gastric mucosal 
ischemia secondary to systemic (and splanchnic) hypoperfusion is con-
sidered to be the major inciting factor, with acid and pepsin assuming 
minor roles. Of note, acid and pepsin secretion are normal to low in 
most critically ill patients, and increased gastric acidity is observed only 
in patients exhibiting Cushing ulcers related to central nervous system 
(CNS) trauma or infection.

Bleeding from SRMD may be overt and significant, resulting in 
hemorrhage and hemodynamic compromise, or occult and minimal, 
detectable only by Gastroccult testing of the gastric contents. Although 
occult bleeding due to SRMD may occur frequently in critically ill 
patients, it is of little clinical significance because few of these patients 
progress to overt bleeding. Multiple studies have attempted to assess the 
relative importance of the underlying disease processes and biochemical 
abnormalities in inducing SRMD.84,85 Two major risk factors identified 
are coagulopathy and mechanical ventilation for greater than 48 hours.84 
Other suggested risk factors include sepsis, hypotensive shock, acidosis, 
peritonitis, extensive burns, hepatic failure, and renal failure, with mul-
tiple risk factors having an additive effect on the probability of SRMD.

Endoscopically, SRMD may appear as multiple shallow erosions or 
submucosal hemorrhage during the early stages. After the first several 
days of the ICU course, SRMD lesions are characterized by multiple, 
deeper, acute ulcerations, predominantly in the gastric lesser curvature 
or fundus, and these lesions can erode into the submucosa, causing mas-
sive hemorrhage. Bleeding usually manifests as oozing of blood from  
the margins of these lesions. However, submucosal penetration can 
cause hemorrhage from a major artery, with the typical endoscopic 
appearance of an ulcer with a visible vessel.

Therapy:  The mainstay of therapy for SRMD is supportive, with an 
attempt to reverse the underlying precipitating factors. Acid suppression 
in the form of intravenous H2RAs or PPIs may be used as adjunctive 
therapy to endoscopic or angiographic intervention. The role of endo-
scopic therapy in SRMD may be limited because the lesions usually are 
diffuse and not amenable to directed therapy. However, in the setting of 
a single dominant lesion or a few bleeding lesions, endoscopic therapy 
may achieve successful hemostasis in 90% of such cases. Therapeutic 
angiography is recommended for bleeding that is refractory to endo-
scopic therapy. Both intra-arterial vasopressin therapy and embolo-
therapy86 are equally successful at controlling hemorrhage without major 
ischemic complications owing to the rich collateral blood supply of the 
gastric mucosa. Since the left gastric artery is the source in most cases of 
SRMD-induced bleeding, this vessel is a convenient target for emboliza-
tion therapy.

Surgery usually should be avoided because a near-total gastrectomy 
is required in most instances, and mortality exceeds 50%. Gastrectomy 
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should be undertaken only when massive hemorrhage persists despite 
nonsurgical therapy in a viable patient with treatable medical problems.

Prophylaxis:  Since hemorrhage from SRMD presents a therapeutic 
challenge and carries a high mortality, much attention has been given 
to prophylactic therapy. Despite the existence of SRMD in the setting 
of low or normal acid secretion, prophylaxis has been directed toward 
acid suppression or neutralization. The superior efficacy of intrave-
nous H2RAs compared with sucralfate in preventing SRMD has been  
demonstrated,87 and therefore, H2RAs are preferred. Furthermore, prior 
concerns regarding the increased incidence of nosocomial pneumonia 
with acid-suppressive therapy has not been observed in subsequent 
studies. Oral and intravenous PPIs have also been used effectively for 
prophylaxis. A recent meta-analysis showed that PPI prophylaxis sig-
nificantly decreased rates of clinically significant bleeding compared 
with H2RA, without affecting the development of nosocomial pneumo-
nia or mortality rates.88 However, the magnitude of this benefit and its 
cost-effectiveness are still unclear. In most patients, H2RA should be a 
sufficient regimen to prevent the development of SMRD.

In addition to pharmacologic therapy, adequate nutritional support 
and, in particular, enteral nutrition have been shown to decrease the 
incidence of SRMD.89,90 The prophylactic effect of enteral nutrition is 
not mediated by an increase in gastric pH and instead may involve an 
increase in gastric epithelial energy stores, which, in turn, maintain  
epithelial integrity and prevent necrosis and ulceration. Therefore, the 
initiation of adequate nutrition support in the critically ill patient, pref-
erably via the enteral route, may play a prophylactic role against SRMD. 
In the absence of a functional gastrointestinal tract, total parenteral 
nutrition (TPN), which has demonstrated a protective effect against 
SRMD, can be considered, although the net effect may be harmful.89

LOWER GASTROINTESTINAL HEMORRHAGE
LGI bleeding is defined as bleeding originating from a source distal to 
the ligament of Treitz. Hematochezia is the common presenting sign of 
LGI bleeding, and the two frequent LGI sources are diverticulosis and 
angiodysplasia. However, in the patient with hematochezia and hemo-
dynamic compromise, a briskly bleeding UGI source should be included 
in the differential diagnosis. Studies have indicated that as many as 10% 
of patients suspected initially to have LGI bleeding ultimately are found 
to have a UGI source,91 and an upper endoscopy should be strongly  
considered early in the management of these patients. LGI bleeding  
continues to be an important problem, with some studies showing 
increasing rates of hospitalizations in the past 15 years.92

In the past two decades, technologic advances in endoscopy have 
greatly improved the diagnostic and therapeutic utility of colonoscopy 
in LGI bleeding. The American society for Gastrointestinal Endoscopy 
guidelines recommends colonoscopy in the “early” management of 
severe acute LGI bleeding.93 However, the utility and optimal timing 
of colonoscopy in these patients remain unclear. Some studies have 
suggested that emergency therapeutic colonoscopy for acute LGI hem-
orrhage facilitates early control of bleeding, reduces rebleeding and  
surgical intervention rates, and improves short-term morbidity  
and mortality.17,18 Other studies have not confirmed those findings, and 
showed that use of urgent colonoscopy in severe LGI bleeding showed 
no evidence of improving clinical outcomes.19,94

The evaluation and management of LGI hemorrhage is outlined in 
Figure 105-5. Most patients who experience severe LGI bleeding are 
elderly, with an average age of 65, and have comorbidities, including 
cardiac and respiratory disease. Therefore, prompt resuscitative measures 
aimed at multiple-organ support should be initiated. As mentioned pre-
viously, in the setting of hematochezia and hypotension, a UGI source 
should be considered in the differential diagnosis. The presence of a posi-
tive NG aspirate or historical risk factors for UGI bleeding should prompt 
an emergent EGD. A negative NG aspirate and a clinical suspicion for an 
LGI source should lead to a diagnostic and potentially therapeutic colo-
noscopy following a rapid oral purge with polyethene glycol (PEG). In 

the presence of massive LGI bleeding, immediate angiographic or surgi-
cal intervention without endoscopic evaluation is indicated.

The different diagnostic and treatment modalities used in the man-
agement of LGI hemorrhage (see Fig. 105-5) are outlined below. In 
contrast to UGI hemorrhage, a role for adjunctive pharmacotherapy has 
not been established in LGI bleeding.

■■ COLONOSCOPY
Following the exclusion of a UGI source, an emergent colonoscopy 
after a rapid oral purge is the initial examination of choice for diagnosis 
and treatment. Studies have indicated that following colonic cleansing, 
colonoscopy offers a higher diagnostic yield and a lower complication 
rate than the traditional angiographic approach.91,95 An accepted bowel 
cleansing protocol is 4 L polyethylene glycol (golytely) given orally 
or via a nasogastric tube over 2 hours.91 Metoclopramide (10 mg) is 
administered at the start of the purge to facilitate intestinal transit and 
to minimize the risk of emesis.

The overall diagnostic yield of emergent colonoscopy in LGI bleed-
ing is 69% to 80%.91,96 Diverticular bleeding and angiodysplasia are 
the most common findings in the majority of large series, with colitis 
(ischemic, inflammatory, or radiation induced), neoplasia, and anorectal 
disease being some of the minor etiologies. If an adequate colonoscopic 
evaluation does not reveal a bleeding source, and an upper endoscopy 
is negative, a small intestinal etiology should be considered. Intubation 
of the terminal ileum at the time of colonoscopy may be useful because 
fresh blood emanating from the ileum may be indicative of small intes-
tinal bleeding. Small bowel evaluation with push enteroscopy, capsule 
endoscopy, or enteroclysis can be initiated once hemostasis is achieved 
spontaneously or with nonendoscopic methods. A further discussion 
regarding the evaluation of small intestinal bleeding will follow.

■■ ENDOSCOPIC THERAPY
The hemostatic techniques used in therapeutic colonoscopy are similar 
to those used in therapeutic upper endoscopy. Both thermal coagulation 
and injection therapy with epinephrine have been used successfully to 
obtain hemostasis in acute LGI bleeding. With further expertise and 
advances in endoscopic technology, this relatively new field of therapeu-
tic colonoscopy is expected to evolve.

Diverticular Bleeding:  The endoscopic visualization of a visible vessel or 
pigmented protuberance within a diverticular segment identifies patients 
who are at high risk for persistent or recurrent diverticular bleeding.97 In 
this setting, thermal coagulation or injection therapy with epinephrine 
may be used individually or together to achieve successful hemostasis 
(Fig. 105-6). Studies have suggested that endoscopic hemostasis may pre-
vent recurrent diverticular bleeding and the need for hemicolectomy.18,98,99  
Therefore, endoscopic therapy offers a viable long-term alternative to 
surgical therapy for diverticular bleeding in the elderly patient, who 
may not be an ideal candidate for surgical intervention. However, mas-
sive diverticular bleeding may not be amenable to endoscopic therapy 
because of poor endoscopic visualization or failed endoscopic therapy, 
thereby necessitating angiographic or surgical therapy.

Angiodysplasia:  Bleeding from angiodysplastic lesions is frequently 
responsive to endoscopic therapy. These lesions are located often in 
the cecum and right colon, and represent acquired arteriovenous mal-
formations. Successful hemostasis can be achieved with both injection  
therapy and thermal coagulation.100 The periphery of the lesion should 
be treated before the center in order to obliterate the feeder vessels. 
With respect to thermal coagulation, the recommended power  
settings are lower than those used for a bleeding peptic ulcer owing to 
the increased risk of perforation in the right colon.

Additional lesions responsive to thermal and injection therapy 
include postpolypectomy sites, radiation colitis, and anorectal sources. 
Noncontact modalities such as the argon-plasma coagulator (APC) 
have been used effectively in the management of radiation colitis and  
postpolypectomy bleeding. In addition, a band ligation technique 

section09.indd   1018 1/14/2015   9:27:14 AM

http://www.myuptodate.com


CHAPTER 105: Gastrointestinal Hemorrhage 1019

Suspected lower GI bleeding

Nasogastric tube aspiration
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FIGURE 105-5.  Management of lower GI hemorrhage. PEG, polyethylene glycol; TRBC, tagged RBC.
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FIGURE 105-6.  A. Bleeding colonic diverticulum prior to therapy. B. Successful hemostasis after thermal and injection therapy.
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similar to esophageal variceal band ligation can be used to treat bleeding 
internal hemorrhoids.101

■■ RADIONUCLIDE STUDIES
In the event of a negative colonoscopy, a radionuclide scan using 
99mTc-pertechnetate-labeled red blood cells is used frequently to local-
ize the LGI bleeding site prior to subsequent angiographic evaluation. 
The nuclear scan offers the ability to detect rates of bleeding as low as  
0.1 mL/min, and the 48-hour stability of the tagged red blood cells 
allows repeated imaging during this time period. However, the high sen-
sitivity of radionuclide imaging is offset by its low specificity compared 
with a positive endoscopic or angiographic examination.102 A positive 
radionuclide study localizes the bleeding only to an area of the abdomen 
and cannot define precisely the mucosal location of the bleeding site. 
Therefore, a positive scan should be used to direct attention to specific 
sites of the GI tract that can be examined subsequently by angiography 
or a repeat endoscopy. Furthermore, surgical intervention should not be 
based on the results of a radionuclide scan alone but should be guided 
by accurate angiographic or endoscopic evaluation.

■■ ANGIOGRAPHIC THERAPY
Angiography with therapeutic intent is the appropriate treatment 
modality in the setting of massive bleeding that precludes colonoscopy 
or after a nondiagnostic colonoscopy. The overall diagnostic yield of 
angiography ranges from 40% to 78%, with diverticular disease and 
angiodysplasia being the most common findings. In a stable patient, 
a radionuclide scan is performed often for initial localization prior to 
angiographic evaluation because the nuclear scan is a more sensitive 
examination and detects slower rates of bleeding. Patients who develop 
an immediate blush on 99mTc-labeled red blood cell scintigraphy are 
likely to have a positive angiography.103 In the absence of localization via 
nuclear imaging, the superior mesenteric artery (SMA) is examined first 
because most diverticular and angiodysplastic bleeds occur in bowel 
supplied by this artery.104 If the evaluation of the SMA is negative, the 
inferior mesenteric and celiac vessels are studied.

The intermittent nature of LGI bleeding in many cases presents a 
problem for angiographic evaluation and treatment because active 
bleeding at the time of dye injection is required for a positive examina-
tion. Transfusion requirements of >5 units of packed red cells within a 
24-hour period have been shown to predict a positive angiography.105 
Initial angiographic hemostasis using intra-arterial vasopressin or 
embolization ranges from 60% to 100%, although recurrent bleeding 
may be as high as 50%, especially following vasopressin therapy.106 
Intraarterial vasoconstrictive therapy with vasopressin is used predomi-
nantly in diverticular bleeding and angiodysplasia and is associated with 
a major complication rate of 10% to 20%, including arrhythmias, isch-
emia, and pulmonary edema. Transcatheter embolization therapy with 
various agents, including gelatin sponge and microcoils, may be a more 
definitive means of controlling hemorrhage but is associated with a risk 
of intestinal infarction as high as 20%. Attempts to reduce this risk have 
included the application of a highly selective catheterization technique 
and the use of a relatively distal site for embolization with temporary 
occluding agents.107

In the event that therapeutic angiography does not achieve permanent 
hemostasis, emergent surgical therapy is indicated. However, initial angi-
ographic therapy in the actively bleeding patient may achieve temporary 
hemostasis and hemodynamic stability and thereby allow surgical inter-
vention in a controlled setting with an improved operative mortality.106

■■ SURGICAL THERAPY
In the patient presenting with exsanguinating LGI hemorrhage, colo-
noscopy and angiography should be deferred, and an emergent subtotal  
colectomy should be performed. In all other cases, surgical therapy 
should be reserved for hemorrhage that is refractory to nonsurgical 
interventions. Furthermore, preoperative localization of bleeding is 

crucial to avoid extensive surgical resection and to ensure that the bleed-
ing is truly arising from the LGI tract.

Preoperative Localization:  The role of angiography and colonoscopy in 
identifying the bleeding site was outlined previously. In addition to angi-
ography and colonoscopy, exploratory laparotomy with intraoperative 
endoscopy can be used to localize the bleeding source, especially in the 
small intestine. Intraoperative endoscopy can be performed with oral, 
rectal, or enterotomy introduction of the endoscope. Following incision 
of the abdominal wall and exposure of small bowel, the endoscope can 
be introduced orally. The endoscope, generally a pediatric colonoscope, 
can be advanced easily to the ligament of Treitz. Subsequently, the 
entire small bowel is examined by pleating the small bowel over the 
colonoscope. The endoscopist must limit the amount of air insufflation 
because excessive distention of the bowel will result in prolonged post-
operative ileus. Following inspection of the small bowel to the ileocecal 
valve, a second inspection is performed as the colonoscope is withdrawn 
slowly. The surgeon assists the examination by carefully inspecting the 
serosal side of the bowel for abnormalities, such as a transilluminated 
angiodysplastic lesion. Alternatively, a sterilized colonoscope may be 
placed through an enterotomy site in the small bowel and then can be 
passed proximally and distally into the small bowel to facilitate exami-
nation. This approach carries a risk of contamination of the exposed 
peritoneum. A collaborative effort between the endoscopist and the 
surgeon is essential for the efficient and safe performance of intraopera-
tive endoscopy.

Once the source of bleeding is localized, a segmental colectomy 
involving the bleeding lesion can be performed. In a patient with 
extensive diverticular disease and a localized diverticular bleeding site, 
a segmental resection eradicating the bleeding site is adequate with-
out the need to resect segments involving nonbleeding diverticula.106 
With respect to angiodysplasia, the presence of cecal angiodysplasia 
should alert the surgeon to the possibility of angiodysplasia in the distal  
terminal ileum. It should be noted that angiography that demonstrates 
cecal angiodysplasia may fail to identify a similar small bowel lesion, 
and therefore, intraoperative small bowel endoscopy should be used. 
In addition, when a right hemicolectomy for suspected angiodysplasia 
is undertaken, resection of the distal 30 to 60 cm of the terminal ileum 
should be considered.

A subtotal colectomy is indicated for exsanguinating hemorrhage 
or persistent hemorrhage without an identifiable site of bleeding, and 
involves colonic resection from the cecum to proximal rectum with an 
ileoproctostomy. This procedure is associated with a high morbidity 
and mortality, but rebleeding rates are extremely low.108 Blind segmental 
resection is contraindicated because this procedure is associated with 
excessive rates of rebleeding, morbidity, and mortality.108

OBSCURE BLEEDING AND SMALL BOWEL EVALUATION
Occasionally, a patient presenting with acute gastrointestinal bleeding 
undergoes a nondiagnostic evaluation with endoscopy, radionuclide 
imaging, and angiography but clinically stabilizes owing to intermittent 
or permanent cessation of bleeding. In such a situation, emergent surgical 
exploration and intraoperative endoscopy may not be indicated. Instead, 
further diagnostic evaluation should be directed specifically at the small 
bowel, which is the likely source of obscure bleeding in many cases, with 
angiodysplasia being the most common lesion. Advances in endoscopic 
technology have enabled the gastroenterologist to visualize more distal 
portions of the small bowel compared with traditional upper endoscopy. 
These novel endoscopic modalities will be reviewed and will be followed 
by a discussion of specific lesions associated with obscure bleeding.

■■ NOVEL ENDOSCOPIC MODALITIES
Push Enteroscopy (PE):  An orally inserted adult/pediatric colonoscope 
or special enteroscope is passed with or without an overtube as far as 
possible beyond the ligament of Treitz and allows visualization of the 
proximal 60 cm of jejunum. The diagnostic yield of this procedure is as 
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high as 50%, with angiodysplasia being the most common lesion.109 In 
addition, this technique allows biopsy or therapy of visualized lesions.

Video Capsule Endoscopy:  This technique has been introduced into 
clinical practice in the past decade and provides a noninvasive method 
of examining the entire small bowel via peristaltic propulsion of the 
endoscopic capsule. The patient swallows a capsule that produces 
approximately 50,000 images while it traverses the small bowel over 12 
to 15 hours. Recent versions of this technique are able to approximate 
the location of the bleeding lesion within the small bowel. A limitation 
to this test is that tissue sampling or therapeutic intervention cannot 
be performed. A meta-analysis of 14 prospective studies including  
396 patients with obscure GI bleeding showed a higher yield for clinically 
significant lesions with video capsule endoscopy (VCE) (56%) than with 
PE (26%).110 VCE has a sensitivity of 95% and specificity of 75% com-
pared to intraoperative enteroscopy for detecting a bleeding source.111

In addition to the preceding endoscopic modalities, enteroclysis radi-
ography can be considered for the evaluation of potential small bowel 
bleeding sources, although the yield of this test is only about 10%.112 
This study is a double-contrast study performed by passing a tube into 
the proximal small bowel and injecting barium, methylcellulose, and 
air. Despite the low sensitivity of this study, it is considered superior to 
standard imaging using small bowel follow-through.

Deep Enteroscopy:  In the past few years, deep enteroscopy has been 
introduced as a diagnostic and therapeutic modality to examine the 
small bowel. It includes balloon-assisted enteroscopy (BAE) and spiral 
enteroscopy. Double-balloon enteroscopy (DBE) involves an enteroscope 
with an overtube, with balloons mounted on the distal ends of each 
component, and is intended for examination of the entire jejunum and 
the ileum. Single-balloon enteroscopy (SBE) uses a similar concept; how-
ever, there is only one balloon that is mounted on the overtube.113 The  
balloon system acts as an anchor that allows the enteroscope to be inserted 
through the small bowel, and pleats the small intestine over the entero-
scope. BAE can be used to examine the distal small bowel through the 
anterograde (per oral) or retrograde approach (per rectum). Visualizing 
the entire small bowel can sometimes be achieved with a combination 
of anterograde and retrograde examinations.114 Spiral enteroscopy uses a 
special spiral overtube over an enteroscope. Rotating the overtube allows 
the bowel to pleat over the enteroscope and allows deeper insertion.

The diagnostic yield of BAE ranges from 43% to 81% with similar 
treatment success rates.114 A meta-analysis of 11 studies comparing the 
yield of VCE and BAE showed comparable diagnostic yields (60% vs 
57%, respectively).115 BAE is an invasive procedure, and most authors 
recommend performing a VCE first followed by BAE for diagnostic and 
therapeutic purposes.

■■ LESIONS ASSOCIATED WITH OBSCURE BLEEDING
Small intestinal angiodysplasia accounts for the majority of small bowel 
lesions associated with obscure bleeding. An increased incidence of 
small bowel angiodyplasia has been reported in patients with end-stage 
renal disease (ESRD), VonWillebrand disease, and Osler-Weber-Rendu 
(OWR) syndrome. In the setting of proximal lesions located approxi-
mately in the first 60 cm of jejunum, therapeutic push enteroscopy may 
achieve permanent endoscopic hemostasis. More distal lesions can be 
treated with BAE. In select patient populations, including those with 
ESRD, Von Willebrand disease, and OWR syndrome, hormonal therapy 
with estrogen, with or without progesterone, may be useful in controlling  
bleeding from angiodysplasia.116 In patients refractory to endoscopic 
and medical therapy, chronic iron supplementation and periodic trans-
fusions are indicated.

Hemobilia is bleeding from the liver, bile ducts, or pancreas and is 
characterized by blood emanating from the ampulla of Vater. Hepatic 
hemobilia usually results from blunt or sharp trauma to the liver. A 
hepatic artery aneurysm that erodes into the right hepatic or common 
bile duct produces melena and occasionally presents with right upper 
quadrant abdominal pain and jaundice. Pancreatic hemobilia is even less 

common and usually results from pancreatitis-induced pseudoaneu-
rysm formation in the splenic artery. Acquired splenic artery aneurysms 
may erode into the pancreas, resulting in hemobilia without pancreatitis.

Hemobilia should be suspected when melena occurs in conjunction 
with jaundice, blunt trauma, or acute pancreatitis. Following a negative 
forward-viewing upper endoscopy, the endoscopist should examine the 
duodenal papilla using a side-viewing duodenoscope. Active bleeding or 
a clot emanating from the papilla may be seen. Alternatively, angiogra-
phy may reveal active bleeding or associated aneurysms in the hepatic or 
splenic artery. Angiographic therapy may provide temporary control of 
hematobilia,117 but generally definitive surgery is required.

Aortoenteric fistula is a rare development following abdominal vas-
cular surgery involving placement of a synthetic graft. The fistula arises 
commonly from the proximal anastomosis of the graft and communi-
cates with the fourth portion of the duodenum. Graft infection generally 
is present and likely plays a role in the pathogenesis of the fistula. 
Bleeding from aortoenteric fistulas is typically intermittent and profuse. 
The evaluation of a suspected aortoduodenal fistula should begin with 
endoscopy. The endoscopist must examine the fourth portion of the 
duodenum, where bleeding or the graft itself may be seen. If endoscopy 
fails to identify a fistula, angiography should be performed if the clinical 
suspicion is high. Surgical correction of the fistula, including removal of 
the graft, is necessary to prevent potential exsanguination.

Meckel diverticulum should be considered in younger patients  
presenting with massive bleeding. The diagnosis often is made by a  
99mTc-pertechnetate scan, which has a sensitivity of 75%.118 Surgical resec-
tion of an identified Meckel diverticulum provides definitive therapy.
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Acute Liver Failure
Julia Wendon

SUMMARY
The term acute liver failure is frequently used as a generic expression 
to describe a large and diffuse cohort of patients presenting with or 
developing an acute episode of liver dysfunction, usually manifested by 
deterioration in liver blood tests and other organ dysfunction.

This chapter largely addresses a cohort of patients with primary acute 
liver failure (ALF), that is patients with acute liver dysfunction mani-
fested by transaminitis, coagulopathy, and encephalopathy in the setting 
of a previously normal liver. The etiology of these disturbances should 
be primarily liver in aetiology and as such, the coagulopathy and altered 
conscious level should be attributable to the liver failure as opposed to 
other etiologies such as systemic disease processes or sepsis. The later 
processes are typically described in the context of a secondary liver injury.

Management of patients with ALF should focus upon prevention and 
removal of any potentiating agents and support of the liver and other 
organs to facilitate regeneration and recovery. A small proportion of 
patients with ALF will have a liver injury that does not have the capacity 
to repair and regenerate and as such will need the option of emergent 
liver transplantation.

■■ ALF: DESCRIPTION AND AETIOLOGY
ALF describes a syndrome incorporating sudden loss of liver function 
denoted by the features of coagulopathy and encephalopathy in a patient 
without previous liver disease. The disease process should result from 
primary liver insult, and the coagulopathy and altered conscious level 
should occur as a result of liver failure as opposed to a systemic process 
such as sepsis.1,2

ALF was subdivided, by O’Grady and colleagues, into hyperacute, 
acute and subacute, while previous descriptions had utilized fulminant 
and subfulminant terminologies, with times lines of up to 8 weeks and 
8 to 24 weeks, respectively.3 For practical reasons acute and hyperacute 
have been merged to describe management. Disease processes resulting 
in encephalopathy after 24 weeks are categorized as chronic liver disease 
and fall outside the scope of this chapter.

Similarities of disease process and complications are seen for 
hyperacute, acute, and fulminant groups; while the subacute and 
subfulminant groups have different presentations and characteristics.4

The acute type presentations demonstrate severe coagulopathy, trans-
aminitis, and initially only moderate, if any, increases in bilirubin; by  
contrast, the subfulminant/subacute often present with minor transami-
nitis, deep jaundice, and mild to moderate coagulopathy. Their disease 
process is often such that they present with a liver that is shrinking 

106
C H A P T E R in volume; splenomegaly is a feature and ascites may be present. This 

group has a very poor chance of spontaneous survival while the acute/
fulminant presentations have a greater chance of spontaneous recovery 
despite having a greater manifestation of extrahepatic organ failure.

The etiology of ALF syndromes can be seen in Table 106-1.
The table does not provide an exhaustive list of etiologies; rather, it lists 

the common aetiologies.5 The category “other” provides for the descrip-
tion of various diseases, which may be categorized as ALF but have cer-
tain unique features. Wilson disease is, by definition, a chronic disease 
process with features of cirrhosis and splenomegaly at presentation.  
Patients, children and young adults, present with acute coagulopathy 
and encephalopathy, often with no previous diagnosis of any disease 
process. In some, this may represent an intercurrent viral illness with 
hepatic presentation of ALF and in others it may relate to a discontinu-
ation of chelating therapy. The characteristic features are those of a low 
alkaline phosphate level, often a hemolytic anemia (not direct antiglobu-
lin test [DAT] positive) and features of splenomegaly with or without 
Kayser-Fleischer rings on slit lamp examination of the eyes. The devel-
opment of high level encephalopathy (grade III/IV) and coagulopathy 
in this disease presentation effectively always requires transplantation.

Lymphoma can present with a picture of ALF as can other malignan-
cies causing diffuse infiltration of the liver. Such etiologies should always 
be considered as secondary ALF and not suitable for consideration for 
transplantation. An elevated LDH and alkaline phosphate are character-
istic features of lymphoma.

Auto-immune liver disease may rarely present as an acute or subacute 
presentation, often but not always with elevated globulin fraction and 
positive autoantibodies.

Acetaminophen causes ALF (acute) in a dose dependent manner with 
toxicity being seen in doses above 150 mg/kg although lower ingested 
doses have also been reported as causing severe hepatotoxicity espe-
cially in the face of chronic alcohol abuse6 and chronic use of enzyme-
inducing drugs. Presentation and treatment with the antidote (N-acetyl 
cysteine) within 16 hours of presentation normally prevents progression 
to ALF.7,8 Later presentations and staggered ingestion are associated with 
a worse prognosis.

Many drugs can cause ALF or acute liver injury9 and the categories are 
described as hepatotoxic, cholestatic, or mixed. Withdrawal of putative 
drugs should always be considered and scoring systems are available 
to aid this decision process. Guidelines have been issued by various 
thoracic societies for management and withdrawal of antituberculous 
chemotherapy in patients who develop transaminitis or jaundice.10

Recreational drugs such as ecstasy may result in ALF from a heat 
shock type injury or as a more indolent course. Cocaine may similarly 
result in ALF with an ischemic aetiology.

Budd-Chiari may present as ALF, either with an acute or sub-
acute presentation albeit usually with ascites. The routine screening 

  TABLE 106-1    Etiology and Nature of Acute Liver Failure

Precipitant Examples Presentation

Viral hepatitis A, hepatitis E, hepatitis B (less frequent CMV, 
HSV, hepatitis C)

Acute

Drugs/toxins Acetaminophen, Phosphorous, Acute

Amanita phalloides

Antituberculous chemotherapy, statins, NSAIDs, phenytoin, 
carbamazepine, ecstasy, flucloxacillin and others

Acute and subacute

Vascular Budd-Chiari Acute and subacute

Hypoxic hepatitis, ecstasy Acute

Pregnancy Preeclamptic liver rupture, HELLP syndrome, fatty liver  
of pregnancy

Acute

Others Wilson disease, autoimmune, lymphoma, 
hemophagocytic lymphohistiocytosis (HLH)

KEY POINTS

•• Acute liver failure is a syndrome with sudden loss of liver function 
denoted by coagulopathy and encephalopathy in a patient without 
previous liver disease.

•• Etiologies vary greatly, with viral hepatitis infections and acet-
aminophen toxicity among the most common.

•• Shock, kidney failure, and encephalopathy are common complica-
tions of acute liver failure.

•• Severe sepsis is a common complication of acute liver failure.
•• Aggressive supportive care in a center that performs liver trans-

plantation will optimize patient outcomes.
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investigations of all patients are pivotal in this diagnosis demonstrating 
loss of flow on the hepatic veins.

Hypoxic hepatitis has a prevalence of between 1.2% and 11% in 
intensive care with three etiological subgroups: respiratory failure, 
cardiac failure, and septic shock.11 It is a secondary form of ALF and 
as such the primary presenting organ failure needs to be addressed  
and managed to facilitate liver recovery; transplantation of the liver should 
not normally be considered. An essential component to this presenta-
tion appears to be conditioning of the liver with passive congestion and 
then a subsequent insult of hypotension and/or hypoxia. Transaminase 
elevations, as can be seen with acetaminophen and ecstasy, are frequently 
greater than 7000 to 10,000 IU/L with an associated coagulopathy.

Pregnancy related liver disease is a spectrum of disease presenta-
tion where an individual patent may have features of all or only one 
component. Preeclampsia is a systemic disease of the microcirculation 
with hypertension and proteinuria. A liver-specific complication of 
preeclampsia is that of liver rupture presenting with right upper quad-
rant pain and transaminitis. Large subcapsular hematoma can result in 
secondary ischemic injury to the liver and potential limitation of hepatic 
venous outflow. HELLP syndrome is characterized by hemolysis, abnor-
mal liver function tests, and low platelets. Fatty liver disease of preg-
nancy is characterized by hypoglycemia in addition to other features 
and is often complicated by other organ failure including pancreatitis. 
Elevated urate levels are also seen.

■■ INITIAL INVESTIGATIONS AND MANAGEMENT
Patients should be screened for the etiology of their acute liver injury 
or failure. This includes routine liver blood tests and full coagulation 
screen. Viral screening should be undertaken for acute hepatitis A (IgM), 
hepatitis E (IgM), hepatitis B (IgM core Ab, surface Ab, and hepatitis B 
DNA). Viral PCR for CMV and HSV should also be considered. Immune 
screening should be undertaken in the form of immunoglobulin and auto-
antibodies. Hemolysis screen should be undertaken if there is unconju-
gated component with a DAT negative screen raising the consideration of 
Wilson disease. Elevated alkaline phosphatase and lactate dehydrogenase 
raise the possibility of infiltrative processes within the liver.

All patients should undergo an ultrasound of the abdomen, with 
interrogation of the hepatic and portal veins, assessment of spleen size 
and texture, and reflectivity of the liver. While the liver ultrasound is 
being undertaken, assessment of pancreas, ascites, and kidneys should 
be performed. Axial imaging in the form of CT may also be required—
especially if there is concern for malignancy or a nodular outline of liver 
when further information is required to assess perfusion, liver contour, 
and presence of nodes. The role of liver biopsy is controversial. It may 
be required to define the presence or absence of cirrhosis or a specific 
aetiology, which is amenable to therapeutic intervention. Examples 
include autoimmune or alcoholic hepatitis, which may be treated with 
corticosteroids, or hepatosplenic lymphoma, which would be offered 
chemotherapy. Though there have been some suggestions that a liver 
biopsy assessing percentage necrosis allows assessment of prognosis, this 
is now thought to be less appropriate given the risk of sampling error.

Echocardiography should be considered in patients where there is 
any concern of hypoxic hepatitis (HH) and allows assessment of right 
and left heart function. The presence of hepatopulmonary syndrome 
may also be sought as this can be seen in some 50% of patients with HH.

■■ EARLY MANAGEMENT AND REFERRAL PRACTICE
Presenting features are likely to be very different depending on nature 
of disease process. It is important to consider early discussion with a 
tertiary center to obtain guidance on investigations and management.

Removal and treatment of potential aetiological agents is essential. 
Particular issues to consider are those patients with carriage of hepatitis B 
who are otherwise asymptomatic and are then in receipt of chemotherapy 
or immunological therapy such as Rituximab.12,13 Such patients are at high 
risk of developing ALF or injury (coagulopathy and no encephalopathy) 
as a result of reactivation of hepatitis B. Such reactivation may present 

with a fulminant course of acute liver failure. This can be prevented by 
pretreatment with antivirals14 (eg, lamivudine, entecavir, tenofovir); if a 
patient presents in this manner, antivirals should be commenced. CMV 
and HSV should be considered and treated.

N-acetylcysteine (NAC) is recommended in patients with 
acetaminophen-induced ALF/injury. This drug is highly effective if 
used within 16 hours of drug ingestion. The Rumack-Matthew treatment 
nomogram15 should be followed utilizing a high-risk treatment line if 
the patients fall into high-risk groups (eg, chronic alcohol use, malnour-
ished status, or enzyme inducting drugs). Acetaminophen levels should 
be interpreted with caution; they are not useful if the time of ingestion 
is unclear or staggered. In these circumstances, treatment should be 
offered while awaiting further investigations; likewise, if patients pres-
ent late, treatment should be commenced while awaiting acetaminophen 
levels. Patients who have ingested acetaminophen, either as a single dose 
or staggered, and present with coagulopathy with or without encepha-
lopathy (ie, usually after 48 hours) will not have elevated acetaminophen 
levels.16 The characteristic picture is a significantly elevated transamini-
tis (usually >5000 IU/L) and a history compatible with acetaminophen-
induced hepatotoxicity. The evidence for using NAC after 16 hours is 
based on relatively old studies showing decreased incidence of organ 
failure, as well as a mortality benefit. There are also data showing the 
beneficial effects of NAC on oxygen extraction, cytokine modulation, 
and cGMP levels. NAC is, however, an inhibitor of NFKB and as such 
is an immune-modulating agent. Accordingly, most intensive care clini-
cians use NAC for a maximum of 5 days.

The role of NAC in non-acetaminophen-induced ALF is supported 
by the randomized control trial of the USA ALF group. This showed 
benefit in those patients in grade I or II coma but not in deeper grades 
of coma.8 This finding is not surprising given that those with a high 
level of encephalopathy in this cohort of non-acetaminophen-induced 
ALF will frequently require transplantation, and as such an expectation 
that NAC may alter outcomes is probably unrealistic. In a recent study 
of children with non-acetaminophen-induced ALF, NAC was not found 
to be effective17; this should be considered in the context that the cohort-
included patients with inborn errors of metabolism, a circumstance 
where NAC would not likely be effective.

Any drug with potential hepatotoxicity should be withdrawn. If a patient 
has evidence of hypoxic hepatitis, management of the cardiovascular and/
or respiratory systems needs to be optimized.

■■ CARDIOVASCULAR MANAGEMENT
Most patients presenting with ALF have developed systemic vasodilation 
with a decrease of effective central blood volume. Early presentation with 
lactic acidosis is likely to reflect volume depletion and will respond to 
appropriate volume loading. Following effective volume challenge ongo-
ing lactic acidosis is likely to reflect liver failure and severity of disease.

Assessment of volume status can be achieved through echocar-
diographic techniques or utilizing invasive monitoring, usually pulse 
contour or other similar techniques (see Chap. 34 on Judging Fluid 
Responsiveness). Caution should be exercised to avoid significantly 
increased right-sided pressures as this may be detrimental to liver 
venous outflow and hence liver function/recovery.

The cohort of patients with subacute liver failure and those with 
acute Budd-Chiari syndrome may present with elevated intra-abdominal  
pressure. This may alter response to volume loading which will need 
to be assessed on an individual level (see Chap. 114 on Abdominal 
Compartment Syndromes).

Following volume loading, persistent hypotension requires institution 
of vasoactive support, given the normal clinical picture of an elevated 
cardiac output and decreased vascular tone. The usual initial medication 
would be norepinephrine, with consideration for addition of low dose 
vasopressin at 20 to 40 mU/min. Concern had been raised in the litera-
ture that use of vasopressin may be detrimental with regard to cerebral 
complications. However, a study comparing terlipressin and norepineph-
rine showed that terlipressin increased cerebral perfusion pressure (CPP) 
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without changing intracranial pressure (ICP); norepinephrine increased 
CPP, but also showed a statistically significant, but small increase in ICP.18

Although the majority of patients will have a hyperdynamic circula-
tion, a proportion of those with hypoxic hepatitis (cardiac and respira-
tory in etiology) are likely to have evidence of both right- and left-sided 
dysfunction with or without valvular heart disease. In this setting, 
optimization of cardiac function will need to be individualized with 
regard to volume status and inotropic needs. As stated above, right-sided  
pressures should be minimized to facilitate optimal hepatic venous 
drainage alongside effective left ventricular output.

Whether there is benefit to giving physiological doses of hydrocortisone 
to those patients with vasopressor resistant shock is not clear. There are 
no mortality studies addressing this, although, using a standard ACTH 
stimulation test, some studies have reported evidence of >50% adrenal 
dysfunction. There is one study suggesting that use of steroids decreases 
vasopressor requirements and prolongs time to death or perhaps in this 
patient cohort, time to obtain a suitable liver for transplantation.19

An elevated troponin has been shown to be predictive of poor outcomes 
in a study from the USA ALF group,20 although a subsequent study did not 
repeat this finding.21 It is thought that troponin elevations reflect myocyte 
stress in the setting of metabolic disarray and multiple organ failure.

If volume loading does not result in resolution of lactic acidosis, early 
referral to a tertiary center should be undertaken. Failure of volume to 
resolve hypotension will require use of vasoactive drugs such as norepi-
nephrine. It should be recognized that grossly elevated levels of acetamin-
ophen without evidence of acute liver failure may result in transient, but 
significant, lactate elevation from temporary mitochondrial standstill. 
This does not carry the prognostic significance of later lactic acidosis.

■■ RESPIRATORY MANAGEMENT
Encephalopathic patients are often unable to protect their airway and 
will require endotracheal intubation to address this problem. Primary 
respiratory failure as a complication of acute liver failure is relatively rare 
in the early phase of acute liver failure. Accordingly, patients who require 
endotracheal intubation for airway protection only may be managed with 
minimal pressure support/CPAP ventilator settings or even a T-piece. 
Acute hypercarbia may not be well tolerated in those patients with cerebral 
edema who are at risk of elevated ICP. Ventilatory strategies should account 
for this and allow normocarbia during the period of risk. The incidence of 
ARDS/acute lung injury is relatively rare in patients with ALF and does 
not appear to contribute to mortality. Those patients who develop ARDS 
should be managed with a low tidal volume lung protective strategy.

■■ GASTROINTESTINAL MANAGEMENT
Oral nutrition should be encouraged in those with an acute liver injury 
who are not encephalopathic. Progressive encephalopathy and/or anorexia 
are likely to result in decreased calorie intake. Consideration may be given 
to insertion of an enteral tube to facilitate feeding. Risk-benefit ratio should 
be assessed at an individual level to account for problems such as bleeding 
during placement of the enteral tube and for the risk of large nasogastric 
aspirates and risk of micro-aspiration if encephalopathy progresses.

There is a moderate risk of pancreatitis in patients with acute and 
hyperacute etiologies of acute liver failure and axial imaging to quantify 
this may be required if there is clinical suspicion. Management is as per 
pancreatitis in other critical care settings (see Chap. 108); however, the 
finding of severe pancreatitis is a relative contraindication to emergent 
liver transplantation.

Guidance with regard to nutritional needs in patients with ALF is 
largely empirical. Calorie and protein requirements are as per critically 
ill populations of other etiologies. Ammonia monitoring may be useful 
during commencement of feeding to ensure that there is no associated 
increase in measured levels.

Acid suppression therapy with H2-blockers or proton pump inhibitors 
is normally prescribed, given that these patients will have a coagulopathy  
on the basis of their liver failure. H2-blockers are preferred since they are 
associated with a lower incidence of C dificile infections.

ACUTE LIVER FAILURE AND COAGULATION
The incidence of kidney failure is high in ALF (especially acetamino-
phen induced due to direct tubular toxicity). Kidney failure, although a 
component of prognostic scoring systems, is not a risk factor for mortal-
ity when viewed in isolation; however, when found in association with 
high-grade encephalopathy (III/IV) and profound coagulopathy, pro
gnosis is very poor. Those with kidney failure who survive from acute 
liver failure have been shown to have good recovery with restoration of 
normal GFR.

Management of prerenal failure should be as in any critically ill patient, 
with consideration being given to intra-abdominal hypertension in those 
with ascites. Renal replacement therapy is likely to be beneficial if insti-
tuted earlier in the clinical course in patients with ALF to allow optimal 
management of fluid balance and metabolic disarray. Utilization of early 
renal replacement therapy is also likely to allow modulation of ammonia 
levels and mitigate against risk of cerebral edema.

Continuous forms of renal replacement therapy are preferred to 
allow more precise modulation of the various physiological parameters. 
Interestingly, coagulation abnormalities in patients with ALF have been 
shown to have shorter filter life span when in receipt of renal replace-
ment therapy than a comparison group of critically ill hematology 
patients. ALF patients have balanced a state of coagulation with, in 
a significant proportion, a tendency to a prothrombotic state. Renal 
replacement therapy circuits are normally anticoagulated with epopros-
tenol or low dose heparin. Recently, there has been increased interest in 
the use of citrate as an anticoagulant, and in the majority of patients with 
cirrhosis this appears safe and effective. Data in ALF are scant, although 
some publications suggest that those with elevated lactates and pro-
thrombin times, accumulation of citrate is likely. Patients with ALF who 
have reduced fibrinogen and platelets are at increased risk of bleeding.  
Assessment of coagulation may be facilitated by use of thromboelasto-
graphic techniques, in addition to standard laboratory parameters.

■■ SEPSIS
Patients with ALF are thought to be at increased risk of sepsis; this is 
attributed to their functional immunosuppression, altered monocyte and 
neutrophil function, and loss of complement. Earlier studies reported 
that the incidence of sepsis approaches 80%, with an increased risk of 
gram-positive organisms. More recently, the work of Karvellas et al 
showed that bacteremia was not observed until approximately day 10 into 
the critical care course, with an equal representation of gram-positive 
and gram-negative organisms22; however, in this trial, bacteremia did not 
impact on outcome. Risk factors for bacteremia were renal failure, need 
for ventilation, and severity of encephalopathy. Determinants of survival 
were liver transplantation, severity of encephalopathy, age, and lactate.

Management requires assiduous attention to line care, and avoidance 
of nosocomial sepsis. Decision to offer antimicrobial therapy should 
be based on individual risk factors and clinical features; the choice of 
antimicrobial should be determined by local policies based on micro-
biological sensitivity data, starting with a broad empiric regimen and 
narrowing as culture data return. Systemic antifungal therapy would 
normally be considered for patients who are listed for emergent trans-
plantation with established organ failure or in those requiring ventilator 
and renal support in association with significant coagulopathy.

■■ ENCEPHALOPATHY AND ELEVATED INTRACRANIAL PRESSURE
The management of altered conscious levels in this group of patients can 
be challenging. Patients with subacute and subfulminant presentations 
often do not present initially with encephalopathy. If encephalopathy 
develops later in the course of liver failure, it is often in the face of sepsis 
or some other clear precipitant. The delayed presentation or absence of 
hepatic encephalopathy in this cohort of patients can make the decision 
to proceed to transplantation difficult. In some situations, by the time 
encephalopathy occurs, there may be a very rapid subsequent deteriora-
tion in overall clinical status. This has led some to suggest that in those 
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patients with subacute presentations, the development of encephalopathy 
as a trigger for transplantation consideration should be tempered. In such 
situations, the sentiment of some is that decisions to proceed to trans-
plantation should be based on consideration of other variables, such as 
coagulopathy and perhaps liver volume.

In the acute and hyperacute presentations, encephalopathy is a fre-
quent finding. Low levels of encephalopathy (grade I and II) can often 
be managed in a high-dependency area but any progression of encepha-
lopathy beyond such low levels warrants transfer to a critical care 
environment. Progression to high-grade encephalopathy (grade III/IV)  
is often associated with very aggressive behavior prior to deterioration to 
coma. This has significant implications for planning of transfers, where, 
if there is any concern that conscious level is changing, consideration 
should be given to elective intubation and ventilation. Table 106-2 out-
lines the various grades of hepatic encephalopathy.

Following intubation and ventilation for grade III/IV coma, seda-
tion and analgesia is best achieved with propofol or dexmedetomidine 
and an opiate infusion. Monitoring of arterial ammonia allows prog-
nostication regarding cerebral edema to be assessed along with other 
parameters.

Cerebral oedema can be identified at a cellular level in most encepha-
lopathic patients; however, clinically important cell swelling with the 
potential to develop elevated intracranial pressure (ICP) is only seen in 
those who have progressed to grade III/IV coma. Risk factors are elevated 
arterial ammonia (>150 µmol/L), failure of elevated arterial ammonia 
levels to fall with intervention (fluids, renal replacement therapy), renal 
insufficiency, age (young people are at significantly increased risk com-
pared to those older than 50), hyponatremia, systemic inflammatory 
response syndrome (SIRS), and those in receipt of vasoactive medication.

Management should focus on control of the airway and appropriate 
sedation. Normal PaCO2 and pH should be achieved and there is no role 
for hyperventilation except in the short term for the management of 
elevated ICP in the face of hyperemia.

Decision to insert an ICP monitor is based on risk stratification as 
delineated above; the use of middle cerebral arterial Dopplers may also 
be utilized. Neurointensive care and/or neurosurgical specialists typi-
cally perform insertion of such monitors, ideally in tertiary liver centers.

Nursing care is paramount and patients should have appropriate 
eye, mouth, and ventilator care to avoid infections. Turning should be 
managed with attention toward head elevation to minimize elevation of 
intracranial pressure. Sedation should be accomplished if patients are 
agitated, since failure to do so may raise intracranial pressure. Renal 
replacement should be instituted to facilitate control of ammonia if 
elevated. Initial enteral feeding may be modulated depending upon 
response of arterial ammonia to feeding. Lactulose in the setting of high-
grade encephalopathy has not been shown to have a beneficial role and 
may contribute to an ileus. Serum sodium should be modulated to be at 
the high end of the normal range and in those with high-risk features or 
elevated ICP should be held at between 145 and 150 mmol/L.

Temperature should be controlled and fever strenuously avoided but 
hypothermia (33°C) should only be undertaken for those with resistant 
intracranial hypertension.

Pupillary responses should be monitored closely and the development of 
fixed-dilated or dilated and sluggishly responsive pupils should be treated 
with hyperosmolar therapy—either bolus hypertonic saline or mannitol 
(ensuring the serum osmolarity is maintained below 320 mmol/L).

Resistant elevations of ICP with associated hyperemia may be consid-
ered for treatment with bolus indomethacin based on case series, which 
have demonstrated a reduction in ICP.

In Europe, the incidence of elevated ICP has fallen steadily over the 
last 30 years. This is not only attributable to the institution of transplan-
tation given that the same observation is seen for patients with grade III/
IV coma who are not proceeding to transplantation. Table 106-2 lists the 
clinical features of hepatic encephalopathy by grade.

■■ LIVER SUPPORT SYSTEMS
The use of liver support systems has been examined clinically and in the 
laboratory setting over many years. Great enthusiasm persists but as of 
yet there is little evidence from randomized controlled trials of benefit 
with regard to survival.23 It should be noted, however, that in Europe 
and the United States, one of the issues in conducting such studies is the 
speed of organ transplantation such that a liver support system has little 
chance to demonstrate potential benefit.

Systems that have been studied can be divided into cleansing and 
absorbing systems and biological systems. The former are mainly based 
upon dialysis techniques with adsorption of putative toxins onto various 
columns. The “MARS” system utilizing albumin dialysis has been shown 
to have an effect in stabilizing blood pressure and decreasing levels of 
putative toxins. A recent trial undertaken in France in patients with 
ALF failed to show a clear mortality benefit although most patients were 
only offered one treatment period prior to transplantation. There was 
a suggestion that those who received three or more treatments had an 
improved outcome but this did not achieve statistical significance.

Biological systems have been studied utilizing porcine cells and hepa-
toblastoma cells. The later system has again shown possible improve-
ment in various physiological parameters but a mortality benefit has yet 
to be reported.

■■ LIVER TRANSPLANTATION
The King’s College criteria for liver transplantation in ALF are widely used 
(pH <7.3 or, in a 24 hour period, all 3 of: INR >6, Creatinine >3.4 mg/dL,  
grade III or IV encephalopathy). The modified King’s College criteria 
have adapted lactate levels (>3.5 mmol/L after 4 hours of resuscitation or 
>3.0 mmol/L after 12 hours of resuscitation). It should be noted that pH 
should always be assessed at least 24 hours after ingestion with levels that 
are no longer significantly elevated. The findings of INR, creatinine, and 
encephalopathy should all occur within a 24-hour time window. It should be 
emphasized that lactate is not normally used in isolation but in conjunction 
with pH and/or 2 out of 3 of the criteria. These criteria were never designed, 
for application to aetiologies such as Budd-Chiari, acute Wilson disease, 
pregnancy-related etiologies or in children. Equally, they are not applicable in 
the context of nontransplant etiologies, for example malignancy or hypoxic 
hepatitis. Table 106-3 outlines timelines for various types of liver failure.

Other transplant or poor prognostic criteria are the BiLe score24 and also 
scores from Japan and India, all of which rely mainly on a mixture of jaun-
dice, coagulopathy, and encephalopathy. The other widely applied score is the 
Clichy criteria25 from Paris, utilizing the level of Factor V <20% (age <30 
years) or Factor V <30% (age >30 years) and high-grade encephalopathy.

Meta-analyses of the accuracy of these criteria in determining poor out-
come have been published, most related to comparison of Clichy and Kings 
criteria showing them to be similar with variable sensitivity and specificity; 
some of this variance is likely to be due to the manner in which the criteria 
are applied (eg, post hoc analysis vs real-time prospective assessment). A 
further clear compounding factor is that undertaking liver transplantation 
should not be synonymous with death. Recent meta-analyses have shown 
that the accuracy of the prognostic models appears to have decreased over 
time likely reflecting the improved critical care management.

One of the concerns of all prognostic systems is that they are based on 
variables that are often manipulated and vary with time (eg, encephalopathy, 
bilirubin, and coagulation findings). The application of various interven-
tions is likely to impact these measures and it is likely that future prognos-
tic models will reflect measures of apoptosis, necrosis, and regenerative 

  TABLE 106-2    Various Grades of Hepatic Encephalopathy

Grade Clinical Features

I Changes in behavior, mild confusion, slurred speech, disordered sleep

II Lethargy, moderate confusion

II Marked confusion (stupor), incoherent speech, sleeping but arousable

IV Coma, unresponsive to pain
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capacity. For example, a recent model proposed by the Acute Liver Failure 
Study Group (ALFSG) includes such a measure—cytokeratin 18.26

Decision to proceed to transplantation should not just consider pre-
diction of mortality without transplantation, but also address likelihood 
of survival with transplantation. This has been addressed in several 
papers and it seems likely that age (>45 years) and need for other organ 
support (vasopressors, renal, and ventilator support), especially when 
using a less than optimal graft, have a poor survival. Equally with the 
opportunity to consider living-related transplantation, it may be that 
organs can be obtained before there is severe physiological disturbance; 
the balance to this however requires the clinician to be sure the patient 
will not survive without transplantation as the risks to the donor and to 
the recipient need to be considered. Table 106-4 outlines the approach 
to liver transplantation referral.

  TABLE 106-3    Typical Timelines for Various Types of Liver Failure

Acetaminophen Toxicity

Day 2 Day 3 Day 4

Arterial pH <7.3
PT >50 s (INR >3.0)
Oliguria
Creatinine >200 μmol/L 
(2.26 mg/dL)
Hypoglycemia

Arterial pH <7.3
PT >75 s (INR >4.4)
Oliguria
Creatinine >200 μmol/L 
(2.26 mg/dL)
Encephalopathy
Severe thrombocytopenia

PT >100 s (INR >6.0)
Progressive rise in PT
Creatinine >300 μmol/L 
(3.4 mg/dL)
Encephalopathy
Severe thrombocytopenia

All Other Etiologies

Hyperacute Acute Subacute

Encephalopathy
Hypoglycemia
PT >30 s (INR >2.0)
Renal failure
Hyperpyrexia

Encephalopathy
Hypoglycemia
PT >30 s (INR >2.0)
Renal failure

Encephalopathy
Hypoglycemia
PT >20 s (INR >1.5)
Renal failure
Hyponatremia
Shrinking liver volume on CT

  TABLE 106-4    Guidance Regarding Liver Transplantation Referral

Acetaminophen-Induced ALF All Other Etiologies

  pH <7.3 after fluid resuscitation
OR all of the following:
  PT >100 or INR >6.5
  Serum creatinine >300 μmol/L (3.4 mg/dL)
  Grade III or IV encephalopathy
OR
 � Serum lactate >3.5 mmol/L at 4 hours or 

>3.0 mmol/L at 12 hours

  PT >100 (INR >6.5)
OR any three of the following:
  Seronegative hepatitis or DILI
  Age <10 or >40
 � Jaundice to encephalopathy time  

>7 days
  Bilirubin >300 μmol/L (17.5 mg/dL)
  PT >50 (INR >3.5)
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C H A P T E R

KEY POINTS

•• Portal hypertension, resulting from increased intrahepatic resis-
tance to portal flow and increased portal inflow, marks the transi-
tion from compensated to decompensated cirrhosis.

•• The sequelae of portal hypertension affect each organ system, 
requiring multi-disciplinary management.

•• Grades III and IV hepatic encephalopathy require immediate ICU 
transfer and elective intubation for airway protection.

•• Pulmonary derangements resulting from portal hypertension may 
be severe and include hepatopulmonary syndrome, portopulmo-
nary hypertension, and hepatic hydrothorax.

•• Hepatorenal syndrome is a diagnosis of exclusion and is character-
ized by renal impairment in the setting of advanced liver disease, 
circulatory dysfunction, and increased activity of the renin-angio-
tensin system.

•• SBP is a known precipitant of HRS, which is a cause of increased 
mortality in cirrhotic patients; therefore empiric antibiotic treatment 
is warranted in patients in whom the suspicion for SBP is high.

•• Aggressive intravenous resuscitation, airway protection, and early 
endoscopic management of cirrhotic patients presenting with sus-
pected variceal bleed is critical.

INTRODUCTION
Hepatic decompensation in the critical care setting can present in two 
distinct contexts, which include acute liver failure and acute on chronic 
liver failure. In this chapter, we discuss the critical care approach to acute 
on chronic liver failure. In the intensive care setting, severe cases of acute  
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  TABLE 107-1    Grading of Hepatic Encephalopathy Based on West Haven Criteria

Clinical Manifestations

Grade I Decreased attention span/concentration; abnormal sleep pattern; mildly 
slowed mentation; mild confusion; minimal changes in memory

Grade II Lethargy; inappropriate behavior; slurred speech; personality changes

Grade III Somnolence; disorientation; marked confusion; incomprehensible speech

Grade IV Unresponsive to verbal or noxious stimuli; coma

on chronic liver failure require a systematic multiorgan system approach 
to management in order to address hepatic and extrahepatic organ dys-
function. An optimization of hepatic and extrahepatic derangements, 
including cardiopulmonary, neurologic and renal dysfunction, is essential 
for the successful management of the critically ill cirrhotic patient.

■■ ACUTE ON CHRONIC LIVER FAILURE
The pathophysiology and sequelae of chronic liver disease warrant a 
unique approach to ICU management and treatment of disease. Namely, 
portal hypertension marks the transition from compensated to decom-
pensated cirrhosis, resulting in life-threatening conditions including 
gastrointestinal variceal bleeding, hepatorenal syndrome, pulmonary 
complications, and hepatic encephalopathy.1

Portal hypertension in cirrhosis is a result of the combined effect 
of intrahepatic resistance to portal flow and increased portal inflow. 
The resistance to portal flow consists of both fixed and functional 
components. The fixed component occurs from sinusoidal fibrosis and 
compression by regenerative nodules. The functional component is sec-
ondary to vasoconstriction, resulting from both decreased intrahepatic 
nitric oxide and enhanced intrahepatic vasoconstrictor activity. The 
paradoxical decreased intrahepatic nitric oxide and overproduction of 
extrahepatic nitric oxide produces splanchnic vasodilation and increased 
portal inflow. Combined, the effects of the intrahepatic resistance to flow 
and increased portal inflow result in a portal hypertensive state.2 In addi-
tion, the pathologic splanchnic vasodilation results in a shunting of the 
cardiac output to the splanchnic circulation, and an associated decrease 
in effective systemic arterial blood volume perfusing other organ systems.  
These hemodynamic derangements in the splanchnic and systemic 
circulation form the basis for current management strategies in decom-
pensated cirrhosis. An organ-system-based review of the management of 
specific disease manifestations in acute on chronic liver failure follows.

HEPATIC ENCEPHALOPATHY
Hepatic encephalopathy is a serious complication of portal hypertension 
occurring both in the acute and acute on chronic liver failure setting. Its 
neuropsychiatric clinical presentation ranges widely from mild cogni-
tive impairment to frank coma. The pathophysiology is accepted to be a 
result of a failed hepatic clearance of toxic products from the gastroin-
testinal tract in the setting of impaired liver function.3

While the debate continues over which toxins mediate the develop-
ment of hepatic encephalopathy, elevated ammonia levels have long 
been implicated in its pathogenesis. Specifically, ammonia’s effect on 
brain astrocytes is suspected in the development of hepatic encepha-
lopathy. The astrocytes in chronic liver disease take on an Alzheimer-
type morphology known as Alzheimer type II astrocytosis. In chronic 
liver disease, excess serum ammonia levels alter neuronal proteins on 
the surface of astrocytes leading to abnormal glutamate trafficking. This 
alteration in glutamate is thought to be partially responsible for abnor-
mal neurotransmission seen in hepatic encephalopathy.4 Other studies 
have suggested the involvement of serotonergic and GABA receptors, 
manganese, as well as catecholamine pathways in the pathogenesis of 
hepatic encephalopathy.1

The diagnosis of hepatic encephalopathy requires a high level of 
suspicion in patients with chronic liver disease and careful attention 
to neuropsychiatric abnormalities. Patients may present with symp-
toms ranging from subtle changes in sleep-wake cycle, to lethargy, to 
worsened levels of consciousness including somnolence and coma. The 
West Haven criteria grade hepatic encephalopathy from grade I to grade 
IV based on varying levels of consciousness, intellectual function, and 
behavior (Table 107-1)5 and are used widely. Neurologic abnormalities 
on physical exam may be seen in more advanced presentations and 
include asterixis, hyperactive deep tendon reflexes, and hemiplegia.6

Initial management of hepatic encephalopathy involves determining 
the grade of encephalopathy with prompt ICU transfer and elective intu-
bation for airway protection in grades III and IV. If sedation is needed in 

the ICU setting, given that patients with cirrhosis are sensitive to sedat-
ing agents, a shorter acting agent such as propofol is preferred.7 Imaging 
of the brain should also be considered to rule out other etiologies of 
altered mental status including CVA, intracranial bleed, or masses. The 
precipitating factor(s) of hepatic encephalopathy must be identified and 
treated. These include gastrointestinal bleeding, infection, alkalosis or 
acidosis, electrolyte disturbances, overdiuresis, dehydration, placement 
of recent TIPS, constipation, medication or dietary noncompliance, 
sedatives, tranquilizers, narcotics, or progressive hepatic dysfunc-
tion. Supportive care with IV fluid hydration, correction of electrolyte 
disturbances, and aspiration and fall precautions should be instituted.

Nonabsorbable disaccharides such as lactulose are the main phar-
macological agent to aid in the clearance of ammonia in treatment of 
hepatic encephalopathy. These drugs work by decreasing ammonia 
production in the gastrointestinal tract and increasing fecal nitrogen 
excretion. Specifically, when oral lactulose reaches the cecum, it is 
metabolized by enteric bacteria, causing a drop in the pH. This leads 
to a shift in bacteria favoring uptake of ammonia, leaving less for 
mucosal absorption.1 If the patient is unable to take oral lactulose, 
then an NG tube must be placed for luminal administration, or lactu-
lose enemas should be administered. The dosage should be titrated to 
approximately three bowel movements per day. Antibiotics including 
flagyl, rifaximin, and vancomycin have also been studied and shown 
to be effective in the treatment of hepatic encephalopathy. These 
work primarily by eliminating urease-producing bacteria flora.8 While 
these agents can reduce blood ammonia levels and improve menta-
tion, the degree of encephalopathy has not been shown to correlate  
with specific ammonia levels. Other treatment methods including zinc 
administration and protein restriction are also used but lack strong 
clinical supporting evidence.1 The phenomenon of cerebral edema 
and intracranial hypertension noted in acute liver failure (ALF) due 
to hyperammonemia-induced astrocyte swelling4 does not occur in 
chronic liver disease, and is therefore not a concern in the management 
of hepatic encephalopathy in the cirrhotic patient.

HEMODYNAMIC DERANGEMENTS
The hemodynamic state associated with cirrhosis is distinctive with a 
low systemic vascular resistance, an increased cardiac output, and a low 
mean arterial pressure, thereby mimicking septic physiology. During 
decompensation or sepsis, hemodynamic abnormalities worsen with 
increased portal pressures and further exacerbation of systemic hypo-
tension. Vasopressor support is often needed in these patients to main-
tain adequate end-organ perfusion. Despite this hyperdynamic state, 
patients with decompensated cirrhosis may also show signs of primary 
cardiac depression with reduced ejection fraction under conditions of 
stress and a decreased response to inotropic support, suggesting the 
possibility of a cirrhotic cardiomyopathy.9 Based on current evidence, 
the initial vasoactive agent of choice for distributive shock is norepi-
nephrine. Its α- and β-adrenergic properties increase systemic vascular 
tone while preserving cardiac output.10 Low-dose vasopressin may be 
used as a second-line agent but can increase afterload. Dopamine should 
be used with caution as it may cause vasodilation in the splanchnic cir-
culation, thereby worsening portal hypertension.10 Fluid resuscitation 
should be guided by dynamic fluid-responsiveness predictors so as to 
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avoid unnecessarily raising central venous pressures and exacerbating 
portal hypertension. Increased ascites can lead to abdominal compart-
ment syndrome, compress the vena cava, reduce preload, and cause 
hypovolemic hypotension.

PULMONARY DERANGEMENTS

■■ MECHANICAL VENTILATION
In the event that a cirrhotic patient requires mechanical ventilatory support 
for respiratory failure, there are no current guidelines or evidence-based 
data on the optimal ventilator modes or settings. There are data suggest-
ing the predilection of cirrhotic patients for developing ALI/ARDS.11  
In addition, the sequelae of chronic liver disease including ascites, pleu-
ral effusions, and chest wall edema all alter respiratory mechanics. Given 
these factors, it is important to consider that mechanical ventilation with 
traditional tidal volumes can increase pulmonary pressures resulting 
in ventilator induced lung injury.10 Mechanical damage of lung tissue 
may further activate cytokines resulting in biotrauma, that may trigger 
or further worsen a systemic inflammatory response or septic shock.12 
Extrapolation from the acute respiratory distress syndrome network 
study in 2000 would support the use of low tidal volumes at 6 mL/kg  
ideal body weight to minimize barotrauma as well as biotrauma in 
patients with cirrhosis,13 especially in the setting of ALI or ARDS.

■■ HEPATOPULMONARY SYNDROME
While there are multiple etiologies for hypoxemia in the cirrhotic patient 
including atelectasis, pneumonia, and effusions, hepatopulmonary syn-
drome (HPS) is a distinct pathophysiologic process specifically related 
to portal hypertension that causes hypoxemia due to a diffusion-limited 
transfer of oxygen across the alveolar-capillary interface. HPS is charac-
terized by the triad of an increased arterial to alveolar oxygen gradient, 
pulmonary vascular vasodilation, and underlying liver disease.14

The pathogenesis of hepatopulmonary syndrome lies in increased cir-
culating vasodilators such as nitric oxide that lead to vasodilation in the 
capillary and precapillary beds of the lung,15 as well as arteriovenous mal-
formations. Although these can coexist, when capillary vasodilatations 
predominate, the syndrome is referred to as type I hepatopulmonary syn-
drome. When arteriovenous malformations predominate, it is referred to 
as type II hepatopulmonary syndrome. The distinction between type I  
and type II hepatopulmonary syndromes is useful, since therapeutic 
interventions may differ. The hypoxemia that develops in HPS is a result 
of pulmonary vasodilation causing intrapulmonary shunts that result in 
excess lung perfusion. Rapid blood flow through a dilated pulmonary 
arterial circulation prohibits deoxygenated red blood cells (RBC) from 
being adequately oxygenated due to diffusion-limited oxygen transfer 
from the alveolus to the RBC that resides in a dilated capillary.16

Classic clinical manifestations of hepatopulmonary syndrome include 
platypnea, orthodeoxia, cyanosis, digital clubbing, shortness of breath, 
and hypoxemia. Diagnostic criteria include a PaO2 <70 mm Hg on room 
air with an increased A-a gradient without CO2 retention.16 Further 
work-up includes an arterial blood gas on 100% O2 and a double bubble 
echo or 99 mTC macro-aggregated albumin lung perfusion scan to 
establish the presence of intrapulmonary vascular vasodilatation. A 
delayed appearance of bubbles in the left heart 3 to 6 beats after visual-
ization in the right heart and a shunt fraction greater than 6% indicates 
the presence of intrapulmonary vascular dilation and confirms the diag-
nosis of hepatopulmonary syndrome.1

While the pharmacologic treatment for hepatopulmonary syndrome 
remains disappointing, supplemental oxygen does temporarily improve 
hypoxemia in type I hepatopulmonary syndrome. Given that type II 
hepatopulmonary syndrome involves shunting of blood supplemental  
oxygenation will not improve hypoxemia in this subset; embolization 
therapy may improve oxygenation in these patients.16 Ultimately, a more 
promising option for patients with hepatopulmonary syndrome is ortho-
topic liver transplantation.

■■ PORTOPULMONARY HYPERTENSION
The pathophysiology of portopulmonary hypertension (PPH) is not 
completely understood. Some theorize that increased intrapulmonary  
vascular flow causes shear stress that may trigger remodeling of the 
vascular endothelium. Other theories support the notion that porto-
systemic shunting and decreased phagocytic capacity of the cirrhotic 
liver allows circulating bacteria and toxins to enter the pulmonary 
circulation causing cytokine release and triggering vascular inflam-
matory changes.16 Histopathology reveals intimal fibrosis, smooth 
muscle hypertrophy, and characteristic plexiform lesions seen in small 
arteries and arterioles.17 While dyspnea on exertion is the most com-
mon presenting symptom, patients may also present with chest pain, 
fatigue, hemoptysis, or orthopnea. In late stages of the disease, they may  
demonstrate lower extremity edema, elevated jugular venous pressure, 
and signs of volume overload, all of which are difficult to interpret in the 
setting of chronic liver disease. Physical examination may reveal a loud 
P2 with murmurs of tricuspid and pulmonic regurgitation and a right 
ventricular heave. Cirrhotic patients who have an estimated pulmonary 
artery systolic pressure >50 mm Hg on echocardiogram should undergo 
right heart catheterization to evaluate for PPH.1

Diagnostic criteria for PPH include a mean pulmonary artery pressure 
>25 mm Hg, normal pulmonary wedge pressure, and an elevated pulmo-
nary vascular resistance >125 dynes.sec/cm5.1 PPH can further be divided 
into mild (mPAP 25-34 mm Hg), moderate (mPAP 35-44 mm Hg), and 
severe (mPAP >45 mm Hg).16 The importance of subcategorization rests 
in the increased mortality in patients who undergo liver transplantation 
with moderate to severe portopulmonary hypertension.18

Currently, data suggest that patients with mild PPH, defined as a 
mean PA pressure <35 mm Hg, can proceed with liver transplantation. 
Given the data indicating increased mortality with liver transplantation 
in patients with moderate or severe PPH with significant right ventricu-
lar dysfunction, this subset of patients is not eligible for liver transplant 
listing.1 However, studies conducted by Kuo et al and Krowka et al have 
shown a preoperative reduction in mean PAP and pulmonary vascular 
resistance in patients treated with continuous IV epoprostenol.19 While 
limited data exist regarding the long-term benefit of epoprostenol, it 
may be a therapeutic option to downgrade the severity of PPH and right 
ventricular dysfunction so that patients may be listed for liver transplan-
tation after improved cardiopulmonary hemodynamics.1 Currently, no 
guidelines exist regarding the efficacy of phosphodiesterase inhibitors 
such as sildenafil in improving PPH. It has, however, shown benefit 
in other etiologies of pulmonary hypertension and has been used with 
promising results in case reports of patients with PPH.20

■■ HEPATIC HYDROTHORAX
Hepatic hydrothorax occurs in up to 12% of patients with cirrhosis 
and has been identified as a distinct pulmonary complication of portal 
hypertension. It is defined as the accumulation of fluid in the pleural 
space in a patient with portal hypertension and no underlying cardio-
pulmonary disease.21 The fluid is thought to originate in the abdominal 
cavity and flows into the pleural space through defects in the diaphragm. 
On a microscopic level, these defects are breaks in the collagen bundle 
that constitutes the tendonous portion of the diaphragm. Increased 
intra-abdominal pressure causes the peritoneum to herniate through 
these breaks resulting in pleuroperitoneal blebs. These blebs tend to 
occur more frequently on the right given the heightened muscularity of 
the left diaphragm. Eventually, these blebs rupture and allow free pas-
sage of intraperitoneal fluid preferentially into the pleural space given 
the negative intrathoracic pressure. Hepatic hydrothorax occurs when 
the rate of fluid accumulation exceeds rate of reabsorption.22

Patients present clinically with symptoms of dyspnea, cough, and 
pleuritic chest pain. Typically, patients also present with abdominal 
ascites, although there have been case reports of hepatic hydrothorax 
occurring in the absence of ascites. Due to the physiology described 
above, hepatic hydrothorax often occurs in the right thorax, but may 
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present in the left thorax or bilaterally. Occasionally, fluid accumula-
tion can be massive, leading to severe respiratory compromise, and 
even cardiac tamponade with systemic hypotension requiring emergent 
intervention.21

Diagnosis can be made with thoracentesis to rule out infection or 
other etiologies of pleural effusion. The pleural fluid analysis will be 
transudative in nature resembling ascitic fluid. Total protein and albu-
min levels may be slightly elevated compared to ascitic fluid, due to the 
greater efficacy of water absorption by the pleura.21 Spontaneous bacte-
rial pleuritis should be diagnosed if the pleural fluid absolute polymor-
phonuclear cells (PMN) exceed 250/mm3 with a positive fluid culture or 
a PMN count >500/mm3 with a negative fluid culture in the absence of 
contiguous foci of infection.22 This should be treated promptly with IV 
antibiotics. Insertion of chest tubes is contraindicated in this setting.1

Medical management of hepatic hydrothorax includes initiation of 
diuresis with lasix and spironolactone,21 and therapeutic thoracentesis and 
paracentesis in symptomatic patients with gas exchange abnormalities.  
However, caution should be exercised in removing greater than 1.5 L 
of pleural fluid, as it can precipitate reexpansion pulmonary edema. 
Aggressive drainage with insertion of large chest tubes is contrain-
dicated in the management of hepatic hydrothorax due to the risk of 
precipitating hypovolemic shock and reexpansion pulmonary edema.1 
In our anecdotal experience, the introduction of smaller bore pleural 
drainage catheters (eg, 10 F biliary drainage catheters) with gravity 
drainage allows the controlled removal of pleural fluid with stabilization 
of gas exchange without hemodynamic derangements. Patients who are 
refractory to medical management and thoracentesis may require more 
invasive approaches including a TIPS procedure. TIPS has been success-
ful in treating hepatic hydrothorax when other methods of treatment 
have failed and can be used to bridge patients to liver transplantation. 
However, it must be recognized that it is a temporizing measure associ-
ated with significant morbidity and mortality.22 Ultimately, patients with 
refractory hepatic hydrothorax benefit most from liver transplantation.1

HEPATORENAL SYNDROME
Patients with decompensated cirrhosis have multiple reasons for renal 
dysfunction, occurring at the prerenal, intrarenal, and postrenal level. 
Hepatorenal syndrome, a specific prerenal etiology of renal dysfunction 
in cirrhosis, carries a high mortality, making early diagnosis crucial. 
Hepatorenal syndrome is a diagnosis of exclusion and is characterized 
by renal impairment in the setting of advanced liver disease, circulatory 
dysfunction, and increased activity of the renin-angiotensin system.23 
Other etiologies of renal dysfunction must be ruled out including shock, 
nephrotoxic drugs, prerenal azotemia, and intrinsic renal disease. In 
1998, the International Ascites Club proposed the major diagnostic cri-
teria for hepatorenal syndrome in the setting of severe liver disease with 
advanced portal hypertension. This was updated in 2007 and includes 
the following: (1) cirrhosis with ascites, (2) serum creatinine >1.5 mg/dL,  
(3) no improvement of serum creatinine to <1.5 mg/dL after 2 days of 
diuretic withdrawal and volume expansion with albumin, (4) absence  
of shock, (5) absence of nephrotoxic drugs, and (6) absence of parenchy-
mal kidney disease indicated by proteinuria >500 mg/dL, microhematu-
ria, and normal renal ultrasound.24

The pathophysiology of hepatorenal syndrome is thought to derive 
from the dysfunctional circulatory state in cirrhotic patients. Potent 
vasodilators such as nitric oxide cause splanchnic vasodilation. Coupled 
with a decreased effective circulating blood volume and low systemic vas-
cular resistance, this causes a reduction in renal perfusion.6 The kidneys 
perceive a persistent pre-renal state and adapt by activating the sodium 
retention mechanisms and the renin-angiotensin system resulting in 
vasoconstriction.15 When these adaptive mechanisms are overwhelmed 
glomerular filtration declines and renal failure ensues.25

Hepatorenal syndrome can be categorized into two types. Type I 
hepatorenal syndrome is a rapidly progressive form that occurs in severe 
liver disease and carries a mortality of approximately 80% at 2 weeks.1 

It is defined as a doubling of initial serum creatinine to >2.5 mg/dL or 
a 50% reduction of the initial 24-hour creatinine clearance to a level 
<20 mL/min in less than 2 weeks.6 Type II hepatorenal syndrome is 
associated with diuretic resistant ascites and serum creatinine ranging 
from 1.5 to 2.5 mg/dL. Despite a more protracted course, its prognosis 
is also poor.1 In both types of hepatorenal syndrome, the diagnosis is 
clinical and is one of exclusion. Urine electrolytes reveal a urine sodium 
<10 mEq/L and urine sediment is bland without evidence of ATN.15

Given the high mortality associated with hepatorenal syndrome, 
prevention warrants special attention. The administration of albumin, 
acting as a volume expander to increase effective circulating volume, 
has been shown to decrease mortality related to renal impairment is 
several studies. Additionally, SBP is a known precipitant of HRS. Based 
on the most recent data, it is recommended that albumin be given to 
patients with absolute neutrophil count >250 cells/mm3 with high 
clinical suspicion of SBP, who also have a serum creatinine >1 mg/dL,  
BUN >30 mg/dL, or total bilirubin >4 mg/dL at a dose of 1.5 g/kg 
within 6 hours of detection and 1 g/kg on day 3.26,27 Additionally, it is 
reasonable to administer albumin at a dose of 6 to 8 g/L of fluid removed 
if more than 5 L of ascites is removed to maintain circulating volume and 
renal perfusion.26

Liver transplanation is the only definitive cure for hepatorenal syn-
drome. Initial management of hepatorenal syndrome involves withdrawal 
of diuretics and other nephrotoxic medications. Given that hypovolemia 
can closely mimic hepatorenal syndrome, administration of a fluid chal-
lenge and albumin at 1 g/kg body weight up to 100 g/d is recommended.26  
Other precipitants of hepatorenal syndrome including gastrointestinal 
bleed and spontaneous bacterial peritonitis must be promptly diagnosed 
and treated.15 Understanding the role of splanchnic arterial vasodilation 
in the pathogenesis of hepatorenal syndrome has led to the use of splanch-
nic vasoconstrictors for treatment of hepatorenal syndrome type I.  
Terlipressin is the most-studied drug. Recent randomized controlled 
trials have shown improvement in renal function but no survival benefit 
with terlipressin and albumin administration.25,28 Terlipressin, however, 
has not yet been approved for clinical use in the United States. There is 
promising but limited data with the use of other agents targeted at pro-
ducing splanchnic vasoconstriction. A combination of octreotide (inhibi-
tor of endogenous vasodilator release) and midodrine (an α-adrenergic 
agonist) in the treatment of hepatorenal syndrome has been shown to 
improve renal function and hemodynamics. TIPS has alternately been 
studied in management of both hepatorenal syndrome type I and II. 
There are data suggesting that through portal decompression, it improves 
renal and circulatory function and may serve as an adjunct to vasocon-
strictor therapy.1 Finally, if renal function continues to deteriorate despite 
medical management, renal replacement therapy can be used as a bridge 
to transplantation, which ultimately offers the best option for long-term 
survival.6 Typically, patients who require a prolonged course of renal 
replacement therapy extending beyond six weeks are considered for 
combined kidney/liver transplantation.29

ASCITES AND SPONTANEOUS BACTERIAL PERITONITIS
There are two main factors that lead to ascites in cirrhotic patients: 
sodium retention and portal hypertension. Systemic vasodilation leads 
to decreased renal blood flow and subsequent activation of the renin-
angiotensin-aldosterone system. Aldosterone upregulation results in 
increased sodium reabsorption in the distal tubule. Additionally, 
decreased renal blood flow leads to decreased glomerular filtration rate, 
affecting delivery and excretion of sodium. Combined, these mecha-
nisms involved in sodium balance cause sodium and water retention. 
Portal hypertension contributes to ascites through increased hydrostatic 
pressure within hepatic sinusoids causing transudation of fluid into the 
peritoneum.30

The mainstay of treatment for ascites includes dietary sodium restric-
tion and diuretic therapy. Daily sodium intake should be restricted to 
2 g/d. The most effective diuretic therapy consists of spironolactone  
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and furosemide in a ratio of 100 mg/40 mg and titrated up to 
400 mg/160 mg/d. Electrolytes should be monitored with diuretic ther-
apy.1 Refractory ascites is defined as: (1) ascites not responsive to 
sodium restriction and high-dose diuretic therapy in the absence of 
prostaglandin inhibitors or (2) ascites that recurs rapidly after large 
volume paracenteses.24 Tense, refractory ascites can lead to elevated 
abdominal pressures and even abdominal compartment syndrome, 
characterized by restrictive chest wall mechanics, hypotension, oliguria, 
and mesenteric ischemia.31 Patients with large, refractory ascites are 
typically initially managed with repeat large volume paracentesis. While 
there has been some controversy regarding the benefit of postparacen-
tesis volume expanders such as albumin to prevent renal compromise, 
it is reasonable to administer albumin at a dose of 6 to 8 g/L of fluid 
removed, if >5 L fluid are removed.26 In the setting of refractory ascites, 
patients can be considered for TIPS while awaiting transplantation. 
Alternatively, patients with refractory ascites who are not candidates for 
repeat paracentesis, liver transplantation, or TIPS can be evaluated for 
peritoneovenous shunts.26

All hospitalized patients with chronic liver disease who present with 
ascites should undergo a diagnostic paracentesis to assess for spontane-
ous bacterial peritonitis (SBP), which occurs in 15% of hospitalized  
cirrhotic patients. An ascitic absolute neutrophil count of >250 cells/mm3  
is diagnostic for SBP in the absence of known peritonitis from other  
etiologies. SBP is a known precipitant of HRS, which is a cause of 
increased mortality in cirrhotic patients; therefore, empiric antibiotic 
treatment is warranted in patients in whom the suspicion for SBP is high 
while awaiting results of the paracentesis. Three of the most common 
pathogens involved in SBP are Escherichia coli, Klebsiella pneumonia, and 
pneumococci. Cefotaxime (or similar 3rd generation cephalosporin) is 
the treatment of choice, as it provides excellent coverage of these organ-
isms. Coverage can be narrowed once culture data are available. Culture 
negative neutrocytic ascites should be treated similar to SBP.26 The 
administration of albumin has been shown to decrease mortality in sev-
eral studies. Based on the most recent data, it is recommended that albu-
min be given in patients with absolute neutrophil count >250 cells/mm3  
with high clinical suspicion of SBP, who also have a serum creatinine 
>1 mg/dL, BUN >30 mg/dL, or total bilirubin >4 mg/dL at a dose of 
1.5 g/kg within 6 hours of detection and 1 g/kg on day 3.26,27

SEPSIS
Patients with cirrhosis have a low-level inflammatory state compared 
with the noncirrhotic population. Additionally, in the setting of sepsis 
and an exaggerated proinflammatory state, compromise of the liver’s 
ability to clear endotoxins and cytokines results in worsened systemic 
function.10 Infections are more common in cirrhotic patients possibly 
due to decreased complement levels, impaired antigen presenting ability, 
and impaired macrophage clearance of antibody-coated bacteria. The 
most common infections occurring in cirrhotic patients are spontane-
ous bacterial peritonitis, urinary tract infections, pneumonia, cellulitis, 
and bacteremia. These bacterial infections precipitate an abnormally 
enhanced inflammatory state with high levels of IL-6 and TNF-α.31 
Given the high mortality rate in patients with cirrhosis and sepsis, early 
diagnosis and treatment is imperative.

Early goal-directed therapy32 may play a role in the sepsis of cirrhosis, 
but the components of resuscitation remain controversial. Volume infu-
sion should be guided by objective measures of response, such as rising 
blood pressure, central venous oxyhemoglobin saturation values, stroke 
volume, or falling lactic acid levels. Since excessive intravascular volume 
risks worsened portal hypertension, advancing ascites, and variceal 
distention, dynamic fluid-responsiveness predictors may be helpful in 
limiting fluid therapy to settings where benefit is likely (see Chap. 34). 
Judging the endpoints of resuscitation can be challenging since cirrhotics 
may have values for cardiac output, stroke volume, and central venous 
saturation that are higher than those in healthy individuals, while mean 
systemic blood pressure tends to be lower.

Early broad spectrum antibiotic therapy and discovery of the source 
of infection is crucial, necessitating the evaluation for bacteremia, 
spontaneous bacterial peritonitis, urinary tract infections, and pneu-
monia. There are currently no large randomized controlled trials 
regarding the effects of hydrocortisone therapy in cirrhotic patients 
with sepsis. However, studies have shown that cirrhotic patients have a 
high incidence of adrenal insufficiency.31 A small study conducted by 
Rodriguez et al in 2006 did show a survival benefit in cirrhotic patients 
with sepsis who were administered hydrocortisone.33 Therefore, treat-
ment with hydrocortisone, should be considered. Similarly, there are 
also no large randomized controlled trials regarding intensive insulin 
therapy in this subset of patients, so we recommend that insulin be 
infused to keep blood glucose between 140 and 180 mg/dL in those 
with hyperglycemia. Cirrhotic patients with sepsis often present 
with hypoglycemia due to underlying liver dysfunction and therefore 
often do not often need insulin therapy for glycemic control. Further 
randomized controlled trials are needed specifically addressing these 
issues with respect to critical care management in the cirrhotic patient 
with sepsis.

ACUTE VARICEAL HEMORRHAGE
Gastroesophageal varices are present in approximately half of patients 
with cirrhosis. As the development of gastroesophageal varices is a direct 
result of portal hypertension, it has been shown that these patients have 
a hepatic venous pressure gradient (HVPG) of at least 10 to 12 mm Hg 
(normal HVPG 3-5 mm Hg) and that the risk for variceal bleeding and 
rebleeding correlates with severity of disease.34 Variceal hemorrhage 
occurs at a yearly rate of 5% to 15% and mortality can be as high as 
20% at 6 weeks.35 Aggressive and early management of cirrhotic patients 
presenting with suspected variceal bleed is critical.

The pathophysiology surrounding development of portosystemic 
collaterals, namely gastroesophageal varices, rests in the underlying 
physiology of portal hypertension. Splanchnic vasodilation that results 
in increased portal inflow, coupled with intrahepatic resistance to flow, 
leads to formation of portosystemic variceal collaterals. Variceal wall 
tension is the primary factor determining risk of variceal hemorrhage. 
This, in turn, is determined by vessel diameter and pressure within the 
vessel. Variceal hemorrhage is directly proportional to HVPG and typi-
cally occurs when the HVPG >12 mm Hg.35,36

The treatment of acute variceal hemorrhage requires emergent criti-
cal care management and aggressive resuscitation. Early airway protec-
tion with elective intubation prevents pulmonary complications from 
aspiration pneumonia secondary to massive hematemesis and inability 
to protect the airway, as these patients often have concomitant encepha-
lopathy. Obtaining intravenous access is important given the cumula-
tive effect of the cirrhotic hemodynamics with low systemic vascular 
resistance often combined with massive blood loss. At least two large 
bore IVs should be placed or central access should be obtained. Blood 
transfusions should be initiated when the Hgb concentration falls below 
7 g/dL.37 Overaggressive volume resuscitation has been associated with 
increased portal pressure, rebleeding, and high mortality.38 Additionally, 
cirrhotic patients often have hematologic derangements including defi-
cient factor levels and thrombocytopenia, further predisposing them 
to bleeding. Fresh frozen plasma and platelets can be administered as 
clinical evaluation and hematologic parameters necessitate the use of 
these products.

The use of prophylactic antibiotics has been shown to decrease the 
rate of bacterial infections, including SBP, and also to improve survival.39 
Either a PO quinolone or IV ceftriaxone should be initiated and contin-
ued for 7 days. Immediate pharmacologic strategies to decrease portal 
pressures and induce splanchnic vasoconstriction include initiation of the 
somatostatin analogue, octreotide. Octreotide may be used as a drip with 
initial 50 µg bolus followed by 50 µg/h continuous infusion. Terlipressin, 
a synthetic analogue of vasopressin, is effective in controlling variceal 
bleeds with a documented mortality benefit, but is not yet available in the 
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United States.40 These pharmacologic agents should be continued for 3 to 
5 days, during which the risk of rebleeding is at its peak.

While pharmacologic therapy should be initiated once the diagnosis 
of acute variceal bleed is suspected, EGD with possible endoscopic ther-
apy should be performed within 12 hours of admission.37 Endoscopic 
variceal ligation (EVL) has been shown to be superior to sclerotherapy 
in the acute control of esophageal variceal bleeding. However, if EVL 
is not technically feasible, sclerotherapy may be attempted.37 In those 
patients where control of esophageal variceal bleeding is not feasible 
with combined pharmacologic and endoscopic therapy, or if recurrence 
occurs early, then TIPS may provide improved survival. TIPS is gener-
ally considered first-line treatment for uncontrolled gastric variceal 
bleeding after a failed endoscopic attempt.35 Finally, balloon tamponade 
such as with a Sengstaken Blakemore tube or Minnesota tube is effective 
in temporary control of variceal bleeding. Balloon tamponade should  
be restricted to patients with variceal hemorrhage refractory to medi-
cal or endoscopic management who are awaiting a more definitive 
treatment such as emergent TIPS. Balloon tamponade is associated 
with lethal complications including aspiration, esophageal perforation/
necrosis, and migration. Airway protection is mandatory with the use 
of this device.35

LIVER TRANSPLANTATION
Liver transplantation has offered patients with acute or chronic liver 
disease improved survival and quality of life. The limited availabil-
ity of organs prompted use of objective medical criteria reflecting  
severity of disease to facilitate appropriate allocation of organs for 
patients in need of a liver transplantation. The implementation of the 
Model for End Stage Liver Disease (MELD) allocation system in 2002, 
while not without its flaws, allowed for a more objective prioritization 
of deceased donor organs based on specific medical criteria.41 Using 
the MELD model, patients are designated a number between 6 and 
40 based on variables including INR, creatinine, bilirubin, and need 
for renal replacement therapy. Higher MELD scores correspond to 
higher mortality rates. Patients with MELD scores of 15 or more have 
been shown to have improved mortality with liver transplantation.42 
Patients with decompensated chronic liver disease being managed in 
the intensive care unit often have a rise in their MELD score, indica-
tive of their acute illness and worsening hepatic failure. Evaluation 
of the patient’s clinical stability, transplant candidacy, and need for 
urgent liver transplantation in the setting of critical illness involves 
the collaborative efforts of the intensivist, transplant hepatologist, and 
transplant surgeon.

SUMMARY
The intensive care management of cirrhotic patients requires a detailed 
multiorgan system-based approach to critical illness. The distinct 
pathophysiology of acute on chronic liver failure requires specific  
management strategies to address hepatic and extrahepatic organ 
dysfunction. A team-based approach to clinical decision making that 
involves the transplant hepatologist and intensivist is essential for effec-
tive critical care management of patients with liver failure.
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C H A P T E R

KEY POINTS

•• Acute pancreatitis is a frequent cause of gastrointestinal-related 
critical illness.

•• Most cases are caused by alcohol and gallstones; other etiologies 
include hypertriglyceridemia, post-ERCP pancreatitis, hypercalce-
mia, trauma, infections, and medications.

•• Two of the following three criteria establish the diagnosis of 
acute pancreatitis: sudden onset of characteristic abdominal pain; 
serum amylase and/or lipase above three times normal; pancreatic 
inflammation on imaging studies.

•• There are two types of acute pancreatitis—interstitial edematous 
and necrotizing. The former has pancreatic enlargement with 
diffuse pancreatic and peripancreatic inflammation. The latter 
has necrosis of pancreatic and/or peripancreatic tissue, in addi-
tion to inflammatory changes.

•• Early crystalloid administration in fluid-responsive patients is 
important in the management of acute pancreatitis.

•• Early enteral nutrition has been validated as an important com-
ponent of the management of acute pancreatitis; avoiding enteral 
feeding and/or use of parenteral nutrition is not recommended.

•• There is no role for prophylactic antibiotics in the management 
of acute pancreatitis; however, broad spectrum antibiotics (eg, 
carbapenems) are indicated in the presence of documented or 
suspected pancreatitic infection.

•• Endoscopic retrograde cholangiopancreatography (ERCP) is indi-
cated in patients with acute gallstone pancreatitis with cholangitis 
and those with pancreatic duct disruption.

•• Endoscopic debridement is superior to open necrosectomy for the  
management of mature, walled-off fluid collections.
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The diagnosis of acute pancreatitis requires two of the following three 
criteria:

•• Sudden onset of characteristic abdominal pain
•• Elevation of serum amylase and/or lipase above three times normal
•• Findings of pancreatic inflammation noted on imaging (CT, MRI, or 

ultrasound)

Imaging is not required for diagnosis of acute pancreatitis in patients 
who present with characteristic abdominal pain and elevated serum 
amylase or lipase.

Since the original Atlanta classification of acute pancreatitis in 1992, 
multiple predictive models for acute pancreatitis were proposed and 
there was much confusion regarding the terminology used for local com-
plications and fluid collections from acute pancreatitis. In an attempt to 
address these issues, a revised Atlanta classification was published in 2012 
which offers a detailed classification of acute pancreatitis, its severity and 
terminology for early and late pancreatic and peripancreatic collections.4

Types of Acute Pancreatitis:  The revised Atlanta classification 
(Table 108-2) divides acute pancreatitis into two types, interstitial edem-
atous pancreatitis (Fig. 108-1) and necrotizing pancreatitis (Fig. 108-2). 
Patients with interstitial edematous pancreatitis have diffuse inflammation  
of the pancreatic and peripancreatic tissue with enlargement of the pan-
creas. Necrotizing pancreatitis is seen in less than 10% of all patients with 
acute pancreatitis. These patients have necrosis of either pancreatic or 
peripancreatic tissue or both, in addition to the inflammatory changes. 
On contrast-enhanced CT scans, interstitial edematous pancreatitis 
appears as homogenous enhancement, while pancreatic/peripancreatic 
necrosis is seen as nonenhancing areas. Of note, the necrosis of pancre-
atic tissue can develop over days after onset of abdominal pain and can be 
missed on imaging done early during the course of disease.15,16

  TABLE 108-1    Etiology of Acute Pancreatitis

Toxic Alcohol
Methanol
Smoking
Organophosphates
Scorpion bite

Mechanical obstruction/duct 
damage

Biliary pancreatitis (gallstones)
Biliary sludge
Parasitic infections (ascariasis)
Malignancy (pancreatic, ampullary, cholangiocarcinoma)
Periampullary diverticulum
Abdominal trauma/duct disruption

Metabolic Hypertriglyceridemia
Hypercalcemia

Immune-related Auto-immune pancreatitis
Vasculitis (SLE, polyarteritis nodosa)

Drugs 5-ASA/salicylates, azathioprine/6-MP, didanosine, pent-
amidine, furosemide, tetracyclines, thiazides, estrogen

Infections Viral: mumps, varicella-zoster, coxsackie, HSV, HIV
Bacterial: Mycoplasma, Leptospira, Legionella
Parasitic: Toxoplasma, cryptosporidium
Fungal: Aspergillus

Miscellaneous Idiopathic
Post-ERCP pancreatitis
Pancreas divisum in some patients
Ischemia
Genetic mutations in PRSS1, SPINK, CTRC, or CFTR genes

Common etiologies highlighted. CFTR, cystic fibrosis transmembrane conductance regulator; CTRC, 
chymotrypsin C; ERCP, endoscopic retrograde cholangiopancreatography; HIV, human immunodeficiency 
virus; HSV, herpes simplex virus; PRSS1, serine protease 1; SLE, systemic lupus erythematosus; SPINK, 
serine protease inhibitor Kazal type 1.

Acute pancreatitis is currently the most frequent gastrointestinal cause 
of hospital admissions in the United States with a total of 275,000 
admissions in 20091 and approximately $2.2 billion in annual health 
care costs.2 The overall mortality among patients with acute pancreatitis 
is around 5%, but patients who develop severe acute pancreatitis have 
mortality rates as high as 15%3 and even higher when multiorgan failure 
is present. Appropriate intensive care management of these patients and 
a multi-disciplinary approach play a very important role in treatment of 
those patients who develop severe acute pancreatitis. In 2012, a revised 
version of the original Atlanta classification was published that focused 
on defining the severity of acute pancreatitis and classification of pan-
creatic and peripancreatic fluid collections.4

PATHOPHYSIOLOGY
Acute pancreatitis is believed to be triggered by an increase in the 
intraductal pressure or direct injury to acinar cells from metabolic 
or toxic stimuli which leads to breakdown of the junctional barrier 
between acinar cells and leakage of pancreatic fluid and enzymes 
into the interstitial space.5 Intrapancreatic activation of proteolytic 
enzymes leads to autophagy and autodigestion of acinar cells.6 
Lysosomal enzymes such as cathepsin B initiate the activation of 
trypsinogen to trypsin which then leads to activation of more trypsin 
as well as other pancreatic enzymes including phospholipase, chy-
motrypsin, and elastase.7 The acinar tissue death leads to an intense 
systemic inflammatory response syndrome (SIRS) caused by the 
release of activated pancreatic enzymes and mediated by cytokines, 
immunocytes, and the complement system. Inflammatory cytokines 
(such as tumor necrosis factor) cause macrophages to migrate into 
tissues distant from the pancreas, including lungs and kidneys. 
Immunocytes attracted by cytokines released from macrophages 
release more cytokines, free radicals, and nitric oxide; the result is 
tissue destruction, fluid and electrolyte loss, hypotension, renal and 
pulmonary complications, late septic complications, and, in severe 
cases, multisystem organ failure (MSOF) and death.

ETIOLOGY
The two most common causes of pancreatitis in the United States are 
alcohol and gallstone pancreatitis, accounting for approximately 75% to 
80% of the cases. Other common etiologies include hypertriglyceridemia,  
post-ERCP pancreatitis, hypercalcemia, trauma, infections, drug injury, 
anatomical variants such as pancreas divisum, and idiopathic pancreati-
tis (Table 108-1). Recently, multiple studies have shown smoking to be 
an independent risk factor for acute pancreatitis in a dose-dependent 
manner.8-10

Patients who are critically ill are also at increased risk of developing  
pancreatitis due to ischemic injury.11 Hypoperfusion can play an impor-
tant role in the progression of mild acute pancreatitis to severe, necro-
tizing pancreatitis in those cases where the initial insult was due to the 
more common etiologies in noncritical care setting.12

DIAGNOSIS AND ASSESSMENT OF SEVERITY
Most patients with acute pancreatitis present with sudden onset, severe, 
persistent epigastric, or right upper quadrant pain, with or without 
radiation to the back associated with nausea and vomiting.13,14 Physical 
examination findings vary according to the severity of the disease and 
range from mild epigastric tenderness to a diffusely tender abdomen.  
Presence of ecchymotic discoloration in the periumbilical region 
(Cullen sign) or along the flanks (Grey Turner sign) suggests retroperi-
toneal bleed.

Serum amylase and lipase are both elevated early in the course of acute  
pancreatitis (within 4-12 hours). Amylase has a shorter half-life of  
10 hours and returns to normal within 3 to 5 days, while lipase elevations 
last longer, returning to baseline within 8 to 14 days. Serum lipase is more 
sensitive and specific than amylase for diagnosis of acute pancreatitis.
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The clinical course after an episode of acute pancreatitis is quite vari-
able and it is of utmost importance to detect high-risk patients who 
will progress to severe, necrotizing pancreatitis in an effort to improve 
outcomes. Multiple clinical scoring systems have been used to pre-
dict the severity of acute pancreatitis. These scoring systems are very 
important because they can help recognize patients with severe acute 
pancreatitis who would require aggressive care in the intensive care 
unit. Ranson criteria have been shown to be moderately accurate in  
predicting the severity of acute pancreatitis,17-19 but it takes 48 hours after 
initial hospitalization to be calculated and involves laboratory values 
that are not routinely checked. As such, it is not frequently used. The 
Acute Physiology and Chronic Health Examination II (APACHE II) 
score was initially developed for critically ill patients and is currently the 
most widely used scoring system for severity of acute pancreatitis. It is as 
accurate as the Ranson criteria and is faster to calculate.20 Recently, a new 
scoring method known as bedside index for severity in acute pancreatitis 
(BISAP) was developed in an attempt to recognize early disease severity.21 
It is based on blood urea nitrogen (BUN) >25 mg/dL, impaired mental 
status, presence of systemic inflammatory response syndrome (SIRS), age 
>60 years, and presence of pleural effusions. Even though it is simpler 
and quick to calculate, it has been found to have lower sensitivity than 
both Ranson and APACHE II scores in predicting severity, pancreatic 
necrosis, and mortality in patients with acute pancreatitis.22

The revised Atlanta classification has attempted to simplify this classi-
fication of severity of acute pancreatitis and it divides acute pancreatitis 
into mild acute pancreatitis, moderately severe acute pancreatitis, and 
severe acute pancreatitis.4 This classification is based on the presence or 
absence of organ failure and local or systemic complications. In the clas-
sification, transient organ failure refers to organ failure that is present for 
<48 hours, while persistent organ failure is present for >48 hours after 
onset. Local complications refer to acute peripancreatic fluid collections 
or pancreatic necrosis. Exacerbation of previously present comorbidi-
ties is considered systemic complication. The modified Marshall scor-
ing system is used for assessing organ failure. It involves assessment of  
cardiovascular, respiratory, and renal systems.

Mild acute pancreatitis is associated with very low mortality and 
is characterized by the absence of organ failure, local and systemic 
complications. Most of these patients do not require cross-sectional 
imaging and have a short hospital stay. Moderately severe pancreatitis is 
characterized by presence of transient organ failure or local or systemic 
complications but persistent organ failure is absent; mortality rate is also 
low. Severe acute pancreatitis is indicated by the presence of persistent 
organ failure and carries a higher mortality rate.

INITIAL RESUSCITATION AND MANAGEMENT

■■ EARLY FLUID RESUSCITATION
Aggressive management of patients with acute pancreatitis should begin 
early after diagnosis (eg, in the emergency department). Published 
data suggest that initial resuscitation can affect the outcomes of acute 
pancreatitis significantly. The first 24 hours have been referred to as the 
“golden hours” of management of acute pancreatitis23 and both under-
resuscitation as well as over-resuscitation can lead to worse outcomes; 
accordingly, very close monitoring of these patients is needed.24-26 There 
is no benefit of using colloids for fluid resuscitation over crystalloids 
in acute pancreatitis.27 Lactated Ringer’s solution has been found to 
be associated with a markedly decreased incidence of SIRS compared 
to 0.9% sodium chloride. Though the exact mechanism for this is not 
known, it is hypothesized that hyperchloremic metabolic acidosis caused 
by normal saline can promote activation of trypsinogen in a pH depen-
dent manner.28 Hence, lactated Ringer’s should be the initial choice for 
volume resuscitation in all patients with acute pancreatitis except those 
with hypercalcemia since it contains 3 mEq/L of calcium. Serial measure-
ments of blood urea nitrogen and hematocrit should accompany fluid 
resuscitation along with close assessment of clinical condition, vital signs, 
and urine output. An evidence-based approach to fluid resuscitation 

  TABLE 108-2   � Revised Atlanta Classification (2012) for Pancreatic and 
Peripancreatic Fluid Collections

Definition Duration CECT (Contrast-Enhanced CT) Features

Acute fluid collection (AFC) <4 weeks •	 Homogenous with fluid density
•	 No encapsulation
•	 Interstitial edematous pancreatitis

Acute necrotic collection (ANC) <4 weeks •	 Heterogenous (both fluid and solid 
components)

•	 No encapsulation
•	 Acute necrotizing pancreatitis

Pseudocyst (PP) >4 weeks •	 Homogenous with fluid density
•	 Well defined wall
•	 After interstitial edematous pancreatitis

Walled-off necrosis (WON) >4 weeks •	 Heterogenous (both fluid and solid 
components

•	 Well defined wall
•	 After acute necrotizing pancreatitis

FIGURE 108-1.  A 52-year-old man admitted with sudden onset of postprandial severe 
abdominal pain. On abdominal CT scan, the pancreas enhances uniformly with intravenous 
contrast. There is fat stranding particularly in the head and neck of the pancreas (arrows).
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FIGURE 108-2.  A 68-year-old man with severe abdominal pain 30 minutes after eating 
fried chicken. Abdominal CT scan with IV contrast reveals a nonenhancing area on the pancre-
atic body consistent with necrotizing pancreatitis (arrows)
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should be utilized (see Chap. 34 on “Judging the Adequacy of Fluid 
Resuscitation”) and fluid resuscitation should begin early in the course 
of management. A large single center retrospective study showed that 
those patients with acute pancreatitis who received early resuscitation 
(receiving more than one-third of total 72-hour fluid volume within first 
24 hours of presentation) had significantly lower incidence of SIRS, organ 
failure, admission to intensive care unit, and a reduced length of stay 
compared to those with late resuscitation (receiving less than one-third 
of total 72 hours fluid volume within first 24 hours).29

A general approach is to start with a 1000- to 2000-mL crystalloid 
fluid bolus followed by fluid resuscitation at a rate of 250 to 300 mL/h for 
1000 to 3000 mL, to target a urine output of at least 0.5 mL/kg per hour. 
However, one should utilize the tools outlined in Chap. 34 to judge the 
adequacy of fluid resuscitation rather than following an exact recipe. Some 
patients with cardiopulmonary disease, particularly those with ARDS, 
may progress to respiratory failure and require endotracheal intubation.

■■ NUTRITION IN ACUTE PANCREATITIS
The nutritional therapy in acute pancreatitis has significantly evolved 
from the concept of “pancreas rest” to efforts directed at early resump-
tion of enteral nutrition with an aim to maintain the gut integrity and 
prevent bacterial translocation and associated complications. Enteral 
nutrition should be initiated as soon as possible. It is safe in patients with 
acute pancreatitis and it has been shown to be associated with lower rates 
of systemic infections, multiorgan failure, and mortality in comparison 
to parenteral nutrition.30,31 Until recently, the general practice was to 
avoid oral intake until resolution of abdominal pain; however, patients 
with mild acute pancreatitis can be fed as soon as they are hungry, with-
out any restriction on the consistency of food. A low fat solid diet seems 
to be as safe as clear liquid diet.32 Nutritional support is often needed in 
patients with moderately severe and severe acute pancreatitis and should 
be started within 24 to 48 hours of initial presentation, especially when it 
is likely that the patient will be unable to start oral intake within the next 
5 to 7 days. As noted above, enteral nutrition is preferred over parenteral 
nutrition. Multiple studies and meta-analyses have shown that parental 
nutrition is associated with vascular catheter-related complications and 
infections, while enteral nutrition appears to help maintain gut mucosal 
integrity and hence decrease bacterial translocation;30,31,33 it is associated 
with decreases in infections, organ failure, and length of stay.34 There has 
been significant debate regarding nasogastric versus nasojejunal feeding 
in these patients but no data are currently available to strongly favor any 
one approach over the other. Though traditionally nasojejunal feedings 
have been preferred in patients with acute pancreatitis, nasogastric tube 
feeding has been shown to as safe as the jejunal feeding.31,35,36 Aspiration 
precautions, including elevation of head end of bed, should be applied 
in all patients. Checking gastric residuals to guide gastric feeding has 

not been shown to be beneficial. In patients who cannot tolerate gastric 
feeding due to large fluid collections causing gastric compression or 
duodenal obstruction, nasojejunal tube placement is usually needed.

■■ ROLE OF PROPHYLACTIC ANTIBIOTICS
Approximately one-fourth of patients with acute pancreatitis develop 
infectious complications and those with severe acute pancreatitis are at 
particularly high risk. Patients with infected pancreatic necrosis have a 
mortality of around 30%14 (Fig. 108-3). The use of prophylactic antibiot-
ics was common in the early 2000s in patients with severe acute pancre-
atitis. Multiple studies and a recently published Cochrane meta-analysis 
have shown that the use of prophylactic antibiotics is not associated 
with decreased incidence of infected pancreatic necrosis, mortality, or 
need for surgical interventions,37-39 even though a decreased incidence 
of infection in pancreatic necrosis and a trend toward lower mortality 
were noted in patients receiving imipenem.40 However, all patients with 
severe acute pancreatitis requiring critical care should be monitored 
closely for development of any signs of sepsis or infection, since delay 
in starting antibiotic therapy has been shown to be associated with 
declining survival. Hence, recent guidelines from American College of 
Gastroenterology published in 2013 suggest that when an infection is 
suspected, it is justifiable to start empiric antibiotics covering both gram, 
negative and gram-positive organisms; antibiotics should be discontin-
ued if cultures are negative and no definite source is identified.33

■■ ROLE OF ERCP IN ACUTE PANCREATITIS
The role of endoscopic retrograde cholangiopancreatography in ERCP 
in management of acute pancreatitis is limited to patients with acute 
gallstone pancreatitis with cholangitis and those with pancreatic 
duct disruption. Patients with acute pancreatitis and biliary sepsis  
(cholangitis) should have ERCP performed within 24 hours of admis-
sion since it has been shown to be associated with decreased morbidity 
and mortality.41,42 The beneficial role of ERCP in patients with gallstone 
pancreatitis without cholangitis is not clear. A large multicenter study 
and a recent meta-analysis involving 717 patients have both shown that 
there is no beneficial role for early ERCP in acute pancreatitis patients 
with severe acute biliary pancreatitis without biliary sepsis.43,44

When acute pancreatitis is mild interstitial, and biliary in origin, it 
is favorable to proceed with cholecystectomy prior to discharging the 
patient home.45 With moderate or severe biliary pancreatitis, it is favored 
to wait and re-image a month after the episode to assure that no fluid 
collections are present; if so, the gallbladder can be removed and the 
fluid collection treated, both during the same surgery.46 ERCP with bili-
ary sphincterotomy should be performed to protect the pancreas against 
another attack of pancreatitis while waiting for the cholecystectomy or 
in those patients who are poor candidates for cholecystectomy.47

FIGURE 108-3.  A 34-year-old man with a history biliary pancreatitis with epigastric abdominal pain and new onset of fever and chills 48 hours prior to admission. CT Scan reveals walled 
off necrosis (WON) in the tail of the pancreas area with air (white arrow). This finding and associated symptoms are diagnostic of infected WON.
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■■ PANCREATIC AND PERIPANCREATIC COLLECTIONS
The recent Atlanta classification has led to a major change in the clas-
sification of the pancreatic and peripancreatic fluid collections based 
on the presence or absence and duration of solid material in these  
collections.4 The four types of fluid collections as a sequel of acute pan-
creatitis include acute fluid collection (AFC), pancreatic pseudocyst (PP) 
(Fig. 108-4), acute necrotic collection (ANC), and walled-off necrosis 
(WON) (Fig.  108-5). All these types of fluid collections have signifi-
cantly different management strategies and hence it is very important to 
distinguish one from the others. AFCs develop early in acute interstitial 
edematous pancreatitis, are homogenous on contrast-enhanced imaging 
(no solid debris), do not have well-developed demarcation, and usually 
resolve without any intervention. If these persist beyond 4 weeks, they 
develop a well-demarcated wall and are known as pseudocysts, which do 
not contain any solid material. Acute necrotic collection (ANC), usually 
seen during the first 4 weeks in necrotizing pancreatitis, contains both 
fluid and necrotic components and is without a well-demarcated wall. 
These can progress to a well-defined encapsulation after 4 weeks, a con-
dition known as walled-off necrosis. Both ANCs and WONs can become 
infected, which is associated with morbidity and mortality.

It is usually difficult to differentiate between AFC and ANC during 
the first week or two of acute pancreatitis since both can appear homog-
enous with fluid consistency on contrast imaging. Hence, delaying imag-
ing for the first 2 weeks after admission is acceptable, unless indicated 
for clinical management.

Management:  Majority of the AFCs resolve within a few weeks of acute 
pancreatitis onset and do not require any intervention; however, 6% to 
7% of these can persist beyond 4 weeks as pseudocysts or walled-off 
pancreatic necrosis. Only symptomatic patients require treatment—
asymptomatic collections do not require treatment irrespective of their 
size. The symptoms from pancreatic or peripancreatic collections are 
usually due to obstruction of adjacent viscera (gastric or duodenal outlet 
obstruction with early satiety, nausea and vomiting, biliary or pancreatic 
obstruction), infection, rupture, or bleeding. Therapy can be provided 
in the form of drainage or drainage along with necrosectomy in patients 
with walled-off necrosis. The approach depends on the local expertise 
and includes: endoscopic drainage (transpapillary, transgastric or trans-
duodenal), placement of percutaneous drains by interventional radiol-
ogy, or surgical intervention (video-assisted retroperitoneal debridement, 
laparoscopic or open surgery). While rupture requires urgent surgical 
exploration, bleeding into the pseudocyst and pseudoaneurysms can be 

treated with angiographic embolization.48 Endoscopic drainage can be 
used in symptomatic collections. It is important to assess the ductal anat-
omy in these cases since transpapillary drainage should be performed if 
the pseudocyst is communicating with the main pancreatic duct or there 
is pancreatic duct disruption. Otherwise, transgastric or transduodenal 
approaches should be sufficient.

Both acute pancreatic necrosis and walled-off necrosis can become 
infected and have high mortality necessitating antibiotics and debride-
ment. Previously, early surgical approach was the only option avail-
able for these patients, but transgastric endoscopic necrosectomy has 
been increasingly performed since 2000 with excellent results. It has 
dramatically changed the way we now treat symptomatic patients with 
walled-off necrosis.49 Drainage procedures (endoscopic, interventional 
radiology, or surgical) should be avoided in the first 4 weeks until a 
well-defined wall develops around these collections. A direct correlation 
exists between success of endoscopic intervention and degree of encap-
sulation,50 and early intervention is associated with poor outcomes.51  
Multiple studies have now shown that endoscopic debridement is supe-
rior to open necrosectomy,52,53 due to lower morbidity and mortality 
rates.54 But it is very important to recognize that not all patients with nec-
rotizing pancreatitis will need necrosectomy. Hence, a step-up approach 
has been proposed in managing these patients. In one of the largest pro-
spective cohort studies on patients with necrotizing pancreatitis, it was 
shown that up to two-thirds of the patients with necrotizing pancreatitis 
can be managed conservatively with aggressive intensive care support. 
In those who develop infected necrosis, one-third can be managed by 
simple catheter drainage without debridement (either transcutaneous or 
endoscopic), while those who fail drainage require necrosectomy.3

The therapy for patients with severe acute pancreatitis must be indi-
vidualized and decisions must be made in a multidisciplinary fashion 
including gastroenterologist/pancreatologist, critical care physician, 
surgeon, and interventional radiologist to ensure the best outcome.

FIGURE 108-4.  A 42-year-old woman with early satiety, nausea, abdominal pain, and 
weight loss 6 weeks after an episode of interstitial pancreatitis. Abdominal CT scan reveals 
a large pancreatic pseudocyst compressing the stomach. She was successfully treated with 
endoscopic cyst-gastrostomy with stent placement.

Liver

Spleen

Pseudocyst

FIGURE 108-5.  A 39-year-old woman with history of hypertriglyceridemia-induced 
necrotizing pancreatitis with early satiety, nausea, abdominal pain, and weight loss. 
Abdominal CT scan reveals a large pancreatic and peripancreatic collection with walled-off 
necrosis compressing the stomach. She was successfully treated with endoscopic transgastric 
cyst-necrosectomy and two percutaneous drains.
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Mesenteric Ischemia
Hassan A. Al-Zahrani
Thomas Lindsay109

C H A P T E R

KEY POINTS

•• Acute mesenteric ischemia is an infrequent but deadly clinical 
entity. When diagnosis is delayed, it is almost always fatal; there-
fore, a high index of suspicion is required, especially in those at 
high risk: the elderly, those with cardiac dysfunction, patients with 
diffuse atherosclerosis, and those following aortic and cardiac 
surgery or arterial catheterization.

•• The etiology of acute mesenteric ischemia may be embolic, throm-
botic, primary vasoconstrictive, or secondary to venous thrombosis. 
Chronic ischemia is usually due to flow-limiting lesions (mesenteric 
stenosis or occlusions) in the presence of inadequate collateralization.

•• Classic symptoms of acute intestinal ischemia are central abdominal 
pain (often out of proportion to the benign abdominal examina-
tion), weight loss (an important clue even in the acute presentation), 
bowel emptying, and altered bowel function (vomiting, bloating, 
constipation, or diarrhea). Once signs of peritonitis or bloody diar-
rhea are present, shock, sepsis, and death almost always follow.

•• Arterial phase abdominal and pelvic computed tomographic (CT) 
mesenteric angiography is the investigation of choice, offering accu-
rate diagnostic evaluation. However, selective mesenteric angiography 
offers therapeutic options, whereas duplex ultrasonography may not be 
definitive. Frequently, the diagnosis is confirmed only at laparotomy.

•• Treatment is most commonly surgical, with restoration of flow by 
embolectomy, bypass, or angioplasty (antegrade or retrograde); 
vasodilator infusion therapy; thrombolysis and resection of nonvi-
able intestine; and liberal use of “second look” laparotomy.

•• Nonocclusive mesenteric ischemia (NOMI) has a high mortality 
rate, and early diagnosis and treatment are important for improv-
ing survival in patients with this condition.

Acute mesenteric ischemia is a relatively rare but often fatal clinical 
entity. Although little data exist on its true incidence, data from the 
Swedish Vascular Registry suggest that it may account for just 1% of 
reconstructions for acute thromboembolism.1 Contemporary series, 
however, continue to report a mortality rate of between 32% and 48%.2,3 
Although autopsy studies suggest that atherosclerosis affecting the 
mesenteric arteries is common (6%-10%),4 symptomatic mesenteric 
occlusive disease is rare. However, of patients presenting with acute mes-
enteric ischemia, one large series found that 43% had prior symptoms 
of chronic mesenteric ischemia.5 The spectrum of mesenteric ischemia 
includes occlusive disease secondary to atherosclerotic occlusion with 
thrombosis, embolism, mesenteric venous thrombosis, and nonocclu-
sive mesenteric ischemia due to vasospasm (Table 109-1). At its most 
florid, it may present with mesenteric infarction, intestinal perforation, 
and septic circulatory collapse. This relatively rare but often fatal clini-
cal entity must be considered early in the differential diagnosis of any 
patient with abdominal symptoms or signs but especially those with 
pain out of proportion to physical findings. Also a history of intestinal 
angina, peripheral vascular disease, cardiac dysfunction, aortic surgery 
or recent aortic catheterization, hypotension, or prothrombotic state 
increases the risk of mesenteric vascular disease. Noninvasive tests for 
mesenteric ischemia lack specificity and sensitivity, which mandates that 
the diagnosis often requires a high index of suspicion, supplemented 
by a liberal use of computed tomographic angiogram (CTA) when 
uncertainty remains. Where doubt exists in the presence of emerging 
acute abdominal signs or clinical deterioration, diagnostic laparotomy 
is indicated. This discussion will focus on the etiology, pathophysiology, 
diagnosis, and management of acute mesenteric ischemia.

ANATOMY AND DYNAMICS  
OF THE MESENTERIC CIRCULATION
The mesenteric circulation is supplied in series by the three major mid-
line branches of the abdominal aorta, namely the celiac artery, supplying 
the foregut, hepatic, and splenic beds; the superior mesenteric artery 
(SMA), supplying the midgut; and the inferior mesenteric artery (IMA) 
and the internal iliac arteries, supplying the hindgut. An extensive 
network of actual and potential sites of collateralization exists between 
individual branch territories and their neighbors, as well as the systemic 
circulation. The celiac territory may gain supply proximally across the 
diaphragm from the phrenic and esophageal vessels (that arise from  
the aorta) and distally from the SMA via the gastroduodenal artery, includ-
ing the superior and inferior gastroduodenal arteries. The SMA territory 
may be perfused from the celiac artery, as mentioned, or from the IMA 
territory via the arch of Riolan, a collateral that runs in the midmesentery 
and is fed via the ascending branch of the left colic artery (Fig.  109-1).  
The IMA territory may collateralize proximally, as described, or dis-
tally via the inferior hemorrhoidal arteries from the internal iliac 
artery. Blood from the pelvis may collateralize to the SMA or above 
from the communications between the sigmoidal/hemorrhoidal  
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  TABLE 109-1    Potential Causes of Acute Mesenteric Ischemia

Occlusive Disease

  Embolism Cardiac diseases (atrial fibrillation, post-MI, valvular disease,

SBE, dilated left ventricle, myxoma)

Extracardiac arterial diseases

  Arterial thrombosis Acute on chronic atherosclerosis

Low cardiac output states

  Intrinsic arterial dis-
eases

Occlusive atherosclerosis

Aortic dissection (type A or B)

Atherosclerotic aneurysm

Arteritis and autoimmune diseases

Fibromuscular dysplasia

  Venous thrombosis Thrombophilia

Extrinsic compression

  Iatrogenic After aortoiliac surgery

Catheter related (dissection, embolism)

Irradiation arteritis

Vasoconstrictive agents (epinephrine, norepinephrine, 
dopamine)

  Trauma Penetrating

Blunt (including deceleration injuries)

Nonocclusive Disease

  Shock Cardiogenic shock

Hypovolemic shock

Septic shock

Neurogenic shock

Anaphylactic shock

  Low cardiac output 
states

Heart failure

Arrhythmia

Acute coronary syndromes

Miscellaneous : peritonitis ,pancreatitis, post CABG, ESRD on 
peritoneal dialysis

Pseudocoarctation (aortic dissection)

 � Pharmacologically 
induced

Digitalis, vasoactive substances (catecholamines, 
somatostatin analogues, etc.), ergotism

MI, myocardial infarction; SBE, subacute bacterial endocarditis.

vessels to the marginal artery of Drummond (a collateral that runs 
within 1-2 cm of the mesenteric edge of the bowel) and via the arch 
of Riolan. Vessel caliber decreases progressively from the main aortic 
branch to the mesenteric vascular arcades distally, ending with an 
extensive communicating submucosal vascular plexus. This collateral 
network explains why many individuals may tolerate chronic occlusion 
of one or two mesenteric vessels without symptoms, but it also explains 
why acute-on-chronic occlusion of one additional branch may lead to a 
catastrophic loss of intestinal perfusion.

CONTROL OF THE MESENTERIC CIRCULATION
The mesenteric circulation receives approximately 20% to 30% of the 
cardiac output at rest, which may increase by up to 50% after meals.6 
As such, the mesenteric circulation receives approximately three times 
more blood per unit weight than most other body tissues. This blood 
flow is partly to satisfy the absorptive function of the intestine and per-
fuse the liver via the portal vein, but it also represents a reservoir func-
tion from which blood can be mobilized to other sites (vital organs) at 

times of stress or increased demand. This preferential shunting of blood 
to vital organs, if acute or severe, can “sacrifice” the mesenteric circula-
tion, leading to low-flow and ischemic injury. The more metabolically 
active mucosal layer receives 70% of blood flow, only 30% supplying the 
muscularis and serosal layers, placing the intestinal mucosa at greatest 
risk from ischemic injury.6 Within the intestinal villus, passive exchange 
of oxygen typically occurs between the afferent arteriole and efferent 
venule, effectively bypassing the capillary network at the villus tip, a phe-
nomenon called oxygen countercurrent exchange. In health, high partial 
pressures of oxygen ensure that the metabolic needs of the villus mucosa 
are met despite this shunting, but in deoxygenated states this shunting 
adversely affects oxygen delivery to the mucosal tip, making it most vul-
nerable to ischemic injury. A number of extrinsic and intrinsic factors  
regulate the mesenteric blood flow, leading to a complex interaction 
between neural, hormonal, and paracrine effectors that regulate the vas-
cular smooth muscle tone in the mesenteric bed and control local blood 
flow. Vasoactive mediators alter the vascular smooth muscle (VSM) tone 
of multiple small afferent arterioles, collectively known as resistance  
vessels, changing their cross-sectional area and blood flow (Table 109-2).  
The interaction between extracellular agonist (first messenger) and 
VSM receptor leads to accumulation of intracellular second messengers,  
such as cyclic adenosine monophosphate (cAMP), Ca2+, and cyclic 
guanosine monophosphate (cGMP). These second messengers directly 
or indirectly alter the cytosolic concentration of Ca2+ and dictate 
whether VSM contracts.7 A functioning cardiovascular system is essen-
tial because the mesenteric circulation is often sacrificed to maintain 
blood flow to vital organs at times of detrimental alterations in cardiac 
output, blood volume, or arterial blood pressure. Increased sympathetic 
nervous activity associated with cardiogenic, septic, or hypovolemic 
shock can further compound flow-related ischemia by inducing intense 
vasoconstriction within the mesenteric bed. High-volume hemorrhage 
(>35% of blood volume) leads to disproportionate visceral vaso-
constriction compared with the reduction in cardiac output.8 When  
activated postganglionic sympathetic nerves fibers release norepineph-
rine, stimulating α2-adrenergic receptors on VSM of precapillary arterioles 

     Celiac branches

    Arch of riolan

   Distal SMA branches

FIGURE 109-1.  Late IMA injection demonstrating the IMA to the arch of Riolan, filling 
the stump of the SMA with its distal branches. Also note filling of hepatic and splenic branches.
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(which are the resistance vessels), this results in vasoconstriction and 
reduced intestinal blood flow. Some compensation is provided by the 
simultaneous stimulation of vasodilatory β2-adrenergic receptors on 
VSM by norepinephrine.9 However, the net effect is a rapid reduction 
in flow followed by a gradual return to prestimulation blood flow levels, 
a phenomenon known as autoregulatory escape. Exogenously admin-
istered norepinephrine similarly can cause nonocclusive mesenteric 
ischemia (NOMI). Parasympathetic nerves induce vasodilation due to 
the effect of specific neurotransmitters acetylcholine (ACh, increases 
cGMP and NO), vasoactive intestinal peptide (VIP, increases cAMP), 
and adenosine triphosphate (ATP). Primary sensory nerves also play 
a role because their activity through C fibers can inhibit sympathetic 
impulse flow through the spinal cord or sympathetic ganglia. Indeed, 
direct antidromic vasodilation can occur as C fibers release neuropep-
tides, including substance P, calcitonin gene–related peptide, and VIP, in 
response to luminal signals. Humoral (endocrine) messengers also can 
affect the mesenteric blood flow, most notably adrenal catecholamines 
in states of systemic stress, shock, or secreting tumor (pheochromo-
cytoma). Similarly vasoconstrictive effects are seen with renal-derived 
angiotensin II in congestive heart failure and pituitary-derived vasopres-
sin in shock, respectively. Ingested meals and gastrointestinal luminal 
peptides stimulate a postprandial increase in mesenteric blood flow. 
This vasodilatory response is regulated, in part, by the increased meta-
bolic activity in the tissues, leading to local accumulation of vasoactive 
metabolites such as amines, peptides, prostanoids, and adenosine in the 
presence of a reduced oxygen concentration. Adenosine itself, increasing 
as a result of energy-dependent processes, may vasodilate in a paracrine 
fashion. A number of hormones are also released in response to luminal 
contents, including gastrin, cholecystokinin, and secretin, with net vaso-
dilatory effects.10 Somatostatin, released by the mucosal D cells, induces 
mucosal vasoconstriction, and synthetic analogs (eg, octreotide) can 
induce ischemia.

PATHOPHYSIOLOGY OF INTESTINAL ISCHEMIA
The unique arrangement whereby the mesenteric blood flow continues 
in series via the portal vein, supplying much of the metabolic need of 
the liver, means that oxygen extraction by intestinal tissue remains low 
at rest. Therefore, intestinal tissues may respond to reduced flow by 
increasing oxygen extraction from the blood without a requirement for 
increased blood flow, but this deprives the liver of some of its portal-
derived oxygenation, resulting in hepatic ischemia. On a biochemical 
and microscopic level, acute ischemia of the intestine is characterized by 
depletion of cellular adenosine triphosphate (ATP). This leads to failure 
of the key energy-dependent processes in the cells (in particular mem-
brane ATPase pumps) and results in cellular swelling, membrane disrup-
tion, metabolic arrest, and cell death.11 Hypoxic conditions themselves 
favor the conversion of the abundant amounts of the enzyme xanthine 
dehydrogenase to xanthine oxidase. Hypoxia results in accumulating 
adenosine levels which can be metabolized further to inosine and then 
hypoxanthine but no further without oxygen. With the reintroduction 
of oxygen on reperfusion, xanthine oxidase converts hypoxanthine into 
xanthine, producing superoxide (reperfusion tissue injury12). Oxygen 
free-radicals (OFRs), including superoxide anions (O2

−), hydrogen per-
oxide (H2O2), and hydroxyl radicals (OH−), arise as by-products of the 
xanthine-xanthine oxidase system, the mitochondrial electron transport 
system, and the NADPH oxidase system of infiltrating neutrophils. 
Endogenous defenses against oxidative injury, including intracellular 
enzymes (superoxide dismutase, catalase, and glutathione peroxidase) 
and vitamins (C and E), can be overwhelmed by the production of 
OFRs during reperfusion. These OFRs directly attack cell membranes, 
resulting in lipid peroxidation and synthesis of lipid mediators (throm-
boxane A2, leukotriene B4) and chemotactic peptides (complement 
component C5a), which promote neutrophil activation and chemotaxis, 
augmenting the inflammatory component. Sequestration of circulating 
neutrophils in the microvessels of the intestine begins with constitutively 
expressed neutrophil L-selectin receptors binding to the postcapillary 
venule endothelial P-selectin and E-selectin receptors.13 This is the first 
phase of neutrophil adhesion, manifested by neutrophil rolling along 
the venular luminal surface. A second phase of neutrophil adhesion 
and influx into the tissue occurs after upregulation of the CD11/CD18 
integrins and shedding of L-selectin from the neutrophil surface, caused 
by release of proinflammatory cytokines, platelet-activating factor 
(PAF), and eicosanoids from the damaged endothelial cell. This halts 
neutrophil rolling in the blood vessels of the intestine and by providing 
strong neutrophil-endothelial cell adhesion through the interaction of 
the CD11b/CD18 integrin with the endothelial receptor, intercellular 
adhesion molecule 1 (ICAM-1).14 Finally, neutrophils transmigrate in 
response to chemotactic stimuli (such as interleukin-8) and binding by 
platelet-endothelial cell adhesion molecule 1 (PECAM-1). Neutrophils 
further damage tissues by releasing superoxide anions via the NADPH 
oxidase system, secreting myeloperoxidase that catalyzes the production 
of hypochlorous acid (HOCL), and releasing granular enzymes, includ-
ing elastase, collagenase, and cathepsin G.

In addition, many capillaries fail to perfuse on reinstitution of blood 
flow, the no-reflow phenomenon, due to loss of local autoregulation com-
bined with mechanical obstruction of narrowed capillaries by enlarged 
adherent neutrophils.15 No-reflow results in incomplete and patchy tissue  
reperfusion, prolonging hypoxia and exposure of the tissues to toxic 
metabolites. On a microscopic level, complete ischemia causes detectable 
injury to the superficial part of the mucosa (the villi) within 20 minutes.  
As the duration of ischemia increases, the villus loss can be complete before 
the muscular layers are damaged. Patchy cellular necrosis can extend to 
mucosal sloughing seen clinically as bloody diarrhea. Ultimately, there is 
transmural infarction, perforation, and septic peritonitis. Prior to reperfu-
sion, metabolic products such as lactate and other acids are not absorbed 
via the negligible portal circulation but only through the peritoneal 
surfaces, accounting for the lack of acidosis or elevated serum lactate  
commonly observed in patients presenting with acute mesenteric ischemia.

  TABLE 109-2    Potential Vasoactive Mediators of the Enteric Circulation

Mediator Vasoconstrictors Vasodilators

Neural ↑ Sympathetic tone (adrenergic) ↓ Sympathetic tone (cholinergic)

↓ Parasympathetic tone ↑ Parasympathetic tone

Neuropeptide Y Substance P

Vasoactive intestinal peptide (VIP)

Calcitonin gene-related peptide (CGRP-α)

Humoral Catecholamines (except liver  
and muscle)

Catecholamines (only liver and muscle)

Angiotensin II Histamine

Vasopressin Bradykinin

Serotonin Activated complement (C3a, C5a)

Activated complement (C5a) Adrenomedullin

Paracrine/
autocrine

Endothelin-1 (VSM cells) Endothelium-derived relaxing factor (EDRF)

Platelet-activating factor

Constrictor prostaglandins (F
2
α) Endothelium-derived hyperpolarizing 

factor

Dilator prostaglandins (I
2
 or prostacyclin)

Endothelin-1 (endothelial cells)

Metabolic ↑ PO2 ↓ PO2

↓ PCO2 ↑ PCO2

↑ pH ↓ pH

↓ Metabolites (K+, lactate, 
adenosine, etc)

↑ Metabolites
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SYSTEMIC RESPONSE TO MESENTERIC 
REVASCULARISATION
On reperfusion of the acutely ischemic intestine, local injury can induce 
a systemic response as metabolic byproducts of the ischemic process 
(lactate, H+, K+, oxygen reactive species, arachidonic acid derivatives, 
cytokines, possibly endotoxin, and activated leukocytes) are flushed into 
the portal and systemic circulation. A systemic inflammatory response 
syndrome (SIRS) is initiated, triggering the complement and coagula-
tion cascades, elaborating cytokines, and provoking widespread endo-
thelial dysfunction and vital organ injury. Acute lung injury (ALI) is the 
most common manifestation of the systemic inflammatory response to 
intestinal reperfusion.

Though surviving this initial phase of acute gut-derived inflamma-
tion, the reperfused but injured intestine can continue to be detrimental  
to the host. The gastrointestinal tract normally is inhabited by a large 
collection of gram-negative bacteria. Gut-mucosal barrier disruption after 
ischemia-reperfusion injury allows translocation of these bacteria.16,17 
The vast hepatic sinusoid network, lined with fixed-tissue macrophages 
(Kupffer cells), is strategically located to interact with gut-derived 
endotoxin and contribute to multiple-organ-system failure (MOSF). 
Noncardiogenic pulmonary edema (ALI) is well recognized after intes-
tinal ischemia reperfusion injury.14,18 Postoperative, renal, and hepatic 
dysfunctions also are common.

INTESTINAL ISCHEMIA RISK FACTORS
A number of factors influence the development of and survival from 
acute mesenteric ischemia. Factors predisposing to occlusive mesen-
teric ischemia include hypertension, tobacco use, family history of 
cardiovascular disease, peripheral vascular disease, coronary artery 
disease, diabetes, congestive heart failure, prior myocardial infarction, 
cerebrovascular disease, hypercholesterolemia, and atrial fibrillation.19,20 
Nonocclusive mesenteric ischemia results from splanchnic vasocon-
striction in response to systemic factors and is associated with acute 
cardiac dysfunction (myocardial infarction, arrhythmia, left ventricular 
dysfunction), hypovolemia, and pharmacotherapy.21 Digitalis is an 
additional risk factor for developing NOMI. It induces vasoconstric-
tion and thus an increased resistance in peripheral splanchnic vessels.59 
Alkaloids constitute another substance group causing smooth muscle 
contraction of the arteriolar wall. Ergotamine is one of the most potent 
vasoconstrictors in this group, which plays an important pathogenic role 
in NOMI.60,61 A combination of glycosides and diuretics is frequently 
administered to patients with congestive heart failure. The increased 
renal blood flow caused by furosemide leads to a diminished mesenteric 
perfusion. This is probably due to the furosemide-related activation of 
the renin–angiotensin–aldosterone system with subsequently increased 
levels of angiotensin II.62,63 Other causes of mesenteric vasospasm are 
various forms of shock, septicemia, dehydration, and hypotension  
following dialysis and heart surgery or major abdominal surgery.64 The  
frequent concomitance of pancreatitis in NOMI is explained by  
the proximity of the superior mesenteric artery (SMA) and the celiac 
plexus to the pancreas. The inflammation of the pancreas may induce a 
vasoconstrictive response in the superior mesenteric artery.62

Factors predictive of mortality secondary to intestinal ischemia 
include advanced age, generally poor health, diagnostic delay, and non-
occlusive mesenteric ischemia.5 Most patients with asymptomatic high-
grade stenosis or occlusions of all three mesenteric trunks will develop 
symptoms or die during follow-up.22 Therefore, elective revascularization  
should be considered if they are fit for surgery.

CLINICAL PRESENTATION OF MESENTERIC ISCHEMIA
The classic diagnostic triad for chronic intestinal ischemia includes 
weight loss, abdominal angina, and altered bowel habit.4 These patients 
are frequently investigated for malignancy before chronic mesenteric 

ischemia is considered. Acute mesenteric ischemia may present on 
a background of chronic intestinal angina or de novo in a previously 
unsuspected individual with symptoms ranging from subtle signs of 
intra-abdominal sepsis to the dramatic acute abdomen.

■■ ACUTE EMBOLIC ARTERIAL OBSTRUCTION
Acute embolic obstruction of the SMA is characterized by acute onset 
of severe central abdominal pain, often associated with nausea, vomit-
ing, and even diarrhea or a bowel movement. Pain often is described 
as out of proportion to objective findings and is poorly localized until 
advanced signs of peritonitis ensue. The patient often adopts a chin-
to-knees body habitus, initially restless but later lying quietly once 
peritonitis develops. In the early stages, abdominal examination may be 
truly unremarkable, perhaps with some diffuse tenderness but without 
localized peritonitis. Development of an ileus or peritoneal findings is a 
grave sign suggestive of mesenteric infarction. Bloody diarrhea is a late 
sign associated with mucosal disruption.20 Hypotension is common, but 
sustained hypotension in the early stages is more likely due to a cardiac 
than an intestinal cause. Embolic sources, such as arrhythmia (atrial 
fibrillation), acute myocardial infarction, dilated cardiomyopathy, or a 
recently instrumented aorta, should be sought.

■■ ACUTE THROMBOTIC ARTERIAL OCCLUSION
Thrombotic occlusion occurs often in the setting of chronic low-grade 
symptoms of chronic mesenteric ischemia. A history of weight loss, 
intestinal angina, or altered bowel habit should be sought. The presence 
of chronically developed collaterals may protect against distal ischemia, 
making the presentation subtle and gradual, with only vague abdominal 
pain and altered bowel habit initially. However, preexisting atherosclerotic 
disease in the other major mesenteric trunks will predispose to acute-on-
chronic thrombosis of the remaining trunk, critically restricting flow to 
the entire mesenteric bed and leading to massive mesenteric infarction.

■■ NONOCCLUSIVE MESENTERIC ISCHEMIA
There is increasing awareness of nonocclusive mesenteric ischemia 
(NOMI). Any systemic hypoperfusion state can threaten the mesenteric 
territory. Systemic hypoperfusion with local vasoconstriction results in 
severely reduced mesenteric perfusion. Mesenteric vasoconstriction may 
be precipitated by a variety of shock states, namely cardiogenic, septic, 
neurogenic, hypovolemic, and even anaphylaxis.23 Furthermore, drugs 
commonly used to treat acute cardiac dysfunction (digoxin, β-blockers) 
and those employed to support the failing circulation (catecholamines, 
vasopressin) may exacerbate mesenteric vasoconstriction. Therefore, 
NOMI should be considered early in any hypotensive patient with  
suggestive findings.21 Clinical signs are often vague, with new or persis-
tent ileus, failure of intestinal feeding, abdominal distention, or sepsis of 
unknown source. Rectal mucus, melena, or frank blood are nonspecific 
but may point to bowel ischemia. There may be a role for gastrointestinal 
balloon tonometry in identifying patients with or at risk of developing 
NOMI. Recreational drugs (eg, cocaine) have been reported recently to 
cause acute NOMI, and a history should be sought if suspicion arises.24

■■ MESENTERIC VENOUS THROMBOSIS
Mesenteric vein thrombosis most often results in a delayed presentation,  
often preceded by several weeks of intermittent abdominal pain and 
altered bowel habit,2 but it also can cause acute abdominal signs and 
fever. It should be suspected in patients with previous abdominal  
surgery, thrombophilia, prior mesenteric or deep venous thrombosis, 
cirrhosis, or malignancy.

■■ MISCELLANEOUS CAUSES OF ACUTE MESENTERIC ISCHEMIA
Other pathologic processes occasionally causing acute mesenteric isch-
emia include aortic surgery (when the IMA is ligated and collateral flow 
is insufficient25), aortic dissection26 (even when mesenteric vessels are 
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not directly involved, hypotension may combine with pseudocoarctation 
to provoke ischemia or occlusion via a dissection flap), aortic trauma, 
mesenteric aneurysm rupture, arteritis, fibromuscular dysplasia (FMD), 
and extrinsic mechanical vascular obstruction. Acute intestinal ischemia 
also may arise as a result of extrinsic mechanical compression of the 
arterial inflow or venous outflow. As low-pressure conduits, veins are 
most susceptible to extrinsic compression; intramural venous plexi may 
be obstructed due to wall distention, whereas mesenteric veins may be 
compressed by tumor, adhesion, volvulus, hernia, or intussusception.

DIAGNOSIS OF ACUTE MESENTERIC ISCHEMIA
The single most important factor is clinical suspicion followed by inves-
tigation. A delay in diagnosis may be lethal.20 No single blood marker 
has proved to be an adequate screening test. Lactic acidosis has poor 
sensitivity in detecting bowel ischemia. Arterial phase CT angiogram 
with oral contrast allows imaging of the arterial tree as well as the bowel 
wall. Thickening of the bowel wall and intestinal pneumatosis can all be 
imaged simultaneously and rapidly (CT scan can be performed plain, 
then with arterial phase, and venous phases to obtain maximal informa-
tion). Conventional mesenteric angiography offers the ability to inter-
vene with angioplasty and remains an important tool for diagnosis and 
therapy. In addition, a selective catheter placed in the SMA can allow 
for arterial drug infusion. Even with high-quality imaging studies, lapa-
rotomy may be required for definitive diagnosis. A suggested algorithm 
for the initial approach to a patient with suspected acute mesenteric 
ischemia is given in Figure 109-2.

■■ LABORATORY SERUM PARAMETERS
No serum marker has been proven to be sensitive and/or specific enough 
to confirm reliably the presence or absence of acute mesenteric ischemia.  
Nevertheless, some are clinically useful. In acute mesenteric ischemia, a  
leukocytosis is almost invariably present, except in those who are 
immunocompromised owing to comorbid disease, advanced age, corti-
costeroid treatment, or profound critical illness. A neutrophilia is typical 
(total white blood cell typically = 16,000-30,000/µL), and early white cell 
forms are common. Platelets typically are reduced. Coagulopathy may be  

present in advanced mesenteric ischemia with sepsis or perforation.  
Arterial blood gases frequently are normal initially, but in the later 
stages, metabolic acidosis and acute hypoxemia may supervene. Lactic 
acidosis is often a late finding. Prerenal azotemia is a grave indicator, 
signaling hypovolemia, sepsis, nephrotoxic effect, or disseminated intra-
vascular coagulation (DIC). The erythrocyte sedimentation rate (ESR) 
and later C-reactive protein (CRP) level may rise. Potential alternative 
serum markers, such as creatinine kinase (CK) BB isoenzyme, lactate 
dehydrogenase, intestinal isoenzyme of alkaline phosphatase, diamine 
oxidase, hexosaminidase, and aspartate transferase, have not proved suf-
ficiently sensitive or specific. The most encouraging markers are serum 
inorganic phosphate,27 α-glutathione-S-transferase,28 and d-lactate.29  
A recent review of plasma biomarkers in acute mesenteric ischemia has 
reviewed those markers noted above including intestinal fatty acid bind-
ing globulin (I-FABP) and concluded that none are definitive. Further 
prospective clinical studies were suggested on those patients presenting 
with acute abdominal pain to determine if the proposed markers can be 
shown to aid in the early diagnosis of mesenteric ischemia.65

■■ PLAIN ABDOMINAL RADIOGRAM
Plain abdominal radiographs may reveal supporting information such as 
heavy calcification of the abdominal vasculature, although this is neither 
sensitive nor specific. In a retrospective series of 23 patients with acute 
mesenteric ischemia, 26% had normal plain films. Nonspecific signs of 
ischemia, such as intestinal dilation or gasless abdomen, may be present, 
but the greatest value of the abdominal radiograph is in establishing an 
alternative diagnosis. In the advanced stages of mesenteric ischemia, 
mural changes such as wall thickening or valvulae conniventes, “thumb 
printing,” or intramural gas (pneumatosis intestinalis) may be present.30 
Intrahepatic portal vein pneumatosis or free intraperitoneal gas also 
may be seen.

■■ ULTRASOUND
B-mode ultrasonography is quick, readily available, noninvasive, and 
well tolerated by most patients with abdominal pain. When acute mes-
enteric ischemia is present, ultrasonography may reveal a thickened 

FIGURE 109-2.  Algorithm for the diagnosis and investigation of mesenteric ischemia. AMI, acute mesenteric ischemia; CTA, computed tomographic angiogram; SMA, superior mesenteric artery.
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(>5 mm) bowel wall and signs of ileus (distended bowel loops and 
hypoperistalsis). In advanced cases (mesenteric infarction), ultrasound 
may show intraperitoneal fluid, pneumatosis, or intrahepatic portal 
venous gas. However, ultrasonography is operator-dependent and may 
be confounded by the degree of intraluminal intestinal gas or by obe-
sity. For patients with suspected chronic mesenteric ischemia, duplex 
ultrasonography has become the investigation of choice by many.31 A 
peak systolic velocity of greater than 275 cm/s in the SMA or greater 
than 200 cm/s in the celiac artery or no flow signal (in the SMA or celiac 
artery) predicts a stenosis of greater than 70% with a sensitivity of 89% 
and a specificity of 92%.

Following successful bypass or revascularization, postoperative 
duplex surveillance can be used to assess the patency of bypass grafts to 
mesenteric arteries. Although the inflow arterial peak systolic velocity 
may be higher for retrograde bypasses, the anastomotic and midgraft 
velocities are not significantly affected by the orientation of the graft.68

■■ CT SCAN AND CT-ANGIOGRAM
CT scanning has become the radiologic investigation of choice for acute 
abdominal pain. Oral contrast enhancement may give better luminal 
definition but is not used by many centers, especially in the emergency 
situation. Intravenous contrast enhancement (CT-angiography, CTA) 
further elaborates the major vessel flow and tissue perfusion (Fig. 109-3).  
Both arterial and venous phases can be performed for additional 
information.66 All three mesenteric vessels can be identified and patency 
assessed by their contrast content. Degree of stenosis and calcification 
are useful in planning arterial interventions either by catheter or surgical 

methods. Vascular findings on CT that contribute to the diagnosis of 
mesenteric ischemia include arterial stenosis, embolus visualization, 
arterial aneurysm with thrombus, thrombosis of mesenteric vessels, 
arterial dissection, and mesenteric vein thrombosis. Nonvascular CT 
findings include bowel wall thickening, hypoperfusion and hypoattenu-
ation, bowel dilation, bowel wall hemorrhage, mesenteric fat stranding, 
pneumatosis intestinalis, and portal venous gas.67 Alternatives to iodinated 
contrast agents, such as gadolinium, may be used for patients with a 
contraindication to standard contrast material. Ischemic bowel wall 
typically is seen as thin and poorly enhanced, more prominent on the 
antimesenteric border in NOMI. Air may be seen in the bowel wall or 
the portal vein. Reperfused bowel segments appear enlarged and edema-
tous, often with increased mucosal and submucosal enhancement due 
to interstitial extravasation of contrast material.32 With the increased 
availability of modern multislice helical CT scanners, rapidly acquired 
high-quality CTA images of the main mesenteric trunks and small col-
laterals are possible.57 Compared with mesenteric angiography, CTA 
may prove safer, cheaper, and better tolerated and result in decreased 
radiation exposure for both patient and staff. When combining vascular 
imaging and bowel wall appearance, the specificity is reported at 94% 
and sensitivity of 96%.67

■■ MRI AND MR-ANGIOGRAPHY (MRA)
The superior soft tissue definition and non-contrast-enhanced angio-
graphic ability of MRI give it potential advantages in patients with an 
acute abdomen.33 Recent advances in MRA technology and the use of 
contrast-enhanced (CE) techniques have shortened acquisition times and 
reduced the impact of motion artifacts, which previously had restricted 
its use.34 MRA may prove to be the investigation of choice in chronic 
mesenteric ischemia, where it has been suggested that CE-MRA is supe-
rior to digital subtraction angiography for simultaneous exploration of 
the abdominal aorta and its major branches, and it can be coupled with 
measurements of flow and assessment of surrounding soft tissues.35 
However, at present, its use in emergency situations is reduced due to  
longer examination times and motion artifacts due to patient movement.67

■■ ANGIOGRAPHY
Mesenteric angiography remains the most specific test for the diagnosis 
of mesenteric ischemia, giving objective, reproducible evidence and in 
some instances providing therapeutic catheter-based options.36 Not only 
does it identify the location of the flow-limiting lesion, but it also may 
give information about distal runoff and the extent of collateralization, 
allowing the most appropriate therapy to be planned. However, it can-
not discern whether or not intestinal infarction has occurred, does not 
provide details of the bowel wall changes and therefore, treatment always 
must be planned with full assessment of clinical and laboratory param-
eters, especially if a catheter-based therapy is planned.37

Thrombotic occlusion usually occurs on a background of chronic  
atherosclerotic disease, where lesions tend to be at or near the ostium, 
producing an abrupt cutoff of contrast (Fig. 109-4). The chronicity of the 
atherosclerotic process may be indicated by the presence of multivessel  
disease or the presence of large collaterals refilling the branch territories 
distally. One must consider the clinical findings carefully because 
chronic mesenteric occlusions are seen in up to 60% of the octogenarian 
population but cause symptoms in only 5%.

Mesenteric artery emboli present as sharp, rounded filling defects 
with a typical meniscus sign. Distal vessels may refill through collateral 
vessels. Emboli typically lodge at the sites of vessel narrowing, such as 
the origin or a bifurcation. The SMA is affected most often because it 
is a relatively large vessel with high flow, and its orientation encourages 
antegrade entry of the embolus. SMA emboli typically occlude the vessel 
just distal to the middle colic artery origin (Fig. 109-5).

Nonocclusive mesenteric ischemia is typified by diffuse narrowing of 
the mesenteric artery and its branches, alternating areas of narrowing 
and dilation of the main trunk and branches (“string of sausages sign”), 
spasm of the peripheral vascular arcades, impaired filling of intramural 

FIGURE 109-3.  A. CT slice with SMA almost completely occluded with thrombus. B. CT 
slice that shows SMA without contrast adjacent to portal vein.
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vessels, and slow flow with increased reflux of contrast material into 
the aorta during selective injection. An increase in vessel caliber after 
transcatheter papaverine injection may clinch the diagnosis. Mesenteric 
venous thrombosis is seen on the later phase of angiography with con-
trast stasis and lack of portal venous phase filling.

MANAGEMENT
Initial management includes resuscitation from hypoperfusion or elec-
trolyte abnormalities while planning further definitive steps toward 
diagnosis and treatment. Simple airway management with supplemental 
oxygen by mask, titrated to achieve oxygen saturation above 95%, will 
suffice in patients who are breathing spontaneously. Obtunded patients 
typically should be intubated electively, bearing in mind the risk of 
aspiration owing to gastroparesis and intestinal ileus. A wide-bore 
nasogastric tube should be placed for intestinal decompression. Acute 

electrolyte disturbances such as hypokalemia, hypomagnesemia, and 
hypophosphatemia should be corrected. Broad-spectrum antibiotics 
(eg, second-generation penicillin or third-generation cephalosporin, 
along with anaerobic coverage) should be administered intravenously. 
Analgesia should not be withheld in the conscious patient. Systemic 
heparinization is advocated once the diagnosis is suspected, unless there 
are absolute contraindications. The goal is a partial thromboplastin time 
(PTT) of greater than 2 times control.

■■ DIAGNOSTIC APPROACH
Where there is diagnostic doubt in a patient with suspected mesenteric 
ischemia, CT angiography is recommended as the initial diagnostic 
test. Patients should receive fluid resuscitation prior to contrast admin-
istration to prevent renal contrast toxicity. Scan review with an expert  
radiologist will determine the next steps. Alternately diagnostic mes-
enteric angiography is advocated.38 Modern catheters and techniques 
reduce the risks of bleeding, dissection, and embolization. In a well-
resuscitated patient, small-volume nonionic contrast and digital sub-
traction angiography (DSA) limit the risk of nephrotoxicity and contrast 
reaction. An initial flush aortogram may define the origins of the major 
vessels and outline possible collateral pathways. Selective mesenteric 
artery catheterization allows for thorough assessment of individual arte-
rial territories and opens up therapeutic options.39

■■ THERAPEUTIC ALTERNATIVES
Therapy will be dictated by the CT or angiographic findings. If an 
embolus is identified, then operative SMA embolectomy should be 
performed. If SMA stenosis with thrombosis is present, then two alter-
natives are possible. Conventional mesenteric angioplasty and stenting 
combined with possible thrombolysis or laparotomy with SMA throm-
bectomy and retrograde SMA angioplasty (ROMS) are possible. The 
latter has the advantages of allowing direct bowel inspection and arterial 
bypass if angioplasty fails to recanalize the arterial inflow to the bowel. 
Intraoperative angioplasty may not be available at all centers and this 
may influence the location of where the angioplasty occurs.

For NOMI, catheter-based therapy is the treatment of choice in  
the absence of definitive signs of intestinal infarction.40 Papaverine  
(30-60 mg/h) is infused selectively into the SMA for a period of 24 hours. 
Repeat flush angiography should confirm partial or complete resolution 
of spasm 30 minutes after beginning the infusion and prior to the patient’s 
return to the ICU. Papaverine is a potent phosphodiesterase inhibitor, 
leading to increased intracellular cAMP and vasodilation.41 Because of 
extensive hepatic first-pass metabolism, systemic effects such as hypoten-
sion generally are modest. Alternatively, prostaglandin administration 
of an initial bolus of 20 μg and subsequent infusion of 2.5 to 5 μg/h for 
a maximum of 3 days according to Bruch et al62 may be effective as well. 
Angiographic imaging may be performed after initial bolus administra-
tion and if no improvement is observed following a 24-h interval. Failure 
of therapy may be signaled by cardiovascular instability, progression of 
clinical symptoms or signs, and catheter displacement or blockage.

Occlusive mesenteric ischemia traditionally requires surgery. However, 
increasing numbers of interventional radiologists are exploring the use of 
catheter-based therapies as long as there is no frank intestinal infarction. 
A number of techniques are available for recanalization, including suc-
tion clot retrieval, thrombolysis, angioplasty,42 and stenting.43 All these 
techniques remain investigational and should be conducted only in col-
laboration with an appropriately trained surgeon and an interventional 
radiologist and with appropriate monitoring and reassessment of the 
patient.44 Even when a decision is made to proceed to surgery, continued 
infusion of papaverine or heparin into the occluded vessel may improve 
distal circulation and prevent clot propagation pending definitive surgery.

■■ MINIMALLY INVASIVE SURGERY
In the setting of high suspicion of acute mesenteric ischemia, some have 
advocated laparoscopic assessment of the abdominal contents45 and  

FIGURE 109-4.  Angiographic image of elective injection of the IMA with severe origin 
stenosis.

IMA origin

FIGURE 109-5.  CT Angiogram showing embolus in the SMA.
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have suggested that this can be done safely with high diagnostic accuracy.46  
The mini laparoscopy has been advocated increasingly in the critical 
care setting, where there remains diagnostic doubt in a deteriorating 
patient, and some have done this safely at the bedside.47 The generally 
poor results of open surgery, even in good hands, have encouraged some 
surgeons to explore less invasive alternatives using laparoscopic tech-
niques. Some practitioners have claimed improved survival and reduced 
morbidity using this approach, but whether these results in specialized 
centers can be extended to other settings is unknown.48

■■ OPEN SURGERY
Most commonly the definitive assessment and management of acute 
mesenteric ischemia requires open surgery.49 The surgeon should 
repeat the abdominal examination once the patient is anesthetized. In 
the absence of muscle tone and tenderness, new pathology, such as 
an abdominal mass or aortic aneurysm, may be detected. Adequate 
exposure generally requires a full midline laparotomy with transperi-
toneal approach. Although retroperitoneal approaches to the aorta and 
branches are useful in chronic mesenteric revascularization, they do not 
allow adequate assessment of intestinal perfusion and viability in the 
acute setting. The initial aim is to confirm the diagnosis and rule out any 
major confounding disease.

The acutely ischemic intestine may appear remarkably normal prior to 
infarction and before reperfusion. Changes may be focal, segmental, or 
global depending on the etiology of the ischemia. The intestine is inspected 
for loss of sheen, discoloration (gray through black), and lack of peristalsis. 
SMA thrombosis typically occurs at the origin, so the distribution of isch-
emia classically involves the entire small bowel and proximal half of the 
colon. SMA embolism, on the other hand, may spare the right colic branch 
and proximal jejunum branches if it lodges distal to the origin. However, 
the clot may lodge at the origin, giving a similar pattern to thrombosis. 
Microemboli typically disperse and lodge distally, creating patchy areas of 
ischemia with normal intervening segments. Delicate palpation for arte-
rial pulsation must be carried from the root of the SMA to its mesenteric 
branches. Visible pulsation may be seen in the mesenteric arterial arcades. 
More objective assessment by means of sterile Doppler ultrasound probe 
may reveal an absence of flow in the main branches, arcades, or the intes-
tine itself. Previously used assessment with intravenous fluorescein dye and 
an ultraviolet lamp is now rarely practiced clinically.50

Except in very advanced cases where perforation has occurred or is 
imminent, revascularization should precede the resection of nonviable 
bowel. In the presence of frank necrosis, quick segmental resection may 
be carried out using a gastrointestinal linear stapling device without 
undue delay of revascularization. On reperfusion, remarkable recovery 
is often witnessed in seemingly unsalvageable segments, especially 
important when near-total small bowel resection seems inevitable at 
first inspection, with the consequent implications of lifelong parenteral 
nutrition therapy. Reperfusion of a profoundly ischemic intestine may 
cause dramatic systemic effects and may lead to catastrophic acidosis, 
hyperkalemia, myocardial depression, and refractory shock. Caution 
must be exercised during reperfusion in the setting of an elderly, infirm, 
or hypotensive patient. The initial approach to revascularization in 
most cases is an attempt at embolectomy; if satisfactory antegrade flow 
cannot be achieved, then one proceeds to mesenteric artery bypass or 
retrograde open mesenteric stenting.

■■ SUPERIOR MESENTERIC ARTERY EMBOLECTOMY
Embolectomy can be rapidly performed and quickly restores intestinal 
blood flow with examination of the bowel. The superior mesenteric artery 
may be exposed and controlled transperitoneally at the base of the trans-
verse mesocolon. It arises over the fourth part of duodenum and can be 
difficult to localize when it is pulseless. It can be localized by palpation, 
assisted by a sterile Doppler probe in the bulky mesentery. After splitting 
the mesentery in the line of the vessel, it is controlled with vascular loops. 
Standard approach is via a transverse arteriotomy, but longitudinal open-
ing may help if vessel caliber is small or if bypass is expected. Proximal 

embolectomy is carried out first with a balloon catheter (size 3F or 4F). If 
pulsatile aortic flow is restored, the vessel is reoccluded, and the surgeon 
proceeds to distal embolectomy.51 Mesenteric bypass or open angioplasty 
and stenting is indicated if there is failure to gain satisfactory inflow, 
inability to pass the catheter proximally, inadequate inflow, or a heavily  
diseased vessel. Distal embolectomy is performed with the balloon  
catheter (size 3F) into the major branches, until all thrombus is retrieved 
and backbleeding is seen. The arterial closure should maintain an ade-
quate lumen and is best achieved with interrupted monofilament sutures, 
sometimes requiring a patch angioplasty of vein or infection resistant 
synthetic material. Restoration of pulsatile flow should be assessed clini-
cally by palpation and visualization of the intestinal arterial perfusion and 
checked intraoperatively with sterile Doppler probe (at the bowel-intestinal 
margin) or duplex ultrasound. Spasm is common in the distal vessels and 
may be relieved by perivascular infusion of papaverine (30 mg).

HYBRID PROCEDURE: RETROGRADE OPEN 
MESENTERIC STENTING (ROMS)
In ROMS approach, the visceral peritoneum is incised horizontally or lon-
gitudinally at the base of the transverse mesocolon, the SMA is controlled, 
and a local thrombectomy is performed. A localized endarterectomy of 
the SMA may be performed if necessary. Placing a patch angioplasty then 
facilitates retrograde cannulation of the SMA with a long, flexible sheath 
directed toward the aorta. The artery can be accessed through the patch 
with a purse string suture to aid in control if required. A working sheath 
is placed and angiography performed. A guidewire is used to cross the 
proximal SMA lesion and the area predilated as required. Then the area is 
stented with a low profile balloon-mounted stent to 6 to 7 mm. Mesenteric 
angiography will confirm the state of the distal circulation and pressure 
measurement can assess any residual stenosis.

ROMS during emergent laparotomy for AMI is a promising technique 
and an attractive alternative to emergent surgical bypass. This method 
needs to be tested by others to determine its true value in comparison to 
traditional methods.69,70

■■ SUPERIOR MESENTERIC ARTERY BYPASS
Mesenteric artery revascularization is indicated to restore intestinal blood 
flow if adequate inflow is not achieved at embolectomy or ROMS.1 A  
number of surgical approaches are available, but in these fragile patients 
a quick, durable approach is required. Antegrade bypass requires a partial 
supraceliac clamp. Retrograde bypass may derive inflow from the aorta or 
common iliac artery. The choice of inflow vessel is influenced by the quality 
and patency of the common iliac arteries which would have been identified 
on the preoperative contrast CT scan. Either the right or left common iliac 
can provide a suitable graft configuration. Should a vein be chosen second-
ary to a contaminated field, the left iliac is preferred to avoid potential  
kinking. If the infrarenal aorta is chosen, a nonocclusive clamp may be used. 
In the absence of a suitable infrarenal inflow vessel, the supraceliac aorta 
may be approached through the lesser sac for inflow. The choice of arterial 
bypass conduit is a matter of debate. Prosthetic material is easy to handle, 
obviates the need for autologous vein harvest, and reduces operative time. 
Indeed, even in the presence of moderate contamination, the risks of graft 
infection remain low when polytetrafluoroethylene (PTFE) or antibiotic 
soaked Dacron (rifampin 60 mg/mL) is used. In the presence of gross fecal 
contamination, an autologous vein graft is preferred, the reversed long 
saphenous vein being most suitable. The outflow anastomosis is end to side 
using the anterior arteriotomy employed for thrombectomy or ROMS.

■■ INTESTINAL VIABILITY
Clinical assessment by an experienced surgeon remains the most widely 
practiced method to determine intestinal viability. A sensitivity of 82% and 
a specificity of 91% were achieved using the following factors: presence  
of visible pulsation in the mesenteric arcades, bleeding, color, and  
peristalsis.50 Increasingly, most vascular surgeons now confirm their 
clinical findings with a sterile Doppler ultrasound flow detector (5 MHz), 
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detecting pulsatile Doppler signals at the mesenteric arcades and intestinal  
surface. The goal of intestinal resection is to remove areas of nonviable 
bowel and leave sufficient viable bowel to sustain independent life. 
Segments of the terminal ileum are critical to preserve if viable due to 
the specialized absorptive functions it performs. In general, if a large seg-
ment (>6 ft of small intestine) of obviously viable bowel can be identi-
fied, then nonviable segments should be resected liberally. Restoration of 
continuity is preferred; anastomoses may be hand sewn to preserve more 
functioning intestine, but a stapler may be quicker. In the presence of 
gross contamination or doubtful viability, creating a stoma may be con-
sidered, but in this setting a “second look” laparotomy (after 18-36 hours)  
would allow adequate resuscitation of the patient and clearer differentiation 
of bowel viability.52 At the time of the second look, previously marginal 
segments will have become necrotic or viable. Further resection may be 
needed, or bowel continuity can be restored and the stoma matured.

■■ POSTOPERATIVE CARE AND FOLLOW-UP SURVEILLANCE
Postoperative care must be in an intensive care setting if acceptable 
results are to be achieved in these high-risk patients. Second-look 
laparotomy should be the rule rather than the exception and, when 
planned at the initial surgery, must be adhered to despite the patient’s 
clinical course.19 Reperfusion of the ischemic intestine leads to inflam-
matory edema of the affected segments, and this, combined with large 
volumes of intraluminal fluid sequestration, places these patients at risk 
for developing abdominal compartment syndrome in the postoperative 
period53 (see Chap. 114). Beyond basic fluid management and cardiore-
spiratory support, attention must be given to nutritional support. In the 
catabolic postoperative recovery phase, demands are increased, often 
on a background of chronic malnourishment and often compounded 
by dysfunctional reperfused bowel and short-bowel syndromes. After 
major resections, postoperative parenteral nutrition (TPN) invariably 
is required, often for extended periods, because even viable segments 
often have prolonged absorptive and motility dysfunction for extended  
periods.54 TPN should be started as soon as possible. Postoperative hep-
arin therapy in those with embolic occlusion should be continued in the 
absence of bleeding diathesis, and oral warfarin should be commenced, 
with a target International Normalized Ratio (INR) of 2.0 to 3.0, as soon 
as oral diet is resumed. In the case of embolic disease, a primary source 
should be sought by transthoracic or transesophageal echocardiography 
and full aortic (chest and abdomen) CT scanning if a cardiac source 
is not identified.58 Thoracic aortic mural thrombus is an infrequent 
cause of emboli that is being recognized with increasing frequency by 
transesophageal echocardiography and confirmed by CT scanning.58 
Thrombotic occlusions especially of the mesenteric vein should prompt 
a thrombophilia evaluation. Secondary prevention strategies such as 
smoking cessation and dietary and therapeutic lipid control may prevent 
further cerebrovascular and mesenteric vascular events.

PROGNOSIS
Despite numerous advances in the assessment, diagnosis, and treatment 
of mesenteric ischemia, the mortality rate remains very high even in 
specialist centers (Table 109-3). Diagnostic delay is perhaps the greatest 
hurdle to improvement. Most patients who survive the initial periop-
erative period regain independent living, with results comparable with 
elective revascularization of chronic mesenteric ischemia.55 The sequelae 
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  TABLE 109-3    Recent Acute Mesenteric Revascularization Outcomes

Author Patients No. Perioperative Mortality (%) 5-Year (Survival %)

Bjorck et al, 20021 58 43 67

Park et al, 20025 58 32 32

Rawat et al, 201074 76 17

Gupta et al, 201171 156 28

Newton et al, 201173 142 30

Ryer et al, 201272 93 45
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of short-bowel syndrome may necessitate home parenteral feeding 
for a period in many and for the long term in a third of survivors.54 
Surveillance of mesenteric bypass grafts is suggested to improve the 
secondary patency and avoid recurrent ischemia.56
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Special Considerations  
in the Surgical Patient
Aziz S. Alali
Andrew J. Baker
Jameel Ali

The critically ill surgical patient is at risk for developing all of the 
potential problems that afflict nonsurgical patients in the intensive care 
unit (ICU). In addition, there are factors unique to the surgical patients 
that warrant special consideration if management is to be appropriately 
directed in the ICU environment.

Surgical stress or injury stimulates an orchestrated biologic response1-4 
aimed at preserving the milieu intérieur. This response includes the 
elaboration of adrenocortical hormones, catecholamines, and glucagon; 
a decrease in insulin release resulting in hyperglycemia; and the secre-
tion of antidiuretic hormone (ADH) and aldosterone, as well as the 
release of cytokines and the stimulation of a hypercoagulable state.5-10 
These responses affect the critically ill surgical patient in many ways. 
Acute fluid and electrolyte shifts may occur, the renal response to  
volume infusion may be altered, and the catabolic response results in a  
phase of negative nitrogen balance.11,12 All these responses vary in 
intensity, depending on the magnitude and duration of the injury, the 
adequacy of resuscitation, and the presence of complications such as 
hemorrhage and sepsis. The increase in metabolic rate increases oxygen 
requirement and consumption. The management implications of these 
responses to surgical stress are outlined in the following sections.

110
C H A P T E R CONSIDERATIONS IN CRITICALLY ILL  

SURGICAL PATIENTS

■■ THE ENDOCRINE RESPONSE
The glucagon and insulin response to injury can lead to major changes 
in glucose metabolism. Hyperglycemia may occur in a patient who has 
previously demonstrated no evidence of abnormality in glucose levels. 
This situation may also unmask a latent diabetic state in some patients, 
as well as complicating the management of already established diabetes 
mellitus in the critically ill surgical patient. Close monitoring of blood 
glucose, ketones, electrolytes, and acid-base status is essential for proper 
management of the surgical patient. Although strict glycemic control 
has been shown to significantly increase the risk of hypoglycemia and 
conferred no overall mortality benefit among the critically ill popula-
tion in general, this therapy may be beneficial in patients admitted to a  
surgical ICU after elective procedures; this has not been confirmed by 
studies adequately examining this subgroup.13,14

■■ ANTIDIURETIC HORMONE AND ALDOSTERONE
Blood loss, pain related to surgical incisions, fasting prior to surgery, 
nausea or vomiting, and various drug administrations are only a few of 
the factors that predispose the surgical patient to release of ADH and 
aldosterone. The resulting sodium and water retention make it very dif-
ficult to monitor the state of hydration of the patient by relying entirely 
on urine volumes, since these hormones tend to decrease urine output 
in spite of normovolemia. Other indices of adequacy of perfusion, such 
as level of consciousness, capillary return, skin warmth, pulse, and blood 
pressure need to be assessed. In addition, the syndrome of inappropriate 
ADH release (SIADH) is relatively common in the postoperative period, 
placing patients at risk of water intoxication and severe hyponatremia 
when even modest water loads are administered. These problems can be 
largely avoided if treatment is guided by frequent routine monitoring of 
electrolytes and fluid volume status.

■■ THIRD-SPACE FLUID SEQUESTRATION
Following surgical trauma, occult fluid loss may occur at several sites, 
including the area of injury, where extravascular fluid may accumulate 
in the interstitial and intracellular spaces,15,16 as well as in the retroperi-
toneal space during intra-abdominal manipulation. In addition, opera-
tions involving the gastrointestinal (GI) tract or abnormalities resulting 
from surgical diseases such as peritonitis may result in decreased motil-
ity of the gut and sequestration of large volumes of fluid within the gut 
lumen, the gut wall, and the entire large surface area of the peritoneal 
cavity. This type of fluid depletes circulating blood volume and is not 
easily measured by most available clinical methods. In the patient with 
compromised cardiorespiratory reserve, close titration of fluid balance 
is crucial. In such patients, central hemodynamic monitoring may be 
required in addition to other clinical indices of normal perfusion and 
volume status.

■■ HYPERCOAGULABLE STATE
The hypercoagulable state resulting from surgical trauma necessitates 
the institution of either pharmacological and/or mechanical thrombo-
prophylaxis depending on the individual patient risk of bleeding as soon 
as possible, as outlined in other parts of this text.8,9 It is important to  
recognize that virtually every surgical patient is at risk for thromboem-
bolic disease, and some are at extraordinarily high risk. Pharmacological 
prophylactic regimens pose a minor risk of bleeding, but can be 
employed in most surgical patients.

■■ NUTRITION
Although there is an early phase of negative nitrogen balance follow-
ing surgical stress, it may be shortened or even aborted by appropriate 

KEY POINTS

•• The biologic response to surgery results in fluid, electrolyte, and 
systemic hormonal changes that must be considered in the ICU 
management of the surgical patient.

•• Nutritional support of the critically ill surgical patient must involve 
consideration of the effect of surgical stress on nitrogen balance 
and on insulin and blood glucose levels.

•• The hypercoagulable state that follows surgery warrants consid-
eration of prophylaxis against thromboembolic complications, 
particularly in the ICU patient.

•• Prompt surgical control of the source of the pathology remains the 
most important goal in either bleeding or septic critically ill patients.

•• Surgery increases the demand on the cardiorespiratory system and 
the likelihood that temporary mechanical ventilatory assistance 
will be needed.

•• Pulmonary edema and atelectasis characterize perioperative respi-
ratory failure; hypoventilation and aspiration also contribute.

•• Where possible, a reduction of pulmonary capillary hydrostatic 
pressure in the perioperative period improves gas exchange by 
decreasing lung water.

•• The concept of closing volume and its relationship to functional resid-
ual capacity is important in understanding perioperative atelectasis.

•• Risk factors for perioperative atelectasis include obesity, smoking, 
advanced age, anesthesia, recumbence, and incisional pain.

•• Diaphragmatic dysfunction is a major component of perioperative 
respiratory failure.

•• Preoperative assessment of respiratory function makes it possible to 
predict operative risk and to correct abnormalities before operation,  
particularly in the patient undergoing lung resection.

•• Early ambulation, physiotherapy, treatment of sepsis and shock, 
adequate analgesia, and early operative stabilization of fractures 
are key elements in the treatment and prevention of perioperative 
respiratory failure.
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nutritional support before and immediately after surgery.17 Early insti-
tution of enteric feeding has been shown to be of benefit, including  
a reduction in septic sequelae, in surgical patients undergoing intra-
abdominal procedures.18 If daily caloric intake goal could not be 
achieved with enteral feeding alone before day 8 of ICU admission, insti-
tution of parenteral nutritional support should be considered to prevent 
further loss of muscle mass.19 Earlier initiation of parenteral nutrition 
appears to be associated with more infectious complications, delayed 
recovery, and higher health care costs.19 Adequate nutrition affects not 
only the maintenance of muscle mass, but also the maintenance of respi-
ratory function, and thus both dependence on ventilatory support and 
weaning from mechanical ventilatory assistance.

■■ MAGNITUDE AND DURATION OF SURGICAL INSULT
Since the duration and magnitude of surgical procedures affect the 
intensity of the metabolic and endocrine response, the aim should be to  
decrease the magnitude, duration, and frequency of surgical insults  
to the critically ill patient, particularly patients with poor nutritional and 
cardiorespiratory reserve. This goal, however, must be considered in the  
context of the underlying problem. The magnitude and duration of  
the surgical procedure should not be minimized at the expense of incom-
plete eradication of a surgical lesion, such as a source of sepsis, since 
failure to eradicate the septic focus would lead to further complications, 
such as respiratory failure and dependence on mechanical ventilation in 
the ICU. In the setting of the multiply injured patient requiring massive 
blood transfusions that can lead to hypothermia, coagulopathy, and severe 
cardiorespiratory and renal compromise, “damage-control laparotomy” 
or abbreviated laparotomy should be considered. This consists of rapid 
control of hemorrhage (by ligation of vessels and packing) and removal 
of gross contamination followed by temporary closure, which should be  
followed as soon as possible by more definitive procedures as improve-
ment in the patient’s condition in the ICU allows.20

■■ HYPOTENSION IN THE SURGICAL PATIENT
Hypotension is commonly encountered in the acutely ill surgical 
patient. Resuscitation of such patients should take into consideration 
the underlying pathophysiology, expediting surgical control and sup-
porting organ system perfusion. Hypotension in such patients may 
be due to hemorrhage (eg, trauma), dehydration (eg, bowel obstruc-
tion), cardiac dysfunction, loss of vasomotor tone (eg, sepsis, spinal 
cord injury), or even mechanical issues (eg, tension pneumothorax, 
pericardial tamponade).21 Hypotension can be temporized by fluid 
administration but that is rarely a definitive cure. Temporary reversal of 
hypotension should never be mistaken for reversal of sepsis or control 
of hemorrhage.21 Figure 110-1 demonstrates the relationship between 
blood volume and the capacity of the vascular system. The ratio 
between the two in addition to the contractility of the heart determines 
the blood pressure. This relationship explains why blood pressure alone 
is not a good indicator of the shock state, because in the bleeding, vaso-
constricted patient who may be suffering from profound occult hypo-
perfusion at the tissue level can have a normal blood pressure similar 
to that of a normal control. The goals of resuscitation include restoring 
the microcirculation, preventing clot disruption and thereby preventing 
rebleeding, and maintaining adequate perfusion pressure to the brain 
and other vital organs.

Fluid administration can be beneficial to the patient who lost blood 
volume but is not actively bleeding. However, in the patient who is 
actively bleeding or who has formed early fragile clots, a fluid bolus 
may be deleterious despite an acute rise in blood pressure.21 This initial 
rise in blood pressure can potentially wash out early fragile clots and 
dilutes the circulating clotting factors necessary to stabilize the formed 
clots. Effective treatment includes definitive anatomical source control 
preceded by “controlled hypotensive resuscitation” until hemostasis is  
achieved.21 Early use of balanced mix of RBCs, plasma, and platelets may  
help to achieve early hemostasis and improve survival. For refractory 
hypotension despite aggressive fluid resuscitation, early judicial use 
of vasopressors, especially vasopressin that could have been depleted 

from the circulation with prolonged hemorrhage, should be strongly  
considered.21 In addition, early short-term use of the antifibrinolytic 
agent tranexamic acid has been shown to decrease mortality in signifi-
cantly bleeding trauma patients.22

In contrast to hemorrhagic shock, early aggressive fluid administration  
in septic hypotensive patients have been shown to improve outcomes as 
a component of early goal-directed therapy during early efforts at source 
control. Fluid administration in the septic patient is thus a reverse image 
of the bleeding patient, with more value early than late.

In either bleeding or septic hypotensive patients, however, the most 
important principle is the surgical control of the source of the pathology, 
and nothing should delay the transfer to the operating room for more 
definitive treatment.21

■■ INCREASED OXYGEN REQUIREMENTS
The increase in metabolic rate following surgical stress is associated with 
an increase in oxygen requirement and utilization.23 In patients with a 
normal cardiorespiratory reserve, this increased oxygen demand is met 
without untoward sequelae. However, patients who are nutritionally 
depleted or whose cardiorespiratory function is already compromised 
may be unable to meet the increased oxygen demand. The result can be 
decompensation with anaerobic metabolism, muscle fatigue, and respi-
ratory failure. In the high-risk patient, consideration should be given 
to providing temporary cardiorespiratory support during the phase of 
increased oxygen requirement. Such patients may require intubation and 
mechanical ventilation for short periods until the acute insult has abated.

The increased oxygen requirement of surgery and the postopera-
tive state has caused some authors to recommend measuring and then 
maximizing oxygen delivery22 in critically ill patients. Use of invasive 
hemodynamic monitoring or gastric tonometry allows titration of 
catecholamine infusions, blood products, or other therapies to increase 
oxygen delivery to targeted supranormal levels. Many studies support-
ing this approach were likely flawed by inappropriate methodology, 
although there is some indication in high-risk surgical patients that 
outcome can be improved.23-25

■■ OTHER CONSIDERATIONS IN THE SURGICAL PATIENT
Pain from surgical incisions may exacerbate the metabolic response 
to injury and mechanically restrict respiratory function, the latter 

FIGURE 110-1.  The relationship between blood volume and the capacity of the vascular 
system. Bleeding decreases blood volume but compensatory vasoconstriction restores blood 
pressure. The dotted line represents the isobaric state of preserved blood pressure in various 
states of shock. (Reproduced with permission from Fouche Y, Sikorski R, Dutton RP. Changing 
paradigms in surgical resuscitation. Crit Care Med. September 2010;38(suppl 9):S411-S420.)
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potentially necessitating mechanical ventilatory assistance. Judicious 
parenteral analgesia as well as regional, intercostal, and epidural anes-
thesia may also be useful in these situations.

Neurosurgical patients and those who have suffered head trauma 
should be monitored closely for signs of increased intracranial pressure. 
If clinical signs cannot be easily elicited, an intracranial pressure moni-
toring device should be placed. Apart from the identification of mass 
lesions that may require evacuation, the mainstay of treatment for these 
patients is reduction of cerebral edema through the maintenance of 
cerebral blood flow and oxygenation and the avoidance of hypercapnia 
(see Chap. 86). The vascular surgery patient requires close monitor-
ing of perfusion, particularly in the arterial territorial distribution of 
the repaired vessel. Skin temperature, Doppler ultrasound, and digital  
pressure measurements are required in the ICU setting to identify prob-
lems with vascular anastomoses as early as possible and permit early  
corrective measures. In the immediate postoperative period carotid 
artery surgery patients are at higher risk for developing neurologic com-
plications from reocclusion at surgical sites of vascular repair, and careful 
monitoring of the neurologic status as well as maintenance of adequate 
oxygenation and perfusion are essential to avoid such complications.

Following GI surgical procedures, the gut should be used early for 
enteral nutrition whenever appropriate.18 When that is not possible and 
a prolonged period of decreased motility is anticipated, decompression 
of the GI tract is necessary to prevent distention and to monitor the 
volume and character of losses. This intervention, together with replace-
ment of measured losses as well as determination of serum electrolytes, 
allows early identification and correction of abnormalities and the 
prevention of complications. Patients who develop sepsis following GI 
surgical procedures should be considered to have a source of that sepsis 
within the abdomen until proven otherwise. Early aggressive investiga-
tion for identifying such a source of sepsis is essential in order to avoid 
further deterioration in the ICU.

The gut has also been considered to play a major role in the patho-
genesis of multiple organ dysfunction syndrome and decontamination 
of the GI tract has been suggested as a prophylactic measure in this 
syndrome, but there is a major concern about promoting the growth of 
resistant microorganisms by such intervention.26

Stress ulcers resulting in GI hemorrhage are a sequela not only of 
GI surgery, but of other forms of critical illness. Prophylactic measures 
against stress ulceration directed at decreasing acid injury to the gastro-
duodenal mucosa are an essential part of the management of critically 
ill patients.27

PERIOPERATIVE RESPIRATORY FAILURE
In the period before, during, and after surgical treatment, patients are 
unusually vulnerable to respiratory failure owing to special manifesta-
tions of pulmonary edema, atelectasis, hypoventilation, aspiration,  
sepsis, and hypotension. Awareness of the factors promoting each of these 
interrelated processes makes possible an effective prevention program or 
early diagnosis and treatment of perioperative respiratory failure.

■■ PULMONARY EDEMA
Of the forces in the Starling equation governing transcapillary fluid flux, 
the ones of particular relevance to surgical patients are microvascular 
hydrostatic pressure and pulmonary capillary permeability.
Microvascular Pressure:  As indicated, secretion of ADH and aldosterone 
is a major component of the metabolic response to surgery and trauma.27 
Both hormones tend to conserve water and decrease urine output in  
the postsurgical patient. However, a focus on increasing urine output 
in the surgical patient by administering large volumes of fluid without 
regard to this metabolic response could easily result in fluid overload and 
pulmonary edema, leading to hypoxemia. Guidelines for fluid resuscita-
tion in the perioperative period that focus primarily on urine output and 
fluid replacements based on empirical values28 can increase extravascular  

lung water and predispose the surgical patient to perioperative respira-
tory failure. Although a young, healthy patient with significant car-
diopulmonary reserve might tolerate these insults, an elderly surgical 
patient with a brittle cardiorespiratory status is more likely to develop 
respiratory failure unless extreme caution is taken with fluid resuscita-
tion, involving close, constant monitoring of central hemodynamics.

Pulmonary edema occurring in the head-injured and subarachnoid 
hemorrhage patients, or neurogenic edema, may be associated with a 
transient increase in hydrostatic pressure because of intense sympathetic 
discharge, although it has been suggested that there may be a component 
of increased capillary permeability as well in those patients.31 Therefore, 
monitoring of pulmonary capillary hydrostatic pressure can be helpful 
in determining therapeutic approaches to the head-injured patient with 
pulmonary edema.

High-pressure pulmonary edema does not resolve immediately after 
vascular pressures are normalized.32 The implication of this finding is 
that the timing of the measurement of pulmonary artery wedge pressure 
(PAWP), which is used as a reflection of pulmonary capillary hydro-
static pressure, is crucial in determining whether pulmonary edema 
is considered to be due to high vascular pressures or to an increase in 
capillary permeability. Ordinarily, the presence of normal or low PAWP 
in the presence of pulmonary edema would be regarded as evidence of 
capillary-leak pulmonary edema. However, this is not the case when the 
PAWP is measured during the lag phase of resolution of high-pressure 
pulmonary edema after PAWP has been decreased.

Diuretics such as furosemide clear edema by decreasing the central 
blood volume and pulmonary capillary hydrostatic pressure.30 However, 
these agents may produce effects on gas exchange before pulmonary 
edema has cleared.33 Accordingly, diuretic therapy and fluid manage-
ment of the oliguric, hypoxemic perioperative patient may confuse the 
student of critical care at several levels. First, oliguria in the immediate 
postoperative period is not necessarily due to reduced blood flow to the 
renal cortex (prerenal oliguria), so fluid challenges aimed at increasing 
renal blood flow may not be appropriate in this setting. The consequent 
increase in pulmonary blood volume and pressure predictably increases 
pulmonary edema. On the other hand, diuretic therapy in such a patient 
will increase urine output, even when the oliguria is due to reduced renal 
blood flow, thereby aggravating the prerenal failure. The best approach to 
this common perioperative conundrum is to recognize that urine output 
may be an unreliable index of adequate perfusion in the immediate post-
operative period, and to seek other indices of perfusion through careful 
history-taking, physical examination, and first-hand knowledge of the 
patient’s perioperative course. For example, a prior history of congestive 
heart failure predicts susceptibility to fluid overload, and thus should 
slow the physician’s hand in administering fluid. Similarly, familiarity 
with the patient’s preoperative blood pressure, heart rate, heart sounds, 
pulse volume, and digital perfusion allow the discerning physician to 
detect early signs of hypoperfusion requiring volume replacement. Often, 
the critical distinction between fluid overload and hypovolemia is not 
clear even to the astute clinician, and in such cases central hemodynamic 
measurements can be helpful.30 Alternatively, numerous noninvasive 
methods for assessment of volume responsiveness can provide valuable 
information. For example, trends over time in the respiratory variations 
in arterial pressure and stroke volume can provide important qualitative 
information on fluid responsiveness in patients receiving mechanical 
ventilation with no spontaneous breathing effort.35 In spontaneously 
breathing patients, examining the stroke volume (or its surrogates) 
response to a simple test like passive leg-raising has been shown to be a 
valuable approach.36 However, it needs to be emphasized that an increase 
in stroke volume in response to fluids does not mean that the patient 
needs this increase in his/her stroke volume.35

Pulmonary Capillary Permeability:  A frequent cause of increased capillary 
permeability and respiratory failure in the surgical patient is unrecog-
nized sepsis, which is commonly seen in the abdomen; this source often 
requires a surgical or percutaneous radiologic approach. Therefore, a 
major component of the prevention and treatment of respiratory failure 
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in the surgical patient is the early identification of occult sources of 
sepsis, aggressive investigation for abdominal causes of sepsis, and the 
provision of adequate drainage and treatment of septic foci, particularly 
within the abdomen.

Although both increased microvascular hydrostatic pressure and  
pulmonary capillary permeability are important factors in the elabora-
tion of extravascular lung water, manipulation of the microvascular 
pressure (by the use of vasoactive agents and regulation of the state of 
hydration) is the most direct means of altering pulmonary edema in 
the surgical patient. A search for a septic focus in the surgical patient is 
crucial whenever there is evidence of increased capillary permeability. 
Control of capillary permeability can then be achieved, although only 
indirectly, by treating the source of sepsis, which may be surgically 
approachable. The link between sepsis and capillary permeability is thus 
broken, and the capillary permeability lesion is allowed to resolve with 
time; its resolution is accompanied by improvement in perioperative 
respiratory failure. Until the permeability corrects itself, reduction of 
PAWP to the lowest level associated with adequate peripheral perfusion 
seems to reduce the edema.32

■■ ATELECTASIS
In the normal lung, ventilation and perfusion are not equally matched, 
because the shape of the thoracic cavity and the descent of the  
diaphragm result in greater expansion and ventilation of the lower lobes. 
Also, blood flow is greater in the dependent areas of the lung during 
spontaneous ventilation and changes with body position. Therefore, the 
normal lung has an average ventilation:perfusion ratio (V

x
/Q

x
) of approxi-

mately 0.8. Many factors in the surgical patient reduce this ratio to very 
low values, causing hypoxemia, and similar factors lead to resorption 
of alveolar gas behind closed airways or to compression atelectasis.37,38  
This phenomenon of compression atelectasis in the dependent  

lung is thought to occur within 5 minutes after induction of general  
anesthesia.

Shunting results from continued perfusion of nonventilated lung 
units, and the major cause of this imbalance in the surgical patient is 
perioperative atelectasis, although alveolar edema from fluid overload or 
capillary leakage could also result in an increase in shunting.

Age, Position, and Airway Closure:  Most surgical patients undergo proce-
dures in the supine position, and we are operating increasingly on elderly 
patients. Also, one of the major effects of surgery is the pain resulting 
from surgical incisions. Body position, incisional pain, and age all affect 
the relationship between the functional residual capacity (FRC) and the 
closing volume. The FRC has been considered the most important index 
of mechanical abnormality in the lung because it represents the balance 
of opposing forces on the rib cage at resting lung volume. The closing 
volume is the volume of the lungs at which airway closure begins. When 
FRC exceeds closing volume, lower airway patency is maintained, while 
airway closure begins when the FRC falls below the closing volume.39 
FRC falls with age, and in all patients it is lower in the supine position 
than in the upright position (Fig. 110-2). The commonly used lithotomy 
position results in a further decrease in FRC relative to closing volume.

When the difference between FRC and closing volume is plotted 
against the alveolar-arterial oxygen tension gradient (a-a)DO2,40 it is 
evident that the (a-a)DO2 oxygen tension gradient increases as FRC falls 
below closing volume.

Airway closure tends to occur in the most dependent areas of the 
lung, and in the supine position, more areas of the lung are dependent, 
thus predisposing the patient to a greater degree of airway closure and 
hypoxemia. As indicated above,37,38 general anesthesia itself may predis-
pose the patient to compression atelectasis in dependent areas of the 
lung. Also, in both normal individuals and smokers, increasing age is 
associated with an increase in closing volume, predisposing the patient 

FIGURE 110-2.  The difference between functional residual capacity (FRC) and closing volume plotted against age in different surgical positions. Both age and position affect airway closure. 
(Reproduced with permission from Craig DB, Wahba WM, Don H. Airway closure and lung volumes in surgical positions. Can Anaesth Soc J. January 1971;18(1):92-99.)
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to airway closure at higher lung volumes.41 As a group, smokers tend to 
have higher closing volumes, so that the combination of age and smoking  
increases the likelihood of significant postoperative hypoxemia. It has 
generally been accepted that chronic cigarette smoking increases the 
incidence of postoperative respiratory complications, which may result 
not only from an alteration in the respiratory defense mechanisms, but 
also an increase in airway resistance and the work of breathing. It has 
been demonstrated that cessation of smoking for over 8 weeks is an 
effective means of decreasing postoperative respiratory complications.42 
Although it has been suggested that abstinence too soon prior to surgery 
may increase the risk of postoperative pulmonary complications, aggres-
sive counseling for smoking cessation prior to any elective surgical  
procedure still appears to be the best approach.43

Because small airways in the periphery of the lung are not supported 
by cartilage, they tend to be influenced significantly by changes in pleu-
ral pressures. The maintenance of a positive transpulmonary pressure 
resulting from the negative intrapleural pressure maintains patency 
of the small airways. Breathing at a reduced FRC, such as occurs with 
abdominal pain, tends to lead to positive pleural pressures in the depen-
dent areas of the lung, and therefore creates a predisposition to alveolar 
collapse. Complete collapse results in continued perfusion of nonven-
tilated areas, or shunting; when the airways are merely narrowed, the 
ventilation:perfusion ratio may be low, which also impairs gas exchange 
and leads to hypoxemia.

The patient with multiple fractures is at increased risk for developing 
pulmonary complications, not only from thromboembolic complications, 
including fat embolism, but also from atelectasis and pneumonia. A 
major predisposing factor in these patients is the prolonged period of 
imposed bed rest, particularly in the supine position, with its resultant 
effect on lung mechanics and lung volumes. Early operative stabilization 
of fractures in these patients has been shown to decrease pulmonary 
morbidity44 because it allows more effective respiratory physiotherapy 
and early ambulation, as well as frequent changes in body position to 
minimize dependent alveolar volume loss.

A major cause of morbidity in traumatic quadriplegic patients is 
respiratory failure secondary to loss of use of the intercostal muscles of 
respiration.45 It has been suggested that the best position for respiratory 
therapy in these patients is from horizontal to 35° head-up,46 whereas the 
maximum FRC is achieved in the 60° to 90° head-up position.
Upper Abdominal Surgery and Diaphragm Dysfunction:  Although many 
of the factors discussed above are present in patients undergoing most 
surgical procedures, the most serious sequelae are found in patients 
undergoing upper abdominal procedures. In these patients, there is a 
significant fall in vital capacity (VC) postoperatively, within the first 
4 hours.47 There is a slower but definite fall in FRC, which peaks at 
about 24 hours and is associated with significant hypoxemia. In most 
patients with no preexisting lung disease, this effect of upper abdominal 
intervention on VC and FRC does not result in clinically significant 
respiratory complications. However, in patients who already have 
abnormalities of gas exchange, these effects can lead to severe respira-
tory failure. The postoperative decrease in VC is primarily a restrictive 
rather than obstructive phenomenon, as evidenced by the maintenance 
of a normal ratio between the forced expiratory volume at 1 second and 
the forced vital capacity (FEV1/FVC).48 This restriction may be related 
to incisional pain, which decreases the patient’s ability to cough and 
clear secretions, and eventually leads to an increase in closing volume 
and a decrease in FRC. If not corrected, a fall in VC results in atelectasis 
and hypoxemia and a decrease in FRC. To correct this abnormality, 
transcutaneous electrical nerve stimulation has been used to provide 
postoperative analgesia after abdominal surgery.49 Epidural analgesia 
and intercostal blockade have also been used for this purpose. Although 
all of these techniques have produced improvements in VC and FRC, 
none immediately returns VC or FRC to preoperative values. This sug-
gests either that these techniques do not adequately control pain, or that 
pain is not the only cause of postoperative respiratory dysfunction after 
upper abdominal surgery.

Patients undergoing upper abdominal operations have a significant 
decrease in the maximal transdiaphragmatic pressure at FRC, which is not 
altered by use of epidural analgesia.50 This finding suggests that the respira-
tory dysfunction after upper abdominal surgery may result from a primary 
effect of the procedure on diaphragmatic function. Ford and coworkers 
showed that there is a switch from predominantly abdominal breathing to 
rib cage breathing in the postoperative period in patients undergoing upper 
abdominal surgery (Fig. 110-3).51 Diaphragmatic dysfunction was simi-
larly identified in an animal model undergoing cholecystectomy.52 These 
studies suggest that general anesthesia may not be responsible for the post-
operative diaphragmatic dysfunction. Mere traction on the gallbladder in 
an animal model also produced similar effects on diaphragmatic function.53

Although open cholecystectomy has been associated with significant 
depression in postoperative pulmonary function; several reports54-56 
have demonstrated less impairment of postoperative pulmonary func-
tion following laparoscopic cholecystectomy. There still is a decrease 
in FRC immediately after the operation, but it is much smaller and of 
significantly shorter duration than with the open procedure, and the 
VC and FRC return to essentially preoperative levels within 24 hours.56 
Therefore from the respiratory standpoint, laparoscopic cholecystec-
tomy is superior to open cholecystectomy and should be the preferred 
method for critically ill patients requiring this procedure. The increase 
in intra-abdominal pressure with pneumoperitoneum associated with 
the laparoscopic procedure has a minimal hemodynamic effect, but in 
patients with decreased cardiopulmonary reserve this may prove signifi-
cant, warranting close hemodynamic monitoring in the operating room 

FIGURE 110-3.  Relationship between the ratio of abdominal to rib cage diameter and 
time after abdominal surgery. Interrupted lines represent individual patients and the solid 
line represents the mean values for these four patients. Note the switch from predominantly 
abdominal breathing preoperatively to rib cage breathing postoperatively. (Reproduced with 
permission from Ford GT, Whitelaw WA, Rosenal TW, et al. Diaphragm function after upper 
abdominal surgery in humans. Am Rev Respir Dis. April 1983;127(4):431-436.)
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in such patients.57 As indicated in Chap. 111, less aggressive procedures 
such as percutaneous drainage of the biliary tract may be indicated 
in situations in which the patient is too unstable to be taken to the  
operating room or to be subjected to a general anesthetic.

Apart from the factors identified above, aging has been associated 
with reduced elastic lung recoil, decreased expiratory flow rate, and 
diminished airway protective reflexes.38 Obesity is also a major risk  
factor for postoperative pulmonary complications, because these patients 
tend to breathe at reduced lung volumes, so closing volume frequently 
exceeds FRC, leading to hypoxemia and atelectasis.58 The increased 
work of breathing produced by the increased mass also contributes to 
respiratory dysfunction. Not only the type of operation, but the location 
of the incision tends to affect the degree of respiratory impairment seen 
in the postoperative period.59 In open cholecystectomy, the subcostal 
incision tends to produce less impairment than a midline incision. The 
severity of postoperative lung impairment decreases in the following 
order: thoracotomy, upper abdominal incision, lower abdominal inci-
sion, and superficial incisions (Fig. 110-4).

As pointed out in earlier chapters, shock and pulmonary edema in 
the form of cardiac failure also affect diaphragmatic function through 
changes in diaphragmatic force as well as glycogen depletion in dia-
phragmatic muscle.60 Table 110-1 summarizes preventive measures as 
well as some of the factors that reduce the FRC and increase closing 
volume in the postoperative patient.

■■ ALVEOLAR HYPOVENTILATION
In surgical patients, hypoventilation is characteristically caused by 
impairment of ventilation resulting from the restrictive effect of painful 
incisions or peritonitis. It may also result from central nervous system 
(CNS) depression due to anesthesia, analgesia, or (rarely) CNS injury. 
The increased metabolic requirement after injury places a significant 
demand on the respiratory system. When calories, particularly in the 
form of carbohydrates, are provided to match this increased energy 
expenditure, the increase in CO2 production necessitates a significant 

increase in alveolar ventilation to maintain normocapnia.61 In surgical 
patients with significant pulmonary reserve, this added demand can be 
met without untoward effects. However, in depleted surgical patients 
with borderline respiratory reserve, this extra demand may precipitate 
respiratory failure or lead to other manifestations such as prolonged 
ventilator dependency.

The respiratory system is protected from sepsis and atelectasis by 
a respiratory control mechanism that responds to hypoxemia, hyper-
capnia, acidosis, and the presence of irritating or noxious stimuli in 
the airway. These mechanisms can be significantly depressed in the 
postoperative patient as a result of anesthesia or excessive narcotic anal-
gesia. Inhalational anesthetics are known for their respiratory depressive 
effect, which results in alveolar hypoventilation and a reduced response 

  TABLE 110-1    Perioperative Atelectasis

Component of the 
Tendency Toward 
Atelectasis Promoting Factors Preventing Factors

Reduced functional residual 
capacity

Supine position 45° upright position

Obesity Alternating postures

Ascites Positive end-expiratory pressure

Peritonitis

Upper abdominal incision Sighs

Analgesia

Increased closing volume Age Preoperative physiotherapy

History of smoking Smoking cessation

Bronchospasm Bronchodilation

Airway secretions Cough, suction, deep breathing

Pulmonary edema Avoidance of overhydration

FIGURE 110-4.  Postoperative changes in vital capacity (VC) for different surgical incisions. Note that the upper abdominal surgery patients have the greatest postoperative depression 
in VC. (Reproduced with permission from Ali J, Weisel RD, Layug AB, et al. Consequences of postoperative alterations in respiratory mechanics. Am J Surg. September 1974;128(3):376-382.)
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to carbon dioxide, as well as a blunted response to hypoxemia and  
acidosis.62 In the postoperative period, narcotic analgesics may have 
undesirable effects. Whereas in optimal doses they decrease abdominal 
pain and increase the ability to cough and clear secretions, in larger doses 
they may depress the respiratory center, producing alveolar hypoventila-
tion as manifested by hypercapnia and secondary hypoxemia.

The cough reflex is the main mechanism by which particles are 
cleared from the upper airway. The cough response is altered not only 
by anesthesia, but also by narcotic agents. Clearance of particles from the 
lower airways depends primarily on the mucociliary system, which can 
be disturbed by several factors in the postoperative period. Anesthetics 
alter ciliary activity and mucus production, which leads to the produc-
tion of mucus plugs that may block the lower airways. In addition, the 
cellular defense mechanisms of the respiratory system may be altered by 
anesthetic agents.63

■■ ASPIRATION
The supine position and depression of normal protective reflexes  
during general anesthesia predispose the surgical patient to aspiration of 
gastric acid, which is one of the major causes of perioperative morbidity 
and mortality.64 This event can first produce airway obstruction (from 
aspirated debris and chemically induced bronchoconstriction), then a 
chemical burn of the airway (with fluid loss into the injured area), an 
intense inflammatory response, and finally lung infection. The clinical 
presentation of patients with gastric acid aspiration varies widely. Very 
mild cases present only with transient coughing and minimal bron-
chospasm; the most severe cases exhibit a progressive downhill course 
characterized by hypovolemia, hypoxemia, and finally fulminant bacte-
rial pneumonia.

The management of acid aspiration is mainly supportive and includes: 
(1) rapid removal of debris by immediate suction (endotracheal intu-
bation and fiberoptic bronchoscopy may be necessary at this stage) if 
there is particulate matter present; (2) placement of a nasogastric tube to 
evacuate the stomach and prevent further episodes; (3) oxygen adminis-
tration and mechanical ventilation if indicated by the degree of respira-
tory failure; (4) bronchodilator therapy if bronchospasm is significant; 
(5) maintenance of normovolemia and normal perfusion by monitoring 
and replacement of lost fluid, as well as vasoactive and inotropic support 
where necessary. Antibiotics should be avoided unless there is a strong 
convincing evidence of bacterial pneumonia rather than only chemi-
cal pneumonitis which is usually the case following most aspiration 
events. Steroids have not been of any benefit in treating these patients. 
Preventive measures that can be taken in high-risk patients to prevent 
the aspiration of low-pH gastric contents include gastric decompres-
sion, positioning intubated patients in a semirecumbent position unless 
contraindicated, and continuous drainage of subglottic secretions.65-67

■■ PREDICTING AND PREVENTING PERIOPERATIVE LUNG DYSFUNCTION
Many attempts have been made to correct the postoperative abnor-
malities in lung function, using techniques such as incentive spirometry, 
intermittent positive-pressure breathing (IPPB), and nasal continuous 
positive airway pressure (CPAP).68-70 Although incentive spirometry has 
been reported to be ineffective in decreasing postoperative pulmonary 
complications following cardiac and upper abdominal surgery,69 IPPB, 
incentive spirometry, CPAP,70 and physiotherapy generally improve 
postoperative respiratory function; IPPB offers no advantage over phys-
iotherapy when the latter is maximized in the postoperative period.71 
Although nonyielding abdominal binders have a further restrictive 
effect on lung volumes postoperatively, the elastic binders may pro-
duce some benefit.72 It must be recognized, however, that none of these  
methods completely reverses the postoperative respiratory dysfunction.

Attempts have been made to predict postoperative pulmonary mor-
bidity by assessing respiratory mechanics preoperatively, as well as by 
identifying risk factors such as age, obesity, smoking, and location of 
incisions. No individual respiratory parameter predicts respiratory 
morbidity or mortality in an individual patient. In general, however, 

the poorer the preoperative respiratory function, the more likely the 
patient is to have severe postoperative respiratory complications. Based 
on cumulative experience, the following spirometric criteria for predict-
ing morbidity and mortality in postoperative adult patients have been  
proposed.73,74 If the FEV1 is <1 L, the FVC <1.5 L, the FEV1/FVC is 
<30%, or the forced expiratory flow [FEF25%–75%] is <0.6 L/s, and if the  
maximum minute ventilation is <50% of the predicted value, then  
the risk of postoperative pulmonary complications is very high. In 
patients whose respiratory function is below this threshold, the strategy 
is to provide treatment that will improve respiratory function to a level 
above this threshold. Such treatment may involve cessation of smoking, 
diaphragm muscle conditioning, weight loss, and the treatment of heart 
failure, fluid overload, and any identifiable reactive airway disease.

A patient who undergoes lung resection is at even greater risk of post-
operative pulmonary complication, particularly if the excised lung tissue 
was functional.73,74 In these patients, the effect of the lost lung volume 
must be considered along with the factors discussed above. A quantita-
tive perfusion lung scan can help to predict the postoperative pulmonary 
spirometric performance of these patients by indicating how much of the 
lung will remain after the planned procedure. The postoperative FEV1 is 
then calculated as the product of the preoperative FEV1 and the fractional 
perfusion of the remaining lung. The usual rule for an adult patient is 
that the operative risk is prohibitive if the predicted postoperative FEV1 is 
≤0.8 L. The prediction can be made more accurate by also measuring the 
diffusing capacity, which is an independent predictor of morbidity and 
mortality after major lung resection. A useful guideline is to exclude from 
major lung resection all patients whose diffusing capacity is <60% of the 
predicted value, even if spirometric values are considered satisfactory.74 
Patients with only slightly impaired pulmonary function (FEV1 and 
diffusing capacity ≥80% predicted) with no cardiovascular risk factors 
can undergo pulmonary resections including pneumonectomy without 
further investigation. For others, exercise testing as well as pulmonary 
split-function test studies are recommended. The symptom limited 
cardiopulmonary exercise testing measures the maximum volume of 
oxygen utilization (VO2 max) as an index of pulmonary and cardiovas-
cular reserve. A VO2 max <10 mL/kg per minute is generally considered 
a contraindication to any resection, whereas a value >20 mL/kg per 
minute or >75% of predicted normal is considered safe for major resec-
tions. Resections that involve no more than one lobe usually lead to early 
functional deficit followed by recovery, and permanent loss in pulmonary 
function is usually <10%. Generally, pulmonary function tests tend to 
overestimate the functional loss after lung resection.75 Arterial blood gas 
criteria may also be used to exclude patients from major lung resection 
because of the prohibitive risk of postoperative morbidity and mortality. 
Patients who have a room-air partial pressure of arterial oxygen (PaO2) of 
<50 mm Hg or a partial pressure of carbon dioxide (PCO2) of >45 mm Hg 
at rest are considered to have a prohibitive operative risk and should not 
undergo major pulmonary resection. Other forms of surgical interven-
tion are justifiable in the presence of these blood gas criteria only if they 
are considered mandatory and lifesaving.

■■ TREATMENT PRINCIPLES FOR PERIOPERATIVE RESPIRATORY FAILURE
At present, no specific therapy exists for underlying diaphragmatic 
dysfunction. Therefore, the principles of respiratory care in the surgical 
patient are as follows:

	 1.	 Maximization of the preoperative respiratory status. Meeting this 
goal may entail cessation of smoking, diaphragmatic conditioning 
exercises, reduction in obesity, and treatment of any identified car-
diorespiratory disease, including congestive heart failure, broncho-
pneumonia, or bronchospasm.

	 2.	 Aggressive physiotherapy and early ambulation to overcome the 
effects of the supine position on changes in lung volumes, particu-
larly the relationship between closing volume and FRC. In patients 
with multiple fractures, early operative stabilization will decrease 
the period of recumbence.
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	 3.	 Adequate treatment of sepsis and shock, with recognition of the 
important role of surgery or interventional radiology in the iden-
tification and drainage of areas of sepsis such as intra-abdominal 
abscesses.

	 4.	 Judicious use of intravenous fluids to maintain adequate perfusion 
while avoiding overhydration and pulmonary edema.

	 5.	 Optimal use of analgesics to control pain without producing  
respiratory depression.

	 6.	 Administration of supplemental oxygen to hypoxemic patients to 
improve arterial oxygenation.

	 7.	 Treatment (as specific as possible) of any identifiable cause of 
hypoxemia; for example, bronchodilator therapy for a patient with 
bronchospasm, or antibiotic therapy directed against a specific 
organism isolated in a patient with a pneumonic process.

	 8.	 Preoperative pulmonary assessment, especially in patients with 
poor pulmonary reserve and most especially in those undergoing 
lung resection. This will allow an assessment of the relative risk of 
postoperative morbidity.

	 9.	 Institution of mechanical ventilation when the above measures fail. 
Frequently, mechanical ventilation can be avoided if strict attention 
is paid to preventive measures. Also, vigorous application of these 
principles immediately after the patient is stabilized can shorten the 
duration of mechanical ventilation considerably.76,77
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As indicated in Chap.110, surgery and anesthesia trigger a host of physi-
ologic responses. Anesthesiologists have described elective surgery as 
“planned trauma.” Thus they prepare for all the traumatic sequelae that 
will occur such as blood loss and fluid shifts, increased myocardial oxygen  
demands, respiratory changes caused by intubation and ventilation with 
supplemental oxygen, increased plasma cortisol of the stress response, 
and coagulopathy to name a few. In the average otherwise healthy 
patient, these responses result in no major untoward postoperative 
events. However, in the medically compromised patient, the additional 
burden of surgical stress can prove to be very challenging and sometimes 
insurmountable. Such patients frequently require detailed evaluation and 
monitoring in the preoperative as well as postoperative periods in the 
intensive care unit (ICU). Careful planning, preoperative assessment, and 
management of identified abnormalities in these patients are crucial to 
optimize chances of a good postoperative outcome. A major component 
of this planning involves the assessment of risks for intraoperative and 
postoperative morbidity. Patients with cardiac, respiratory, and renal 
abnormalities pose special risks for postoperative complications. In this 
chapter, we present guidelines for identifying and managing patients at 
risk of developing postoperative morbidity.

PREOPERATIVE SCREENING
Table 111-1 is a system of perioperative screening for patients at  
St Michael’s Hospital in Toronto, Canada. Patients identified preop-
eratively with severe disease (Table 111-1) or gravid patients for non-
obstetric surgery should be seen by an anesthesiologist in an outpatient 
clinic where there is time for preoperative risk stratification and disease 
optimization if possible. If conditions are found that warrant a delay in 
surgery, early identification minimizes the impact of other scheduled sur-
geries. At that juncture, additional advice from Internal Medicine or medi-
cal subspecialties is sought as necessary for postoperative management.

Codifying or classification leads to more rapid and precise com-
munication among clinicians: shock classification, solid organ injury 
grading, and subarachnoid hemorrhage classification are such examples. 
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C H A P T E R

KEY POINTS

•• Perioperative risk assessment by careful history, physical examina-
tion, and selective investigation is essential for directing therapy in 
the high-risk surgical patient.

•• To decrease mortality and morbidity, major medical illnesses must 
be identified and appropriately managed.

•• Delirium is a common postoperative complication that can be 
anticipated given risk factors.

•• Perioperative cardiac morbidity can be minimized with preemptive 
medical management which includes the perioperative administra
tion of β-blockers in very select patients.

•• Postoperative pulmonary complications can be reduced by aggres-
sive pre- and postoperative care.

•• Diabetes mellitus and steroid dependence must be completely 
managed to significantly influence perioperative morbidity and 
mortality.
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  TABLE 111-2    ASA Classification

1.	 Healthy

2.	 Illness that does not impede activities of daily living

3.	 Illness that impedes activities of daily living

4.	 Illness that represents a constant threat to life

5.	 Not expected to survive 24 h (with or without surgery)

6.	 The patient declared dead for purposes of organ donation

The suffix “E” denotes emergency surgery

  TABLE 111-3    Partial List of Risk Factors for Delirium

Patient factors:

  Advanced age

  Dementia

  CNS and psychiatric disease

  Severe medical disease

  Drug or alcohol addiction

  Vision or hearing loss

Postoperative factors:

  Anesthesia

  Surgery/trauma

  Pain

  Severe illness 

  Sleep deprivation /noisy environment

  Polypharmacy

  Psychotropic Rx (including benzodiazepines and opiates)

  TABLE 111-1    Considerations for Preoperative Anesthesia Assessment

1.	 Request for consultation—either patient- or surgeon-initiated request for preoperative 
anesthetic care discussion

2.	 Anesthetic considerations
•	 Patient has personal history of anesthesia-related serious adverse event
•	 Patient or family history of malignant hyperthermia
•	 Anticipated or past history of difficult intubation

3.	 Surgical considerations
•	 Major cardiac, vascular, or intrathoracic procedures
•	 Cervical spinal procedures
•	 Implantable cardiac defibrillator procedures
•	 Percutaneous procedures to repair aneurysms (aortic or cerebral) or cardiac valves

4.	 Patient considerations
General
•	 Gravid patient for nonobstetric surgery
•	 Poor functional capacity (unable to walk one block or climb one flight of stairs)
•	 Recent deterioration of chronic medical problem
•	 Admission to hospital in last 2 months for acute (or exacerbation of a chronic medical) 

problem
•	 Unusual or complicated medical problem
Cardiovascular
•	 Coronary artery disease (history of angina or myocardial infarction)
•	 Congestive heart failure
•	 Valvular heart disease or other structural cardiac abnormality (eg, congenital VSD)
•	 History of CABG/PTCA, valvular repair, structural cardiac repair, or cardiac defibrillator 

implantation
•	 Diffuse vasculopathy
•	 Diastolic blood pressure >100 mm Hg
•	 Symptomatic arrhythmia, particularly new or undiagnosed atrial fibrillation
Respiratory
•	 Asthma or COPD
•	 Obstructive sleep apnea (including symptomatic patients who have not had a sleep study)
•	 Pulmonary hypertension
•	 Other serious lung diseases, for example, cystic fibrosis, sarcoidosis, idiopathic pulmonary 

fibrosis
•	 Upper or lower airway tumor or obstructions
•	 Any chronic respiratory disease requiring home oxygen, ventilatory assistance, or monitoring
Neurologic
•	 Neuromuscular diseases, for example, myasthenia gravis, muscular dystrophy, myotonic 

dystrophy
•	 Quadri-, hemi-, or paraplegia
•	 Cervical spine instability, myelopathy, or radiculopathy
•	 Other serious neurologic disease, for example, poorly controlled seizures, cerebral palsy
Metabolic
•	 Morbid obesity—>1.5× ideal body weight or BMI >40
•	 Diabetics on insulin
•	 Diabetics on oral agents only if comorbidities are present
Hematologic
•	 Anemia
•	 Sickle cell disease
•	 Coagulopathy, for example, hemophilia, von Willebrand disease, thrombocytopenias
•	 Patients on anticoagulant (warfarin or low-molecular-weight heparin) therapy or  

prophylaxis
Other
•	 Severe latex allergy
•	 Significant renal dysfunction or dialysis dependent
•	 HIV
•	 Chronic hepatitis or known hepatic dysfunction
•	 History of ongoing drug or alcohol abuse

The American Society of Anesthesiologists (ASA) physical status clas-
sification was created with a similar goal (Table 111-2) and is still com-
monly used as an index of surgical risk.1 The Dripps-American Surgical 
Association classification is essentially identical.2 Not surprisingly, for 
a nonparametric scale, morbidity and mortality do not rise regularly 
with increasing score. The risk for anesthesia and surgery for ASA 1-2 

patients is thought to be better than 1:50,000. The risk rises acutely for 
ASA 4 but is not 100% for ASA 5!3 Additionally, statistics are made more 
difficult to interpret as the score is assigned by a clinician who is free 
to interpret “constant threat to life.” A patient critically dependent on 
dialysis may logically be called ASA 4 but such patients have competed 
in triathlons.4 Therefore, clinicians should not depend entirely on such 
scales for risk assessment but critically assess the individual.

ASSESSMENT OF PERIOPERATIVE CNS RISK
Delirium is a common postoperative complication. As discussed in 
Chap. 82, patients cared for in critical care areas can suffer rates nearing 
80%. Delirium in elderly postoperative patients is thought to have a 50% 
occurrence.5 Longitudinal studies have demonstrated long-term cogni-
tive dysfunction in patients who have suffered delirium as inpatients.6

The risk factors for delirium are numerous and include the trauma of 
surgery and anesthesia (Table 111-3). Strangely enough, patients who 
have received regional anesthetics, thus likely exposed to less opiates, 
have the same rate of delirium as similar patients who have undergone 
general anesthetics.7 Other factors common to our aging population such 
as structural (stroke, brain injury) and nonstructural (psychiatric) brain 
disease increase the risk for delirium. Knowing that a patient may suffer 
postoperative delirium allows treatment to commence immediately.

Postoperative pain is a very important risk factor for the development 
of delirium. Patients may enter a terrible feedback loop of suffering from 
delirium only to have opiates removed from their postoperative regime 
to then experience more pain and more delirium! The phenomenon 
of patients receiving inadequate pain control is even more important 
in the critical care units where reliance on propofol sedation without 
concomitant analgesia gives rise to a calm appearing patient. Given that 
many ICUs do not have a formal sedation and analgesia protocol, which 
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includes sedation and analgesia goals, patients risk being sedated with-
out analgesia.8 These patients are at high risk for postoperative delirium.

Postoperative delirium requires a multimodal treatment strategy. While 
haloperidol is sometimes considered,9 the evidence for improved 
outcomes in those treated with this medication is lacking. Pretreating 
patients at risk for delirium has had limited success.10

Identifying at risk patients allows the surgeon caring for postoperative 
patients to reduce the risk for delirium. This is done by ensuring that 
environmental, medical, and pharmacological factors favor recovery. 
Examples of such measures include ensuring the patient has appropri-
ate vision and hearing aids in place, controlling noise and lighting that  
affect sleep-wake cycles, ensuring adequate pain control, treating of 
dehydration, appropriate nutrition, and avoiding polypharmacy.

ASSESSMENT OF CARDIAC MORBIDITY  
FOR NONCARDIAC SURGERY
Our aging population, rising rates of obesity, and type II diabetes suggest 
that more patients presenting for noncardiac surgery will have diag-
nosed or clinically suspected ischemic heart disease and thus increased 
risk for perioperative complications. Using multivariate analysis of 1001 
consecutive patients presenting for noncardiac surgery, Goldman and 
associates developed an index for perioperative risk (cardiac risk index) 
based on clinical, electrocardiographic (ECG), and routine biochemi-
cal parameters.11 The strongest predictors of cardiac morbidity were 
the severity of coronary artery disease, a recent myocardial infarction 
(MI), and perioperative heart failure. Detsky and coworkers reworked 
the scoring system to allow for broader applicability and less depen-
dence on clinical examination findings.12 At present, the standard for 
perioperative cardiac risk assessment combines surgery specific risk, the 
Eagle criteria13 (Table 111-4), and medical risk (Revised Lee cardiac risk 
index).14 The Lee index also includes surgical risks as one of the vari-
ables, however only considers suprainguinal vascular surgery to be high 
risk as opposed to Eagle who considers all vascular surgery risky. Low 
risk is defined as less than 1% possibility of perioperative cardiac com-
plications. High-risk patients have a predicted risk of greater than 10%.

In 2007, the American College of Cardiology and the American Heart 
Association published their guidelines for preoperative assessment.15 
The guidelines were quickly updated only 2 years later to reflect new 
perioperative β-blockade information.16

Their conclusion was that patients in the low-risk category may 
proceed directly to surgery with an expectation of a low rate of cardiac 

complications. Clearly, patients who require emergent surgery should 
proceed immediately to the operating theatre without delay for cardiac 
testing. Patients deemed to be in the high-risk group (those who suffer 
from unstable coronary artery disease [CAD], decompensated conges-
tive heart failure [CHF], severe valvular disease, and unstable arrhyth-
mias) should have their noncardiac surgery delayed for full cardiac 
evaluation and treatment.

It is the group of patients in the intermediate risk category who will 
benefit most from the investigations described below, in an effort to 
further elucidate the extent of their underlying cardiac disease and to 
attempt to quantify and possibly reduce the perioperative risks before 
the commencement of the surgical procedure.

Testing becomes more important as patients face intermediate- 
or high-risk surgery without good preoperative functional capacity. 
Patients who suffer from functional limitation due to surgical disease 
may mask important cardiorespiratory disease. In addition, North 
America and many other Western countries are in the midst of an 
obesity epidemic. The US Department of Health and Human Services 
suggests that most American citizens lead sedentary lives. Forty percent 
of survey respondents do no leisure physical activity whatsoever. The 
lack of symptoms in this large segment of the population results from 
“auto–β-blockade.” The patient never achieves in their activities of daily 
living enough physiologic challenge to reveal their disease.

Without symptoms of CHF, the possibility of complete left ventricle 
(LV) systolic decompensation is low. Routine LV function studies by 
echocardiography are contraindicated. The question remains: “Does this 
patient have ischemic risk?” In the setting of patients who cannot exercise 
or do not have the physical fitness needed for exercise stress testing, the 
ACC/AHA suggest nuclear medicine perfusion studies or stress echocar-
diography. Both studies also offer the clinician insight into LV function.

The increasing availability of echocardiography has allowed the  
diagnosis of valvular disease at a rate much higher than in the era of 
Goldman and Detsky where clinical examination findings defined risk. 
An increasingly mobile global population results in the presentation of 
diseases such has rheumatic mitral stenosis, considered uncommon to 
Western-born patients. Recent publications on perioperative antibiotic 
coverage have addressed the evolving science of endocarditis prevention. 
In 2006, the enigma of “mitral valve prolapse without mitral valve regur-
gitation” was a Class III recommendation for antibiotics.17 The update 
that followed 2 years later concluded even more strongly that there were 
no Class I indications for endocarditis prophylaxis.18 The committee did 
recognize that in certain very high-risk populations (previous endocar-
ditis, prosthetic heart valves, valvulopathy following cardiac transplanta-
tion, and certain congenital heart disease patients) antibiotic prophylaxis 
“would be reasonable” but with a weaker IIa recommendation. The 
highest risk of bacteremia is attributed to dental surgery or surgery with 
gingival manipulation. Endoscopy was considered low risk.

RISK MODIFICATION

■■ PREOPERATIVE CORONARY REVASCULARIZATION
One would expect that if a patient who faces high-risk noncardiac 
surgery is known to have coronary artery disease, revascularization 
should improve outcome. Early recommendations for preoperative 
coronary artery bypass grafting (CABG)19 were based on retrospec-
tive data, and either utilized historical controls or did not include the 
mortality associated with CABG itself. Recently, several trials have 
examined revascularization through percutaneous procedures as well 
as sternotomy. The CARP trial randomized over 500 patients to have 
coronary revascularization or not prior to elective surgery.20 There were 
no differences between groups in terms of short-term or long-term 
outcome. This was followed by other trials which attempted to address 
some relative weaknesses of CARP and drew the same conclusions. It 
is difficult to dispute that if the patient has an independent reason for 
urgent coronary revascularization such as left main coronary artery  
disease or continued ischemia following myocardial infarction, coronary 

  TABLE 111-4    Eagle Criteria: Surgery Specific Risk for Cardiac Complications

High risk (>5%)

  Emergency surgery

  Vascular surgery

  Prolonged operation

  Large fluid shifts or blood loss

Intermediate risk (1%-5%)

  Carotid endarterectomy

  Head and neck surgery

  Intraperitoneal or intrathoracic surgery

  Orthopedic surgery

  Prostate surgery

Low risk (<1%)

  Endoscopic procedures

  Superficial procedures

  Cataract surgery

  Breast surgery
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revascularization should precede elective noncardiac surgery. Present 
evidence would suggest that if important but noncritical coronary artery 
disease is identified, preoperative revascularization will delay access to 
noncardiac surgery without definite benefit. In the setting of oncologic 
surgery and major vascular surgery, delays may result in important pro-
gression of disease or death.

■■ PERIOPERATIVE β-BLOCKADE
Mangano’s important and heavily cited21 trial randomized patients for 
major surgery including vascular surgery to be β-blocked with atenolol. 
He demonstrated a decrease in cardiac mortality as well as all-cause 
mortality. Studies that followed supported his conclusions and led to 
enthusiastic embrace of perioperative β-blockade.

The POISE study,22 a multicenter placebo-controlled trial of fixed 
metoprolol dosing for patients facing intermediate- and high-risk surgery 
with at least one clinical risk factor for coronary artery disease echoed 
Mangano’s findings vis à vis cardiac morbidity. However, the all-cause 
mortality for patients who received metoprolol was higher due to the 
increased rate of stroke. Concluded differently, the β-blockade of inter-
mediate-risk patients may cause harm.

Without question, cessation of β-blocker therapy preoperatively leads 
to poorer outcome. Equally harmful is the indiscriminate β-blockade 
of surgical patients without strong evidence of coronary artery disease. 
Patients undergoing vascular surgery, particularly open surgery above 
the inguinal ligament, should be considered for titrated β-blockade if 
they have known coronary artery disease and have two or more clinical 
risk factors.

■■ INTENSIVE PERIOPERATIVE MANAGEMENT
The rationale for using aggressive perioperative medical intervention to 
reduce cardiac risk is compelling. Many of the major cardiac risk factors 
such as congestive heart failure, myocardial ischemia, and dysrhythmias 
are detectable and amenable to therapy. Factors contributing to oxygen 
supply and demand balance beyond β-blockade would include appro-
priate treatment of hypertension, diagnosis and treatment of anemia, 
and appropriate treatment of pulmonary disease. Inpatient optimization 
and resuscitation have not led to changes in outcome. A multicenter 
randomized trial of the use of the pulmonary catheter–derived hemo-
dynamic goals in almost 2000 high-risk patients undergoing elective 
abdominal, thoracic, vascular, and major orthopedic surgery showed no 
benefit over standard care.23

■■ PULMONARY ARTERY CATHETER
There is no indication for routine use of the pulmonary artery catheter 
(PAC) to aid decision making for the high-risk surgical patient. Dr 
Swan, in an elegantly written review in 2005 stated quite strongly: “The 
PAC is a diagnostic device only and has no therapeutic role.” (authors’ 
emphasis)24 The PAC-man trial,25 a large prospective cohort study of 
mixed medical and surgical patients in the ICU showed no improve-
ment in outcome in those patients with pulmonary artery catheteriza-
tion. Meta-analyses published in JAMA26 and the Cochrane Database of 
Systematic Reviews27 echo these findings. Even more damning, clinicians 
may be misinterpreting catheter-derived data at a high rate.28 Worse 
yet, clinicians may be subjecting their patients to the risk of catheter 
insertion and not using all the information available.29 The authors do 
not question the value of identifying right heart failure or pulmonary 
hypertension in surgical patients. Important changes to anesthesia and 
surgical care can be made to favor hemodynamics in that setting. Still, 
given the paucity of data supporting its use and given a known rate of 
serious complications, Swan’s catheter should be reserved for very, very 
few patients.

■■ TRANSESOPHAGEAL ECHOCARDIOGRAPHY
Transesophageal echocardiography (TEE) is a sensitive marker of myo-
cardial ischemia, often revealing segmental wall motion abnormalities 

before other signs of ischemia become obvious. TEE has been advocated 
to detect intraoperative ischemia, and has been shown to have superior 
sensitivity and specificity (sensitivity 75%, specificity 100%) in compari-
son to two-lead ECG (sensitivity 56%, specificity 98%) and pulmonary 
capillary wedge pressure (sensitivity 25%, specificity 93%).30 A larger 
study (224 patients) confirms that TEE is frequently influential in guid-
ing clinical decision making.31 In comparison to two-lead ECG and PAC, 
intraoperative TEE was the most important intraoperative guiding factor 
in decision making for anti-ischemic therapy, fluid administration, and 
vasopressor or inotrope administration. The technique itself requires 
expensive equipment and specialized training. Even at centers where TEE 
is standard of care for cardiac anesthesia, the resource is not routinely 
available for noncardiac surgery patients. New miniature, disposable 
technology may allow greater utilization.32 No guidelines have suggested 
Class I indications for TEE in the noncardiac surgery population.

■■ RESOURCE ALLOCATION
If aggressive hemodynamic monitoring in the ICU is responsible for 
the improved survival of patients with ischemic heart disease following 
noncardiac surgery, the financial implications are staggering. In Rao’s 
study, more than 1300 ICU days of care were required to bring about a 
2.4% reduction in the reinfarction rate. However, if admission criteria 
were restricted to congestive heart failure, angina plus congestive heart 
failure, or angina plus hypertension, this would account for almost 
80% of the perioperative infarctions, and reduce ICU days to <300.33 
Studies have suggested that most perioperative myocardial infarctions 
occur within the first 2 postoperative days suggesting a shorter period 
of monitoring may be sufficient.34

■■ TYPE OF SURGERY: TYPE OF ANESTHETIC
As discussed previously, Eagle recognized that noncardiac operations 
may be divided into those that are likely to provoke perioperative  
ischemia and those that do not increase the risk of ischemia above 
normal. Major vascular procedures involving aortic cross-clamping 
and infrainguinal arterial bypass carry a high risk of postoperative 
ischemia,35 as do major abdominal and thoracic procedures. Orthopedic 
procedures such as total hip arthroplasty have a lower incidence of 
cardiac morbidity, and are deemed intermediate risk. Peripheral non-
vascular procedures such as transurethral resection of the prostate, an 
operation frequently performed in patients with coexisting coronary 
artery disease, are associated with a low incidence of perioperative MI.36

Major surgery is associated with an intense sympathetic and pro-
coagulant response, which may be implicated in the development of 
myocardial ischemia. These neurohumoral responses to surgery may 
be diminished with the use of epidural anesthesia and analgesia (EAA) 
extending into the postoperative period.37 Stress-mediated release of 
hormones such as cortisol, antidiuretic hormone, and catecholamines 
is blunted by epidural anesthesia.38 In addition, postoperative pain may 
contribute to tachycardia and resultant subendocardial ischemia. Early 
studies showed a dramatic reduction in cardiac complications in patients 
treated with EAA in comparison to general anesthesia (GA) alone.39 This 
opinion was further upheld by a large systematic review of relevant trials 
of epidural or spinal anesthesia versus GA over the past 30 years, which 
showed a statistically and clinically significant reduction in mortality 
and morbidity after surgery.40 This retrospective work was prospectively 
tested by a large (915 patients) randomized controlled trial of high-risk 
surgical patients who either received EAA (intraoperatively and up to 
72 hours postoperatively) with GA or GA alone with intraoperative and 
postoperative opioids as the mainstay of the analgesic regimen.41 The 
group observed no reduction in mortality or cardiac morbidity between 
groups. The only clinical benefit documented was a reduction in post-
operative respiratory failure. However, the authors commented that 15  
epidurals were required to prevent one episode of respiratory failure. 
They also commented that in no cases were there any serious com-
plications with catheter placement or postoperative problems directly  
attributable to the placement of the epidural.
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■■ RECOMMENDATIONS
Evaluation and treatment of patients presenting for noncardiac surgery 
require careful attention to history, functional status, and assessment of 
clinical evidence of reversible cardiac failure or dysrhythmias, in addi-
tion to consideration of the timing and indications for the proposed 
surgery. There is no doubt that clinical risk factors such as known 
ischemic heart disease, cardiac failure, diabetes, and renal insufficiency 
are all independently documented to be associated with an increase in 
perioperative cardiac morbidity.

Following published guidelines and analysis of the literature, it can be 
recommended that noninvasive cardiac testing will not add to the clini-
cians’ knowledge or improve risk stratification in patients with none of 
the above clinical criteria. Similarly, patients who present a significant 
clinical risk may have independent cardiac reasons for revascularization 
prior to proposed noncardiac surgery. This high-risk group should be 
intensively monitored in the perioperative period, including a stay in the 
ICU for approximately 48 hours postoperatively. It is the intermediate-
risk group of patients, presenting with one to two clinical risk factors, 
who will benefit most from noninvasive testing. Current treatment 
protocols suggest a significant clinical benefit from the appropriate 
administration of β-blockers to select patients who are high risk. Some 
caution may need to be exercised regarding the duration of dose and 
discontinuation of the drug. Due to recent negative reports regarding 
the use of the pulmonary artery catheter, we cannot continue to sup-
port its routine use for high-risk patients following noncardiac surgery. 
Finally, there may be a role for TEE in noncardiac surgery. Resources,  
both financial and manpower, will dictate its integration.

ASSESSMENT OF RISK OF POSTOPERATIVE 
PULMONARY COMPLICATIONS

■■ CLINICAL ASSESSMENT OF PULMONARY RISK
Postoperative alterations in pulmonary physiology predispose to the 
development of atelectasis (see Chap. 110). Marked decreases in forced 
expiratory volume in 1 second (FEV1) and forced vital capacity (FVC) 
have been documented with serial postoperative pulmonary function 
tests.42 A reduction in functional residual capacity (FRC) of approxi-
mately 70% of basal values may occur by about 18 hours after surgery, 
resulting in closure of small airways as FRC approximates closing  
volume.43 Progressive loss of functional lung tissue and intrapulmonary 
shunting lead to worsening hypoxemia.

Many risk factors for the development of postoperative atelectasis 
have been highlighted. Each of the following has been shown to predict 
postoperative atelectasis: preoperative severe bronchitis, FEV1 of more 
than two standard deviations less than predicted, obesity, malnutri-
tion, abdominal surgery, and age. Analysis of risk factors in a group of  
272 patients referred for preoperative assessment concluded that statisti-
cally significant predictors of postoperative pulmonary complications 
were partial pressure of arterial carbon dioxide (PaCO2) ≥45 mm Hg 
(OR = 61.0), FVC ≤1.5 L/min (OR = 11.1), maximum laryngeal height 
≤4 cm (OR = 6.9), forced expiratory time ≥9 seconds (OR = 5.7),  
smoking ≥40 pack-years (OR = 5.7), and body mass index (BMI) 
≥30 kg/m2 (OR = 4.1).44

Bedside pulmonary function tests (PFTs) such as spirometry have been 
used to identify patients at risk of developing postoperative pulmonary 
complications, but lack of randomization, selection bias, and retrospective 
or unblended analysis of outcome invalidate conclusions.45 Spirometry as 
a screening procedure for high-risk patients remains unproven and its 
routine use has been discouraged.46 The American College of Physicians 
recommends preoperative pulmonary function testing in the following 
groups: patients with unexplained dyspnea, patients undergoing high-risk 
surgery (cardiac, thoracic, and upper abdominal), cigarette smokers, those 
with symptoms of dyspnea on exertion, and patients undergoing head and 
neck or orthopedic surgery with uncharacterized lung disease. All patients 
undergoing lung resection should have PFTs.47

The inability to improve pulmonary function despite adequate 
therapy may be a more sensitive predictor of postoperative respiratory 
failure.48 In a prospective study, those at risk of developing postoperative 
respiratory failure (defined as ventilator dependent >2 postoperative 
days) were best identified by the failure of 48 to 72 hours of intensive 
preoperative preparation to improve FVC, forced expiratory flow over 
25% to 75% of the expiratory cycle (FEF25-75), and maximal voluntary 
ventilation measured over 1 minute (MVV). Five percent of the study 
group developed postoperative respiratory failure, and all of these 
patients had an FEF25-75 and MVV less than 50% of predicted values, 
which had not improved with preoperative therapy. The perioperative 
mortality in this subgroup was 60%.

■■ EVALUATION OF RISK PRIOR TO PULMONARY RESECTION SURGERY
Approximately 80% of patients presenting for lung cancer surgery have 
concomitant chronic obstructive pulmonary disease (COPD) and 20% 
to 30% have severe pulmonary dysfunction.48 Pulmonary resection for 
lung cancer has been associated with morbidity of 12% to 50% and  
mortality of 2% to 12%.49,50 A more recent retrospective analysis confirms 
that these figures have not been markedly improved (morbidity 20%, 
mortality 3%).51 In addition to the general preoperative preparation of 
the surgical patient, those patients who will require pulmonary resection 
must have a preoperative estimation of postoperative pulmonary reserve.

A multifactorial risk index was proposed for patients undergoing 
thoracic surgery consisting of the cardiac risk index (CRI) and a pulmo-
nary risk index (PRI), known as the cardiopulmonary risk-factor index 
(CPRI). These pulmonary risk factors had previously been validated 
as independent risk factors in univariate analysis. The CPRI assesses 
obesity, cigarette smoking within 8 weeks of surgery, productive cough 
within 5 days of surgery, FEV1/FVC <70%, and PaCO2 >45 mm Hg.  
Each of these factors was assigned one point. By combining the CRI 
(0-4) and the PRI (0-6), patients classified as having a CPRI of 4 or 
greater were 17 times more likely to develop a postoperative pulmonary 
complication than patients with a CPRI less than 4.52

Guidelines for prediction of outcome following lung resection are 
generally based on preoperative whole lung function tests.53 MVV (% of  
predicted), FEV1 (liters), and FEV1 (% of predicted) have been most 
commonly used. Guideline values for proceeding with pneumonectomy, 
lobectomy, or wedge/segmental resection are:

•• For pneumonectomy, MVV >55%, FEV1 >2 L, FEV1% >55%
•• For lobectomy, MVV >40%, FEV1 >1L, FEV1% 40% to 50%
•• For wedge/segmental resection, MVV >35%, FEV1 >0.6 L, FEV1% 

>40%

Predicted postoperative FEV1 has been suggested as a sensitive predic-
tor of postoperative pulmonary complications. For this measurement, 
FEV1 and CT calculation of the number of preoperative functioning 
lung segments are required. Predicted postoperative FEV1 (ppoFEV1) 
may then be calculated using the formula:

ppoFEV1 = Preoperative FEV1 × (Postop Functioning Segments / 
Preop Functioning Segments)

Studies have suggested that if ppoFEV1 is <40% of predicted, this 
may be a sensitive predictor of prohibitive operative risk and that resec-
tion should not be considered. More recent work suggests that a low 
ppoFEV1 may indeed be a sensitive predictor of postoperative pulmo-
nary complications in lung cancer resection patients, but only in the 
group without preexisting COPD. PpoFEV1 was not a significant predic-
tor of postoperative pulmonary complications in patients with a preop-
erative diagnosis of COPD. This may be due to the fact that while these 
patients may have been losing lung tissue, a proportionally greater part 
of it was emphysematous and therefore less involved in gas exchange.54

In addition to these standard bedside tests, diffusion capacity of the 
lung for carbon monoxide (DLCO) may be helpful. If there is evidence 
of interstitial lung disease on chest x-ray or undue dyspnea on exertion, 
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even if FEV1 and FVC are normal, a DLCO should be obtained. If pre-
operative FEV1 or DLCO is <40% of predicted, these are independent 
predictors of postoperative pulmonary complications. These patients 
may benefit from cardiopulmonary exercise testing. This is a sophisti-
cated assessment of cardiopulmonary reserve and allows calculation of 
maximal oxygen consumption (VO2 max). Risk of perioperative pulmo-
nary complications can be stratified according the VO2 max measured. 
Patients with a preoperative VO2 max of >20 mL/kg are not at increased 
risk of complications; however, patients with VO2 max of <15 mL/kg and 
<10 mL/kg are at intermediate and high risk, respectively, for periopera-
tive pulmonary complications.

■■ RISK MODIFICATION
Perioperative Preparation:  Standard preoperative preparation, includ-
ing the use of intensive chest physiotherapy, bronchodilators, and 
appropriate use of antibiotics is considered routine practice in an 
effort to reduce the risks of postoperative pulmonary complications. 
High-risk patients who were assigned to receive a protocol of inten-
sive pre- and postoperative therapy (including delay of surgery if  
indicated) had a 22% incidence of postoperative complications, com-
pared to 60% in a group in whom the preoperative preparation was 
at the discretion of the admitting physician. Aggressive pulmonary 
therapy resulted in shorter hospital stay despite frequent delays of sur-
gery in the treatment group to improve pulmonary function.55 In the 
setting of coronary artery bypass surgery, patients identified as high 
risk for postoperative pulmonary complications were offered 2 weeks 
of inspiratory muscle training (IMT). Compared to controls, these 
patients suffered half the incidence of serious postoperative pulmonary 
complications including pneumonia. Those who suffered pneumonia 
in the IMT group also benefited through a shorter hospital stay than 
pneumonia patients who had no respiratory muscle training.56

Despite the clinical application of deep breathing exercises, intermit-
tent positive-pressure breathing (IPPB), and incentive spirometry, these 
treatments have not been shown to be independently successful in the 
prevention of postoperative pulmonary complications. Incentive spi-
rometry has been shown to be of benefit, but only in high-risk patients. 
Pre- and postoperative chest physiotherapy per se is of value only in the 
treatment of established pulmonary atelectasis. However, high-risk mor-
bidly obese (BMI >40 kg/m2) patients may benefit significantly from the 
application of biphasic positive end-expiratory pressure noninvasively 
and prior to signs of respiratory distress.57

Cessation of Cigarette Smoking:  Continued smoking up to the time of 
surgery is associated with a significant increase in mortality. Cessation 
of smoking has been shown to result in a significant increase in FRC 
and reduced postoperative pulmonary complications. For maximum 
risk reduction, the patient should stop smoking at least 8 weeks prior 
to surgery.

Site of Surgical Incision:  Extremity surgical intervention leads to little 
alteration in lung volume. However, lower abdominal incision results 
in a 25% to 30% decrease in FVC and a mild decrease in oxygenation. 
Upper abdominal and thoracic surgery produces significant impair-
ment of pulmonary ventilation and defense systems independent of 
the effect of anesthesia.

Maintenance of FVC is essential for effective secretion clearance and is 
reduced by 50% to 60% immediately following upper abdominal surgery. 
Gradual restoration of FVC over the next 5 to 7 days is usual. During 
the first 24 hours after upper abdominal or thoracic surgery, reductions 
occur in tidal volume (20%) and FRC (70%-80%) as a result of inci-
sion pain and reflex diaphragmatic splinting, resulting in rapid shallow 
breathing, absence of spontaneous sigh, and chest wall splinting.58

Laparoscopic surgery has revolutionized the postoperative care of 
patients undergoing common surgical procedures such as cholecystectomy 
and fundoplication. Comparing the open subcostal cholecystectomy to 
the laparoscopic approach, significant improvements in FVC (52% vs 73% 
baseline), FEV1 (53% vs 72% baseline), and FEF (53% vs 81% baseline) 

were documented.59 A similar comparison of the laparoscopic versus open 
approach resulted in quicker return of postoperative respiratory mechanics 
toward but not quite to normal compared to open cholecystectomy.60 A 
review of over 300 patients following laparoscopic cholecystectomy showed 
no major postoperative pulmonary morbidity in the entire group, despite 
the fact that 45 were deemed to be obese, including 18 who were morbidly 
obese (BMI >45 kg/m2).61

Type of Anesthesia and Analgesia:  Repeated attempts to demonstrate a 
consistent decrease in postoperative pulmonary complications with 
the use of regional anesthesia alone or in combination with general 
anesthesia have failed. Anesthetic technique per se is not a significant 
determinant of postoperative respiratory complications.62 All forms 
of regional anesthesia such as epidural local anesthetic, epidural nar-
cotic, intercostal nerve blocks, and paravertebral nerve blocks have 
beneficial effects on postoperative FEV1, FVC, and partial pressure 
of arterial oxygen (PaO2).63 However, these beneficial effects have not 
proved to alter outcome in terms of pneumonia, respiratory failure, or 
death. Perhaps this is because the delayed reduction in FRC, resulting 
in atelectasis and hypoxemia, remains largely unaffected by the intra- 
and immediate postoperative analgesic regimens.

Repeated studies of intraoperative positive end-expiratory pres-
sure (PEEP) have failed to show benefit in normal patients; however, 
the intraoperative application of PEEP 10 cm H2O to morbidly obese 
patients (BMI >40 kg/m2) resulted in an improvement in perioperative 
oxygenation (110-130 mm Hg).64 However, these patients were studied 
in the early postoperative period and this improvement may not have 
been maintained.

Recommendations:  Although several questions concerning accurate 
preoperative assessment for prevention of clinically significant pul-
monary complications remain unanswered, from available data a few 
guidelines may be generated. Likely to benefit the patient preopera-
tively are cessation of smoking (at least 4 weeks, preferably >8 weeks 
abstinence), weight loss, and optimization of airway obstruction 
using bronchodilators. Intraoperative management options that may 
benefit the patient include peripheral incision, limiting duration of 
surgery, endoscopic procedures, and the use of intraoperative PEEP. 
Postoperatively, good analgesia by the use of regional techniques and 
patient-controlled analgesia delivery devices has been shown to be 
equally effective in reducing morbidity. Postoperative chest physio-
therapy has proven value only for the treatment of atelectasis, but is 
useful as part of a program to encourage deep breathing exercises.

■■ DIABETES MELLITUS
Diabetes mellitus is the most common endocrine disorder encountered 
in the perioperative period, since it occurs in almost 5% of the general 
population.65 Traditionally, diabetics presented for surgery for limb 
amputation and wound debridement, but owing to surgical advances 
in vitrectomy, cataract extraction, renal transplantation, and peripheral 
vascular repairs, diabetic patients are frequently presenting for preopera-
tive assessment. Type I (insulin-dependent) diabetes mellitus comprises 
approximately 25% of the diabetic population, and affects a relatively 
younger population who are ketosis prone. They have no endogenous 
insulin production and thus an absolute need for insulin. Type II (often 
and incorrectly called noninsulin-dependent diabetes mellitus) patients 
are older and often obese and have a decrease in the number and respon-
siveness of insulin receptors, together with impaired insulin secretion, 
features which are accentuated in the perioperative period. The stresses 
of surgery that have already been discussed also include increases in 
endogenous glucocorticoids thus potential hyperglycemia.

Perioperative management problems arise additionally when type II 
diabetic patients who have now transitioned to high-dose insulin are 
labeled “insulin requiring” and are managed as if they were ketosis prone. 
Type II diabetics often require several times the daily physiologic require-
ment for insulin. If they are hypoglycemic, insulin is contraindicated. The 
ketosis prone type I requires continuous access to physiologic insulin.
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The aim of therapy is to avoid excess morbidity and mortality, which 
may be caused or exacerbated by extremes in blood glucose levels, 
undue protein catabolism, and fluid and electrolyte disturbances.

Risk Assessment:  As discussed previously, diabetes is an important car-
diac risk indicator and it is accepted that diabetics encounter increased 
perioperative morbidity and mortality.66-68

A perioperative myocardial infarction rate of 5.2% is reported in diabet-
ics undergoing abdominal aortic reconstruction compared to 2.1% of non-
diabetic patients. Inadequate control of blood glucose can lead to ketosis 
and acidemia in type I patients and dehydration in types I and II diabetics. 
Decreased wound healing occurs at glucose levels greater than 200 mg/dL. 
Glucose concentrations greater than 250 mg/dL have been shown to impair 
leukocyte function and exacerbate ischemic brain damage. In addition to 
the effects of abnormal blood glucose levels, diabetics are at particular 
risk of atherosclerotic disease in cerebral, coronary, and renal vasculature. 
Peripheral vasculopathy is an important complication of diabetes.

Preoperative clinical markers for increased perioperative complica-
tions have been introduced previously. The important risk factors of cor-
onary artery disease, congestive heart failure, renal failure, and vascular 
disease could all be considered simply sequelae of diabetes. Autonomic 
neuropathy is found in over 40% of patients presenting for surgery and 
may alter hemodynamic responses to intubation and surgery.69,70

Apart from anesthesia for cataract extraction, choice of anesthetic 
technique has not been associated with altered outcome.71 Thoracic 
epidural and spinal anesthesia techniques are associated with reduced 
intraoperative catecholamine release. However, to date, no study of 
exclusively diabetic patients has compared outcome between regional 
and general anesthesia techniques.

Risk Reduction:  Preoperative evaluation should include thorough clinical 
assessment for cardiac, neurologic, and peripheral vascular abnormalities. 
A careful history for the presence of ischemic heart disease or prior myo-
cardial infarction should be supported by cardiac investigations where 
appropriate. Glycosylated hemoglobin (HbA1c) levels less than 10% 
suggest satisfactory glycemic control. Evidence suggests that intensive 
insulin therapy to achieve strict control of blood sugar (80-110 mg/dL)  
improves outcome in nondiabetic surgical ICU patients and that general 
practice (to maintain a blood sugar <200 mg/dL) may be inadequate  
in the postoperative diabetic.72 Logically, an intensive regime adds  
hypoglycemia risks and more recent studies of intensive insulin therapy 
suggest that this risk exceeds any benefit.

Nondiabetic patients recovering from surgery commonly show transient 
hyperglycemia and diminished insulin secretion and end-organ responsive-
ness in response to increased circulating catecholamines.73 However, these 
patients secrete sufficient insulin to suppress lipolysis and ketogenesis. 
Diabetics present with decreased or absent preoperative insulin secretion 
and a preexisting insulin resistance, which serves to worsen the hypergly-
cemic response to surgery. Decreased peripheral use of glucose results in 
lipolysis, ketogenesis, possible acidemia, glycosuria, and dehydration.74 A 
variety of insulin regimens have been suggested for the routine periopera-
tive management of diabetics undergoing surgery. No single regimen has 
proved markedly superior. Currently, perioperative intravenous glucose 
infusions are recommended, and insulin may be administered via a variety 
of dosages and routes. Subcutaneous administration of half the regular 
daily dose before surgery, using a variable-rate glucose infusion to main-
tain normoglycemia, has proved successful.75 Mixing insulin, potassium, 
and 5% or 10% glucose has also been suggested.76,77 Most authors suggest 
a variable-rate insulin infusion using an automated syringe device with a 
simultaneous glucose infusion through an alternative intravenous access.78,79

Insulin requirements vary widely in the perioperative patient. The 
normal state (approximately 0.25 unit of insulin per gram of glucose) is 
influenced by many factors such as obesity, concomitant glucocorticoid 
administration, and the septic state, which may increase insulin require-
ments to as high as 0.4 to 0.8 unit of insulin per gram of glucose. The 
highest insulin requirements have been observed in patients undergoing 
CABG (0.8-1.2 U/g of glucose).80

Recommendations for glucose infusion to prevent catabolism suggest 
between 5 and 10 g of glucose per hour,81 although the optimal dose of 
glucose necessary for prevention of fat and protein catabolism has not 
been clearly determined. However, clinical experience suggests that 
most surgical diabetics can be maintained within the normal blood glu-
cose range with an insulin infusion set between 1 and 2 U/h.

Patients receiving total parenteral nutrition, which is generally up to 
25% dextrose, usually require an additional 2 to 3 units of insulin per 
hour. Apart from careful monitoring of blood glucose levels, the patient’s 
overall clinical status (particularly neurologic and hemodynamic) 
should be closely observed. Avoidance of hypoglycemic episodes while 
allowing mild hyperglycemia without ketosis is prudent in the diabetic 
whose blood sugar is extremely difficult to control.

What emerges from all the studies dealing with perioperative diabetes 
management is that the most important factor in optimal perioperative 
glycemic control is frequent measurement of blood sugar and appropri-
ate therapeutic interventions by trained staff. Perioperative metabolic 
management should be planned and coordinated by surgeons, anes-
thetists, and diabetic care teams in conjunction with the patient when 
possible. With the exception of type II diabetic patients presenting for 
minor surgery, all diabetic patients should receive intravenous infusions 
of glucose with appropriate insulin to achieve normoglycemia until the 
preoperative regimen is resumed.

■■ GLUCOCORTICOID SUPPLEMENTATION IN CHRONIC  
GLUCOCORTICOID USERS

Perioperative glucocorticoid supplementation for patients receiving 
steroid therapy is common. The rationale for its use is the avoidance of 
hypoadrenalism, resulting in a variety of clinical signs including fever, 
nausea, dehydration, abdominal pain, hypotension, and shock. Other 
evidence of hypoadrenalism includes low-voltage complexes on the 
ECG, hypoglycemia, and eosinophilia. Despite many patients presenting 
with chronic steroid use, the incidence of perioperative adrenal insuf-
ficiency is low (0.01%-0.1%).82

Retrospective and prospective data suggest that routine steroid 
supplementation for all glucocorticoid-treated patients may not be 
necessary.83-85 Well-known adverse effects of exogenous glucocorticoids 
include immunosuppression, exacerbation of osteoporosis, avascular 
necrosis of the femur, diabetes, peptic ulcer disease, diminished wound 
healing, and neuropsychiatric disorders.

Daily endogenous cortisol release in normal adults approximates 25 
to 30 mg per day at rest. Stressors such as major surgery or critical illness 
increase endogenous production to 5 to 10 times that amount because of 
increased secretion of adrenocorticotropic hormone (ACTH) from the 
anterior pituitary gland. Increased cortisol secretion returns to normal 
within 24 hours of skin incision in uncomplicated minor surgery.86

The clinical rationale for steroid supplementation in the perioperative 
period is based on the known protracted recovery of the hypothala-
mus-pituitary-adrenal (HPA) axis following prolonged glucocorticoid 
administration.86 The stress response observed in typical perioperative 
patients results in ACTH levels far in excess of that required for maximal 
adrenocortical stimulation.87 A number of studies88-90 have suggested that 
patients on chronic steroid therapy undergoing elective major surgery 
may not require perioperative steroid supplementation in addition to 
their regular steroid regimen. In a study of 40 renal transplant recipients 
on chronic prednisone therapy, none of the patients received more than 
baseline glucocorticoid therapy during admission for moderately stress-
ful surgery or critical illness. Despite biochemical evidence of decreased 
adrenal response to exogenous ACTH in 67% of the patients, none of the 
patients exhibited clinically overt hypoadrenalism, and 97% of all patients 
excreted normal or increased urinary cortisol concentrations during 
their hospital stay. This suggested that cortisol concentrations were  
sufficient to meet requirements during the time of stress.85

Since endogenous cortisol secretion in normal individuals rarely 
exceeds 200 mg/day, exogenous steroid supplementation should be 
similar. To date, no data suggest that supplemental glucocorticoid 
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therapy exceeding this amount is beneficial. Patients on chronic 
steroid therapy undergoing minor surgery should have their regular 
steroid dose on the morning of surgery and no additional doses if sur-
gery is uncomplicated. Candidates for major surgery should receive no 
more than physiologic doses of glucocorticoid. A regime might consist 
of 25 mg hydrocortisone intravenously on induction of anesthesia, and 
100 to 150 mg per day over the following 24 to 72 hours. If a patient 
presenting for surgery is already receiving a maintenance steroid dose 
greater than the estimated requirement, additional steroid coverage is 
not necessary.90,91

Clinical and biochemical preoperative assessment of patients on 
chronic steroid therapy is invaluable in the identification of patients 
at risk for adrenal insufficiency in the perioperative period. Published 
recommendations for supplemental steroid coverage should be followed 
by dosing to physiologic levels.

OVERVIEW OF POSTOPERATIVE CRITICAL CARE
The principles of postoperative management for general care and post-
operative emergencies are often discussed only in depth in large surgical 
texts or specialized surgical service texts. Any critical care provider who 
cares for general surgical, cardiothoracic, neurosurgical, and trauma 
patients should have a basic understanding of routine postoperative 
care, including understanding of surgical drains, chest tubes, and wound 
care. As with all aspects of patient care, communication with nursing, 
ancillary personnel, and other health care providers is essential to appro-
priate recognition and care for the emergencies. Communication with 
the anesthesia and surgical teams bringing the patient to the ICU should 
occur to ensure that the critical care provider understands what surgical 
procedure occurred, what events are expected, and what potential com-
plications to watch for. The critical care unit should furthermore have 
appropriate equipment to assist in recognition and, when appropriate, 
treatment of these emergencies. Much of the critical care management of 
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KEY POINTS

•• The initial sign that a malignant hyperthermia crisis is developing is 
a rise in end-tidal CO2 levels. The treatment of choice is dantrolene.

•• Twitch monitors should be utilized to ensure that neuromuscular 
blockade has been adequately reversed as physical examination is 
not generally adequate. Residual neuromuscular blockade is an 
important cause of postoperative respiratory failure.

•• Unfractionated heparin for DVT prophylaxis offers no benefit for 
trauma patients. Low-molecular-weight heparin should be used 
unless contraindicated.

•• Patients with systolic anterior motion (SAM) of the mitral valve 
or significant ventricular hypertrophy should undergo fluid resus-
citation as the mainstay of post-cardiac surgery management as 
inotropes may cause severe obstructive cardiogenic shock.

•• Cardiac tamponade, massive hemothorax, and right heart failure 
are significant causes of morbidity and mortality in cardiac 
surgery. Their presentations can be similar and distinguishing 
between the different causes is imperative to ensure that proper 
medical and/or surgical treatment is performed.

•• Inhaled pulmonary vasodilators are important adjuncts in the 
treatment of acute right heart failure in the postoperative period 
as they do not have the systemic effects of hypotension and hypox-
emia seen with intravenous agents.

•• β-Blockers and amiodarone are the main agents used for periop-
erative prevention of atrial fibrillation in cardiac surgery patients.

•• Augmentation of mean arterial pressure, maintenance of cardiac 
output, and monitoring and drainage of cerebrospinal fluid with a 
lumbar drain are important adjunctive therapies to reduce rates of 
paralysis following aortic surgery.

•• Cardiac herniation following pneumonectomy and pericardial 
patch breakdown is characterized by acute obstructive shock, 
jugular venous distention, and discoloration of the upper torso. 
The mortality rate is 50%; therefore, immediate recognition and 
surgical treatment are imperative.

•• Bilateral recurrent laryngeal nerve injury leads to acute, emergent 
respiratory failure requiring intubation, followed by tracheostomy.
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postoperative and trauma patients is similar to nonsurgical critically ill 
patients. This chapter is designed to assist in specific postoperative and 
trauma situations not covered elsewhere in this textbook.

IMMEDIATE POSTANESTHESIA CARE

■■ EMERGENCE
When a patient presents to the ICU following surgery, they are 
unresponsive because of a variety of medications, including volatile 
anesthetics, benzodiazepines, narcotics, and neuromuscular blockers. 
Volatile anesthetics tend to dissipate quickly but can maintain their 
effects for 20 to 60 minutes postoperatively. The speed of emergence is 
directly proportional to alveolar ventilation, but inversely proportionate 
to solubility of the agent within the blood. The longer the anesthesia 
time, the more total tissue uptake occurs, which can affect the duration 
of time it takes to emerge from the anesthesia. Recovery is generally fast-
est with desflurane and nitrous oxide and slowest with isoflurane. If the 
patient has been hypoventilated during and after the surgery, this may 
also lead to delayed emergence from anesthesia. Narcotics and benzo-
diazepines have variable duration of action depending on the amount 
administered during surgery. Recovery from intravenous anesthetics is 
mainly dependent on redistribution rather than the elimination half-
life of the drug. As the total dose administered during an anesthetic 
application increases, cumulative effects become apparent and lead to 
prolonged emergence; the half-life will become more involved in the 
duration of emergence. Propofol and remifentanil lead to the short-
est emergence time. Advanced age, renal impairment, and/or hepatic 
disease can all affect duration of action of IV anesthetics. An adequate 
amount of time should be given for these to wear off before becoming 
unduly concerned about mental status. The anesthetic record is an excel-
lent source, as well as the verbal report from the anesthesia team, which 
is imperative to obtain on patient arrival to the ICU.

Neuromuscular blockade can have prolonged duration of action 
in some cases and should be considered when a patient is unable to 
move adequately or cannot hold up the head for 10 seconds. In some 
instances, a false sense that the blockade has worn off can be seen and, 
following extubation, the patient has difficulty maintaining ventilation 
without assistance. A train-of-four twitch monitor should be used in 
determining whether paralysis has been completely reversed. If paraly-
sis is persistent, neostigmine (0.5-2 mg) and glycopyrrolate can be used 
to reverse the action of the neuromuscular blockers. The diaphragm 
has been shown to be the most resistant skeletal muscle with regard 
to effects from neuromuscular blockade. It also tends to be the first to 
recover. Patients who were able to hold either their head or leg up for  
5 seconds in a study by Pavlon were able to perform all airway-
protection tests necessary for postoperative extubation.

Delayed emergence can occur because of several reasons, the most 
common being residual anesthetic, sedative, and analgesic drug effects. 
Emergence can also be delayed by electrolyte abnormalities such as 
hyperglycemia and hyponatremia. Use of other sedating or interacting 
agents such as alcohol or recreational drugs prior to anesthesia may 
also contribute. If the length of emergence becomes prolonged, then 
naloxone in 0.04 mg increments and/or flumazenil in 0.2 mg increments 
can be given to rule out opioid or benzodiazepine effects, respectively.1

Patients may become restless before they are fully responsive or they 
may experience disorientation, anxiety, and pain. Generally, this is self-
limited; however, hypoxemia, acidosis, hypotension, bladder distention, 
or other complications should be considered and evaluated. Despite this 
restlessness, it is usually possible to have patients follow commands and 
participate in working toward extubation. Small doses of narcotics and/
or benzodiazepines may be necessary to help relax the patient enough 
to avoid self-harm, self-extubation, or other complications. This usually 
can be accomplished without causing further sedation.2 Generally, the 
use of low-dose fentanyl or morphine for pain and/or 0.5 to 1 mg of 
midazolam intermittently can control agitation. In most cases, agitation 
or somnolence should improve within 30 to 60 minutes with appropriate 

management and monitoring. If not, then conditions such as sepsis, 
shock, and encephalopathy should be considered. In these patients, deci-
sions regarding extubation can be difficult.

Patients returning from the operating room frequently have moder-
ate to severe hypothermia. The causes are multifactorial and include IV 
fluids and blood products that are not warmed prior to infusion, cool air 
temperature for operating personnel comfort, vasodilation from the use 
of volatile anesthetics, large open wounds and raw surfaces, and evapo-
ration. Although there may be times when hypothermia is useful, for 
example, post-cardiac arrest or anoxic brain injury, the majority of post-
operative patients should be returned to normothermia.3 Postoperative 
hypothermia has been shown to worsen coagulopathy, increase transfu-
sion requirements, increase susceptibility to infection, increase risk of 
cardiac ischemia, and increase shivering and overall discomfort.4 The 
goal should be rewarming during emergence and on presentation to 
the ICU. Forced-air rewarming devices should be used to normalize 
temperature (36°C) and reduce shivering, in order to reduce the risk of 
further complications.5

■■ POSTOPERATIVE EXTUBATION
In the immediate postoperative period, many patients can be extubated 
quickly following surgery.6,7 However, several factors in addition to 
anesthetic reversal need to be considered prior to extubation including 
plans to return to the operating room in the near future, ongoing bleed-
ing, inadequate resuscitation, or severe metabolic acidosis. The overall 
ease of intubation and any complications during the initial intubation 
should also be considered. Patients with neurological damage who are 
unable to follow commands and/or have an absent gag and cough reflex 
suffer increased rates of reintubation and increased risks of morbidity. If 
patients are unable to be extubated within the immediate postoperative 
period, daily reassessment should be performed. Assessments of physi-
ologic reserve are paramount to ensure successful extubation. Patients 
should breathe without mechanical assistance to allow assessment of 
respiratory rate, vital signs stability, end-tidal carbon dioxide levels, 
and comfort. If trauma is involved, especially in the case of chest wall 
damage, assessment of coordination of the chest wall with the respira-
tory pattern is important, as is ability to control pain.

■■ MALIGNANT HYPERTHERMIA
Malignant hyperthermia (MH) was first reported in 1962 after 
Denborough described a series of anesthetic deaths within a par-
ticular family. MH is a hypermetabolic crisis that is induced by certain 
anesthetic agents, including succinylcholine, sevoflurane, isoflurane, 
desflurane, and halothane. A familial relationship does seem to exist but 
is not a reliable indicator. The overall incidence is rare—approximately 
1 in 15,000 patients.1 Approximately 50% of those who experience an 
MH crisis have had a previous anesthetic agent without complication. 
The frequency is reduced in women and patients older than 50. Pediatric 
patients and those with musculoskeletal disorders including myotonia, 
osteogenesis imperfecta, King-Denborough syndrome, and Duchenne 
muscular dystrophy have the highest prevalence. In addition, certain 
surgical procedures have also associated with an increased risk including 
repair of cleft palate, tonsillectomy and adenoidectomy, repair of ptosis, 
strabismus correction, and orthopedic procedures.1 Unrecognized MH 
carries an approximately 80% mortality, while treated aggressively, the 
mortality rate is only 10%.

The earliest indication that an MH crisis is developing is an increase 
in end-tidal carbon dioxide levels. Fever, tachycardia, tachypnea, and 
rigidity of the masseter muscle (trismus) will generally develop in 
patients. Patients will then quickly become unstable if not aggressively 
treated; further symptoms and findings will include hypotension, cyano-
sis, cardiac arrhythmias, and severe hyperpyrexia. As the crisis develops, 
temperature may raise as much as 1°C to 2°C every 5 minutes.8

The hallmark treatment of MH is dantrolene, which was specifically 
developed to treat the condition. Dantrolene is a skeletal muscle relaxant 
that must be administered intravenously. It comes in powder form and 
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must be reconstituted at bedside. In an average 70-kg patient, thirty-six 
20-mg vials will be needed for stabilization. After the patient is stabi-
lized, dantrolene is administered at 1 mg/kg every 6 to 8 hours for 1 to 
3 days to prevent recurrence during which time patients should remain 
in the ICU for monitoring. Comprehensive treatment guidelines for MH 
according to the Association of Surgical Technologists are included in 
Table 112-1.1,9

GENERAL POSTOPERATIVE AND TRAUMA CARE  
AND SURGICAL EMERGENCIES

■■ NUTRITION IN THE SURGICAL AND TRAUMA PATIENT
A complete overview of nutrition in the critically ill patient is discussed 
elsewhere. Postoperative patients have increased nutritional needs 
because of wound healing, changes in bowel motility, swallowing, and 
support of surgical anastomoses. In most postoperative patients who 
are relatively well nourished, enteral or parenteral support may not 
be needed unless it is anticipated that oral nutrition cannot be started 
within 7 days after surgery. In critically ill patients whose metabolic 
demands are increased, nutritional support may be needed earlier.10 
Patients in whom the duration of illness is expected to be 7 or more days 
should be considered for early nutritional support. Examples of patients 
include those with severe intra-abdominal sepsis, pancreatitis, major 
trauma, or burns.

In general, enteral access is the preferred route of administration. 
It has been associated with reduced gut mucosal atrophy,11 bacterial 

translocation, decreased length of stay, and decreased rates of infec-
tion when compared to delayed initiation of feedings.12,13 In addition, 
patients who cannot assume normal nutritional requirements by 
oral feeding alone may need additional enteral nutritional support. 
Trauma patients with blunt or penetrating abdominal injuries show 
reduced infection rates when fed enterally, and in burn patients, 
studies demonstrate that nutrition should be started immediately. 
Even delaying 18 hours results in a higher rate of parenteral nutrition 
requirement.14

Even when critically ill, most postoperative patients who have under-
gone a laparotomy have return of bowel function in the first few days. 
Gastroparesis can occur and will delay gastric emptying. Clinical signs 
of gastroparesis include abdominal distention, 500 mL/day of nasogastric 
tube output, or residual volumes greater than 300 mL in the stomach after 
feedings. Theoretically, one method to combat this would be to initiate 
postpyloric feeding,15 but postpyloric feeding has not been shown to 
decrease ICU length of stay, mortality rate, or pneumonia rate when com-
pared with gastric feeding. Prokinetic agents, such as metoclopramide 
and erythromycin, can be used with some positive results.16

While most critically ill patients tolerate gastric feedings well, the 
Eastern Association for the Surgery of Trauma (EAST) outlines which 
trauma patients warrant postpyloric feedings including patients with 
severe traumatic brain injury who did not tolerate gastric feedings in the 
first 48 hours of trauma and patients with abdominal trauma who have 
undergone laparotomy.17 It is critical that trauma patients are adequately 
resuscitated or else they may develop intestinal necrosis in the face of 
direct small bowel feeding.

In cases of acute pancreatitis, the degree of inflammation plays a role 
in route of nutrition. In mild pancreatitis, enteral nutrition (feeding via 
a tube into the stomach or small intestine) will not be needed unless oral 
(taking food by mouth) feeding cannot be tolerated after 5 to 7 days. In 
patients with severe acute pancreatitis, early enteral feeding should be 
used. This route has been shown to have reduced infection, need for 
surgery, and length of stay compared with parenteral nutrition.18 Gastric 
feedings can be used in most patients with acute pancreatitis.19

Parenteral nutrition has not been shown to reduce morbidity or mor-
tality and it is associated with increased risk of catheter- and noncatheter- 
related infections.20,21 A recent study by Casaer and colleagues found 
that those patients where parenteral nutrition was initiated at day 8 or 
after had a faster overall recovery time and fewer overall complications.22  
If bowel function or injury will not allow enteral nutrition or if enteral 
nutrition is not expected within 7 days, then parental nutrition should 
be given. It is generally recommended that if patients fail to reach at 
least 50% of their goal enteral rate by day 7, parenteral nutrition should 
be started, but the combination of parenteral and enteral nutrition 
has only demonstrated benefit in malnourished patients.23 Parental 
nutrition is frequently used in patients with an enterocutaneous fistula 
where enteral nutrition can worsen fistula healing by increased out-
put. In general, these patients should have complete bowel rest and 
parenteral nutrition with 1.5 to 2 times the normal nonprotein calorie 
complement.24

■■ SURGICAL DRAINS, CEREBROSPINAL FLUID DRAINS,  
AND CHEST TUBES

The monitoring and management of drains in the postoperative patient 
is an important task that is frequently overlooked or not given the atten-
tion that it deserves. The surgical team should be queried during the 
handoff communication with the critical care team regarding the loca-
tion, type, and purpose of each drain that is in place. Many abdominal 
surgeries can involve numerous drains in various locations. Sometimes a 
pictorial representation on the patient chart can help simplify the task of 
monitoring drain output. Increased or decreased drain output or change 
in the fluid of the drain can represent significant clinical findings and 
an understanding of the types and locations of the drains is essential to 
diagnosing these. For instance, a change in drain content to presence of 
bile, debris, or stool suggests a leak or anastomotic breakdown.25 A list 

  TABLE 112-1   � Association of Surgical Technologists Malignant Hyperthermia 
Treatment Guidelines9

•	 Immediate discontinuation of anesthesia and the paralytic succinylcholine. If the surgery 
is for a life-threatening condition or cannot be immediately stopped, then continue with 
use of different anesthetic agent and machine.

•	 Consider immediate contact of Malignant Hyperthermia Association of the United States 
(MHAUS) or delayed contact if assistance is needed at (800)644-9737.

•	 Hyperventilate with 1.0 fraction of inspired oxygen at high flow rate to treat 
hypercapnia, metabolic acidosis, and increased oxygen consumption.

•	 Dantrolene at a dose of 2.5 mg/kg IV immediately and every 5 min until symptoms 
subside.

•	 Change ventilator tubing and soda lime canister. Newer research indicates this may not 
be necessary with aggressive oxygen delivery.

•	 Administer sodium bicarbonate, 1-2 mEq/kg IV, for the metabolic acidosis from  
increased lactate.

•	 Apply ice packs to the groin, axillary region, and sides of the neck.
•	 In some instances, ice lavage of the stomach and rectum can be performed, but be  

cautious not to induce hypothermia. Cooling measures should be stopped when the core 
body temperature reaches 38°C.

•	 Administer mannitol at 0.25 g/kg IV and/or furosemide at 1 mg/kg IV, up to four doses 
of each, in order to promote and maintain urinary flow to help reduce the amount of 
myoglobin in the kidneys. It is recommended to maintain urinary output of at least 
2 mL/kg/h to help reduce the incidence of renal failure.

•	 If cardiac arrhythmias develop, the use of procainamide, 200 mg IV, may be helpful.
•	 Monitor potassium closely because hyperkalemia can develop rapidly from destruction 

of muscle cells. Treat hyperkalemia with dextrose, 50 g IV, and regular insulin, 10 U IV, 
as well as sodium bicarbonate, as previously mentioned.

•	 Insert a Foley catheter, if not already in place, to monitor urinary output.
•	 Monitor potassium, sodium chloride, calcium, phosphate, and magnesium levels every 

10 min until symptoms subside.
•	 Check arterial blood gases every 5 to 10 min to monitor oxygenation and acidosis.
•	 Insert arterial and central lines if not already present. Dantrolene should be administered 

via a central line. Monitor end-tidal carbon dioxide levels through a ventilator.

Data from Guideline statement for malignant hyperthermia in the perioperative environment: http://www. 
ast.org/uploadedFiles/Main_Site/Content/About_Us/Guideline_Malignant_Hyperthermia.pdf.
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  TABLE 112-2    Surgical Drains and Wound Management Systems

Drain
Composition and Drainage 
Method Collecting System Typical Uses Photographic Representation

Abramson117/sump drain Passive; triple-lumen sump 
drain; allows an air vent,  
suction lumen, and irriga-
tion/medication lumen

Gravity collection bag Peritoneal cavity removal of large 
volumes of thick exudates

ABThera118 and V.A.C. 119 
Systems

Active; continuous negative 
pressure

300- 1000 mL  
graduated container

Negative pressure wound healing 
and temporary abdominal closure 
system

 

Blake120 Active; radiopaque silicone 
four-channeled drain with  
channels along the sides 
with a solid core center

Bulb grenade Abdominal, neck, breast/soft  
tissue, or chest exudates

Davol117 Active; radiopaque, perfo-
rated, silicone and PVC drain; 
variable types: channeled, 
round, or flat types

400 mL three-spring 
evacuator suction 

Neurosurgery, head and neck, 
breast, abdominal, or orthopedic 
exudates

Duet® External Drainage &  
Monitoring System121

Passive; translucent or fabri-
cated of radiopaque (barium 
impregnated) silicone tubing

CSF drainage collecting 
system with rotating 
pressure scale

Ventricular and lumbar drain 
monitoring (both in mm Hg or 
cm H

2
O)

of commonly used drains, their compositions, mechanisms, and indica-
tions for usage is included in Table 112-2.

In general there are passive and active drains. Passive drains provide 
a route of low resistance for the movement of material out of the body. 
They work via capillary action and pressure gradients. Examples of 
passive drains include Penrose, Malecot, and red Robinson drains. 
Active drains use some sort of external suction device to create negative 

pressure gradient. Examples of active drain systems include Hemovac, 
Jackson-Pratt, and Blake drains. They can have their own mechanical 
drainage system as in the Hemovac drain or be attached to grenade bulb 
or wall suction.

The drainage of the GI tract is often accomplished through sump 
drains. These drains draw air into one lumen and then remove fluid 
through another. The air “sump” system avoids drawing mesentery and 

(Continued)

®2014 C.R. Bard, Inc., Used with permission.

Used with permission. Courtesy of KCI.

®2014 C.R. Bard, Inc., Used with permission.

Used with permission of Medtronic, Minneapolis, MN.
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  TABLE 112-2    Surgical Drains and Wound Management Systems

Drain
Composition and Drainage 
Method Collecting System Typical Uses Photographic Representation

Hemovac122 Active; radiopaque, perfo-
rated, silicone round drain

400 mL evacuator and 
a disposable exudate 
bag

Neurosurgery, head and neck, 
breast, abdominal, or orthopedic 
exudates

Jackson-Pratt123 Active; radiopaque, perfo-
rated, silicone and PVC drain;  
variable types; four-chan-
neled, round, or flat types

Bulb grenade Abdominal, neck, breast/soft  
tissue, or chest exudates 

Malecot117 Passive; latex drain with four 
wings

Gravity collection bag Percutaneous nephrostomy tubes 
or enteral diversion or access (for 
bowel perforation drainage or 
feeding tube) 

Penrose117/gravity drain Passive; flat latex drain None Promotes drainage in an  
open surgical  
wound; typically perirectally  
or head and neck

PleurX124 Active; tunneled fenestrated 
silicone catheter

500 or 1000 mL 
vacuum container

Recurrent pleural effusions or  
malignant ascites

(Continued)

(Continued)

Used with permission of Zimmer, Warsaw, IN.

Used with permission of Cardinal Health, Dublin, OH.

®2014 C.R. Bard, Inc., Used with permission.

®2014 C.R. Bard, Inc., Used with permission.
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bowel into the drainage system. Drains are generally soft and flexible 
and are made of either a silicon material or polyvinyl chloride (PVC). 
Drains can be either prophylactic or therapeutic in their purpose. If 
the drain is placed for therapeutic reasons, it is to remove pus, debris, 
and fistula drainage, or to prevent premature closure of a wound. If  
the drain is placed for prophylactic reasons, it is designed to prevent the 
accumulation of bile, pus, intestinal fluid, or blood or to monitor for 
complications of a difficult operation with high risk of anastomotic 
breakdown.26 The use of drains has decreased over time as there are 
now multiple randomized controlled trials demonstrating that routine 
use of drains in many intra-abdominal (including appendectomy, 
colorectal, and hepatic) surgeries, as well as thyroid and parathyroid 
surgeries, does not prevent anastomotic leaks or other complications.27 
There exists some evidence that drains prevent seroma formation and 
can also aid in diagnosing anastomotic and biliary leaks following  
surgery.28 In addition to locations of drains, critical care physicians need 
to determine from the surgical team whether specific drains should be 
used for gravity or suction, and what are the expected fluid contents 
and output.

Specific drains that require special attention and potentially manage-
ment by the critical care team include intraventricular drains, lumbar 
drains, and chest (thoracostomy) tubes. Intraventricular catheters (ven-
triculostomies, external ventricular drain, EVD) are used both to drain 
cerebrospinal fluid and monitor intracranial pressure. The drainage of 
cerebrospinal fluid can also be used to decrease intracranial pressure. 
Although this catheter is effective and necessary, several complications 
can occur. The risk of hemorrhage is 1% to 6%. It can either be immediate 
or delayed and can occur at several anatomic locations.29,30 Infection can 
also occur in any of the spaces where the catheter passes, including skin, 
osteomyelitis of the calvarium, subdural empyema, meningitis, paren-
chymal abscess, and/or ventriculitis.31 Infection rates have been reported 
from 2% to 22%. The literature does not directly support the use of  
prophylactic antibiotics in patients with these catheters, but clinical 
practice generally employs their use. The best care for these catheters 
is to maintain sterile technique, remove them as soon as feasible, and 
avoid flushing the catheter as this increases risk of infection.29 Care 
of lumbar drains is similar. Typically these are used post-descending 
thoracic aortic surgery for improved spinal perfusion and are covered 
more in depth later in this chapter in the section “Paralysis/Paresis After 
Thoracic Aortic Surgery.”

Chest (thoracostomy) tubes are ubiquitous to critical care settings.  
All critical care physicians should have a basic understanding of their 
management. Chest tubes are placed into the pleural cavity for reasons 
of draining air or fluid. As a result, they are directed into the pleural 
cavity based on their intent with tubes placed for effusions placed 

inferiorly and posteriorly and tubes placed for air placed anteriorly 
and apically. Sizes vary widely from small pigtail catheters, which can 
be as small as 3 French to large thoracostomy tubes typically used 
for large volume hemothoraces posttrauma or post-cardiac surgery  
(28 French or larger). They can be placed directly into the hemithorax 
or mediastinum or can be tunneled for long-term drainage, as with 
the Pleurx catheter. Tubes should be checked for the functionality 
each day. Tubes placed within the pleural cavity should have conden-
sation in the tubing and should tidal with breathing. “Tidaling” is 
noting the fluid within the tubing or within the collection chamber to 
be rising and falling with breathing in accordance with the thoracic 
pressure variation.

Most chest tube collection systems function on a three-bottle system. 
This may be confusing as all of three of these chambers are contained 
within one system, for example, Pleura-Evac. The first chamber is a col-
lection chamber. Pleural collection systems have graduated cylinders to 
monitor the amount of drainage. In patients who are being examined 
after trauma or cardiothoracic surgery, volumes >100 mL/h should be 
discussed with the treating surgeon. The second chamber is passage 
across a one-way valve through a water-seal chamber. If an air leak is 
present, then bubbles will be seen in the water chamber. The extent of 
the leak can be continuous, meaning present at all times or just present 
with cough or deep exhalation. Finally the third bottle is a suction control 
chamber. Suction can be applied from −10 to −40 cm of H2O. When 
no external suction is applied, the system is said to be on “water seal.” 
Typically chest tubes placed for acute hemothorax or pleural effusion 
are set to drain at −20 cm of H2O suction, but settings for suction are  
variable based on the intent of the thoracostomy tube. In general, chest 
tubes placed after noncardiac thoracic surgery or for pneumothorax 
should be placed to water seal as soon as possible. Numerous studies have 
found that placing chest tubes on water seal after a brief period of suction 
for reexpansion shortens the time to resolution of the air leak.32,33 Air 
leaks that are greater than four of seven chambers will likely not be able to 
tolerate a water seal setting and generally must be placed on suction.34 It 
should be mentioned that a chest tube in a pneumonectomy space should 
be to a balanced-drainage system or to water-seal. A pneumonectomy 
chest tube should not be placed to suction because of the risk of acute 
mediastinal shift.35

■■ WOUND CARE AND POSTOPERATIVE INFECTIONS
The topic of wound care is broad and far-reaching. This discussion 
will concentrate on initial postoperative dressings and their care, as 
well as use of vacuum-assisted closure devices. Initial management 
of wounds involves the placement of a sterile dressing that covers the 

  TABLE 112-2    Surgical Drains and Wound Management Systems

Drain
Composition and Drainage 
Method Collecting System Typical Uses Photographic Representation

T-tube117 and  
cholecystostomy tubes

Passive or active Bile collection bag or 
bulb grenade

T-tube: placed within the 
hepatobiliary ducts during open 
gallbladder procedure to drain 
bile; cholecystostomy tube: 
placed within the gallbladder to 
drain bile

(Continued)

®2014 C.R. Bard, Inc., Used with permission.
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operative incision. It is recommended to keep this dressing dry and 
in place for the first 48 hours following surgery. During this initial  
48 hours, an epithelial barrier develops over the wound when it has 
been closed by primary intention. After this initial period, the skin can 
be cleansed with water, and no further dressing is necessary. Surgical 
wounds that are left open to heal by secondary intention or that have 
necrotic tissue, wound exudates, or inflammatory cells do not form this 
epithelial barrier. Larger, open wounds require a moist, occlusive dress-
ing with frequent removal of exudates and necrotic tissue to allow for 
appropriate epithelialization. The wet-to-dry dressing provides a moist 
environment, traps the wound exudates, has bacteriostatic properties, 
and does not adhere to the wounds. Dressing changes will occur at 
least twice daily for clean wounds, but more frequently for wounds with 
a greater amount of exudative and inflammatory material.36 Normal 
saline solution is used to soak the dressing prior to application. Meshed 
gauze should be used to provide a mechanical debridement action with 

dressing changes. Table 112-3 lists commonly used topical agents and 
negative wound pressure devices along with their mechanisms of action 
and typical usages.

Vacuum-assisted wound-closure devices are employed in more and 
more postoperative patients every day. These devices place the wound 
under subatmospheric pressures that increase blood flow to the affected 
area, reduce edema and excess fluid, and increase wound contraction to 
allow for enhancement of wound granulation. It is important to ensure 
that wounds are not highly contaminated or do not have significant 
amounts of necrotic tissue before the use of these devices. Many of these 
devices use a sponge that is placed over the wound and then covered 
by an occlusive dressing.37 Reported advantages of this type of therapy 
include reduced frequency of dressing changes, improved patient com-
fort, improved efficiency of wound closure, and improved removal of 
edema fluid. There is some evidence that this negative- pressure therapy 
may hasten time to grafting or secondary closure, and may help improve 

  TABLE 112-3    Topical Wound Management Choices

Generic Namea Brand Namesa Mechanism Uses

Collagenase Santyl Active enzymatic ointment that continuously 
removes necrotic tissue from wounds to keep bed 
free of cellular debris

Debridement of pressure ulcers, diabetic 
ulcers, venous leg ulcers, and severe burns

Dimethicone Proshield Protective barrier with adherence properties similar  
to zinc oxide function

Partial- and full-thickness pressure wounds 
around fluid drainage sites (ostomy, fistulas)

Double (polymyxin B/bacitracin) and tri-
ple (bacitracin, neomycin, and polymyxin 
B) antibiotic ointment

Bacitracin, Neosporin Polymyxin B: bactericidal and active against 
Pseudomonas aeruginosa and other gram-negative 
bacteria
Bacitracin: a polypeptide antibiotic, is usually  
bactericidal against gram-positive organisms
Neomycin: aminoglycoside, bactericidal for many  
gram-positive and gram-negative organisms

Minor wounds: cuts, scrapes, burns
Most minor wounds heal spontaneously with 
topical agents, but antibiotic agents may 
speed wound healing

Hydrocolloid Askina Hydro, Biofilm, Brulstop, 
DermaFlex, DuoDERM, Hycolloid

Absorbs exudate and fluid at the point of contact—
reducing the risk of bacteria being transported across  
the whole surface of the wound face, fluids are then 
pulled into inner layer and absorbed by the cotton 
content, treated surface reduces risk of adhesion to 
the wound face

Partial- and full- thickness pressure sores, 
leg ulcers

Hydrogel Aquaheal, Carrysyn, DermaGel, 
Dermagran, Flexigel, Skintegrity

Nondrying hydrogel polymer that protects the 
wound bed from foreign contaminants and hydrates 
to maintain a moist wound healing environment to  
encourage faster healing

Partial- and full-thickness pressure sores and 
leg ulcers as well as cuts, abrasions, scrapes, 
and minor burns

Mafenide acetate Sulfamylon Reduces bacterial population in the avascular tissues  
of second- and third-degree burns

Adjunctive for second/third-degree burns
Caution: mafenide is metabolized to a car-
bonic anhydrase inhibitor which could result 
in metabolic acidosis

Papain/urea Accuzyme, AllenZyme, Ethezyme, 
Gladase, Kovia, Pap-Urea

Papain: proteolytic enzyme from papaya, digests  
cysteine residues (present in most proteins including  
growth factors, not present in collagen though)
Urea: activates papain and denatures nonviable  
protein
Combination of two synergistic enzymes

Necrotic and sloughing tissues (acute or 
chronic) including pressure ulcers, varicose 
and diabetic ulcers, burns, postoperative 
wounds, pilonidal cyst wounds, carbuncles

Papain/urea/chlorophyllin copper Allanfil, Panafil, Papfyll, Ziox Papain/urea: as above
Chlorophyllin: Denatures nonviable protein matter 
(debrides, deodorizes, with hydrophilic base)

Granulating wound, acute and chronic varicose,  
diabetic and decubitus ulcers, burns, postop-
erative wounds, pilonidal cyst wounds, miscel-
laneous traumatic or infected wounds

Silver impregnated dressing Acticoat, Actisorb, Arglaes, Interdry AG, 
SilverCEL

Silver antimicrobial protection that acts as a barrier 
to over 150 wound pathogens125

Placed on wound/burn beds to sustain anti-
microbialization without cytotoxicity

Silver sulfadiazine Silvadene Prevents infections, exact mechanism not known
Bactericidal for many gram-negative and gram-
positive bacteria as well as yeast

Prevention and treatment of second/third-
degree burn infections

aFrequently used nomenclature is in bold.
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wound contraction over abdominal wounds. The use of these devices 
in complicated abdominal injuries, evisceration, and abdominal com-
partment syndrome has increased and studies generally show benefit; 
however, there is also evidence that the devices may increase rates of new 
enterocutaneous fistula formation.38

The overall supportive care of the patient is also important when 
attempting to enhance wound care. Both hyperglycemia and hypoglyce-
mia should be avoided. Routine perioperative antibiotic usage should be 
limited to 24 hours and optimization of nutrition should be employed 
to further enhance wound healing. Wounds should be evaluated at least 
daily to monitor for progression of healing and for signs of infection. 
Most normal surgical wounds will have a small, dry scab and a small 
border of reactive erythema that will resolve over about a week. Wounds 
that develop progressive erythema and induration may indicate the  
presence of underlying cellulitis/wound infection. These should be 
treated with opening of the incision rather than administration of anti-
biotics. In most instances, systemic antibiotics are not necessary once 
the wound has been open and adequately drained, but it is important 
to ensure that the infection has not spread to the fascia and soft tissues, 
indicating necrotizing fasciitis.39

■■ DEEP VEIN THROMBOSIS PROPHYLAXIS IN THE SURGICAL  
AND TRAUMA PATIENT

All postsurgical patients requiring the ICU should have consideration 
given for chemical anticoagulation in addition to mechanical mecha-
nisms for deep vein thrombosis (DVT) because they are inherently at 
risk for the development of this complication.40 Numerous guidelines 
exist for assistance in determining which anticoagulation is best for cer-
tain patient populations; however, in general, prevention should include 
anticoagulation in any general surgery patient who is considered to be 
at moderate-to-high risk for DVT. Major risk factors include presence 
of an operation, physical immobility, age, malignancy, obesity, and 
smoking history.41

Low-dose unfractionated heparin or low-molecular-weight heparin 
should be used. Low-molecular-weight heparin can be administered  
in most cases, unless obesity is a factor. Low-dose unfractionated hepa-
rin should be administered three times daily rather than twice daily as 
previously recommended. In high-risk patients, mechanical devices 
should be used in addition to anticoagulation. If the risk for postopera-
tive bleeding is considered too high to administer chemical prophylaxis, 
mechanical prophylaxis should be used until chemical agents can be 
started. In addition chemical prophylaxis should not be given in the 
12 hours proceeding placement or removal of an epidural catheter. 
Unfractionated heparin administered subcutaneously can be admin-
istered while an epidural catheter is in place, but close monitoring for 
signs of complications should be performed.42

DVT prophylaxis in the neurosurgical patient is imperative but 
routinely is not started within an appropriate time frame. This is gen-
erally because of the hesitation of the neurosurgeons, rather than the 
intensivists. Because of the increased risk in this patient population, 
mechanical prophylaxis should be used routinely and initiated imme-
diately. Heparin administered at just 5000 units subcutaneously every 
12 hours has been shown to significantly reduce the risk of DVT in 
neurosurgical patients without increasing the risk of bleeding, as long 
as there is no active hemorrhage at the time it is initiated.43 In general, 
chemical prophylaxis should be added within 24 hours of surgery. In 
many cases, this will have to be worked out on a case-by-case basis with 
the neurosurgeons.

Trauma patients carry a significant risk for the development of DVT 
and its complications. It is also one of the most difficult groups for 
which to provide adequate prophylaxis to prevent DVT from occurring. 
Risk factors for DVT are numerous and controversial; they include 
spinal fractures, traumatic brain injury, spinal cord injuries, prolonged 
mechanical ventilation, multiple operative procedures, and pelvic 
fractures. Although there are few studies validating specific anticoagu-
lation practices in patients with these factors, there is ample evidence 

that low-dose unfractionated heparin offers no benefit at all in trauma 
patients.44 Alternatively, twice daily low-molecular-weight heparin has 
been shown to reduce the incidence of DVT in trauma patients, but 
patients should be monitored closely for bleeding complications during 
its use.45 Patients with active bleeding or at high risk for bleeding com-
plications should receive mechanical prophylaxis; however, there are 
no data that prove efficacy in this population.46 Sequential compression 
devices are often contraindicated or difficult to place with extremity 
fractures, fasciotomies, and external fixators. Trauma patients who are 
at high risk for venous thromboembolism who cannot receive antico-
agulation should be considered for temporary inferior vena cava filter 
placement.47

■■ POSTOPERATIVE HEMORRHAGE AND THE SENTINEL BLEED
As any general surgery resident will tell you, postoperative hypotension is 
bleeding until proven otherwise. Patients in hemorrhagic shock demon-
strate clinical signs of tachycardia, diminished peripheral pulses, coolness 
of the extremities, anxiety/agitation, and hypotension. Generally, 25% 
to 30% of blood volume loss occurs before signs of shock are evident, 
but younger patients or elderly patients receiving certain cardiovascular 
medications may lose a greater percentage of blood volume prior to 
demonstrating signs. Most adult patients can lose up to 15% of their 
blood volume without showing any overt symptoms. Loss of 40% of cir-
culating blood volume is life threatening and generally requires operative 
(or interventional) control of hemorrhage. The absolute hemoglobin/
hematocrit values are not a reliable indicator of hemorrhage as they 
may be affected by acute whole blood volume loss and/or hemodilution 
from fluid resuscitation. Trending values are often more helpful in this 
situation. Hypothermia, acidosis, and coagulopathy, the so-called triad 
of death, should be corrected unless there is an obvious source of bleed-
ing prior to returning to the operating room as venous hemostasis can 
often be achieved by simply controlling these factors. Patients should 
be actively warmed with an external warming device (eg, Bair Hugger) 
and warmed fresh-frozen plasma, platelets, and cryoglobulin should be 
administered as appropriate to correct the coagulopathy.

Critical care providers should be aware of potential “sentinel bleeds,” 
small volume bleeds classically from a sternal wound or peritoneal 
drains that may represent an ensuing large volume blood loss. Such 
sentinel bleeds can represent vasospasm of a surgical bed artery, duode-
nal ulceration into the gastroduodenal artery, or small right ventricular 
runt that is a risk for rapidly tearing with coughing episode. Responding  
to these small bleeding episodes can be lifesaving. Again it is imperative 
that critical care practitioners recognize hypotension in postoperative 
and trauma patients likely represents hemorrhagic shock. Assessment 
of the surgical wound or any drains for signs of bleeding should be 
performed. In the trauma patient, a FAST (focused assessment of 
sonography for trauma) examination can be performed at the bedside 
to look for intra-abdominal fluid. A CT scan can be considered, but this 
takes time and use of contrast dye to assess for extravasation in a patient 
already at high risk for acute kidney injury. Immediate involvement with 
the surgical or trauma team is mandatory for operative or interventional 
decision making.

PRINCIPLES OF OPEN HEART SURGERY AND CARDIAC 
SURGERY EMERGENCIES

■■ BASIC CARDIAC ANATOMY
There are entire textbooks dedicated to postoperative management of 
open-heart surgery. This section will only deal with the most superfi-
cial of these and subsequent sections will address specific emergencies 
that must be recognized by the critical care team managing. A general 
understanding of cardiac anatomy, cardiopulmonary physiology, and 
basic operative techniques is a must in order to be able to communicate 
with the surgical and anesthetic teams that bring the patient to the ICU. 
Understanding coronary anatomy, divisions of the mediastinal and 
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pleural cavities, and electrical anatomy of the heart are mandatory in 
order to be able to recognize when complications occur and how they 
may be a technical or functional complication of the surgery.

The coronary vessels are widely described as three main arteries, 
although there are only two ostia (origins) that come directly off the 
aorta. There are three sinuses of Valsalva that protrude just above the 
aortic valve to the level of the sinotubular junction (STJ). The left coro-
nary sinus is located on the left of the aorta and gives off the left main 
(LM) artery. The right coronary sinus is located anteriorly and gives off 
the right coronary artery (RCA). This anatomic location is important 
to understanding why the right heart is at risk for air embolism as the 
right coronary artery is the first anterior branch off of the aorta. The 
noncoronary sinus has no vessels arising from it. The left main artery 
further divides into the left anterior descending (LAD) artery and the 
left circumflex artery (LCx). Occasionally, a third vessel comes directly 
off the left main called the ramus intermedius (RI). The LAD branches 
into septal perforators that feed the septum and the diagonal vessels 
that along with the LAD and RI, if present, feed the anterior heart. The 
terminal LAD feeds the apex of the left ventricle. The LCx is so named 
since it encircles the heart in a posterior fashion. It gives off obtuse mar-
ginal branches that are important to the blood supply of the lateral heart 
and occasionally the posterior descending artery (PDA) that supplies the 
mitral valve. The primary branches of the RCA that are bypassed include 
the posterolateral (RPL) branch feeding the inferior heart and the PDA 
that supplies the posterior heart and septum. In the majority of the 
population, the PDA arises from the right coronary artery. The origin 
of the PDA leads to a description of a heart being right, left, or codomi-
nant. A diagram of the main arteries that are bypassed is included in  
Figure 112-1. Understanding which vessels have been bypassed allows 
the clinician to interpret findings of postoperative ischemia on ECG as 
native or graft related, which is important to treatment considerations 
as will be discussed later.

The thoracic cavity is divided into three major divisions, the two 
pleural cavities and the central mediastinum. The mediastinum is  
further divided into the anterior and posterior mediastinum. When 
a sternotomy is performed, generally the pleura are left intact; that  
is, there is no communication between the mediastinal cavity and the 
pleural cavities. If the left internal mammary artery is harvested, most 
physicians will open the left pleural cavity to ease in harvest. Each 
cavity that is entered is generally drained at the end of the case, that 
is mediastinal tubes and chest/pleural tubes. Understanding pleural 
anatomy is important in management of postoperative effusions and 

pneumothoraces. For example, when there is no communication 
between the cavities, postoperative effusions are likely to be transudative 
and can be managed medically rather than with a pleural tap or drain 
that would be required for a bloody postoperative effusion.

■■ BASIC OPERATIVE TERMINOLOGY
Cardiac operations can be performed in a variety of ways. Off-pump, 
cross-clamp time, and circ arrest can be anxiety-producing terms to indi-
viduals who have never been in a cardiac case. Again, understanding 
the importance of these terms is vital to understanding postoperative 
management of cardiac patients. Cardiopulmonary bypass, CPB, and 
on-pump are terms used to describe the process by which the heart 
and lungs are literally bypassed from their typical blood flow. Venous 
drainage occurs from the right atrium or vena cava into the bypass 
machine and then is redelivered to the arterial system with a managed 
flow system after oxygenating and decarboxylating. CPB is most often 
performed in the chest cavity utilizing the right atrium and aorta, but 
can be performed in the groin or axilla as well. Bypass is associated 
with a systemic inflammatory response. The longer the bypass run, 
the greater the response; it can affect every organ, for example, hepatic 
insufficiency, renal insufficiency, hypocoagulability, vasodilation. This 
is why patients who undergo bypass procedures typically require vaso-
pressors and fluid administration in the first 24 to 36 hours after a 
cardiac procedure.

Cross-clamp, “XC”, refers to application of a clamp across the aorta to 
occlude flow from the heart to the arterial system. Alternatively in mini-
mally invasive cases this flow cessation may be performed with an intra-
luminal occlusion balloon. A cross-clamp is applied in cases where the 
surgeon wants cardiac activity cessation or needs to prevent a systemic 
air embolism when exposing the cardiac chambers or aorta to air. During 
this time the heart is devoid of coronary perfusion. Cardioplegia, a  
high potassium-containing solution, is administered to keep the heart 
at standstill, making it both easier to operate and decreasing the myo-
cardial demand. Cross-clamp time should generally be kept to <2 hours. 
Progressively longer cross-clamp times lead to cardiac ischemia/ 
reperfusion issues. In general, application of a cross-clamp is why 
patients require inotropy administration after cardiac cases. Patients with 
long cross-clamp times or low preoperative ejection fractions will gener-
ally require longer, slower weaning from postoperative inotropic agents.

Circulatory arrest, deep hypothermic circulatory arrest, or DHCA 
refers to complete cessation of bodily blood flow (although there may 
be some retrograde perfusion applied to the brain by some surgeons). 
Circulatory arrest is required in complex congenital operations and 
aortic procedures where a cross-clamp cannot be applied but the patient 
remains at risk for systemic air embolism or hypoperfusion. Classically 
patients are cooled to 10 to 18°C (or to cessation of EEG activity). At this 
level of cooling, patients can generally tolerate circulatory arrest for 45 
to 60 minutes. Circulatory arrest times are important to the critical care 
provider in anticipating timing to postoperative neurological recovery 
and hypocoagulability.

■■ POSTOPERATIVE MANAGEMENT OF COMMON PROCEDURES
Coronary artery bypass grafting (CABG) alone or with another proce-
dure remains the mainstay of cardiac operations. Upon arrival to the 
ICU, it is imperative to understand what vessels were bypassed, if any 
diseased vessels were unable to be bypassed, and what technique was  
utilized in the operating room. Typically a cardiac surgeon will complete 
a drawing of the grafts on a coronary anatomy diagram such as the one 
in Figure 112-1. Two basic techniques are utilized for the procedure: con-
ventional CABG (CCAB) and off-pump CABG (OCAB). In conventional 
bypass, the patient is placed on cardiopulmonary bypass and a cross-
clamp is applied for cardiac cessation. These patients typically require a 
temporary period of inotrope administration and volume resuscitation in 
the initial postoperative period for the reasons discussed in the previous 
section. Most patients will also have temporary epicardial pacer wires  
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FIGURE 112-1.  Anatomy of the coronary arteries. Diag, diagonal; LAD, left anterior descend-
ing; LCx, left circumflex; LM, left main; PDA, posterior descending artery; RCA, right coronary artery.
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for management of any rhythm problems in the immediate post-
operative period. Alternatively, in the more technically demanding 
OCAB, grafts are performed while the heart remains beating using a 
stabilization system to minimize activity in the area of sewing. Since 
there is minimal inflammatory release and minimal ischemic types, 
inotropic and pressor agents are not usually required after an off-pump 
procedure. The use of inotropes or pressors after an off-pump CABG 
should alert the physician to a potential problem. Patients are often 
underresuscitated from intraoperative blood loss and often require fluid 
in the initial postoperative period.

Aortic valve operations are performed primarily for either aortic 
stenosis or aortic insufficiency. Stenosis may be the result of either 
rheumatic heart disease, age-related (senile), or congenital disorder 
(bicuspid aortic valve disease). Stenosis is treated with valve replace-
ment. Communication with the operative team should include type of 
valve (mechanical or bioprosthetic), need and timing for anticoagula-
tion, and size of valve (risk of patient prosthesis mismatch). The critical 
care physician should recognize that patients with a history of aortic 
stenosis typically have left ventricular hypertrophy and often need large 
volumes of resuscitation due to the newly uninhibited flow across the 
left ventricular outflow track and resulting relative hypovolemia. Aortic 
insufficiency is most often a result of either congenital bicuspid aortic 
valve or endocarditis. Unlike aortic stenosis, these patients are usually 
volume overloaded in their preoperative state, and patients generally do 
not require postoperatively fluid. However, beware of any large volumes 
of fluid that may have been filtered off during the case that may still 
place the patient at risk for hypovolemia.

Mitral valve operations are also performed for either stenosis or regur-
gitation. Mitral stenosis is typically a result of rheumatic heart disease 
and is often found in conjunction with aortic valve disease. In the case 
of mitral stenosis, the valve must be replaced. Again, communication 
between the surgeon and the ICU team should include type of valve and 
timing for any needed anticoagulation. Mitral regurgitation (MR) can be 
treated by either repair or replacement of the valve. Factors relating to the 
cause of the regurgitation lead to choice of repair or replacement. Two 
main types of MR exist: functional and anatomic. In functional MR, the 
left ventricle is dilated leading to a central jet of regurgitation. The valve’s 
annulus is usually tightened with a complete ring, termed an annuloplasty. 
Anatomic regurgitation such as from mitral valve prolapse is associated 
with an anterior or posterior jet on the preoperative echo. Repairs are 
performed to the valve itself and typically reinforced with an annuloplasty 
band. Patients with mitral valve disease typically have pulmonary hyper-
tension that needs to be monitored and treated appropriately postop-
eratively to prevent right heart failure (see the section “Acute Right Heart 
Failure”). In the immediate postoperative period, the ICU team must also 
be aware of any systolic anterior motion that was present or the patient is 
at risk for (see the section “Systolic Anterior Motion of the Mitral Valve”).

Aortic surgery is primarily performed for either dissection or 
aneurysm. Descending thoracic postoperative management will be 
covered later in this chapter in the section entitled “Paralysis/Paresis 
After Thoracic Aortic Surgery”. Ascending interventions vary between 
replacements of the tubular portion of the ascending aorta with a tube 
graft to extensive aortic root work requiring reimplantation of the coro-
nary arteries. Often a direct communication between the surgeon and 
the ICU team will be needed to understand the anatomy behind com-
plicated repairs/replacements and any considerations for postoperative 
concerns. The primary concern in the postoperative period for aortic 
surgery is typically bleeding and risk of tamponade.

■■ SYSTOLIC ANTERIOR MOTION OF THE MITRAL VALVE
Systolic anterior motion (SAM) of the mitral valve is a relatively 
common occurrence after mitral valve repair occurring in 4% to 10% of 
mitral valve repair cases.48 It is technically defined as displacement of the 
distal portion of the anterior leaflet toward the left ventricular outflow 
track (LVOT) during systole. As the left ventricle contracts and begins 
to eject blood out the LVOT a drag is created on redundant anterior 

mitral leaflet tissue pulling the anterior leaflet into the LVOT further 
by a venturi effect that results in obstruction of the outflow track. The 
condition is also seen in cases of hypertrophic obstructive cardiomy-
opathy (HOCM). While intraoperative TEE is helpful in identifying the 
disorder, 21% of patients in one series were diagnosed with new SAM in 
the postoperative period.48

Risk factors for SAM include a narrow aortomitral angle, bulging left 
ventricular septum, hyperdynamic small left ventricle, excessive poste-
rior leaflet tissue, and an undersized annuloplasty ring relative to the 
size of the anterior leaflet.48 It is primarily seen in posterior leaflet repair 
and is uncommon is anterior leaflet repair.49 Postoperative management 
should include avoidance of inotropes, maintaining MAP 80 to 90 mm 
Hg, increasing preload, avoiding aggressive diuresis, avoiding tachycar-
dia, and administering ß-blockers.49,48 It is important to recognize SAM 
as administration of inotropes will worsen the condition and produce 
more severe cardiogenic shock.

■■ ACUTE MYOCARDIAL INFARCTION AFTER CARDIAC SURGERY
Perioperative myocardial infarction is identified in 2% to 4% of patients 
following CABG and is associated with increased mortality.50 The infarct 
can be caused by disease of a native vessel or one of the new coronary 
grafts. The diagnosis is difficult because incisional chest pain can be dif-
ficult to distinguish from angina, mechanical ventilation and sedation 
may mask symptoms, and small rises in the troponin level are normal 
after CABG. Larger increases in troponin levels can indicate myocardial 
infarction; troponin I values of 20 ng/mL or greater or troponin T values 
of 1.58 ng/mL at 24 hours after surgery are predictive of adverse out-
comes, including increased length of stay, early graft failure, and death.51 
Evaluation of creatinine kinase-MB levels has not been shown to be as 
useful as troponin levels.

Myocardial ischemia should be considered in any patient who devel-
ops hypotension, decreased cardiac output, and ECG changes. As with 
all patients, new Q waves or ST-segment changes in a specific region 
are indicative of infarct and ischemia.52 Recurrent ventricular arrhyth-
mias are strongly suggestive that ECG changes are due to ischemia. 
All postcardiac surgery patients with suspected myocardial infarction 
should undergo transesophageal echocardiography to identify any new 
segmental wall motion abnormalities. If a regional wall motion abnor-
mality is associated with an area of new grafting, graft vasospasm or 
occlusion should be ruled out and treated. If the patient is hypertensive, 
a coronary vasodilator, like nitroglycerin, should be started. Patients 
should be considered for placement of an intra-aortic balloon pump if 
unstable or pending intervention, including coronary angiography or 
operative exploration.

■■ CARDIAC TAMPONADE: ACUTE AND DELAYED
Cardiac tamponade in the postoperative setting is a life-threatening 
compression of the heart that can occur either rapidly or slowly over 
time. Tamponade is most frequently seen by critical care physicians in 
the surgical setting after cardiac surgery, but can also be seen in cases 
of trauma, interventional cardiology perforation, malignant effusions, 
or other less common causes of pericardial effusions. Compression of 
the chambers of the heart occurs by increasing intrathoracic pressure 
typically against the thin, compressible right ventricle. In cases of an 
intact pericardium, the pericardium is able to stretch with chamber 
filling with an initial ability to compensate. As the chambers become 
smaller and compliance is reduced, cardiac inflow is reduced apprecia-
bly. Tachycardia ensues to maintain cardiac output. This varies some 
in the postoperative period, as many cardiac surgeons do not close the 
pericardium at the conclusion of cardiac cases. Depending on whether 
the pleura have been opened, large volumes of blood can be lost into 
the mediastinum and the pleural cavities, which may present as hem-
orrhagic shock before tamponade. In cases where the pleural have not 
been entered, the remaining pericardium is stiff and cannot stretch.53 In 
addition, clotting of blood can cause discrete areas of hematoma that can 
compress individual chambers. Because of the nature of the operation, 
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postoperative cardiac tamponade occurs more frequently with valve 
surgery than with bypass surgery.54 This is especially true in the cases of 
delayed cardiac tamponade where bleeding is slow over days to weeks 
and associated with anticoagulation usage.

Classic finding of cardiac tamponade, so-called Beck triad, include muf-
fled heart tones, jugular venous distension, and hypotension. Tamponade 
is a form of obstructive shock, but can be difficult to distinguish from 
cardiogenic shock. Subjective complaints can include tachypnea and  
dyspnea on exertion. Patients can also have anorexia, dysphagia, and cough. 
Physical examination findings can also be relatively obscure, with tachy-
cardia being the main finding. It is possible for people with a history of 
tachycardia or hypothyroidism to actually be bradycardic. In most cases, 
relative or absolute hypotension will develop when significant tamponade 
develops. Patients may also show signs of shock, including cool extremi-
ties and even peripheral cyanosis. Jugular venous distention is generally 
present but may not occur with rapid accumulation of blood. Venous 
waves generally lose the early diastolic y descent and pulsus paradoxus 
develops. Pulsus paradoxus is a 10 mm Hg fall in inspiratory systolic 
arterial pressure during normal breathing. It is nonspecific and can also 
be seen in pulmonary embolism, hemorrhagic shock, and COPD, all of 
which can be factors in the postoperative setting.55

Chest radiograph is generally nondiagnostic especially in the postop-
erative period because at least 200 mL of fluid are required before the 
finding can be suggested on film.53 An ECG can demonstrate electrical 
alternation where every other QRS complex will be a smaller voltage 
and may also have reverse polarity.56 Although coronary blood flow is 
reduced with tamponade, it is proportional to the reduced workload and 
operational components of the heart, so ischemia and therefore ischemic 
ECG findings are rare.53 Prompt echocardiographic imaging is required 
when tamponade is suspected and should be strongly considered in any 
postoperative cardiac patient who develops hypotension in the first 5 days 
after surgery. Many larger centers have onsite transesophageal echo-
cardiography because transthoracic echocardiograms are limited in the 
postoperative period and differentiating between tamponade and right 
heart failure is vital. Echocardiography demonstrates invagination of the 
right ventricular free wall during early diastole followed by right atrial wall 
invagination during end diastole. Other findings include right ventricular 
collapse and in approximately 25% of the patients with tamponade, left 
atrial collapse—a highly specific finding.57 Cardiac catheterization tends 
to be diagnostic, but this is not feasible in most patients emergently. 
Catheterization will confirm equilibration of average diastolic pressures 
and also respiratory reciprocation, that is pulsus paradoxus.

The primary treatment of acute tamponade is drainage of the pericar-
dial contents. In general, this is performed using needle and catheter-
directed pericardiocentesis, but in the postoperative cardiac surgery 
patient, trauma, or iatrogenic effusions, for example, perforation after 
pacemaker placement/removal, surgery is warranted. While the patient 
is being prepared for surgery, fluids and inotropic agents can temporize 
blood pressure and cardiac output optimization. Positive end-expiratory 
pressure (PEEP) as indicated on the ventilator should be kept at a mini-
mum to avoid decreasing venous return.58

Delayed cardiac tamponade typically occurs 2 to 3 weeks following 
surgery and may not be recognized by physicians who are less familiar with 
the diagnosis in the outpatient setting.59 It occurs in 0.1% to 6% of patients 
post cardiac surgery60; typically these patients are postoperative valve 
patients placed on anticoagulation. There is renal insufficiency from pro-
longed prerenal failure related to the reduced cardiac output and hepatic 
insufficiency that manifests in elevation of transaminases and PT/INR 
from hepatic congestion. An echocardiogram and high clinical suspicion 
are usually diagnostic. Patients who present with late tamponade can be 
considered for pericardiocentesis as the blood has usually separated and is 
more amenable to catheter drainage than in the acute postoperative period.

■■ ACUTE RIGHT HEART FAILURE
Following cardiac surgery, right heart failure (RHF) can occur in 
patients who previously have not had right heart issues either before 

surgery or during the operative course. It is frequently seen in patients 
with a history of known biventricular failure such as patients undergo-
ing left ventricular assist device placement, as well as patients who have 
operations that affect cardiac edema or are associated with a history of 
pulmonary hypertension, for example, the Maze procedures or mitral 
valve operations, respectively. In its most severe acute form, RHF can be 
seen immediately postoperatively in patients who suffer an acute right 
coronary air embolism from retained air at the end of a pump run. In 
general, pulmonary hypertension in the perioperative period does not 
require treatment; however, in some perioperative and postoperative  
situations, volume overload can lead to acute right ventricular dysfunc-
tion. Volume overload will induce an increase in pulmonary vascular 
resistance, which then can lead to reduced right ventricular end-diastolic 
pressure and, ultimately, reduction in right ventricular perfusion  
pressure. This will be further complicated by hypotension. The problem 
will induce myocardial ischemia, right ventricular systolic dysfunction, 
and a decrease in cardiac output.

Patients with RHF exhibit signs of cardiogenic shock with a clini-
cal presentation that is difficult to distinguish from tamponade in the 
early postoperative period. Patients will have cool, clammy extremities, 
tachycardia, and hypotension. The patient will likely have distended 
neck veins and may have a prominent murmur consistent with tricus-
pid regurgitation. Patients may experience acute elevation in hepatic 
transaminases due to backflow of fluid within the liver and right upper 
quadrant abdominal pain.61 If central venous pressure is being fol-
lowed, an acute rise will be seen and giant V waves may be present 
due to the acute tricuspid regurgitation. If a pulmonary artery catheter 
is present, a low cardiac output will be found and a falsely elevated 
pulmonary artery wedge pressure may be demonstrated from interven-
tricular septal displacement with resulting left ventricular diastolic fail-
ure. Echocardiography is the main diagnostic tool that is used. Typical 
echocardiography findings include a dilated, hypokinetic right ventricle, 
severe tricuspid regurgitation, interventricular septal displacement to 
the left giving a false appearance of hypovolemia,61 and flow across a 
patent foramen ovale (PFO) if one exists. While normally PFOs remain 
closed, when right atrial pressure exceeds left atrial pressure shunting 
across the PFO occurs. This can lead to significant hypoxemia, which 
may only worsen if PEEP is administered as PEEP may worsen right 
ventricular dysfunction, thereby increasing the right to left shunt.61

General treatment measures for RHF include maintaining right heart 
perfusion pressure and reducing pulmonary vascular resistance. These 
can be achieved by controlling sedation, preventing hypoxia, prevent-
ing hypercapnia, avoiding volume overload, administering inotropes, 
maintaining blood pressure (specifically with norepinephrine),62 and 
administering direct pulmonary vasodilators. This can be achieved 
by ensuring heavily sedation and analgesia in patients mechanically 
ventilated and keeping the fraction of inspired oxygen at a minimum 
of 0.50 in the early postoperative period. Although it has been shown 
that the use of mechanical ventilation can worsen right ventricular 
dysfunction; when hypoxemia or acidosis is present the benefits of 
mechanical ventilation outweigh its risks. High airway pressures and 
high PEEP should be avoided if possible. Fluid administration should 
be monitored closely as volume overload can reduce perfusion pressure.  
Vasopressors may be required to maintain adequate perfusion  
pressures. If systemic hypotension is controlled and right ventricular 
systolic dysfunction is present, inotropic support with milrinone or 
dobutamine may be needed. Systemic vasodilators, such as nitroglycerin 
or sodium nitroprusside, may be needed to reduce ventricular afterload, 
which can potentially reverse right ventricular failure. However, these 
agents should be used cautiously as they can cause systemic hypoten-
sion and hypoxemia. Inhaled pulmonary vasodilators lack systemic 
hypotensive effects and can improve ventilator-perfusion mismatch. 
Inhaled nitric oxide (NO) improves oxygenation, reduces pulmonary 
arterial pressure, and increases cardiac output.63 Inhaled prostacyclin 
(epoprostenol) is cheaper than nitric oxide with similar effects of 
reducing pulmonary vascular resistance, increasing cardiac output, and 
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improving oxygenation. It can be associated with impaired platelet func-
tion, but is not usually associated with any increased bleeding and lacks 
the rebound pulmonary hypertension seen with NO. A newer analog 
of prostacyclin, iloprost, is also available and has also shown success in 
post-cardiac surgery.64 Its disadvantages involve cost and the require-
ment to break the ventilator circuit every few hours.65

■■ POST-CARDIAC SURGERY ARRHYTHMIAS: ATRIAL FIBRILLATION, 
ATRIAL FLUTTER, AND COMPLETE HEART BLOCK

Arrhythmias, especially atrial fibrillation (AF), are a frequent complica-
tion after cardiac surgery. AF will develop in 15% to 40% of postbypass 
patients, 37% to 50% of valvular operation patients, up to 60% of com-
bined valve/CABG patients, and 11% to 24% of heart transplant recipi-
ents.66-68 Numerous studies have found that off-pump CABG is associated 
with less atrial fibrillation compared to conventional CABG.69 AF is not 
benign with an associated twofold increase in ICU length of stay and 
overall increase in-hospital stay.70,71 Its etiology is generally related to age-
related changes in the atrial myocardium, inflammation,72 and periop-
erative changes in conduction velocities and transmembrane potentials. 
Clinical risk factors include age, obesity, prior history of AF, increased 
left atrial size, redo operation, mitral valve disease, increased pump run, 
increased cross-clamp time, and absence of prior β-blockade.68,73,74

AF following cardiac surgery can occur either with hemodynamic 
stability or instability. Treatment is based on the same general principles 
of nonoperative AF. In the unstable patient, cardioversion should be 
attempted, although it may not be as efficacious as in nonoperative 
AF. An amiodarone load followed by a continuous infusion is used 
frequently,75 as is rate control with β-blockers and/or diltiazem.76 Even 
without treatment, most AF after cardiac surgery will spontaneously 
convert to sinus rhythm within 24 hours.66 The use of atrial pacing may 
minimize chance of AF recurrence and ventricular pacing may increase 
the risk of AF. If AF persists after 24 hours, attempt cardioversion fol-
lowed by atrial pacing.77 AF after cardiac surgery is usually self-limited 
with treatment typically continued for only 4 to 6 weeks following  
surgery. If AF continues after 6 weeks, patients should be placed on 
anticoagulation as appropriate and rate control should be achieved.78

Because of the high incidence of postoperative AF, prophylactic ther-
apy prior to cardiac operations has been studied extensively. β-Blockers 
started just before or immediately after surgery are the most commonly 
used therapy, reducing overall AF incidence to 12% to 16% in CABG 
patients and 15% to 20% in valve surgery patients.79,80 Amiodarone has 
also been shown to reduce the incidence of AF by 40% to 50%. Patients 
who receive 10 mg/kg of oral amiodarone daily for 6 days prior to and  
6 days following CABG or valve surgery had a 48% reduction in AF and 
atrial flutter compared to controls.81 In addition, studies demonstrate 
reduced rates of ventricular fibrillation, reduced costs, and decreased 
length of stay. Adverse effects include increased rates of bradycardia 
and QT prolongation.82 The combination of amiodarone and β-blockers 
may even be more efficacious than amiodarone alone in preventing AF. 
This combination is also associated with a lower incidence of ventricular 
tachycardia, ventricular fibrillation, and postoperative stroke. Sotalol 
can be started immediately before or after cardiac surgery in patients in 
whom amiodarone or standard ß-blockade is contraindicated. This is a 
Class IIb American College of Cardiology/American Heart Association 
guideline to prevent AF after CABG.80 Lastly, although not a first-line 
recommendation, glucocorticoids have been found to significantly 
reduce the rate of postoperative AF, from 35% to 25%.83

Atrial flutter is much less common than atrial fibrillation and tends 
to occur in younger patients and less likely after valve surgeries.84 It is 
considered to be an organized arrhythmia with a regular atrial beating at 
200 to 400 beats per minute with typically a set ventricular conduction.85  
Atrial flutter is related to a complex mechanism associated with a  
macroreentrant circuit near the tricuspid annulus.84 In the immediate 
postoperative period if patients have atrial epicardial wires in place, 
rapid atrial pacing can be used to “overdrive” pace.86 If wires are not 

present, patients are generally either electrically cardioverted or admin-
istered transvenous rapid atrial pacing prior to discharge.87

Complete heart block can be a life-threatening arrhythmia after cardiac 
surgery. Certain operations lend themselves to this condition as a result 
of suture placement, ischemia to the conduction system, or myocardial 
infarction. Practically speaking the conduction system can be injured with 
aortic, mitral, or tricuspid valve operations, as well as septal procedures 
(eg, certain septal defect repairs or septal myectomy).88 The site of AV 
block can be at the level of the AV node, His bundle, or distal conduc-
tion system and determines what ability the affected heart will be able 
to generate an adequate junctional escape rhythm. Emergent temporary 
transvenous pacers may need to be placed by the critical care provider in 
patients with advanced second-degree or third-degree heart block.

■■ STERNAL WOUND INFECTION AND DEHISCENCE (Fig. 112-2)
Sternotomy is the most frequent incisional access for cardiac surgery; it 
provides access to all four chambers of the heart and the great vessels, is 
less painful than the previously used bilateral transverse thoracotomy, and 
provides access to the lungs when necessary; furthermore, it maintains 
pleural cavity reservation and improved postoperative lung function 
when access to the lungs is not necessary.89 Complications of this type  
of infection include sternal wound dehiscence (full or partial separation of 
the sternum), superficial sternal wound infection (SSWI), or deep sternal 
wound infection (DSWI). Sternal wound complications occur with at the 
rate of 0.4% to 5% of operations after sternotomy89,90 and are associated 
with a 10% to 40% morbidity and mortality.91 Complications include 
increased length of stay, permanent disability, and increased rates of death.

Sternal dehiscence usually presents with an unusual amount of inci-
sional pain, skin incisional separation, serous drainage through the 
sternal edges, unexplained fever or leukocytosis, and a clicking sound 
when moving the trunk or upper extremities.89 Physical examination 
demonstrates a clicking sensation and sometimes palpable separation 
of the sternal edges. A paradoxical motion can be present visibly during 
inspiration in severe cases. Operative findings are usually that the wire 
cuts through the sternal edge rather than breaking of the wiring. When 
no infection is present, a Robicsek weave or plating technique can be 
used to reapproximate the sternum.89

DSWI are among the most serious of the sternal complications with 
associated sternal osteomyelitis and mediastinitis. Risk factors include 
diabetes mellitus, peripheral vascular disease, obesity, NYHA class III 

FIGURE 112-2.  Radiographic findings of sternal dehiscence. Sternal dehiscence, 
separation of wires.
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or IV congestive heart failure, age >75 years, immunosuppressed state, 
perioperative renal failure, chronic lung disease, myocardial infarc-
tion within the last 6 months, need for assist device, reexploration for 
bleeding, use of bilateral mammary grafts, prolonged cardiopulmonary 
bypass, prolonged clamp time, blood loss in the intensive care unit, 
transfusions, transverse fractures of the sternum, sternal osteoporosis, 
history of chest radiation, postoperative CPR, prolonged ventilatory 
support, and possibly emergent operations.90,91 Common pathogens 
historically include Staphylococcal aureus and S epidermidis,89 but 
recent studies have found other organisms to be more prevalent. 
Pseudomonas aeruginosa, Klebsiella, Serratia marcescens, Enterobacter, 
and α-hemolytic Streptococcus were found in one recent study perhaps 
related to the routine prophylaxis against Staphylococcus.89,90 These 
wounds require treatment with systemic antibiotics, wound and ster-
nal debridement, and tissue coverage of the wound, for example, with 
muscle flaps.

The primary strategy against development of sternal wound com-
plications is stable sternal fixation.91 No clear wiring/fixation strategy 
has been found to be superior, although in this case, probably more is 
better with use of seven or more wires and a caudal sternal wire hav-
ing shown to be associated with decreased DSWI. Other mechanical 
strategies frequently utilized by surgeons include implementing “sternal 
precautions” where patients should have no heavy lifting greater than 
5 lb, no asymmetric movements (such as lifting one arm above his/her 
head or tucking shirt in behind his/her back), or no asymmetric weight 
bearing (as with use of a crutch or cane). These  strategies are variable 
between facilities and some physical therapists have questioned their 
necessity.92

■■ POSTPERICARDIOTOMY SYNDROME
Postpericardiotomy syndrome (PPS) is a syndrome seen after surgical 
pericardiotomy, as well as with viral pericarditis, trauma associated with 
hemopericardium, and myocardial infarction (Dressler syndrome). It 
is a pleuropericarditis with a variable reported incidence after cardiac 
surgery of 10% and 60% of patients.60 The syndrome is associated 
with clinical findings usually 2 to 3 weeks after pericardiotomy. These 
primarily are fever and chest pain, but can include malaise, dyspnea, 
nonproductive cough, dysphagia, fatigue, hemoptysis, abdominal pain, 
myalgias, and arthralgias. The pain is usually retrosternal in location 
and described as a knife-like, stabbing sensation. On examination a fric-
tion rub may be present and clinical evaluation may reveal cardiomegaly 
on chest x-ray, mild leukocytosis, elevation in the sedimentation rate, 
effusion on echocardiogram, and ECG findings of pericardial irritation 
including ST segment elevation in the limb and lateral precordial leads.60 
It is a diagnosis of exclusion, and infection and delayed tamponade 
should be ruled out first. Treatment is primarily with anti-inflammatory 
agents, typically indomethacin. Severe cases may require steroid admin-
istration and/or pericardial drainage.93

■■ PARALYSIS/PARESIS AFTER THORACIC AORTIC SURGERY
Descending thoracic aortic surgery is becoming increasingly more 
common as awareness of thoracic aortic disease increases and imaging 
modalities become more available. Paresis and paralysis remain a dev-
astating complication of the procedure. Risk of paralysis was historically 
as high as 40% but is now generally reported to be 8% to 28% for open 
operations and 4% to 7% for thoracic endovascular aortic stentgrafts 
(TEVAR).94 In addition to open repair, paralysis risk is associated with 
length of aorta replaced/covered, history of prior distal aortic surgery, 
operative emergency, aortic rupture, aortic dissection, anemia, hypo-
tension, prolonged aortic clamp time, failure to reimplant segmental 
arteries, diabetes, advanced age, and severe atherosclerotic disease.95 
Atherosclerotic disease is important because of loss of collateral flow 
to the spinal cord. Collateral flow is provided from the anterior and 
posterior spinal arteries via the vertebral arteries as well as retrograde 
collateral flow from the internal iliac, inferior mesenteric, and middle 
sacral arteries to the paired lumbar and intercostal arteries.

Strategies to reduce paralysis must be employed before, during, and 
after thoracic aortic surgery through four separate strategies: minimi-
zation of ischemia, tolerance to ischemia, increased cord perfusion, 
and early recognition of neurologic deficits.94 Operative strategies that 
reduce ischemic time include segmental reconstruction, distal shunting, 
and partial left heart bypass. Tolerance to ischemia is provided through 
systemic hypothermia, cardiopulmonary bypass with deep hypothermic 
circulatory arrest (DHCA), pharmacologic protection, and epidural 
cooling procedures. Cord perfusion is increased by assurance of patent 
collaterals, deliberate hypertension, lumbar drainage, and reimplantation  
of segmental spinal arteries including the artery of Adamkiewicz, a large 
segmental artery located in the lower thoracic spine. Finally, recognition 
of neurologic deficits can be performed with intraoperative monitoring 
of evoked somatosensory evoked potentials (SSEPs) or motor evoked 
potentials (MEPs). Postoperatively frequent neurological examinations 
should be performed.95

It is mandatory that a critical care physician understands that part 
that he or she plays in preventing paralysis in the postoperative setting 
including augmenting blood pressure and cardiac output, preventing 
hypotension, reducing cerebrospinal fluid (CSF) pressure by managing 
lumbar drainage, reducing central venous pressure, and providing early 
recognition of neurologic changes. In general, vasopressors are given to 
keep a mean arterial pressure (MAP) >80 mm Hg, or a spinal perfusion 
pressure >70 mm Hg. In the presence of lower extremity weakness, MAP 
goals should be increased by increments of 5 mm Hg. It is particularly 
important to prevent hypotension. Hypotension is generally associated 
with reported onsets of spinal cord ischemia, although there is some 
controversy that that the cord ischemia may result in a spinal shock. It is 
generally recommended to avoid bolus antihypertensive agents. Lumbar 
drains are placed in order to augment spinal cord perfusion pressures 
(SCPP) as SCPP = MAP – (the greater of either CSF pressure or CVP). 
The CSF drains into a reservoir with a goal of keeping the lumbar CSF 
pressure less than 10 mm Hg. Two separate meta-analyses have shown 
efficacy in lumbar CSF drainage with the largest single trial finding 
reduction in the incidence of postoperative neurological deficits from 
13.0% to 2.6% when CSF pressures were maintained <10 mm Hg.95 In 
general, lumbar drains remain safe, even in the face of full anticoagula-
tion. Complications related to lumbar drainage occur in <5% of patients 
undergoing thoracoabdominal operations and include catheter fracture, 
meningitis, intracranial hypotension, and spinal headache.96 Other 
potential complications include intracranial hypotension, temporary 
abducens nerve palsy from cerebellar tonsillar herniation, and subdural 
hematoma related to tearing of dural veins. Each of these occurs from 
excessive CSF drainage. Standard ICU protocols should allow for no 
more than 10 mL per hour of drainage from lumbar drains for pressures 
greater than or equal to 12 mm Hg, or 10 mm Hg if postoperative paraple-
gia is present unless specifically ordered by the managing physician.95,96

■■ TEMPORARY CARDIAC MECHANICAL DEVICES
An in-depth review of cardiac mechanical devices is beyond the scope 
of this chapter, but an understanding of the basics behind temporary 
mechanical devices should be had by all critical care physicians in 
order to care for patients who have acute cardiogenic shock. Temporary 
devices may be used as a bridge to recovery, surgery, long-term devices, 
or urgent transplant. Examples of these situations include viral myocar-
ditis, postpartum cardiomyopathy, acute pulmonary embolism, acute 
myocardial infarction, or ruptured papillary muscle with “wide-open” 
mitral regurgitation. Multiple devices exist, each with their own advan-
tages and disadvantages, which are outlined in Table 112-4.

A few notable complications that a critical care physician must be 
aware of include balloon rupture of an intra-aortic balloon pump, cold 
limb from either the microaxial VAD or IABP, and IABP-related throm-
bocytopenia. Balloon rupture is an emergency and the balloon must be 
removed immediately. Blood in connecting tubing is the hallmark of 
rupture. Counterpulsation should be turned off immediately, the patient 
placed in head down position, and the IABP removed due to risk of 
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helium embolization (recall the IABP balloon is inflated with helium). 
Antibiotic coverage should be broadened, as the gas chamber of the 
balloon is not sterile. When removing the balloon pump recall that this 
is a large arteriotomy (7.5-9 French sheath size) and patients are gener-
ally thrombocytopenic. If a sheath is present it must be removed with 
the balloon as a previously inflated balloon can fracture if pulled out 
through the sheath. Direct pressure should be applied to the site of the 
anticipated arteriotomy (generally 1-2 cm proximal to the percutane-
ous puncture site depending on the patient’s degree of subcutaneous 
fat); large volumes of blood can be lost if this is done incorrectly. Cold 
limbs should be addressed in an urgent fashion. If a limb is threatened, 
removal of the temporary device should occur within 4 hours to prevent 
permanent limb injury.

Finally, thrombocytopenia is a well-known complication related to 
IABP use. Thrombocytopenia occurs in 26% to 60% of patients with 
a balloon pump with counts dropping to 40% to 50% of their baseline. 
Platelet counts generally stabilize after 3 to 4 days of counterpulsation.97,98 
Continued drops or failure to stabilize after 3 to 4 days should prompt 
a clinician to suspect other causes of thrombocytopenia including 
heparin-induced thrombocytopenia (HIT).

■■ POSTOPERATIVE EMERGENCIES AND SPECIAL SITUATIONS IN OTHER 
SURGICAL SUBSPECIALTIES

Thoracic Surgery Emergencies: Cardiac Herniation and Lobar Torsion 
(Fig.  112-3):  There are numerous complications that can occur after 
noncardiac thoracic surgery including pneumothorax, prolonged air 

leak, bronchopleural fistula, chylothorax, and recurrent laryngeal nerve 
injury. The following represent complications that may present first to 
a critical care provider either in the form of a rapid response to a floor 
patient or during postoperative monitoring. Each requires immediate 
recognition and treatment.

Cardiac herniation is a rare complication from a pericardiotomy 
performed during thoracic surgery. If not recognized, it is rapidly fatal 
with a mortality rate of 50%.99 Typically it occurs after pneumonecto-
mies where a part of the pericardium has been resected; either a small 
defect is not closed or a pericardial patch dehiscence occurs. It occurs 
in the immediate postoperative period and is usually associated with an 
inciting event such as a turn, coughing episode, extubation, and change 
in PEEP. Herniation can be into either the left or right pleural cavity. 
When then heart herniates to the right, there is compression of the 
vena cava, which can clinically presents as jugular venous distension, 
grayish appearance to the upper chest, head, and upper extremities, 
and decreased blood pressure from an obstructive shock. A radiograph 
clearly delineates the diagnosis demonstrating the heart overlying the 
right lung. Herniation into the left pleural cavity is more difficult to 
diagnosis. Typically radiographs are unrevealing in left-sided hernia-
tion. An ECG will typically have ST changes consistent with ischemia 
from myocardial compression against the pericardial defect.99 The diag-
nosis is largely a clinical one though that should be considered when 
there is acute evidence of shock in the early postoperative period of a 
case including partial pericardiectomy.

Lobar torsion is a rare complication associated with lung resec-
tion, trauma, and rarely associated with congenital thoracic anomalies 

  TABLE 112-4    Temporary Cardiac Mechanical Devices

Device CO Effect Advantages Limitations Complications Contraindications

IABP 0.5-1 lpm •	 Prolonged support
•	 Unloads LV
•	 Ease of use
•	 Increased coronary perfusion

•	 Needs stable rhythm
•	 Modest level of increase in 

support
•	 No proven mortality benefit

•	 Groin bleeding
•	 Thrombocytopenia
•	 Thromboembolism
•	 Balloon rupture
•	 Limb ischemia
•	 Aortic dissection
•	 Arterial occlusion by balloon

•	 Mod to severe AI
•	 Aortic disease
•	 Uncontrolled sepsis
•	 Coagulopathy
•	 PVD

Percutaneous VAD 
(TandemHeart)

Up to 5 lpm •	 Prolonged support
•	 Relatively inexpensive
•	 Can be placed as RVAD or 

LVAD
•	 Full support

•	 Large cannulae
•	 LVAD requires transseptal 

approach

•	 Pericardial tamponade
•	 Puncture of aortic root, coronary 

sinus, or RA wall
•	 Limb ischemia
•	 Bleeding
•	 Hypothermia
•	 Cannula dislodgement

•	 VSD
•	 PVD
•	 LA thrombus
•	 Right heart failure (when being 

used as LVAD)

Temporary surgical 
VAD (CentriMag)

Up to 10 lpm •	 Prolonged support
•	 Can be placed as RVAD, LVAD, 

or BiVAD
•	 Full support

•	 Surgical placement •	 Bleeding
•	 Thrombosis

•	 Severe AI
•	 VSD

Microaxial VAD 
(Impella)

2.5 or 5 lpm •	 Prolonged support
•	 Unloads LV
•	 Minimally invasive
•	 Minimal anticoagulation

•	 Aortic stenosis
•	 Right heart failure

•	 Aortic valve injury
•	 Hemolysis
•	 Limb ischemia
•	 AV fistula
•	 Thromboembolism

•	 LV thrombus
•	 VSD
•	 Moderate or severe AS
•	 Bleeding diathesis
•	 HOCM
•	 Severe right heart failure

ECLS/ECMO Up to 5 lpm •	 Independent of rhythm
•	 Allows controlled transfer 

to OR
•	 Full support

•	 Approved duration of support  
is short

•	 Bleeding
•	 Hemolysis
•	 Stroke
•	 Embolus

•	 Mod to severe AI
•	 PVD
•	 Coagulopathy

AI, aortic insufficiency; AS, aortic Stenosis; BiVAD, biventricular assist device; CO, cardiac output; ECLS: extracorporeal life support; ECMO, extracorporeal membrane oxygenation; HOCM, hypertrophic obstructive 
cardiomyopathy; IABP, intra-aortic balloon pump; LA, left atrium; lpm, liters per minute; LV, left ventricle; LVAD, left ventricular assist device; PVD, peripheral vascular disease; RVAD, right ventricular assist device; 
VAD, ventricular assist device; VSD, ventricular septal defect.
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FIGURE 112-4.  Radiographic findings of lobar torsion. Rounded, opacified torsed right 
middle lobe.

FIGURE 112-3.  Radiographic findings of cardiac herniation. A. Herniation to the left pleural cavity; inferiorly displaced cardiac silhouette. B. Herniation to the right pleural cavity; rightward 
displacement of cardiac silhouette.

(Fig. 112-4). After pulmonary resection, its risk is <1%.100 Most cases are 
reported to be with a right upper lobectomy and demonstrate right middle 
lobe torsion, but any lobe (even both the right middle and lower lobes) 
has been reported. Risk factors a long vascular pedicle, complete fissure, 
free pulmonary ligament, pneumothorax, pleural effusion, and presence 
of a nonventilated lobe.100 Clinically they can be silent or associated with 
severe, abrupt respiratory compromise. Physical examination findings 
include fever, tachycardia, dyspnea, and decreased breath sounds.101 
Radiographic findings are that of a rounded, opacified lobe. CT scans 
demonstrate pulmonary venous congestion and enlargement and lack of 
contrast enhancement of the affected lobe. A bronchoscopy demonstrates 
a fish-mouth appearance of the lobar bronchial that allows passage of the 
scope but obstructs quickly after removal of the scope.99 When recognized 
immediately, the lobe can be derotated and pexied to an adjoining lobe 

but long-term outcomes are often poor.100 When diagnosis is delayed, 
gangrene, purulent/bloody drainage, and prolonged air leak can develop. 
Treatment is usually requires lobectomy of the affected lobe.

■■ TRANSPLANT SURGERY EMERGENCIES: THREATENED GRAFT AND 
ACUTE GRAFT FAILURE

While many transplant centers have dedicated postoperative transplant 
monitoring units, surgical critical care units continue to provide care for 
many higher-risk transplants including liver transplant and procedures 
with need for intense nursing needs such as hourly blood glucose checks 
for pancreas transplants. Critical care providers may be the initial pro-
vider present when a potential decline in graft function is occurring that 
may require emergent surgical intervention. In the instance of pancreas 
transplant, hyperglycemia and a new need for insulin in the postop-
erative period should alert the critical care provider that the transplant 
may be compromised. While this discussion will mainly focus on liver 
transplantation, the following complications (bleeding, technical, or 
immunologic) can occur in any solid organ transplant.

Liver transplantation is a highly successful treatment for patients with 
an otherwise fatal disease. At 1 year, there is a 90% survival rate for liver 
recipients and this extends to 70% to 80% at 10 years.102 Risks to loss of 
graft come primarily from technical, medical, or immunological com-
plications. Those that need to be recognized immediately in the early 
postoperative period are outlined in Table 112-6. The most frequent 
complication to occur after liver transplant is bleeding with 10% to 
15% of patients requiring reoperation, usually those with preoperative 
severe coagulopathy and thrombocytopenia. Patients develop hypoten-
sion, tachycardia, decrease in central venous oxygen saturation, and 
deterioration in renal function while liver function is usually preserved. 
Coagulopathy should be corrected and reexploration should be consid-
ered in any patient with greater than 4 to 6 units of blood transfused in 
24 hours or presence of hemodynamic instability.

Technical complications occur in 5% to 10% of liver transplants, 
mostly in patients who have severe coagulopathy prior to the procedure 
and a history of previous abdominal operations. Potential complica-
tions can occur to the biliary tree or vascular system (primarily hepatic 
artery or portal vein). A missed replaced right hepatic artery will lead to 
necrosis of the right hepatic lobe and need for urgent retransplantation. 
Acute hepatic artery and portal vein thrombosis are also early complica-
tions after liver transplant occurring in 2.5% to 10% and 0.3% to 2.2% 
of transplants, respectively.102 Liver function tests should be followed 
every 4 to 6 hours in the immediate postoperative period to identify 
these complications. Elevation in liver function tests should prompt the 
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  TABLE 112-5    Neurological Injury after Carotid Revascularization

Atheroembolic Thrombotic Hypoperfusion Cerebral Hyperperfusion

Mechanism Atherosclerotic plaques become  
dislodged during the procedure by 
either spontaneous rupture or iatrogenic 
manipulation and distally embolize

Disruption of intima creates a  
prothrombotic state that leads to  
thrombus formation at the site of  
revascularization

Drop in CPP usually related to 
decreased MAP

Unopposed flow to areas of prior 
loss of cerebral vascular bed  
autoregulation

Frequency of  
occurrence

54% (Along with thrombotic) 54% (Along with atheroembolic) 19% 15%

CEA vs CAS Theoretically less common in CAS  
due to filter protective devices and 
trapping of plaques under stent

Little research done, some suggestion for 
risk of late (<3 months) in-stent stenosis 
with stopping of antiplatelet therapy

Theoretically lower risk in CAS for 
patients with contralateral occlusion  
due to decreased ipsilateral  
occlusion/clamp time

No theoretical variation; known to 
occur with both

Diagnostic testing TCD TCD TCD, cerebral oximetry, EEG TCD, dynamic susceptibility MRI, 
SPECT, cerebral angiography

Symptoms Acute neurological change Acute neurological change Reduction in flow readings of  
intraoperative monitors,  
intraoperative neurological changes 
with clamping on awake patient

Spectrum from unilateral headache 
to seizures to transient neurological 
symptoms to cerebral hemorrhage

Timing of presentation Intraoperative or first several hours  
postoperatively

Immediately postoperatively to first  
several hours postoperatively

Intraoperatively Within 36 hours postoperatively

Prevention/treatment Precise surgical techniques; embolic  
protection devices; possibly closed-
cell stents

Possibly antiplatelet therapy (ASA), use 
of dextran

Maintenance of intraoperative  
perfusion: shunting, permissive 
hypertension; avoidance of  
general anesthesia

Maintain SBP <120-140 with  
clonidine or ß-blockers, avoid CCB 
and nitrates

Immediate reexploration and 
thrombectomy

CAS, carotid artery stenting; CCB, calcium channel blockers; CEA, carotid endarterectomy; CPP, cerebral perfusion pressure; MAP, mean arterial pressure; MRI, magnetic resonance imaging; SPECT, single-photon 
emission computed tomography; SBP, systolic blood pressure; TCD, transcranial Doppler.

clinician to obtain a hepatic Doppler with vascular duplex of the vascu-
lar anastomoses. MRI angiography can then be performed to confirm 
the diagnosis. Presence of thrombus should result in immediate throm-
bectomy in an effort to prevent graft loss and need for retransplantation.

Rejection after transplant can be hyperacute (antibody mediated), acute 
(cellular), or chronic (ductopenic).103 Hyperacute rejection after liver 
transplantation is a rare event usually associated with ABO incompat-
ibility in 60% of the cases. Other preformed antibodies account for the 
remaining cases. Cases are usually associated with high titers of antido-
nor antibodies. Hyperacute rejection is rare among ABO-compatible 
liver transplantations. The mechanism is preformed donor antibodies 
causing graft loss within a few days. The clinical findings of hyperacute 
rejection include progressive elevation of liver function tests, thrombo-
cytopenia, and hepatic failure during the first days after transplantation, 
but biliary obstruction or hepatic artery thrombosis will not be present 
an ultrasound.103 Treatment is primarily retransplantation.

■■ VASCULAR SURGERY EMERGENCIES: POSTREPERFUSION SYNDROME 
AND NEUROLOGIC INJURY AFTER CAROTID REVASCULARIZATION

Ischemic/reperfusion injury is well documented to occur in several 
types of surgical specialties including cardiac reperfusion after aortic 
cross-clamp or coronary revascularization, transplant surgery, micro-
vascular free flap operations, and carotid intervention. Reperfusion 
to an area already partially perfused by collaterals generally results in 
positive clinical findings such as recruitment of hibernating myocar-
dium or clinical resolution of the rest pain seen with threatened limbs; 
however, after revascularization and reperfusion to a limb that has 
suffered severe acute ischemia, a postreperfusion syndrome can exist. 
This entity is also known as crush syndrome, postischemic syndrome, 
or myonephropathic-metabolic syndrome. Mortality rates are as high as 
41%.104 Essentially, prolonged ischemia followed by reperfusion leads to 
a rapid release of toxins into the bloodstream. The initial brunt of this 
occurs in the operating room where anesthesiologists must be aware of 

a large, rapid release of lactate and potassium that can lead to arrhyth-
mias and severe acidosis. Washout of myoglobin and microthrombi 
from damaged skeletal muscle also occurs. Together these products 
can result in local complications including massive edema requiring 
fasciotomies for compartment syndrome and systemic complications of 
shock, renal failure, arrhythmias, and death. Compartment syndrome 
is a condition in which an enclosed myofascial compartment develops 
elevated pressure that limits perfusion to the muscles, nerves, fat, skin, 
and bone contained within the compartment and is also covered in 
chapter 122.

Time of ischemia prior to reperfusion is the most important factor 
to determining postreperfusion syndrome. Treatment before 12 hours 
leads to 19% mortality and 7% limb loss, but after 12 hours leads to a 
31% mortality and 22% limb loss risk.104 Several alternatives have been 
suggested to reduce or prevent the reperfusion syndrome, including 
controlled limb reperfusion (rather than acute restoration to normal 
blood flow), administered hypothermia, and femoral venous drainage 
of affected limb.104

Carotid revascularization occurs in the form of either carotid end-
arterectomy (CEA) or carotid artery stenting (CAS). Neurologic injury 
after carotid endarterectomy or carotid stenting is a devastating compli-
cation to a procedure meant to prevent neurologic injury. Reported rates 
of stroke after revascularization are between 1% and 3% from carotid 
endarterectomy and 3.9% to 6.8% after carotid artery stenting with lower 
rates reported in more recent years than in the initial phase of CAS.105,106 
Patients who undergo these procedures are observed in a step-down or 
intensive care unit in the first day after the procedure for neurological 
monitoring. It is important for critical care providers to understand the 
various causes of neurologic injury and how to intervene in order to 
minimize any neurological deficits. Four mechanisms lead to periop-
erative stroke, atheroembolic debris from the operative site, thrombotic 
complications in the revascularized region, cerebral hypoperfusion, and 
postoperative hyperperfusion syndrome.105 Known patient risk factors 
for perioperative stroke include preoperative transient ischemic attack 
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and even higher for those with preoperative stroke, with asymptotic 
high-grade stenosis being associated with the lowest risk for stroke.107 
Surgical risk factors for perioperative stroke include inability to toler-
ate clamping during the procedure, use of an intra-arterial shunt, and 
general anesthesia with only use of a shunt remaining after multivariate 
analysis.107 This is likely because of diminished native cerebral vessel 
collaterals see Table 112-5.

Atherosclerotic emboli are the most common of the four mechanisms, 
accounting for over half of the postoperative strokes. These emboli form 
after atherosclerotic plaques flow distally either spontaneously or due to 
mechanical disruption. Carotid artery stenting has a theoretical reduc-
tion in these events due to embolic protection devices and trapping 
of the atherosclerotic plaques between the stent and the native vessel 
wall. Atheroemboli can be identified by Transcranial Doppler (TCD) 
evaluation with an association identified between increased number of 
emboli measured and worse neurologic outcomes. Thrombosis is the 
second mechanism for perioperative stroke and occurs because intimal 
disruption by either surgical instrumentation or spontaneous routes 
leads to a state of increased thrombus formation after revascularization. 
Thrombus at the surgical site can limit flow and results in cerebral hypo-
perfusion. Antiplatelet agents likely reduce this risk. TCD may also play 
a role in identifying people with thrombosis.

Global hypoperfusion may also lead to perioperative neurological 
events. Diffuse cerebral hypoperfusion likely comes from precipitous 
falls in mean arterial pressure, thereby reducing cerebral perfusion 
pressure. Intraoperatively this can be followed with cerebral oximetry, 
TCD, or EEG monitoring. Different surgical strategies are employed to 
prevent this, including shunting and permissive hypertension. Finally, 
cerebral hyperperfusion occurs in 1% to 13% of patients undergoing 
revascularization.107,108 It is described in both patients who undergo 
CEA and CAS, and represents a clinical spectrum of symptoms rang-
ing from a severe, unilateral headache to altered mental status to 
seizures to focal transient defects to cerebral hemorrhage. It has been 
theorized that patients who previously had high-grade lesions may lose 
the ability to autoregulate cerebral vascular bed supply. Risk factors for 
cerebral hyperperfusion syndrome (CHS) include long-standing hyper-
tension, diabetes, age >75 years, recent carotid procedure within the past  
3 months, high-grade ipsilateral and contralateral stenosis, female sex, 

vascular malformations, and cerebrovascular reactivity.108 Management 
includes control of blood pressure with goal systolic <120 to 140 mm Hg. 
Calcium channel blockers and nitrates should probably be avoided  
due to their increase in cerebral blood flow. ß-Blockers and clonidine 
seem to be ideal for treatment of CHS, although no trials exist.

■■ NECK SURGERY EMERGENCIES: COMPRESSIVE HEMATOMA  
AND BILATERAL RECURRENT LARYNGEAL NERVE INJURY

Operations on the neck are performed for a variety of reasons including 
thyroid and parathyroid disease, carotid endarterectomy, head and neck 
cancer, and tracheal conditions. It is not infrequent that these conditions 
are admitted postoperatively to the intensive care unit for neurologic, free 
flap, and airway monitoring. While rare, the complication of compressive 
hematoma or bilateral recurrent laryngeal nerve injury is life threatening. In 
one series, only 15 patients in just over 3000 thyroidectomy cases required 
emergent airway intervention including reoperation, tracheostomy, and 
reintubation with steroid administration (for laryngeal edema).109

A clinically significant postoperative hematoma occurs in 0.36% to 
4.3%110 of thyroidectomies and 1% to 12%111 of carotid endarterectomies. 
Patients exhibit an enlarged neck diameter and dyspnea. Most hema-
tomas occur in the first 4 to 6 hours, but up to 40% will occur after  
6 hours.112 The vast majority of clinically significant hematomas require 
surgical exploration. Edema of the larynx and pharyngeal wall makes 
these intubations difficult, necessitating a highly experienced individual 
to perform the preoperative intubation. Hematoma has not been found 
to be related to age, gender, type of thyroid disease, or type of bleeding 
after thyroidectomy.112 Risk factors for hematoma after CEA include 
nonreversal of heparin, intraoperative hypotension, and carotid shunt 
placement. Patients with hematoma after CEA spent more time in a 
critical care setting and had increased perioperative mortality.111

Only 0.5% of patients with benign goiters and 10.6% of patients with 
thyroid cancer have some form of recurrent laryngeal nerve damage 
after thyroidectomy. These patients have a characteristic hoarse voice. 
Fortunately, only about one in a thousand cases results in bilateral recur-
rent laryngeal nerve damage.109 Clinically these patients have breathing 
difficulties and aphonia. After securing their airway, these individuals 
will need to undergo a tracheostomy.

■■ ENDOCRINE SURGERY SPECIAL SITUATIONS: RESECTION  
OF PHEOCHROMOCYTOMA OR PARAGANGLIOMA  
AND CARCINOID TUMORS

Pheochromocytomas and paragangliomas are rare catecholamine  
producing tumors. Pheochromocytoma refers to an intramedullary 
tumor of the adrenal glands, whereas paraganglioma refers to a 
tumor in the paraganglia. About 90% of tumors are located within the 
adrenal, whereas 10% of tumors are paragangliomas. Typically these are 
intra-abdominal located around the aorta or inferior vena cava, but can 
be located in a wide range of places in the body including the brain, heart, 
and bladder.113 The resection of pheochromocytomas or paragangliomas 
carries considerable risks to the patient in the perioperative period with 
mortality risk previously quoted as 2.9% to 3.9%. More recent series 
report a reduction in mortality to zero, likely due to the understanding 
of intraoperative management and postoperative monitoring.

Preoperatively the condition can result in hypertension and hypertro-
phic cardiomyopathy (or rarely dilated cardiomyopathy). Intraoperatively 
blood pressures can be variable. Hypotension occurs from inadequate 
resuscitation, residual effects of preoperative α-blockade, sudden increased 
venous capacitance, and/or hemorrhage, and hypertension occurs from 
catecholamine secretion from noxious stimuli-like intubation, skin inci-
sion, and exploration and from palpation of the tumor resulting in marked 
increases in catecholamine release.114 Postoperatively about 50% of patients 
remain hypertensive for a few days due to retained elevated catecholamine 
levels. Persistent hypotension may result from inadequate resuscitation, 
ongoing blood loss, altered vascular compliance, and residual effects of pre-
operative antihypertensive agents. Additional postoperative considerations 

  TABLE 112-6    Early Urgent Liver Transplant Complications

Complication Timing Findings Treatment

Abdominal 
bleeding

Immediate Hypotension
Tachycardia
Reduced central venous 
pressure
Decreased renal function
Preservation of liver function

Correction of  
coagulopathy
Reexploration if >4-6 
units of

blood in 24 hours or 
hemodynamic instability

Hepatic artery 
thrombosis or 
kinkage

Early Acute liver failure
Fulminate increase in LFTs
Hemodynamic instability

Urgent thrombectomy/
graft revision
Urgent retransplantation

Portal vein  
thrombosis

Early Acute liver failure
Fulminate increase in LFTs
Hemodynamic instability
Ascites
Variceal bleeding

Urgent thrombectomy
Urgent retransplantation

Portal vein 
stenosis

Immediate Slight increase in LFTs
Portal hypertension
Ascites

Reconstruction

Hyperacute 
rejection

Early ABO incompatibility
Preformed anti-HLA antibodies
Acute liver failure
Normal hepatic Doppler

Urgent retransplantation

HLA, human leukocyte antigen; LFTs, liver function tests.
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include need for steroid administration after bilateral adrenalectomy and 
close observation for hypoglycemia in all patients.114

Carcinoid tumors are uncommon neoplasms with an incidence of 
0.28 to 10 per 100,000 persons, although autopsy series have demon-
strated incidental carcinoid as high as 8%.115,116 They are neuroendocrine 
tumors derived from enterochromaffin or Kulchitsky cells that secrete a 
variety of vasoactive amines and peptides, most importantly serotonin, 
histamine, and kinin peptides.115,116 Carcinoid syndrome occurs only 
when this release is into the systemic circulation as is the case in primary 
bronchial, genitourinary, thyroid, breast, pancreas, thymus, primary or 
metastatic cardiac, or primary or metastatic liver lesions. While most 
(75%) carcinoid tumors originate from the GI tract, tumors that secrete 
into the portal system do not result in a carcinoid syndrome because of 
liver metabolization of the active substances.

The carcinoid syndrome is a syndrome that is manifest as lability, 
cutaneous flushing, bronchoconstriction, diarrhea, and carcinoid heart 
disease. Cardiac involvement is primarily right sided because of the 
ability of the pulmonary system to clear the tumor mediators. Carcinoid 
plaques development on valve leaflets resulting in tricuspid regurgitation, 
pulmonary insufficiency or stenosis, arrhythmias, right heart failure, 
and less likely, left-sided lesions, myocardial metastases, and pericardial 
effusion. Left-sided lesions are more common in primary bronchial 
tumors, which may also be associated with pulmonary hypertension and 
severe bronchospasm. A life-threatening form of carcinoid syndrome is 
termed carcinoid crisis and occurs after tumor manipulation, chemical 
stimulation, anesthesia induction, or chemotherapy-induced tumor necro-
sis. Carcinoid crisis is characterized by large blood pressure variability, 
arrhythmias, bronchoconstriction, and altered mental status; flushing is a 
warning sign that impending crisis may result if not treated. Preoperative 
symptom severity is not associated with perioperative complications, so 
preparation for carcinoid crisis, especially bronchospasm, cardiovascular 
instability, and hyperglycemia should be performed in all patients.116

Emergence from anesthesia may be associated with a variety of clinical 
symptoms largely dependent on the bioactive substance that is released. 
Bronchospasm, vomiting, hyperglycemia, and prolonged drowsiness 
may all occur during emergence. Postoperatively, vasoactive substances 
can continue to be released, especially in patients with high preoperative 
serotonin levels. Octreotide, a somatostatin analog, is the primary agent 
used for chronic and acute symptom control. It should be administered 
intravenously in the intraoperative period and slowly weaned to the 
depot form over the first week postoperatively. Postoperative hypoten-
sion from tumor mediators responds quickly to increases in octreotide 
dosing. Bronchospasm can be severe and resistant to typical treatments. 
β-Agonists can actually result in further tumor mediator release wors-
ening the problem. Octreotide works well for bronchospasm, as do 
nebulized anti-cholinergics such as ipratropium. Anxiolytics can help 
prevent stress-triggered release of serotonin and H1 and H2 blockers 
can be used in histamine-secreting tumors. Postoperative monitoring 
for hyperglycemia should be performed with insulin infusion initiated 
as necessary. Lastly, fluids and electrolytes should be monitored closely 
secondary to large intraoperative fluid shifts.116
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C H A P T E R

KEY POINTS

•• The acute abdomen presents in unusual ways in the intensive care 
unit (ICU).

•• Successful management depends on prompt diagnosis and  
management; the intensivist, surgeon, gastroenterologist, and  
radiologist must collaborate effectively.

•• Computed tomography (CT) and ultrasonography should be used 
liberally to evaluate abdominal conditions.
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Patients with an “acute abdomen” present challenging problems for 
surgeons and intensivists. The term acute abdomen refers to a patient 
whose chief presenting symptom is the acute onset of abdominal pain. 
The majority of these patients present in the emergency department 
and need operation but do not require treatment in an ICU. However, 
the small percentage of patients who require ICU admission consti-
tute a significant fraction of the surgical ICU patients in most general  
hospitals. Furthermore, the intensivist must be aware that an ICU 
patient may develop an acute abdominal emergency while being treated 
for another condition.

In this chapter, we will first discuss the approach to the ICU patient 
who develops abdominal pain while undergoing treatment for some 
other disorder. The bulk of the chapter, however, will be directed to the 
patient with known intra-abdominal sepsis (IAS) who requires intensive 
care. Emphasis will be placed on the early diagnosis of intra-abdominal 
septic complications.

EVALUATION OF ACUTE ABDOMINAL PAIN  
IN THE INTENSIVE CARE UNIT PATIENT
The diagnosis of abdominal pain depends heavily on an accurate his-
tory and a complete physical examination.1 Both of these sources of 
data may be severely limited in the ICU patient. History may be unob-
tainable because of intubation or a decreased level of consciousness. 
Physical examination is made difficult by cannulas and dressings, and 
compromised further by the effects of medications such as analgesics 
and corticosteroids. Abdominal pain itself may be masked by narcot-
ics or other painful disease processes. Some physical signs, such as the 
absence of bowel sounds, which would be considered significant in an 
otherwise well patient, may not be significant in an ICU patient, in 
whom multiple extra-abdominal causes of ileus may be present. Hence, 
in the ICU setting, it is rare that an abdominal complaint comes to light 
because the patient complains of abdominal pain; rather, the physician 
usually must infer its presence on the basis of nonspecific findings such 
as unexplained sepsis, hypovolemia, and abdominal distention.

Table 113-1 shows some common causes of acute abdominal pain in 
North American adults. Rather than describe a complete algorithm to 
diagnose these conditions in ICU patients, we will list important principles.

	 1.	 Evaluate the patient in the context of the underlying disorder(s). For 
example, sudden, severe abdominal pain in a patient with congestive 
heart failure secondary to myocardial infarction is more likely to be 
due to mesenteric ischemia than to renal colic.

	 2.	 Use surgical consultants liberally. A patient with significant unex-
plained abdominal pain lasting more than 4 hours should be seen 
by a surgeon. A patient transferred to the ICU following operation 

at another hospital should have immediate and continued surgical 
attendance at the new site.

	 3.	 Serum amylase and lipase determinations, and imaging with abdom-
inal CT and ultrasound, should be included in the initial tests for 
patients with acute abdominal problems when physical examination 
is unreliable. If these tests rule out pancreatitis, ruptured aneurysm, 
and retroperitoneal hemorrhage, the patient will often need abdomi-
nal exploration to manage intestinal perforation, inflammation, 
obstruction, or ischemia1 (see Figs. 113-1 and 113-2).

	 4.	 Laparoscopy may help, particularly in patients suspected of having 
ischemic bowel or acalculous cholecystitis.2-4

	 5.	 Obtain information from family members, previous admissions, 
and other hospitals and caregivers regarding medical conditions and 
medications.

There is no single approach to the ICU patient who develops an 
acute abdomen, and simply determining that the patient has an acute 
abdomen can challenge experienced clinicians. Successful management  

  TABLE 113-1    Common Causes of Acute Abdominal Pain in North American Adults

Inflammatory disorders and perforations (eg, cholecystitis, diverticulitis, perforated peptic 
ulcer, pancreatitis, trauma, infected dialysis catheter) with local or diffuse peritonitis

Obstructions

  Biliary colic

  Renal colic

  Intestinal obstruction

Vascular

  Mesenteric ischemia

  Ruptured abdominal aortic aneurysm

  Intra-abdominal or retroperitoneal hemorrhage

Urologic or gynecologic disorders

Medical disorders (eg, lupus serositis, sickle cell crisis, myocardial infarction, pulmonary embolus)

•• Complications occur frequently in the postsurgical ICU patient; 
“stable vital signs” does not imply clinical stability.

•• Postoperative residual or recurrent intra-abdominal sepsis may 
not be obvious clinically or radiographically; cardiorespiratory or 
other organ dysfunction should prompt a search for the source that 
will require resuscitation, antibiotics, and source control

•• The treatment of the febrile postsurgical patient is not simply the 
administration of antibiotics.

•• Acalculous cholecystitis is a treacherous disease that requires 
urgent treatment; definitive diagnosis is not always possible or 
necessary before treatment.

•• Abdominal wall tissue loss or tension may preclude fascial closure 
at laparotomy. ICU staff must understand and manage postopera-
tively techniques to protect intestinal integrity and cardiopulmo-
nary function, such as temporary closure and vacuum dressings.

FIGURE 113-1.  CT scan demonstrates massive amounts of free air under the diaphragm. 
The patient developed septic shock from a perforated gastric ulcer.
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depends on timely diagnosis and the close collaboration of the intensivist 
and the surgeon.

THE INTENSIVE CARE UNIT MANAGEMENT  
OF THE PATIENT WITH AN ACUTE ABDOMEN
Most patients with an acute abdomen are diagnosed outside the ICU, 
and require treatment in an ICU for one of five reasons:

	 1.	 Nonoperative: The patient is very ill but may not require surgical 
intervention (eg, severe pancreatitis).

	 2.	 Preoperative: The patient requires rapid stabilization or investiga-
tion before urgent operation.

	 3.	 Postoperative: The patient requires intensive care for unrelated 
medical problems (eg, chronic lung disease) following definitive 
surgical treatment of an acute abdominal condition.

	 4.	 Postoperative: The patient requires intensive care because of severe 
sepsis or other condition following definitive surgical treatment of 
an acute abdominal condition.

	 5.	 Interim: The patient requires stabilization before planned reoperation 
over the next 24 to 72 hours (eg, “damage control” surgery for trauma).

A classification of the sources of IAS appears in Table 113-2. 
Abdominal infections originating in the pancreas, and infections arising 
in the urinary tract, are discussed in other chapters.

The key components of treatment of IAS are

	 1.	 Prompt diagnosis and resuscitation
	 2.	 Prompt treatment of the underlying pathology and mechanical 

cleansing of the peritoneal cavity (“source control”)
	 3.	 Timely, appropriate antibiotic administration
	 4.	 Supportive care of the patient
	 5.	 Vigilant detection and aggressive treatment of complications arising 

from the underlying condition or its treatment
	 6.	 Close collaboration among all physicians caring for the patient

The importance of prompt diagnosis and treatment cannot be 
overemphasized. This is one of the few prognostic variables that physi-
cians can control, and prompt treatment has been shown repeatedly to 
decrease mortality.5-8

■■ PRIMARY PERITONITIS
Primary peritonitis is a group of diseases characterized by infection in 
the peritoneal cavity without an obvious source such as a gastrointestinal 
(GI) tract perforation.9,10 This occurs most frequently in patients with 
ascites secondary to cirrhosis, congestive heart failure, and peritoneal 
dialysis, among other disorders. Patients suffering from primary peri-
tonitis rarely require intensive care. However, primary peritonitis may 
occur in patients requiring intensive care for other reasons. For example, 
a cirrhotic patient with portal hypertension and ascites may develop 
primary peritonitis that precipitates hepatic decompensation, leading to 
variceal bleeding and hypovolemic shock necessitating ICU admission.

The clinical presentation is usually one of fevers and physical signs of 
peritoneal irritation: involuntary guarding, rebound tenderness, shake 
and cough tenderness. However, approximately one-third of patients 
with primary peritonitis have no sign or symptom of sepsis referable to 
the abdomen. Diagnosis is based on clinical suspicion, the patient’s pre-
sentation, and the Gram stain and culture results obtained from ascitic 
fluid aspiration. Culture of infected ascitic fluid usually yields facultative 
anaerobic enteric organisms such as Escherichia coli; however, approxi-
mately 35% of patients will have negative ascitic fluid cultures.10 Blood 
cultures may be positive in these patients. Primary bacterial peritonitis 
may be assumed to be present when the ascitic fluid neutrophil count is 
>250/µL. The diagnosis may be confirmed in culture-negative patients 
by a response to appropriate antibiotic treatment within 48 hours char-
acterized by clinical improvement and a decrease in the number of white 
blood cells present in the ascitic fluid.

It is essential to distinguish primary from secondary bacterial peri-
tonitis, which is caused by contamination from the gut lumen, and in 
which multiple microbial species are usually found in the ascitic fluid 
Gram stain or culture.9-10 Patients with secondary bacterial peritonitis 
are unlikely to respond to antibiotic administration alone, and will 
usually need surgical treatment to survive.

Antibiotic treatment should be initiated on clinical suspicion of primary 
peritonitis and before culture and sensitivity results are available. 
Primary bacterial peritonitis tends to be caused by a single pathogen, 
usually an enteric gram-negative rod but sometimes gram positive such 
as Streptococcus pneumoniae, or staphylococcal or Candida species if a 
dialysis catheter is present. Empiric antibiotics should therefore cover 

  TABLE 113-2    Classification of Intra-abdominal Sepsis by Source

Primary peritonitis

  Infected ascites

  Infected peritoneal dialysis catheter

  Miscellaneous (eg, tuberculosis)

Secondary peritonitis

  Intraperitoneal

    Biliary tree

    Gastrointestinal tract

    Female reproductive system

  Retroperitoneal

    Pancreas

    Urinary tract

  Visceral abscess

    Liver

    Spleen

FIGURE 113-2.  CT scan diagnostic of a localized intra-abdominal abscess. The patient 
has a rim enhancing collection with an air-fluid level (arrow) secondary to acute diverticulitis. 
The sigmoid in the area is thick walled and has many diverticula.
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enteric gram-negative rods and gram-positive cocci.11,12 If the diagnosis 
may be secondary peritonitis so there is concern about distal small 
bowel, appendix, or colonic derived pathogens, then coverage of obli-
gate anaerobic bacilli is warranted. Treatment with a third- or fourth-
generation cephalosporin or quinolone is usually sufficient for primary 
bacterial peritonitis. For secondary bacterial peritonitis, metronidazole 
is usually added to this regimen; other appropriate agents include a car-
bapenem or β-lactam/β-lactamase combination.11 Prognosis of primary 
peritonitis depends mainly on the severity of the underlying cause of 
the ascites.

Patients who develop peritonitis secondary to an infected peritoneal 
dialysis catheter generally improve on antibiotics (usually instilled into 
the dialysis fluid). Depending on the clinical scenario and peritoneal 
fluid microbiology, nonresponse may necessitate removal of the catheter, 
treatment of fungal infection, or consideration of secondary peritonitis 
of gastrointestinal origin including catheter-induced gut perforation.

The Jaundiced Intensive Care Unit Patient:  Sepsis and hyperbilirubinemia 
occur commonly in critically ill patients. When they coexist, biliary tract 
sepsis may be the cause. However, most jaundiced ICU patients do not 
have pathology in their biliary tract.13 Before we discuss biliary sepsis, 
we will briefly outline the approach to the jaundiced patient.

Abnormalities on liver function tests and even clinically evident 
jaundice are quite common in patients in the ICU. A review article  
on jaundice in the ICU13 provides a simple classification, distinguishing 
jaundice caused by obstructive and nonobstructive etiologies. Most ICU 
patients with abnormal liver function tests represent the nonobstructive 
category. Exclusion of extrahepatic biliary obstruction is best accom-
plished by history, physical examination, and routine laboratory tests  
(ie, the clinical context),13 ultrasonography to look for bile duct dilation, 
and magnetic resonance imaging. In unusual circumstances, obstructed 
bile ducts may not be dilated, and clinical suspicion will necessitate 
visualization of the biliary tree with endoscopic retrograde cholangio-
pancreatography (ERCP), percutaneous transhepatic cholangiography 
(PTC), or magnetic resonance cholangiopancreatography (MRCP).14

■■ BILIARY TRACT SEPSIS
Infection in the biliary tree can cause one or more of three different 
clinical entities. The most common is acute calculous cholecystitis, 
infection of the gallbladder caused by cystic duct obstruction by a gall-
stone. Treatment generally consists of cholecystectomy, and results in 
ICU admission if the patient has major medical problems. When a cho-
lecystectomy is deemed too risky because of the severity of underlying or 
current illness, a percutaneous cholecystostomy can temporize until the 
patient is more suitable for operation, though some patients never go on 
to have a definitive operation. More relevant to the intensivist are acute 
cholangitis and acute acalculous cholecystitis.

Acute Cholangitis:  Cholangitis, infection in the bile ducts, is caused by 
bacteria multiplying in a partially or totally obstructed duct system, induc-
ing an inflammatory reaction around the small biliary radicles in the liver. 
Under increased hydrostatic pressure in the ducts, bacteria are forced 
out of the bile canaliculi into the hepatic sinusoids, resulting in systemic 
bacteremia. The bacteria are similar to those of the GI tract, and enter the 
biliary tree under a variety of conditions including aging.

The typical clinical presentation of right upper quadrant pain, jaun-
dice, and fever (Charcot triad) may not be evident in a ventilated patient. 
Patients may be only mildly ill with bactobilia or critically ill with frank 
pus under pressure in the biliary tree, leading to confusion and shock 
(Reynold pentad). Diagnosis may be confirmed with ultrasound, CT, 
ERCP, MRCP, or PTC. Treatment consists of biliary decompression 
and the administration of appropriate broad-spectrum antibiotics to 
cover aerobic gram-negative rods, anaerobic gram-negative bacilli, and 
enterococci. Blood for culture is obtained before antibiotics are started 
(if possible) to guide antibiotic coverage.

These patients may require intensive care for septic shock. The 
ICU team should support cardiorespiratory function and ensure that 

appropriate antibiotics are administered. Success depends on adequate 
biliary decompression, accomplished by either operative common bile 
duct exploration and T tube insertion; endoscopic sphincterotomy, 
stone extraction, and internal or external biliary drainage; or transhe-
patic biliary drainage. The adequacy of drainage is confirmed by clinical 
and biochemical improvement within 24 to 48 hours. Need for ongoing 
cardiopulmonary support beyond that implies inadequate biliary drain-
age, and mandates reimaging of the biliary tree to assess drainage and 
plan further decompression. Failure to improve may also be caused by 
hepatic abscess secondary to cholangitis, for which CT scan should be 
diagnostic.

Acalculous Cholecystitis:  A treacherous and potentially lethal condition, 
acute acalculous cholecystitis may occur in patients without known bili-
ary disease who are severely compromised by trauma or gastrointestinal 
dysfunction under prolonged intensive care. Onset is insidious, clinical 
findings may be subtle, and delay in diagnosis is associated with necrosis 
of the gallbladder, sepsis, and death.15,16

This condition occurs in approximately 1% of long-term (>1 week) 
ICU patients,15-18 likely more prevalent in patients on total parenteral 
nutrition. Etiology and therefore preventive measures are not under-
stood well.16 In about one-third of patients, the inflammation induces 
necrosis of the gallbladder wall by the time of diagnosis.

The diagnostic and therapeutic challenge is the difficulty establish-
ing a diagnosis without resorting to laparotomy or laparoscopy in a 
critically ill patient. An ICU patient can have right upper quadrant 
tenderness without cholecystitis, from liver capsule distension from 
other causes. Liver function tests are not specific. A biliary radionuclide 
scan is not useful to demonstrate acalculous cholecystitis but may help 
rule it out by showing filling of the gallbladder. The most valuable tests 
are ultrasonography and CT.14 Findings of pericholecystic fluid (without 
ascites), intramural gas, or a sloughed mucosal membrane are virtually 
diagnostic. Unfortunately, not all patients have these findings.16-17 A thick-
walled gallbladder is suggestive, but that is a common finding in ICU 
patients with generalized edema. Percutaneous bile aspiration for culture 
has high false-positive and false-negative rates and is therefore not helpful.

It is our practice to operate on the patient if clinical suspicion is suffi-
ciently high and the patient deteriorates without other cause. We remove 
the gallbladder; if the gallbladder is normal, we place a cholecystostomy 
tube to prevent the condition from developing and obviate the need to 
drain the gallbladder again.19 Direct visualization of the gallbladder in 
the operating room is the only accurate diagnostic measure. This can 
be carried out under local anesthesia, but this approach seems pointless 
in the ventilated patient. In the patient considered too sick to undergo 
laparotomy, bedside ultrasound guided percutaneous transhepatic or 
transperitoneal drainage of the gallbladder may result in significant 
clinical improvement.19 The transhepatic route is preferred if ascites or 
bowel loops are in the way; a transperitoneal approach is more suitable 
for patients with coagulopathy. These patients should later undergo cho-
lecystectomy ideally before the drainage tube is removed.

■■ SECONDARY BACTERIAL PERITONITIS
This section covers the ICU management of patients with secondary 
bacterial peritonitis, defined as the presence of pus or gastrointestinal 
contents in the peritoneal cavity.20 This condition may be either localized 
(an abscess) or diffuse (generalized peritonitis). Patients with physical 
signs of peritoneal irritation due to localized gastrointestinal tract infec-
tions are discussed in Chap. 76.

Patients with secondary bacterial peritonitis requiring intensive 
care constitute a significant fraction of surgical ICU admissions and of 
patients with peritonitis. At our hospital, 107 of 300 patients with gener-
alized peritonitis or abdominal abscess required posttreatment ventila-
tory support, for an average of 10 days; their mean Acute Physiology and 
Chronic Health Evaluation [APACHE] II score was 19.21 The 193 patients 
who did not require ventilation had a mean APAHCE II score of 10. 
Patients requiring postoperative ventilatory support were severely ill and 
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had a 64% mortality rate, compared to patients not requiring such treat-
ment, of whom 11% died. The need for mechanical ventilation may be 
a marker of severity of illness, and poor prognosis. Source control is an 
important mainstay of treatment for patients with secondary peritonitis. 
There are a number of predictors for failure of source control, including 
delay in intervention, APACHE >15, increased age, organ dysfunction, 
poor nutritional status, extent of peritonitis, inadequate drainage or 
source control, and presence of malignancy.8

Pathophysiology and Treatment:  Generalized peritonitis is caused 
usually by bowel perforation or infarction. Occasionally, generalized 
bacterial peritonitis results from perforation of an infected gallblad-
der, infected pancreatic pseudocyst, or other rare disease. We shall 
restrict our attention in this chapter to the majority of cases that are 
due to gastrointestinal tract perforation.

Patients with generalized peritonitis become very ill because of the 
large surface area of the peritoneal cavity which permits massive fluid 
sequestration and rapid absorption of bacteria, endotoxin, and inflam-
matory mediators into the systemic circulation. The hemodynamic 
effects resemble those of a large body surface burn.

Treatment of this disease is well established.20-24 Following rapid fluid 
resuscitation and the initiation of antibiotic therapy, patients undergo 
abdominal exploration to close, resect, or externalize the perforation 
and remove contaminants and inflammatory exudates. Broad-spectrum 
antibiotics intended to eliminate residual bacteria target a broad spec-
trum of bacteria: gram-negative and gram-positive aerobic, facultative, 
and anaerobic bacilli and cocci.20,22 Single agents such as carbapenems 
and β-lactam/β-lactamases, and combinations such as third-generation 
cephalosporin or a quinolone plus an anti-anaerobe agent are appropri-
ate regimens. They face limitations of adverse effects, antibiotic resis-
tance in patients and patient populations, and in serving only as adjuncts 
to source control.22,23

The administration of broad-spectrum antibiotics may promote 
superinfections with fungi and Clostridium difficile, and the selection of 
multiple resistant microorganisms. Antibiotics should be discontinued as 
soon as an acute episode of abdominal infection has subsided, preferably 
after no more than 4 to 7 days.8,11-12 Longer course antibiotic therapy is 
not associated with improved outcomes; signs of persistent abdominal 
infection after a week of antibiotics should prompt a diagnostic search for 
drainable focus in the abdomen and a treatable infection extraperitone-
ally, not just added or different antibiotics. Nonspecific signs of infection, 
such as fever, should not prompt antibiotic therapy without an anatomical 
diagnosis and evidence-informed treatment plan. Nosocomial pneumo-
nia complicating intra-abdominal infection is highly lethal.21 The pos-
sible anatomic sites of bacterial infection appear in Table 113-3.

The mortality rate of generalized peritonitis is about 30%. Risk factors 
include age, preexisting disease, severity of physiologic derangement at 
the time of diagnosis, steroid dependency, and peritonitis occurring in 
the postoperative period.21 The cause of death is usually uncontrolled 
sepsis with multiple organ failure. Of our 107 ICU patients with perito-
nitis, 68 died, with abdominal infection the main cause in over half, and 
only 7 patients dying from a cause unrelated to infection.21

Enteral nutrition is an adjunct to therapy for the ICU patient intended 
to attenuate the metabolic response to stress, to prevent oxidative  
cellular injury, and to favorably modulate the immune response.25 
Enteral nutrition should consist of micro- and macronutrient delivery 
and glycemic control. Enteral nutrition is a strategy to decrease disease 
severity, complications, and decrease length of stay in the ICU.25

The Intensivist’s Role  The intensivist should support the patient’s vital func-
tions, manage complications, and anticipate indications for surgical 
reintervention. Close collaboration between the intensivist and the 
surgeon is essential. Supportive treatment includes hemodynamic, respi-
ratory, and nutritional support and antibiotics. Complications include 
adverse effects of both the underlying infection, comorbid conditions 
and interventions to treat them. Table 113-4 lists complications of surgi-
cal management.

These patients must be examined daily by the intensivist and the 
surgeon. First, dressings covering the abdomen should be removed 
and the wound examined. The skin incision is often packed open at 
operation to minimize the incidence of wound infection.26,27 Fascial 
dehiscence is most common on postoperative days 4 to 8 but may 
present at any time, heralded by drainage of serosanguineous fluid 
through the fascia or incision. Diagnosis is confirmed by wound 
examination including inspection for intra-abdominal contents. The 
presence of loops of bowel in the wound usually means impending 
evisceration. In some patients with particularly severe peritonitis, it is 
not technically possible to reapproximate the fascial edges at the end 
of the surgical procedure. The surgeon then sutures an artificial mesh 

  TABLE 113-3    Anatomic Sites of Bacterial Infection in Postoperative Patients

Intra-abdominal

  Peritoneal fluid

  Peritoneal fibrin

  Extraperitoneal tissues (eg, hepatic macrophages)

  Visceral abscess

  Within the gastrointestinal tract lumen (bacterial translocation, Clostridium difficile colitis)

  Infected prosthetic vascular graft

  Acalculous cholecystitis

Extra-abdominal

  Soft tissue infection

  Pneumonia

  Urosepsis

  Intravascular catheter infection

  Disseminated candidiasis

  TABLE 113-4    Postoperative Complications of Surgical Treatment of Peritonitis

Wound complications

  Wound infection

  Necrotizing soft tissue infection

  Fascial dehiscence/evisceration

Gastrointestinal tract complications

  Paralytic ileus

  Mechanical obstruction

  Enterocutaneous fistula

  Gastrointestinal bleeding

  Anastomotic disruption or perforation

  Ischemic bowel

  Antibiotic-associated colitis

Complications arising in the peritoneal cavity

  Abscess

  Recurrent peritonitis

  Hemorrhage

  Compartment syndrome

Miscellaneous

  Postoperative pancreatitis

  Septicemia

  Acalculous cholecystitis

  Extra-abdominal
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or other pliable material to the fascia or skin to prevent postoperative 
evisceration, and the wound is packed with saline-soaked gauze.28-30 
These patients are particularly at risk for the formation of enterocuta-
neous fistulae at the surface of their open wounds, and this complica-
tion is easily diagnosed by inspection.28 Tubes should be inspected to 
make sure that they have not been dislodged and are functioning as 
intended. For example, sump drains should be checked to make sure 
that the air inlet ports are not occluded.

Second, the intensivist must determine whether the gastrointestinal 
tract is functioning well enough for enteral feedings, difficult to deter-
mine in the sedated, ventilated patient, and it is frequently necessary 
to challenge the patient by starting tube feedings and simply checking 
the gastric residual volume every 4 hours. As discussed in Chap. 20, 
enteral feeding is preferred over parenteral feeding in this patient 
population, if technically feasible. Jejunal feeds are almost always tol-
erated, even in patients with severe peritonitis. Early enteral feeding 
may improve outcome.25 Enteral nutrition has not improved survival 
but has reduced infectious morbidity—specifically intra-abdominal 
abscess in trauma patients.25 Before starting enteral feeds, it is neces-
sary to ensure the bowel is in continuity. Occasionally surgeons may 
first perform a “damage control” operation and leave the bowel in dis-
continuity with the intent of doing another laparotomy for definitive 
repair in 24 to 72 hours.

Third, the intensivist must determine if the patient is septic and 
if the septic focus is intra-abdominal. The most common abdomi-
nal complication of peritonitis surgery is abscess formation, which 
occurred in 21 of the 107 peritonitis patients who required postopera-
tive ventilation in our series.21 It is often difficult to determine when 
a patient’s original septic response is abating and when a new septic 
response is being mounted. In general, if the patient is not improving 
steadily following surgery or if the patient begins to deteriorate in any 
way, a CT scan of the abdomen (with IV contrast, if possible) should 
be obtained to identify and localize a possible abscess (Fig. 113-3). 
However, it is usually not fruitful to scan the patient sooner than 5 
to 7 days after laparotomy. Patients in this early postoperative period 

frequently have multiple intra-abdominal fluid collections and free 
air that could be a result of the laparotomy. If the patient displays any 
signs of sepsis, such as fever or leukocytosis, despite being treated with 
antibiotics, another search for the fever is warranted.31 However, the 
intensivist must keep in mind there are many noninfectious causes for 
fever and leukocytosis in the ICU patient.31 The patient who is dete-
riorating in the first week following surgery for peritonitis and who 
is thought to have persistent or recurrent peritoneal infection usually 
requires repeat laparotomy for source control. Beyond this early phase, 
when abscesses are better formed and sterile collections have been 
resorbed, image-guided percutaneous drainage offers a safe and effec-
tive method to diagnose and control abscesses.
Open Abdomen Treatment  In certain circumstances, patients with peri-
tonitis require “open abdomen” treatment. The skin and fascia are 
not closed and evisceration is prevented by suturing an artificial 
mesh or other flexible soft material to the fascia or skin.28-30 These 
patients fall into two categories—patients whose fascia could not 
be closed for technical reasons but who are otherwise stable and 
patients whose peritonitis is so severe that in the surgeon’s opinion 
the abdomen should be left open to facilitate repeated laparotomies 
for peritoneal toilet. The latter group presents a major problem to the 
intensivist and the ICU nursing staff. These patients may undergo 
relaparotomy (through the mesh) every 1 to 3 days until the surgeon 
feels that the peritoneal cavity is sufficiently clean. Weaning from 
ventilatory support is almost always impossible until after the last 
scheduled relaparotomy. Furthermore, during this period of repeated 
laparotomies, large quantities of proteinaceous fluids are lost through 
the open abdominal wound, and the patients may therefore require 
support with aggressive nutrition.25

■■ VISCERAL ABSCESS
Pyogenic liver abscess is an uncommon condition in the ICU, occur-
ring in a wide variety of scenarios and caused by microbial pathogens 
borne by portal or systemic blood, bile, direct inoculation, or contiguous 
spread (Table 113-5). At least 20% to 30% are cryptogenic.32

Hepatic abscess presents usually with signs of infection, right upper 
quadrant pain, and occasionally an enlarged liver. Liver function test 
results are frequently abnormal. The diagnosis is confirmed by CT or 
ultrasound examination (Fig. 113-3).

The preferred treatment of hepatic abscess is percutaneous drainage 
for large abscesses.32,33 An antibiotic regimen similar to that for patients 
with peritonitis is administered empirically until culture results are 
available, then targeted to cultured pathogens and continued until clini-
cal resolution. Antibiotics alone may resolve multiple small abscesses, 
usually secondary to cholangitis, after bile duct drainage has been 
established, or hematogenous spread such as secondary to bacterial 
endocarditis.

Splenic abscess is uncommon. It may be due to trauma, direct exten-
sion of a septic process such as pancreatic abscess, infection of a splenic 
infarct or hematoma, or bacteremia. These patients present with left 
upper quadrant abdominal pain, left pleural effusion, or sepsis of 
unknown etiology, and the diagnosis is established by CT or ultrasound 
examination of the abdomen. Treatment is splenectomy or percutaneous 
drainage.34

  TABLE 113-5    Etiology of Hepatic Abscess

Trauma

Perihepatic sepsis

Systemic bacteremia

Portal bacteremia

Cholangitis

Cryptogenic

FIGURE 113-3.  CT scan demonstrates large pyogenic liver abscess. The patient underwent  
damage control laparotomy for liver trauma. He began spiking fevers POD 5 at which time this  
CT scan was obtained. The abscess was drained percutaneously and the patient was placed 
on IV antibiotics.
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  TABLE 113-6    Occult Sources of Intra-abdominal Sepsis

Acalculous cholecystitis

Small intra-abdominal abscess(es)

Ischemic bowel—short segment

Tertiary peritonitis

FIGURE 113-4.  CT scan demonstrates massive amount of free fluid of multiple densities 
suggesting blood and feces. This malnourished patient developed septic shock 14 days after 
reversal of a Hartman procedure. The anastamosis had broken down and the patient was brought 
urgently back to the operating room for a laparotomy following initial resuscitation in the ICU.

A postoperative intra-abdominal hematoma usually resolves, but may 
become infected and become an abscess, a consideration when look-
ing for a source of infection, especially in patients with coagulopathy. 
Reoperation is sometimes needed but percutaneous drainage of an 
infected hematoma may be a reasonable option.

THE ABDOMEN AS AN OCCULT SOURCE OF SEPSIS
A frequent clinical problem in the ICU is the patient with sepsis, mul-
tiple organ failure, or both, with no obvious etiology.31 Line sepsis, soft 
tissue infection, foreign body infection, Candida fungemia, endocardi-
tis, pneumonia, pseudomembranous colitis, and urosepsis can often be 
ruled out. Attention then focuses on the abdomen even if the patient 
had no known preexisting gastrointestinal pathologic condition. A CT  
scan of the abdomen is an excellent screening test but a negative  
CT scan or ultrasound may not rule out peritoneal infection absolutely 
(see Fig. 113-4).

Causes of occult abdominal infection, shown in Table 113-6, 
include acute acalculous cholecystitis, described above. Multiple intra-
abdominal abscesses, too small to be seen by CT or ultrasound, may 
hide between bowel loops (interloop abscesses) and be diagnosed only 
by abdominal exploration prompted by clinical suspicion and exclu-
sion of other causes of sepsis. A short segment of ischemic or necrotic 
bowel may be difficult to detect on imaging. If the segment is in the 
small bowel, the patient will usually have a clinical picture of mechani-
cal small bowel obstruction, but if the segment is in the left colon, the 
patient may have no obvious symptom or sign. Colonoscopy is a useful 
diagnostic adjunct.

Experimental evidence suggests that the gastrointestinal tract itself 
is a source of systemic endotoxemia or bacteremia in some ICU 
patients.35,36 Critical illness may increase permeability of the gut mucosa 
with resulting bacterial translocation, and portal bacteremia. Broad-
spectrum antibiotics and inhibitors of gastric acid may promote the 
growth of microbial opportunistic pathogens not usually associated with 
the gastrointestinal tract, such as Staphylococcus epidermidis, Candida 

species, and Clostridium difficile. As a result, tertiary peritonitis may 
require stopping unnecessary antibiotics and initiating enteral feeds 
if possible. Food in the gut lumen stimulates mucosal growth, which 
preserves mucosal integrity.35 Some evidence favors the use of probiotic 
medications in this population of patients.25

When attempts to determine a cause for a patient’s septic state have 
failed, the intensivist is often tempted to recommend laparotomy 
as a diagnostic tool. Some have advocated the use of minilaparos-
copy in the ICU for diagnosis, but this is rarely useful.2 Laparotomy 
without clinical or laboratory findings pointing to a specific etiology 
or location of infection is rarely helpful in preventing death.37 And 
once multiple organ failure is far advanced, even definitive treatment  
of an intra-abdominal source rarely succeeds in reversing this lethal 
syndrome.38-40
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although a case has been made to instead approximate the mean IAP 
by accounting for the impact of ventilation.10 Erroneous values can 
be obtained in the presence of abdominal muscle contraction, active 
expiration (common in ventilated patients, especially those with airflow 
obstruction),11 bladder pathology, or if the bladder contains more than 
its unstressed volume. With careful attention to methodology, interrater 
reliability is quite good.12 Methods for measuring IAP continuously have 
been described, relying on specialized bladder or gastric devices.13

Normally, IAP is roughly 0 mm Hg; however, pressures may be 
slightly higher in the obese.14 During critical illness, IAP is often 
mildly increased to 5 to 7 mm Hg due to volume resuscitation, posi-
tive pressure ventilation, fluid redistribution, or recent abdominal 
surgery.3 IAH is defined as sustained or repeated elevations of IAP of 
at least 12 mm Hg and graded by severity: Grade I (IAP 12-15 mm Hg),  
Grade II (IAP 16-20 mm Hg), Grade III (IAP 21-25 mm Hg), and Grade IV 
(IAP >25 mm Hg). Grade III or IV IAH with concurrent organ dysfunc-
tion defines ACS, which is classified as primary (when due to injuries 
or disease in the abdomen or pelvis such as acute pancreatitis, retroperi-
toneal hemorrhage, or abdominal trauma) and secondary, when associ-
ated with systemic inflammation from a nonabdominal cause, such as 
sepsis. A single, isolated measure of IAP greater than 20 mm Hg is not 
necessarily diagnostic of ACS, and serial measurements demonstrat-
ing sustained or repeated elevations are required for the diagnosis.3,15 
Recurrent IAH or ACS describes the redevelopment of IAH or ACS after 
treatment of the initial primary or secondary episode of IAH or ACS.

PATHOPHYSIOLOGY
In health, the volume of abdominal contents is less than the unstressed 
volume of the abdominal cavity, so that IAP merely reflects atmospheric 
pressure. IAH results when the contents (normal structures plus edema, 
hematoma, ascites, gas, feces, fat, tumor, intravascular blood, etc) exceed 
the unstressed volume. Beyond this point, IAP rises in inverse relation-
ship to the abdominal compliance. Conditions that increase compliance 
of the abdominal wall such as obesity, prior pregnancy, and cirrhosis 
appear to protect against ACS, whereas inflexible scars or burns increase 
the risk.16,17 IAP can also be raised by extra-abdominal factors, such as 
retroperitoneal or pelvic hemorrhage, prone position,18-20 and the effects 
of ventilation and positive end-expiratory pressure (PEEP),21,22 which all 
reduce the unstressed volume of the abdomen.

Rising abdominal pressure has effects within and beyond the perito-
neal contents. Since the driving pressure for visceral blood flow is the dif-
ference between arterial pressure and IAP, organ function is threatened 
as IAP rises.23-27 This effect is amplified by decreased cardiac output, 
hemorrhage, and hypovolemia.28 Thus, the abdominal perfusion pressure 
(APP; mean arterial pressure minus IAP) has been proposed as a superior 
measure of visceral perfusion, with a goal APP of 60 mm Hg,29 but this 
has not yet been widely adopted. With IAH, gut mucosal blood flow is 
impaired as a function of both pressure and duration. When pressure is 
sufficiently high, intestinal permeability increases, translocation is facili-
tated, mitochondria are damaged, and the mucosa becomes necrotic.30,31 
A vicious cycle ensues in which IAH produces gut dysfunction, leading 
to more edema and inflammation, causing IAP to rise further. Direct 
compression of mesenteric veins increases venous pressure, promoting 
visceral edema and further increases in IAP that decrease gut perfusion.32

■■ RENAL EFFECTS
One of the hallmarks, and often the earliest sign, of ACS is oliguric 
acute kidney injury. IAH directly compresses the renal veins, increasing 
venous resistance and lowering glomerular filtration rate.27,33,34 Direct 
pressure on the renal parenchyma may also play a role, as may ureteral 
compression at the renal pelvis. Further, because ACS depresses cardiac 
output, global and renal perfusion fall. Activation of the sympathetic 
nervous system and renin-angiotensin may compound the impact on 
the kidneys. Finally, the rise in central venous pressure (CVP) typi-
cally seen in ACS causes back pressure and reduced renal perfusion in 

Abdominal Compartment 
Syndrome
Adam Schlichting
Gregory A. Schmidt
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C H A P T E R

DEFINITION AND DIAGNOSIS
Compartment syndrome occurs when tissue pressure within a  
confined compartment threatens perfusion within and through 
the compartment. Compartment syndrome can be seen in upper and 
lower extremities, where there are multiple fascial compartments, as 
well as the abdomen. Abdominal compartment syndrome (ACS) was 
first described in 1863 by the French surgeon Etienne-Jules Marey, who 
described the relationship between respiratory function and intra-abdominal 
pressure.1 The abdominal compartment is delineated by the pelvis, lum-
bar spine, abdominal musculature and soft tissues, diaphragm, and ribs. 
As described further below, ACS is defined by the World Congress on 
Abdominal Compartment Syndrome as sustained intra-abdominal hyper-
tension (above 20 mm Hg; IAH) with attendant organ dysfunction.2,3

The diagnosis of ACS should be considered in any patient with a 
tense or distended abdomen who also has hemodynamic instability, a 
falling urine output, mental status changes, progressive organ failure, or 
lactic acidosis. Development of ACS during ICU stay is an independent 
predictor of mortality, with high mortality in established ACS.4 Failure 
to recognize that IAH can occur without abdominal distension, or that 
multiorgan failure is a manifestation of ACS, is a potentially lethal error.

Paramount to defining IAH or ACS is how intra-abdominal pressure 
(IAP) is measured. Clinical examination has been shown to be inac-
curate at indicating increased IAP.5,6 Although there are clues to IAH on 
abdominal CT, definitive diagnosis requires estimation of IAP.7 Several 
techniques have been described,8,9 but the most widely adopted method 
is to transduce the bladder pressure, a simple, safe, and inexpensive 
procedure.3,9 The patient should be supine and the bladder catheter 
connected to a pressure transducer zeroed at the level of the superior 
iliac crest in the midaxillary line.2 The catheter is instilled with 25 mL 
of sterile saline and the detrusor muscle is allowed to relax for 30 to 
60 seconds. IAP is estimated as the bladder pressure at end expiration, 

KEY POINTS

•• Abdominal compartment syndrome (ACS) is caused by an acute 
increase in intra-abdominal pressure resulting from a number of 
medical and surgical conditions.

•• Abdominal compartment syndrome and intra-abdominal hyper-
tension are often unrecognized causes of organ dysfunction in 
critically ill patients.

•• The reference standard for measurement of intra-abdominal  
pressure is via bladder catheter using a standardized protocol.

•• Primary ACS results from direct, abdominopelvic pathology, 
whereas secondary ACS does not.

•• By elevating the diaphragm and decreasing respiratory system  
compliance, ACS causes a restrictive respiratory defect. However, 
ACS affects a number of other organs, especially the kidneys, and 
may cause multiorgan system failure.

•• Diagnosis relies on maintaining a high degree of clinical sus-
picion, measurement of intra-abdominal bladder pressure, and 
identification of organ dysfunction.

•• The abdomen should be decompressed before critical organ  
dysfunction develops.

•• Failure to recognize and treat ACS portends a poor prognosis.
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a manner similar to the cardiorenal syndrome of acute decompensated 
heart failure.35 In fact, the kidneys are particularly susceptible to IAH, 
often suffering at levels of IAP (10-15 mm Hg) that do not cause other 
organ failures. In cases of acute renal failure secondary to ACS, prompt 
reduction in IAP often results in rapid improvement in urine output 
and GFR.36-38 In addition to direct hemodynamic effects, injury may 
be mediated through primed neutrophils, endothelial cells, and macro-
phages and by elaborating proinflammatory cytokines in the systemic 
circulation.39 These humoral mechanisms may also explain other extra-
abdominal effects, such as those on the pulmonary circulation and 
intracranial pressure.

■■ CARDIOVASCULAR EFFECTS
Elevation of the diaphragm by ACS raises pleural and juxtacardiac pres-
sure, limiting right heart filling. At the same time, direct compression 
of the vena cava also impedes blood return to the heart, so that preload 
and cardiac output are greatly reduced.24,34,40 Although preload is low, 
right atrial and pulmonary artery occlusion pressures are often elevated 
because the juxtacardiac pressures are high. Thus, ACS is one of the 
causes of diastolic dysfunction. In addition, ACS raises left ventricular 
afterload, further depressing stroke volume.41 Hypotension is common 
in ACS, though blood pressure may not fall if sustained by systemic 
vasoconstriction. In normovolemia, mild increases in IAP to 15 mm Hg 
centralize blood, raising CVP and left ventricular end-diastolic pres-
sure; greater IAP impedes cardiac filling.40 Fluid loading may succeed in 
boosting cardiac output,42 although the rise in central venous pressures 
and creation of even greater abdominal hypertension may lead to a net 
negative effect on abdominal organ perfusion.

IAH has been reported to produce false-negative results when using 
passive leg raising to predict fluid responsiveness.43 Presumably this 
reflects the fact that leg raising normally augments flow from the legs 
and splanchnic circulation through the vena cava, but this is impaired 
in ACS.

■■ PULMONARY EFFECTS
As IAP rises, cephalad displacement of the diaphragm compresses the 
thorax, reducing functional residual capacity, increasing the work of 
breathing, and causing atelectasis, ventilation/perfusion inequality, shunt, 
and a rise in dead space.26 In spontaneously breathing patients, IAH pro-
duces rapid, shallow breathing, hypoxemia, hypercapnia, and ventilatory 
failure.42 In mechanically ventilated patients, both peak and plateau  
pressures are elevated (with volume-preset modes) or tidal volumes fall 
(with pressure-preset modes). Pulmonary edema is also seen, in part 
due to systemic inflammation. In a group of burn patients undergoing 
decompressive laparotomy for ACS, relief of the abdominal pressure 
led to prompt improvement in peak airway pressures, static respiratory  
system compliance, ratio of PaO2 to FiO2, and airway resistance.44

■■ CENTRAL NERVOUS SYSTEM EFFECTS
There is a strong association between IAH and increased intracranial 
pressure, largely mediated by the effects of intra-abdominal pressure on 
central venous pressure.45,46 In addition, intracranial hypertension may 
rely on nonhemodynamic mechanisms in some patients, and systemic 
inflammation may also play a role in central nervous system dysfunc-
tion. When systemic hypotension and increased intracranial pressure 
combine to decrease cerebral perfusion pressure, brain function may be 
critically compromised.

■■ CLINICAL MANIFESTATIONS
ACS presents in myriad ways and affects multiple organ systems,  
making it difficult to detect on a background of sepsis, polytrauma, or 
systemic inflammation. Many of the signs can be predicted based on the 
pathophysiology described above and are summarized in Table  114-1.  
Foremost among these are oliguria, shock, and falling respiratory  
system compliance. Recalling that the inspiratory rise in pleural pressure 

depends largely on the chest wall compliance (for passively ventilated 
patients; see Chap. 48), an additional clue to IAH is a larger than normal 
rise in central venous (similarly pulmonary artery, pulmonary artery 
occlusion, and esophageal) pressure during inspiration (see Fig. 114-1).47

EPIDEMIOLOGY
While ACS has long been described in trauma patients, particularly 
those receiving large volumes of resuscitation,48-51 all ICU patients can 
develop ACS. For example, in a mixed ICU population, approximately 
35% of ventilated patients develop IAH or ACS, and approximately 65% 
of those are primary.52,53

ACS is now recognized as a significant cause of severe organ dys-
function and an independent predictor of mortality.4,52 Secondary ACS  
portends a worse outcome than primary cases. Some of the causes of 
ACS are listed in Table 114-2.

TREATMENT
Traditionally, decompressive laparotomy has been the treatment of 
choice in patients with primary IAH or ACS; however, patients with 
secondary IAH or ACS are often considered poor surgical candidates.52 
Secondary IAH and ACS are caused by heterogeneous pathology, so mul-
tiple therapies can be considered; however, few have been shown in large 
trials to demonstrate consistent benefit in lowering IAP. Nonsurgical 
therapies for IAH or ACS are often condition specific: patients with 
tense ascites may benefit from paracentesis,50,54 ultrafiltration,38,55,56 or 
aggressive diuresis; those with gastric or colonic distention may benefit 
from gastric or colonic decompression57,58 or limiting enteric feeding.

Two nonsurgical treatments deserve special mention. First, a subset 
of ACS is iatrogenic, provoked by exuberant fluid resuscitation.59 It is 
increasingly clear that many critically ill patients in shock do not respond 
to fluid administration60; in these patients, fluids cannot help and may 
cause harm, in part by contributing to IAH. Dynamic predictors of 
fluid responsiveness (but not passive leg raising as discussed above) are 
superior to central venous and pulmonary artery occlusion pressures 
and may help reduce the burden of ineffective fluid therapy. Secondly, 
paracentesis may be more effective than previously recognized. Large-
volume paracentesis for ascites secondary to decompensated heart 
failure both reduces IAP and improves renal function.56 In a series of  
31 patients with free intraperitoneal blood or fluid, paracentesis 

  TABLE 114-1   � Signs Suggestive of Intra-abdominal Hypertension and Abdominal 
Compartment Syndrome, Unexplained by Other Causes

Cardiovascular

  Low cardiac output

  Hypotension

  Elevated CVP

  Exaggerated rise in CVP during inspiration

Pulmonary

  Respiratory failure

  Reduced respiratory system compliance

  Falling tidal volume (in pressure preset modes)

  Increased peak and plateau pressure (in volume preset modes)

Renal

  Oliguric acute kidney injury

Neurologic

  Intracranial hypertension

Metabolic

  Lactic acidosis
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FIGURE 114-1.  CVP waveform in a patient on mechanical ventilation with marked ACS. Red arrows denote duration of inspiration, blue arrows denote duration of expiration. Note the 
exaggerated rise in CVP during inspiration. CVP is therefore a poor guide to resuscitation during IAH.47 Used with permission of Gregory A. Schmidt.

  TABLE 114-2   � Risk Factors for Intra-abdominal Hypertension and Abdominal 
Compartment Syndrome

Reduced abdominal wall compliance

  Abdominal surgery

  Central obesity

  Circumferential burn eschars

  Mesh closure of surgical sites

  Prone positioning

  Tight dressings

  Trauma

Increased intra-abdominal contents

  Abscess

  Ascites

  Contained aortic aneurysm rupture

  Cyst formation or rupture

  Hemoperitoneum

  Intra-abdominal surgical packing

  Laparoscopic insufflation

  Pancreatitis

  Peritoneal dialysis

  Pneumoperitoneum

  Pregnancy

  Sepsis

  Tumor

succeeded in reducing IAP and peak airway pressure, while raising 
abdominal perfusion pressure.61 Paracentesis was judged to have pre-
vented laparotomy in 81% of those treated. Inability to drain at least 
1000 mL and lower the IAP by at least 9 mm Hg was associated with 

  TABLE 114-2   � Risk Factors for Intra-abdominal Hypertension and Abdominal 
Compartment Syndrome

Increased intraluminal contents

  Colonic obstruction or pseudoobstruction

  Gastric distention

  Gastroparesis

  Ileus

  Small bowel obstruction

  Volvulus

Third space expansion, capillary leak, and other

  Acidosis

  Acute pancreatitis

  Massive transfusion

  Massive volume resuscitation

  Mechanical ventilation with PEEP

  Sepsis
Data from Kirkpatrick AW, Roberts DJ, De Waele J, et al. Intra-abdominal hypertension and the abdominal 
compartment syndrome: updated consensus definitions and clinical practice guidelines from the World 
Society of the Abdominal Compartment Syndrome. Intensive Care Med. 2013 Jul;39(7):1190-1206.

failure. In a series of trauma patients, a diagnostic peritoneal lavage 
catheter drained an average of 2.2 L, lowering IAP and plateau airway 
pressure.62 These studies suggest that all patients with ACS should be 
examined with ultrasound to detect and localize free abdominal fluid. 
Nonsurgical treatments for ACS are summarized in Table 114-3.

The specifics of ventilator management can impact IAP. Elevation 
of the head of the bed greater than 20° significantly increases IAP and 
decreases APP.63-65 Prone positioning for acute respiratory distress syn-
drome (ARDS) also increases IAP, but only modestly18-20 and no studies 
have specifically examined prone positioning for ARDS and concomi-
tant ACS. Tidal volumes should be small so as to compress the abdomen 
as little as possible. It is difficult to give simple guidelines with regard to 
PEEP because of conflicting study results and competing influences on 
circulatory function, lung protection, and IAP.21,22,66,67 Matching PEEP 

(Continued)
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  TABLE 114-3   � Nonsurgical Therapeutic Options for Treatment of Intra-
abdominal Hypertension and Abdominal Compartment Syndrome

Improve abdominal wall compliance

  Remove abdominal binders

  Adequate analgesia and sedation

  Neuromuscular blockade

  Reduce elevation of head of bed to <30°

Evacuate intraluminal contents

  Gastric decompression

  Colonic decompression

  Promotility agents

Evacuate abdominal fluid collections

  Paracentesis

  Percutaneous drainage

Correct positive fluid balance

  Avoid excessive volume resuscitation

  Diuretic administration

  Renal replacement therapy with ultrafiltration

Other organ support

  Goal-directed volume resuscitation

  Low-tidal-volume mechanical ventilation
Adapted with permission from Kirkpatrick AW, Roberts DJ, De Waele J, et al. Intra-abdominal hypertension and 
the abdominal compartment syndrome: updated consensus definitions and clinical practice guidelines from 
the World Society of the Abdominal Compartment Syndrome. Intensive Care Med. July 2013;39(7):1190-1206.

to IAP may improve oxygenation in concomitant ARDS and ACS68 and 
also lowers left ventricular afterload.41

Following implementation of nonsurgical therapies for IAH and 
ACS, close monitoring of IAP, airway pressures, hemodynamics, renal 
function, and intracranial pressure is indicated to reduce the risk of 
multiorgan failure. Failure to reduce IAP or improve organ function 
with nonsurgical therapies may require prompt surgical decompression.
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C H A P T E R

KEY POINTS

•• Advancements in immunosuppression, transplant techniques, 
antimicrobials, postoperative management and support, bridging 
techniques, and extracorporeal life support have had an enormous 
impact on morbidity and mortality of transplant recipients over 
the past few decades.

•• Although some generalizations can be made regarding the manage-
ment of transplant patients, organ-specific considerations based on 
the particular allograft transplanted are critically important.

•• Infections can reactivate in an immunocompromised recipient who 
has been previously exposed. Alternatively, a naïve recipient may 
acquire an infection following the transplant of an organ from a sero-
positive donor. Infections in transplant recipients can progress rapidly 
and hence must be promptly recognized and appropriately treated.

•• Risks and benefits of sustained immunosuppressive therapy must 
be balanced in transplant recipients. Though immunosuppressive 
drugs are essential to prevent allograft rejection, they also increase 
the risk of infection and neoplasm.

•• Immunosuppressive drugs have significant side effects and many 
have important drug-drug interactions that must be recognized by 
the intensivist.

INTRODUCTION
Organ transplantation has become a cornerstone in the management 
of end-stage organ dysfunction. Since the 1960s, important scien-
tific advances have greatly improved our understanding of transplant 
immunology. Innovations in transplant techniques have allowed for a 
remarkable change in survival of this population. Immunosuppressive 
and antimicrobial therapies have markedly decreased the incidence and 
severity of allograft rejection and overwhelming infection.

In the early decades of transplant, all forms of organ transplantation 
necessitated intensive postoperative monitoring; however, in recent 
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years, some organ transplants (eg, kidney and pancreas) no longer 
require routine postoperative admission and monitoring in an inten-
sive care unit. Lung, liver, and heart transplantation, however, remain 
challenging from a surgical and anesthesia perspective with risk for 
hemodynamic and respiratory complications intraoperatively and in the 
perioperative period. Their long-term outcome depends on the imme-
diate postoperative management in the intensive care unit and recent 
advances in survival have been directly due to improvements in early 
postoperative care.

Given the burden of immunosuppression that these patients face 
throughout their posttransplant lives, they are at increased risk of 
developing severe standard and opportunistic infections prompting 
admission to an intensive care unit. Their lives are further complicated 
by acute and chronic rejection that could necessitate intensive care sup-
port. Knowledge of unique presentations of common illnesses or unique 
illnesses that present with common clinical syndromes is imperative for 
the early recognition and timely initiation of appropriate treatment. The 
consequences of missing rejection or infection include death, or graft 
failure and return of the patient back to a state characterized by the 
sequelae of end-organ dysfunction.

This chapter focuses on the indications, outcomes, postoperative 
management, and postoperative complications of lung, liver, and heart 
transplant. For the transplant intensivist, optimization of the postop-
erative care and knowledge of the potential complications are necessary 
to enhance outcome. For the nontransplant intensivist, knowledge of 
indications for transplant, supportive care, and optimization of function  
prior to transplant is important. An understanding of bridging tech-
niques and having an approach to the management of immunosup-
pressed transplant patients and their unique presentations are imperative 
to optimizing their care and long-term outcome.

IMMUNOSUPPRESSION
To avoid rejection of the allograft by the recipient’s immune system, 
therapy with immunosuppressive agents is required. More than one 
agent is employed to allow for the targeting of different immunologic 
effector pathways (Fig. 115-1). Multiple advances in immunology have 
led to the creation of a variety immunosuppressive agents allowing for 
different combinations to achieve a desired level of immunosuppression. 

Therefore, each center has specific transplant protocols. However, as 
a consequence of the resultant modulation of the immune system’s  
surveillance and response functions, the transplant recipient is placed at 
risk of developing infections and neoplasms.

Immunosuppressive therapy can be divided into three phases: induc-
tion, maintenance, and the treatment of acute rejection. The induction 
phase commences in the immediate postoperative period and involves 
intense immunosuppression that is usually continued for 2 to 4 weeks. 
Although the regimens used at different centers vary, most typically 
include the use of systemic corticosteroids in conjunction with a calci-
neurin inhibitor and a proliferation inhibitor (see below).1 These agents 
may be started intravenously, but are switched to oral formulations to 
minimize toxicity once the patient is tolerating and absorbing enteral 
medications and feeds. To avoid some of the renal toxicity associated 
with the calcineurin inhibitors, antithymocyte immunoglobulin or anti–
interleukin-2-receptor antibodies (IL-2R Abs) may be substituted in the 
early postoperative period.

The maintenance phase follows the induction period and is heralded 
by a reduction in the intensity of immunosuppression. Typically the 
maintenance phase incorporates components of the planned regimen 
that will be used to suppress the immune response to the allograft and 
thus prevent rejection over a more prolonged period. Most patients will 
be maintained on either oral prednisone and cyclosporine or tacroli-
mus, although it appears that in some patients receiving tacrolimus for 
maintenance the steroid component may be discontinued completely.2 
Azathioprine or mycophenolate mofetil is often used during the main-
tenance phase to permit dose reduction of the other immunosuppressive 
drugs in order to minimize side effects.

The remaining phase of immunosuppressive therapy is not planned 
but it is anticipated and involves the treatment of acute rejection. Despite 
improvements that have been made in immunosuppressive strategies, 
episodes of acute rejection still commonly occur in the postoperative 
period, typically between 1 week and 1 year following the operation. 
Early recognition and prompt treatment of acute rejection is essential 
if long-term graft function is to be preserved. Treatment involves an 
intensification of the immunosuppressive regimen, which is usually 
accomplished through the use of high-dose steroids, short courses of 
antithymocyte globulin, and increased doses of the other immunosup-
pressive therapies.

T cells

IL-1

Antigen Cytokines

IL-2R Abs

IL-2

IL-2

Cytokines

Steroids

Antibodies

Steroids

Calcineurin
inhibitors

NK cells, PMNs,
LAK cells, cytokines

Allograft

T cell
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FIGURE 115-1.  Sites of action of important immunosuppressive agents used to prevent allograft rejection in transplant recipients (see text for explanation). IL-1, interleukin-1; IL-2, interleukin-2;  
IL-2R Abs, anti–interleukin-2-receptor antibodies; LAK cells, lymphokine-activated killer cells; MMF, mycophenolate mofetil; NK cells, natural killer cells; PMNs, polymorphonuclear neutrophils.
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■■ CALCINEURIN INHIBITORS AND RELATED COMPOUNDS 
(CYCLOSPORINE, TACROLIMUS, AND SIROLIMUS)

The introduction of cyclosporine was one of the most revolutionary 
events in the field of transplant medicine,3 and the drug remains an 
important component of immunosuppressive regimens used by many 
institutions. In recent decades, some centers have switched to tacroli-
mus, which has surpassed cyclosporine in certain centers as the agent 
of choice given evidence of greater efficacy in certain organ trans-
plants. Sirolimus, a newer immunosuppressive, is generally not used as 
commonly given its side-effect profile. All three agents provide effective 
inhibition of T-cell activation by interfering with a receptor on T cells 
that involves a calcium-dependent signal transduction pathway.

Cyclosporine binds to intracellular cyclophilin, and this complex 
interacts with calcineurin. Calcineurin is crucial for normal lympho-
kine gene activation, and its inhibition by cyclosporine consequently 
interferes with the production of interleukins-2, -3, and -4 (IL-2, IL-3, 
and IL-4), tumor necrosis factor-α (TNF-α), and other important 
mediators of inflammation. In turn, specific and potent inhibition of 
T-cell activation (especially CD4 cells) is achieved. The most frequently 
encountered problem is nephrotoxicity, and in many patients cyclospo-
rine causes a rise in serum creatinine level and a reduction of glomerular 
filtration rate (GFR). The mechanism of this toxicity is felt to be related 
to vasoconstriction of the afferent glomerular arteriole.3 Neurologic 
complications may be encountered in up to 20% of patients, and 
include tremor, paresthesias, headache, confusion, seizures, and even 
coma. Other complications include hypertension (which often requires 
treatment), hyperkalemia, tremor, hirsutism, gingival hyperplasia, and  
glucose intolerance. Cyclosporine is metabolized by cytochrome P450-3A4 
(CYP450-3A4) enzymes. Therefore inhibitors of cytochrome P450 (eg, 
erythromycin, fluconazole, diltiazem, and verapamil) will increase 
serum cyclosporine levels, whereas inducers of these enzymes (eg, 
phenobarbital, phenytoin, rifampin, and trimethoprim) will decrease 
the serum levels. Previously, trough drug concentrations were used to 
guide therapy. However, more recent recommendations have focused 
on the use of peak cyclosporine levels to monitor the adequacy of 
immunosuppression.4 Ideally the dose of cyclosporine should be 
titrated using a biological assay or an assessment of the downstream 
effect of the drug on immune effector function. Such assays are under 
investigation.

Tacrolimus (formerly FK506) is a macrolide antibiotic with powerful 
immunosuppressive properties. Its mechanism of action is similar to 
cyclosporine, but with enhanced potency. Tacrolimus binds to a recep-
tor known as FK-binding protein (FKBP), and suppresses calcineurin-
dependent T-cell signaling.5 Two controlled trials comparing tacrolimus 
to cyclosporine in liver transplant recipients demonstrated that tacroli-
mus reduces the incidence of acute rejection, refractory rejection, and 
chronic rejection6,7 with similar patient and graft survival. However, the 
drug has important toxicities. As with cyclosporine, nephrotoxicity is  
the most troublesome side effect. Important neurotoxicity (seizures, 
tremor, psychoses, posterior reversible encephalopathy syndrome, and 
coma) may also occur with its use. Both tacrolimus and cyclosporine 
decrease insulin secretion and can lead to hyperglycemia.8,9 Interestingly, 
however, in renal transplant recipients who were converted from cyclo-
sporine to tacrolimus, there was an improvement in other cardiovascular 
risk factors such as blood pressure and lipid profile.10 The gingival 
hyperplasia and hirsutism commonly seen with cyclosporine do not 
occur with tacrolimus. Tacrolimus is also metabolized by CYP450-2A4 
enzymes, and the clinician must be cognizant of the effects other drugs 
will have on its metabolism.

Sirolimus (rapamycin) is a drug related to tacrolimus that binds to 
FKBP. However, in contrast to tacrolimus it does not interfere with cal-
cineurin activity and consequently does not interfere with the activation 
of cytokine genes. Its main effects are the inhibition of IL-2 produc-
tion and the suppression of T-cell proliferation. Side effects include 
thrombocytopenia, hypercholesterolemia, and hypertriglyceridemia. 
Compared to cyclosporine and tacrolimus, the drug does not appear to 

have the same potential to cause renal failure. However, sirolimus has 
been associated with an increased risk of hepatic artery thrombosis and 
subsequent allograft loss11 in liver transplant recipients. There have also 
been reports of interstitial pneumonitis associated with sirolimus.12-15 
Sirolimus is not recommended in the early postoperative period fol-
lowing lung transplantation, as it has been associated with bronchial 
anastomotic dehiscence.16,17

■■ PROLIFERATION INHIBITORS (AZATHIOPRINE,  
MYCOPHENOLATE MOFETIL)

The proliferation inhibitors block DNA and RNA synthesis by interfer-
ing with normal purine metabolism. Since lymphocytes are unable to 
salvage purine as efficiently as most other cells, these drugs effectively 
inhibit lymphocyte proliferation and clonal expansion of lymphocytes.

Azathioprine is a purine analogue that is converted in the liver to 
6-mercaptopurine and compromises synthesis of DNA and RNA. Its 
most important side effect is marrow suppression, which may result in a 
profound leukopenia. Other important toxicities include hepatotoxicity 
and rarely fulminant hepatic failure, acute pancreatitis, skin malignan-
cies, and increased susceptibility to infections.

Mycophenolate mofetil (MMF) interferes with purine metabolism 
as a reversible inhibitor of inosine monophosphate dehydrogenase. It 
also blocks clonal expansion of T lymphocytes. Important side effects 
of MMF include marrow depression (especially leukopenia and throm-
bocytopenia) and diarrhea. Less common problems include esophagitis, 
gastritis, and gastrointestinal bleeding. MMF may have an advantage 
over azathioprine in preventing acute rejection.18

Both azathioprine and MMF are now used predominantly as an 
adjunct to corticosteroid therapy in the maintenance phase of immu-
nosuppression. The major advantage of these drugs is that their use will 
often enable the doses of corticosteroids and even of the calcineurin 
inhibitor to be reduced, thus avoiding some of the potential dose-related 
toxicity associated with these other agents.

■■ ANTILYMPHOCYTE ANTIBODIES
Antibodies directed against lymphocytes were first introduced as an 
immunosuppressive therapy as antilymphocyte globulin (ALG). This 
therapeutic agent was created by immunizing animals with human lym-
phocytes and subsequently purifying the antibody-containing globulin 
fraction. ALG is very effective at depleting lymphocytes in the peripheral 
circulation, and quickly became an important component of regimens 
used for induction of immunosuppression and for the treatment of 
acute rejection. However, it was subsequently largely replaced by OKT3, 
a murine monoclonal preparation directed against T lymphocytes,  
which could be used in much smaller doses because of its increased 
purity. OKT3 binds to the CD3-ε chain present on all human T cells, and 
causes a rapid clearance of peripheral T cells. Interestingly, it initially 
causes activation of T cells and the subsequent release of several lympho-
kines, including IL-2, IL-6, γ-interferon, and TNF. Rabbit antithymocyte 
globulin and to a lesser extent equine antithymocyte globulin are cur-
rently the antilymphocyte antibody preparations used most frequently 
by most centers.1

The antilymphocyte preparations are used primarily in the induc-
tion phase, and they have been shown to have higher success rates than 
steroids for the treatment of acute rejection.19 However, these prepara-
tions have significant toxicity. Fever is almost always observed at the 
time of infusion. Nonetheless, the importance of careful surveillance for 
infectious complications cannot be understated, as these therapies sig-
nificantly attenuate the normal host immune response. The inflamma-
tory response due to lymphokine production that is often seen with the 
initiation of therapy usually responds to corticosteroids, antihistamines, 
and acetaminophen.20 Serum sickness has been observed with repeated 
use of these preparations. Furthermore, when these agents (especially 
OKT3) are administered more than once, the patient may develop anti-
bodies directed against the globulin preparation that can substantially 
limit its efficacy. Long-term use is also associated with increased risk 
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of viral infections (particularly cytomegalovirus) and posttransplant 
malignancy. Other less common complications of therapy include  
seizures (especially when concomitant hypocalcemia is present) and 
the acute respiratory distress syndrome (ARDS), possibly due to increased 
pulmonary capillary permeability arising from lymphokine stimulation.

■■ SYSTEMIC CORTICOSTEROIDS
Systemic corticosteroids remain a key component of each phase of 
immunosuppression, and are received by over 95% of patients with 
pancreas, heart, lung, and heart-lung transplants.1 They have multiple 
effects on the immune response. Importantly, steroids block T-cell pro-
liferation and IL-2 synthesis. The phagocytic function of macrophages 
is inhibited, and in high doses, corticosteroids prevent neutrophil 
degranulation.

Though they effectively attenuate the immune response and help 
prevent allograft rejection, corticosteroids also significantly increase 
the recipient’s susceptibility to infection. In particular, viral and fun-
gal infections appear to be associated with the use of corticosteroids. 
An important consideration is that steroids can also mask the typical 
signs of infection. For example, patients on high doses of these medica-
tions may not present with typical signs of peritonitis despite having 
intra-abdominal infections. As transplant patients typically remain on 
steroids chronically, the possibility of adrenal suppression and even 
overt adrenal insufficiency must be considered if these medications are 
discontinued. Despite their widespread use and important role in most 
immunosuppressive regimens, corticosteroids are associated with many 
of the significant side effects encountered by transplant patients. Insulin 
resistance is common, and the use of oral hypoglycemic agents and 
often insulin may be required. Both cyclosporine and tacrolimus affect 
insulin release and can induce insulin resistance, and may contribute to 
the hyperglycemia.21-24 Increased sodium and water retention induced 
by steroids may aggravate posttransplant hypertension. Impaired wound 
healing has been well documented with the use of corticosteroids,  
and consequently these drugs may contribute to the development 
of postoperative surgical complications. Steroids are associated with 
increased risk of gastrointestinal hemorrhage, and thus most patients 
will be placed on routine stress ulcer prophylaxis, usually with either a 
histamine (H2)-antagonist or a proton-pump inhibitor. Long-term use 
of steroids often leads to osteopenia, overt osteoporosis, and fractures. 
Aseptic necrosis is a dreaded complication of steroid use that can occur 
at any time following the institution of therapy. Skin changes and fat 
redistribution are common. Steroids are also associated with mood 
changes and rarely frank psychoses. Because of the significant side 
effects associated with steroid use, most maintenance immunosuppressive 
regimens now include antiproliferation inhibitors such as azathioprine or 
MMF to facilitate the early reduction of the corticosteroid dose.

■■ NEW AGENTS
Recently, there has been increased use of anti–interleukin-2 receptor 
antibodies (basiliximab, daclizumab) during the induction phase.1 Both 
agents bind to the α-chain of the IL-2 receptor which is only expressed 
on activated T lymphocytes, and competitively inhibit IL-2–induced 
proliferation of active T cells. The advantage of these compounds is that 
they are not associated with the toxicity produced by antilymphocyte 
preparations. Their use has been shown to decrease the rate of acute 
rejection following kidney transplant25,26 without any increase in infec-
tious complications or malignancy. Success has also been seen when 
used in liver and heart transplantation.27

LUNG TRANSPLANTATION

■■ INTRODUCTION
Since the first successful lung transplant in 1983, lung transplantation 
has been established as a viable option for a wide range of end-stage 
lung disease, with increasing evidence that it can improve survival 

and quality of life across a range of lung conditions. The number of 
procedures reported annually by the International Society of Heart and 
Lung Transplant (ISHLT) has reached 2100.28 The fifth decade of the 
procedure celebrates significant advancements in the technique and in 
organ preservation, bridging patients prior to transplantation, mini-
mizing complications immediately posttransplantation and optimizing 
immunosuppression and surveillance in the longer term. Despite these 
advances, early postoperative mortality remains high at 12%.29 In addition,  
these patients can present significant challenges to the intensivist. We 
are entering an era where previous limits are being revisited in order to 
provide this potential lifesaving technique to more patients. As a result, 
we are transplanting an older population and using methods to salvage 
grafts that would have previously been deemed unacceptable in order 
to accommodate the expanding recipient pool. These two extremes 
heighten the challenges that are inherent to the care of the lung trans-
plant recipient. This section will provide an overview of the common 
critical care issues that face this unique patient population.

■■ INDICATIONS AND OUTCOMES
Indications:  The ISHLT maintains the most complete database of lung 
transplant volumes and performance. The major indications for lung 
transplantation according to the ISHLT are listed in Table 115-1 and 
Figure 115-2. Chronic obstructive pulmonary disease (COPD) and 
interstitial pulmonary fibrosis (IPF) remain the two most common 
indications. Improvements in transplant techniques and medica-
tions have facilitated the transplantation of older individuals, hence 
the significant increase in proportion of transplants for IPF over the 
past two decades. Bilateral lung transplantation occurs in 62% and is 
a necessity for septic lung diseases such as cystic fibrosis as a single 
transplant would become contaminated by the numerous potential 
drug resistant organisms that reside in the native lung.30,31 In contrast, 
single lung transplant can be performed in patients with COPD and 
IPF. Both single lung and double lung transplant has been performed 
in patients with IPAH; however, survival has been shown to be supe-
rior in those who undergo double lung transplant in this population.32

Few data currently exist in the form of randomized control trials to 
support the current guidelines for lung transplantation. Decisions are 
therefore based on the consensus opinion of experts. The evaluation 
of potential recipients attempts to identify those with greater prospects 
of favorable outcomes given the scarcity of lungs available. Broadly, the 
indication for transplant is a patient who deteriorates despite optimal 
medical and surgical therapies. Table 115-2 outlines the various types of 
lung processes that could progress to end-stage disease and the guide-
lines for transplantation. Absolute contraindications include malignancy 
in the previous 2 years (with the exception of some cutaneous subtypes), 
untreatable and advanced dysfunction of another major organ system 
(liver, kidney, or heart if not amenable to percutaneous coronary inter-
vention/bypass/transplant), noncurable extrapulmonary infections such 
as HIV and chronic active hepatitis B and C, significant chest wall and 

  TABLE 115-1    Major Indications for Lung Transplantation (1995-2012)

Chronic obstructive pulmonary disease (COPD) 34%

Interstitial pulmonary fibrosis (IPF) 24%

Cystic fibrosis (CF) 17%

α-1-Antitrypsin deficiency emphysema (A1AD) 6%

Idiopathic pulmonary arterial hypertension 3%

Bronchiectasis 3%

Sarcoidosis 2.5%

Retransplant (obliterative bronchiolitis) 1.5%

Lymphangioleiomyomatosis 1%

Other 8%

International Society for Heart and Lung Transplantation30

section10.indd   1090 1/20/2015   9:19:53 AM

http://www.myuptodate.com


CHAPTER 115: The Transplant Patient 1091

  TABLE 115-2    Guidelines for Lung Transplantation

Pulmonary 
Condition Guidelines for Referral/Transplantation

Median Survival 
Without 
Transplant 

COPD (Referral) BODE >5
(Transplant) BODEa 7-10 or at least one of the following: 
1.	 History of hospitalization for AECOPDb with acute 

hypercapnia (>50 mm Hg)
2.	 Pulmonary hypertensionc or cor pulmonale or both 

despite oxygen therapy
3.	 FEV

1
 <20% or either DLCO <20 predicted or  

homogenous distribution of emphysema
4.	 Rapid clinical deterioration or life-threatening exacerbation

3 years (once  
disease refractory 
to medical/ 
surgical  
management)

IPF and 
nonspecific  
interstitial 
pneumonia

(Referral) Histologic or radiographic evidence of UIP or 
fibrotic NSIP
(Transplant) Histologic or radiographic evidence of usual 
interstitial pneumonia and any of:
1.	 DLCO <30% predicted
2.	 10% or greater decrement in FVC during 6 month  

follow-up
3.	 Pulse oximetry below 88% during 6MWTc

4.	 Honeycombing on HRCTd

(Transplant) Histologic evidence of nonspecific  
interstitial pneumonia and any of:
1.	 DLCO <35% predicted
2.	 10% or greater decrement in FVC or 15% decrease in 

DLCO during 6 months follow-up

CF and 
bronchiec-
tasis

(Referral) Any of:
1.	 FEV

1
 following bronchodilation <30%

2.	 Rapidly progression of the disease with severe  
exacerbation

3.	 Increasing frequency of exacerbations requiring  
antibiotic therapy

4.	 Refractory or recurrent pneumothorax
5.	 Recurrent hemoptysis not controlled by embolization
(Transplant) Any of:
1.	 Oxygen-dependent respiratory failure or resting  

hypoxemia <55 mm Hg
2.	 Hypercapnia
3.	 Pulmonary hypertension

2-3 years (once 
disease refractory  
to medical 
management)
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FIGURE 115-2.  Changing trends in lung transplant indication since 1990 (International Society for Heart and Lung Transplantation30).
  TABLE 115-2    Guidelines for Lung Transplantation

Pulmonary 
Condition Guidelines for Referral/Transplantation

Median Survival 
Without 
Transplant 

IPAH (Referral) Any of:
1.	 NYHA+ class III or IV
2.	 Rapidly progressive disease
(Transplant) Any of:
1.	 Persistent NYHA+ class III or IV on maximum medical 

therapy
2.	 low (<350 m) or declining 6MWT
3.	 Failing therapy with parenteral prostanoids
4.	 Cardiac Index <2.5 L/min/m2

5.	 Right atrial pressure >10 mm Hg
6.	 Mean pulmonary artery pressure >50 mm Hg

Less than 1 year 
when NYHA IV 
and refractory to 
therapy

Sarcoidosis (Referral) NYHA class III or IV
(Transplant)Impaired exercise tolerance (NYHA+ III or IV) 
and any of:
1.	 Hypoxemia at rest
2.	 Pulmonary hypertension
3.	 Right atrial pressure >15 mm Hg

aBODE index: severity index based on BMI, obstruction (FEV
1
), distance walked in 6 minutes, and exercise 

MMRC dyspnea scale.
bAECOPD: acute exacerbation of COPD.
c6MWT: 6-minute walk test.
dHRCT: high resolution CT.
+NYHA: New York Heart Association. +varies from institution to institution

Data from Orens J, Estenne M, Arcasoy S, et al. International guidelines for the selection of lung transplant 
candidates: 2006 update—A consensus report from the Pulmonary Scientific Council of the International 
Society for Heart and Lung Transplantation. J Heart Lung Transplant. 2006 Jul;25(7):745-755.

spinal deformities, documented nonadherence to medications, untreat-
able psychiatric conditions that could interfere with ability to comply with 
medical therapy, and substance addiction (alcohol, tobacco, narcotics)  
in the prior 6 months.

A Lung Allocation Score (LAS) created in 2005 in order to address the 
problems of high wait list mortality as well as unnecessary early place-
ment on the wait list directs lung allocation in the United States. The 
score takes into consideration the expected number of days lived without 
transplant during an additional year on the wait list (transplant urgency), 
as well as the expected number of days lived in the first year posttransplant 
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(transplant benefit). Transplant urgency is subtracted from benefit to give 
a score that is normalized on a scale from 0 to 100, which is the final 
LAS. The higher the score, the greater is the need for transplant. Since the 
implementation of the LAS, organ allocation has seen a shift to transplant 
based on urgency as opposed to wait time duration. As a result, the United 
States has seen a decrease in wait list times reflecting more appropriate 
placement and allocation of lungs.33,34 Wait list mortality has decreased for 
all indications except IPAH.35 No change in posttransplant survival has 
been seen compared to survival rates pre-LAS.34

Outcomes:  Survival rates are 88% at 3 months, 79% at 1 year, 63% at  
3 years, 52% at 5 years, and 29% at 10 years. More recent improvements 
in survival have been driven by improved management immediately 
posttransplant and in the first year.29 Three-month survival is highest 
for CF (90%) and COPD (91%) and lowest for IPF (85%) and IPAH 
(76%). These differences can be attributed to immediate complications 
postoperatively such as primary graft dysfunction (see “Postoperative 
Complications”). Long-term survival for those who survive at least  
1 year changes in that CF, IPAH, and sarcoidosis have a greater 10-year 
survival (48%, 45%, and 41%, respectively) while COPD and IPF have 
the worst rates (28%, 30%, respectively) given that these patients are 
older and harbor more comorbid conditions (see Fig. 115-3).

Interestingly, long-term survival is most influenced by cytomegalo-
virus (CMV) serologic status of the donor. The underlying reason for 
this association is not completely understood, however, may be the 
immunogenic effect of CMV (see Chap. 68) on rejection and the devel-
opment of bronchiolitis obliterans. Risk factors significantly associated 
with survival in the immediate postoperative period and at 1 year are 
outlined in Table 115-3.

Demographic Shifts in practice:  Lung transplant recipient demographic 
has changed with time. The median age of recipients in the most recent 
report from the ISHLT evaluating the 2006-2012 lung transplant era 
was 55, which has been increasing over the past few decades. The most 
striking increases have been in recipients older than 65 years of age. In 
the early 2000s, 2.8% of recipients were over the age of 65, compared 
to almost 10% from 2006 to 2012.30 With advancing age of recipients, 
intensivists need to appreciate that these patients carry more comorbid 
conditions and increasingly are undergoing concomitant procedures 
such as percutaneous coronary interventions or even combined trans-
plants (heart-lung, lung-liver, lung-kidney).

Obesity continues to be a relative contraindication to lung trans-
plantation (BMI >30). ISHLT has noted an association between higher 

FIGURE 115-3.  Kaplan-Meier survival by diagnosis for adult lung transplants performed from January 1990 through June 2011. (Reproduced with permission of Christie JD, Edwards LB, 
Kucheryavaya AY, et al. The Registry of the International Society for Heart and Lung Transplantation: Twenty-seventh official adult lung and heart-lung transplant report—2010. J Heart Lung 
Transplant. 2010 Oct;29(10):1104-1118.)
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  TABLE 115-3    Risk Factors Associated With Early and 1-Year Mortality

Early Postoperative Mortality 1-Year Mortality

Bronchial dehiscence Higher recipient age

Severe pulmonary hypertension Bilirubin

Need for cardiopulmonary bypass Supplemental oxygen requirements at rest

Air leak Lower cardiac output

Primary graft dysfunction Transplant center volume

Recipient percentage predicted FEV
1

Donor-recipient height difference (larger donors do better)

Data from Paradela M, González D, Parente I, et al. Surgical risk factors associated with lung transplantation. 
Transplantation Proc. 2009 Jul-Aug;41(6):2218-2220.

BMIs and greater risk of death at 1 and 5 years.36 However, this notion 
is being challenged with more recent conflicting reports.37 Underweight 
and deconditioned individuals have also been shown to be at risk for 
poor outcomes.36

Given the critical shortage of lungs available, options to improve donor 
availability include extended criteria donors, non-heart beating donors, 
live lobar lungs, size reduced grafts, and the use of ex vivo lung perfusion 
for further evaluation and management of marginal lungs.38 Extended 
criteria donors do not meet the criteria outlined above as they may have 
atelectasis on their chest x-ray, infiltrates or moderate secretions on bron-
choscopy. While some studies report equivalent early outcomes, others 
have demonstrated longer ICU stays and lower pulmonary function with 
the use of extended donor lungs.39 Currently, non-heart beating donors 
(NHBD) account for about 20% of all deceased organ donors. This shift 
in practice in addition to the adoption of strategies that include ex vivo 
lung perfusion technology and the use of extended criteria donors have 
significantly expanded the donor pool. Another strategy to increase trans-
plant opportunities is lobar transplantation from live or deceased donors. 
However, there has been a decreasing trend for lobar lung transplants 
from living donors over the past decade. Many recipients who have small 
thoracic cavities have a prolonged wait time to find a size matched donor. 
Size reduced grafts help provide lungs to these patients and if the mis-
match is significant, lobar transplants from the donor can be performed. 
While mortality and early function has been found to be equivalent, there 
is a trend toward more perioperative complications such as bleeding.
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■■ TRANSPLANT PROCEDURE
Since the first human lung transplant in the early 1980s, there has 
been considerable modification and refinement to the procedure. En 
bloc double lung transplant, which required cardiopulmonary bypass 
(CPB) and cardioplegia, has been replaced by bilateral sequential lung 
transplant with CPB limited largely to the pulmonary hypertension 
population. Both lungs are initially freed from the pleural space, the pul-
monary arteries and veins are dissected and the bronchus is exposed at 
the hilum. The lung with lesser physiologic contribution, based on pre-
operative ventilation perfusion scans, is transplanted first as the other 
lung will more likely support single lung ventilation and avoid the need 
for CPB. End-to-end bronchial anastomosis is completed first followed 
by arterial and then venous anastomoses. The pulmonary arteries are 
trimmed in size to avoid unnecessary kinking and then anastomosed. 
The pulmonary veins (and corresponding preserved donor atrial attach-
ment) undergo anastomosis with the left atrium of the recipient. After 
the second lung is transplanted, controlled reperfusion with leukocyte 
filtration is done slowly to minimize the incidence of primary graft 
dysfunction. Minimization of intravenous fluids without compromising 
end-organ perfusion has been used to reduce postoperative respiratory 
insufficiency. The pleural spaces are drained with chest tubes and the 
chest, muscle, and skin are closed. A flexible bronchoscopy is performed 
at the end of the transplant after exchanging the double lumen tube for a 
single lumen tube and the airway anastomoses are inspected.

Cardiopulmonary bypass may be indicated in patients with either 
isolated or coexisting pulmonary hypertension in the setting of ILD 
or COPD. These patients often have marginalized right ventricles that 
cannot withstand increases in pulmonary artery pressures that they are 
subjected to during the single lung ventilation. Unfortunately, conven-
tional CPB increases the risk of bleeding, primary graft dysfunction and 
creates a more pronounced systemic inflammatory response syndrome 
(SIRS) postoperatively. The perioperative use of extracorporeal life 
support (ECLS) during double lung transplant has been explored with 
benefits being reported in a few small trials reporting lower incidents of 
ischemia reperfusion injury, anticoagulation, and SIRs.40

■■ POSTOPERATIVE MANAGEMENT
Ventilation:  The early postoperative period may be characterized by 
an ischemia reperfusion injury in the lungs—known as primary graft 
dysfunction (PGD) (see “Postoperative Complications”). As a form of 
acute lung injury, many of the approaches that have been used to mini-
mize lung injury and support gas exchange have been applied to PGD; 
however, few have been systematically evaluated. A lung-protective 
ventilator strategy (see Chaps. 51 and 52) is recommended in the post-
operative period to minimize ventilator-induced lung injury. Often these 
patients have a pulmonary artery catheter to assist in following their 
pulmonary artery pressures in the setting of worsening hypoxia. Most 
patients can be weaned from mechanical ventilation rapidly. High airway 
pressures should be avoided as this leads to compression of collateral flow 
that the new lung depends on to perfuse the bronchial anastomosis. Some 
centers are adopting noninvasive positive pressure ventilation (NIPPV) 
as an option to shorten weaning time and to help minimize the risk of 
developing ventilator-associated pneumonia. Rapid extubation followed 
by prompt NIPPV may become a useful strategy in those who do not 
completely fulfill criteria for safe extubation.41

Fluid Management:  Many risk factors can precipitate SIRS in these 
patients including cardiopulmonary bypass, primary graft dysfunction, 
and sepsis. As a result, these patients may succumb to noncardiogenic 
pulmonary edema from profound capillary leak. The new transplanted 
lungs have an impaired ability to clear edema given their severed lym-
phatic drainage at the time of transplant. It is necessary, therefore, to 
avoid substantial transplant lung edema by minimizing fluid and blood 
products wherever possible. While recognizing the inherent limitations 
associated with studies of fluid balances in the intensive care unit, a  
retrospective review that evaluated the associations between central 

venous pressure and outcome following transplant demonstrated a sig-
nificant improvement in duration of mechanical ventilation and survival 
in the population of patients who had central venous pressures main-
tained below 7 mm Hg following transplant.42 Whether this association 
was causal needs to be validated in a prospective trial.

Chest Tubes:  Chest tubes often remain in situ until air leaks have 
resolved and the patient has been extubated. Basal chest tubes may 
remain until postoperative days 5 to 7 given the high incidence of pleu-
ral effusions that could affect lung compliance. It is suggested that they 
are removed when draining less than 150 cc/24 hours.43

Bronchoscopy:  A series of surveillance bronchoscopies are carried out 
in the first 2 years posttransplant. At our center, the first routine sur-
veillance bronchoscopy is performed at 2 weeks, preferably when the 
patient is extubated. Bronchoscopies prior to that period are generally 
performed if clinically indicated.

Immunosuppression—Special Considerations for Lung Transplant:  The 
mainstay of immunosuppressive management includes induction, main-
tenance, and antirejection therapy. The majority of transplant patients 
are maintained on lifelong immunosuppressive medications that are 
typically comprised of triple therapy with a calcineurin inhibitor (CNI), 
an antiproliferative agent, and a corticosteroid. In a meta-analysis 
of cyclosporine and tacrolimus, mortality at 1 year was comparable 
between the two medications, with the tacrolimus group experiencing 
fewer incidences of acute rejection, a trend toward lower chronic rejec-
tion, but a higher rate of diabetes.44 Both groups had an equal incidence 
of hypertension, renal dysfunction, and infection.

Azathioprine and mycophenolate mofetil (MMF) are the most  
common antiproliferatives used in lung transplantation. Based on data 
from other organ transplants, there is a suggestion that mammalian tar-
get of rapamycin inhibitors (mTOR) such as sirolimus and everolimus 
could result in less chronic rejection; however, large-scale studies in the 
lung transplant populations are pending. Sirolimus is associated with 
airway dehiscence and therefore is not recommended in the early post-
transplant management.45

Corticosteroids remain the mainstay of immunosuppressive therapy. 
They are initiated in all lung transplant patients. While heart and liver 
transplant patients undergo aggressive steroid withdrawal within the 
first year, this has not been attempted in the lung transplant population 
given the dramatic consequences of graft loss.

Induction therapy use has increased to 62% in recent years; however, 
there remains no consensus about choice of agents. At present, polyclonal 
and monoclonal anti-T cell antibodies are used as induction agents 
and exert their effect by cytoreducing alloreactive T cells during a time 
when there exists a high donor leukocyte load (in the immediate post-
transplant period).46 The two preparations of polyclonal antibodies that 
exist are equine antithymocyte globulin (ATG) and rabbit-derived ATG. 
Muromonab cd-2 (OKT3) is the only monoclonal antibody currently 
available. The clinical utility of these agents is limited by the occasional 
development of cytokine release syndromes. Preliminary studies evaluat-
ing the use of induction therapy have shown an improvement in 14-day 
survival.31 Approximately one half of transplant centers use some form 
of induction therapy. However, their long-term use is limited by the 
development of neutralizing antibodies. Induction therapy with IL-2R 
antagonists (daclizumab and basiliximab) is gaining popularity and has 
been shown to be associated with further reduced rates of acute rejection 
compared to no induction or the use of polyclonal agents.31

Table 115-4 summarizes routine postoperative management of the 
lung transplant patient.

■■ POSTOPERATIVE COMPLICATIONS
Reducing complications within the first-year posttransplantation has 
had a significant impact on long-term survival. Multiple complications 
exist in the immediate posttransplant period that can lead to signifi-
cant long-term morbidity and mortality. As a result, knowledge of the 
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common complications is imperative to enhance long-term outcomes 
in this population. Below are the more common complications that can 
arise posttransplant.

Primary Graft Dysfunction:  Primary graft dysfunction (PGD) is one 
of the most common complications after lung transplantation. It 
represents a forme fruste of noncardiogenic pulmonary edema and 
is characterized by progressive lung injury, with both epithelial and 
endothelial damage. PGD can develop as a result of an accumulation 
of insults on the lungs from donor management/ventilation, retrieval, 
storage, and implantation of the lungs. PGD typically occurs in the 
first few hours to 72 hours posttransplantation. PGD needs to be dif-
ferentiated from other etiologies of poor gas exchange in the imme-
diate posttransplant period (see Table 115-6). The ISHLT Working 
Group on PGD developed a standardized definition of PGD based 
on PaO2/FiO2 (P/F) ratio and chest infiltrates (see Table 115-5). It is a 
spectrum of injury that occurs to some degree in most patients but 
manifests clinically in 10% to 20% of patients.39 At its worst, it can 
progress to severe ARDS requiring maximum ventilatory support, 
and in some cases severely impairing pulmonary artery pressures due 
to refractory hypoxia necessitating inhaled NO, intravenous epopro-
stenol, or even ECLS. In less severe cases, it may resolve within 24 to 
48 hours. The severity of PGD has been linked to both ICU outcomes 
and long-term graft function.47,48

PGD is responsible for approximately 30% of early mortality postlung 
transplant (30 day) and is one of the greatest risk factors associated with 
a prolonged ICU stay.28 There are multiple risk factors for PGD. These 
include prolonged ischemic time, speed of reperfusion of the lungs, and 
unsuspected donor lung pathology such as aspiration or lung contusions 
(Table 115-6).

Given that PGD is largely transient and reversible, management is 
mainly supportive with the implementation of lung-protective ventilator 
strategies to minimize secondary injury from ventilator-induced lung 
injury. In the case of severe PGD, more advanced and, as yet, unproven 
treatments are often used to treat hypoxemia.

Fluids: Maintaining a negative fluid balance with diuresis, but without 
compromising end-organ function may help minimize the duration 
of PGD given the new lungs’ impaired ability to mobilize pulmonary 
edema. Whether the use of colloidal solutions or albumin offers an 
advantage in this situation has not been systematically evaluated.

Inhaled nitric oxide (iNO): In severe PGD, the role of iNO has been 
controversial with much of its support being extrapolated from ARDS 
studies. Similar to ARDS, it has been shown to improve oxygenation 
through enhancing ventilation/perfusion matching; however, this 
has not translated to an impact on mortality.48 While a randomized 
controlled trial showing survival benefit is lacking, a trial of iNO may 
be justified in select cases of severe hypoxemia or elevated pulmonary 
artery pressures. Although early preclinical and clinical evaluations 
suggested benefit in preventing PGD, an RCT did not show any ben-
efit of iNO relative to placebo gas in reducing either the incidence or 
severity of PGD.49

Prostaglandin E1 (PGE1): In experimental models, the use of a PGE1 
has been shown to ameliorate reperfusion injury and has the poten-
tial to be a promising option. It is often implemented in severe PGD 
refractory to mechanical ventilation and iNO.39 However, owing to 
its nonselective vasodilation it has the potential to contribute to both 
systemic hypotension and/or deterioration in ventilation/perfusion 
matching in the lung.

Extracorporeal life support (ECLS): Occasionally patients with severe 
PGD will be refractory to mechanical ventilation, iNO, and PGE1. 
ECLS has promise as a lifesaving alternative at this stage. Early initia-
tion of ECLS (in the OR or within 24 hours) has led to survival rates 
of 50% to 80%.50 The evaluation of the Extracorporeal Life Support 
Organization (ELSO) registry of any patients receiving ECLS posttrans-
plant report hospital survival rates of 42%.51 However, the effect of early 
ECLS on intermediate and long-term outcomes has not been systemati-
cally evaluated. Uniform criteria on when to initiate ECLS are needed. 
Improved experience in ECLS, better patient selection and timing, and 
refinements in technology have the potential to have a great impact 
on future outcomes of patients with PGD. Currently, an international 
multicenter trial is underway evaluating the use of ECLS for acute respi-
ratory distress syndrome. While not directly related to primary graft 
dysfunction, given the similarities between the two entities, the results 
may help develop more concrete indications for initiation.

  TABLE 115-4    Postoperative Management of Lung Transplant Recipient

Ventilation Lung-protective ventilation:

6 cc/kg, plateau pressures <30 mm Hg

Minimization of high airway pressures

Fluid Judicious fluid administration

Attempt to achieve dry weight without compromising 
end-organ function

Immunosuppressive medications Maintenance: triple drug therapy with a calcineurin 
inhibitor, an antimetabolite, and a corticosteroid; avoid 
mTOR inhibitors in early posttransplant phase (risk of 
airway dehiscence)

Induction: some centers adopted use of polyclonal 
antibodies

Antimicrobial prophylaxis See section Infectious Complications 

Antimicrobial prophylaxis in CF See section Infectious Complications 

  TABLE 115-5    Primary Graft Dysfunction

1)	� Presence of diffuse pulmonary infiltrates involving the lung allografts on postoperative 
chest x-ray

2)	 Pulmonary arterial oxygen and fraction of inspired oxygen ratios (P/F ratio) in mm Hg
	 a.	 Grade 1 PGD (PF ratio >300)
	 b.	 Grade 2 PGD (PF ratio 200-300)
	 c.	 Grade 3 PGD (PF ratio <200)
3)	 No other secondary cause of graft dysfunction readily identified such as:
	 a.	 Cardiogenic pulmonary edema: defined as prior evidence of LV systolic function on 

preoperative echocardiogram or postoperative echocardiogram and resolution of 
infiltrates with effective diuresis

	 b.	 Pathologic evidence of rejection
	 c.	 Pneumonia (evidence of presence of fever, leukocytosis, purulent secretions, and 

positive culture on bronchoscopy)
	 d.	 Pulmonary venous outflow obstruction as demonstrated on TEE, surgical  

reexploration, or postmortem examination
4)	� All patients on oxygen via nasal cannula with fraction of inspired oxygen estimated as 

less than 0.3 will be graded as 0 or 1 based on CXR
5)	 All subjects on extracorporeal life support are graded as grade 3

Data from Christie J, Carby M, Bag R, et al. Report of the ISHLT Working Group on primary lung graft 
dysfunction part II: definition. A consensus statement of the International Society for Heart and Lung 
Transplantation. J Heart Lung Transplant. 2005;24(10):1454-1459.

  TABLE 115-6   � Risk Factors Independently Associated With Primary Graft 
Dysfunction

Donor Risk Factors Recipient Risk Factors

Donor age >45 Recipient BMI >25

Head trauma Recipient female sex

EuroCollins preservation solution

Single lung transplant

Recipient diagnosis: primary or  
secondary pulmonary fibrosis

Increased ischemic time

Elevated recipient PAPa at time of transplant
aPAP, pulmonary artery pressure6

Boffini et al.28
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Endobronchial surfactant: The use of exogenous surfactant has been 
shown to reduce PGD in animal models and in some preliminary 
studies in humans. Further research is underway to determine if  
surfactant has any effect on patient-relevant outcomes.52-55

Acute Rejection:  The incidence of hyperacute rejection, acute rejec-
tion, and chronic rejection has declined since the improvement in 
immunosuppressive regimens. Hyperacute rejection is currently a 
rare complication due to improvements in detecting HLA antibodies.  
Thirty six percent of patients will experience at least one episode 
of rejection.31 While chronic rejection could cause complications at 
a later time in the life of a transplant recipient, it is not commonly  
seen in the ICU as the primary etiology for presentation; however, 
beyond the first year of transplant, chronic rejection accounts for 
25% of deaths.56

Hyperacute Rejection  Hyperacute rejection occurs when the recipient 
has preformed antibodies to antigens on donor tissue (alloantigens). 
Fulminant rejection occurs within minutes of reperfusion. It manifests 
as acute respiratory failure, gross pulmonary edema with airway hemor-
rhage, and thrombosis within the graft. With improvement in screen-
ing techniques for preformed antihuman leukocyte antigen antibodies 
before transplant and the use of plasma exchange and thymoglobulin in 
a highly sensitized patient, the incidence has decreased. It is uncommon 
as it is only encountered when there is ABO incompatibility or if the 
recipient is sensitized to alloantigens from previous blood transfusions. 
Management includes urgent plasma exchange followed by agents to 
modify B-cell response such as rituximab.57

Acute Rejection  Acute rejection is commonly seen after the first week to the 
first year posttransplant with the highest prevalence in the first 100 days 
after transplant. It is mediated by a recipient T-cell response against the 
graft. It is uncommon that an isolated episode of acute rejection would 
require ICU care; however, it has the potential to complicate the wean-
ing process of a newly transplanted patient as it could develop early 
after transplant. Perivascular and interstitial infiltration of mononuclear 
cells are found on transbronchial or open lung biopsy. Clinically, acute 
rejection manifests as perihilar infiltrates, leukocytosis, hypoxia, airway 
inflammation, and low-grade fever in the absence of cultured organisms. 
Treatment includes pulse steroids (methylprednisolone 10-15 mg/kg) for 
3 to 5 days followed by a 2- to 3-week steroid taper to the usual dose.

Patients noted to have a positive panel of reactive antibodies (PRA) 
are considered sensitized and are at greater risk of acute rejection post-
transplant. PRAs screen for antihuman leukocyte antibodies, and a 

score (between 0 and 99—based on the percent of the population that 
recipient’s blood would react with) is assigned. However, controversy 
exists surrounding how to manage the patient with an elevated PRA. In 
the Toronto Lung Transplant program, if a patient has a positive PRA, 
virtual donor–specific antibody test, as well as positive cross match, we 
proceed with the administration of plasma exchange intraoperatively 
and on days 1, 2, 3, and 5 followed by administration of intravenous 
immunoglobulin and MMF (in lieu of azathioprine) as consolidation 
therapy. Antithymocyte globulin follows intravenous immunoglobulin 
in the absence of evidence of infection.

Bleeding:  One of the most common complications requiring a return to 
the OR is postoperative bleeding. An unexplained drop in hemoglobin 
even in the absence of blood loss through thoracostomy tube drain-
age should raise this as a consideration. Fortunately, it has not been 
associated with an increase in perioperative mortality. Risk factors for 
postoperative hemorrhage include the presence of pleural adhesions 
in the recipient (more commonly seen in patients with cystic fibrosis, 
eosinophilic granuloma, or lymphangioleiomyomatosis) and the use of 
cardiopulmonary bypass.

Airway Complications:  Six different airway complications of post-lung 
transplant include bronchial dehiscence, endobronchial infections, exo-
phytic excessive granulation tissue formation, tracheobronchomalacia, 
bronchial fistulas, and bronchial stenosis. Bronchial dehiscence and 
endobronchial infections can arise in the immediate posttransplant 
period and will be the focus of this section. Table 115-7 provides more 
detailed information on the airway complications that may challenge the 
management of patients postoperatively. Bronchial complications were 
a significant source of morbidity and mortality in the early era of trans-
plant being present in up to 80% of patients; however, with improved 
surgical techniques and newer immunosuppressive agents, they now 
occur in only 7% to 18% of patients.58

Bronchial necrosis and dehiscence is a potentially devastating conse-
quence of transplant and is associated with a high mortality. Ischemia of 
the donor bronchus in the immediate posttransplant period is often the 
etiology of bronchial dehiscence. The dual blood supply to the bronchus 
in normal lungs arises from the pulmonary artery and from bronchial 
arteries originating from the intercostals off of the descending aorta. 
The bronchial arterial circulation to the anastomosis is disrupted during  
surgery and not reestablished until 2 to 4 weeks posttransplant. Therefore, 
the new lung’s airway anastomosis is dependent on the relatively low 
pressured, poorly oxygenated collateral blood flow from the pulmonary 

  TABLE 115-7    Airway Complications Following Lung Transplant

Complication Time to Presentation Definition Management

Bronchial dehiscence First 1-5 weeks Ischemia and necrosis of bronchial anastomosis Minimize airway pressures, consider antimicrobials if  
suspected coexisting infection, conservative/invasive  
management depends on severity as per thoracic surgeon

Anastomotic infections First 1-5 weeks Fungal Infections of anastomosis Bronchoscopic draining/debridement; systemic/aerosolized 
antifungals; antifungal prophylaxis for prevention

Exophytic excessive granulation 
tissue formation

Weeks-months Granulation tissue formation secondary to overstimulation of 
inflammatory mediators; ischemia and subsequent remodelling 
process of stenosis. Similar to keloid formation

Debridement

Tracheobronchomalacia 4 months 50% or greater narrowing of airway lumen on expiration secondary 
to pathologic changes in airway cartilages

Mild: treat concomitant process causing exacerbation of 
malacia (infection/rejection)
Severe: nocturnal PPV or airway stenting

Bronchial fistulae Weeks-months Bronchopleural (BP) fistulae
Bronchomediastinal (BM) fistulae
Bronchovascular (BV): bronchoaortic/pulmonary artery/left atrial 
fistulae

BP: antimicrobials, thoracotomy tube, fistula closure
BM: consult thoracic surgeon
BV: consult thoracic/vascular surgeon

Bronchial stenosis 2-9 months Narrowing of bronchus usually at surgical anastomotic site (some 
occur distally)

Endoscopic management (balloon bronchoplasty,  
cryotherapy, stent placement, etc)
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artery. Hypotension, compression from high airway pressures, and reper-
fusion injury leading to airway edema may also compromise flow and 
can contribute to ischemia. Ultimately this can lead to an environment 
for infection, extensive necrosis and then dehiscence. Late complications 
of stenosis can arise as healing and remodeling takes place. Necrosis and 
dehiscence is suspected in the setting of persistent air leak, lung collapse, 
difficulty weaning from the ventilator, subcutaneous emphysema, pneu-
momediastinum, and pneumothorax. The anastomosis must be carefully 
examined with flexible bronchoscopy. In addition, dehiscence may be 
further complicated by peribronchial abscess formation; therefore, a CT 
scan to rule out mediastinal air or surrounding infection/abscess should 
also be performed. Management includes minimizing high airway  
pressures, initiating appropriate antimicrobials if suspicion of secondary 
infection exists and either conservative management, endobronchial 
repair, or open repair depending on the severity.

Endobronchial infections occur due to the impairment of regional 
defense mechanisms (from ischemia, decreased mucociliary clearance, 
minimized cough reflex) and influenced by the ongoing use of high-
dose immunosuppressant medications. This regional and systemic effect 
on immunological integrity fosters a rich environment for bacterial 
and fungal overgrowth. Saprophytic infections are the most frequently 
seen organisms as they are airborne and maintain nourishment from 
nonliving organic material in ischemic and necrotic debris. Aspergillus 
is the most frequently seen organism. Treatment includes a combination 
of bronchoscopic drainage, debridement, and systemic as well as inhaled 
antifungals. Antifungal prophylaxis has been advocated to minimize the 
risk of fungal anastomotic infections and is used in greater than 70% of 
the transplant programs within 24 hours after the procedure.58

Arrhythmias:  Atrial fibrillation is seen in 20% of patients in the postop-
erative period with the peak incidence at 2 to 4 days.59 For most patients 
(93%), the arrhythmia is isolated to the postoperative period and most 
revert back to normal sinus rhythm before discharge. Risk factors for 
atrial fibrillation include older age, IPAH, and extremes of weight. There 
is considerable debate regarding the management of atrial fibrillation in 
the postoperative period and no consensus has been established on the 
optimal management. Rationale for cardioversion follows the reasoning 
that patients are often refractory to rate control attempts and that the 
short cardiac filling time in the immediate postoperative period leads to 
further pulmonary congestion which is poorly tolerated in these patients. 
However, there are no clinical data to support this notion. Furthermore, 
concern about amiodarone-induced lung toxicity may restrict therapeutic 
choices. Unless poorly tolerated, rate control may be safely and effectively 
pursued with β-blockers, calcium-channel blockers, or digoxin.
New Airspace Opacities in the Perioperative Period:  Defining the etiol-
ogy of new or progressive airspace opacities in the perioperative lung 
transplant period is a frequent dilemma. The differential diagnosis 
for new airspace disease is outlined in Table 115-8 and it may repre-
sent PGD, volume overload, early rejection, or infection (see section 

Infectious Complications in this chapter). Computed tomographic 
(CT) scanning of the chest and bronchoscopic sampling of the distal 
airways may assist in ruling out an infectious cause. A trial of diuresis, 
echocardiogram, or placement of a pulmonary arterial catheter may 
be required to evaluate the contribution of volume overload to the 
opacities. The role of lung biopsy in establishing the cause of radio-
graphic worsening is controversial. Transbronchial lung biopsy may 
lack sufficient sensitivity in the perioperative setting.60 However, the 
utility of open lung biopsy (OLB) is variable,61,62 and hence it should be 
carefully considered if the etiology of the lung infiltrates remains uncer-
tain. In one retrospective series of 48 open biopsies from 42 patients, 
32 (67%) of the biopsies confirmed the clinicians’ initial suspicions and 
prompted the initiation of “new therapy” in 30 (71%) of the patients.61 
A new diagnosis was made following 14 of the biopsies (29%). Only 
two patients (4% of all OLBs) had a nondiagnostic OLB. Four biopsies 
(8% of all OLBs), including the two nondiagnostic OLBs, did not result 
in any change in therapy. Complications of the procedure were rare, 
though three (7%) patients developed an air leak, which persisted more 
than 7 days. In contrast, an earlier report of 38 biopsies (representing  
32 patients) found that early open lung biopsies (performed <45 days 
after transplant) were not useful, and resulted in a change in therapy for 
only 1 of 11 cases.62

Long-Term Complications/Chronic Lung Allograft Dysfunction:  Chronic 
lung allograft dysfunction (CLAD) is a long-term complication and the 
forme fruste of chronic rejection in the transplant recipient. Previously, 
chronic rejection was termed as bronchiolitis obliterans syndrome 
(BOS) which was characterized by obliterative bronchiolitis resulting 
in a progressive fall in FEV1 over time that was not attributed to acute 
rejection, infection of mechanical obstruction. However, in recent 
years, an additional form of chronic rejection was identified char-
acterized by fibrosis in peripheral tissues and restrictive physiology,  
termed restrictive allograft syndrome (RAS). Additional long-term 
complications are outlined in Table 115-9. In one series that followed 
patients over a 10-year period 74% of patients had developed BOS.43 
Chronic rejection remains one of the most common causes of death 
and disability in the posttransplant period. Causes for CLAD are not 
completely understood but believed to be related to both alloimmune 
and nonimmune mechanisms. Risk factors include more frequent epi-
sodes of acute rejection, gastroesophageal reflux, and CMV infection. 
Clinically BOS patients have predominantly a progressive obstructive 
disease pattern and RAS patients have predominantly a restrictive 
lung disease pattern that could progress to end-stage lung disease and 
be exacerbated by infections prompting bouts of acute respiratory 
failure. Management includes the use of bronchodilators, corticoste-
roids, aggressive treatment of reflux, and modification of immuno-
suppressive agents. Ventilatory management of these patients may be 
challenging but follows from principles used to manage patients with  
other forms of obstructive or restrictive lung disease.

  TABLE 115-9   � Long-Term Complications Following Lung Transplant 
Contributing to Morbidity

Condition <1 year <5 years

Hypertension 52.4% 85.2%

Renal dysfunction

•	 Nondialysis 23.0% 33.0%
•	 Chronic dialysis 1.6% 3.0%
•	 Renal transplant 0.1% 0.5%

Hyperlipidemia 23.3% 55.5%

Diabetes 26.1% 37.0%

Bronchiolitis obliterans 9.5% 35.3%

Christie et al. 31

  TABLE 115-8   � Differential Diagnosis of Bilateral Infiltrates and Hypoxia  
in the Immediate Posttransplant Period

Diagnosis Initial Timing Posttransplant

Primary graft dysfunction 0-72 hours

Hyperacute rejection Immediate hours 

Donor-associated pneumonia Immediate hours-days

Ventilator-associated pneumonia 48 hours

Venous anastomotic obstruction First week (immediate if complete obstruction)

Cardiogenic pulmonary edema During weaning

Hemorrhage First week

Acute rejection 7-10 days (to first year)
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LIVER TRANSPLANTATION

■■ INTRODUCTION
As we enter the sixth decade of liver transplantation, the procedure 
that was once considered an experimental technique fraught with 
complications has evolved into a routine therapeutic option offered 
to many patients with end-stage liver disease or acute liver failure. 
The advancements in liver transplantation since it was first attempted 
in 1963 in Colorado have facilitated prolongation as well as enhanced 
quality of life where medical management was previously limited. 
Given the advancements and success in the field, the number of 
patients eligible for transplantation has outstripped the supply of 
suitable livers for donation. This gap has led to other strategies to 
increase the donor pool. Living-related partial liver grafts, the use of 
extended criteria donors, transplantation of hepatitis C virus livers to 
hepatitis C recipients, and the advent of hepatitis B immunoglobulin 
have allowed for transplantation where none would have previously 
existed.

■■ INDICATIONS AND OUTCOMES
Indications:  End-stage cirrhosis complicated by portal hypertension or 
compromised hepatic synthetic function is the most common indica-
tion for liver transplantation accounting for over 80% of transplants 
(Table 115-10). Although transplantation is not a cure of the underly-
ing disease that may have precipitated liver disease, it addresses many 
of the end-stage complications of advanced liver disease. Acute liver  
failure can often be a devastating complication of toxic ingestion, auto-
immune disease, acute viral infections, and thrombosis among other 
causes that rapidly progress to death. In these patients, transplant is a 
lifesaving option.

Chronic Liver Failure:  One of the greatest challenges in transplant 
is identifying the optimal time for referring and listing a patient as 
well as the creation of an allocation system that optimizes outcomes 
yet is also fair to all potential recipients. The American Society of 
Transplantation has attempted to develop more definitive criteria for 
the nontransplant physician on the indications and timing for referral 
of liver failure patients for transplant. The traditional score for sever-
ity of liver failure was created by Child and Turcotte in 1964 that was 
then further modified in 1972 by Pugh. The scoring system proved 
to be a good predictor of outcome in patients with complications of 
portal hypertension and has been the traditional scale used for assess-
ing mortality in cirrhotic patients.63,64 However, limitations included 
the subjective nature of some parameters such as the degree of ascites 

and encephalopathy. While previously the Child-Turcotte-Pugh (CTP) 
score guided indications for transplantation, shortcomings with the 
scoring system lead to the creation of a more outcome validated score 
in 2002. The Model of End-Stage Liver Disease (MELD) score was 
created by the United Network for Organ Sharing (UNOS) for liver 
transplant organ allocation. The MELD score takes into account sur-
rogates of synthetic dysfunction in an attempt to prioritize patients 
based on their disease severity. The MELD score is based on objective 
lab values of total bilirubin, creatinine, and international normalized 
ratio (INR) to risk stratify patients with cirrhosis complicated by por-
tal hypertension and synthetic function decline. The MELD score has 
been prospectively validated in several populations and is currently the 
scoring system of choice for prioritization of candidates with chronic 
liver failure.

MELD Score: 9.57 × log [Creatinine (mg/dL)] + 3.78 × log [bilirubin 
(mg/dL)] + 11.2 × log (INR) + 6.43

Three-month survival is 95% with a MELD score of <15, whereas it 
is less than 20% in any patient with a MELD score of >40. The MELD 
system has led to a 12% reduction in wait list times as it identifies 
patients (those with the lowest MELD scores) who are not benefited by 
transplantation.65 Implementation of this new system has also decreased 
pretransplant mortality without having a negative impact on post-
transplant mortality.66 Currently studies are underway looking at the 
addition of serum sodium to the MELD score as hyponatremia reflects 
underlying hemodynamic derangements in this population that could 
be associated with the severity of their disease. Shortcomings of the  
traditional MELD score include its underestimation of disease severity 
for hepatocellular carcinoma, primary biliary cirrhosis, primary scle-
rosing cholangitis, select systemic metabolic diseases associated with 
chronic liver disease, and the presence of hepatopulmonary syndromes. 
In these instances (with the exception of portopulmonary hyperten-
sion), additional MELD points are assigned to these patients in order to 
adjust for their increased mortality.

Contraindications for transplant are minimal and are similar to 
contraindications for any major surgery. Significant irreversible car-
diopulmonary disease, malignancy outside of the liver within 5 years 
of evaluation (excluding superficial skin malignancies), and active sub-
stance abuse are the absolute contraindications for transplantation. A 
variety of relative contraindications exist that are site specific. Given the 
potential for severe hemodynamic compromise, the presence of porto-
pulmonary hypertension or portopulmonary hypertension refractory to 
medical management is considered a contraindication at most centers. 
Data suggest that severe portopulmonary hypertension is associated 
with a prohibitively high perioperative risk and poor clinical outcome. 
The definition of severe pulmonary hypertension varies with published 

  TABLE 115-10   I ndications for Liver Transplantation
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series using a cutoff of a systolic PA pressure >60 mm Hg or mean PA 
pressure >40 mm Hg. In our own program, patients with a mean PA 
pressure >35 mm Hg and/or PVR >350 dynes/s/cm5 refractory to medi-
cal therapy are not accepted for transplantation.

Acute Liver Failure:  Acute liver failure is characterized by rapid dete-
rioration (<26 weeks) of synthetic function and encephalopathy 
secondary to acute severe liver injury in the absence of known under-
lying liver disease. The King’s College Criteria is a prognostic model 
developed in the 1980s based on a cohort of 588 patients with acute 
liver failure.67 The decision to transplant is based on the probability 
of spontaneous recovery and the variables most important to predict 
outcome include the degree of encephalopathy, prothrombin time, age, 
and etiology. The King’s College Criteria are outlined in Table 115-11.

Acute liver failure developing in less than 7 days is often due to 
acetaminophen overdose, hepatitis A, and ischemia. Acute liver 
failure occurring within 28 days is often due to drug-induced liver 
failure or hepatitis B. The more subacute development of liver fail-
ure (5-26 weeks) is often caused by drugs or indeterminate causes. 
Figure 115-4 outlines the variety of etiologies that can present as 
acute liver failure. For more on liver failure etiologies, please refer 
to Chapter 106 on fulminant hepatic failure. Etiology is the best 
indicator of prognosis for reversal without transplant with better 
outcomes seen for acetaminophen, ischemic and viral hepatitis and 
poor outcomes in the setting of mushroom, autoimmune, Wilson, 
and idiosyncratic drug reactions.

Outcomes:  Overall 1-year survival for adult and pediatric deceased 
donor liver transplantation is now greater than 85% with 5- and 10-year 
survival at 70% and 60%, respectively.68 Multiple studies have demon-
strated the safety of living donor liver transplant (LDLT) with the largest 
multicenter study reporting 1-year graft survival rates of 81%.69 While 
LDLT had higher complication rates and mortality at its inception, it 

has evolved to be a valuable strategy to reduce wait list mortality and 
more recent data suggest survival similar to recipients of livers from 
deceased donors.70 Given the technical challenges associated with the 
living-related liver transplant, this population experiences an increased 
rate of biliary leaks, post-operative bleeding, unplanned reexplorations, 
hepatic artery thrombosis, and portal vein thrombosis.71

■■ CHANGES IN DONOR DEMOGRAPHIC AND MANAGEMENT
Deceased Donor:  The ideal graft would arise from a donor age <50, 
with hemodynamic stability prior to retrieval, absence of hepatobiliary 
disease and severe abdominal trauma, minimal vasopressor require-
ments, and normal creatinine. Given the critical shortage of donors 
and the expanding wait list, extended criteria for organ acceptance 
have increased the availability of organs. However, these grafts have 
poorer initial function and are associated with a decrease in long-
term survival.68 Hypotension as well as vasopressor use predisposes 
a liver to ischemia and is associated with early graft dysfunction.72  
Cold ischemic times greater than 18 hours are associated with 
increased incidence of graft dysfunction, biliary complications, and 
intrahepatic strictures; therefore, most centers will try to limit the 
cold ischemic time to less than 12 hours.73

Innovative ways to expand the donor supply include the use of 
grafts donated after cardiac death. Favorable outcomes have been 
reported with warm ischemic times of 16 to 20 minutes with some 
centers accepting ischemic times of up to 1 hour.74 However, primary 
nonfunction is significantly higher in grafts from non-heart beating 
donors. Hepatitis C donors are being used in hepatitis C recipients 
with studies demonstrating comparable survival to a non-hepatitis C 
graft. Many centers are accepting hepatitis C donors for hepatitis C 
recipients provided no significant liver damage is seen on pretrans-
plant biopsies. Split liver grafts into right and left lobes for adult and 
child pairs, respectively is also a promising strategy to increase the 
donor pool. Living-related donation has also been a strategy to expand 
organ availability with great success.

■■ TRANSPLANT PROCEDURE
Deceased Donor Whole Liver Transplant:  During orthotopic liver trans-
plantation, anastomoses are created between the native and allograft 
vena cava (supra- and infrahepatic), portal veins, and hepatic arteries. 
After blood flow is restored to the liver, the biliary tract will be recon-
structed either by creating an end-to-end anastomosis of the donor 
and recipient common ducts (using a T-tube stent) or by connecting 
the donor’s common duct to the recipient’s jejunum. Removal of the 
venous clamps leads to reperfusion of the organ, and will sometimes 
be associated with hemodynamic instability, coagulopathy, and elec-
trolyte abnormalities (particularly hyperkalemia).

Living Donor Transplant:  Recently, there have been a growing number 
of patients who undergo living-donor transplants. The proportion of 
living-donor transplant varies from region to region. For example, 
in Asia, almost all liver transplant procedures have involved living 

  TABLE 115-11    King’s College Criteria

Acetaminophen-induced 
disease

Arterial pH <7.3
or
Grade III-IV encephalopathy and
Prothrombin time >100 s and
Serum creatinine >3.4 mg/dL (301 µmol/L)

All other causes of liver 
failure

Prothrombin time >100 s
or
Any three of the following:
1.	 Age <10 or >40 years
2.	 Etiology: non-A, non-B hepatitis, halothane hepatitis, 

idiosyncratic drug reactions
3.	 Duration of jaundice before onset of encephalopathy >7 days
4.	 Prothrombin time >50 s
5.	 Serum bilirubin >18 mg/dL (308 µmol/L)

O’Grady et al.67

Acetaminophen
Drug
Hepatitis B
Hepatitis A
Autoimmune
Ischemia
Wilson
Budd-Chiari
Pregnancy
Other
Indeterminant

FIGURE 115-4.  Causes of acute liver failure (Stravitz64).
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donors.68 In this procedure, the right hepatic lobe from a donor with 
a compatible blood type is implanted into the recipient following 
hepatectomy of the diseased organ. This procedure requires much 
more delicate dissection because the living donor partial liver graft 
has a much smaller sized hepatic artery, vein, and pulmonary vein. 
Given the small size, the reconstruction is technically difficult and 
patients are at higher risk of having postoperative bleeding compli-
cations. Biliary reconstructions are completed last and have shifted 
largely from hepaticojejunostomies to duct-to-duct anastomosis.68 
Along with an often substantially reduced waiting time for the proce-
dure, living-related transplants may also allow for better selection of 
healthy donors (and consequently donor organs) and a considerably 
decreased cold ischemic time. The elective nature of the procedure 
also enables potential recipients to be medically stabilized preop-
eratively. The major disadvantage is the small but significant risk 
of complications for the donor. Biliary complications may occur in 
up to 6% of donors,75 and other complications of abdominal surgery 
such as wound infection may develop; the reported mortality of 
donors following living-donor liver transplant is 0.28%.76 One study  
suggests that in the United States approximately 99% of living donors 
are genetically or emotionally related to the recipient,75 creating 
important ethical and psychosocial challenges.

Blood Loss:  In the late 1980s, the average red cell transfusion was 
20 units per orthotopic liver transplant. This rate of transfusion has 
decreased dramatically to as low as 2 units in 2003 after improvements 
in transplant technique, changes in patient characteristics, and altera-
tions in transfusion triggers.77 Anesthesiologists attempt to decrease 
surgical blood loss by maintaining a low central venous pressure in order 
to minimize graft congestion.78

Hemodynamic Challenges:  Refractory hypotension is a relatively com-
mon event during reperfusion and may require catecholamine 
support as well as fluids in addition to correction of acid-base and 
electrolyte abnormalities. Vasoplegic syndrome (VS) and postreper-
fusion syndrome (PRS) represent the most severe form of refractory 
hypotension that can be difficult to treat given its refractory nature 
to standard vasopressors. Initially described in cardiac surgery, VS is 
characterized by profound vasodilation with a low systemic vascular 
resistance and high cardiac index. PRS is characterized by severe 
hypotension after graft reperfusion defined as a greater than 30% 
decrease in systolic pressure during the first 5 minutes after graft 
perfusion that lasts at least 1 minute. The cause of the hypotension is 
not completely understood, but is believed to be associated with dys-
regulation of nitric oxide synthesis and vascular smooth muscle cell 
guanylate cyclase activation with resultant vasodilation.79

■■ POSTOPERATIVE MANAGEMENT
Assessment of Graft Function:  Postoperative monitoring of graft func-
tion includes serial measurements of INR, total bilirubin, lactate, 
and glucose in addition to transaminases. The normal initial rise in 
the patient’s transaminase levels in the first 1 to 2 days following the 
transplant is expected to normalize within a few days. Some centers 
try to avoid the administration of fresh frozen plasma immediately 
postoperatively in deceased donor transplants (unless there is concern 
about active bleeding) given that it will interfere with the ability to 
monitor the synthetic function (using INR) of the new graft. Given 
the inherent higher risk of bleeding from the raw surface of the liver, 
living-donor transplant recipients are more commonly treated for 
coagulopathies. Glucose should be monitored frequently during the 
ICU stay, as liver failure will often result in refractory hypoglycemia. 
Conversely, the use of corticosteroids may lead to insulin resistance 
and hyperglycemia, which should be treated appropriately. Bilirubin 
often remains elevated for many days following the transplant, but 
should be followed closely as abrupt changes may herald complica-
tions involving the biliary tree or the vascular supply to the liver. 
Serum lactate levels are frequently elevated immediately following the 

operation, but if the graft is functioning properly they should return 
to normal—usually within 1 day. Abrupt changes in any of the func-
tion parameters or the absence of evidence of decline of their original 
levels should prompt further investigation into whether the graft is 
functioning appropriately with an ultrasound and Doppler study to 
ensure adequate hepatic artery and vein flow. A Doppler study is rou-
tinely performed after living-donor transplants.

Volume Status and Hemodynamics:  A coagulopathy can persist in the 
postoperative period and close monitoring of hemoglobin is necessary 
to monitor for signs of bleeding. Most centers advocate continuing to 
maintain a low central venous pressure in attempt to minimize liver con-
gestion and reduce the risk of bleeding. The traditional perspective to 
fluid status intraoperatively and postoperatively was a conservative one 
with some institutions actively aiming for lower central venous pressures 
(CVP). This is believed to decrease the potential congestion to the fresh 
graft in order to maximize graft function and minimize blood loss.78 A 
more recent review has demonstrated that maintaining a low CVP is 
not associated with any benefit with respect to immediate postopera-
tive graft function, graft survival, or patient survival.80 Enhancing and 
optimizing oxygen delivery through adequate cardiac output (optimized 
preload and contractility) should be the primary focus of postoperative 
fluid and hemodynamic management with caution not to overresusci-
tate or underresuscitate the unstable posttransplant patient given the 
sensitivity of the graft to under perfusion and hepatic congestion. The 
hyperdynamic circulatory state that characterizes portal hypertension 
will often persist in the postoperative period. The increased cardiac 
output and decreased systemic vascular resistance may mimic sepsis 
and make the interpretation of hemodynamic measurements difficult.

The management of the patient with preoperative portopulmonary 
hypertension can be extremely challenging. These patients will often 
encounter pulmonary hemodynamic instability due to acute right 
ventricular decompensation and may have increased cardiopulmonary 
mortality, especially if the preoperative mean pulmonary artery pressure 
is greater than 35 mm Hg.81 If invasive hemodynamic monitoring has not 
already been established with a pulmonary artery catheter, it should be 
considered to guide therapy in these patients. Specific pulmonary vaso-
dilators such as inhaled nitric oxide or nebulized prostaglandins may 
be required in the setting of right ventricular dysfunction in order to 
preserve cardiac output. Strategies should also focus on attempts to aug-
ment contractility, while preserving coronary perfusion and minimizing 
RV overload (and in-turn hepatic congestion).

A system for classifying patients based on their anticipated need for 
fluid and electrolyte replacement has been proposed82 and advocated by 
several experts.83 Such an approach may be practically useful in that it 
creates a framework to understand the hemodynamic considerations for 
a given patient (Table 115-12). According to this classification, a patient 
with class I liver disease can be expected to have a normal postoperative 
response to intravenous fluid therapy. Patients with class II or III liver 
disease will have more ascites, leading to greater fluid and protein loss 
intraoperatively, and can be anticipated to need more fluids postopera-
tively. Patients with class IV disease require the closest monitoring and 

  TABLE 115-12   � Classification of End-Stage Liver Disease Severity for the 
Purposes of Intensive Care Unit Management

Class
Hyperdynamic 
Circulation Hyponatremia Malnutrition

Portopulmonary 
Hypertension

Cardiac 
Dysfunction

I − − − − −

II + +/− − − −

III ++ ++ − − −

IV ++ ++ + + +

Adapted with permission from Lowell J, Shaw B Jr. Critical care of liver transplant recipients. In: Maddrey WC, 
Schiff ER, Sorrell MF, eds. Transplantation of the Liver. Philadephia, PA: Lippincott, Williams & Wilkins; 2001.
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  TABLE 115-14   I mmediate Complications Post-Liver Transplant by System

Neurologic Residual cerebral edema/hepatic encephalopathy
Calcineurin inhibitor toxicity (tremors, delirium seizures, posterior 
reversible encephalopathy syndrome)
Seizures (multifactorial)

Cardiovascular Hyperdynamic circulation
Vasoplegia syndrome

Pulmonary Residual hepatopulmonary syndrome
Pneumonia
Pleural effusions
Atelectasis

Hepatic Primary nonfunction
Hepatic artery thrombosis, portal vein thrombosis
Biliary leak
Acute rejection
Recurrence of primary disease (autoimmune/viral)
Intra-abdominal infections

Renal Prerenal (volume depletion/bleeding)
Acute tubular necrosis (intra-/postoperative hemodynamic changes)
Immunosuppressant drug toxicity
Residual hepatorenal syndrome
Abdominal compartment syndrome

Infectious Intra-abdominal surgical site infections
Invasive or local candidiasis
Biliary tract infections

may benefit from insertion of a pulmonary artery catheter to assist with 
the management of the portopulmonary hypertension and cardiac dys-
function that is often present (Table 115-13).

Mechanical Ventilation:  Although high levels of PEEP may contribute 
to a reduction in venous drainage from the liver, practically, the use of 
PEEP should be guided by the needs of the patient. Most patients who 
present to the intensive care unit can be extubated once there is evidence 
of improving graft function and their hemodynamic status, fluid balance 
and pain are adequately controlled. In the absence of complications, 
refractory ascites or pleural effusions, most patients are extubated on the 
same or first post-operative day. Indeed, one of the most recent advance-
ments in postoperative care is the movement toward early extubation. 
Multiple single institutional studies have suggested that early airway 
extubation is a safe practice that theoretically may minimize the risk of 
developing ventilator-associated complications.84 Ongoing larger multi-
center trials are currently underway regarding the benefit and establish-
ing criteria for fast tracking patients to early extubation.

Immunosuppression—Special Considerations for Liver Transplant:  Most cen-
ters use a combination of two to three different maintenance immuno-
suppressive drugs to prevent rejection. Calcineurin inhibitors remain the 
mainstay of immunosuppression in liver transplant. The section on immu-
nosuppression outlines general principles for all transplants; however, 
some unique considerations for liver transplant are worth highlighting.
Glucocorticoids  Unlike the lung transplant population, most centers aggres-
sively attempt to taper and eventually discontinue glucocorticoids within 
6 months to 1-year posttransplant. Immune-mediated conditions such 
as autoimmune hepatitis, primary biliary cirrhosis, and primary scleros-
ing cholangitis are conditions, however, in which long-term low-dose 
glucocorticoids are continued given that the immune-mediated graft 
rejection is higher with these conditions.85 Alternatively, an approach to 
rapid tapering of glucocorticoids is taken in hepatitis C virus patients 
(HCV) as glucocorticoids have been shown to be associated with 
increases in HCV replication. It is believed that this is due to either a 
direct impact on enhanced replication or more effective replication in 
light of higher immunosuppression. While many centers choose to taper 
steroids slowly, multiple trials have looked into steroid free immunosup-
pression. In one recent meta-analysis of 21 randomized controlled trials, 
HCV patients in the glucocorticoid-free protocol (with the replacement 
of an alternative agent) appeared to benefit with overall lower rates of 
HCV recurrence, acute graft hepatitis, and treatment failure.86 A small 
randomized controlled trial demonstrated no difference in rejection 
and similar 1-, 3-, and 5-year survival in patients treated with cortico-
steroids compared to those who underwent corticosteroid taper by 6 
months in exchange for an alternative regimen in 39 patients.87 A more 
definitive recommendation awaits the results of ongoing clinical trials  
(http://clinicaltrials.gov/ct2/show/NCT00286871).

  TABLE 115-13    Postoperative Management of Liver Transplant Recipients

Postoperative assessment of graft 
function

Serial measurements of INR, lactate, total bilirubin, 
glucose to assess function; transaminases

Ventilation Lung-protective ventilator management

Consideration for early extubationa

Fluid and hemodynamics Cautious fluid administration

Maintain low central venous pressure 

Hyperdynamic circulation may persist postoperatively

Monitor for evidence of bleeding

Immunosuppressive medications Maintenance: triple drug therapy with a calcineurin 
inhibitor, an antiproliferative, and a corticosteroid

Antimicrobial prophylaxis See Infectious Disease section
aOngoing clinical trials.

Calcineurin Inhibitors  Multiple trials have attempted to delineate which 
calcineurin inhibitor (tacrolimus or cyclosporine) is superior for the 
liver transplant population. After multiple meta-analysis and systemic 
reviews, both are felt to be very effective. In one trial, tacrolimus was 
superior with regard to preventing acute rejection, steroid resistant 
rejection, and graft loss; however, diabetes was more commonly seen.88,89 
The issue surrounding the use of calcineurin inhibitors in the setting 
of renal failure is especially challenging as sicker patients are being 
prioritized based on their renal function. A strategy of low-dose tacroli-
mus or delayed low-dose tacrolimus has been found in some studies to 
minimize renal injury.90 Ongoing research is exploring the added benefit 
of cyclosporine in HCV patients as it has been shown to inhibit HCV 
replication in vitro.91

Sirolimus (Rapamycin)  While problems have been expressed with wound 
healing in a variety of different solid organ transplants, in the liver 
transplant population sirolimus has been associated with lower rates 
of hepatocellular carcinoma posttransplantation.92 Ongoing prospec-
tive studies are attempting to further elucidate the interaction between 
hepatocellular carcinoma growth and sirolimus.

■■ POSTOPERATIVE COMPLICATIONS
Common complications following liver transplant are outlined below 
and in Table 115-14.

Primary Graft Nonfunction:  Primary graft nonfunction refers to a failure of 
the transplanted liver early in the postoperative period. The characteristics 
of this devastating complication include minimal bile output, refractory 
coagulopathy, progressive elevation of transaminases, acidosis, hypogly-
cemia, and cerebral edema. The incidence is likely only between 3% and 
5%,93,94 but the associated mortality rate may be higher than 20%.95

Several considerations exist if the graft fails to work postoperatively. The 
possibility of vascular complications should be entertained and excluded 
with Doppler ultrasonography.96 Investigations to detect severe infection 
or acute rejection should be initiated. If all these tests fail to elucidate the 
cause of graft failure, primary graft nonfunction is the likely cause.

Vascular Complications:  The incidence of vascular complications fol-
lowing liver transplant ranges from 8% to 14%.97 These develop most 
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commonly on the first postoperative day, but may occur up to several 
weeks following surgery.96 Thrombosis is the most common early 
complication, with stenosis and pseudoaneurysm formation generally 
developing later in the patient’s course. Hepatic artery thrombosis is the 
second most significant cause of liver graft failure after primary non-
function in the immediate posttransplant period. The presentation of 
hepatic artery thrombosis has been associated with hepatic artery recon-
struction with an interposition graft to the supraceliac aorta.98 There 
may also be an increased risk of hepatic artery thrombosis with the use 
of sirolimus.99 The clinical picture of this complication can vary from the 
asymptomatic rise in liver enzymes to fulminant hepatic failure. Urgent 
laparotomy and revision of the hepatic artery anastomosis is required if 
this complication develops, and unfortunately retransplantation is often 
necessary if hepatic necrosis has occurred.

Portal vein thrombosis develops less frequently and may present 
more insidiously. Ascites may be seen to develop or worsen, and variceal 
bleeding (usually from preexisting varices) may ensue. Thrombectomy 
and anastomotic revision can be successful if this complication is diag-
nosed early.

Biliary Leaks:  Biliary complications occur in approximately 15% of 
patients following orthotopic liver transplantation.100 Of these, bile leak is 
the most common early complication. Symptoms are nonspecific, and can 
include fever, abdominal discomfort, and signs of peritoneal irritation.  
Though ultrasound may demonstrate an intra-abdominal fluid collec-
tion, cholangiography will provide a definitive diagnosis. Endoscopic 
insertion of biliary stents can sometimes provide satisfactory results, 
but surgical repair of the leak may be required. The risk of biliary leak 
depends on the type of reconstruction with duct-to-duct anastomosis felt 
to have a slightly less risk given that there is preservation of the sphincter 
of Oddi to prevent reflux of contents into the bile duct. Hepatic artery 
thrombosis, prolonged cold and warm ischemic times, CMV infection, 
primary sclerosing cholangitis, ABO mismatch, and donation after  
cardiac death are other risk factors for the development of biliary leak.

Biliary strictures and stones typically appear later in the postopera-
tive period. Obstructions usually can be managed endoscopically101 or 
through the use of interventional radiology techniques, but surgical 
correction is sometimes necessary. Strictures typically develop at the 
anastomotic site, and are likely the result of local ischemia. These may 
present as cholestasis or possibly as overt cholangitis. Balloon dilation of 
the stricture with or without stent placement usually is successful treat-
ment, but surgical revision and even retransplantation may be required.

Rejection:  Rejection of the hepatic allograft is usually not seen until about 1 
to 2 weeks following the procedure, and most often manifests as fever, right 
upper quadrant pain, and reduced bile pigment and volume. However, the 
most sensitive marker of early rejection is a rise in serum transaminase 
(AST/ALT) levels and bilirubin. A rise in total white blood count may also 
develop. Liver biopsy remains the gold standard for the diagnosis of rejec-
tion. The most important consideration when elevation of these serum 
enzymes occurs early in the postoperative course is the exclusion of one of 
the various mechanical complications (such as vascular compromise, bili-
ary obstruction, and primary graft nonfunction). Table 115-15 outlines the 
differential diagnosis of transaminitis posttransplant.

After the biliary tree and vascular structures have been imaged using 
ultrasonography, a liver biopsy will help confirm the diagnosis of acute 
rejection. As is the case in any solid-organ transplant recipient, treat-
ment of acute rejection should be aggressive and must be instituted 
promptly. For liver transplant recipients, therapy usually involves anti-
thymocyte globulin and increased or pulsed doses of methylpredniso-
lone. Fortunately, with the advent of more potent immunosuppressive 
agents, acute rejection has decreased in incidence but still affects 15% to 
25% of liver transplant patients.102

Chronic rejection can occur months to years after transplant. Chronic 
rejection of the liver presents clinically as progressive cholestasis and 
histologically with mononuclear infiltration of the allograft, vascular 
abnormalities, and fibrosis. These findings are most commonly seen as 
part of the vanishing-bile-duct syndrome; treatment is often unsuccess-
ful and may require retransplantation.

Primary Disease Recurrence:  Recurrence of the primary disease is not 
uncommon posttransplant. Autoimmune diseases, hepatitis C, and 
hepatocellular carcinoma can recur posttransplantation. Reactivation 
HBV or HCV infection in the recipient and resultant allograft infection 
remains a major challenge. For HBV, most patients receive a combina-
tion of pretransplant antiviral therapy followed by hepatitis B immu-
noglobulin (HBIg) and an antiviral to suppress replication of the virus 
in the postoperative setting. These therapies are generally continued 
indefinitely, and have resulted in allograft and patient survival rates sim-
ilar to those of patients not infected with HBV.103 Combination therapy 
has reduced the recurrence of HBV to less than 10% with a significant 
improvement in patient and graft survival.104 Transplantation of an 
HCV patient with a new graft is likely to become reinfected with HCV 
given that effective antiviral therapies are lacking. These patients in 
turn have been shown to have poorer graft and patient survival rates.105 
Recipient outcomes will depend on whether it is a newly acquired viral 
strain, whether it is a reactivation of their previous strain, and if there is 
evidence of immunity and the previous response to antiviral therapy.106

Hepatocellular carcinoma recurrence was especially common with 
poorly differentiated tumors; however, with better patient selection 
criteria, those patients with hepatocellular carcinoma undergoing trans-
plant have a better prognosis and lower risk of recurrent disease.

Renal Dysfunction:  Following the liver transplant procedure, renal 
dysfunction is frequently observed, and postoperative renal failure 
can be severe enough to require renal replacement therapy in 13% 
of patients.107 Kidney function generally improves and only 5% of 
patients require chronic hemodialysis following liver transplant.108

The most common precipitant is intravascular volume depletion 
resulting in prerenal azotemia. Intraoperative hypotension, low cardiac 
output syndromes, immunosuppressive therapies, sepsis, abdominal 
compartment syndrome, and contrast-induced nephropathies can also 
contribute to renal injury posttransplant. Hepatorenal syndrome is a 
reversible cause of renal failure that arises in patients with advanced 
cirrhosis. Liver transplant can lead to complete renal recovery; however, 
the rates are variable.

Pulmonary Complications:  Hepatopulmonary syndrome (HPS) is char-
acterized by pulmonary vascular vasodilation and shunting in a patient 
with cirrhosis. It is defined by the presence of liver dysfunction and 
intrapulmonary vasodilation resulting in abnormal gas exchange. It has 
been estimated that up to 10% to 30% of patients with cirrhosis have 
some degree of HPS.109 No effective medical therapies beyond transplant 
exist. Resolution posttransplant is variable with persistent shunting 
seen up to 14 months in some reviews.110 It was previously believed that 
patients with severe HPS should be excluded from transplant (defined 
as preoperative arterial oxygen content <50 mm Hg); however, recent 
evidence has demonstrated that the survival in those with HPS and 
severe HPS is higher than originally demonstrated and that, with careful 
preoperative evaluation, many patients with HPS may benefit from liver 
transplantation.111 However, these patients often have protracted post-
operative ICU courses with high FiO2 requirements and poorly tolerate 

  TABLE 115-15   � Differential Diagnosis of Elevated Transaminases Post-Liver 
Transplant

Etiology Timing (Early <30 days)

Postsurgical inflammation Early (should be resolving in a few days with a downward trend)

Primary graft nonfunction Early

Hyperacute/acute rejection Early

Biliary complications Early/late (primarily cholestatic pattern)

Vascular complications Early/late

Primary disease recurrence Late 
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complications such as pneumonia. Identifying and correcting factors 
that may be contributing to venous admixture is important.

While pleural effusions are the most common postoperative pul-
monary complication, mortality rate is highest among those who 
develop hospital-associated pneumonias compared to other pulmonary 
complications.112 A meta-analysis of the use of selective digestive decon-
tamination in the liver transplant population to minimize the risk of 
bacterial infections showed the available literature supports a beneficial 
effect of SDD on reducing gram-negative pneumonias. However, larger 
randomized trials looking at its impact on infection, mortality, and anti-
microbial resistance are needed.113

More information on the infectious disease complications can be 
found in the section “Infectious Complications” below.

Neurologic Complications:  Mental status changes, delirium, seizures, and 
coma are not uncommon following liver transplant. Neurologic compli-
cations have been described in 8% to 40% of patients who undergo liver 
transplant.114 Hepatic encephalopathy that is present pretransplant can 
persist posttransplant particularly in the setting of delayed graft func-
tion. Seizures can complicate the early postoperative course and may be 
due to calcineurin inhibitors, posterior reversible encephalopathy, meta-
bolic disturbances, ischemic events, hemorrhagic central nervous events 
in the setting of coagulopathy, or central nervous system infection. 
Intensive care–associated delirium is not uncommon in the setting of 
a prolonged intensive care stay, which could be exacerbated by steroids 
and immunosuppressive medications.

HEART TRANSPLANTATION

■■ INTRODUCTION
Heart transplantation has become the treatment of choice for many 
patients with end-stage heart disease. The initial enthusiasm following 
the first transplant in Cape Town in 1967 was blunted by the high rate 
of postoperative complications. However, over the past 30 years, with 
advancements in the operative technique, immunosuppression, unique 
bridging strategies, and a more meticulous selection of donors and 
recipients, outcomes have improved substantially. Despite these signifi-
cant advancements, survival remains limited by allograft dysfunction in 
the form of cardiac allograft vasculopathy as well as the adverse impact 
of immunosuppressive medications.

■■ INDICATIONS AND OUTCOMES
Heart transplant is the optimal treatment for patients with end-stage heart 
disease who remain symptomatic despite maximal medical therapy or ven-
tricular assist devices. According to the International Society for Heart and 
Lung Transplantation, (2002-2012) primary indications included dilated 
cardiomyopathy, coronary artery disease, valvular heart disease, and con-
genital heart disease. Other less common indications include intractable 
arrhythmias, intractable angina not amenable to bypass or percutaneous 
interventions, and hypertrophic cardiomyopathy with persistent symptoms 
despite maximal treatment and interventions. Figure 115-5 demonstrates 
the primary indications for heart transplant over the past decade.

The projected median survival has improved to 11 years, with the 
greatest impact in survival coming from improvements in immunosup-
pressive treatment in the first 6 to 12 months.115 Factors associated with 
worse prognosis at 1 year included the need for short-term ECLS prior 
to transplant, congenital heart disease, insulin-dependent diabetes, or 
the requirement of dialysis or mechanical ventilation prior to transplant. 
Donor age and ischemia are also found to have an impact on 1-year 
mortality.116 The most common causes of death after heart transplanta-
tion include acute allograft rejection, infections, allograft vasculopathy, 
and lymphoma and other malignancies.

■■ TRANSPLANT PROCEDURE
Although other variations have been described, the standard approach for 
heart transplantation involves the creation of four separate anastomoses 

between the recipient atria and great vessels and the atria and great  
vessels of the donor heart (the biatrial technique). There has been renewed 
interest in bicaval and pulmonary vein to pulmonary vein anastomoses,  
and the bicaval technique has now been recommended by many 
experts.117 As a general rule, ischemic times should be less than 4 hours 
as more prolonged times are associated with a higher incidence of reper-
fusion injury.

■■ POSTOPERATIVE MANAGEMENT
Hemodynamic Monitoring and Support:  Standard monitoring following 
heart transplant includes standard ECG, arterial line, and pulmonary 
arterial catheter to assist in guiding hemodynamic support therapies. 
An intraoperative transesophageal echocardiogram is performed at 
the end of the case and if tricuspid regurgitation (TR) is seen intra-
operatively a follow-up echocardiogram is necessary within 24 hours.  
If TR persists, an annuloplasty of donor tricuspid valve can be 
considered depending on the severity. Pericardial effusions are not 
uncommon after surgery and can be followed with serial echocardio-
grams. Drainage of the effusion is necessary if evidence of hemodynamic 
compromise or if there is suspicion of an infectious etiology.

Intravenous fluids are used sparingly and aggressive diuresis is con-
tinued postoperatively. However, the denervated heart will not be able 
to respond acutely to hypovolemia with reflex tachycardia, and adequate 
preload must be present to maintain stroke volume and preserve blood 
pressure. A decreased cardiac output from left ventricular dysfunction 
can be treated with inotropes (dobutamine or milrinone). In more 
severe cases, transient support with intra-aortic balloon counterpulsa-
tion may be required. If this fails, mechanical circulatory support may 
need to be pursued and a diagnosis of primary heart graft failure should 
be considered (see below). In most cases, inotropic support is weaned 
as tolerated over first 3 to 5 days. α-Adrenergic agonists can be added 
to maintain adequate mean arterial pressures if the systemic vascular 
resistance is low secondary to a systemic inflammatory response from 
cardiopulmonary bypass or if there is presence of vasoplegia. Methylene 
blue is sometimes used at certain institutions for refractory shock felt to 
be secondary to vasoplegia. A central venous pressure of 5 to 12 (or a 
level that will provide adequate cardiac filling without leading to right 
ventricular overload) is targeted postoperatively. These goals should be 
individualized, and the management should be guided by the clinical 
picture and not purely based on hemodynamic measurements.

If the cardiac output acutely deteriorates, urgent echocardiography 
should be obtained to exclude the possibility of tamponade and to evaluate 
left and right ventricular function. Left ventricular function of the allograft 
may be reduced and a restrictive physiology observed if there has been pro-
longed ischemic time and poor myocardial preservation. Other causes of 
ventricular dysfunction should be sought such as acidemia, hypovolemia, 
hypoxemia, and medications with negative inotropic properties.

FIGURE 115-5.  Indications for heart transplantation (Stehlik et al115).
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Immunosuppression:  Universal induction therapy for heart transplant 
remains controversial. Most centers will implement induction in the 
setting of high acute rejection risk for presensitized patients with anti-
thymocyte polyclonal antibodies and the IL-2 receptor antagonists. 
Similar to lung and liver transplantation, most maintenance regimes 
include two to three drug combinations of a calcineurin inhibitor, an 
antiproliferative agent, and corticosteroids.

Sirolimus is sometimes used by certain centers in patients with cardiac 
allograft vasculopathy, renal insufficiency, or malignancies given its 
inhibitory effect on smooth muscle proliferation and ability to slow pro-
gression of malignancy. Sirolimus has been found to be useful to slow 
disease progression. The high incidence of side effects including poor 
wound healing has limited its routine use.118,119

■■ POSTOPERATIVE COMPLICATIONS
Primary Heart Graft Failure:  Primary heart graft failure (PHGF) domi-
nates the causes of perioperative or early (<30 day) mortality post-heart 
transplant, accounting for 20% to 40% of early postoperative deaths.120 
PHGF occurs when a mismatch exists between the capabilities of the 
new heart and the demands imposed upon it by its new circulatory 
environment. It is defined as severe dysfunction of the graft that is char-
acterized by shock, low cardiac output, and high filling pressures in the 
absence of secondary causes such as hyperacute rejection, pulmonary 
hypertension, or surgical complications.121

Right Ventricular Failure and Pulmonary Hypertension:  Although pre-
operative selection has reduced the number of patients with severe 

pulmonary hypertension being offered heart transplant, some patients 
with milder preexisting pulmonary hypertension may experience 
post-operative right heart failure. Right heart failure results because 
the newly transplanted right ventricle (which is accustomed to pump-
ing against a normal pulmonary vascular resistance) is placed in a 
circuit characterized by an increase in PVR and is unable to over-
come the imposed afterload. Tricuspid regurgitation is often present 
following the transplant (especially if the biatrial technique was used), 
and may be exacerbated by an increase in right ventricular afterload. 
Through its effects as a pulmonary vasodilator, isoproterenol can 
often reduce the right ventricular afterload. However, when sig-
nificant postoperative pulmonary hypertension persists, intravenous 
nitroglycerine, nitroprusside, and prostaglandin E1 may be required. 
Systemic infusion of α-agonists such as norepinephrine or phenylephrine 
may be needed to support the systemic arterial pressure. Inhaled 
nitric oxide is often used to acutely reduce right ventricular after-
load. By virtue of its mode of delivery, inhaled nitric oxide acts as a 
selective pulmonary vasodilator with minimal systemic effects and 
reduces intrapulmonary shunting.122-126 More recently, sildenafil, 
a cyclic guanosine monophosphate (cGMP)–specific phosphodi-
esterase type 5 inhibitor has been used with success for persistent 
pulmonary hypertension, and to prevent rebound after withdrawal 
of inhaled NO.127 Owing to the expense associated with the use of 
inhaled NO, other inhaled therapies have been evaluated (NO donors 
and prostaglandin analogues) and appear to be of equal benefit.128-130 
However, the half-lives of these medications mandate repeated  
dosing. Figure 115-6 outlines an approach to RV failure posttransplant.

FIGURE 115-6.  An approach to RV failure posttransplant. (Adapted with permission from Haddad F, Doyle R, Murphy DJ, Hunt SA. Right ventricular function in cardiovascular disease, part 
II: pathophysiology, clinical importance, and management of right ventricular failure. Circulation. April 1, 2008;117(13):1717-1731.)
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Arrhythmia:  Heart transplant is frequently complicated by arrhythmias 
secondary to structural abnormalities at the sinoatrial node, parasympa-
thetic and sympathetic denervation posttransplant, and heterogeneous 
partial sympathetic reinnervation. The mechanism for arrhythmia is 
secondary to complete cardiac denervation following biatrial or bicaval 
anastomosis, potential ischemia of the sinoatrial (SA) node, and enlarge-
ment of the atria.131 Loss of parasympathetic innervation leads to the 
absence of the suppressive effect on the SA node. Conversely, loss of 
sympathetic innervation results in a blunting of stress-induced elevation 
in heart rate. While the heart does undergo partial sympathetic rein-
nervation, it is often heterogeneous. Interestingly, bicaval anastomosis 
appears to be associated with less incidence of arrhythmias perhaps 
due to the preservation of the normal atrial anatomy and function, 
thus minimizing trauma at the level of the sinoatrial node. Myocardial  
scarring, altered cardiac anatomy, heterogeneous innervation, transplant 
coronary artery disease, and rejection can all manifest as arrhythmias. 
Due to the loss of parasympathetic innervations, these patients have 
minimal response to atropine or digoxin.

Atrial fibrillation and atrial flutter occur in 20% of patients posttrans-
plant.132 It has been associated with a higher mortality posttransplant  
primarily in the group with late atrial fib/flutter (>30 days).133 Risk factors 
for the development of the arrhythmia include older donor and recipient 
age.134 Persistent tachyarrhythmias should raise suspicion of acute rejec-
tion. Antiarrhythmic management posttransplant needs to take into con-
sideration drug interactions with immunosuppression and the variability 
in response given the denervation of the posttransplanted heart.
Rejection:  Though immunosuppressive regimens have minimized epi-
sodes of acute rejection, this complication still is responsible for 7% of 
deaths within the first 30 days of the procedure.135 Most episodes of acute 
rejection are asymptomatic and are diagnosed on routine endomyocardial 
biopsy. When symptoms are present, they are often nonspecific and may 
include fever, malaise, hypotension, congestive heart failure, or reduced 
exercise tolerance and fatigue. Consequently, surveillance for rejection 
through the use of endomyocardial biopsy has become standard practice. 
When performed by an experienced operator, this procedure is associated 
with a morbidity of less than 1% and a procedure-related mortality of 
less than 0.2%.136,137 The most concerning complication of this procedure 
is cardiac perforation with acute pericardial tamponade or injury to the 
tricuspid valve. Typically biopsies (with multiple sampling) are performed 
every week for the first 4 weeks, every 2 weeks for the next 6 weeks, 
monthly for the next 3 to 4 months, and then every 3 months until the end 
of the first year. After that time, it is reduced to three to four times per year 
in the second year and one to two times per year after that.115

Once rejection is diagnosed histologically, imaging to assess cardiac 
function should be obtained (using two-dimensional echocardiography 
or multiple-gated acquisition nuclear scanning).117 Mild rejection in the 
absence of cardiac dysfunction is usually treated conservatively with an 
increase in the dose of immunosuppressive agents. If moderate rejec-
tion or left ventricular dysfunction is present, the episode of rejection is 
treated using high-dose pulsed steroids with or without cytolytic therapy 
(antithymocyte globulin or OKT3). Repeat endomyocardial biopsy 
should always be performed to assess the response to therapy.

Chronic rejection in the cardiac allograft typically manifests as 
aggressive and premature coronary artery disease. This complication 
usually develops months to years after the procedure. In contrast to the 
more familiar causes of coronary artery disease, transplant-associated 
coronary artery disease is generally more diffuse, involving all the vessels  
of the heart including the arteries, veins, and great vessels. Because 
the allograft is denervated, classic angina only develops in a minority 
of patients, and coronary artery disease more typically presents with 
“angina-equivalent” symptoms such as dyspnea. Accelerated CAD has 
a significant impact on mortality posttransplant. Over 50% cardiac 
transplants develop transplant CAD by 5 years.131 Transplant CAD, also 
known as cardiac allograft vasculopathy (CAV), is the leading cause of 
death in the first posttransplant year. Accelerated plaque formation may 
occur because of sustained or recurrent inflammatory response due to 

cellular and humoral immune response in addition to atherosclerosis. 
Effective prevention can be achieved with lipid-lowering therapy with 
statins and possibly mTOR inhibitors and diltiazem. Statins have been 
shown to have a favorable impact on outcome through preventing and 
minimizing the severity of CAV.138 Some literature comparing mTOR 
inhibitors to antiproliferative agents suggest a reduction in CAV with 
mTOR inhibitors139,140; however, given the reports of impaired wound 
healing, anemia, thrombocytopenia, hyperlipidemia, and renal dysfunc-
tion associated with the mTOR inhibitors, their early use posttransplant 
may be problematic until further research is available. These drugs 
are currently not approved for this indication posttransplant. There 
currently exists some debate surrounding the usefulness of diltiazem 
after transplant in the prevention of CAV.141 For localized disease, per-
cutaneous coronary intervention should be performed if amenable to 
interventions in those who have clinically significant discrete lesions. 
Retransplantation would be an alternative option in those with diffuse 
triple vessel disease, decreased ventricular function and symptoms if 
no contraindications exist. Screening PRAs are performed on all heart 
transplant candidates prior to transplantation in an attempt to identify 
their risk of rejection and facilitate steps to minimize its occurrence. 
High PRA could significantly decrease the chance of a compatible donor 
or increase the risk of unavoidable mismatches. Given the absence of 
international standards, each transplant center has a defined threshold 
of antibody levels above which they deem an unacceptable risk of rejec-
tion. A PRA level >10% is often deemed a significant allosensitization 
and is often the threshold to consider instituting desensitized therapies. 
Desensitization therapies include a combination of IV immunoglobu-
lin, plasmapheresis, rituximab, and in some cases splenectomy. The  
strategies employed are center specific and determined based on  
the patients’ individual risk and results of the cross match.142

Reperfusion Injury:  Prolonged ischemic time resulting in reperfusion 
injury can range from a transient time period to 12 to 24 hours post-
transplant. Cold ischemic times greater than 5 hours are associated with 
reperfusion injury, greater risk of allograft dysfunction, and death. This 
often manifests as shock or LV systolic dysfunction posttransplant. The 
causes of post-operative left ventricular systolic failure are provided in 
Table 115-16.

■■ INFECTIOUS COMPLICATIONS
With significant advancements in transplant technique, immunosup-
pression, and graft survival, infection remains one of the most significant 
complications posttransplantation. Prior to the transplant procedure, it 
is important to know whether or not the transplant recipient has been 
exposed to common infections that can cause serious morbidity in the 
postoperative period when immunosuppressive therapies are instituted. 
Patients are routinely screened for antibodies to CMV, Epstein-Barr 
virus (EBV), herpes viruses, HBV, HCV, human immunodeficiency virus 
(HIV), Toxoplasma, and tuberculosis exposure via skin testing. In an 
immunosuppressed recipient who has been previously exposed, many of 
these infections can be reactivated. Alternatively, a naïve recipient may 
be transplanted with an organ from a seropositive donor. The most pro-
found period of immunosuppression often occurs approximately 4 weeks 
posttransplantation when immunosuppressive agents maximally inhibit 
the T-cell immunity defense. Given the immunosuppressed status of the 

  TABLE 115-16    An Approach to Left Ventricular Systolic Dysfunction Posttransplant

Early LV dysfunction (days posttransplant)
Late LV dysfunction (weeks-years  
posttransplant)

Hyperacute rejection Acute rejection

Reperfusion injury Acute myocarditis (T. Gondii, CMV)

Suboptimal donor heart Nonspecific allograft dysfunction

Allograft coronary artery disease
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patients, classic symptoms of infection are often blunted, causing them to 
present at a later time when the infectious process is more disseminated. 
Furthermore, alternative causes of fever such as rejection can obscure 
the clinical picture leading to empiric and recurrent antimicrobial use 
when none may be warranted, and the frequent use of broad-spectrum 
antimicrobials may lead to the development of resistant organisms. 
Multiple drug interactions exist between certain antimicrobials and 
immunosuppressive therapies. Knowledge of these potential interactions 
is imperative to prevent potential adverse side effects that could arise. The 
side effects of immunosuppressive agents can sometimes be mistaken 
for infectious processes such as the drug-induced pneumonitis due to 
sirolimus, which can often present like community-acquired pneumonia.  
Table 115-17 outlines the differential for common conditions in the 
immunosuppressed population and the infections and noninfectious 
processes that should be considered in a transplant recipient.

In the initial post-operative phase, patients are particularly suscep-
tible to nosocomial bacterial and, less commonly, fungal infections. 
With time, the effects of sustained immunosuppression are seen with 
greater risk for opportunistic infections. This risk may be augmented 
in patients who have had a more complicated post-operative course, 
punctuated by episodes of acute rejection necessitating intensification 
of their immunosuppression. In addition, modification in duration of 
prophylaxis may simply defer infection to later in the patient’s course 
(eg, CMV). Later, as the intensity of immunosuppression is reduced, 
opportunistic infections tend to decrease in prevalence and are over-
shadowed by complications such as chronic rejection, and malignancies 
such as posttransplant lymphoproliferative disorders. Several authors 
have proposed an approach that classifies the most likely infectious 

complications according to the time that has elapsed since the original 
procedure (see Fig. 115-7).

Infections Occurring in the First Posttransplant Month:  In the first month 
after transplant, most infections are similar to those encountered 

  TABLE 115-17   � Approach to Bilateral Airspace Disease and Altered Level  
of Consciousness in a Transplant Recipient

Bilateral Airspace Disease Decreased Level of Consciousness

Bacterial pneumonia Bacterial meningitis (including Listeria)

Viral/atypical/fungal/PJPa pneumonia Viral meningitis (including JCb virus, 
HSVc)

Drug-induced hypersensitivity reaction (sirolimus) Fungal meningitis (including 
Cryptococcus neoformans)

Pulmonary edema secondary to left ventricular 
failure 

Calcineurin inhibitors

Noncardiogenic pulmonary edema (ARDS due to  
local infectious or distal infections etiologies)

Central nervous system lymphoma

Metabolic s/e immunosuppression (renal 
failure, hyperosmotic nonketotic acidosis)

Hyperammonemia
aPneumocystis jiroveci pneumonia.
bPapovavirus.
cHerpes simplex virus.

Conventional
nosocomial
infections

Viral

HSV

Unconventional or opportunistic infections

Onset of CMV

EBV, VZV (shingles), influenza, RSV, adenovirus

Onset of hepatitis B or hepatitis C

Bacterial

Wound infections, catheter-related infections, pneumonia

Nocardia

Listeria, tuberculosis

Fungal

Pneumocystis

Aspergillus Cryptococcus

Geographically restricted, endemic fungi

Papillomavirus, PTLD

CMV retinitis or colitis

Community-acquired or
persistent infections

Candida

Parasitic

Strongyloides

Toxoplasma

Leishmania

0 1 2 3 4

Months after transplantation

5 6

Trypanosoma cruzii

FIGURE 115-7.  Timing of infectious complications posttransplant. Usual sequence of infections after organ transplantation. Zero indicates the time of transplantation. Solid lines indicate the 
most common period for the onset of infection; dotted red lines divide infectious episodes into early and late. CMV, cytomegalovirus; EBV, Epstein-Barr virus; HSV, herpes simplex virus; PTLD, post-
transplantation lymphoproliferative disease; RSV, respiratory syncytial virus; VZV, varicella-zoster virus. (Adapted with permission from Rubin RH, Wolfson JS, Cosimi AB, Tolkoff-Rubin NE. Infection in 
the renal transplant recipient. Am J Med. February 1981;70(2):405-411.)
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following any major surgery, including bacterial or candidal infections 
involving the lungs, urinary tract, surgical wound, or indwelling catheters.  
Efforts should be made to remove all vascular-access catheters and 
drains as soon as possible. In addition, strategies to facilitate liberation 
from mechanical ventilation may lessen the risk for nosocomial infec-
tion. The high level of immunosuppression during the induction phase 
contributes to the development of infections during this time period, 
but usually the state of immunosuppression has not been of sufficient 
duration to allow many of the opportunistic infections that are prob-
lematic in subsequent months to develop.143 Occasionally infections 
may be transmitted to the recipient via the allograft itself. The presence 
of bacteremia, fungemia, or active infection in a donor is generally 
considered a contraindication to organ donation given the associated 
high probability that infection will be transmitted to the host. Cultures 
obtained at the time of implantation (eg, via bronchoscopic-guided 
lung lavage) may be used to guide treatment of the recipient. Typically 
most centers employ prophylactic antibiotic strategies to empirically 
treat the microbes that may be potentially transplanted into the recipi-
ent. Parenteral, oral, topical, and/or inhaled medications are often used 
alone or in combination.

Infections Occurring Between 1 and 6 Months Posttransplant:  Allograft 
rejection and opportunistic infections need to be considered as the cause 
for febrile illness during this period posttransplant. The sustained immu-
nosuppression used in the induction phase and early maintenance phase 
leads to an increased risk of opportunistic infections. Infections due to 
Pneumocystis jiroveci (PJP), Aspergillus spp, Listeria monocytogenes, and 
tuberculosis become important considerations. Most transplant pro-
grams routinely provide recipients with trimethoprim-sulfamethoxazole 
(TMP-SMX) to reduce the risk of PJP infection. Should a transplant 
patient develop PJP, the treatment of choice is intravenous TMP-SMX. 
Pentamidine can be used as an alternative, but it is associated with a 
greater incidence of toxicity and side effects, and is generally considered 
to be less effective therapy. In patients who have a positive purified pro-
tein derivative tuberculosis skin test (>5 mm induration144) or who are 
at high-risk for reactivation of latent tuberculosis infection, prophylactic 
therapy with isoniazid for 9 to 12 months should be considered.144

Following the first month, the recipient is at risk for infections due to 
several viruses that would normally be suppressed by an intact immune 
response. Particularly problematic are infections due to CMV, EBV, 
other herpes viruses, hepatitis B and C viruses, and HIV. Screening for 
these viruses is usually performed in both the donor and the recipi-
ent prior to the transplant procedure, and when feasible, prophylaxis 
therapy is routinely employed. However, lapses in prophylaxis or lack of 
effective prophylactic medications may have led to infection with one of 
these viral pathogens. Evaluation of bronchoscopic samples from lung 
transplants, tissue biopsy or evidence of viral burden in the blood stream 
may help establish a diagnosis.

Infections due to Cytomegalovirus:  The most common viral infection for 
all solid-organ transplant recipients is CMV infection. Once a person is 
infected by this herpes virus, they will be infected for life, though the 
virus generally remains in a latent or dormant phase. Recipients who 
are seronegative for CMV that receive an allograft from a seropositive 
donor are at greatest risk of developing symptomatic illness, including 
tissue-invasive disease from primary infection. Patients who are already 
seropositive for CMV prior to the procedure (indicating past exposure 
and latent infection) are at risk for reactivation following the initia-
tion of immunosuppressive therapy. Superinfection by a new strain of 
CMV contracted from the allograft of a CMV-seropositive donor can 
also occur. Strategies to prevent CMV infection are usually based on 
the recipient’s relative risk of developing infection, with those who are  
recipient-negative, donor-positive and recipient-positive, donor-negative 
(in the case of lung transplantation) receiving the more intense regi-
mens.145 The monitoring of CMV antigenemia or viral load using poly-
merase chain reaction may be used to guide duration of prophylaxis and 
provide evidence of infection or emergence of a resistant strain.146

The spectrum of disease caused by CMV infection among transplant 
recipients is variable.147,148 CMV can cause direct infection, disseminated 
disease as well as create a secondary immune phenomenon. Infection 
can be asymptomatic or associated with an acute flu-like illness char-
acterized by fever and myalgias. The virus can cause bone marrow sup-
pression and consequently leukopenia and thrombocytopenia. Infection 
of the allograft can cause organ-specific inflammation resulting in acute 
hepatitis, pneumonitis, or myocarditis, depending on the organ that was 
transplanted.143 Active CMV infection is also associated with the devel-
opment of other opportunistic infections, likely due to CMV-mediated 
immune defects, and consequently it should be considered whenever 
an unusual infection (such as PJP or invasive aspergillosis) develops.149 
Acute rejection has been associated with CMV infection. However, 
the role of CMV infection in contributing to chronic rejection is likely 
much more important. It has been associated with the development of 
bronchiolitis obliterans in lung transplant patients, the vanishing-bile- 
duct syndrome in recipients of liver allografts, and in premature and 
accelerated atherosclerosis of the coronary arteries following heart 
transplantation.149 Though posttransplant lymphoproliferative disease 
is usually associated with EBV infection, active CMV infection has also 
been implicated as a risk factor for its development.150-152

Two strategies have been proposed to prevent posttransplant CMV 
and other herpetic infections: universal prophylaxis or preemptive 
therapy. Universal prophylaxis refers to providing therapy to all patients 
at risk for a defined period of time. In addition to reducing the risk of 
CMV infection, it reduces the risk of other viral infections as well as 
bacterial and fungal infections given the protection against the further  
immunosuppressive impact that CMV infection could impose.153 
Preemptive therapy involves routine monitoring at predefined intervals 
to detect early evidence of infection and then initiate treatment before 
symptoms can arise. Treatment of CMV infection generally consists of 
intravenous ganciclovir in the immediate posttransplant period followed 
by oral valganciclovir, a highly bioavailable oral form of ganciclovir. 
While both approaches have been shown to be effective, most centers 
provide universal prophylaxis for at least 3 to 6 months after transplan-
tation. Despite this, a large number of transplant patients develop CMV 
infection within 1 year after transplant. A recent randomized, controlled 
trial in the lung transplant patient population demonstrated that extend-
ing the CMV prophylaxis to 12 months from 3 months significantly 
reduced CMV infection, disease, and disease severity without increased 
ganciclovir resistance or toxicity.154 Some experts tailor the duration to 
serostatus of the donor and recipient and continue CMV prophylaxis for 
12 months in the setting of donor-positive and recipient-negative status, 
and for 6 to 12 months in the setting of donor-negative and recipient-
positive status or donor- and recipient-positive status.

Infections Occurring More Than 6 Months Posttransplant:  Immunosuppressive  
therapy is often tapered by this stage; therefore, a decreased risk of infection 
exists. However, severe infections occurring more than 6 months following 
the transplant procedure may necessitate ICU admission. Most commonly 
these infections are similar to those experienced by the general community 
and involve the respiratory tract.149 Other problems developing in this time 
frame include the progression of underlying infection with hepatitis B or 
C, CMV, EBV, and human papillomavirus. There is also a continued risk 
for the opportunistic infections that develop after the first posttransplant 
month (discussed above) during this time period, and careful surveillance 
for their occurrence must be maintained.

Prophylaxis:  A general overview of recommended routine prophylaxis 
is outlined in Table 115-18. Detailed regimens are center specific and 
detailed choice of specific agents and duration may vary from center to 
center. Center-specific resistance patterns would also have an impact on 
choice of agents.

Lung Transplant–Specific Infectious Considerations:  The incidence of 
infection in lung transplant patients is much higher than that reported 
for recipients of other solid organs, presumably due to the exposure of 
the allograft to the external environment.155,156 Many centers initiate 
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empiric broad-spectrum antimicrobials based on their center’s micro-
biological resistance patterns. These empiric antibiotics are intended 
to reduce the development of a donor-associated infection/pneumonia. 
Once the donor bronchoalveolar lavage reveals either a negative culture 
or a particular organism, the antibiotics can be stopped if negative or 
tailored appropriately if positive.

Cytomegalovirus (CMV) infection of the graft can cause significant 
morbidity and can increase transplant-related mortality (see the section 
“Infections due to Cytomegalovirus”). The reported incidence of invasive 
aspergillosis in the lung transplant recipient ranges from 4% to 23%.157 
Risk factors for infection include anastomotic ischemia, single lung trans-
plant, CMV infection, and pretransplant colonization with Aspergillus.158 
In addition, the presence of immunosuppression, broad-spectrum antibi-
otics, cold exposure, and impaired mucociliary clearance create an envi-
ronment for Aspergillus to seed and flourish. The bronchial anastomosis 
is particularly vulnerable to infection with this organism, though the 
airways may become more diffusely affected, and mucosal edema, ulcer-
ation, and formation of pseudomembranes may occur. Mortality varies 
from 23% in those with local disease to up to 82% in those with invasive 
pulmonary disease.159 Recent antifungals have been developed that have 
potent anti-Aspergillus activity with better side-effect profiles than older 
therapies. Newer triazoles such as voriconazole have been shown to be 
more effective than previous antifungals. One study has shown that vori-
conazole provided greater survival and fewer significant adverse events 
compared to the more traditional amphotericin B for the treatment of 
invasive aspergillosis.160 Multiple subsequent trials have supported this 
finding and voriconazole is considered the drug of choice for the primary 
treatment of invasive aspergillosis in all organ transplant recipients.161

Patients with septic lung disease (cystic fibrosis or bronchiectasis) 
have a very high risk of early infection as these patients’ upper airways 
are typically highly colonized prior to transplant. Despite efforts to steril-
ize the trachea and major bronchi in the perioperative period, secretions 
originating from these recipients’ upper airways and proximal lower 
airways likely contaminate the transplanted lungs. Consequently most 
centers employ an antimicrobial strategy to deal with these colonizing 
organisms, which are typically Staphylococcus aureus, nontuberculosis 
mycobacteria, Pseudomonas species, enteric gram-negative bacilli, or 
Aspergillus. Owing to long-standing antibiotic pressure these organisms 
are often highly resistant to first-line agents, and can be difficult to treat 
if an infection becomes established. In particular, Burkholderia cepacia 
is a dreaded colonizer that represents a major threat for some centers 
caring for cystic fibrosis patients.162 Indeed, patients with cystic fibrosis 
complicated by B cepacia infection have a worse outcome than their 
counterparts without this infection.163,164 At our center, preestablished 
antimicrobial regimens based on the patients’ previous cultures are 

  TABLE 115-18    Prophylaxis Posttransplant

Lung Liver Heart

CMV CMV positivity or mismatch CMV positivity or  
mismatch

CMV positivity or 
mismatch

PJP All recipients All recipients All recipients

Bacterial Empiric broad spectrum until  
cultures from transplant
(CF: based on previous 
colonizing organisms and 
resistance  
patterns)

Routine surgical  
prophylaxis

Routine surgical 
prophylaxis; if donor 
+ for infection, 
then pathogen-
specific empiric  
coverage; if chroni-
cally infected device 
pretransplant, 
empiric coverage 
based on pathogen

Fungal If previously colonized
Oral candida prophylaxis

Consider if risk factorsa

Oral candida prophylaxis
Oral candida  
prophylaxis

aRisk factors: >2 OR, retransplant, renal failure, large number of blood product (>40 units).

started empirically on this population of patients posttransplant. In the 
dire situation of multidrug resistant organisms, synergy antimicrobial 
sensitivity testing is performed to determine which optimal combina-
tion of antimicrobials would have the greatest impact on suppression of 
these organisms in the posttransplant period.

Liver Transplant–Specific Infectious Considerations:  Intra-abdominal infec-
tions ranging from local abscess formation to overt peritonitis can occur 
following liver transplantation. Development of these complications 
should always lead the clinician to suspect that a leak has occurred from 
the biliary anastomosis or from the jejunojejunostomy; correction of these 
problems will often require laparotomy and surgical repair. However, 
abscesses usually can be treated with CT-guided drainage and subsequent 
serial CT scans to ensure that the collection has been adequately drained. 
Transient biliary tree infection and subsequent bacteremia may occur  
following biliary tree manipulation (T-tube manipulation, cholangi-
ography, etc). This has prompted many experts to advocate the use of 
preemptive systemic antibiotics around the time of such procedures.143

Early fungal infections, such as disseminated Candida, are not uncom-
mon after liver transplant as they are commensal organisms of the 
gastrointestinal tract. The incidence has been reported between 7% and 
42% with Candida species and Aspergillus species as the most responsible 
pathogens.165 Overgrowth and translocation of these as well as gram-
negative organisms can result in admission to the intensive care unit and 
necessitate surgical exploration. The risk of fungal infections increases 
after therapy with broad-spectrum antibiotics, central venous catheters, 
treatment of rejection with intensification of immunosuppression and 
steroid regimens, and duration of antibiotics. Some centers administer 
antifungal prophylaxis to adult liver transplant recipients at high risk for 
developing invasive candidiasis such as those with at least two or more 
of any of the following: prolonged or repeat operations, retransplanta-
tion, renal failure, high transfusion requirement (≥40 units of cellular 
blood products including platelets, red blood cells, and autotransfusion), 
choledochojejunostomy, and Candida colonization preoperatively.166 
Duration varies from center to center; however, up to 4 weeks or during 
the duration that the risk factors are present is reasonable according to 
some infectious disease experts.166 Recent evidence demonstrates that 
mortality due to fungal infections and episodes of fungal infections can 
be reduced significantly with antifungal prophylaxis.165

Infectious Issues Specific to Heart Transplant:  Infective endocarditis is an 
infrequent complication following heart transplantation. When it occurs, 
it often develops along the supravalvular suture line. Antibiotic prophy-
laxis is generally recommended for heart transplant recipients prior to 
dental, gastrointestinal, or genitourinary tract surgery.167 Hearts from 
donors with infection are occasionally transplanted; however, it is rec-
ommended that the repeat cultures prior to organ retrieval are negative, 
antimicrobials were administered to the donor and there is no evidence 
of infective endocarditis. If transplanted, pathogen-specific antimicrobial  
therapy should be administered to the recipient and surveillance blood 
cultures should be obtained.142 If a chronically infected device is present 
prior to transplant, antimicrobial coverage should be tailored to include 
those organisms posttransplant.

CONCLUSION
The role of the intensivist in the management of the transplant recipi-
ent has allowed for marked improved early survival of this population. 
Advances in donor management and preservation, bridging modalities 
for end-stage organ disease, transplant technique, immunosuppres-
sion regimens, and antimicrobials have enabled transplant to be a life- 
prolonging option for a subset of patients that were previously deemed 
palliative. For the patient who presents with an acute and fulminant 
form of end-stage organ disease, knowledge of which center has new 
bridging modalities available is key to supporting and opening up trans-
plant as an option to a critically ill subset of patients. Optimization of 
postoperative management and knowledge of potential complications 
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further enhance outcomes. Having an approach to unique presenta-
tions of common conditions as well as rare infections, which may lead 
to intensive care unit admission can allow for prompt administration of 
appropriate therapy to minimize end-organ damage. Thus the critical 
care of the transplant patient requires the intensivist to be an expert in 
acute physiology and to have an understanding of the important medical 
issues facing the recipient, but also requires someone who can coordi-
nate with other professionals involved in the patient’s care, and identify 
the medical and social needs of both the patient and the family. It is only 
through such a multidisciplinary approach, coordinated by the intensiv-
ist, that transplant patients will continue to achieve excellent outcomes.
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KEY POINTS

•• Increasingly successful solid organ transplantation has increased 
the need for organ donors.

•• Maximizing organ procurement and expanding donor acceptance 
criteria should decrease the organ shortage.

•• Aggressive ongoing critical care of the multiorgan donor is essential 
to improve organ retrieval and posttransplant graft performance.

•• Understanding the process of brain death is essential for directing 
donor treatment strategies to ensure preservation and function of 
donor organs.

•• The goals of management of the multiorgan donor are to maximize 
organ function by maintaining organ perfusion and oxygenation, 
and to promptly recognize and treat potential complications such 
as hypotension, dysrhythmia, pulmonary edema, massive diuresis, 
coagulopathy, hypothermia, and sepsis.

Organ transplantation has evolved rapidly from the first early successes 
to the current widespread use of donated organs for the treatment of 
end-stage kidney, liver, heart, and lung failure.1 The success of solid 
organ transplantation has increased the need for an expanded supply of 
organ donors. In response to this need, the age limit for deceased donors 
has been increased, and donors over the age of 65 years are frequently 
successfully utilized.2 The use of organs from living-related donors,  
living-unrelated donors, and non–heart-beating donors (ie, donation 
after cardiac death [DCD]) has also increased.3 Nevertheless, there 
has been a progressively widening gap between the number of patients 
waiting for transplants and the number of transplantations performed. 
According to the United States Organ Procurement and Transplantation 
Network (OPTN) as of December 31, 2010, the number of patient reg-
istrations was 100,597 with the majority of patients in the 18 to 64 year  
age range. In 2008, there were 14,203 donors available (deceased = 
7984, living = 6219) and a total of 27,961 transplants were performed in  
the United States.4 In cadaveric donors, the largest increase has been  
in donors older than 50 years of age for last 10 years (170%). One conse-
quence of the increased proportion of older and more diverse donors has 
been the increase in organs discarded after being procured.3

The relevance of a properly functioning transplanted organ cannot be 
overemphasized and it is clearly crucial for the success of transplanta-
tion of organs requiring immediate function such as the heart and lung. 
Acute lung allograft dysfunction is the leading cause of death within 
30 days of lung transplantation.5 Temporary failure of the liver, kidneys, 
and pancreas may be tolerated with supportive measures such as hemo-
dialysis and pharmacologic interventions.

At a time when transplant surgeons are facing an increasing number 
of deaths on the waiting list, and as the size of the list continues to grow, 
there has never been a greater drive to utilize a higher percentage of 
older or otherwise extended donors, minimize the incidence of primary 
graft dysfunction, and develop organ donor management strategies that 
continue to increase the number of organs available for transplant.6-9

To increase the number of transplantable organs, UNOS created the 
Critical Pathway for the Organ Donor, a blueprint of an organ donor’s treat-
ment plan. The Critical Pathway is a concise, one-page document designed 
to help critical care staff and procurement coordinators understand and 
follow the steps required for effective donor management.10 After brain 
death has been declared in potential organ donors and consent is given for 
donation, donors need to be medically managed to keep their organs viable 
until organ recovery can occur.11 The Critical Pathway describes optimal 
care for the organ donor and maps the process to improve the outcome 
for successful organ transplantation. The Pathway promotes collaboration 
between organ procurement coordinators and critical care staff, and delin-
eates roles to prevent duplication of effort or confusion.

Studies have shown that the Critical Pathway, which has been 
endorsed by four major transplantation associations, significantly 
increased the number of organs procured and transplanted from brain-
dead donors.7,8 There is no sacrifice in the quality of the transplanted 
organs or an increase in donor management time.

The two major limiting factors in organ donation today are (1) failure 
to identify patients that are potential organ donors and lack of referral of  
those patients to the organ procurement organization, and (2) refusal of 
patients’ families to consent to donation. A proactive donor detection 
program maintained by well-trained transplant coordinators, the intro-
duction of systematic death audits in hospitals, combined with a positive 
social atmosphere, appropriate management of mass media relations, 
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and appropriate economic reimbursement for the hospitals are the mea-
sures advocated by the Spanish. This model has resulted in the highest 
continuous increase by far in deceased donor organ donation within a 
large country, reaching 35 organ donors per million population.12

Once a patient is identified as a potential organ donor, the critical 
pathway should be initiated by contacting the local organ procurement 
organization to make the referral. Referral is critical; if this does not 
occur the opportunity for donation may be lost entirely. Organ procure-
ment organization staff may wish to be notified as the condition of the 
patient deteriorates even before brain death occurs. Most often, the organ 
procurement organization can quickly do a preliminary assessment to 
determine whether the patient is a potential candidate for organ donation. 
If the patient is not a candidate, there is no need to discuss the option of 
donation with the patient’s family members, and the pathway is stopped. 
Furthermore, if family members broach the subject of organ donation, a 
clear answer can be provided as to why the patient is not a candidate for 
donation, and any confusion can be avoided. Even if a patient is not a can-
didate for organ donation, the family may have other options to consider, 
such as donations of eyes, skin, bone, and heart valves.13

Referral systems should be automatic and simple. Donors are lost 
when hospital staff with limited knowledge of the acceptance criteria 
for organ donors inappropriately rule out potential organ donors as 
medically unsuitable. Retrospective reviews of the records of patients 
who have died while in the hospital indicate that a surprising number of 
potential donors were never evaluated by organ procurement organiza-
tion staff for this reason. The reasons given for the determination of 
unsuitability, if any reason is noted in the chart, are many and include 
age, use of vasoactive drugs, disease (eg, diabetes), cardiopulmonary 
resuscitation, and positive cultures. Any patient with a significant and 
potentially life-threatening injury to the head, whether caused by trauma, 
an intracerebral hemorrhage, or an anoxic event, should be referred to 
the organ procurement organization as early as possible for evaluation 
as a potential organ donor. This practice allows the organ procurement 
organization to evaluate the situation and apprise staff members early on 
about whether the patient is a potential donor or not. Currently, only a 
few medical contraindications to donation are absolute, including:

•• Transmissible infectious disease that will adversely affect the recipi-
ent (eg, human immunodeficiency virus (HIV) infection, active viral 
hepatitis B, encephalitis of unknown cause, prion disease, malaria, 
and disseminated tuberculosis)

•• Active visceral or hematologic malignant neoplasm
•• Characteristics that indicate the organ is unlikely to function

Indeed, the only typical feature of a potential donor today is brain 
death, and with the increased use of non–heart-beating donors in the 
United States, even brain death is not necessarily typical anymore.

Early referral is also key to success in recovering transplantable organs 
for potential recipients. If an organ procurement organization receives 
a referral from the critical care staff well after brain death has occurred, 
decreases in end-organ function will already have taken place if donors 
are not appropriately managed. If the organ procurement organization 
is called in only well after the signs of brain death are present, the donor 
who might have had 5 to 7 organs suitable for donation and transplan-
tation, may by that time have only 1 or 2 suitable organs. On the other 
hand, delay of organ procurement to allow optimization of organ condi-
tion is also necessary sometimes.14,15 It has been questioned whether it 
is reasonable to expect nurses and physicians to keep pace with all of 
the changes taking place in organ donation, and thus systems have been 
developed and implemented—sometimes required by law, that do not 
rely on hospital staff to screen potential donors.16

DECLARATION OF BRAIN DEATH
The introduction of successful kidney transplantation in the 1950s led to 
the concept of the use of organs from “heart-beating cadavers.” The clin-
ical findings of “brain death” were first described by French investigators 

Mollaret and Gaulon in 1959, describing patients on ventilators who 
have loss of neurologic function after persistent deep coma and loss of 
spontaneous ventilation; they first called this condition “coma depassé” 
to denote neurologic damage beyond coma, but they did not equate this 
entity with death itself.17 In 1968, the Ad Hoc Committee of the Harvard 
Medical School to Examine the Definition of Brain Death was created 
to standardize the definition of brain death and resolve some of the 
growing controversies surrounding organ procurement for transplanta-
tion from heart-beating donors.18 The resolutions from this committee 
are known as the Harvard Criteria of Brain Death. The reasons for this 
redefinition of death, according to the aforementioned Committee, were 
the need to bring relief to the families of the sick, free up beds in the 
intensive care units, and remove the grounds for objecting to the obtain-
ing of organs for transplantation.19

Two criteria were considered for determining brain death: either the  
irreversible loss of all of the functions of the entire brain, including  
the brain stem, or the irreversible loss of the functions of the brain  
stem only.20

The concept of brain death continues to be a topic of international 
debate among medical clinicians, anthropologists, philosophers, and 
ethicists.21,22 Much of this discussion is the result of the awareness of 
continuing technological advances, neurodiagnostic developments, and 
clinical insight. This ongoing dialogue can be viewed as a dynamically 
developing process of achieving a multidisciplinary consensus that is 
responsive to a continually changing technological environment.23

Evidence-based guidelines for determining the brain-death criteria in 
the United States are based on the Report of the Medical Consultants on 
the Diagnosis of Death to the President’s Commission on the Study of 
Ethical Problems in Medicine and Biomedical and Behavioral Research of 
1981.24 The President’s Commission requires loss of brain stem function, 
loss of cortical function, and that the condition is irreversible. Although 
the guidelines reflect generic, scientifically based recommendations, 
adaptation of certain details may vary across practice settings and states 
according to variations in institutional policy and local legislation.25

In 2010, the American Academy of Neurology (AAN) published an 
updated guideline for determining brain death in adults.26 It provided 
practical, opinion-based brain death evaluation protocols for clinicians. 
According to the updated guideline, the 1995 AAN practice param-
eter for the determination of brain death has not been invalidated by 
published reports of neurologic recovery in patients who fulfill these 
criteria. The AAN parameter emphasized the three clinical findings 
necessary to confirm irreversible cessation of all functions of the entire 
brain, including the brain stem: coma (with a known cause), absence of 
brainstem reflexes, and apnea.27

REQUEST FOR CONSENT
Refusal by the family to provide consent for donation is the most  
common reason that organs of medically suitable potential donors 
are not recovered. According to estimates, 35% of the medically suit-
able organ donors do not donate because the family of the potential 
donor refuses to consent to donation. Hospitals with low donation 
rates were more likely to have staff members who perceived dealing 
with a potential donor as time-consuming and burdensome, and who 
were uncomfortable with how their hospital handled donation. The role 
that personal attitudes play in the ability of staff members to handle 
donation is unclear. Staff members in hospitals with high donation 
rates have a more positive personal attitude toward donation than do 
staff members in hospitals with low donation rates; however, a positive 
personal attitude does not correlate with the ability to approach families 
about donation.16

Another situational variable that has a marked influence on donation 
rates is the timing of the request (ie, when the request is made relative 
to when the family is informed of the death). Research clearly shows 
that inappropriate timing of the request (ie, informing the family of the 
death and requesting donation at the same time) is a formula for family 
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refusal. Families need time to acknowledge the death before they are 
approached about donation. Consent rates have been shown to increase 
from 18% to 60% if there was a delay between death and the request for 
donation. Ensuring that this delay occurs is referred to as “decoupling” 
of the request. The timing of the request has been evaluated in numerous  
studies, and all the researchers have reached the same conclusion: that 
decoupling the request leads to improved donation rates. However, 
despite vigorous attempts by the organ donation and the health care 
community to educate critical care staff, about the importance of decou-
pling the request, a significant number of requests are still “coupled.”16,28

Unfortunately, current medical school curricula generally lack train-
ing on how to break bad news and inform of death. It is important that 
the word “dead” should be pronounced and not avoided.29 At the brain 
death declaration, the main task of the intensive care unit staff is not 
that of obtaining consent for organ removal, but rather counseling and 
helping the family to cope with the grieving process.30 Minimizing the 
family’s distress is the focus of care and is an essential prerequisite for a 
subsequent organ donation request.

Unrestricted visits to the potential donor should not only be permit-
ted, but actively encouraged. All the family’s questions about brain death 
must be answered unhurriedly by the staff, and the right words should 
be used in front of a warm cadaver with a heart that is still beating. For 
example, it is better to use terms which strengthen the certainty of the 
death, such as “no, he does not breathe, but the ventilator forces the air 
into the lungs,” or “yes, the heart is still pumping the blood, and it will 
do so for some hours more because it is artificially stimulated and this 
is why the skin is warm.” No mention about organ donation should be 
raised before the concept of brain death is comprehended and the death 
is accepted by the family. The staff should refer to the dead patient using 
the past tense; as soon as family members begin to talk of him or her 
using “was,” the acceptance of death becomes clear. The physician who is 
in charge of the intensive care unit should only discuss brain death with 
the family. The discussion relating to organ donation should be intro-
duced by the transplant coordinator so that there is a clear distinction 
between the two functions (ie, treatment of the patient and preparation 
for donation). The request should be made by the transplant coordinator 
in a positive way. It should be proposed as an option that the hospital 
offers the family for helping other patients, rather than an apologetic or 
indifferent businesslike gesture. Those who have difficulty in requesting 
consent should delegate the task to more confident staff. The family 
must never be forced into making a hasty decision, and it is always advis-
able to let them take their time and discuss the matter among themselves 
and with other members of the family before asking again. Often an 
initial refusal turns into a convinced consent over the course of two or 
three meetings. While a firm refusal must be respected, hesitation can 
easily lead to authorization if the subject of the urgent need of organs for 
many patients, as a lifesaving procedure or a dialysis-relieving therapy, 
is raised tactfully. The consent process for organ and tissue donation 
should not only be considered a necessity, but also a family’s right16 and 
as a quality measure of an intensive care unit’s performance.

Obtaining consent for organ donation from families is enhanced by:

•• Allowing time for families to accept death
•• Having someone who is an expert in donation consent approach the 

family
•• Approaching the family in a private, quiet area in an unhurried manner
•• Involving nursing and the organ procurement organization staff in 

the coordination of the entire consent and donation process

EVALUATION OF A POTENTIAL DONOR
Once consent for organ donation is given, a thorough evaluation is 
conducted. The organ procurement coordinator collaborates with the 
critical care nurse to obtain the necessary history and results of diagnos-
tic tests. The donor’s chart is reviewed for prehospital and emergency 
department entries for details of the events leading to admission. The 

duration of “downtime” (cardiopulmonary arrest) and cardiopulmonary 
resuscitation, vital signs, drugs administered, and obvious signs of chest 
and abdominal trauma are noted. If an old chart or the patient’s primary 
physician is available, a pertinent medical history is obtained.

Completing a battery of laboratory tests in a timely manner will 
expedite organ placement and decrease the time required for donor 
management. A blood sample is also obtained from the donor, to per-
form bacteriologic and serological screening for infectious disease. This 
serological sample is usually sent to a central laboratory that performs 
such testing on a 24-hour basis; however, once the sample arrives at 
the laboratory, it usually takes about 6 hours for the results to be deter-
mined. Usually, the donation coordinator is aware of the serological 
results as the offers for organ-specific recovery are made.

The organ procurement coordinator reviews a comprehensive medi-
cal and social history with the appropriate family members or significant 
others. Donors are screened for a number of factors, including but not 
limited to, any history or treatment of heart disease, hypertension, chest 
pain, or diabetes; use of tobacco, drugs, and alcohol; and high-risk 
behaviors for transmission of human immunodeficiency and hepatitis 
viruses.31 Pertinent family history is reviewed also. The organ procurement 
coordinator does a complete physical examination of the donor, paying 
close attention to any finding that may influence organ integrity. The 
transplant surgeons determine the suitability of the donor with respect 
to the transplantable organs.

■■ SCREENING FOR INFECTIOUS AGENTS
Serological screening for HIV, human T lymphotropic virus (HTLV), 
hepatitis B virus (HBV), hepatitis C virus (HCV), and cytomegalovirus 
(CMV) is routinely performed along with screening for Treponema 
antigen (syphilis) and for Toxoplasma.32 The presence of an active viral 
infection in the form of encephalitis or meningitis, varicella-zoster virus 
infection, or HIV infection is an absolute contraindication to organ 
donation because of the hazard that each of these clinical situations pose 
to the allograft recipient.

Isolated hepatitis B surface antibody positivity usually implies  
previous vaccination. Hepatitis B surface antigen (HBsAg) positivity  
reflects the presence of viral DNA in the blood that is related to  
current hepatitis B infection or a remote infection that has not cleared. 
These donors have contagious hepatitis B and will transmit the disease 
to the recipients unless the recipient has neutralizing antibodies due to 
previous exposure or vaccination.32 Patients who have acute hepatitis 
infection develop antibodies to the core antigen early in the course of the 
disease. Donors who are core antibody–positive should be considered  
infectious because they may be convalescing from acute infection. If 
both surface and core antibodies are positive, the patient has recov-
ered from hepatitis B and demonstrates immunity. Nevertheless, liver 
recipients from these donors are at significant risk for the development 
of acute hepatitis B infection, as opposed to the recipients of the other 
organs. Organs from these core-positive donors are generally reserved 
for patients with a documented response to the hepatitis B vaccine.32,33

All hepatitis C antibody–positive donors should be considered  
infectious.32 The hazard of HCV transmission from a previously infected 
organ donor is a concern for all allograft recipients. Approximately 5% 
of all organ donors are positive for antibody to HCV. The presence of 
antibody to HCV is indicative of HCV infection, because antibody to 
HCV appears in peripheral blood within 2 months of HCV exposure. 
Most organ procurement organizations have adopted a policy of screen-
ing organ donors for antibody to HCV. IgG antibody to HCV does not 
protect against donor organ contamination; however, the risks of trans-
mission from HCV-RNA negative, HCV antibody-positive donors have 
not yet been fully determined.32

Although a positive screening result does not necessarily rule out 
organ donation, a selective strategy of reserving organs from HCV-
positive donors for recipients with previous HCV exposure and detect-
able antibody to HCV can be applied. Transplantation of a liver or 
kidney(s) from a donor positive for antibody to HCV to a recipient 
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positive for antibody to HCV did not appear to cause increased 1- 
or 5-year mortality.34 But a more recent report with a large cohort  
(>36,000 cases) has shown that kidney transplantation from HCV-
donors does increase posttransplant mortality even in the subgroup of 
HCV-seropositive recipients.35 Transplantation of an HCV-positive lung 
or heart-lung allograft when a HCV-negative recipient’s life is in danger 
may be the only alternative to immediate death because an HCV anti-
body–positive donor is an independent poor prognostic indicator for 
1- and 5-year survivals.34,36 Table 116-1 shows the relative risk of viral 
transmission for hepatitis B and C viruses.

Transplantation of an organ from a CMV-positive donor can result in 
subsequent reactivation of latent virus and replication in the immuno-
suppressed host.37 The specific CMV serological status of the donor and 
recipient has implications for prophylaxis, the highest-risk group being 
CMV-seronegative recipients of CMV-seropositive donor organs (ie, the 
so-called primary mismatch group).

Nevertheless, transplantation of organs from CMV-seropositive 
donors has not been considered an absolute contraindication for 
transplantation, because the high sero-prevalence of the virus among 
the general population makes it impractical to rule out such donors. 
Regardless of donor CMV status, seronegative recipients should receive 
prophylaxis longer than CMV-seropositive recipients to prevent CMV 
disease after transplant.32

Serological screening of organ donors for EBV is commonly performed 
because primary EBV infection (ie, transplantation of an organ from an 
EBV-seropositive donor to an EBV-seronegative recipient) is associated 
with an increased risk of posttransplant lymphoproliferative disease 
(PTLD).38 Therefore, recognition of this mismatch in a potential allograft 
recipient known to be EBV-negative is important prognostic information.

The detection of antibody to treponemal antigen is not a contraindica-
tion to organ procurement, but it is a contraindication to tissue procure-
ment. A standard course of penicillin therapy would provide sufficient 
antibiotic coverage to prevent syphilitic complications in an allograft 
recipient.32 The possible transmission of the protozoan Toxoplasma 
gondii is a concern, especially for heart allograft recipients, because of 
the predilection of this parasite for muscle tissue. Organ procurement 
from seropositive donors is not contraindicated; however, the detection 
of seropositivity means that the recipient may be placed at high risk. 

Fortunately, the use of trimethoprim-sulfamethoxazole as prophylaxis for 
Pneumocystis carinii infection prevents transmission of T gondii.39

Regional directives will need to be implemented as necessary with 
regard to novel infectious agents carrying alarming epidemic/pandemic 
life-threatening potential.40 Regions of North America have been faced 
with a relatively new entity, West Nile virus40 and more recently, H1N1 
influenza virus infection.41 Organ donors should be tested for evidence 
of West Nile virus viremia by polymerase chain reaction (PCR), nucleic 
acid amplification,42 or early antibody response (IgM) to West Nile virus. 
Influenza virus can be reliably detected by PCR. The donor’s clinical  
history relative to the last 10 days prior to donor assessment with regard 
to signs or symptoms associated with such viral infections, and epi-
demiologic links related to direct contact with patients with SARS or 
influenza virus should be carefully assessed for further investigations.41

■■ DONOR-RELATED MALIGNANCIES
Transmission of donor malignancies is a rare event although published 
data were largely based on voluntary reporting.43 There is no consensus 
protocol worldwide; however, great efforts have been made to prevent 
potential cancer transmission from donors while optimizing the use of 
extended or aged donors.44 Donors with past histories of certain types of 
cancers may be considered as donors, including certain types of primary 
central nervous system (CNS) tumors. Risks of cancer transmission 
from donors with a history of nonmelanoma skin cancer and selected 
cancers of the CNS appear to be small.43 When considering organ 
use from donors suffering from intracranial malignancies, there are a 
number of general guidelines. Most important is to consider the known 
biologic behavior of various CNS neoplasms and their propensity to 
spread outside of the cranial vault. Repeated craniotomies as well as 
ventriculoperitoneal or ventriculojugular shunts have been associated 
with increased risk of metastasis.45,46

Risks of tumor transmission with certain other types of cancer may 
be acceptable, particularly if the donor has a long cancer-free interval 
prior to organ procurement, while certain other cancers pose a high 
transmission risk. Tumors that pose a high transmission risk include 
choriocarcinoma, melanoma, lymphoma, and carcinoma of the lung, 
colon, breast, kidney, and thyroid. A list has been developed outlining 
the relative risks of CNS tumor transmission from deceased donor to 
allograft recipient (Table 116-2).

■■ CARDIAC EVALUATION
An initial electrocardiogram (ECG) should be obtained on every 
potential cardiac donor, and additional ECGs should be obtained when 
changes in heart rhythm occur. ECG changes may be temporary and 
related to alterations in sympathetic output. Nonspecific ST-segment 
and T-wave changes, prolonged QT intervals, and T-wave inversion 
are common. Tachycardia is common and may be caused by diabetes 
insipidus, diuresis, hemorrhage, vasopressor therapy, or electrolyte 
disturbances. ECGs are evaluated for signs of acute myocardial injury. 
Troponin I or T can be measured every 12 hours whenever necessary.47

A transthoracic or transesophageal echocardiogram is obtained to 
evaluate motion of the heart wall and valve function, estimate ejection 
fraction, and to detect a pericardial effusion. Transient changes that do 
not preclude heart donation include a stunned myocardium or myocar-
dial depression related to acidosis and hypoxemia. If the causes of the 
changes are reversible, the heart may still be successfully transplanted; 
therefore repeat echocardiogram should be considered after fluid and 
hemodynamic resuscitation. A pulmonary artery catheter to guide the 
physiologic assessment and management of fluid status and ventricular 
function has been used with success.

Assessment and management of donor left ventricular dysfunc-
tion offers the greatest potential to increase heart donor utilization. 
Evidence indicates that younger hearts with left ventricular dysfunction  
can recover normal function over time in the donor and after trans-
plantation into a recipient.48 Metabolic abnormalities, anemia, and 
excessive doses of inotropes should be corrected prior to obtaining an 

  TABLE 116-1    Risk of Hepatitis Viral Transmission

Donor serology HBsAb+ recipient HBsAb− recipient

HBsAg+ Liver: insufficient data Liver: high

Nonliver: insufficient data Nonliver: high

HBcAb+ Liver: low to moderatea Liver: moderate to high

Nonliver: very low Nonliver: low

HCVAb+ HCVAb+ recipient HCVAb− recipient

Liver: highb Liver: high

Nonliver: insufficient datac Nonliver: high
aData indicate that the risk of viral transmission may be lower for recipients who are immune from previous HBV 
infection (HBsAb+/HBcAb+) compared to recipients who are immune from vaccination (HBsAb+/HBcAb−).
bAlthough there is evidence that the donor virus is transmitted to the recipient, repopulation after liver  
transplantation occurs with approximately even frequency by donor or recipient strain. Available data indicate 
no increase in short (1-year) and medium (5-year) term mortality and morbidity (incidence, timing, or severity  
of liver disease) is associated with transplantation of a liver from a HCVAb+ donor versus a liver from an 
HCVAb− donor into a hepatitis C+ recipient.
cThere are insufficient data regarding persistence of donor versus recipient virus strains after transplantation  
to determine the true incidence of viral transmission. Available data indicate that transplantation of a  
kidney from an HCVAb+ donor has no adverse impact on graft and patient survival (5 years) or the recipient’s 
HCV disease compared to a kidney from an HCVAb− donor.

HBcAb, hepatitis B core antibody; HBsAb, hepatitis B surface antibody; HBsAg, hepatitis B surface 
antigen; HCV, hepatitis C virus; HCVAb, hepatitis C virus antibody.

Reproduced with permission from Rosengard BR, Feng S, Alfrey EJ, et al. Report of the Crystal City meeting to 
maximize the use of organs recovered from the cadaver donor. Am J Transplant. September 2002;2(8):701-711.
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echocardiogram. Aggressive donor management, including pulmonary 
artery catheterization and hormonal resuscitation, should be performed, 
especially in donors with an initial left ventricular ejection fraction less 
than 40%.47 Recommended management of the organ donor Table 116-3  
shows the heart donor criteria have been recently modified to poten-
tially expand the available pool of cardiac donors.34,48 Indications for 
coronary angiography are listed in Table 116-3.

■■ PULMONARY EVALUATION
The suitability of donor lungs for transplantation is determined with 
several diagnostic tests. A chest radiograph should be interpreted by 
a radiologist or qualified physician. A complete history of the donor’s 
treatment while in the hospital, including the use of vasopressors and 
results of arterial blood gas analyses, are shared with centers consider-
ing the transplantation of lungs. Smoking history should be reported, 
along with the results of Gram stains of sputum (a specimen for  
detection of yeasts and fungi is desirable), and a description of the sputum 
characteristics. In addition, a bronchoscopic examination is performed to 
assess for signs of aspiration, and to document evidence of a foreign body 
or presence of blood or other material entering the lower airways from 
above. It also allows assessment of the character and amount of secre-
tions in the lung and provides microbiologic specimens. A bronchoscopic 
examination will also promote pulmonary stability in the donor by 
removing airway secretions that may have accumulated. Blood gases are 
repeated every 3 hours to assess the results of interventions and to deter-
mine trends. Repeat pulmonary recruitment maneuvers (every 2 hours) 
are performed to optimize ventilation-perfusion matching.

Careful fluid management is critical to avoid overhydration that could 
cause pulmonary edema. Therefore, central venous pressure or Swan 

Ganz catheter monitoring is important to keep the central venous pres-
sure below 8 to 10 cm H2O. Diuretics should be given when pulmonary  
edema is seen, but care should be taken to maintain stable hemodynam-
ics if diabetes insipidus also exists.

Wider application of broader criteria for donor selection and procure-
ment is possible and can clearly increase the size of the donor pool, and 
therefore the intensivist plays an important role in identifying potential 
organ donors and in the management of those donors.49 If multidisciplinary 
donor management protocols were developed, increased lung utilization 
would follow.50 Table 116-4 shows the current criteria that are used to 
determine the suitability of a cadaver lung donor. A PaO2 : FiO2 ratio (P:F 
ratio) is a parameter of lung gas exchange, and the ratio above 300 is pref-
erable. However, timing of evaluation, temporal changes, and response to 
alveolar recruitment should be considered to interpret the result. The Lung 
Transplant Working Group in United States proposed the criteria to include 
virtually any donor up to the age of 65 years, in the absence of significant 
lung injury from smoking, and absence of cancer with metastatic potential.34

In an effort to augment the donor pool, criteria have been further 
loosened with the retrieval of organs from donors with greater smoking 
histories, infiltrates on radiography, or marginal gas exchange. Because 

  TABLE 116-4    Lung Standard Donor Criteria

•	 PaO2/FiO2 ratio >300a, FiO2 = 1.0, PEEP = 5 cm H
2
O

•	 Clear chest X-ray

•	 Age <55 years

•	 Absence of major chest trauma

•	 Absent aspiration, sepsis, or purulent secretions

•	 Smoking history of <20 pack-years

•	 No history of malignancy

 FiO2, fraction of inspired oxygen; PEEP, positive end-expiratory pressure; PaO2, partial pressure of oxygen.
aArterial blood bas should be repeated if indicated after a recruitment maneuver.

Reproduced with permission from Rosengard BR, Feng S, Alfrey EJ, et al. Report of the Crystal City meeting to 
maximize the use of organs recovered from the cadaver donor. Am J Transplant. September 2002;2(8):701-711.

  TABLE 116-2    Relative Risk of Central Nervous System Tumor Transmission

Lowest Risk

  Benign meningiomas

  Pituitary adenomas

  Acoustic schwannomas

  Craniopharyngiomas

  Astrocytoma (grade I)

  Epidermoid cysts, colloid cysts

  Low-grade oligodendrogliomas

  Gangliogliomas, gangliocytomas

  Pineocytomas, ependymomas

  Well-differentiated teratomas

  Papillomas

  Hemangioblastomas

Moderate Risk

  Astrocytoma (grade II)

  Gliomatosis cerebri

Highest Risk

  Anaplastic astrocytoma (grade III)

  Glioblastoma multiforme

  Medulloblastoma

  Anaplastic oligodendroglioma

  Pineoblastomas

  Chordomas

  Malignant ependymomas

  Primary cerebral lymphomas

Reproduced with permission from Rosengard BR, Feng S, Alfrey EJ, et al. Report of the Crystal City meeting to 
maximize the use of organs recovered from the cadaver donor. Am J Transplant. September 2002;2(8):701-711.

  TABLE 116-3    Heart Donor Criteria

Criteria Modification(s)

Age Donors >55 may be used selectively, though coexisting LVH and 
longer ischemic times may increase recipient mortality risks

Size Despite an increased risk associated with small donors, a normal-
sized adult male (>70 kg) donor is suitable for most recipients

LVH Mild LVH (wall thickness <13 mm by echocardiography and no 
LVH by ECG criteria) does not preclude recovery, particularly with 
shorter ischemic times

Valvular lesions Certain lesions, such as mild or moderate mitral or tricuspid 
regurgitation, or a normally functioning bicuspid aortic valve may 
be amenable to repair prior to transplantation

Congenital lesions Certain lesions, such as a secundum type ASD, may be amenable 
to repair

Coronary angiography a.	 Male donor age 35-45 years and female donor age 35-50 years: 
perform angiography if there is a history of cocaine use or ≥3 
risk factors for CAD

b.	 Male donor age 46-55 years and female donor age 51-55 years: 
angiography recommended

c.	 Age >55 years: angiography strongly recommended

CAD Donor hearts with mild coronary artery disease should be consid-
ered for recipients with relatively urgent need

ASD, atrial septal defect; CAD, coronary artery disease; ECG, electrocardiographic; LVH, left  
ventricular hypertrophy.

Reproduced with permission from Rosengard BR, Feng S, Alfrey EJ, et al. Report of the Crystal City meeting to 
maximize the use of organs recovered from the cadaver donor. Am J Transplant. September 2002;2(8):701-711.
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these previously considered marginal donors, or more appropriately 
termed “extended” donors are now being used, any potential brain-dead 
patient without obvious contraindication to organ donation should be 
referred to appropriate local organ procurement agencies for final deter-
mination of suitability.

■■ RENAL EVALUATION
The discard rate of kidneys procured from cadaveric donors in the 
United States has been increasing to an alarming level of more than 15% 
of kidneys recovered for transplantation. Approximately 50% of kidneys 
from cadaveric donors over 60 years of age (older-age donors) are not 
transplanted due to donor quality.

The renal system in a cadaveric donor undergoes a number of physi-
ologic changes that are influenced dramatically by both the medical 
therapies used to prevent brain death and by brain death itself. Timely 
hemodynamic management is important because the risk of acute tubular 
necrosis and allograft failure could increase if donor systolic blood pres-
sure is consistently lower than 80 to 90 mm Hg.51 The results of basic renal 
function tests such as measurement of serum levels of creatinine and urea 
nitrogen and urinalysis should be reviewed to provide a profile of renal 
system function in the donor since admission. When kidney donors are 
evaluated, the effect of hemoconcentration on the results of these studies 
should always be considered. Elevated levels of serum creatinine and urea 
nitrogen and atypical urinalysis findings may suggest that renal function 
was compromised. The relative risk of dialysis after transplantation is  
1.5 times greater in recipients of kidneys from donors >55 years of 
age versus those who are <55. Table 116-5 shows the latest approved 
expanded kidney donor criteria, based on the relative risk >1.7 of having 
a graft failure for donors older than 50 years of age with at least two of 
the following factors: creatinine >1.5 mg/dL, a cerebrovascular accident 
(CVA) as a cause of death, and hypertension, as compared to a reference 
group of nonhypertensive donors between the ages of 10 and 39 whose 
cause of death was not CVA, and whose creatinine was <1.5 mg/dL.

■■ LIVER EVALUATION
The assessment of a donor liver before transplantation has been the sub-
ject of much research; however, clinically one still relies on a subjective 
interpretation of donor data and the macro- and microscopic appearance 
of the liver to decide whether to use the graft. More reliable predictors 
of graft function are required. Significant efforts have been made to try 
to assess donor grafts by evaluating different aspects of liver function, 
including the ability of the liver to synthesize proteins, metabolize drugs, 
secrete bile, produce high-energy phosphates, and by following the levels 
of markers of microvascular injury.52 Feng et al have identified donor 
factors predicting posttransplant graft failure: donor age, height, dona-
tion after cardiac death, split liver donor, black race, donor cause of death 

from cerebrovascular accident, and cold ischemic time.53 To date, many 
donor organs that were previously not considered suitable for trans-
plantation, “marginal” or extended grafts are now being used in selected  
circumstances. The extended donors are identified based on demo-
graphic, clinical, laboratory, and histologic data. This includes donor age 
>70 years or <3 months, donor body weight over 100 kg, moderate or 
severe macrovesicular fat infiltration of the liver, and abnormal liver func-
tion tests. Serum aspartate aminotransferase (AST) >160 IU/L, serum 
sodium >160 mmol/L, donor stay in intensive care of more than 5 days, 
significant periods of hypotension (<60 mm Hg systolic BP for more than 
30 minutes associated with a rise in serum AST), and significant systemic 
infection are all parameters considered to define extended grafts.

Donor selection remains highly subjective, and in the absence of reliable 
laboratory tests the decision whether to use an extended graft is left to the 
judgment of the transplant surgeon. The definition of what constitutes 
an “extended” graft will continue to vary between centers until reliable 
parameters are available for prospectively predicting early graft function.54

DONOR MANAGEMENT
Specific donor management may only begin after the diagnosis of brain 
death has been determined. Brain death is a catastrophic event associ-
ated with significant disturbances to many organ systems (Table 116-6). 

  TABLE 116-5    Marginal Cadaver Kidney Donors

Donor Age Categories

Donor Condition <10 10-39 40-49 50-59 ≥60

CVA + HTN + Creat >1.5 • •

CVA + HTN • •

CVA + Creat >1.5 • •

HTN + Creat >1.5 • •

CVA •

HTN •

Creatinine >1.5 •

None of the above •

Creat >1.5, creatinine >1.5 mg/dL; CVA, cerebrovascular accident; HTN, history of hypertension; •, 
marginal donors.

Reproduced with permission from Rosengard BR, Feng S, Alfrey EJ, et al. Report of the Crystal City meeting to 
maximize the use of organs recovered from the cadaver donor. Am J Transplant. September 2002;2(8):701-711.

  TABLE 116-6    Physiologic Changes Associated With Brain Death

Neurologic

  Increased intracranial pressure, herniation

Cardiopulmonary

  Hypertension followed by hypotension

  Tachycardia

  Bradycardia

  Arrhythmias (premature ventricular beats, asystole)

  Myocardial dysfunction

  Myocardial ischemia

  Increased pulmonary artery pressures

  Pulmonary edema

  Cardiac arrest

Endocrine and Metabolica

  Decreased aerobic metabolism

  Increased anaerobic metabolism

  Decreased circulating pituitary hormones

  Diabetes insipidus

  Electrolyte disturbances

    Hypernatremia

    Hypokalemia

    Hypomagnesemia

    Hypocalcemia

    Hypophosphatemia

    Hyperglycemia

Hematologic

  Coagulopathy

  Disseminated intravascular coagulation

  Factor and platelet dilution

Other

  Hyperthermia followed by hypothermia
aOther than antidiuretic hormone, the exact hormones that become deficient is controversial.

Reproduced with permission from Tuttle-Newhall JE, Collins BH, Kuo PC, et al. Organ donation and 
treatment of the multiorgan donor. Curr Probl Surg. May 2003;40(5):266-310.
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Table 116-7 summarizes the key points of donor management (which 
are discussed in the following paragraphs) based on the current recom-
mendations.47,51

Understanding and managing these changes is essential for optimal 
preservation of organs for transplantation. In general, there should be 
a shift in emphasis from more focused cerebral resuscitation, to opti-
mization of oxygen delivery to other organs and tissues. This shift of 
management may only begin after consent has been obtained from the 
family. Routine care with frequent turning, protection of the eyes, frequent 
airway suctioning, physiotherapy to prevent atelectasis and pneumonia, 
gastric decompression, and limited exposure to prevent hypothermia are 
all important aspects of the regimen of care of the multiorgan donor.

Successful transplantation of organs from donors is dependent on 
adequate resuscitation.55 Potential donors manifest profound hemody-
namic and metabolic abnormalities, which can result in a loss of valuable 
organs. Autonomic instability and hypotension occur in approximately 
80% of donors. Even with aggressive management as many as 25% of 
potential organ donors are lost due to hemodynamic instability. Even 
more organs are lost as a consequence of the high doses of vasopressors 
required to maintain adequate perfusion of the brain-dead organ donor.

Hypovolemia from osmotic agents given to treat high intracranial 
pressure, poorly treated diabetes insipidus, and traumatic blood loss 
all may contribute to hypotension. A sudden increase in intracranial  
pressure may cause hypotension and severe bradyarrhythmias because 
of parasympathetic stimulation from dural stretch, which is encountered 
after failure of the Cushing reflex, which causes severe systemic hyper-
tension as a final effort to maintain cerebral perfusion in the face of dras-
tically elevated intracranial pressure. As the vagal cardiomotor centers 
become ischemic, termination of parasympathetic activity occurs with 
resulting unopposed sympathetic stimulation. This marked increase in 
vascular resistance may lead to myocardial ischemia.25

Previous studies have demonstrated profound systemic and pulmo-
nary vasoconstriction with a massive systemic increase in catecholamine 
levels, termed the catecholamine storm.56 This hormone storm with 
systemic inflammation is followed by a transient shift of systemic intra-
vascular fluid volume to the lungs. Cardiac output decreases and left 
atrial pressure may exceed pulmonary artery pressure. This may result 
in capillary wall disruption and leakage of protein-rich fluid into the 
pulmonary interstitium, resulting in pulmonary edema (also referred to 
as “neurogenic pulmonary edema”).25

A second major injury is the derangement of the hypothalamic- 
hypophyseal axis, with the associated changes in circulating plasma  
hormones. The loss of hypothalamic influence and sympathetic tone is char-
acterized by a progressive decrease in serum norepinephrine and a decrease 
in systemic vascular resistance.11 This is analogous to a high cervical spinal 
cord transection. As a result, most potential organ donors require vasoactive 
agents to maintain blood pressure. The hypothalamic-pituitary axis dysfunc-
tion leads to neurogenic diabetes insipidus and a marked decrease in levels of 
thyroid hormone and cortisol. In the clinical setting, the impact of endocrine 
derangements on the status of donor varies among donors.29

Since the most crucial factor in determining optimal organ viability is 
the maintenance of adequate systemic perfusion pressure, invasive mon-
itoring is recommended given the complex physiologic changes that are 
associated with brain death. This is particularly true if the heart and lungs 
are being considered for donation. One should aim for the lowest CVP 
that maintains urine output and adequate perfusion pressure, usually  
maintaining the CVP at 6 to 8 mm Hg. Crystalloid, colloid solutions, 
and blood products may be infused as indicated. Systolic blood pressure 
should not be allowed to fall below approximately 90 mm Hg. Red blood 
cells must be used to maintain the hemoglobin level of at least 10 g/dL.  
Severe coagulopathy should be treated before organ procurement using 
appropriate blood component therapy. Low doses of dopamine or dobuta-
mine at 2 to 10 µg/kg per minute are traditionally used, although vasopres-
sin at up to 2.4 U/h is an increasingly favored alternative.47 The systemic 
vascular resistance should be kept between 800 and 1200 dyn/s per cm2.  
If necessary, a combination of these drugs, each in the lower dosage 

  TABLE 116-7   I mportant Aspects of Donor Management

1.  The airway

  Perform bronchoscopy

  Use frequent suctioning and aspiration precautions

  Use albuterol therapy for wheezing (may improve lung fluid clearance)

2.  Mechanical ventilation

  Adequate oxygenation:

    PaO2 >100 mm Hg, FiO2 = 0.40 or O
2
 saturation >95%

  Adequate ventilation:

    Maintain tidal volume 6-10 mL/kg

    PEEP + 8-10 cm H
2
O

    Keep peak airway pressures <30 cm H
2
O

3.  Monitoring

  Central venous line

  Arterial line and pulse oximetry

  Pulmonary artery catheter desirable for rational use of inotropes, pressors and fluids

4.  Fluid management

 � Judicious fluid resuscitation to achieve the lowest CVP/PCWP consistent with adequate urine 
output and blood pressure to ensure end-organ perfusion (euvolemia not hypervolemia)

    Maintenance CVP 6-8 mm Hg, PCWP 8-12 mm Hg

    Urine output >1 mL/kg per hour

    Colloid as the fluid of choice for volume resuscitation

    Albumin with normal PT, PTT; fresh frozen plasma with coagulopathy

    Hemoglobin >10 g/dL or hematocrit ≥30%

Electrolytes

    Maintain Na+ <150 mEq/dL

    Maintain K+ 4.0 mEq/dL

    Correct acidosis with sodium bicarbonate and mild to moderate hyperventilation

    (PaCO2 30-35 mm Hg)

5.  Hemodynamic management

  Donor resuscitation as outlined above to attain:

    BP ≥90 or MAP ≥60 mm Hg

    SVR 800-1200 dyn/s per cm2

    Cardiac index 2.4 L/min per m2

    Dopamine or dobutamine dose <10 µg/kg per minute

    Arginine vasopressin: 1 unit bolus, then 0.5-4.0 U/h drip

6.  Hormonal resuscitation

  Methylprednisolone: 10-15 mg/kg bolus (repeat q24h prn)

  Arginine vasopressin: titrate to BP

  Insulin: drip at a minimum rate of 1 U/h (titrate blood glucose to 120-180 mg/dL)

  Triiodothyronine (T
3
): 4 µg bolus; 3 µg/h continuous infusion

7.  Early echocardiogram for all cardiac donors

 � Insert pulmonary artery catheter to monitor patient management (placement of the 
PAC is particularly relevant in patients with an EF <45% or on high-dose inotropes)

 � If EF <45%, need to optimize hemodynamic and hormonal management and then  
reassess

CVP, central venous pressure; EF, ejection fraction; FiO2, fraction of inspired oxygen; MAP, mean  
arterial pressure; PEEP, positive end-expiratory pressure; PCO2, partial pressure of carbon dioxide; PCWP, 
pulmonary capillary wedge pressure; PO2, partial pressure of oxygen; PT, prothrombin time; PTT, partial 
thromboplastin time; SVR, systemic vascular resistance.
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range, often produces the best results, while maintaining at least 1 mL/kg 
per hour of urine output. Reduced diuresis despite adequate perfusion 
pressure can be increased by mannitol administration, at the dosage of 
0.25 g/kg as an intravenous bolus. Fluid resuscitation therapy should be 
directed toward euvolemia, rather than hypervolemia.

Dysrhythmias are quite common and should be treated aggressively. 
Persistent bradycardia is treated with chronotropic agents or even pac-
ing. Minute ventilation should be adjusted to keep the CO2 and pH in 
normal ranges. A recent study by Marcia and coworkers demonstrated 
that a lung protective strategy (tidal volumes of 6-8 mL/kg and PEEP 
of 8-10 cm H2O) increased the number of eligible and harvested lungs 
compared with a conventional strategy (tidal volumes of 10-12 mL/kg 
and PEEP of 3-5 cm H2O).57 PEEP can be optimized up to 10 cm H2O 
along with low tidal volumes to maintain 95% oxygen saturation while 
preventing atelectasis. The FiO2 should be no higher than 50%. Peak 
inspiratory pressures (PIP) are also important because high pressure 
results in barotrauma and impaired venous return to the heart, thereby 
compromising cardiac output. Pressure control modes of ventilation 
may be preferable for the minimization of these risks. Ideally PEEP 
is maintained at <10 and PIP at <30 cm H2O. Bronchoscopy may be 
necessary for pulmonary toilet, to collect samples for microbiology, and 
to reinflate atelectatic regions of the lung, thereby decreasing shunting. 
Bronchodilators should be administered. Continuous full monitoring is 
of course essential.

Maintenance of normal acid base balance in organ donors is often  
difficult. Partial pressure of arterial carbon dioxide (PaCO2) should be 
maintained in the normal range and optimum pH is between 7.35 and 
7.45. Glucose consumption is also decreased and parenteral or enteral 
nutrition must be decreased to avoid hyperglycemia and unnecessary 
metabolic workload. Ongoing nutrition must be maintained, as it is 
associated with improved graft function, particularly for the liver graft.58 
In the liver, glycogen stores are depleted within 12 hours of brain death, 
with suggested reduced resistance of the graft to ischemia. Persistent 
hyperglycemia despite reduced glucose administration can be treated 
with insulin. Loss of the hypothalamic-pituitary axis can result in diabetes  
insipidus. Associated electrolyte abnormalities are hypernatremia, hypo-
calcemia, hypokalemia, hypophosphatemia, and hypomagnesemia. In 
addition, the variety of strategies used to treat intracranial pressure may 
exaggerate the hypernatremic state. Aggressive correction of the elec-
trolyte state should be performed and levels should be checked every 
4 hours in order to prevent development of lethal dysrhythmias, myo-
cardial dysfunction, and rhabdomyolysis. Sodium levels should be kept 
<155 mEq/dL, as liver primary graft nonfunction has been associated 
with hypernatremia. The diagnosis of central diabetes insipidus is easily 
made when more than 4 mL/kg per hour of dilute urine is produced, 
while the serum sodium is above 145 mmol/L. Hypotonic fluids can be 
used to restore intravascular volume with a simple volume-for-volume 
replacement of the urine. Development of hyperglycemia may be caused 
by the dextrose or glucose in the hypotonic intravenous fluids; but on 
the other hand, it will help restore glycogen liver reserves in a setting 
of inadequate nutritional support. More practical is to use desmopres-
sin (DDAVP) in a loading dose of 8 ng/kg, followed by an infusion of 
4 ng/kg per hour and a reassessment and titration up or down every  
30 minutes; alternatively, a 1-µg bolus every 2 hours can be used as long 
as the urine output remains >300 mL/h. DDAVP has a longer half-life 
and minimal vasopressor activity (2000:1) as compared to arginine 
vasopressin. Arginine vasopressin is particularly useful in hypotensive 
patients in a continuous infusion of aqueous vasopressin at the dosage 
of 0.5 U/h, which can be titrated as necessary by monitoring the urine 
output. A relatively small percentage of organ donors are resistant to 
aqueous vasopressin. In these cases, desmopressin acetate should be 
considered.

Warmed intravenous fluid, heated humidified oxygen, and warm-
ing blankets may need to be used to limit hypothermia. The core 
temperature should be maintained above 35°C. Hypothermia contrib-
utes to donor hemodynamic instability, myocardial depression, severe 

dysrhythmias, and coagulopathy, and may even cause cold diuresis and 
also predispose to sepsis. It is much better to prevent hypothermia, 
because once it has occurred it may be difficult to correct.

The recognition of the metabolic derangements following brain 
death, including autonomic storm and hypothalamic-pituitary axis 
dysfunction, has highlighted the need for hormonal resuscitation as an 
integral part of the donor management protocol.47 The recommended 
hormonal resuscitation in the protocol consists of methylprednisolone 
in a 10 to 15 mg/kg bolus every 24 hours; triiodothyronine in a 4-µg 
bolus followed by a continuous infusion of 3 µg/h; vasopressin in a 
1-unit bolus, then a continuous infusion at 2.4 U/h, titrated to a systemic 
vascular resistance of 800 to 1200 dyn/s per cm2; and continuous infu-
sion of insulin titrated to maintain blood sugar at 120 to 180 mg/dL. The 
use of steroids is based on the intensive effort to increase the number of 
usable lungs given the low recovery rate of lungs from potential donors.59

Though initial evidence showed that vasopressin used with epi-
nephrine maintains hemodynamic stability and tissue viability, its 
implementation was not adopted universally. Rather DDAVP was used, 
with the assumption that the effectiveness of arginine vasopressin was 
related to its treatment of the diabetes insipidus that is commonly found 
in organ donors. DDAVP is an analogue that is highly selective for the 
vasopressin V2-receptor subtype that is found in the renal collecting 
ducts, and has no vasopressor activity in humans, which is mediated by 
V1-receptors on vascular smooth muscle. Arginine vasopressin was in 
fact abandoned due to concerns that the vasoconstrictive effect could 
be harmful for donor organs. This resulted in unnecessarily excessive 
fluid resuscitation with crystalloid, colloid, and blood products, along 
with higher doses of vasopressor agents with widely recognized adverse 
effects. Many transplant centers consider a donor heart to be unsuitable 
if dopamine requirements exceed 10 to 15 µg/kg per minute, because at 
such doses it can also affect both kidney and liver.48

Considerable debate is ongoing regarding the role of thyroid hormone 
therapy in the management of organ donors. Several studies have shown 
no correlation between thyroid hormone levels and hemodynamic status.60  
Contrarily, the implementation of the three-hormone resuscitation 
therapy, with methylprednisolone, arginine vasopressin, and triiodothy-
ronine or levothyroxine, has been associated with an increased number 
of transplanted hearts and improved short-term graft function.11 The 
selection of donors who are predicted to benefit from hormonal resus-
citation has been outlined. After conventional management to adjust  
volume status, anemia, and metabolic abnormalities, the recommendation  
is that an echocardiogram be obtained to rule out structural abnormalities  
and document the ejection fraction. If the ejection fraction is <40%, 
a pulmonary artery catheter is placed and hormonal resuscitation is 
instituted. Subsequent cardiac function can be monitored using the 
pulmonary artery catheter.

SUMMARY
Every effort to identify potential donors, obtain consent from their families, 
convert potential donors to actual ones should be made since a large dispar-
ity exists between the numbers of patients waiting for transplantations and 
available donors. A structured approach summarized in this chapter should 
be utilized to maximize the number of actual donors. Current management 
including hormone replacement therapy, protective ventilatory support, 
and careful fluid therapy will enhance successful organ procurement.
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Although the institution of trauma systems has altered the pattern 
of mortality distribution following multiple injuries,1 it is still useful 
to consider the trimodal distribution pattern.2,3 The first peak of this 
trimodal distribution represents deaths occurring at the scene and 
results from such injuries as cardiac rupture or disruption of the major 
intrathoracic vessels, and severe brain injury that is incompatible with 
survival. Death from such injuries occurs within minutes of the trau-
matic event and medical intervention is usually futile. The second peak 
in mortality following multiple injuries occurs minutes to a few hours 
after the event. Mortality during this phase is related to injuries that 
are immediately life-threatening, such as airway compromise, tension  
pneumothorax, and cardiac tamponade. However, simple appropri-
ate resuscitative measures can significantly affect the outcome during 
this phase. The third peak occurs as a result of complications of the 
injury, such as sepsis or multiorgan failure.3 However, mortality in this 
third phase can also be significantly altered by the type of intervention  
during the second phase. The intensivist dealing with the multiple 
trauma patient is very likely to be involved in the institution of resus-
citative measures during the second phase as well as the management  
during the third phase of the complications of the injury or complica-
tions arising from inadequate treatment. Many of the chapters in this 
text deal with the complications of trauma, such as sepsis and multiple 
organ failure. This chapter will emphasize treatment priorities during 
the second peak of the trimodal distribution of trauma-related mortality.

Blunt trauma from motor vehicle collision is the most frequent cause of 
injuries in general. This type of impact usually results in injuries to many 
different parts of the body simultaneously. Such a patient may present 
with head and neck injuries as well as abdominal and extremity injuries.

When faced with multisystem injury, the intensivist must prioritize 
treatment according to the threat to the patient’s survival.4 Prioritization 
of assessment and intervention requires a coordinated team approach. 
Where personnel are available from different specialties, it is of para-
mount importance that the entire resuscitative effort be coordinated 
through an identified team leader. This very simple decision should be 
made prior to institution of therapy and can be critical to the outcome 
in the patient with multisystem trauma. The team leader, who may be 
an intensivist, must be completely familiar with a wide variety of injuries 
and the relative threat they pose to life in order to prioritize intervention 
and direct personnel appropriately.

The description of the order of priorities follows a sequence based 
on one primary physician conducting the entire resuscitation. However, 
as frequently happens in most trauma centers, when many physicians 
and paramedical personnel are available, assessment and management 
of several abnormalities occur simultaneously. For example, while the 
airway is being assessed and managed, intravenous access could be 
established by different personnel.

Certain fundamental concepts underlie the approach to resuscita-
tion of the multiply injured patient. The most important of these is that 
immediately life-threatening abnormalities should be treated as they are 
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Priorities in Multisystem 
Trauma
Jameel Ali

117
C H A P T E R

KEY POINTS

•• Therapeutic intervention in the multiply injured patient must be 
prioritized to maximize survival.

•• The degree of life threat posed by the alteration in physiology from 
each injury determines the order of priority.

•• Immediate priority is given to airway control and to maintenance of  
ventilation, oxygenation, and perfusion.

•• Cervical spine protection is crucial during airway assessment and  
manipulation.

•• When several personnel are involved, a trauma team leader is  
important to coordinate management in the multiply injured patient.

•• Safe effective techniques for airway control, chest decompres-
sion, and the establishment of intravenous access are key skills in  
management of multiple trauma.

•• After immediately life-threatening abnormalities have been cor-
rected, systematic anatomic assessment is required to identify and 
manage other injuries.

•• Repeated assessment is necessary to identify changes in the 
patient’s status and institute appropriate treatment.
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identified. Therefore, assessment and resuscitation must proceed simul-
taneously. The initial goal in managing the trauma patient is to provide 
adequate oxygenation and perfusion. This goal is achieved by approach-
ing assessment and treatment so that abnormalities in the injured patient 
that affect oxygenation and perfusion take top priority. It is not essential 
to establish a definitive diagnosis of the cause of the decreased perfusion 
or hypoxemia. For instance, airway obstruction may occur as a result 
of a head injury, hypoperfusion from hemorrhagic shock or secretions 
in the airway. In the initial resuscitative phase, airway compromise is 
treated in the same fashion regardless of what specific injury leads to this 
airway compromise. It is also of prime importance to recognize findings 
that suggest a need for emergent lifesaving surgical intervention so that 
appropriate personnel could be alerted as early as possible.

PRIORITIES
The order of priorities is a key feature for successful management of the 
multiply injured patient and should adhere to the following sequence:

	 1.	 Identification and correction of airway compromise and mainte-
nance of oxygenation and ventilation with cervical spine precaution.

	 2.	 Identification and control of hemorrhage.
	 3.	 Identification and correction of other sources of inadequate tissue 

perfusion.
	 4.	 Identification and correction of neurologic abnormalities and  

prevention of secondary brain injury.
	 5.	 Total exposure of the patient to allow complete assessment while  

preventing hypothermia by minimizing the duration of this exposure.
	 6.	 Temporary stabilization of fractures.
	 7.	 Detailed systematic anatomic assessment and provision of  

definitive care.

In the Advanced Trauma Life Support (ATLS) course for physicians,5 
steps 1 to 5 constitute the Primary Survey, during which immediately 
life-threatening abnormalities are identified by adhering to the sequence 
ABCDE, where A stands for airway, B for breathing, C for circulation 
and hemorrhage control, D for neurologic disability, and E for exposure.

The basis for this order of priorities is the degree to which abnormali-
ties in the different systems threaten the life of the patient. Adherence to 
this order allows assessment and resuscitation to occur simultaneously, 
because abnormalities will be identified in the order in which they are 
likely to threaten the patient’s life. Although the patient with multiple 
fractures requires treatment of these fractures, apart from hemorrhage 
control associated with the fractures, such treatment should take lower 
priority compared to treatment of abnormalities affecting the airway or 
respiratory status.

Complete evaluation requires assessment of the entire front and 
back of the patient, necessitating full exposure. Once this assessment is  
completed, the patient should again be covered to minimize heat loss 
and the risk of hypothermia.

■■ AIRWAY, OXYGENATION, VENTILATION, AND CERVICAL  
SPINE CONTROL

The most frequent cause of airway obstruction in the multiply injured 
patient is loss of tone of the muscles supporting the tongue, either 
because of hypoperfusion of the brain from hypovolemic shock or 
because of central nervous system (CNS) injury. The simple maneu-
vers of chin lift and jaw thrust move the mandible forward. Because 
the tongue muscles are attached to the mandible, these actions move 
the tongue anteriorly and open the upper airway. It is essential in the 
trauma victim to inspect the oropharynx to ensure that there is no for-
eign material (including vomitus) in the pharynx that will occlude the 
airway. Quick observation of the patient’s nares and mouth and listen-
ing for unobstructed passage of air through the upper airway, together 
with inspection for the presence of foreign objects in the oropharynx, 

are all very simple maneuvers that should be undertaken in the initial 
care of the multiply injured patient. The patient who is fully conscious, 
vocalizing, and breathing adequately, and who is not in shock does not 
require an artificial airway.

The underlying principle of establishing an airway in the trauma 
victim is to institute the simplest technique that allows effective oxy-
genation and ventilation. Over 90% of patients do not require endo-
tracheal intubation. Measures short of endotracheal intubation include 
the insertion of oropharyngeal or nasopharyngeal tubes, if these can 
be tolerated without stimulating gagging or vomiting. However, when 
endotracheal intubation is necessary, it should be performed promptly 
and expeditiously. Prolonged unsuccessful attempts at endotracheal 
intubation without oxygenation and ventilation should be avoided. 
Mask ventilation with oxygen and an oropharyngeal airway should be 
performed intermittently to avoid hypoxia during prolonged attempts 
at endotracheal intubation. All multiply injured patients should have 
oxygen administered by the most appropriate means as early as possible. 
A pulse oximeter should be attached to monitor O2 saturation, which 
should be maintained at 95% or greater. A definitive airway, defined as 
a cuffed tube securely placed in the trachea, is required if the patient is 
unable to maintain patency of the airway.

■■ SURGICAL AIRWAY
In very rare circumstances, the patient’s airway may not be patent and 
it may be impossible to establish an airway nasally or orally. In such 
situations, cricothyroidotomy is required. This procedure should only 
be done when an airway cannot be established by other, nonsurgical 
means.6 The landmarks for the cricothyroid membrane are indicated 
in Figure 117-1. A cricothyroidotomy may be done using a large-bore 
needle (needle cricothyroidotomy) or scalpel (surgical cricothyroid-
otomy), the former method being preferable in children under 8 years of 
age because the cricoid cartilage is essential to the stability of the upper 
airway of infants and young children. A 14-gauge needle and cannula 
may be inserted through the cricothyroid membrane and combined with 
jet insufflation for temporary oxygenation and ventilation. To maximize 
oxygenation and avoid hypercapnia, the needle cricothyroidotomy 
should be followed by tracheostomy in an operating room under ideal 
circumstances if a surgical airway is still required. The placement of 
the cricothyroidotomy needle allows approximately 30 to 45 minutes of 
adequate oxygenation and ventilation without severe hypercapnia. The 
surgical cricothyroidotomy is preferable and more effective in adults. A 
skin incision is made directly over the cricothyroid membrane, and after 
the subcutaneous structures are reflected, the cricothyroid membrane 

FIGURE 117-1.  Landmarks for cricothyroidotomy.
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is identified and incised transversely. A pair of forceps is then inserted 
to spread the opening, and a tube of appropriate caliber, usually a 6F or 
7F tracheostomy or endotracheal tube, is inserted through the opening 
and secured.

■■ CERVICAL SPINE PROTECTION
Many techniques for establishing an artificial airway are associated with 
risks of cervical spine injury. Awareness of these risks during airway 
intubation is crucial in preventing spinal cord injury in the multiply 
injured patient. Inappropriate manipulation of the cervical spine during 
airway intubation could convert an unstable cervical spine injury without 
neurologic deficit into one with permanent neurologic deficits, including 
paraplegia, quadriplegia, and even death. In a patient who is unconscious 
or who is suspected of having a cervical spine injury, the neck should not 
be flexed, extended, or rotated. In-line immobilization with the neck in 
the neutral position should be maintained while the airway is secured. 
Although the orotracheal route is more commonly practiced, if the 
patient is conscious and breathing, then a blind nasotracheal intubation 
may be attempted with cricoid pressure anteriorly. If the patient is apneic, 
then orotracheal intubation with in-line cervical immobilization will have 
to be attempted. Failure or inability to secure the airway by nonsurgical 
means in a patient who requires a definitive airway necessitates cricothy-
roidotomy. Where fiberoptic bronchoscopy or the gum elastic bougie is 
immediately available, it may be used to facilitate endotracheal intuba-
tion.7,8 During the initial process of resuscitation spinal protection is the 
main goal as opposed to spine imaging to diagnose a specific injury. All 
unconscious patients or patients suspected of cervical spine injury should 
have cervical spine imaging and all seven cervical vertebrae and the supe-
rior aspect of the first thoracic vertebra should be clearly visualized.9,10  
This is usually conducted after the patient has been resuscitated and in 
many centers CT scan imaging is used rather than plain x-ray. If plain 
x-rays are used then, failure to visualize all seven cervical vertebrae and 
the top of the first thoracic vertebrae should necessitate other views of 
the spine, including a swimmer’s view. An open-mouth anteroposterior 
odontoid and anteroposterior x-ray view of the cervical spine should also 
be done. If there is doubt as to the presence of a cervical spine injury, 
the neck should be immobilized with a semirigid cervical collar and 
computed tomography (CT) is performed to assess the integrity of the 
cervical spine. If the patient is awake and alert and has no cervical pain 
or tenderness or other abnormality on physical examination, then the 
cervical collar may be removed after adequate cervical spine x-rays. In 
the presence of clinical signs of spinal cord injury, the cervical spine is 
considered to be abnormal even if the cervical spine imaging appears 
normal. In selected patients who have not had a period of unconscious-
ness or another painful distracting injury, and are alert and have no clini-
cal evidence of cervical spine injury, imaging of the cervical spine may be 
omitted and the cervical collar removed.11

■■ VENTILATION
Adequacy of ventilation is quickly assessed by observation of the chest 
for asymmetrical or paradoxical movement, followed by quick ausculta-
tion and percussion to determine whether there is any hyperresonance 
or dullness to suggest pneumothorax or hemothorax. Deviation of 
the trachea suggests the presence of a pneumothorax or hemothorax, 
but this finding is not always evident. Although one may confirm the  
diagnosis of a simple traumatic pneumothorax with an upright chest x-ray, 
suspicion of a tension pneumothorax requires immediate decompression, 
without prior x-ray confirmation. Further examination of the chest should 
be conducted to determine the presence of other life-threatening thoracic 
injuries, such as cardiac tamponade, open pneumothorax, flail chest, rup-
tured thoracic aorta, and massive hemothorax (see Chap. 120).

■■ ADEQUACY OF PERFUSION
After airway control, oxygenation, and adequate ventilation have been 
secured, the next priority is maintenance of adequate perfusion. The 

most common source of hypoperfusion in the multiply injured patient 
is hemorrhage. Its clinical presentation will depend on such factors as 
the patient’s age, as well as the duration and magnitude of the hem-
orrhage. The presence of a normal or even elevated blood pressure, 
particularly in the young patient, does not rule out blood loss. The 
physiologic response to hypovolemia includes sympathetic discharge 
with vasoconstriction and tachycardia, which will tend to maintain 
the blood pressure. Older patients tend to manifest hypotension much 
earlier in the course of hypovolemia. Therefore, other signs of hypoper-
fusion should be sought in assessing the trauma patient. In addition, a 
systolic blood pressure of 90 mm Hg has been regarded as an early sign 
of hypoperfusion. However, the sympathetic response to hypovolemia 
results in vasoconstriction, maintaining blood pressure at the expense 
of tissue perfusion. A fall in blood pressure is therefore a late sign of 
hypoperfusion.12 The location and character of the pulse, the skin color, 
and capillary refill time are all signs that are immediately accessible to 
the examining physician and should be used in determining adequacy 
of perfusion. Failure to palpate a radial pulse may signify hypotension of 
the order of 70 to 80 mm Hg. Tachycardia with cool extremities suggests 
hypoperfusion from hemorrhage until proven otherwise. Hemorrhage 
may be subdivided into classes I to IV,5 each class having an associated 
clinical response, as indicated in Table 117-1. The patient who has a 
normal heart rate with a strong, bounding radial pulse, warm skin, and 
a capillary refill time of less than 2 seconds would be considered not to 
have lost any significant volume of blood, and the degree of deviation 
from these clinical parameters would correlate with the magnitude of 
blood loss.

Although the most common cause of hypoperfusion in trauma 
patients is hemorrhage, other causes, such as tension pneumothorax, 
cardiac tamponade, myocardial contusion, open pneumothorax, and 
flail chest must be considered. Hypoperfusion in the trauma patient first 
requires a search for a source of hemorrhage, which should be controlled 
immediately. Any external source of hemorrhage should be controlled 
by direct pressure, without resorting to blind application of clamps or 
tourniquets. In the military,13 tourniquets have been shown to have a 
definite role in controlling major extremity hemorrhage. Improving the 
hemodynamic status should be the next goal. This should be accom-
plished by appropriate fluid replacement through at least two large-
bore intravenous catheters (14-16 gauge minimum). It is very helpful 
to establish multiple IV catheters, not only to facilitate rapid volume 
infusion, but to ensure that an IV line will still be available if one of the 
catheters becomes disconnected, plugged, or otherwise nonfunctional. 
In the adult, the preferred peripheral percutaneous intravenous site is 
in the forearm or the antecubital vein. Failure to establish intravenous 
access through these routes should prompt establishment of intravenous 
access by other routes such as the internal jugular or subclavian vein 
in the neck or femoral vein in the groin using the Seldinger technique. 
Ultrasound guidance should be used where available for safe, accurate 
placement of central venous lines.14 Venous cut-down of the saphenous 
vein at the ankle or the antecubital vein or the femoral vein at the groin 
are other approaches, but are now seldom necessary because of the 
success in establishing access through the other nonsurgical routes. 
The route will depend on the experience and skill of the physician. 
Placement of central lines in the neck should always be followed by a 
chest x-ray as soon as feasible, not only to confirm proper location of the 
catheter, but also to check for the presence of pneumothorax or hemo-
thorax. Because these lines are placed under less than ideal conditions, 
the risk of septic complications is high, and the lines should be replaced 
later under more sterile conditions. In children under age 6 years, the 
intraosseous route should be attempted before proceeding to the central 
venous routes. With specially designed devices the intraosseous route is 
also used in adults.15 As a rule, it is best to avoid placing IV catheters in 
limbs that have major soft tissue or bony injuries. The intensivist must 
be completely familiar with the usual sites for venous access and also 
be prepared to proceed to venous cut-down where percutaneous and 
intraosseous techniques are not successful. Venous access should be 
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achieved promptly, since cannulation of the veins becomes more dif-
ficult as shock continues, owing to venoconstriction and venous spasm.

In the course of establishing IV access, blood is drawn for complete 
blood count, cross-matching of blood, coagulation, and toxicology 
screens. Pregnancy test is indicated in child bearing age females because 
this impacts on the decision to implement RH-immuno globulin 
therapy in the RH negative mother.16,17 Prior to the availability of blood 
products, it is essential to maintain adequate perfusion, as judged by 
clinical indicators, including blood pressure, pulse, status of the neck 
veins, and urinary output. In most circumstances, there is sufficient time 
to obtain the patient’s blood type. However, if after approximately 2 to 
3 L of crystalloid have been given, the patient’s vital signs do not nor-
malize or normalize only temporarily, and typed blood is not available, 
then emergency blood (group O) will be required for resuscitating the 
patient. Packed cells in the amount of anywhere from 4 to 10 U should 
be ordered for resuscitating the patient with major hemorrhage. The 
combination of hypothermia, acidosis, and hypocoagulability is lethal 
in patients’ receiving massive fluid infusion. This triad should be pre-
vented by using appropriate fluid warmers early and instituting massive 
transfusion protocol18 as practiced in many institutions. Such protocols 
provide fluid, red cells, fresh frozen plasma, platelets, and coagulation 
factors in order to maintain normothermia, perfusion, and normal 
coagulation status.

■■ LOCATING THE SOURCE OF INTERNAL HEMORRHAGE
If there is no obvious external source of hemorrhage, bleeding from 
pelvic or extremity fractures should be sought. Failure to demonstrate 
blood loss in these areas suggests that the blood loss is either in the 
thorax or the abdomen. Most sources of thoracic hemorrhage will be 
identified by a combination of physical examination and chest x-ray. 
Therefore, by a process of elimination it is usually possible to determine 
the source of the hemorrhage. If the areas identified earlier do not 
represent the source of hemorrhage, the most likely source is intra-
abdominal. In some cases in which there is an obvious source of blood 
loss such an extremity fracture, there may still be uncertainty regarding 
possible concurrent intra-abdominal hemorrhage. In these situations, 
ultrasonography, diagnostic peritoneal lavage, or CT of the abdomen 
is helpful in determining whether or not there is an intra-abdominal 
source of hemorrhage.19,20 If the patient still shows signs of continued 
hemorrhage with only a transient response or failure to respond to 
volume infusion, laparotomy may be required for the identification and 
control of intra-abdominal hemorrhage.

As indicated earlier, other causes of hypoperfusion should be sought 
in the trauma patient by assessing for signs of cardiac tamponade, myo-
cardial contusion, and tension pneumothorax, with prompt institution 
of corrective measures.21 These intrathoracic causes of hypoperfusion 
are discussed in Chap. 120.

In patients sustaining major blood loss, end points of resuscitation 
and the volume of infused fluids should be based on the rapidity with 
which such patients can be taken to the operating room for definitive 
control of hemorrhage. In patients without major head injury, particu-
larly those with penetrating torso trauma, borderline hypotension in the 
range of 90 mm Hg systolic should be the goal in preparation for the 
operating room, since massive volume infusion toward normalization of 
the hemodynamic status could aggravate blood loss.22,23

In evaluating the patient’s response to volume infusion, it is important 
to recognize that massive blood loss may trigger a vagally mediated bra-
dycardia, and that in these circumstances the absence of tachycardia does 
not represent adequate volume resuscitation.24 When judging the volume 
of fluid required and the requirement for blood, a useful guideline is that 
if blood pressure has not approached normalcy after infusion of 40 to 
50 mL/kg of crystalloid, then blood administration should be considered, 
anticipating the institution of massive transfusion protocols which includes 
red cells, fresh frozen plasma, platelets, and coagulation factors. As indi-
cated earlier, if type-specific blood is not available, then emergency type 
O packed red blood cells may be used. Because one of the most common 
causes of hypothermia and its complications is the rapid infusion of room 
temperature solutions in the resuscitation of trauma patients, techniques 
for warming both the patient and the infused fluid must be employed.25,26 
In addition to electrocardiographic monitoring and continued assessment 
of vital signs, core temperature monitoring is therefore important, using a 
device that is capable of reading temperatures at hypothermic levels.

Although volume deficit is the major cause of hypoperfusion in the 
trauma patient, failure to respond to adequate volume infusion may 
represent cardiovascular decompensation. If such causes as cardiac 
tamponade or tension pneumothorax have been ruled out as the cause 
of this cardiovascular decompensation, consideration should be given 
to the use of inotropes and vasoactive agents to support the circulation. 
Such intervention is accomplished with close hemodynamic monitoring, 
as outlined in other chapters.

■■ NEUROLOGIC STATUS
Following control of the respiratory and circulatory status, attention 
is directed at assessment and management of the neurologic status. 

  TABLE 117-1    Clinical Classification of Shock in a 70-kg Male

Criterion Class I Class II Class III Class IV

Blood loss (mL) Up to 750 750-1500 1500-2000 ≥2000

Blood loss (% blood volume) Up to 15 15-30 30-40 ≥40

Pulse rate (beats per minute) <100 >100 >120 ≥140

Blood pressure Normal Normal Decreased Decreased

Pulse pressure (mm Hg) Normal or increased Decreased Decreased Decreased

Capillary refill test Normal Positive Positive Positive

Respiratory rate 14-20 20-30 30-40 >35

Urine output (mL/h) ≥30 20-30 5-15 Negligible

CNS (mental status) Slightly anxious Mildly anxious Anxious and confused Confused or lethargic

Fluid replacement (3:1 rule) Crystalloid Crystalloid Crystalloid + blood Crystalloid + blood

note: The clinical signs of shock are very subtle for class I and II hemorrhage, but it is crucial to make the diagnosis at this stage before deeper levels of shock ensue. This is ensured by prompt fluid resuscitation. 
When crystalloid is used to replace estimated blood loss, a very rough guide is the 3:1 rule, according to which the estimated amount of blood lost should be replaced by three times as much crystalloid to produce a 
similar effect on vascular volume. This rule is only a guideline, however, and the adequacy of perfusion should be the end point for determining adequacy of fluid resuscitation.

CNS, central nervous system.

Reproduced from the Committee on Trauma, American College of Surgeons: Advanced Trauma Life Support Manual. Chicago, American College of Surgeons, 2002.
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The hallmark of CNS injury is a change in the level of consciousness. 
Therefore, it is essential that the level of consciousness be determined 
early so that repeated assessment will detect any changes over time. 
The mini neurologic assessment consisting of the Glasgow Coma Scale 
score,27 the pupillary response and any lateralizing signs documents the 
initial level of consciousness. Deterioration from this base line level of 
consciousness signifies the need for further intervention including CT 
imaging and possible craniotomy.

The brain is very sensitive to hypoxia and hypoperfusion, and one of 
the most common causes of a depressed level of consciousness in the 
multiply injured patient is uncorrected hypovolemia resulting in hypo-
perfusion and cerebral hypoxia. Therefore, overall resuscitative mea-
sures aimed at maintaining vascular volume and arterial oxygenation are 
of prime importance in the treatment of a patient with a possible head 
injury.28,29 Volume restriction as a primary goal, with the aim of decreas-
ing intracranial pressure and cerebral edema, is inappropriate in the 
hypovolemic head-injured patient. In fact, this approach is more likely to 
aggravate the head injury and increase cerebral edema and intracranial 
pressure. The key features of initial assessment and resuscitation of the 
brain-injured patient are to prevent secondary brain injury due to hypo-
perfusion and hypoxemia, control of cerebral edema, and identification 
and evacuation of significant mass lesions based on careful clinical and 
CT scan assessment under the guidance of a qualified neurosurgeon.

■■ FRACTURE STABILIZATION
Although the most dramatic injury in the multiply injured patient is 
frequently the mangled limb resulting from major fractures, fractures as 
such do not pose an immediate threat to life, and therefore are gener-
ally lower in our list of management priorities. However, the second-
ary effects of fractures may have high priority. For instance, massive 
hemorrhage associated with a fracture will require direct control of the 
hemorrhage where possible, aggressive early fluid resuscitation, reduc-
tion of the fracture, and in the case of massive hemorrhage from pelvic 
fractures, the use of such techniques as external fixation. If the source of 
the shock is suspected to be the pelvic fracture, with failure to improve 
after fluid infusion and external fixation, consideration must be given to 
retroperitoneal packing or angiography with a view to possible angio-
embolization of identified bleeding from pelvic vessels.30-32

Time is also of the essence in the management of fractures when 
there is interference with the blood supply to the limb, as from spasm 
of the blood vessels or direct injury to the blood vessels adjacent to the 
fracture. Early assessment of neurovascular integrity and the correc-
tion of any abnormality are essential in the management of fractures 
to ensure limb salvage and to prevent rhabdomyolysis and compart-
ment syndrome. Limb ischemia associated with the fracture should be 
initially treated by reduction of the fracture and immobilization. If this 
maneuver fails to restore perfusion, early surgical exploration with or 
without angiographic assessment should be considered. To improve the 
chances of saving the limb, the period of limb ischemia should be less 
than 4 to 6 hours. Therefore all efforts should be made to obtain an early 
diagnosis and definitive repair of the vascular injury associated with a 
fracture. The possibility of compartment syndrome should be kept in 
mind, particularly after perfusion has been reestablished to a previously 
ischemic limb.33,34

■■ DETAILED SYSTEMATIC ASSESSMENT AND DEFINITIVE CARE
Once the initial rapid assessment and resuscitation of the patient has 
been completed, an anatomic systematic in-depth assessment is con-
ducted, beginning with the head and ending with the lower extremities. 
The multiply injured patient must be completely undressed to allow a 
complete physical examination. This includes assessment of the back 
and requires careful log-rolling of the patient to visualize the back while 
protecting the spinal column. Imaging of the thoracolumbar spine 
should be considered in unconscious patients or those with major torso 
trauma with or without neurologic deficit, and in those in whom the 
mechanism of injury suggests the possibility of spinal column injury. 

Until adequate radiologic assessment is complete, these patients should 
be moved with caution by log-rolling, and any rotation, flexion, or 
extension of the thoracolumbar spine should be avoided. Spine boards 
should be used only for transporting the patient and prolonged position-
ing of the patient on the spine board should be avoided because of the 
risks of decubitus ulcers.35

All multiply injured patients should have (1) large-bore intravenous 
access, (2) a gastric tube to decompress the stomach and monitor for 
evidence of upper gastrointestinal hemorrhage, and (3) a transurethral 
Foley catheter for monitoring urine output, unless contraindicated 
by the presence of a urethral injury. Patients in whom urethral injury 
may be present include those with a major pelvic fracture, perineal and 
scrotal ecchymosis, or bleeding through the urethral meatus, and those 
in whom a high-riding, boggy prostate is found on rectal examination. 
If these signs are present, a urethrogram should be performed; only if 
the results are normal should the Foley catheter be inserted per urethra. 
Suspicion of a basal skull fracture (CSF rhinorrhea or otorrhea, Battle 
sign, hemotympanum or “raccoon” eyes) is a contraindication to inser-
tion of a gastric tube36,37 through the nasal route. Gastric decompression 
in this situation should be achieved by orogastric intubation.

If a rectal examination has not already been conducted to rule out 
a urethral injury prior to the insertion of a urethral catheter, it should 
be done as part of the complete assessment. Although the utility of the  
rectal examination in the trauma patient has been questioned,38 it not 
only assesses the integrity of the rectum, but provides information on the 
presence of blood in the gastrointestinal tract, the possibility of extrar-
ectal pelvic injury (bony as well as soft tissue, eg, injury of the prostatic 
urethra), and the status of rectal sphincter tone, which may be abnormal 
in patients with spinal cord injury. During this phase of the assessment, 
potentially life-threatening injuries or injuries that are likely to produce 
morbidity and require correction on a nonurgent basis are detected. If 
the techniques of inspection, percussion, palpation, and auscultation are 
used appropriately, injuries such as simple pneumothoraces, uncompli-
cated fractures, and soft tissue wounds are detected and managed.

Reduction and stabilization of uncomplicated fractures are conducted 
once the life-threatening injuries have been treated. The tetanus immu-
nization status of the patient should be determined, and appropriate 
prophylactic measures instituted. The trauma flow sheet should be 
completed, and the use of agents such as tetanus toxoid should be clearly 
documented and must be available for continued reference during the 
patient’s stay in the ICU. It is at this point that subspecialty services such 
as plastic surgery and otolaryngology may be consulted.

■■ REEVALUATION AND MONITORING THE PATIENT
Repeated examination of the trauma patient is important so that  
injuries that are not obvious at presentation may be diagnosed and 
treated appropriately. The mechanism of the injury should be carefully 
noted in the history, and a high index of suspicion is required so that 
occult injuries are not missed. Patients who are relatively stable but 
who have been involved in a collision in which there is an associated 
fatality must be monitored very carefully in an ICU setting, since it 
must be assumed that they were exposed to the same force and energy 
transfer as the dead victim. Such patients may have temporarily con-
tained hematomas in the spleen, liver, or retroperitoneum or around 
major vascular structures. These patients can decompensate abruptly 
with sudden spontaneous hemorrhage. Slowly progressive tachycardia, 
hypotension, a fall in hemoglobin concentration, or any worsening 
of abdominal findings, such as increasing pain or signs of peritoneal 
irritation, should warrant aggressive investigation and consideration 
of intervention, including surgical exploration. For these high-risk 
patients, approximately 4 to 6 U of blood should be available at all times 
in the early phase of treatment. An unexplainable fall in hemoglobin 
concentration must be considered a sign of continued hemorrhage, and 
any sudden increase in heart rate or decrease in blood pressure must be 
considered signs of major hemorrhage. The source of this hemorrhage 
should be identified promptly and treated appropriately. A more subtle 
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sign of impending hemodynamic instability is a progressive decrease in 
urine output despite volume replacement that appears to be adequate in 
relation to the recognized injuries. Deterioration in the respiratory status 
should prompt assessment for the presence of a pneumothorax, lung 
contusion, or another type of subtle injury, such as a ruptured esopha-
gus with pleural effusion that may present later in the patient’s course. 
Delayed cardiac decompensation without obvious blood loss should 
warrant investigation for myocardial contusion, cardiac tamponade, or 
tension pneumothorax. The latter condition may develop on institution 
of positive pressure ventilation in a patient who sustained a simple pneu-
mothorax which was not treated by tube thoracostomy. Deterioration in 
hemodynamics and cardiorespiratory status may result from development 
of traumatic abdominal compartment syndrome in the ICU. Recognition 
of this syndrome requires prompt decompression of the abdomen and the 
intensivist should be alert to the conditions which result in abdominal 
compartment syndrome so that it may be recognized early and treated 
promptly.39 Respiratory deterioration may also occur in spontaneously 
breathing patients who sustained a rupture of the diaphragm and in 
whom the abdominal viscera at first remained in the abdominal cavity but 
later migrated above the diaphragm, causing respiratory compromise. For 
these reasons, continuous close monitoring in an ICU setting is crucial to 
improving survival of the multiply injured patient.

Diagnostic imaging is obtained as indicated. In most multiply injured 
patients, these will include cervical spine x-rays (or more commonly CT 
of the spine) if there is any suggestion of cervical spinal injury, a chest 
x-ray, and an x-ray of the pelvis. Other radiologic investigations will 
be undertaken as indicated by the assessment, such as the presence of 
deformity in an extremity warranting x-ray to confirm a fracture.

DECIDING ON SURGICAL INTERVENTION
One of the most important decisions to be made in the emergency man-
agement of the trauma patient is whether or not surgical intervention is 
indicated. If the decision based on the initial assessment is that surgery is 
not warranted, then continued observation in an intensive care setting is 
necessary for most multiply injured patients. This approach, combined 
with a high index of suspicion, will minimize the risk of overlooking 
occult injuries, such as a subcapsular hepatic hematoma in a patient 
who is stable initially, but later decompensates with decompression and 
hemorrhage from the hematoma.

In considering the need for surgical intervention, the common emer-
gency indications are for thoracic, abdominal, and intracranial injuries. 
For thoracic injuries, this includes an uncontrollable pneumothorax 
representing a major tracheobronchial injury, a massive hemothorax 
usually representing laceration of a systemic artery (eg, intercostal or 
internal mammary) or central pulmonary vessel, a widened mediasti-
num or other sign of aortic disruption, or signs of a ruptured esophagus, 
cardiac tamponade, or air embolism. The hypovolemic patient who  
suddenly becomes asystolic or suffers electromechanical dissociation 
is also a candidate for emergency thoracotomy. The details of assess-
ment and management of these indications for thoracic surgery are 
considered in Chap. 120. The indications for laparotomy in the multiply 
injured patient are signs of perforation, or hemorrhage in general. Other 
relative indications are discussed in more detail in Chap. 120.

The indication for surgical intervention in head injuries is usually a 
change in level of consciousness secondary to a mass lesion requiring 
evacuation or placement of an intracranial pressure monitoring device. 
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KEY POINTS

•• Primary injury occurs at the moment of trauma and is the result 
of direct damage to brain tissue. All subsequent preventable brain 
injuries are termed secondary injuries.

•• Head trauma is associated with cervical spine injury and stabilization 
of the spine (eg, cervical collar, log rolling) is maintained until the 
spine is cleared.

•• Hypoxemia, hypotension, and raised intracranial pressure (ICP) are 
the leading causes of death in severe traumatic brain injury (TBI) 
and are related to the severity of the brain injury as well as the 
systemic complications.

•• Critical care of the TBI patient is centered on airway control, 
favoring early intubation, resuscitation, maintenance of homeosta-
sis, early detection of neurosurgically treated complications, and  
interpretation of information from bedside monitors to minimize 
disruption of cerebral perfusion, (oxygenation and nutrient 
supply) in order to prevent or limit secondary injury.

•• Level II evidence supports a minimum systolic blood pressure of 
90 mm Hg. An SBP of <90 mm Hg must be avoided if possible, or 
rapidly corrected.

•• Currently there is no evidence from controlled clinical trials to 
indicate an optimal CPP goal in terms of reducing secondary 
ischemic injury or improving the neurological outcome; however, 
published guidelines state as a level III recommendation that the 
treatment range for CPP should be 50 to 70 mm Hg. Maintaining 
CPP >70 mm Hg has been associated with the development of 
acute respiratory distress syndrome (ARDS).

•• TBI is the second highest risk factor for the development of venous 
thromboembolism (VTE), second only to acute spinal cord injury 
and the incidence of deep venous thrombosis (DVT) 7 to 10 days 
after TBI is as high as 31.6% even with mechanical prophylaxis.

CHAPTER 118: Head Injury
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INTRODUCTION
Traumatic brain injury (TBI) is a major cause of morbidity and mortal-
ity worldwide and in the United States. TBI is caused by a blunt force 
or penetrating injury to the head that causes brain dysfunction. The 
severity of TBI may be evident immediately or may initially appear to be 
mild, only to deteriorate later and often rapidly. Symptoms of traumatic 
brain dysfunction include unconsciousness, amnesia, focal deficits, and 
cardiorespiratory instability due to brain stem dysfunction. TBI may be 
isolated but is often accompanied by additional injuries.

Of an estimated 1.7 million people in the United States that sustain 
TBI each year, about 52,000 die before reaching the hospital and 275,000 
are hospitalized.1 TBI accounts for one-third of trauma-related mortality.1 
Children less than 5 years of age, teenagers aged 15 to 19, and adults over 
65 are the most likely to sustain TBI. Patients over the age of 75 have the 
highest rates of TBI-related hospitalization and mortality. Males, in any age 
group, are more likely than females to suffer TBI. Including all age groups, 
falls are the leading cause of TBI (35.2%), but motor vehicle crashes (MVC), 
the second leading cause of TBI (17.3%), are the leading cause of TBI-related 
death (31.8%).1 The elderly are more likely to present with fall-related TBI 
and young adults aged 20 to 24 years are more likely to die of MVC-related 
TBI. In military combat, blast injuries (61.9%) and gunshot wounds (19.5%) 
account for the majority of TBI.2 The rising incidence of TBI may be related 
to both an aging population as well as overall population expansion.1

HEAD TRAUMA: MECHANISMS OF INJURY
Head injuries can result from direct blunt or penetrating trauma to the 
head and from indirect processes including acceleration-deceleration 
and blast forces.

Direct trauma leads to scalp and skull injury and both direct and indi-
rect injury can damage the dura, blood vessels, and brain. Penetrating 
trauma may result from relatively slow moving objects such as knives or 
projectiles such as bullets, or blast-generated fragments moving at super-
sonic speeds that damage the scalp, skull, and neurovascular tissue by lac-
eration, thermal, and pressure-generated forces. Blunt or nonpenetrating 
injuries result in skull fracture, direct trauma to underlying neurovascular 

tissues and indirect injuries. Indirect injuries result from the sudden accel-
eration and deceleration of the brain floating within the surrounding cere-
brospinal fluid (CSF), encased by the dura and rigid cranial vault, leading 
to rotational and shearing forces that impact neurovascular tissue against 
bone. TBI from blast injury may be related to indirect injury generated by 
pressure or shock waves and other less understood factors.

Contre-coup brain injury refers to contusions or other lesions that 
occur on the side contralateral or 180° from the force of impact; coup 
injury refers to ipsilateral injury directly below the impact. Contusions 
are localized injuries to the cerebral parenchyma that occur when the 
brain is pushed or jarred against the bony components of the skull 
resulting in hemorrhage, edema, or necrosis. Contusions are typically 
observed at the frontal poles, orbital frontal lobes, temporal poles, and 
cortex above the Sylvian fissure3 (Fig. 118-1).

Skull fractures may be single or multiple, linear, or depressed 
(Fig.  118-2). Basilar fractures are associated with cerebrospinal fluid 
(CSF) leak and meningitis as well as a greater risk of cranial nerve and 
vascular injury. Scalp lacerations above fractures are termed open frac-
tures and have a greater risk of infection.

Temporal bone fractures can injure the middle meningeal artery 
or a branch thereof resulting in hemorrhage into the epidural space, 
between the inner table of the skull and above the dura termed epidural 
hematoma. Epidural hematomas may also result from meningeal vein 
or dural sinus damage. Epidural hematomas are more common in chil-
dren and young adults since the dura is not as adherent to the skull as 
in the elderly (Fig. 118-3). The classic clinical presentation of epidural 
hematoma is a brief loss of consciousness followed by a neurologically 
intact interval, followed by sudden deterioration, coma, and death from 
herniation within hours. The treatment is immediate neurosurgical 
evacuation or, if not available in time, a burr hole can be lifesaving.

Subdural hematomas collect beneath the dura and result from lac-
eration of the bridging cortical veins. The venous bleeding that results 
in subdural hematomas usually is slower, resulting in a more gradual 

•• Antiseizure prophylaxis with phenytoin is recommended for the 
prevention of early posttraumatic seizures, that is, within 7 days 
of the TBI. Routine prophylaxis later than 1 week following TBI is 
not recommended

•• Recent studies have not demonstrated an overall beneficial effect 
of steroids on outcome and there is level I evidence that high-dose 
methylprednisolone increases mortality after moderate to severe TBI.

•• After TBI, persistent ICP >20 is associated with poor outcome 
and there are limited data—class III and II level evidence—that 
patients responding to ICP lowering treatments have a lower 
mortality and better outcome.

FIGURE 118-1.  Head CT demonstrating bifrontal contusions after a fall. The inferior 
orbital region is a common location for contusions because of bony ridging in the orbital roof.

FIGURE 118-2.  Head CT in bone window. There is a linear skull fracture in the left 
occipital region (arrow). There is also an underlying epidural hematoma which is not 
adequately visualized in this bone window.

FIGURE 118-3.  Head CT revealing a large, fatal, epidural hematoma (EH) in a patient 
who fell while intoxicated. Note the lenticular shape which is characteristic of EH. EHs are 
usually limited by sutures where the dura is most adherent. The anterior portion is limited by 
the coronal suture, while the posterior portion is limited by the lambdoid suture. EHs are easily 
treated with surgery and are usually associated with an excellent prognosis if recognized early.
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decline in consciousness, but when they become large, rapid evacuation 
is needed. They are typically seen in older patients usually occurring 
after falls, assaults, or MVAs and are associated with greater underlying 
brain damage than extradural hematomas (Fig. 118-4).

Trauma is the most common cause of subarachnoid hemorrhage 
(SAH) (Fig. 118-5). The incidence of SAH associated with head trauma 
has been reported to range from 33% to 60%.4 Traumatic subarachnoid, 
intraventricular, and intraparenchymal hemorrhages are associated 
with greater degrees of injury and poorer outcomes. Intraparenchymal 
hemorrhages may be focal or multifocal and are less frequent than 
epidural or subdural hematomas in nonpenetrating injury (Fig. 118-6).  
Traumatic subarachnoid hemorrhage, like that due to ruptured 
aneurysms, can lead to vasospasm, and occasionally ischemic deficits. 
Transcranial Doppler sonography is useful in detecting vasospasm.

Brain swelling with associated intracranial hypertension develops in 10% 
to 15% of severe TBI patients who have an initial normal head CT, and in 
53% to 63% of patients with acute traumatic abnormalities on a hospital 
admission CT.5 Expansion of the intracranial components, for example, brain 
edema or hematoma, leads to increased ICP that can lead to herniation.

Expansion of the temporal lobe can lead to transtentorial uncal 
herniation with compression of the ipsilateral third cranial nerve con-
taining peripheral parasympathetic nerve fibers and ipsilateral cerebral 
peduncle compression resulting in the classic findings of an ipsilateral 
dilated and fixed pupil with contralateral hemiparesis. Less commonly, 
if the brain stem is displaced against the tentorium on the side opposite  

to the herniation, hemiparesis or hemiplegia can occur on the side ipsi-
lateral to the herniation, the so-called “Kernohan notch” phenomenon. 
In central transtentorial herniation, the thalamic area is displaced over 
the tentorial notch leading to decorticate posturing and possibly rup-
ture of the paramedian branches of the basilar artery causing “Duret” 
hemorrhages. Herniation of the cerebellar tonsils through the foramen 
magnum or tonsillar herniation can result in cardiorespiratory arrest 
from compression of the medulla. Transcalvarial herniation may occur 
through a skull fracture and subfalcine herniation occurs when the cere-
brum herniates below the falx cerebri due to midline shift (Fig. 118-6) 
resulting in possible compression of the anterior cerebral artery.

TBI may result in focal and/or diffuse lesions. Neuronal cell bodies 
may be damaged leading to focal gray matter ischemia, necrosis, and 
focal deficits. The shearing of axons in the cerebral white matter due to 
the differential acceleration of gray versus white matter tissue of differ-
ent densities, may lead to axonal degeneration, termed diffuse axonal 
injury (DAI), with nonfocal neurologic deficits such as encephalopathy 
and coma (Fig. 118-7). DAI most often occurs in the setting of rapid, 
high magnitude acceleration or deceleration. DAI occurs in more than 
50% of all severe head trauma and in more than 85% of the subset 

FIGURE 118-4.  Head CT demonstrating a left frontotemporoparietal acute subdural 
hematoma with mass effect and mild midline shift. Subdural hematomas do not respect 
suture lines and are typically crescent shaped.

FIGURE 118-5.  CT scan from a patient with diffuse injury and traumatic subarachnoid hemor-
rhage in bilateral sylvian fissures (red arrows) and inter hemispheric fissure and sulci (green arrow).

FIGURE 118-6.  CT scan showing a focal right frontoparietal intraparenchymal 
hematoma (red arrow) associated with a subdural hematoma. There is shifting of the midline 
to the left due to mass effect from the hematomas (green arrow). This patient ultimately 
required a decompressive craniectomy for elevated intracranial pressure.

A B

FIGURE 118-7.  This patient was a pedestrian hit by a car. He suffered severe diffuse 
axonal injury (DAI). DAI may present with essentially normal imaging that is disproportionate 
to the severity of the clinical examination. However, this patient exhibited typical DAI findings 
on CT. A. Corticomedullary junction (red arrows) and deep white matter and basal ganglia 
(green arrow) hemorrhage. There is also blood within the occipital horns of the ventricle (black 
arrow). B. The patient also exhibited a midbrain hemorrhage (blue arrow). Deep or midline 
hemorrhages such as those in the ventricle and corpus callosum are often indicative of severe 
brain disruption due to shearing forces.
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related to motor vehicle collisions.5 Deficits in memory and learning are 
common after TBI and may be related to frontal lesions.6

PRIMARY AND SECONDARY TBI
A conceptual framework with which to care for neurologically injured 
patients is based on the classification of injury that occurs immediately 
after any insult, called primary injury, and all subsequent injuries, termed 
secondary injuries (Fig. 118-8). In TBI, primary injury occurs at the 
moment of trauma and is the result of direct damage to brain tissue. After 
the primary injury, the remaining brain tissue consists of healthy tissue, 
injured (or ischemic) tissue, and dead tissue. All subsequent brain injuries  
are termed secondary injuries and will result in further neuronal inju-
ries and death over hours to days after the primary injury. Secondary 
injuries may be caused by brain edema, hematoma expansion or delayed  
hemorrhage, intracranial hypertension, herniation, hypotension, hypox-
emia, hypercarbia or hypocarbia, circulatory or respiratory arrest, seizures, 
vasospasm, and severe electrolyte disturbances. The pathophysiology of 
secondary TBI involves impaired cerebrovascular autoregulation, cellular 
metabolic dysfunction, and inadequate cerebral oxygenation.

On the cellular and molecular level, secondary injury results from 
lactic acid production and depletion of ATP due to anaerobic glycolysis, 
increased membrane permeability due to ion pump failure, and activa-
tion of voltage dependent calcium and sodium channels resulting in 
influx of calcium leading to activation of catabolic enzymes and free radi-
cal formation that leads to progressive damage to both intracellular and 
nuclear structures leading to membrane failure, cytotoxic brain edema, 
necrosis, and apoptosis.7 The release of excitotoxic substances including 
the amino acids glutamate and aspartate damages adjacent neurons lead-
ing to further injury. Damage to the endothelial layer of the blood brain 
barrier leads to vasogenic edema as well,7 but cytotoxic edema, which 
does not respond to steroids, is more important after TBI. Primary as well 
as secondary injury results in the release of proinflammatory cytokines 
such as tumor necrosis factor, interleukin-1-β, and interleukin-6; pros-
taglandins, leukotrienes, and activation of complement and coagulation 
systems, neutrophils, macrophages, and lymphocytes that lead to further 
endothelial damage and up regulation of cellular adhesion molecules 
such as P-selectin, intercellular adhesion molecules (ICAM-1), and vas-
cular adhesion molecules (VCAM-1) that further facilitate the influx of 
leukocytes into tissues leading to further secondary brain damage.7

Cellular necrosis occurs as the result of severe mechanical and ischemia- 
hypoxia-induced injury. Apoptosis or programmed cell death may occur 
in cells that initially appear structurally intact and have adequate ATP 
and membrane potentials. Over hours to days after the injury, an imbal-
ance between pro- and antiapoptotic proteins with consecutive activa-
tion and deactivation of caspases representing specific proteases of the 
interleukin-converting enzyme family are felt to be the most important 
mediators of apoptosis.7

The prevention of primary head injury is a major public health 
concern. Neurogenesis, the regeneration of neurons, occurs at an 

insignificant rate in humans8 and gene therapy is in the early research 
phase without clinical application.9 The prevention of secondary injury 
is the major goal in the treatment and optimization of outcomes of the 
patient after head injury. The optimal critical care of the head injured 
patient requires the provision and maintenance of a homeostatic 
environment that leads to recovery of potentially salvageable injured 
or ischemic brain and prevents or mitigates insults that would render 
injured cells dead.

INITIAL STABILIZATION, IMAGING, AND MANAGEMENT
A moderate to severely head injured patient is a trauma patient with rapid 
triage and stabilization beginning in the field and transport, ideally to a neu-
rotrauma center (or the most appropriate hospital within range), facilitated 
by emergency medical personnel, to continued evaluation and stabilization 
in the emergency department utilizing the ATLS protocol by trauma sur-
geons and neurosurgeons, followed by transport to radiology for diagnostic 
imaging or operating room for acute decompression of intracranial mass 
lesions, or ICU—the order of which is determined by the nature of the acute 
injuries. Head trauma associated with cervical spine injury and stabiliza-
tion of the spine (eg, cervical collar) is maintained until the spine is cleared 
(see Chap. 119, Spinal Injuries). Patients are admitted to the ICU depending 
on the risk or development of respiratory or circulatory failure, organ fail-
ure, and shock, and the severity of brain injury requiring close monitoring.

After initial stabilization, patients routinely undergo computed tomog-
raphy (CT) imaging which provides immediate information regarding 
the presence or absence of skull and spinal fractures, foreign objects, 
contusions, extracranial and intracranial hemorrhages, edema, hydro-
cephalus, and herniation. Neurological examination may be limited  
by depressed consciousness. Repeat or serial CT scans are useful to 
determine the etiology of acute deterioration or failure to improve and  
to assess changes in initial lesions. When clinical deficits are not 
explained by CT findings, magnetic resonance imaging (MRI) is more 
sensitive to assess the degree of DAI which is inferred by the presence of 
punctuate white matter hemorrhages, but such findings may be absent on 
both CT and MRI.10 CT scanning is the primary study in patients with 
penetrating head trauma associated with metallic foreign bodies where 
MRI scanning is contraindicated. Multidetector CT scanning (MDCT) 
allows three-dimensional imaging that may assist in preoperative  
preparation.10 CSF leaks can present as CSF otorrhea or rhinorrhea and 
can be diagnosed with nuclear or CT cisternography, especially if the 
possible source is not clear on initial imaging. Cisternography performed 
after the injection of intrathecal contrast is more specific in identifying 
the anatomical location of the leak, while nuclear cisternography is more 
sensitive to the existence of the leak but not its precise location.

Upon admission to the ICU, a tertiary head-to-toe examination is  
performed to identify any potentially missed traumatic injuries11 and assess 
the current neurological exam noting any change that has occurred since 
the last described exam. The head is examined for ecchymoses, lacerations, 
deformities, signs of basilar skull fracture (raccoon eyes, Battle sign), or 
CSF leak (rhinorrhea or otorrhea). Neurological examination is focused on 
assessment of the overall mental status, cranial nerves III and VI, pupillary 
responses, oculocephalic (doll’s eyes), corneal and gag reflexes, deep tendon 
reflexes, any a symmetry or focality of extremity movement, the presence 
of pathologic reflexes (eg, Babinski sign or decorticate or decerebrate pos-
turing), and sensation. Bilateral and dilated fixed pupils indicate brain stem 
injury; unilateral or bilateral dilated fixed pupils may occur with cerebral 
herniation, as does decerebrate posturing. Hypoxemia, shock, and hypo-
thermia may cause pupillary dilation and abnormal pupillary responses. 
Papilledema is usually not immediately seen in acute TBI with intracranial 
hypertension (IH) and is a later finding.12 A negative neurologic exam does 
not rule out significant intracranial injuries and intracranial hematomas 
may be delayed, occurring days to weeks after the initial insult.

The Glasgow Coma Scale13 (GCS) (Fig. 118-9) can be used to deter-
mine the severity of head injury, for serial assessment, and has prog-
nostic implications. It is based on the best eye opening response, verbal 
response, and motor response. A score of ≤8 indicates severe TBI; 

FIGURE 118-8.  Conceptual model of brain injury. Immediately after TBI or any acute 
neurological insult, there are damaged (dead or injured) brain cells (red arrows) and uninjured or 
“healthy” brain cells (primary injury). The central goal of care after TBI is the prevention of additional 
brain cell injury or death (secondary injury) (red arrows) and the maintenance of an environment 
maximally conducive to recovery of the potentially salvageable injured cells (green arrow).
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Injured/Ischemic

Dead
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however, it is important to rely on the overall clinical picture, particu-
larly when the GCS is in the mild and moderate range (9-15). Cushing 
reflex—bradycardia, hypertension, and apneic breathing—is a “classic” if 
not late sign of elevated ICP leading to cerebral herniation and terminal 
brain stem compression; however, acute severe hypoxemia, which can 
cause both hypertension and bradycardia, also requires rapid recogni-
tion and management.

Basic initial ICU monitoring and access includes continuous ECG, 
blood pressure via arterial line, pulse oximetry, central venous access, 
nasogastric tube insertion, and Foley catheter placement, if there are no 
contraindications. TBI is a classic risk factor for stress ulcers (Cushing 
ulcer14) and prophylaxis with H2-blockers should be initiated. Severe TBI 
is also a strong risk factor for venous thromboembolism (VTE); however, 
due to the early bleeding risks, mechanical prophylaxis (intermittent 
pneumatic compression devices) is used initially with pharmacologic 
prophylaxis added when the risk of bleeding has sufficiently decreased.

Additional hemodynamic and neurological monitoring depends on 
the clinical diagnosis and condition. Laboratory studies, either as initial 
or follow-up, include arterial blood gases, electrolytes, glucose, lactate, 
complete blood count, coagulation profile, type and cross, and liver func-
tion tests. If appropriate and omitted thus far, a toxicology screen should 
be ordered. Health care proxy or available family or friends should be 
asked to provide preaccident and accident history as well as advanced 
directives. A review of the diagnostic imaging, laboratory results, and 
surgical procedures performed thus far, and communication with the 
neurosurgeon regarding anticipated diagnostic imaging, neurosurgical 
interventions, neuromonitoring, and ICU management is essential.

Hypoxemia, hypotension, and raised ICP are the leading causes of death 
in severe TBI and are related to the severity of the brain injury as well as 
the systemic complications. Critical care of the TBI patient is centered on 
airway control, favoring early intubation, resuscitation, maintenance of 
homeostasis, early detection of neurosurgically treated complications, and 
interpretation of information from bedside monitors to minimize disrup-
tion of cerebral perfusion, oxygenation, and nutrient supply in order to 
prevent or limit secondary injury.

RESPIRATORY MANAGEMENT
Hypoxemia and hypotension are the two most important factors associ-
ated with adverse outcomes in patients after TBI, and the association 
with TBI is stronger than in trauma patients without neurological 
injury.15,16 Patients who have severe brain injury are at increased risk for 
acute respiratory distress syndrome (ARDS).17 Patients with severe head 
injury (GCS ≤8) may have an abnormal lung elasticity and resistance 
as early as day 1 post injury.18 A recent retrospective cohort study of the 
Nationwide Inpatient Sample (NIS) database reported a 22% prevalence 
of ARDS/acute lung injury (ALI) after TBI in 2008 with an in-hospital 
ARDS/ALI-related mortality of 28%.19

Hypoxemia may be caused by noncardiogenic pulmonary edema 
from ARDS due to a systemic inflammatory response to trauma or fat 
emboli, neurogenic pulmonary edema, or less commonly, cardiogenic 
pulmonary edema. Other etiologies of hypoxemia include airway 
obstruction, lung contusion from direct chest trauma, flail chest, 
pneumothorax, retained secretions or aspiration, pneumonia, and 
hypercarbia. Hypercarbia may be caused by depressed respirations from 
coma or brain stem dysfunction, chest trauma, airway obstruction, or 
high cervical spine injuries.

Oxygenation should be monitored by pulse oximetry and checked by 
arterial blood gases. Hypoxemia defined as PaO2 <60 mm Hg or hemoglo-
bin-oxygen saturation <90% must be avoided.15 After TBI, patients with 
any of the following: signs of respiratory distress, intracranial hyperten-
sion, impending herniation, encephalopathy or coma (GCS ≤9), requiring  
high levels of inspired oxygen to maintain PaO2 above 60 mm Hg, absolute 
CO2 retention, or CO2 retention relative to respiratory minute volume 
should be immediately intubated. Early intubation after moderate to 
severe TBI is preferred to avoid the hypoxemia, aspiration, potential 
triggering of seizures and exacerbation of intracranial hypertension that 
occurs in the crashing, emergently intubated TBI patient. Endotracheal 
intubation and mechanical ventilation also allow therapeutic hyperventi-
lation for temporary relief of impending herniation, procedures requiring 
sedation, and if necessary, pharmacologic coma.

In critically ill patients in general, and in TBI patients in particular, endo-
tracheal intubation is significantly more difficult due to the need for pre-
cautionary neck stabilization, encephalopathy, potential for intracranial  
hypertension, bleeding, vomiting, copious oropharyngeal secretions, 
airway edema, respiratory dysfunction, and hemodynamic instability. 
Complications such as hypoxemia, aspiration, bradycardia, and cardiac 
arrest increase significantly20 as the number of laryngoscopic intubation 
attempts increase. Indirect optical laryngoscopy does not require aligning 
the head and neck and provides better visualization of the vocal cords 
facilitating faster, less traumatic intubation requiring less sedation and 
less training to become proficient compared to direct laryngoscopy.21,22

Specific considerations in TBI patients are precautionary manual 
in-line neck stabilization in the setting of potential acute cervical injury 
(see Chap. 119, Spinal Injuries) and rapid sequence intubation using 
sedatives and succinylcholine, a short acting paralytic agent, to avoid 
exacerbations in intracranial pressure.

After endotracheal intubation, mechanical ventilation should be set 
to an assist-control type mode with the respiratory rate and tidal vol-
ume adjusted to maintain the desired PaCO2 level. The FiO2 and positive 
end expired pressure (PEEP) should be minimized to maintain the 
PaO2 >60 and the SaO2 >90. PEEP, especially in the setting of reduced 
pulmonary compliance, does not significantly raise the intracranial  
pressure.23,24 As such, PEEP does not have to be avoided if needed to main-
tain adequate PaO2 at less toxic FiO2 levels. Data indicate that a low tidal 
volume approach may be applied safely in patients who have acute intracra-
nial disorders25; however, the significance of ventilator-induced lung injury 
in patients with TBI is unclear. In the setting of ARDS in the TBI patient, it 
is safe to institute lung-protective mechanical ventilation by reducing tidal 
volumes to lower plateau pressures; however, the respiratory rate should be 
increased to avoid acute elevations in PaCO2 or frank hypercapnia that can 
exacerbate or result in intracranial hypertension. In patients with impending 
herniation or severe ICP elevation, acute hypercapnia must be avoided.

FIGURE 118-9.  Glasgow Coma Scale (GCS). (Reproduced with permission from Teasdale 
G, Jennett B. Assessment of coma and impaired consciousness. A practical scale, Lancet. July 
13, 1974;304(7872):81-84.)

Response Scale

Eye opening

None 1

To pain 2

To voice 3

Spontaneous 4

Best verbal response

None 1

Incomprehensible 2

Inappropriate 3

Confused 4

Oriented, normal conversation 5

Best motor response

None 1

Extension to pain (decerebrate) 2

Flexion to pain (decorticate) 3

Withdrawal to pain 4

Localizes pain 5

Obeys commands 6
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Mechanical ventilation causes positive intrathoracic pressure and higher 
pressures can cause decreased venous return and a rise in jugular venous 
pressure leading to an increase in cerebral blood volume (CBV) and in 
ICP and to a drop in cardiac output and blood pressure, thereby reducing 
cerebral perfusion pressure (CPP) and cerebral blood flow (CBF). In areas 
where cerebral autoregulation is intact, decreases in CPP are compensated 
for by cerebral vasodilation, increasing CBV and potentially increasing 
ICP; if autoregulation is impaired, decreased CPP may lead to cerebral 
ischemia. The effect of these changes on the brain is difficult to impossible 
to monitor, but avoiding extremes and maintaining homeostasis is critical. 
In the TBI patient, premature extubation may result in 2nd injury.26

Tracheostomy either by open or percutaneous dilational techniques, 
depending on patient anatomy and local expertise, should be performed 
in patients expected to require mechanical ventilation for greater than 
10 to 14 days. The exact timing of tracheostomy remains a matter of 
debate. Tracheostomy may decrease the number of ventilator days, but 
there is no evidence that it decreases ICU length of stay or pneumonia 
rates.27,28 The benefits of tracheostomy include better oral care, improved 
patient comfort, decreased self-extubation risk, allowance for less sedation,  
better communication (speaking valve), more aggressive weaning attempts, 
decreased dead space ventilation, and possibly a lower work of breathing.

HEMODYNAMIC MONITORING AND MANAGEMENT
Both hypotension and raised ICP are the leading causes of death in 
severe TBI and are related to the severity of the brain injury as well as the 
systemic complications. Hypotension exclusively from TBI is a terminal 
event due to herniation.

Both mortality rate and outcome (ie, degree of disability) are signifi-
cantly increased in patients with documented episodes of hypoxemia16 
or hypotension.29 An analysis of the large, prospectively collected, 
observational data set, the Traumatic Coma Data Bank (TCDB), found 
that hypoxia and hypotension were independently associated with sig-
nificant increases in morbidity and mortality in the setting of severe 
head injury.30 A single prehospital episode of systolic blood pressure 
<90 mm Hg is associated with increased morbidity and a doubling of 
mortality compared with a matched group of patients without hypo-
tension.30 Hypotension is among the five most powerful predictors of 
outcome after TBI, independent of the other major predictors of out-
come including age, admission GCS score, admission GCS motor score, 
intracranial diagnosis, and pupillary status.30 In the hospital, repeated 
episodes of hypotension and increased total duration of hypotensive 
episodes were significant predictors of both mortality and poor neuro-
logical outcome.31 Patients that respond to resuscitation after TBI with 
improved BP have a better survival.32

Hemodynamic management should employ fluids, vasoactive agents, 
and blood transfusions as indicated to maintain a systolic blood pres-
sure above 90 mm Hg. The 90 mm Hg systolic pressure threshold is 
derived from statistical distributions of blood pressure for normal 
adults. Systolic blood pressures lack a consistent relationship with mean 
arterial pressure (MAP) and MAP is used to calculate the cerebral perfu-
sion pressure (CPP). It may be desirable to maintain MAP considerably 
above those represented by systolic pressures of 90 mm Hg, but there 

are no studies performed to date that support a particular target blood 
pressure. An analysis of the relationship between admission SBP and 
MAP after TBI and GOS33 (Fig. 118-10) at 6 months using the IMPACT 
database found that SBP on the order of 135 mm Hg and MAP on the 
order of 90 mm Hg were associated with the best outcome,34 although 
these data do not support a strong causal inference. However, because of 
ethical considerations, there are no class I studies (ie, well-designed ran-
domized controlled trials) of the effect of blood pressure resuscitation 
targets on outcome.15 As such, level II evidence35 (Fig. 118-11) supports 
a threshold systolic blood pressure of 90 mm Hg.15 A SBP of less than 
90 mm Hg must be avoided if possible, or rapidly corrected.

The type of hemodynamic monitoring employed should be determined 
by the severity of TBI, the degree of instability, the response or lack of 
response to resuscitation, and the expertise of the critical care physician. 
Foremost, no matter what type of monitoring is employed it must be 
coupled with the clinical context including physical examination, intake 
and output, pertinent labs including hemoglobin, renal function, lactate, 
ABG, CXR, ECG, CT (intracranial pathology), ICP, and the results of any 
additional neuromonitors, for example, brain tissue oxygen, CBF, etc.

Hemodynamically stable patients may be monitored simply by con-
tinuous blood pressure via arterial catheter and ECG. In patients with 
severe or persistent hypotension, shock, multiple organ dysfunction, and 
intracranial hypertension, the titration of fluid and vasoactive agents is 
more challenging. Vasopressors in the setting of intravascular volume 
depletion may worsen cerebral ischemia and other organ perfusion and 
excess fluid resuscitation may lead to worsening pulmonary edema, 
hypoxemia, cerebral ischemia, and cerebral edema.

Central venous pressure (CVP) traditionally has been used to assess 
the adequacy of intravascular volume and although it is still often mea-
sured and discussed in neurosurgical ICU settings, it should not be used 
to guide fluid management.36 Recent studies have failed to demonstrate a 
clinically useful correlation between absolute CVP or change in CVP with 
intravascular volume or right ventricular preload,37 and it does not predict 
fluid responsiveness.36 The pulmonary artery occlusion pressure obtained 
from the pulmonary artery catheter (PAC) also does not provide accurate 
information about left ventricular preload or intravascular volume.37

Recent trends in hemodynamic monitoring in the critically ill favor 
the use of less invasive and more direct measures of cardiac function38,39 
and dynamic indices predictive of preload (fluid) responsiveness.40 
Bedside echocardiography can rapidly and directly assess both right and 
left ventricular preload and contractility and in trauma patients can rule 
out significant pericardial effusion.39 The lungs can be assessed by ultra-
sound on the same examination, to detect pulmonary edema (B-lines) 
early on, rapidly rule out a pneumothorax (presence of lung sliding) or 
hemothorax, and can detect atelectasis (shift of heart, echogenic lung 
appearance).39 Ultrasound can also be used to determine the inferior 
vena cava (IVC) diameter and variability with respiration as a dynamic 
index of fluid responsiveness,40 although it may be inaccurate in the 
setting of intra-abdominal hypertension, RV dysfunction, or pericardial 
tamponade. Pulse contour analysis of the arterial pressure waveform can 
measure the pulse pressure variability with respiration. Values greater 
than 12% to 13% are more predictive of fluid responsiveness41; how-
ever, the cardiac rhythm must be sinus, the tidal volumes constant and  

FIGURE 118-10.  Glasgow Outcome Scale (GOS). (Data from Jennett B, Bond M. Assessment of outcome after severe brain damage, Lancet. March 1, 1975;1(7905):480-484.)

Score Rating Explanation

5 Good recovery Can resume normal life, minor deficits

4 Moderate disability Independent, e.g., travel by public
transport; work in sheltered setting

3 Severe disability Dependent for daily support

2 Persistent vegetative state Partial arousal, but lack any awareness

1 Dead
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adequate without spontaneous respiratory efforts—and this requires 
a heavily sedated or paralyzed patient on continuous mechanical ven-
tilation. Increases in cardiac output (CO) in response to passive leg 
raising (PLR) have been proposed to determine preload responsiveness 
regardless of respirations or arrhythmias, but whether the effects of 
PLR are due to volume (autotransfusion of blood) versus sympathetic 
stimulation from PLR is not entirely clear. Regardless of these issues, it 
would be prudent to avoid PLR in patients with increased intracranial 
pressure.

Serial measurements of CO are more technically difficult with 
echocardiography. Pulse contour analysis can provide a continuous 
cardiac output and relative trends in the cardiac output, but are subject 
to changes in the arterial pressure waveform not necessarily related to 
changes in CO and do not provide an accurate absolute cardiac output 
compared to thermodilution techniques. Some manufactures allow 
or require calibration of the pulse contour CO with transpulmonary 
lithium or transpulmonary thermodilution dilution techniques. These 
provide accurate CO, but within 60 minutes the pulse contour-derived 
CO drifts beyond the 30% error range compared to thermodilution and 
the TD CO must be repeated if an absolute CO is needed.42

Due to a lack of evidence across multiple studies that PAC monitor-
ing improves the outcome, use of the PAC has decreased significantly 
in the ICU. However, for the intensivist experienced in its insertion and 
data interpretation, the PAC can provide accurate pulmonary artery 
pressures, right heart thermodilution cardiac output, and true mixed 
venous blood gases. The venous oxygen level can be misleadingly nor-
mal in the face of regional hypoperfusion and does not correlate with 
cardiac output. The central or mixed venous carbon dioxide (CO2) levels 
and the venous-arterial CO2 difference correlate better with perfusion 
and cardiac output43 and if elevated may indicate a low cardiac output, 
hypermetabolic state, or ongoing regional hypoperfusion.

There is no particular target cardiac output or index number for 
patients with TBI (or any other critical illness); however, when there is 
evidence of hypoperfusion and the CO may be inadequate, measures to 
increase the CO by fluid resuscitation and inotropes may be instituted.

To date, there is a lack of clinical data on the effect of changes in CO 
on cerebral perfusion and the studies have focused primarily on blood 
pressure with the goal of maintaining SBP at least above 90 mm Hg. 
Currently the most rational approach appears to be maintaining 
homeostasis and not driving hemodynamics toward arbitrary end 
points. Normal or adequate parameters of pressure and cardiac output 
are preferable to maximization strategies that may result in further 
organ dysfunction and hence, cerebral ischemia. Maintaining adequate 
intravascular volume, blood pressure, and cardiac output—which is not 
necessarily monitored but can be inferred by adequate urinary output, 
normal or decreasing lactate, and physical signs of adequate perfusion—
is recommended. Choices of fluid and vasoactive agents should be based 
on the patient’s current cardiac, pulmonary, and renal function, assess-
ment of intravascular volume status, presence of SIRS or sepsis, presence 
of cerebral edema, intracranial hypertension, the results of monitors of 
cerebral oxygenation or perfusion, and the pharmacological actions of 
the vasoactive agents. The decision to monitor cardiac output is made 

when the clinical signs are not correlating and there are questions about 
the response to therapy.

Advanced neuromonitoring techniques increasingly allow improved 
assessment of the effects of changes in systemic hemodynamics on the 
brain, but in the absence of defined protocols that clearly improve out-
come, maintaining normal homeostatic parameters may be the optimal 
approach.

PAROXYSMAL SYMPATHETIC HYPERACTIVITY
Dysautonomia, or the more recently applied term, paroxysmal sym-
pathetic hyperactivity (PSH), occurs in approximately 7.7% to 33% of 
patients with severe TBI admitted to the intensive care unit. PSH can be 
transient or prolonged and is characterized by tachycardia, tachypnea, 
hypertension, hyperthermia, diaphoresis, pupillary dilation, abnormal 
posturing, and hypertonia. The etiology remains unclear, but may 
represent a dissociation of the brain stem from higher sympathetic 
regulation or control. PSH has been managed with β-antagonists, such 
as propranolol, benzodiazepines, gabapentin, bromocriptine, and intra-
thecal baclofen.44

INTRAVENOUS FLUID  
AND ELECTROLYTE MANAGEMENT
The type and volume of intravenous fluids utilized after TBI are based 
on the objectives—providing maintenance fluid, volume resuscitation, 
treatment of hypernatremia or hyponatremia, and treatment of intracra-
nial hypertension—and are modified based on systemic hemodynamics 
(see above), serum sodium levels, renal function, and presence of post-
TBI posterior pituitary gland dysfunction.

Sodium disorders are common after TBI with greater incidence 
reported in patients with SDH, intracerebral hematoma and DAI.45 
Hypernatremia is associated with a higher mortality after moderate to 
severe TBI likely reflecting the severity of brain injury46 and although 
hyponatremia has not been clearly linked to mortality after TBI, the 
presence of even mild hyponatremia on general hospital admissions is 
associated with increased mortality.47 TBI can cause injury to the pitu-
itary gland and hypothalamic tracts (edema, direct damage) resulting in 
central diabetes insipidus (DI) and hypernatremia or the syndrome of 
inappropriate antidiuretic hormone (SIADH) and hyponatremia.48

Causes of hypernatremia post-TBI include DI, hypernatremic fluid 
administration, and hyperosmolar therapy. DI usually presents with 
polyuria whether immediately after TBI or within the first 2 to 3 days.49 
The diagnosis of DI is supported by polyuria in the absence of con-
founding causes such as osmotic diuresis (eg, hyperglycemia, mannitol), 
hypernatremia, and hypotonic urine with urine osmolality less than 
serum osmolality. DI is treated with desmopressin (1-desamino-8-D-
arginine vasopressin [DDAVP]) under close monitoring of fluid intake, 
output, and serum sodium levels. DI may be transient so that prn  
dosing is preferred initially; if DI persists beyond 2 days a regular dos-
ing regimen is used.49 Occasionally, SIADH may manifest after initial 
DI and rarely DI may return permanently after SIADH—called a “triple 

FIGURE 118-11.  Brain Trauma Foundation Evidence Levels for TBI Recommendations.35 (Data from Carney NA. Guidelines for the management of severe traumatic brain injury. Methods, 
J Neurotrauma. 2007;(24 suppl 1):S3-S6).

Levels of evidence Definition

I At least one good quality randomized controlled trial (RCT).

II Moderate quality RCT; lacks ≥1 criteria for a good quality RCT, e.g.,
controlled trials without randomization. Good quality cohort or case-
control studies.

III Poor quality RCT; major violations of criteria for a good or moderate
quality RCT, cohort or case control study; Case series, databases, or
registries, expert opinion
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phase response.”49 SIADH in this case may be due to the release of stored 
arginine vasopressin (AVP) from damaged neurons followed by a lack 
of AVP if insufficient functional neurons remain. Therefore, periodic 
reassessment for SIADH and DI is wise. Both DI and SIADH usually 
occur acutely within the first week post-TBI and SIADH usually resolves 
within 6 months, but rarely DI may persist.48

The most common etiology of hyponatremia post-TBI is SIADH, 
which accounts for 80% of cases.49 Brain tissue injury, elevated ICP, extra-
cranial trauma, and surgery are factors that may lead to inappropriately 
elevated AVP. Another proposed mechanism for post-TBI hyponatremia 
is termed cerebral salt wasting (CSW) or renal salt wasting,50 caused by 
natriuretic peptide release from injured brain tissue leading to natriure-
sis and hypovolemia. ACTH deficiency occurs acutely in about 15% of 
patients post-TBI; however, hyponatremia is only rarely due to glucocor-
ticoid deficiency.51

The differentiation between SIADH and CSW is not straightforward. 
There is a complete overlap in laboratory parameters (including urine 
sodium and osmolality) with both conditions resulting in hyponatremia 
and natriuresis. The diagnosis hinges upon an accurate assessment of 
volume status; however, the traditional reliance on CVP leads to frequent 
errors in intravascular volume assessment.36 Although controversy exists 
about the existence of CSW and it may be relatively rare compared to 
SIADH,49 euvolemia is consistent with SIADH and is treated with fluid 
restriction while hypovolemia is consistent with CSW that responds to 
saline hydration. There is a risk if fluid restriction is applied to the TBI 
patient with CSW as this can exacerbate hypovolemia and potentially 
compromise cerebral perfusion. In the TBI patient with hyponatremia, 
it is important to assess the serial changes in body weight and cumula-
tive fluid balance up to that point coupled with a reliable evaluation of 
hemodynamics (ie, not relying on CVP measurements—see previous 
section “Hemodynamic Monitoring and Management”).

Both continuous maintenance fluids and fluid boluses for resusci-
tation should be provided with the goal of maintaining a euvolemic 
state while avoiding hypovolemia. Both hyper- and hypovolemia are 
associated with worse outcomes after TBI.52 Isotonic fluids that help 
to maintain the intravascular volume and not exacerbate cerebral 
edema or the tendency toward hyponatremia, such as normal saline 
are employed for both continuous maintenance and bolus resuscita-
tion. If hyperchloremic metabolic acidosis occurs, a balanced isotonic 
fluid with buffer capacity (eg, acetate) such as Plasmalyte may be used. 
Plasmalyte also contains magnesium and potassium which is convenient 
since hypomagnesemia and hypokalemia are common after severe TBI 
as is hypophosphatemia and all of these electrolytes frequently require 
supplementation.53 Although hypotonic fluids such as ½ normal saline 
or 5% dextrose in water are usually avoided, they may be indicated if 
there is significant hypernatremia, for example, >155 mEq/L. Severe 
hypo- or hypernatremia should be corrected gradually to avoid rapid 
fluid shifts across the blood brain barrier than can result in central pon-
tine myelinolysis or cerebral edema.

We have instituted the use of a continuous 3% saline infusion in  
moderate and severe acute TBI patients upon admission in order to 
prevent potentially harmful and commonly seen posttraumatic hypona-
tremia that can cause significant brain swelling. The therapeutic goal is 
maintenance of serum sodium levels at 140 to 145 mEq/L. Although the 
effect on outcome after TBI has not yet been determined, it does appear to 
be successful in avoiding severe hyponatremia while helping to maintain 
intravascular volume regardless of the etiology—SIADH or CSW (see also 
“Hypertonic Saline” in “Treatment of Intracranial Hypertension”).

BLEEDING AND TRANSFUSION ISSUES
Acute blood loss anemia is never primarily caused by closed space intra-
cranial bleeding since death from herniation would occur far sooner 
than anemia. Acute blood loss anemia, decreased red cell production, 
and coagulopathies occur as the result of traumatic injuries dictated by 
the degree of multisystem trauma. The concern after TBI is maintaining 

perfusion and oxygen delivery to the brain to prevent further secondary 
injury and hypotensive anemia should be treated with blood transfu-
sions while the source of bleeding is determined and controlled. There 
is no evidence to define a particular target hemoglobin, platelet trans-
fusion, or INR threshold after general trauma, including after TBI. An 
analysis of the transfusion requirements in critical care (TRICC) trial 
subset of multitrauma patients suggests that a restrictive transfusion 
target of Hb 7 g/dL is not inferior to a liberal target Hb of 10 g/dL.54 
However, the transfusion threshold after TBI remains controversial. 
A retrospective review of patients with severe (GCS <8) isolated TBI 
concluded that a restrictive transfusion practice (blood transfusion  
trigger Hb <8 g/dL vs Hb 8-10 g/dL range) is safe.55 A recent retrospec-
tive review of 139 patients who were admitted with TBI and moder-
ate anemia (hematocrit 21-30) found no association between blood 
transfusion and mortality, but blood transfusions and the transfusion 
volume were associated with poorer long-term functional outcomes.56 
The authors concluded that transfusion should be aimed at patients 
with symptomatic anemia or physiological compromise.56 Another 
study hypothesized that blood transfusions resulting in hematocrit 
values >28% at the end of the initial operating room phase would result 
in more complications, increased mortality, and impaired recovery in 
severe TBI patients,57 139 TBI cases were retrospectively reviewed and 
blood transfusion resulting in hematocrit values >28% was not associ-
ated with improved or worsened outcome.

Coagulopathy after general trauma is not well studied.58 Traumatic 
coagulopathy can be explained at least in part by tissue factor release 
into the general circulation with activation of the coagulation cascade 
in both TBI and non-TBI.59 After TBI, abnormalities in coagulation 
include disseminated intravascular coagulation (DIC) (triggered by 
systemic inflammation and tissue thromboplastin release or with multi-
system trauma consumptive coagulopathy due to bleeding), thrombocy-
topenia, elevated INR, PTT, and hypofibrinogenemia. DIC occurs in 8% 
to 76% of patients after TBI depending on the definition of DIC and the 
severity of TBI.60 Consumptive coagulopathy due to bleeding requires 
surgical control of the bleeding source. Fresh frozen plasma with target 
INR below 2.0 and platelet transfusions to keep the levels at or above 
50,000/mm3 in the acute phase, if there is active bleeding or intracranial 
hematomas, is common. Hypofibrinogenemia with fibrinogen levels 
<100 mg/dL is treated with cryoprecipitate.

Intracranial bleeding is common after TBI and can worsen or be 
delayed. Hemostatic drugs may decrease the incidence or size of intra-
cranial bleeds; however, a recent review concluded that there is no 
reliable evidence from randomized controlled trials that hemostatic 
drugs (aprotinin, tranexamic acid, aminocaproic acid, or recombined 
activated factor VIIa [rFVIIa]) reduce mortality or disability after TBI.61 
Well-designed trials will be needed to assess the utility of these agents 
after TBI.

■■ ANTISEIZURE PROPHYLAXIS
There is a wide variability in the reported incidence of early (within 7 
days; 4%-25%) versus late (>1 week; 9%-42%) posttraumatic seizures 
(PTS) in untreated patients.62 The incidence of seizures following pene-
trating TBI is about 50% in patients followed for 15 years.62,63 Risk factors 
for seizures after TBI include penetrating injuries, cortical contusion, 
depressed skull fractures, intracranial hematomas (epidural, subdural, 
intracerebral), seizures within the first 24 hours of injury, GCS <9, and 
associated medical problems.63-65 Seizures early after TBI may be associ-
ated with conditions that can result in further secondary brain injury 
such as hypoxemia, hypercarbia, hypertension, increased ICP, increased 
cerebral metabolic rate, and excess release of toxic neurotransmitters. 
Antiepileptic drugs are associated with adverse side effects including 
skin rash, drug fever, elevated liver function tests, hematologic abnor-
malities, ataxia, and neurobehavioral side effects.

A large randomized, double-blind, placebo-controlled trial demon-
strated that phenytoin prophylaxis results in a significant decrease in 
the incidence of early PTS (14.2%-3.6%) but no significant reduction  
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in the incidence of late PTS, despite therapeutic phenytoin levels in most of 
these patients.63 The adverse drug effects during the first 2 weeks of treat-
ment were not significantly different for placebo versus treated patients. 
The overall mortality rates were also not significantly different. Another 
smaller study also found no significant reduction in late PTS using phe-
nytoin or phenobarbital prophylaxis.66 The majority of information is on 
clinically evident PTS. There is a paucity of data concerning nonconvulsive 
seizures after TBI67,68 and studies of the role of continuous electroencepha-
lography monitoring post TBI and antiseizure therapy are needed.69,70

Currently, antiseizure prophylaxis with phenytoin is recommended 
for the prevention of early PTS, that is, within 7 days of the TBI. Routine 
prophylaxis later than 1 week following TBI is not recommended.62 
Levetiracetam is a newer antiepileptic agent that has been evaluated 
for prophylaxis in TBI and appears to be effective.71,72 However, further 
studies are needed to establish the efficacy of levetiracetam as monother-
apy.73 Phenytoin appears to be more cost-effective than levetiracetam.74  
Levetiracetam may be reserved for patients with adverse reactions to 
phenytoin.

If late PTS occur, they should be managed with the standard approach 
used for new onset seizures.

■■ GLUCOCORTICOIDS
TBI, as with other tissue injuries, is associated with complex inflam-
matory pathways involving pro- and anti-inflammatory cytokines, 
free radical formation, complement factors, adhesion molecules, and 
other pathways.75 Glucocorticoids have anti-inflammatory properties, 
can reduce free radical production, and have been shown to reduce 
ICP by reducing vasogenic edema associated with brain tumors76; 
however, there is no evidence that glucocorticoids reduce the cytotoxic 
edema associated with TBI or improve the clinical outcome.77,78 Trials 
using high-dose methylprednisolone,79 high-dose dexamethasone,80 
the synthetic glucocorticoid triamcinolone,81 and the 21-aminosteroid 
tirilazad82 have not demonstrated an overall beneficial effect of steroids 
on outcome.78 There is level I evidence that high-dose methylpred-
nisolone increases mortality after moderate to severe TBI, although the 
cause was not apparent.78,79 The negative results of corticosteroid trials 
may be related to their side effects and trials of more targeted anti-
inflammatory agents are needed.75

■■ NEUROMONITORING ISSUES
Severe TBI sets into motion a cascade of injurious events including 
inflammatory, excitotoxic, edema forming and apoptotic processes7 that 
result in an imbalance between cerebral oxygen and nutrient supply 
and brain tissue metabolic demand. Intracranial hemodynamics is also 
dependent on alterations in systemic hemodynamics resulting in a very 
complex milieu.

Prevention of secondary injury via the early detection, treatment, and 
possible prevention of adverse intracranial pathophysiological events are 
the goals of bedside neuromonitoring. The brain, however, is a very deli-
cate structure surrounded by blood vessels and encased within a bony 
vault and remains very difficult to safely and accurately interrogate at the 
bedside. Multimodality neuromonitoring aims to improve the reliability 
of information by simultaneously using two or more techniques to assess 
the state of the intracranial environment, the brain, and the response to 
therapeutic measures or changes in systemic hemodynamics.

Typical neuromonitors include measurement of ICP—the most com-
monly used neuromonitor in TBI, quantitative or qualitative CBF, jugu-
lar venous bulb oximetry (SjO2), and brain tissue oxygenation (PbtO2). 
Continuous EEG monitoring can be used in the detection and treat-
ment of nonconvulsive seizures and status epilepticus.68 Other potential 
monitoring techniques have significant technical limitations (eg, cere-
bral oximetry via near infrared spectroscopy [NIRS])83 or are primarily 
research tools (eg, cerebral microdialysis).

The parameters to measure, the devices proposed to monitor them, 
the integration of this data, and its application to bedside management 
remain the subject of much clinical and laboratory research. Currently 

there are no clear data to support the use of a particular parameter, 
intervention or device.5,84-87 As such, the choice of monitor(s) depends 
on the technology available, the preferences and expertise of the staff, 
and individual patient considerations. The integration of information 
from multiple monitors in real-time using bioinformatics techniques to 
analyze data has been proposed88; however, improvements in the indi-
vidual monitoring technologies will also be needed to improve clinical 
care. A brief description of the major bedside neuromonitoring modali-
ties organized by parameter is provided below.

INTRACRANIAL PRESSURE MONITORING
Intracranial pressure (ICP) monitoring remains a cornerstone in neuro-
monitoring after severe TBI. The normal ICP in a supine adult ranges 
from 7 to 15 mm Hg.89 Elevated ICP or intracranial hypertension (IH) 
(ie, ICP >20-25 mm Hg) causes brain injury by ischemic mechanisms 
either by reducing cerebral perfusion or causing herniation of brain 
tissue, compressing the brain stem and leading to cardiopulmonary 
arrest. IH after TBI indicates severe brain injury and is a major predic-
tor of mortality and neurological morbidity.90-93 IH occurs in 40% of 
patients after severe TBI.94 After TBI, comatose patients (GCS ≤8) with 
an abnormal CT scan have the highest risk for IH (53%-63%).92 Patients 
with a normal CT scan on admission have a lower incidence of IH 
(13%).5 After TBI, when increases in the mean ICP in 5 mm Hg incre-
ments were compared against outcome using stepwise ordinal logistic 
regression, a 20-mm Hg cutoff was found to optimally predict poor 
outcome (GOS) in the largest prospectively collected, observational 
study to date.95 Smaller, noncontrolled reports also suggest a range of  
15 to 25 mm Hg.86,96,97

After TBI, persistent ICP >20 is associated with poor outcome and 
there are limited data—class II and III level evidence—that patients 
responding to ICP lowering treatments have a lower mortality and better 
outcome.5,97-100 Level II evidence supports ICP monitoring in salvage-
able patients after severe TBI that have a GCS ≤8 after resuscitation 
and have CT evidence of edema, herniation, contusions, hematomas, 
or compressed basal cisterns5 or that have a normal CT scan, but are 
at high risk of developing intracranial hypertension—that is, have two 
or more of the following on admission: age >40, unilateral or bilateral 
motor posturing, or hypotension (SBP <90 mm Hg).5 In patients with 
traumatic subarachnoid hemorrhage (SAH), ICP monitoring was the 
first indicator of evolving lesions in 20% of the severe TBI group, with 
80% of these having operative intervention.101 Patients presenting with 
diffuse axonal injury after TBI, without associated mass lesions, are less 
likely to develop ICP elevation and may not need ICP monitoring.102

There is no level I evidence, that is, randomized prospective con-
trolled clinical trial, that treatment based on ICP monitoring improves 
outcome after TBI.5 The results of a recently published Washington 
University-sponsored multicenter, controlled trial of patients aged ≥13 
with severe TBI randomized to treatment based upon direct intraparen-
chymal ICP monitoring (target ICP ≤20 mm Hg) versus protocolized 
care based on imaging and clinical examination demonstrated no 
significant between-group difference in survival, impaired conscious-
ness, functional exam at 3 and 6 months post-TBI, or ICU length of stay. 
The use of hyperosmolar agents and hyperventilation was significantly 
higher in the imaging and clinical examination group. Thus, for patients 
with severe TBI, it appears that pressure-targeted ICP monitoring is not 
superior to care based on neurological exam and serial CT imaging.103

ICP cannot be reliably predicted by physical exam or CT scan alone.5 
Treating for presumed intracranial hypertension without actual monitoring  
of ICP may lead to the inappropriate application of hyperventilation, 
hyperosmolar therapy,104 or sedation (barbiturates)105 leading to delete-
rious effects on cerebral blood flow or unnecessary paralytics that may 
increase ICU stay.106 ICP monitoring permits the following of changes 
in the intracranial vault in patients who are comatose or sedated and 
paralyzed. Monitoring ICP may help detect worsening brain edema and 
the development of surgical mass lesions and allow for calculation of 
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cerebral perfusion pressure (CPP), where MAP-ICP = CPP; however, the 
degree of ICP elevation that may result in herniation is variable.

ICP monitoring may be achieved via ventriculostomy or brain 
parenchymal probes. Subarachnoid bolts, subdural, and epidural ICP 
monitors are inaccurate87 and no longer in common use. A ventricu-
lostomy (or external ventricular drainage [EVD] device) placed by 
direct catheterization of a lateral ventricle87 and utilizing a fluid-coupled 
microstrain gauge transducer system is the most precise and reliable 
form of ICP monitoring. It is also the most invasive, carrying the great-
est risk of infection and hemorrhage. EVDs are more often placed in 
the nondominant hemisphere (usually right side) but may be placed in 
the dominant hemisphere if indicated. While efforts should be made to 
remove ventriculostomy catheters as early as possible, monitoring dura-
tion after 10 days is not associated with an increased infection rate.26 CSF 
may be sent for cell count, Gram stain, and culture as indicated.

EVD is potentially therapeutic, allowing the withdrawal of cerebrospi-
nal fluid (CSF) and blood (in the case of intraventricular hemorrhage) 
which may be used to reduce ICP (Fig. 118-12) or prevent obstructive 
hydrocephalus. Fiberoptic (Integra Life Sciences Corp., Plainsboro, NJ) 
or microprocessor (Codman and Shurtleff, Inc., Raynham, MA) probes 
may be placed directly into the brain parenchyma via a burr hole or at 
the time of surgery, or placed within ventriculostomy catheter systems, 
but they cannot be recalibrated. Intraparenchymal fiberoptic monitoring 
of ICP provides equivalent, statistically similar pressure measurements 
when compared to intraventricular monitors and is valuable when con-
tinuous cerebrospinal fluid drainage is needed since ICP measurement 
via ventriculostomy during drainage of CSF may be less reliable.107 A 
recent retrospective study comparing EVD versus fiberoptic parenchy-
mal ICP monitoring in adult TBI patients found that EVDs were associ-
ated with prolonged ICP monitoring, increased ICU length of stay, and 
more frequent device-related complications108; however, a prospectively 
designed study is needed to confirm these observations.

CEREBRAL PERFUSION PRESSURE
Monitoring CPP or ICP gives only limited information regarding cere-
bral blood flow. ICP and its influence on CPP is often used implicitly or 
explicitly as a surrogate for cerebral perfusion; however, perfusion also 
depends on cerebrovascular resistance (CVR) with CBF = CPP/CVR 
and is tightly regulated by cerebral metabolism.109

When autoregulation is relatively intact, low CPP is associated 
with increased ICP through compensatory vasodilation in response 
to decreased perfusion pressure.110,111 CPP is a marker for systemic 

hypotension112 and should not be used as a substitute for monitoring 
MAP and ICP.85

The state of autoregulation is an important determinant of the 
response to CPP manipulation. Patients with intact autoregulation will 
tolerate higher CPP, but after acute TBI, autoregulation may be region-
ally or globally impaired. The more viable the brain tissue, the greater the 
CBF is regulated by metabolism and does not show a linear relationship 
to CPP; the greater the brain injury, the more CBF appears to be influ-
enced by CPP.109 Maintaining CPP >70 mm Hg113 may require fluid and 
vasopressor therapy and has been associated with the development of 
acute respiratory distress syndrome (ARDS), cerebral edema, and myo-
cardial complications that can compromise cerebral oxygen delivery. In 
a randomized controlled trial of a cerebral blood flow-targeted protocol 
using CPP >70 mm Hg versus an ICP-targeted protocol with ICP main-
tained at <20 mm Hg after TBI, there was no significant difference in 
outcome between the groups. However, the risk of developing ARDS 
was 5 times greater in the CPP-targeted group that received more ino-
pressors and intravenous fluid.114,115 The ARDS patients were 2.5 times  
more likely to develop refractory intracranial hypertension and be veg-
etative or dead at 6-month follow-up.

Both low CBF and CPP are associated with poor outcome after TBI; 
however, the determination of clinically beneficial thresholds for CPP 
remains under investigation.85,116,117 Correlations over time between the 
MAP and the ICP, called the pressure reactivity index (PRx), can be 
used to determine if autoregulation is intact after TBI and lack of auto-
regulation is also associated with poor prognosis118; however, there is no 
confirmation that PRx determined “optimal” CPP improves outcome.119

Currently there is no evidence from controlled clinical trials to indi-
cate an optimal CPP goal in terms of reducing secondary ischemic injury 
or improving the neurological outcome; however, published guidelines 
state as a level III recommendation that the treatment range for CPP 
should be 50 to 70 mm Hg.85 It is important to note that CPP includes 
the mean arterial pressure at the level of the internal carotid artery. The 
gradient between ICP and MAP measured at cardiac level should be 
taken into account, especially when the head of bed is elevated.

CEREBRAL BLOOD FLOW
The normal average cerebral blood flow (CBF) is 50 mL/100 g brain  
tissue per minute.120 It is lower in the less metabolically active white  
matter (average 30 mL/100 g/min) and higher in the gray matter (average 
70 mL/100 g/min).121 Autoregulation is the process whereby the mean 
CBF is maintained at 50 mL/100 g/min despite fluctuations in MAP, as 
demonstrated by the autoregulation curve (Fig. 118-13). Under normal 
conditions, the CBF is maintained over a MAP range of 50 to 150 mm Hg 
and is tightly linked to cerebral metabolic rate.109 After TBI, autoregula-
tion is lost; however, this occurs in a heterogeneous pattern—greater in 
the areas of injury and less or intact in undamaged areas.

FIGURE 118-12.  Intracranial compliance curve. The Monro-Kellie doctrine243 states that 
the skull is rigid and brain, CSF, and blood are incompressible structures; therefore, an increase 
in any intracranial component must be accompanied by displacement of brain, CSF, or blood, or 
an increase in ICP. Once the ICP increases and compliance is reduced, smaller changes in volume 
can cause relatively larger changes in ICP (A-B vs C-D). Likewise only small amounts of CSF 
drainage can lead to large decreases in ICP.
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FIGURE 118-13.  Cerebral autoregulation. CBF is tightly linked to the cerebral metabolic 
rate in normal brain tissue over a wide range of MAP and CPP.
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The methods devised to quantitatively measure CBF were developed 
over 65 years ago120; however, none are in common use at the bedside 
today. Measurement of CBF has contributed greatly to elucidating the 
pathophysiology of TBI, but bedside monitoring of CBF for clinical  
purposes is cumbersome, involves radioactivity or indicator dye tech-
niques, cannot provide continuous information, and provides only global 
rather than regional blood flow without information about the adequacy 
of perfusion, that is, cerebral metabolism, to which CBF is normally 
tightly coupled. Xenon-CT, perfusion-computed tomography, perfusion 
magnetic resonance imaging, single-photon emission-computed tomog-
raphy (SPECT), and positron emission tomography (PET) can provide 
intermittent regional flow and metabolic information but require patient 
transport, expensive or radioactive materials, and even single, let alone 
serial measurements, are usually not feasible in critically ill patients.122,123

More practical techniques currently being used at the bedside to 
estimate CBF include laser Doppler flowmetry (LDF), thermal diffu-
sion flowmetry (TDF), and transcranial Doppler (TCD). LDF and TDF 
are invasive techniques utilizing microprobes, placed in the OR or via 
a cranial bolt, adjacent to or within the brain parenchyma and provide 
continuous estimations of CBF in a small region of interest. LDF mea-
sures the velocity of tissue erythrocytes via Doppler principles provid-
ing fractional (not absolute) changes in CBF.124 LDF samples a very 
limited volume of brain tissue (1 mm3). TDF utilizes a microprobe with 
an embedded proximal and distal thermistor that generates a spheri-
cal temperature field of much larger volume than LDF, approximately 
27 mm3.125 Changes in temperature flux allow separation of tissue and 
convective effects providing an estimation of local CBF in units of 
mL/100 g/min. Both LDF and TDF will provide inaccurate data if they 
are placed over large vessels or lose tissue contact. Fever may interfere 
with accurate TDF readings. In both techniques, changes in CBF that 
occur outside of the small sampling region will not be detected. TCD 
ultrasound of the cerebral arteries via a temporal bone window can 
noninvasively measure cerebral blood vessel velocity which is an indirect 
and qualitative index of CBF.

After TBI, global CBF varies depending on the type of injury, tends to 
be lowest in the first few hours posttrauma, and can vary by 25% or more 
from lobar, basal ganglion and brain stem flow.126 Lower CBF after TBI 
correlates with poor outcome; however, there is no clear evidence that 
measurement and directed treatment of CBF alter outcome.85

CEREBRAL OXYGENATION AND METABOLISM
Transport of oxygen and nutrients to the brain depends upon the oxygen  
content of the blood and CBF. Measurements of ICP, CPP, and CBF 
cannot determine if global or regional cerebral perfusion is adequate to 
meet brain tissue metabolic demand. For example, although CPP can be 
managed by manipulation of arterial pressure, CBF may be regionally 
compromised and predicting the differential effects of changes in CBF 
and ICP in the heterogeneously injured brain with dysregulated auto-
regulation is complex. In this area, tools to measure tissue oxygenation 
and metabolism in conjunction with other parameters, for example, ICP, 
hold some promise.

Although there are several direct or indirect monitors of brain oxy-
genation and ischemia approved for bedside use, whether the data they 
provide improves neurological outcomes or assists in prognosis contin-
ues to be an area of active research.84

Jugular venous bulb oximetry (SjO2) and brain tissue oxygen monitor-
ing (PbtO2), the most studied as they relate to TBI and outcome, received 
only a level III recommendation for use in patients with severe TBI.84 
Other techniques such as cerebral oximetry via near-infrared spec-
troscopy (NIRS) and cerebral microdialysis have significant technical 
limitations.

Despite these challenges, advanced neuromonitoring techniques 
increasingly allow intensivists to monitor cerebral oxygenation and 
metabolism, and the effects of changes in systemic hemodynamics on 
cerebral hemodynamics.

■■ JUGULAR VENOUS BULB OXIMETRY (SjO2)
Retrograde placement of a catheter into the internal jugular vein cepha-
lad toward the jugular venous bulb can be used to sample the jugular 
venous blood via intermittent blood gas sampling or continuously via 
fiberoptic oximetry (Fig. 118-14). Jugular venous blood represents 
blood returning from the brain and SjO2 has been proposed as an index 
of the adequacy of cerebral oxygenation. SjO2 desaturations (eg, <55%) 
may occur as the result of local (increased ICP, vasospasm) or systemic 
(eg, hypotension, hypoxemia, hypocarbia, low cardiac output, anemia) 
factors as can elevated SjO2 (eg, >74%) occur as the result of local tissue 
infarction and hyperemia.

There are conflicting data concerning the prognostic value of SjO2. 
Low SjO2, defined as jugular venous oxyhemoglobin desaturation <50%, 
has been correlated with disability and mortality after TBI. Multiple 
desaturations have been associated with 71% mortality versus 18% mor-
tality with no desaturations.127 In patients with GCS ≤8 after TBI, good 
recovery or moderate disability occurred in 44% of patients with no SjO2 
desaturations and in only 15% of those with multiple desaturations.128 
Episodes of desaturation also have been reported more frequently in 
nonsurvivors of TBI.129 However, there are also studies reporting higher 
arterio-jugular venous oxygen content difference (eg, decreased SjO2) 
with good outcomes.130 Furthermore, high SjO2 saturation (≥75%) has 
been associated with poor GOS at 6 months post-TBI compared with 
patients whose mean SjO2 was 56% to 74% and may reflect infarcted or 
necrotic tissue with hyperemia.131 Similarly, reduction in the arterial-
jugular venous oxygen difference (eg, increased SjO2) following TBI has 
been associated with delayed cerebral infarction and poorer outcome at 
6 months postinjury.132

Therefore, the prognostic value of SjO2 saturation is questionable. An 
understanding of the limitations of SjO2 monitoring can help to explain 
these discrepancies. First, the SjO2 catheter is placed into either the right 
or left internal jugular vein. However, there is some crossover of blood 
from each side of the brain to the contralateral jugular vein usually with 
a right-sided dominance, which limits SjO2 from detecting contralateral 
changes in oxygen saturation. Of paramount importance is the inability 
of SjO2 measurement to determine whether the oxygen supply to brain 
cells is adequate. A low SjO2 can occur when the brain is able to extract 
enough oxygen to meet its needs and a high SjO2, as noted above, may 
indicate tissue infarction or hyperoxemia. A normal range SjO2 (eg, 
<55%-74%) may only reflect the global mix and thus fail to detect 
regional cerebral compromise. Therefore, the SjO2 value, without simul-
taneous CBF or metabolic data, is of limited significance.84

To date, there is a lack of level I or II investigations of restoring normal 
SjO2 and outcome after TBI.132,133 However, SjO2 <50 % is an accepted 
treatment threshold84 where factors such as ICP, vasospasm, hypoten-
sion, hypoxemia, hypocarbia, low cardiac output, or anemia would be 
optimized in an effort to increase the SjO2.

■■ BRAIN TISSUE OXYGEN MONITORING (PbtO2)
Direct monitoring of brain tissue oxygen (PbtO2) is achieved by the 
intraparenchymal insertion of a Clark polarographic oxygen sensing 

FIGURE 118-14.  A single lumen retrograde jugular bulb catheter (arrow) was inserted 
in this patient with acute TBI.
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microelectrode within a semipermeable membrane at the bedside via 
a cranial bolt or in the operating room, into the brain surface usually 
in an area expected to be the most prone to ischemia (Fig. 118-15). 
PbtO2 is an alternative way to monitor the effects of ICP on brain tissue 
oxygenation.

An important limitation of PbtO2 monitoring is that a very small  
volume of tissue surrounding the probe, about 1 mm3, is sampled. 
Changes that affect a clinically insignificant (ie, small) area at the elec-
trode site can lead to over interpretation of results and clinically signifi-
cant changes that are distant to the small sample area will be undetected.

In terms of outcome after TBI, low PbtO2 values (eg, <10-15 mm Hg)134,135  
of longer duration (eg, >30 minutes)135 are associated with higher mor-
tality rates (56% vs 9%) and less favorable neurological outcomes (GOS 
4-5).84 TBI patients with PbtO2 levels <15 mm Hg lasting ≥4 hours may 
have a 50% mortality.136 Greater than 5% reductions in PbtO2 have also 
been reported after TBI during patient transport between ICU and the 
radiology suite, and the effect appears to be associated with preexisting 
low PbtO2 and reduced lung function.137

Treatment aimed at improving PbtO2 may include high concentrations 
of inspired oxygen, ventilator manipulation, sedation, CPP augmenta-
tion, or ICP reduction.84,138 Although maintaining PbtO2 >25 mm Hg has 
been reported to significantly decrease mortality (44% vs 25%) in TBI 
patients treated with a high oxygen concentration protocol,139 outcome 
studies on PbtO2-directed treatment are inconclusive due to nonrandom-
ized controlled design and lack of medium or longer-term outcome 
measures.84 However, when monitoring PbtO2, the goal is to maintain 
PbtO2 levels ≥15 mm Hg.84

■■ CEREBRAL MICRODIALYSIS
Cerebral microdialysis is primarily a research technique performed by 
inserting a tiny semipermeable intracranial catheter(s) in the operat-
ing room or via burr hole near damaged or “at risk” cerebral cortex to 
extract and measure brain metabolites (via dialysis). One study in TBI 
patients demonstrated that 100% inspired oxygen within 6 hours of 
admission was associated with an improvement in metabolic parameters 
including increased brain glucose and decreased glutamate, lactate, and 
lactate/pyruvate ratio but a nonsignificant improvement in outcome in 

the oxygen treatment group.140 Cerebral microdialysis studies also sug-
gest that after severe TBI, the brain may show signs of ischemia if the 
CPP trends below 50 mm Hg; however, no significant benefits are appar-
ent from elevating the CPP above this threshold.85,141

TREATMENT OF INTRACRANIAL HYPERTENSION
Treatment of elevated ICP should take into account the risks of hernia-
tion, which are determined by the location, asymmetry, and size of the 
mass lesion as well as the absolute ICP. Herniation can occur at ICP 
<20 to 25 mm Hg and pupillary abnormalities have been reported with 
ICP values as low as 18 mm Hg.142 An individualized approach taking 
into account ICP in the context of the clinical exam and CT imaging 
over time is necessary; however, current Brain Trauma Foundation 
(BTF) guidelines recommend treatment of IH after TBI at an upper 
ICP threshold of 20 to 25 mm Hg and maintaining ICP <20 mm Hg.86 
A recent meta-analysis of trials and case series reported after 1970, in 
which patients were treated for severe closed TBI, found a consistent 
12% lower mortality and 6% higher favorable outcomes among the 
aggressive ICP monitored and treated patients.143 However, a recently 
published multicenter, randomized controlled trial of ICP-directed 
monitoring in patients with severe TBI did not demonstrate any signifi-
cant difference in outcome versus treatment based on serial neurological 
exam and CT imaging.103 The role of ICP monitoring after severe TBI 
needs reassessment and further study.103

In addition to general measures including head in midline posi-
tion and elevated to 30° to avoid compromising venous drainage, ICP 
lowering treatments include sedation, muscle relaxants, CSF drainage, 
hyperventilation, hyperosmolar therapy, neurosurgical decompression, 
barbiturate coma, and hypo- or normothermia.

■■ SEDATION, ANALGESIA, AND PARALYTICS
Although sedatives and sedating analgesics may be avoided in more 
stable patients to allow close monitoring of the neurological examina-
tion, critically ill patients with severe TBI will require sedation to control 
agitation (encephalopathy), reduce pain, improve oxygenation and ven-
tilation via ventilator synchrony, reduce oxygen consumption, allow for 
procedures and imaging, and minimize ICP via sedative and analgesic 
effects, decreased cerebral metabolic rate, and decreased CBF. In cases of 
refractory intracranial hypertension, high-dose barbiturates (see below) 
may be used to reduce ICP by deep suppression of CMR. The effects of 
sedatives on blood pressure may be beneficial in controlling systemic 
hypertension or deleterious if they result in systemic hypotension with 
reduced CPP. After TBI the interrelationships between ICP, hetero-
geneous distribution of autoregulation dysfunction, CBF, and CMR 
make the prediction of the effect of decreased CPP difficult. The ability  
to regionally monitor cerebral metabolism at the bedside is needed to 
assess what are likely individual responses to TBI. In the meantime, 
conservative control of parameters and maintenance of homeostasis 
are recommended. Critically ill patients, particularly those with SIRS or 
sepsis, have a tendency to become hypotensive with sedation and will 
need vasopressors along with sedation to maintain the desired MAP/
CPP. Vasopressors should be prepared and ready to infuse just before 
sedation in patients with low normal BP or frank hypotension. Bolus 
doses of sedative analgesics should be avoided in patients with critical 
reductions in intracranial compliance since they have a greater tendency 
to decrease MAP and increase ICP.144,145

The commonly used sedatives are short-acting benzodiazepines such as 
midazolam and lorazepam. They are used to control agitation and improve 
ventilator synchrony. Midazolam is preferred for continuous intravenous 
dosing because the stabilizing agent in lorazepam, propylene glycol, may 
lead to metabolic acidosis when infused for prolonged periods.

The most widely used narcotic in the acute setting has been mor-
phine sulfate and limited studies suggest a high level of analgesic 
efficacy and safety in this setting; however, rebound increase in 
CBF and ICP may occur with withdrawal of morphine.146 Fentanyl  

FIGURE 118-15.  A. Brain tissue oxygen (PbtO2) monitor inserted via a bolt into the 
frontal region. B. Monitor showing a PbtO2 of 15.3 mm Hg after insertion. Brain tissue oxygen 
readings (top number) require an approximately four-hour period after insertion to equilibrate 
due to the clearance of microtrauma around the catheter tip. Readings should not be heeded 
prior to this time period. If there is concern about whether the brain tissue oxygen probe is 
functioning, a 2-minute 100% FiO2 challenge can be performed. With a functioning probe, this 
challenge will show an appropriate rise in the PbtO2. Brain temperature (bottom number) is 
accurate immediately after insertion.
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is a commonly used analgesic agent and has a shorter half-life and 
less GI side effects (ileus) than morphine. Bolus doses of fentanyl have 
been reported to mildly elevate ICP145; however, continuous infusions 
of fentanyl and sufentanil may minimize ICP elevations.147 There is 
a lack of studies on the effect of continuous fentanyl or sufentanil 
on hemodynamics and ICP,146 but the changes appear to be minimal. 
Remifentanil is an analgesic narcotic with a very short half-life that 
may facilitate frequent awakening to allow neurological examination. 
However, in patients with severe TBI, high doses of remifentanil (up to 
1.0 mg/kg/min) may be insufficient to lower ICP, and as for most seda-
tives or analgesics, high does lead to more hypotension and the need for 
increased vasopressors to maintain cerebral perfusion pressure.148 The 
effect of any sedative-analgesic agents on the ICP should be determined 
on an individual basis.

Propofol, a sedative-hypnotic anesthetic agent, has the benefits of a 
short half-life and rapid onset of action and is regularly used in neuro-
critically ill patients, but when administered for prolonged periods (eg, 
>3 days), in obese patients and at high doses, the half-life is significantly 
prolonged. Like barbiturates, propofol reduces the cerebral metabolic rate 
and lowers oxygen consumption. While propofol may blunt rises in ICP, 
several studies suggest that the ICP only decreases slightly (eg, 2.1 mm Hg)  
after several hours of dosing.146,149,150 Propofol exerts an overall stabiliz-
ing effect on control of breathing.151 Propofol when used for prolonged 
periods or in high doses (>5 mg/kg/h) may rarely lead to propofol 
infusion syndrome (PRIS); this should be considered in any patient on 
propofol with unexplained acute renal failure, metabolic acidosis, rhab-
domyolysis, hyperkalemia, or myocardial failure.152 It can be lethal and 
may be associated with the concomitant use of vasopressors.153

Dexmedetomidine is a selective central α2-agonist that provides 
anxiolysis and reduces agitation while allowing the patient to remain 
arousable, allowing for serial neurological testing without respiratory 
depression. It decreases central nervous system (CNS) sympathetic 
outflow in a dose-dependent manner and has opioid-sparing analgesic 
effects. The main side effects of dexmedetomidine are sinus bradycardia 
and hypotension. It may reduce ICP and increase cerebral perfusion 
pressure,154 but neurocritically ill (including TBI) patients may need 
higher doses of dexmedetomidine to achieve adequate sedation.155

Intermittent boluses of haloperidol may also be added to other 
sedative agents in severely agitated patients, or be used as a primary 
agent when the goal is to taper off continuous intravenous sedatives. 
Haloperidol may lower the seizure threshold but does not suppress 
respiration. Although dexmedetomidine is used to control agitation and 
also does not suppress respiration, it may not provide adequate control 
of agitation, or it may be desirable to taper off continuous IV drips and 
haloperidol may be helpful in these situations as well. Chronic antipsy-
chotic usage has been noted to impede cognitive recovery after TBI in 
animals, so they should be used with caution.156

If sedation is inadequate, paralytic agents can be added in cases 
refractory of IH to help reduce ICP. However, the early, routine, and 
long-term use of neuromuscular blocking agents may increase ICU stay 
and lead to increased neuromuscular complications.106

■■ CSF Drainage
Placement of an EVD allows both ICP monitoring and CSF drainage. 
The advantage of CSF drainage is that it can effectively lower the ICP 
while preserving or improving CPP and CBF. CSF is drained intermit-
tently or continuously to maintain ICP generally <20 mm Hg. Other 
therapies used to control ICP such as hyperosmolar agents, high-dose 
sedatives (barbiturates), or hyperventilation bear the risk of further 
reducing cerebral perfusion by lowering MAP (CPP) or by causing cere-
bral vasoconstriction (hyperventilation).

■■ HYPERVENTILATION
Hyperventilation is a normal physiological response to traumatic 
injury, including TBI, and may be beneficial (level III evidence)93 when 
induced emergently to lower the ICP in a patient with impending signs 

of herniation. Increases in the respiratory minute volume mediated 
by increases in tidal volume and/or respiratory rate result in alveolar 
hyperventilation that decreases the PaCO2 causing cerebral vasoconstric-
tion, reduced CBF, decreased cerebral blood volume, and decreased 
ICP.157 The degree of hyperventilation found within 20 minutes of 
hospital admission in severe TBI patients requiring intubation may 
correlate with survival with 15% in-hospital mortality in normocar-
bic (PaCO2 35-45 mm Hg) patients versus 77% mortality in hypocarbic  
(PaCO2 <35 mm Hg) patients reported in a retrospective review.158 Of 
note, the mortality rate for hypercarbic (PaCO2 >45 mm Hg) patients was 
also increased (61%). The factors influencing admission PaCO2 after TBI 
may be related to prehospital treatment or the severity of both neuro-
logical and systemic injuries.

A small randomized study comparing normal ventilation, hyperven-
tilation, and hyperventilation with tromethamine (THAM) to maintain 
hyperventilation-induced reduction in CSF acidosis found significantly 
poorer GOS at 3 and 6 months in the prophylactic hyperventilation 
without THAM group; however, this difference was not present at  
12 months.159 Independent of the level of hyperventilation, CBF is often 
markedly reduced after severe TBI with a mean CBF of 27 mL/100 g/min  
early after TBI126 and <18 mL/100 g/min in 31.4% of patients.160 In this 
setting, hyperventilation may further decrease CBF contributing to the 
likelihood of ischemia, particularly if cerebral injury is diffuse. After 
TBI, the responsiveness of the cerebral vasculature to hypocarbia is vari-
able and may be absent, normal, or in areas adjacent to areas of injury 
such as contusions and subdural hematomas or in patients with severe 
diffuse injuries, hyperactive resulting in worsening of ischemia to com-
promised areas of injury.126,161,162

Studies relating the effects of hyperventilation on cerebral oxygen-
ation via SjO2 and PbtO2 monitoring are inconclusive,163-165 and this is 
partly due to the technical limitations of both SjO2 and PbtO2 monitoring. 
Therefore, extreme, prolonged, or prophylactic hyperventilation may be 
deleterious after TBI and level II evidence indicates that prophylactic  
hyperventilation to PaCO2 ≤25 mm Hg may be harmful.93 Hyperventilation 
is indicated as part of emergency measures to temporarily avert  
herniation before definite treatment can be delivered; however, in 
general hyperventilation should be avoided after TBI, particularly 
during the first 24 hours after injury to limit the risk iatrogenic cerebral 
ischemia.

■■ HYPEROSMOLAR THERAPY
Mannitol or hypertonic saline are the two hyperosmolar agents used to 
reduce intracranial pressure. They depend on creating an osmotic gradi-
ent across the blood brain barrier (BBB) that results in the movement 
of water from brain tissue, decreasing brain volume and reducing the 
ICP. Relatively normal brain with an intact BBB is required for hyperos-
molar therapy to be effective. Hyperosmolar agents are beneficial in the 
short term when used emergently in patients with signs of transtento-
rial herniation or potential herniation with progressive neurological 
deterioration not of an extracranial etiology,166 while interventions such 
as imaging, ventriculostomy placement, or surgical decompression and 
evacuation of hematomas are undertaken. Hyperosmolar agents are 
also used on a more prolonged basis for the reduction of elevated ICP; 
however, there is a lack of studies on the efficacy of repeated, regular 
administration over several days.166

Mannitol:  Mannitol is effective in reducing ICP in the management of 
traumatic IH. In addition to the osmotic effect on ICP reduction with 
increased CBF, other reported mechanisms by which mannitol may 
exert beneficial effects include reduction of free radical formation, 
plasma volume expansion, reduced blood viscosity, increased red blood 
cell deformability, and increased cerebral oxygen delivery.166

The dose of mannitol is 0.25 g/kg to 1 g/kg body weight given as bolus 
doses as needed.166 The onset of the osmotic effect of mannitol is about 
15 to 30 minutes after bolus administration and the effects persist for 
a variable time period of 1.5 hours to up to 6 hours or more.166 Bolus 
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administration of mannitol may be preferable to continuous infusion.167 
There is concern that the prolonged use of mannitol (eg, >24 hours) 
may result in mannitol crossing the BBB into the brain where it may 
cause reversal of osmotic shifts leading to ineffective ICP control or 
frank elevation of ICP; however, there is a paucity of data on the use of 
continuous mannitol in patients with IH.79,166,167 When giving repeated 
boluses or continuous infusions of mannitol, the fluid balance, blood 
pressure or hemodynamics, and the serum osmolality must be carefully 
monitored. Immediately after bolus administration of mannitol, the 
intravascular volume is increased, but subsequently mannitol causes an 
osmotic diuresis that can result in hypovolemia and hypotension. Excess 
dosing, that is, serum osmolality >320 mOsm/L, should be avoided166,167 
and mannitol held until the serum osmolality drops below this level. 
There is class III evidence that mannitol is superior to barbiturates in 
improving CPP, ICP, and mortality.166,168

Hypertonic Saline:  Bolus administration of hypertonic saline has 
been found, in a randomized prospective clinical trial, to effectively 
reduce ICP without exacerbating IH in patients after TBI.169 After 
polytrauma, a subgroup of patients with TBI given hypertonic saline/
dextran appeared to maintain or improve hemodynamics.170 In  
TBI, hypertonic saline and mannitol boluses appear to be equally effi-
cacious in the acute reduction of ICP. In a recent randomized, blinded 
study of patients with severe TBI, using an alternating treatment 
protocol, equivalent bolus doses of either mannitol (20%; 2 mL/kg)  
or hypertonic saline (15%; 0.42 mL/kg) were administered for ele-
vated ICP. With each subsequent ICP elevation, the treatments 
were alternated. Data on 199 separate ICP elevations in 29 different 
patients revealed an equivalent reduction in ICP obtained with man-
nitol (7.96 mm Hg) versus hypertonic saline (8.43 mm Hg).171

The mechanism of action of hypertonic saline is likely similar to 
mannitol in regard to increasing the osmotic gradient across the BBB 
resulting in water egress from brain tissue, reducing cerebral volume and 
hence ICP.166 Hypertonic saline also causes plasma volume expansion 
and it has been proposed that volume expansion along with reduced 
leukocyte adhesion, increased red cell deformability and shrinkage of 
endothelial cells results in increased blood vessel diameter and improved 
microcirculatory flow.166 Hypertonic saline may effectively lower ICP in 
patients refractory to mannitol and repeat boluses result in ICP reduc-
tion without rebound increases in ICP.166,172 Small numbers of patients 
and inconsistent methods between studies make comparisons uncertain; 
however, a recent meta-analysis of eight prospective RCTs showed a 
higher rate of treatment failure with mannitol or normal saline versus 
hypertonic saline infusion.173

The risks of hypertonic saline infusion include hypernatremia, fluid 
overload, pulmonary edema and, in patients with preexisting hypona-
tremia, central pontine myelinolysis.174 In adults the role of continuous 
infusion of hypertonic saline after TBI has not yet been established166; 
however, we routinely employ a continuous 3% saline infusion with 
a therapeutic serum sodium goal of 140 to 145 mEq/L on admission 
after moderate and severe acute TBI to prevent potentially harmful and  
commonly seen posttraumatic hyponatremia.

■■ OPERATIVE MANAGEMENT OF TBI  
AND DECOMPRESSIVE CRANIECTOMY

Evacuating mass lesions, such as subdural and epidural hematomas 
and large intraparenchymal hematomas, has long been a mainstay of 
TBI management. Such evacuation can be an important first step in 
controlling devastating IH by decreasing midline shift and reducing 
excessive volume within the closed cranial cavity that occurs after the 
primary injury. Occasionally, surgical decompression may be performed 
in a delayed fashion due to flourishing of cerebral contusions, edema 
surrounding existing contusions, or generalized swelling as a result of 
secondary brain injury. Depressed skull fractures often require eleva-
tion. Diffuse or disseminated injuries, such as diffuse axonal injury and 
contusional injury, typically are not managed surgically.

Decompressive craniectomy (DC) is the removal of a bone flap (eg, 
hemicraniectomy, or bifrontal craniectomy) in an effort to reduce ICP 
by providing more space for brain expansion. DC is associated with such 
complications as hydrocephalus and hygroma (a subdural collection of 
CSF) formation175 and also requires a second operation to reconstruct 
the cranial defect. The bone can be stored in a subzero freezer or the 
subcutaneous fat layer of the abdominal wall, the latter providing good 
substrate to maintain vascularity and bone viability through recruitment 
of blood supply to the diploic space.

DC, a more controversial method of ICP control, may be beneficial 
when there is intractable intracranial hypertension resulting in a high 
burden of intensive care required to maintain cerebrophysiological 
parameters, for example, vasoactive drugs, barbiturates, hypothermia. 
DC was first introduced for the initial management of acute subdural 
hematomas in severe TBI patients by Ransahoff et al in 1971176 when 
35 patients underwent unilateral skull removal and opening of the dura 
after subdural evacuation. The survival rate in these patients increased 
from 15% to 40% with 28% achieving functional outcomes. Most 
patients had pupillary abnormalities and exhibited posturing, such pre-
sentations often being associated with dire prognoses. After a promising 
start, a follow-up study by Cooper et al177 showed that in 50 patients 
treated since 1971, the mortality was 90% with only 4% functional  
survival. Further, in 1979, Cooper et al178 reported a study involving cra-
niectomies in dogs subjected to cryogenic lesions and found improved 
ICP control but “…at the cost of enhanced edema production.” 
Afterward, DC fell out of favor. These studies were conducted in an era 
prior to the management of patients according to cerebrophysiological 
parameters and may, at least in part, explain why there was little effect 
on survival.

Within the last 15 to 20 years, there has been resurgence in the 
craniectomy procedure with more promising evidence for its utility 
and effectiveness in TBI. Unlike the randomized studies that exist for 
malignant ischemic stroke patients,179-181 most of the evidence for DC 
after TBI is class III with only one large randomized trial completed and 
the other in progress. In 2006, a Cochrane review182 concluded that due 
to a lack of randomized, controlled trials, DC cannot be recommended 
for routine use in adults, but another small randomized trial in children 
may indicate a positive effect in cases with intractable IH. The good out-
come rate was 54% versus 14% with greater ICP reduction in 27 children 
undergoing early DC as opposed to medical management.183 Among  
retrospective studies, 50 consecutive severe TBI patients, 40 of whom had 
intractable IH and underwent DC and DC lowered ICP to <20 mm Hg 
in 85% of patients and was associated with better-than-expected func-
tional outcome compared to historical controls.100 Williams et al184 
reviewed 171 patients who underwent DC for severe head injury at a 
single institution and found a 32% mortality rate with good outcome in 
82% of survivors (55% of all patients).

DC has demonstrated effectiveness in decreasing the burden of 
intensive management, or the “therapeutic intensity,” in severe head 
injury patients.185,186 However, in 2011, the first of two randomized, 
controlled trials for DC in TBI was published. The DECRA trial studied  
155 patients with severe diffuse TBI and intracranial hypertension 
treated early (within hours) with bifrontal craniectomies.186 While 
the ICP and ICU length of stay was decreased, DC patients exhibited 
more unfavorable outcomes at 6 months. The craniectomy cohort had 
a higher incidence of pupillary nonreactivity and, after adjustment for 
this parameter, the outcomes in the medical versus surgical groups were 
not statistically significant. The mortality rates for both groups were  
comparable. This trial has come under criticism for the use of a 20-mm Hg 
treatment threshold for ICP, this level is thought to be too low to immedi-
ately proceed with craniectomy, and the higher incidence of nonreactive 
pupils in the DC group introducing a selection bias. However, one can 
conclude that bifrontal craniectomy for diffuse severe head injury in 
the early treatment of IH should be performed with caution and greater 
attention should be paid toward optimizing medical parameters prior 
to surgery. A potential alternative is performing a unilateral hemi-
craniectomy on the nondominant side in the absence of radiographic  
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lateralization, something not studied in the DECRA trial. Bifrontal 
craniectomies may be best reserved for patients with severe edema and 
mass effect related to bifrontal contusions. A second randomized, con-
trolled study, RESCUEicp, is still enrolling patients.187 This trial involves 
performing DC after maximal medical management has failed, using a 
25-mm Hg ICP threshold for treatment.

Despite the paucity of level 1 or 2 evidence, DC is a viable alternative 
treatment for IH in select patients with refractory ICP. DC can be used 
as part of the initial surgery for hematoma evacuation, especially in 
patients who have evidence of severe global brain swelling as evidenced 
by effaced or compressed basilar cisterns on computed tomography or 
shift that is disproportionate to the size of the space-occupying mass 
lesion. Delayed hemicraniectomy, or secondary hemicraniectomy, can 
be used in patients who exhibit intractable ICP with maximal medi-
cal therapy. Since some third-tier approaches, such as high-dose bar-
biturates and moderate hypothermia, require significant monitoring 
and hemodynamic support, DC can be considered prior to initiating 
these methods to reduce the therapeutic intensity imposed by medical  
management.

■■ BARBITURATES
Barbiturates can lower the ICP when surgical and other medical 
therapies have failed and have been in use for over 75 years.188 The 
main mechanism is by reducing the cerebral metabolic rate leading 
to reduced CBF, decreased cerebral blood volume, and hence reduced 
ICP. Barbiturates may also have additional cerebroprotective effects 
including inhibition of free radical-mediated lipid peroxidation and 
excitotoxicity.146 However, there are no randomized prospective trials 
that indicate, beyond the known reductions in ICP, an improvement in 
neurological outcome.105,146

After TBI, high-dose barbiturate administration is recommended to 
control IH refractory to maximum standard medical and surgical treat-
ment but not as prophylaxis to prevent elevated ICP.146 This is based 
on two randomized control trials of early, prophylactic administration 
of pentobarbital after TBI that reported no significant improvement in 
outcome, but a much higher incidence of hypotension189 or increased 
mortality with diffuse injury168 in the pentobarbital treated group. 
Patients with refractory IH post severe TBI (GCS of 4-8) given high- 
dose barbiturates were twice as likely to achieve ICP control and those 
achieving ICP control had lower mortality.98

The most common barbiturate used is pentobarbital. The load-
ing dose for refractory IH is pentobarbital 10 mg/kg over 30 minutes  
followed by a maintenance dose of 1 mg/kg per hour with further titra-
tion to achieve burst suppression on EEG, an indicator of near-maximal 
reduction in cerebral metabolism and hence CBF.146 Hemodynamic 
monitoring with maintenance of adequate BP is required before and 
during barbiturate therapy.146 Cardiac output measurements at repeated 
intervals are advised due to the cardiac depressant effects of barbiturates 
and this may be an indication to place a pulmonary artery catheter or 
a transpulmonary (thermodilution or lithium dilution) device. In addi-
tion, such patients can also experience intestinal paresis necessitating 
total parenteral instead of enteral nutrition.

Sedatives such as propofol can be used to control of ICP but as for 
any agent it is important to monitor the effect on ICP and CPP—since 
all sedatives can lower BP but also decrease CMR, it is not clear, without 
better means to monitor ischemia, that they are of benefit or harm.

PROPHYLACTIC HYPOTHERMIA  
AND INDUCED NORMOTHERMIA
The rationale for hypothermia after TBI includes lowering of ICP and 
neuroprotection. Preventing pyrexia, or systemic hyperthermia, within 
the first few days to 1 week after TBI is an important consideration in criti-
cal care management. Studies have shown that hyperthermia can nega-
tively affect outcome in patients with stroke and TBI.190-192 A retrospective 
analysis of 1626 patients in the Chinese Head Trauma Data Bank showed 

a strong correlation of duration and degree of hyperthermia with poor 
outcome.192 After TBI, brain temperature can be elevated as much as 0.5 
to 2°C above core body temperature and can potentiate ischemic neuronal 
damage.190 “Induced normothermia” has been suggested to maintain body 
or brain temperatures within normal range (36-37.5°C) during the early 
postinjury period. Such cooling has also been effective in reducing ICP193 
and the differential between brain and body temperature.194

The potential benefits of hypothermia need to be tempered by the 
potential complications and evidence of clinical benefit. The potential 
risks of hypothermia include increased susceptibility to cardiac arrhyth-
mias, infection, and hemodynamic instability.195-197 There are significant 
differences between studies in cooling methods, temperature targets, 
and cooling duration. The major limitations include poorly described 
randomization, inadequate descriptions of the differences in baseline 
prognostic factors between groups including baseline temperature and 
no blinding of outcome assessors.198 A pseudo-lowering of the admission 
GCS in patients who are baseline hypothermic may lead to misclassifi-
cation of the severity of TBI198 and the reported improvements in GOS 
attributed to induced hypothermia may not be valid. Prophylactic hypo-
thermia after TBI is not significantly associated with decreased mortal-
ity when compared to normothermic controls.198 Further clinical trials 
of improved design are underway to determine the potential benefits of 
therapeutic hypothermia in TBI.199

Currently, we routinely maintain normal body and brain temperatures 
(as measured by a brain tissue oxygen monitor, Fig. 118-15) in severe 
TBI patients for up to a week after injury by placing a surface cool-
ing device when temperatures are noted to rise. Intravascular cooling 
catheters have also been used with good effect.193,194 Hypothermia and 
induced normothermia can mask infection, and cultures are drawn 
when the cooling device temperature is disproportionately low, indicat-
ing a greater effort by the device to cool the patient. As an advantage 
over moderate hypothermia, induced normothermia does not require a 
slow rewarming phase and can be discontinued after much of the threat 
of intracranial hypertension has passed.

VENOUS THROMBOEMBOLISM PROPHYLAXIS
TBI is the second highest risk factor for the development of venous 
thromboembolism (VTE), second only to acute spinal cord injury. The 
risk of developing VTE after TBI is estimated to be about 3% to 5% in 
patients that receive pharmacologic prophylaxis within the first 2 days 
after TBI and up to 15% when initiation of pharmacologic prophylaxis 
is delayed beyond 48 hours.200 In a recent study of 939 patients post-
TBI treated with mechanical prophylaxis and 677 followed with weekly 
duplex ultrasound scans commencing 7 to 10 days after admission, deep 
venous thrombosis (DVT) was present in 31.6%.201 Patients with head 
and extracranial injuries had a higher incidence of DVT (34.3%) than 
those with isolated head injuries (25.8%). Older age, males, higher injury 
severity scores, subarachnoid hemorrhage, and lower-extremity injury 
were risk factors associated with developing DVT.201 The incidence of 
pulmonary embolism during the acute hospitalization period after TBI 
has been reported to be 0.38%.202

Despite these VTE risks, TBI patients are at high risk of intracranial 
bleeding or expansion of posttraumatic intracranial hematomas that 
may require neurosurgical intervention or result in death. Mechanical 
prophylaxis with elastic stockings (ES) or intermittent pneumatic com-
pression devices (IPC) prevents sizable numbers of nonfatal VTE events, 
at the expense of skin complications, but without increasing bleeding 
risks200 and is recommended for all patients with severe TBI.203 The  
current recommendations for VTE prophylaxis post-TBI are mechanical 
prophylaxis, preferably with IPC, over no prophylaxis when not contra-
indicated by lower-extremity injury.200 Mechanical prophylaxis via IPC 
is safe and does not appear to increase ICP.204 Mechanical prophylaxis is 
effective at reducing the incidence of DVT after TBI.203,205

However, VTE prophylaxis with pharmacological agents is more 
effective than mechanical measures alone. Pharmacologic prophylaxis 
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with low molecular weight heparin (LMWH) or low-dose unfraction-
ated heparin (LDUH) is recommended, once the bleeding risks diminish 
or the contraindication to heparin resolves.200 There are no evidence-
based data in TBI to determine what type of pharmacologic prophylaxis 
is superior or to support a recommendation regarding when it is safe 
to begin pharmacological prophylaxis.203 Early initiation of LMWH 
(enoxaparin) therapy203,206 after TBI is associated with a higher incidence 
of bleeding complications and the earliest time to begin pharmacologic 
VTE prophylaxis after TBI is uncertain, although it should be avoided 
perioperatively.203 A recent retrospective review of 287 moderate-to-
severe TBI patients over a 5-year period VTE prophylaxis with enoxa-
parin or dalteparin was instituted within 48 to 72 hours posttrauma, in 
highly select group of patients with no confounding coagulopathy and 
when two consecutive CT scans revealed hemorrhage stability, reported 
only one patient with symptomatic expansion of IH while on VTE pro-
phylaxis, at 15 days posttrauma.207 However, randomized prospective 
studies will be needed to determine the safe timing of pharmacological 
VTE prophylaxis after TBI. Currently, the best approach is to weigh 
the risks and benefits of pharmacologic VTE in each TBI patient indi-
vidually, in consultation with the neurosurgeon, with the goal of starting 
pharmacologic prophylaxis as early as is safely possible. VTE prophy-
laxis should be continued until patients are ambulatory.

The use of prophylactic inferior vena cava filters in patients with doc-
umented VTE and contraindications to anticoagulation is an accepted 
practice; however, the use of IVC filters in patients with risk factors 
alone is controversial.201,208,209 Many patients after TBI receive IVC filters 
without an identifiable risk factor for VTE.209 After TBI, IVC filters 
should not be used for primary VTE prevention.200

Routine venous compression ultrasound to periodically screen for 
DVT is not recommended after major trauma as the rate of false posi-
tives increases and there is no evidence that detection and treatment of 
asymptomatic DVT reduces the risk of PE or fatal PE.200

HEALTH CARE–ASSOCIATED INFECTIONS
Severe TBI patients are at risk for health care–associated infections 
(HAI) common to the critically ill population including pneumonia, 
central venous catheter–related infection, acalculous cholecystitis, and 
Clostridium difficile colitis. HAI specific to TBI include CSF infection 
due to ventriculostomy or other invasive brain monitors, and surgical 
site infections. HAI contribute to morbidity, mortality, and increased 
hospital length of stay.

Risk of infection after head trauma is greater in the presence of CSF 
leaks, open fractures, paranasal sinus injury, transventricular injury, and 
to a lesser extent retained foreign bodies from penetrating trauma.210 
After military penetrating head trauma, 11% develop abscesses, cereb-
ritis, and meningitis.210 Gram-negative bacteria such as Klebsiella pneu-
moniae are more common than Staphylococcus aureus.

Brain parenchymal ICP devices have a device tip culture infection 
rate of 14%.26 The incidence of CSF infection after ventriculostomy is 
estimated at 5% to 10%,26 and can be as high as 27%211; it is treated by 
removal of the device and antibiotics. The risk of external ventricular 
drainage (EVD) device infection may increase with the duration of 
monitoring, the presence of open skull fractures, intraventricular or 
subarachnoid blood, leakage around the EVD insertion site, flushing of 
the EVD tubing, as well as the presence of coexisting systemic infection 
and the use of prophylactic parenteral antibiotics.26,212,213

Measures to reduce ventriculostomy infections include sterile prepa-
ration, utilization of closed drainage systems, and minimizing flushing 
and handling of the system. Bacitracin flushes via the ventriculostomy 
to maintain lumen patency are associated with a higher infection rate.214 
Antimicrobial-impregnated EVD catheters may significantly reduce 
colonization rates215 but more studies in TBI patients are needed to 
determine the impact on infection. There are no data to support the 
use of prophylactic antibiotics for the prevention of ventriculostomy 
infection,216,217 or any other infection in TBI patients, and the risk of 

selecting for antimicrobial resistant organisms is a major concern. Short-
term use of ICP monitors does not appear to lead to increased morbid-
ity and mortality; however, the use of routine ventriculostomy catheter 
exchanges for the prevention of CSF infections is not recommended.26

Patients receiving prolonged prophylactic antibiotics do not have a 
reduced incidence of pneumonia and may be at greater risk of delayed 
pneumonia with resistant or gram-negative bacteria.218 A major issue 
with ventilator-associated pneumonia (VAP) is that the definitions are 
imprecise and noninfectious entities such as atelectasis infiltrate due to 
mucus plugging and acute lung injury common after TBI may be incor-
rectly attributed to VAP.219

NUTRITION AND METABOLIC MANAGEMENT
As in critically ill patients in general, nutrition by the enteral route is 
preferred as early as is feasible after severe TBI. Current evidence sup-
ports the use of the enteral route with no clear benefit from additional 
total parenteral nutrition (TPN), unless the patient cannot tolerate 
enteral feeding. Although there is no strong evidence to support a  
particular optimal time to begin feeding after TBI, data show that unfed 
TBI patients lose sufficient nitrogen to reduce weight by 15% per week.220  
Since it usually takes several days to reach full caloric goals,221,222 initiat-
ing nutritional support by at least 72 hours post-TBI is reasonable.220 
Patients who can be started on nutritional support on day 1 after TBI 
may have a higher percentage of energy and nitrogen requirements met 
by the end of the first week.223

Although enteral feeds have a lower cost, decrease GI bleeding from 
stress gastritis, and may improve gut integrity, occasionally the GI route 
is not available due to ileus, GI bleeding, or extracranial complications 
of abdominal trauma and surgery. In this case, TPN has been found to 
be well tolerated after TBI and does not have adverse effects on ICP.220  
More recent data in general critically ill patients suggest that compared 
to TPN initiation within 48 hours, beginning TPN at ICU day 8 or later 
may be associated with faster recovery and fewer complications.224

Metabolic studies of patients after TBI demonstrate nitrogen loss 
and increased basal metabolic rates. The resting energy expenditure in 
comatose TBI patients is elevated an average of 140% above expected 
and may be as high as 2.5 times predicted.225,226 Paralytic agents, hypo-
thermia, or barbiturate coma reduce the metabolic rate; however, even 
after paralysis the energy expenditure may remain elevated by 20% to 
30%.227 Negative nitrogen balance may occur despite increasing nitrogen 
intake with less than 50% of administered nitrogen retained after TBI 
and larger nitrogen loads lead to exaggerated nitrogen losses.228

Specific formulations of enteral and parenteral nutrition should be 
based on the metabolic needs of the patient consistent with current criti-
cal care practice. After estimating and supplying the projected caloric and 
protein requirements, in patients that fail to respond and continue to lose 
weight, measurement of nitrogen balance and assessment by indirect 
calorimetry (metabolic cart) may be helpful to ensure the provision of 
sufficient calories. The recommended amount of protein in enteral and  
parenteral formulations is about 15% of the total calories in TBI patients.220

The preferred location (ie, gastric vs postpyloric) of feeding tubes 
is subject to debate and although some report better attainment of 
nitrogen balance or caloric goals with postpyloric feeding or parenteral 
nutrition,220 or lower rates of pneumonia with early enteral feeding229 
and transpyloric feeding,230 no superior method of feeding has been 
clearly demonstrated after TBI. Studies of both gastric and jejunal feed-
ing have shown that full caloric requirements can be met in most TBI 
patients by 7 days post injury.221,222,231 Continuous enteral feeding may be 
better tolerated than bolus feeding and able to achieve nutritional goals 
earlier.232 TPN is started at levels below resting metabolism expenditure 
and advanced to goal over 3 days or as tolerated.

■■ GLYCEMIC CONTROL
Hyperglycemia in TBI patients has been associated with worse neu-
rological outcomes in two class III human studies.220,233,234 Whether 
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hyperglycemia per se is the cause or whether other factors associated with 
hyperglycemia such as preexisting diseases, severity of illness, or treat-
ment of TBI, has not been determined. Hypoglycemia is also harmful to 
the brain. Early evidence supporting the benefits of tight glycemic control 
in critically ill patients235 is being challenged.236-241 Although very tight 
glucose control between 80 and 120 mg/dL has not been proven beneficial 
in the ICU, the optimal levels of glycemic control remain to be established 
in critically ill patients in general, as well as in the neurotrauma patient.242

■■ THYROID FUNCTION
As in any critical illness, moderate to severe TBI is associated with 
the sick euthyroid syndrome—a nonthyroidal illness characterized by 
normal thyroidal function but abnormal thyroid function tests (TFTs) 
including low T3 and T4 and increased reverse T3 levels. Usually thyroid- 
stimulating hormone (TSH) levels are normal or mildly elevated. These 
laboratory abnormalities may lead to confusion and are of no known 
clinical significance, and treatment does not appear to be beneficial or 
possibly detrimental. Therefore, TFTs are usually deferred in the ICU 
setting unless clinical signs strongly suggest a thyroid disorder.49
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BACKGROUND
Acute trauma to the spine may involve the neuronal (spinal cord and nerve 
roots) and/or skeletal and ligamentous structures of the vertebral column 
that normally protect the spinal cord. Vertebral fractures or dislocations 
can occur without damage to the spinal cord; however, acute traumatic 
spinal cord injury (SCI) often involves injury to the vertebral column. The 
manifestations of SCI may be immediate or delayed. The key to insuring 
the best outcome is rapid diagnosis and prevention of secondary injuries 
that can further worsen ischemic neurological damage. This includes 
rapid recognition and treatment of unstable fractures, fracture fragments, 
hematomas, or other lesions that can cause impingement or laceration of 
the spinal cord and critical care management that emphasizes maintenance 
of homeostasis and the detection of new or initially unrecognized injuries.

KEY POINTS

•• After acute spinal cord injury (SCI), the primary injury sets limits 
(that are not always initially obvious) on the potential extent of 
recovery and the degree of secondary injury determines the extent 
of the potential recovery actually achieved.

•• Acute SCI patients, particularly those with cervical level and 
severe SCI, are at risk for respiratory arrest, hypoxemia, and 
cardiovascular instability.

•• The prevention of secondary injury or “neuroprotection” consists 
of spine immobilization, timely surgical intervention, and early 
recognition and treatment of hemodynamic instability, respiratory 
failure, and hypoxemia.

•• Hemodynamic instability is common after acute SCI and may be 
multifactorial, including due to hypovolemia secondary to blood 
loss, systemic inflammation from trauma or infection (vasodila-
tion, decreased intravascular volume), neurogenic (vasodilation, 
inappropriate bradycardia), arrhythmias, myocardial stunning, 
pneumothorax, or cardiac tamponade from associated trauma.

•• The term “neurogenic shock” refers to hypotension due to vasodi-
lation that may be accompanied by absolute (HR <60) or relative 
bradycardia caused by the loss of outflow from the sympathetic 
autonomic component of the spinal cord arising from the high 
thoracic and cervical regions, T1-T6 level and above.

•• The term “spinal shock” refers to the loss of sensation accompanied 
by motor paralysis and depression of spinal reflexes caudal to the 
level of acute SCI.

•• Among trauma patients, the risk of VTE is likely the highest after 
acute spinal cord injury and LMWH should be started as soon as 
safely possible after primary hemostasis is achieved; until that time 
intermittent pneumatic compression (IPC) devices should be used.

•• Pulmonary embolism (PE) is the third leading cause of death 
after acute SCI and after any sudden hemodynamic compromise,  
unexplained dyspnea, or hypoxemia, PE must be considered.

•• Patients with high cervical injury and prolonged ventilatory  
failure with tracheostomy are at a higher risk of malnutrition.84 
The enteral route is preferred to preserve gut integrity. The current  
literature does not support the maintenance of strict normoglycemia 
in these critically ill patients.

•• Following spinal decompression and/or stabilization, and resolution of 
potentially life-threatening cardiac and respiratory events, the goal is for 
rehabilitation specialists to become involved early in the management.
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Approximately 50% of spinal injuries occur in the cervical spine, the 
other half involve the thoracic, lumbar, and sacral areas.1 SCI may lead to 
significant neurological damage, including paraplegia, tetraplegia, or death. 
Patients with tetraplegia have injuries to one or more of the eight cervical 
segments (C1-8) of the spinal cord; those with paraplegia have lesions in the 
thoracic (T1-12), lumbar (L1-5), or sacral (S1-2) regions of the spinal cord 
(Table 119-1). The American Spinal Injury Association (ASIA) has devised 
a scoring system to assess SCI (Fig. 119-1). Complete spinal cord injuries 
result in no motor or sensory preservation below the level of injury and 
carry a poor prognosis for functional recovery. Partial preservation of motor 
and or sensory function is termed incomplete injury. An incomplete injury 
has the potential to regain useful function or progress to complete injury.

EPIDEMIOLOGY
Acute traumatic spinal injuries occur most commonly in males (80.8%) 
and the average age at injury is 40.2 years, increased from 28.7 years in 
the 1970s mainly due to an increase in the median age of the general 
population.2 Excluding those who die at the accident scene, the annual 
incidence of (SCI) in the U.S. is approximately 12,000 new cases each 
year or 40 cases/million population.2 Since 2005, the most common eti-
ologies of SCI are motor vehicle crashes (41.3%), falls (27.3%), violence 
(15%), and sports (7.9%). Incomplete tetraplegia occurs in approxi-
mately 38.3% of traumatic spinal injuries, followed by complete paraple-
gia (22.9%), incomplete paraplegia (21.5%), and complete tetraplegia 
(16.9%). Complete tetraplegia is a devastating injury, with a less than 
1% rate of complete neurologic recovery by hospital discharge.2 Over 
the last 15 years, the percentage of persons with incomplete tetraplegia 
has increased while complete paraplegia and complete tetraplegia have 
decreased slightly. Intoxication is a factor in many traumatic injuries.

Respiratory complications are the leading cause of death during the 
first year after SCI, and the third leading cause of death thereafter.3 For 
patients with injury at age 20, surviving 24 hours and ventilator depen-
dent from any level of injury, the life expectancy is only 18.1 years and at 
1 year postinjury rises to 24.9 years.2 The life expectancy for older (aged 
60) ventilator-dependent patients who survive the first 24 hours after 
SCI is 1.8 years and at 1 year after injury is only 3.6 years.2 In the past, 
renal failure was the leading cause of death after SCI, but due to advances 
in urological management, pneumonia, sepsis, and pulmonary emboli 
currently appear to have the greatest impact on reduced life expectancy.2

The median days spent in the acute care unit for those who immedi-
ately enter a “Model Spinal Cord Injury Unit” has declined from 24 days 

between 1973 and 1979 to 12 days since 2005. Shorter stays in rehabilita-
tion, from 98 to 38 days, are also noted.2 The increasing life expectancy 
of spinal cord injured patients has led to an increased worldwide preva-
lence of SCI, now approaching 2 million.4

Intensivists working in nondesignated trauma center hospitals should 
consider the transfer of an acute spine injured patient to a level I trauma 
center as soon as possible.5 There is level II evidence that trauma centers 
and specialized neurocritical care have a positive impact on mortality 
and disability after spinal cord injury.

CLASSIFICATION OF VERTEBRAL INJURIES
The cervical spine is divided into the upper cervical spine (C1 [atlas]-C2 
[odontoid or dens]) and lower (subaxial) cervical spine (C3-C7). The 
cervical vertebrae are smaller and very mobile. Common C2 fracture 
includes that of the dens and bipedicular (or hangman’s fractures). The 
latter are frequently caused by acute neck hyperextension. After trauma 
to the cervical spine, fractures may appear on x-ray, but the stability of 
the spine depends on the ligaments which are not visible on plain x-rays 
or computed tomography (CT) scans. The thoracolumbar spine (T1-12; 
L1-5) vertebrae are larger and less mobile.

The Denis three-column theory of spinal stability6 divides the  
vertebral column into anterior, middle, and posterior columns. Together, 
these columns form functional units that contribute to spinal stability 
and can explain the effect of various injuries on spinal destabilization. 
The anterior column contains the anterior longitudinal ligament, the 
anterior half of the vertebral body, intervertebral disk, and its annulus 
fibrous. The middle column contains the posterior longitudinal liga-
ment, the posterior half of the vertebral body, intervertebral disk, and 
its annulus. The posterior column contains the bony posterior neural 
arch, the intervertebral articulations, the ligamentum flavum, and the 
interspinous and supraspinous ligaments.

The spine can be damaged by blunt or penetrating trauma and  
the forces of flexion, distraction (extension), and rotation. Fractures of the  
spine can be classified based on the pattern of injury and the forces.  
The types of fractures include compression (wedge) fractures, caused by 
flexion and compression in the anterior column with variable involvement 
of the middle and posterior column,1 burst (or crush) fractures involving 
the anterior and middle columns characterized by loss of height of the 
vertebral body, caused by axial compression forces associated with high 
energy trauma (eg, MVA, falls from a heights, and sports-related trauma), 
most commonly found at the thoracolumbar junction between levels 
T10 and L2; seatbelt or Chance thoracolumbar spine fractures are the 
result of flexion and distraction forces and involve middle and posterior  
columns with injury to ligamentous components, bony components, or 
both; and dislocations that involve all three columns (Figs. 119-2 to 119-4).  
Chance fractures are often associated with intra-abdominal injuries. 
Lateral flexion and rotation (with or without anterior -posteriorly directed 
force) result in rotational fracture-dislocations. The posterior and middle 
columns are damaged with varying degrees of anterior column insult. The 
rotational forces disrupt the posterior ligaments and facet joints. With 
sufficient rotational force, the upper vertebral body rotates and carries the 
superior portion of the lower vertebral body along with it causing a radio-
graphic “slice” appearance sometimes seen with these types of injuries.1

Other types of stable fractures include spinous process and transverse 
process fractures, osteophyte fractures, avulsion fractures, and injury to 
trabecular bone (Fig. 119-2).

The grading of the stability of vertebral fractures is based on  
biomechanical stability, fracture morphology, osteoligamentous integrity, 
spinal canal or neural foramina deformity, and neurological impairment. 
Disruption of two or more columns results in a potentially unstable 
spine, therefore burst fractures, Chance fractures, and dislocations are 
potentially unstable but compression fractures are stable. For example, 
compression fractures do not lead to neurological lesions and are stable; 
burst fractures are potentially unstable but in the presence of neurological  
signs related to migration of the vertebral body, they are unstable  

  TABLE 119-1    Clinical Sequele vs Level of Spinal Cord Injury

SCI Level Clinical Sequelae

C1-C2 Tetraplegia; phrenic nerve paralysis and complete paralysis of respiratory 
muscles, requires permanent mechanical ventilation, diaphragmatic pacing

C3-C4 Tetraplegia; phrenic nerve damage and paralysis of respiratory muscles but 
damage at the C4 level and below allows some recovery of respiratory function

C5 Tetraplegia; shoulder and upper arm control preserved; loss of wrist and hand  
control. Diaphragmatic function preserved; paralysis of the intercostal and abdominal 
wall muscles supplied by the thoracic segments leads to paradoxical respiration

C6 Tetraplegia; wrist control preserved; loss of hand control

C7-T1 Tetraplegia; reduced dexterity of hands and fingers

T1-T8 Paraplegia; upper extremity function typically preserved; loss of abdominal 
muscle control

T9-12 Paraplegia; abdominal muscle and trunk control preserved 

L1-L5 Paraplegia; loss of hip flexor and leg control; early but temporary loss of colonic  
motility; initially hypotonic bladder and external urethral sphincter; later detrusor 
hyperactivity with loss of external urethral sphincter control with urinary incontinence

S1-S5 Paraplegia; loss of foot control; chronic dysmotility; greater risks of fecal impaction; 
impaired motor output to bladder (S2-S4) leading to a flaccid, distended bladder
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FIGURE 119-1.  ASIA (American Spinal Injury Association) Motor Exam ASIA Grading. Used with permission from ASIA (American Spinal Injury Association) Motor Exam ASIA Grading.
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(Fig. 119-4A, B). The stability of seat belt fractures depends on the 
displacement of the posterior arch, but they usually do not cause neu-
rological lesions. Dislocations are always unstable as they are fracture-
dislocations and almost always associated with neurological lesions.

The spinal canal may be narrowed from intrusion of vertebral body 
fragments. Displacement of bone fragments into the spinal canal 
may cause compression of the spinal cord or nerve roots, as well as  
vascular injury.1 Posterior element displacement, vertebral body or facet 

dislocation, or subluxation are found in unstable fractures and are more 
likely to involve spinal cord compression.

PRIMARY VERSUS SECONDARY INJURY
Neurological injury is conceptualized into primary and secondary injury. 
Since neurons cannot regenerate, this concept has important implica-
tions for preventive management and treatment. Primary injury occurs 
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is typically caused by bone or disc material that enters the spinal canal 
as a consequence of vertebral fracture or dislocation. Although primary 
preventive efforts aim to reduce the incidence of primary injuries, little 
can be done from a therapeutic standpoint to repair this component 
of the injury once it has occurred.4 Secondary injury is any insult that 
occurs subsequent to the primary injury (eg, continued compression, 
expansion of hematomas, unstable spine or fragment movement, 
decreased spinal cord perfusion due to hemodynamic instability, cardiac 
arrest, respiratory arrest, and molecular events triggered by ischemia 
and inflammatory pathways) and results in additional neuronal damage 
to previously uninjured neurons as well as the particularly susceptible 
primarily injured neurons.

Cellular processes involved in secondary injury include proinflam-
matory cytokine release, free radical formation, release of excitotoxic 
amino acids (eg, glutamate), ischemia-reperfusion injury, activation 
of macrophages, vasospasm, and cytotoxic edema.4,7-9 Biomarkers for 
the early detection of spinal cord ischemia, including rapidly induced 
heat shock proteins, are under investigation.10 The damage from SCI 
can spread superiorly and inferiorly from the initial site. Research on 
the immunological consequences of SCI suggests that cytokines (eg, 
tumor necrosis factor alpha [TNFa]) and other immune mediators, such 
as nitric oxide (NO) may have the capability to induce complete, but 
reversible, conduction failure.11 To the extent that associated traumatic 
injuries and medical complications such as sepsis influence endogenous 
mediator production, they may contribute to reversible neurologic defi-
cits, either early onset or later. Therefore, the primary injury sets limits 
(that are not always initially obvious) on the potential extent of recovery 
and the degree of secondary injury determines the extent of the potential 
recovery actually achieved. Secondary injury if limited or prevented can 
potentially lead to reduced spinal cord damage and improved neuro-
logical outcomes. The prevention of secondary injury is main focus of  
surgical and critical care management as well as in the development  
of potential therapeutic agents.

FIGURE 119-2.  Sagittal reconstructed CT image: three-column thoracic spine injury in 
a 32 year-old female with poly substance abuse who jumped from a second story window. 
This patient has wedge and superior endplate fractures with bony avulsions of T7, T8, and T9. 
There are also mild compression deformities at T10 and T12. Avulsion spinous process injuries 
are seen at T6 and T8. At the top of the image is a stable C7 spinous process fracture. There 
was no spinal canal compromise and the patient was neurologically intact. This patient also 
had rib head fractures at T8 and T9, rendering this injury highly unstable, requiring surgical 
stabilization.

FIGURE 119-3.  Intraoperative fluoroscopy images in lateral (A) and AP (B) projections 
showing the construct of pedicle screw fixation for the thoracic spine injury in Figure 119-2. 
Given destruction of the T8 vertebral body and pedicles, no screws were able to be placed at 
that level. This patient had significant pain preoperatively and was remanded to bed rest with 
log-roll precautions. Her pain quickly resolved after stabilization.

at the time of the initial traumatic insult (eg, spinal cord compression,  
laceration, transection, intramedullary and extramedullary hematoma 
formation, foreign bodies) and results in neurons that are dead or 
irreversibly damaged (ie, necrosis, apoptosis), injured (eg, potentially 
reversible ischemia), or intact (uninjured). In SCI, the compressive force 

FIGURE 119-4.  A, B. Sagittal and axial CT imaging of an L3 burst fracture in patient who 
fell off a ladder while intoxicated. These burst fractures are caused by direct axial force, such 
as landing on both feet. Transitional junctions, such as the cervicothoracic and thoracolumbar 
regions are particularly vulnerable to this axial loading force. In this fracture there is approxi-
mately 85% spinal canal compromise due to retropulsed bone fragments, especially on the 
right side. Burst fractures at the cauda equina level are more forgiving in terms of neurological 
function and this patient was neurologically intact. Patients presenting with neurological 
deficits or bladder dysfunction and diminished rectal tone are candidates for early decom-
pression. Treatment for thoracolumbar burst fractures (operative vs nonoperative) remains 
controversial in neurologically intact patients. This patient underwent surgical decompression 
and stabilization.
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GENERAL MANAGEMENT ISSUES AFTER ACUTE SCI
Patients with acute SCI are managed in a multidisciplinary fashion from 
the accident scene by emergency response personnel, to triage and sta-
bilization in the emergency department by trauma or general surgeons 
and neurosurgeons or orthopedic spine surgeons, followed by transport 
to radiology for diagnostic imaging or interventional procedures, oper-
ating room, or ICU, the order of which is determined by the nature of 
the acute injuries.

The initial trauma assessment (ATLS—acute trauma life support) 
protocol for life-threatening injuries is followed utilizing the “A-B-C-
D-E” approach consisting of Airway maintenance, with immobilization 
of the spine with a rigid cervical collar and strapped to a backboard 
to secure the entire spine; Breathing and ventilation; Circulation with  
control of bleeding; Disability: rapid neurologic evaluation; and Exposure: 
removal from harmful environment and protection from hypothermia. 
At all times during the acute management, the principles of primary 
survey (immediate management of acute life-threatening problems), 
secondary survey (identification of remaining major injuries and setting 
management priorities in hemodynamically stable patients), and tertiary 
survey (identify occult injuries) are followed.

Upon admission to the ICU, a tertiary head-to-toe examination is 
performed to completely identify potential multiple injuries.12 The key 
neurological exam points include level of consciousness, cranial nerve 
function, movement in the extremities, and sensation in determining a 
spinal cord level of injury.

Basic ICU monitoring consists of continuous ECG, pulse oximeter, 
and blood pressure via arterial line, with additional hemodynamic 
monitoring if needed. Central venous access, nasogastric tube insertion, 
and Foley catheter placement are recommended if there are no contra-
indications. Care must be taken to insure spine immobilization until 
definitive treatment. When repositioning or preparing for transport, 
the patient should be log-rolled as a unit. SCI patients are more prone 
to develop skin breakdown and decubitus ulcers and transfer from the 
backboard onto a firm cushioned surface should be accomplished as 
early as possible. When prolonged immobilization is anticipated, a spe-
cialized immobilization bed should be ordered.

A review of the diagnostic imaging, laboratory results, and surgical 
procedures performed thus far, and communication with the surgeon 
(neuro or orthopedic) regarding anticipated diagnostic imaging, sur-
gical interventions, and ICU monitoring and management is critical. 
Ordering laboratory studies, either as initial or follow-up, including arte-
rial blood gases, electrolytes, complete blood count, coagulation profile, 
type and cross-match packed red blood cells, lactate, and liver function 
tests is indicated. If appropriate and omitted thus far, a toxicology screen 
should be ordered. Any loss of consciousness may be a sign of traumatic 
brain injury (TBI) that may not have been evident on initial head CT. 
Healthcare proxy or available family or friends should be asked to pro-
vide pre-accident and accident history as well as advanced directives.

Beyond the initial mortality risks secondary to comorbid multitrauma 
including head injury, acute SCI patients, particularly those with cervical  
level and severe SCI, are at risk for respiratory arrest, hypoxemia, and 
cardiovascular instability. Failures of the cardiovascular system and 
respiratory system are more strongly correlated with the severity of 
injury (ASIA motor score) than the anatomic level of injury.13 These 
complications may manifest on presentation or be transient and episodic, 
and usually occur within the first 7 to 14 days after the initial SCI.14

DIAGNOSTIC IMAGING
After initial resuscitation and cardiopulmonary stabilization, the goal is 
rapid and accurate assessment of the spinal column to guide potential 
surgical decompression and stabilization.1

Plain x-ray films have been replaced with multidetector computed 
tomography (MDCT) and magnetic resonance imaging (MRI) in high 
risk patients with blunt cervical spine injury as well as thoracic and 
lumbar spine injury. In the cervical spine for example, plain x-ray films 

detect only 60% to 80% of fractures; a significant number of fractures 
are not visible, even when three views of the spine are obtained.1 In 
the cervical spine, MDCT detects 97% to 100% of fractures, provides 
finer anatomical delineation of the bony spinal canal, and also depicts 
epidural hemorrhages, significant soft tissue abnormalities such as trau-
matic disk herniation (Fig. 119-5) or hematomas, and abnormalities 
distant to the spine such as in the chest, abdomen, and head. MDCT is 
also more accurate than plain x-rays in the diagnosis of cervicothoracic 
junction and thoracolumbar spine fractures, and shortens the screening 
time to removal of spine precautions, creating the opportunity for earlier 
mobilization.

In spine fractures, the spinal canal is often narrowed from translation 
and intrusion of vertebral body fragments. In addition to axial images, 
multiplanar formatting of volumetric CT data allows image orientation 
into sagittal and coronal image planes helpful for demonstrating abnor-
malities in alignment, clarifying the nature of fractures, and measuring 
the anterior–posterior spinal canal diameter.1

The main limitation of MDCT is the inability to rule out SCI or 
adequately assess the soft-tissue structures or ligaments critical for 
maintaining spinal stability such as the disco-ligamentous complex in 
the cervical spine and the posterior ligamentous complex in the thora-
columbar spine. MRI is the favored technique for the detection of soft 
tissue injuries15 and SCI and plays an important role in the assessment 
of acute SCI patients.1 In crush fractures and other unstable injuries, 
MDCT is useful for assessing bone fragments, whereas MR imaging is 
superior for demonstrating SCI and paraspinal hematomas. Any patient 
with presumed SCI should undergo an MR imaging examination as soon 
as possible. In patients with SCI, MR imaging is able to reveal the loca-
tion, severity, and cause of spinal cord compression (Fig. 119-6A, B).1  
This is especially useful in the management of patients with incomplete 
SCI, for whom surgical intervention may prevent further deterioration.

MR imaging is the modality of choice for assessing extrinsic compres-
sion of the spinal cord by bone fragments or a traumatic disk herniation, 
lesions involving the intervertebral disks and spinal ligaments, and to 
identify spinal cord lesions such as spinal cord contusion/edema, intra-
medullary hemorrhage, and complete transsection of the cord.1,16 The 
exam protocol for detecting spinal ligamentous injury includes sagittal 

FIGURE 119-5.  Sagittal CT image of patient with traumatic disc herniation at C3-C4 (see 
arrow) with canal and cord compromise. MDCT is good at detecting middle and upper cervical 
soft tissue abnormalities, but note the image degradation starting at C6 and below, largely 
due to shoulder artifact.
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T1, sagittal gradient recalled T2, and sagittal STIR (short TI inversion 
recovery—suppresses signal from fat) images, and axial imaging. Edema 
in the interspinous or supraspinous ligaments is prominently demon-
strated on STIR images (Fig. 119-7A, B). In cervical spine trauma, MR 
imaging is highly sensitive for injury to intervertebral disk (93%), pos-
terior longitudinal ligament (93%), and interspinous soft tissues (100%), 
but less sensitive in detecting anterior longitudinal (71%) and flavum 
(67%) ligament injury.17 MRI can also demonstrate bone contusions 
within vertebrae adjacent to the site of trauma (Fig. 119-8).

Sagittal T2-weighted MRI is most effective at evaluating spinal cord 
compression and the combination of sagittal CT and T1-weighted MRI 
are most effective at evaluating spinal canal compromise by compar-
ing the AP canal and AP cord diameters at the level of maximal injury 
versus at the nearest adjacent normal levels.4 The presence of >25% 
canal compromise on sagittal CT predicted the MRI presence of cord 
compression in 100% of cases; however, in those with <25% canal 
compromise on CT, the majority continued to exhibit MRI evidence of 
cord compression illustrating the poor specificity of CT in ruling out 
spinal cord compression.4 CT angiography of the head and neck is used 
to evaluate for carotid or vertebral dissection18 in patients with cervical 
spine fracture and neurologic deficits suspicious for stroke.

MRI is helpful prognostically. Patients with intramedullary hemor-
rhage or cord transsection are unlikely to regain any significant neuro-
logical function, whereas patients with cord edema or contusion may 
significantly recover neurological function.19 MRI may provide prognos-
tic information about recovery from spinal cord injury without radio-
logical abnormality (SCIWORA) defined as neurological symptoms of 
SCI without abnormalities on x-ray or MDCT.4,20

ICU MANAGEMENT
Patients with acute SCI, particularly those with severe cervical level 
injuries or those with any respiratory or hemodynamic instability, 
should be monitored and managed in the ICU.14

AIRWAY, BREATHING, AND RESPIRATORY ISSUES
After acute spine injury, neuromuscular dysfunction, altered mental 
status, inability to handle secretions which may be copious, broncho-
constriction, and acute lung injury (noncardiogenic pulmonary edema) 
are common. Retained secretions can occur insidiously resulting in 
acute deterioration and lead to the need for aggressive pulmonary toilet 
with frequent repeated suctioning and bronchoscopy that should be 
performed with low a threshold.

Due to the greater effects on respiratory function, more rostral and 
complete cervical SCI patients usually acutely require intubation and 
mechanical ventilation. Regardless of the level of injury, early intubation 

FIGURE 119-6.  A. Sagittal CT image of a patient who fell down a manhole. He presented 
with dense quadraparesis consistent with central cord syndrome. Scan shows signs of ankylos-
ing spondylitis. He has ossification of the posterior longitudinal ligament, most severe at C3-C4 
(see thick arrow) which was considered the possible culprit for the spinal injury. The CT also 
reveals a fracture of the C6 vertebral body (see thin arrow). B. Sagittal T2-weighted MRI image 
revealed a spinal cord contusion (see arrow) at C6 with signal changes within the disc space 
indicating disruption but no herniation. While there was, indeed, significant cord compression 
at C3-C4, the C6 injury was, in fact, responsible for the spinal cord injury. The patient under-
went early posterior decompression and stabilization.

A

B

A

FIGURE 119-7.  A. MR Sagittal STIR sequence of patient with traumatic C3-C4 disc 
herniation. These images reveal bright signal in the posterior subfacial region from C3 to C5 
(see arrow). This edema cannot be seen on standard T2-weighted images (B).

FIGURE 119-8.  Sagittal MRI T2-weighted images of the lumbar spine. This patient 
suffered an L1 burst fracture. There is increased signal intensity within the L1 body indicating 
contusion/edema. In addition, higher signal intensities (see arrow) can also be found in the L2, 
L3, and L4 vertebral bodies indicating injury to those vertebrae that may or may not manifest 
on bone CT imaging.
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under controlled circumstances is preferred to avoid secondary injuries 
resulting from hypoxemia or respiratory system-induced hemodynamic 
failure. Evidence of respiratory failure includes altered mental status, 
hypoxemia, rapid, shallow, or irregular breathing with associated respi-
ratory alkalosis (early) or elevated PCO2 (late) or a progressive decline in 
serial vital capacity (VC), or VC <1.0 L.

In critically ill patients in general, and trauma and SCI patients in  
particular, tracheal intubation is significantly more difficult due to factors 
such as the need for precautionary neck stabilization, bleeding, vomiting,  
oropharyngeal secretions, respiratory dysfunction, airway edema, 
hemodynamic instability, and encephalopathy. Halo traction devices are 
not readily removable and also limit the ability to position the airway for 
intubation, increasing difficulties. Bradycardia and hypotension during 
endotracheal intubation are more common in the tetraplegic patient. 
Complications such as hypoxemia, aspiration, bradycardia, and cardiac 
arrest increase significantly21 as the number of laryngoscopic intubation 
attempts increases. A first year anesthesia resident performing direct 
laryngoscopy in the relatively controlled setting of the operating room 
requires about 47 tracheal intubations to achieve a 90% probability of a 
success.22 In addition to direct laryngoscopy devices, it is important to 
have additional devices prepared and ready to aid with intubation such 
as intubation bronchoscopes and video laryngoscopic devices. Indirect 
optical laryngoscopy does not require aligning the head and neck axis 
and provides better visualization of the vocal cords facilitating faster, 
less traumatic intubation that requires less sedation. It appears that 
the success rate, even in previously untrained operators, with optical 
laryngoscopy is much higher than with traditional direct laryngoscopy 
using the Macintosh blade.23 In patients with spinal immobilization, 
video laryngoscopy appears to improve the success rate, especially in less 
experienced operators.24

The stabilization of neck injuries often involves external fixation with 
cervical collars, vests and halo traction devices as well as surgical stabili-
zation. Cervical collars may be removed temporarily while maintaining 
in-line positioning during tracheal intubation or to place central lines.

Two large series have demonstrated the safety of orotracheal intuba-
tion with manual in-line stabilization of the neck in the setting of acute 
cervical injury. If possible, 8.0 or 9.0 mm internal diameter sized endo-
tracheal tubes should be placed on initial intubation in anticipation of 
the need for pulmonary toilet and bronchoscopy with larger bore suc-
tion channels. Aggressive suctioning, chest physiotherapy, pulmonary 
toilet including flexible bronchoscopy at signs of collapse, thick and 
copious secretions, or hypoxemia is helpful in treating and limiting the 
extent of atelectasis.

Rapid-sequence intubation is preferred in the setting of acute head or 
spine trauma; however, succinylcholine, a paralytic agent used due to its 
rapid onset of action and short half-life, may precipitate hyperkalemia in 
the setting of subacute SCI, that is, 4 to 5 days after acute SCI.25

■■ RESPIRATORY COMPLICATIONS
The development of respiratory failure and the length of time of ventila-
tor dependence after spinal cord injury, apart from additional traumatic 
injuries, depend on the degree and level of SCI. More complete and 
rostral levels of SCI lead to more significant reductions in pulmonary 
function with a greater incidence of prolonged respiratory failure, sepa-
rately from additional traumatic injuries.

Arterial hypoxemia is common in the acute stage after SCI, even in 
patients with adequate ventilatory ability and normocarbia.26 In the first 
week following cervical cord injury, individuals with an FVC of less 
than 25% of predicted are likely to develop respiratory failure requiring  
ventilator support.27 In patients not requiring immediate intubation, 
close attention to signs of respiratory impairment supplemented by arte-
rial blood gas and pulmonary function (vital capacity or FEV1) trends is 
recommended at regular intervals until the patient is stable.

The effects of acute SCI, particularly cervical injury, on the respi-
ratory system are related to reduced inspiratory and expiratory 
respiratory muscle strength leading to hypercarbic respiratory failure, 

noncardiogenic pulmonary edema (acute respiratory distress syndrome 
[ARDS]) leading to hypoxemic respiratory failure, and decreased sym-
pathetic tone (with increased relative parasympathetic tone) leading 
to bronchoconstriction and increased airway secretions. Sympathetic 
(bronchodilatory) innervation of the lungs arises from the T1-T6 level so 
that tetraplegic (ie, cervical) SCI leads to loss of sympathetic innervation 
to the lungs and unopposed or increased parasympathetic vagal activity 
that can result in decreased baseline airway caliber.27 The use of anti-
cholinergic bronchodilators such as ipratropium may be considered28;  
however, it is not known if the baseline bronchoconstriction in  
tetraplegia contributes to respiratory symptoms.27 Aggressive suctioning 
of secretions can result in bronchial stimulation and increased para-
sympathetic output resulting in bradyarrhythmia or conduction blocks.

Cervical and upper thoracic cord injury disrupts neuronal output 
to the diaphragm, intercostal muscles, accessory respiratory muscles, 
and abdominal muscles (Fig. 119-9) causing reduction in spirometric 
and lung volume parameters.27 The phrenic nerves innervating the  
diaphragm exit the spinal cord from levels C3-C5. Spinal cord injury 
above C3 leads to apnea, the need for immediate ventilatory support, and 
permanent ventilator dependence as well as tetraplegia. Damage at the 
C4 level and below allows some recovery of respiratory function. With 
acute injury at the C5 level and below, diaphragmatic function is pre-
served, but paralysis of the intercostal and abdominal wall muscles sup-
plied by the thoracic segments leads to paradoxical chest wall contraction 
with abdominal expansion as the diaphragm contracts and descends.

After SCI, tetraplegia and high levels of paraplegia result in a restric-
tive lung defect with decreased chest wall and lung compliance, increased 
abdominal wall compliance, and rib cage stiffness with paradoxical chest 
wall movements that increase the work of breathing. Neuromuscular 
weakness leads to significant reductions in vital capacity (VC), forced 
expiratory volume in 1 second (FEV1), peak expiratory flow (PEF), 
inspiratory capacity (IC), and an increase in residual volume (RV) with 
little or no change in functional residual capacity (FRC).27 As a result of 
these changes in respiratory muscle strength, tetraplegic patients have 
better pulmonary function in the supine position compared to the sitting  
position.27 This is due to the elevation of the diaphragm in recumbency 
allowing the diaphragm to operate in a more favorable portion of its 
length-tension curve, resulting in greater downward excursion and 

FIGURE 119-9.  Diagram showing levels of innervation of the inspiratory and expira-
tory muscles. (Reproduced with permission from Schilero GJ, Spungen AM, Bauman WA. 
Pulmonary function and spinal cord injury. Respir Physiol Neurobiol. 2009;166:129-141.)
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improvement in FEV1 and VC.27 Abdominal binders can improve lung 
function in patients with tetraplegia by a similar mechanism.27 The loss 
of FVC appears to lessen over time after incomplete tetraplegia.29,30

Despite the known effects of SCI on respiratory function, the degree 
of pulmonary function recovery after SCI is variable and also depends 
on the degree of reversible cord edema and inflammation above the level 
of injury, and is weakly predicted by initial PFTs.31

■■ VENTILATOR WEANING AND TRACHEOSTOMY
The majority of patients with SCI at or below C4 level are eventually 
weaned from mechanical ventilation but the average time on mechani-
cal ventilation has been reported to be 65 days for patients with high 
cervical level (ie, ≥C4) injury, 22 days in patients with C5-C8 levels, and  
12 days for patients with thoracic-level injuries.32 A patient in whom 
several weeks or more of ventilator dependence is anticipated, early 
tracheotomy is advisable. Patients with complete lesions at or above C3 
will be permanently ventilator dependent.

Patients who require mechanical ventilation after 10 to 14 days and 
are not expected to successfully tolerate extubation within the next  
several days should be evaluated for tracheostomy. Tracheostomy carries 
surgical risks such as bleeding, infection, and tracheal injury; however, 
the benefits outweigh the risks of prolonged endotracheal intubation. 
Tracheostomy may be performed via open or percutaneous dilatational 
methods based on local expertise and anatomical considerations. 
Tracheostomy helps improve oral care, patient comfort, decreases the 
need for sedation, improves suctioning and clearance of secretions, 
allows more aggressive spontaneous breathing trials, and provides 
less dead space ventilation, possibly leading to earlier weaning from 
mechanical ventilation. Early tracheostomy after spinal stabilization is 
associated with a low risk of infection even after the anterior approach 
incision for cervical stabilization and there does not appear to be any 
benefit derived by separating these procedures by 2 weeks.33

Liberation of the patient from mechanical ventilation can begin after 
the acute illness has resolved and surgical procedures are completed 
to allow for early patient mobilization. In addition, the patient should 
be hemodynamically stable on low (eg, ≤50%) inspired oxygen con-
centration with an intact mental status and the ability to follow simple  
commands. Once these criteria are met, a spontaneous breathing 
trial can be attempted, and if well tolerated, the patient may be 
extubated. In a patient with a tracheostomy, a trach-collar trial will 
eliminate the ventilator circuit from the equation and may allow for 
earlier weaning.

Failure to wean after spinal trauma has been associated with longer 
hospital and ICU stays, and a higher incidence of ventilator-associated 
pneumonia (VAP).34 Extubation failures are mainly due to pulmonary 
mechanical insufficiency, inadequate pulmonary toilet, and sedation or 
neurological issues.34 Difficult to wean patients may be discharged to a 
rehabilitation center on mechanical ventilation and weaned post-ICU. 
In suitable patients without bulbar dysfunction, weaning to noninvasive 
ventilation may be an appropriate option, but requires skilled and dedi-
cated personnel.35

HEMODYNAMIC ISSUES: CARDIOVASCULAR 
COMPLICATIONS AND NEUROGENIC SHOCK
Hemodynamic instability is common after acute SCI and may be multi-
factorial. Hypotension may be due to hypovolemia secondary to blood 
loss, dehydration, systemic inflammation from trauma or infection  
(vasodilation, decreased intravascular volume), neurogenic (vasodilation,  
inappropriate bradycardia), arrhythmias, myocardial stunning, pneu-
mothorax, or cardiac tamponade from associated trauma.

Neurogenic hypotension or “shock” is caused by injury to the auto-
nomic component of the spinal cord arising from the high thoracic 
and cervical regions, T1-T6 level and above, resulting in decreased 
sympathetic outflow with preserved vagal mediated parasympathetic 
tone (Fig. 119-10) resulting in vasodilation, reduced venous return from 

decreased lower limb muscle tone, supine as well as orthostatic hypoten-
sion, and absolute (HR <60) or relative bradycardia, the most common 
arrhythmia after acute SCI.36 Cardiac contractility is also reduced by 
decreased sympathetic output. Arrhythmias are most common during  
the first 2 weeks after SCI and also include atrioventricular blocks, 
supraventricular tachycardia, ventricular tachycardia, and primary car-
diac arrest.36 The severity of the cardiovascular dysfunction correlates 
with the level of SCI and degree of axonal degeneration within the 
dorsal lateral funiculi that carry the sympathoexcitatory fibers.36 Less 
severe SCI injuries between T1 and T6 levels result in milder degrees of 
cardiovascular dysfunction. The effects of reduced sympathetic output 
are usually most pronounced during the first 2 to 6 weeks postinjury and 
usually improve over time.

Loss of sympathetically mediated vascular tone with thoracic or cervi-
cal level injuries and decreased venous compression by paralyzed lower 
limb muscles lead to a propensity toward orthostatic hypotension.

In contrast, vasodilation from trauma-induced systemic inflamma-
tory response or sepsis is usually associated with tachycardia and a 
hyperdynamic circulation but may be associated with a relatively 
hypodynamic circulation in the presence of hypovolemia, myocar-
dial stunning, or preexisting cardiac disease. Pneumothorax, cardiac  
tamponade, and bleeding from traumatic injuries should be ruled out 
before attributing hypotension to neurogenic shock.

Adrenal insufficiency (AI) may complicate neurogenic shock. One 
retrospective study reported a 22% incidence of acute AI, defined 
as a random cortisol <15 g/dL, in the presence of neurogenic shock 
after acute cervical SCI.37 In hypotensive patients, stress dose steroids 
may lower vasopressor requirements; however, there is no conclusive 
data demonstrating improvement of outcome in critically ill patients  
receiving empiric steroid treatment.38

■■ HEMODYNAMIC MONITORING
The method of hemodynamic monitoring is determined by the degree 
of instability, the response to resuscitation, technical considerations, and 
the expertise of the intensivist.

Central venous pressure (CVP) has been traditionally used to assess 
adequacy of intravascular volume particularly in neurocritical care. 
However, recent studies have failed to demonstrate a clinically useful 
correlation between absolute CVP or change in CVP with intravascular 
volume or right ventricular preload.39,40 By the same token, the pul-
monary artery occlusion pressure measured by Swan-Ganz catheters 
is not a reliable indicator of intravascular volume or left ventricular  
preload.39,41,42 If pulmonary artery catheter monitoring is utilized, the most 
accurate data include the pulmonary artery pressures, cardiac output,  
and true mixed venous blood gas values.

Bedside cardiac ultrasound provides a less invasive, dynamic (real-
time visualization), and more direct determination of ventricular pre-
load and global or regional wall motion or contractility and can rule out 
cardiac tamponade.

Other dynamic indices of preload responsiveness such as pulse 
pressure variability with respiration may be superior predictors of 
fluid responsiveness versus static parameters43; however, they require 
sinus rhythm, mechanical ventilation with adequate and constant tidal 
volumes, and no significant respiratory effort during triggering. The 
response of CO to passive leg raising (PLR) may be predictive of fluid 
responsiveness regardless of cardiac rhythm or breathing, but heavy 
sedation is needed to eliminate catecholamine-induced changes in CO 
unrelated to preload responsiveness. More studies are needed in this 
area and in any event, PLR is contraindicated with vertebral, pelvic, or 
lower-extremity trauma, or intracranial hypertension.

No single method of hemodynamic monitoring will yield useful 
data in all situations and the intensivist must utilize the most accurate 
information available coupled with the clinical context—physical exam, 
metabolic parameters including lactate, blood gases, CXR, ECG, and 
organ function assessment, and the response to a given treatment to 
achieve optimal hemodynamics.
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FIGURE 119-10.  The sympathetic autonomic innervation of the cardiovascular system arises from the high thoracic (T1-T6) and cervical regions, below the parasympathetics that arise at the 
brainstem level. (Reproduced with permission from Furlan JC1, Fehlings MG. Cardiovascular complications after acute spinal cord injury: Pathophysiology, diagnosis, and management. Neurosurg 
Focus. 2008;25(5):E13.)

■■ MANAGEMENT OF HEMODYNAMIC INSTABILITY
The management of hemodynamic instability or shock involves hemo-
dynamic support, rapid identification and control of bleeding, treatment  
of significant anemia, and ventilatory support. After acute SCI, auto-
regulation may be compromised and inadequate resuscitation may 
aggravate systemic perfusion and oxygenation of the vulnerable spinal 
cord leading to increased secondary ischemic injury. No bedside moni-
tors of spinal perfusion exist.36 Uncontrolled studies suggest that fluid 
resuscitation and vasopressors to maintain the MAP at ≥85 mm Hg 
during the 1st week after acute SCI may be beneficial, but randomized 
controlled trials are needed to determine optimal goals.5,44-46

The most important considerations are maintaining adequate intra-
vascular volume and blood pressure. Level II to IV evidence supports 
the prevention and treatment of hypotension (systolic blood pressure 
<90 mm Hg) with early appropriate fluid resuscitation and avoidance 
of volume overload to maintain tissue perfusion and resolve shock.5 To 
optimize resuscitation, arterial line insertion for continuous systemic 
pressure monitoring is recommended. Volume resuscitation may be 
accomplished with crystalloids or colloids, and if indicated, blood 
and blood products. There are no specific targets for absolute cardiac 
output, which is not necessarily monitored; however, adequate CO can 
be inferred by a combination of adequate urinary output, normal or  
decreasing lactate, and physical signs of adequate perfusion. If fluid resus-
citation is unsuccessful, additional evaluation with echocardiography,  
pulse pressure variability (PPV), or PAC may be utilized.

Vasopressors should be added in patients with hypotension unre-
sponsive to adequate (eg, 30 mL/kg body weight) volume resuscitation. 
Vasoactive agents with inotropic and chronotropic properties such as 

norepinephrine, dopamine, or epinephrine are favored over pure vaso-
constrictors such as phenylephrine or vasopressin that may result in 
greater degrees of relative bradycardia in more rostral and severe SCI 
associated with decreased sympathetic outflow.

■■ AUTONOMIC DYSREFLEXIA
Patients with acute SCI at T6 or higher levels may experience autonomic 
dysreflexia—sudden episodes of hypertension accompanied by auto-
nomic hyperactivity (sweating, facial flushing, piloerection) or neuro-
logical symptoms (headache, blurred vision) usually due to bladder or 
bowel distension resulting in a stimulus causing massive sympathetic 
outflow, unregulated by supraspinal input, below the level of SCI.36 
Although more commonly seen weeks to months after acute SCI and 
persisting indefinitely,36 autonomic dysreflexia can occur during the 
acute post-SCI phase. The treatment of acute autonomic dysreflexia 
consists of positional therapy (place in sitting position if supine) and 
identification and relief of triggers such as bladder or bowel distention. 
Antihypertensive agents are usually not necessary and may result in 
hypotension. If needed, agents with a short half-life are preferred.

■■ SPINAL SHOCK
The term “spinal shock” refers to the loss of sensation accompanied by 
motor paralysis and depression of spinal reflexes caudal to the level of acute 
SCI. Typical features include flaccidity, loss of voluntary movement, and 
reduced tendon reflexes. Resolution of spinal shock is not precisely defined, 
but occurs when hyperactive spinal reflexes appear.47 Spinal shock may be 
divided into four phases: (1) areflexia/hyporeflexia (0-1 days), (2) initial 
reflex return (1-3 days), (3) early hyperreflexia (4 days to 1 month), and  
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(4) late hyperreflexia (1-12 months).47 Following the appearance of the deep 
plantar reflex (DPR), reflexes tend to return in the following sequence: bul-
bocavernosus (BC), cremasteric (CM), ankle jerk (AJ), Babinski sign, and 
knee jerk (KJ).47 Return of reflexive detrusor (bladder) function usually 
takes months following injury.47 In terms of prognosis, the progression of 
reflexes over several days following acute SCI may be more relevant than 
the assessment of reflexes on the first day following SCI.48

BLEEDING AND TRANSFUSION ISSUES
Traumatic injuries including spinal injuries are associated with blood 
loss and even in the absence of detectable blood loss, anemia may be 
observed during the acute phase of SCI.49 As in any trauma patient 
and dictated by the degree of multisystem (including head) trauma 
in addition to the acute SCI, coagulopathies may occur. However, 
coagulopathy after traumatic injuries is not well studied.50 Abnormalities 
include disseminated intravascular coagulation (DIC) due to systemic 
inflammation and tissue thromboplastin release (with brain trauma) or 
consumptive coagulopathy—DIC due to bleeding, thrombocytopenia, 
elevated INR, PTT, and hypofibrinogenemia.

The concern after acute neurological damage is maintaining perfu-
sion and oxygen delivery to the tissues to prevent further secondary 
injury. There is a recent concept in blunt trauma for a permissive hypo-
tension approach in bleeding patients, with less aggressive restoration 
of intravascular blood volume, originally advocated for penetrating 
injuries to limit bleeding.50,51 In any case, permissive hypotension may be 
detrimental to patients with significant neurological injuries and there-
fore resuscitation should be appropriate and not limited after acute SCI.

There is no evidence to define a particular target hemoglobin, platelet 
transfusion, or INR threshold after trauma, including after SCI. In the 
acute phase, a packed red blood cell transfusion target Hb level in the 7 to 
10 g/dL range is reasonable. An analysis of the Transfusion Requirements 
In Critical Care (TRICC) trial subset of multitrauma patients suggested 
that a restrictive transfusion target of Hb 7 g/dL was not inferior to a  
liberal target Hb of 10 g/dL.52 Fresh frozen plasma with target INR below 
2.0 and platelet transfusions to keep the levels at or above 50,000/mm3 in 
the acute phase if there is active bleeding or if spinal hematomas are present 
is common. Hypofibrinogenemia with fibrinogen levels <100 mg/dL  
are treated with cryoprecipitate. Consumptive coagulopathy due to 
bleeding requires surgical control of the blood loss. Recombinant acti-
vated factor VII (rFVIIa) has been used as an adjunctive hemostatic agent 
in patients with intractable perioperative bleeding problems during spine 
surgery,53 but there are a lack of studies evaluating rFVIIa administration 
on outcome after traumatic SCI complicated by bleeding.

NEUROSURGICAL MANAGEMENT ISSUES
A basic understanding of the neurosurgical management issues is help-
ful for the intensivist coordinating the care of the spinal-injured patient. 
The baseline neurological examination to determine a neurological level 
and the completeness of injury coupled with the results of CT and MRI 
imaging form the basis of the neurosurgical intervention decision. The 
two main goals are spinal cord decompression in patients with neuro-
logical deficit and persistent compression and to stabilize all unstable 
spine lesions and reduce and stabilize all displaced lesions thus realign-
ing and stabilizing the vertebral column.

The degree of emergency is determined by the associated neurologi-
cal deficit which is an indication for surgery with a few rare exceptions. 
There is both a basic scientific and clinical rationale supporting early 
surgical decompression after traumatic SCI with evidence of persistent 
spinal cord compression, because the degree of secondary neural injury 
is directly related to the duration of ongoing spinal cord compression.4 
The spine surgery community has embraced the concept of early surgery.4 
Using a modified Delphi process, a panel of 10 experts recommended that 
“surgical decompression of the injured spinal cord be considered within  
8 to 24 hours when medically feasible.”54 These recommendations are now 

supported by the results of a recent large-scale, multicenter, prospective 
trial, the Surgical Trial in Acute Spinal Cord Injury Study (STASCIS).55 
About 19.8% of patients undergoing surgery within <24 hours of SCI 
demonstrated a ≥2 grade improvement in the ASIA Impairment Scale 
(AIS) compared to 8.8% in the late (≥24 hours after injury decompression 
group). After adjustment for preoperative neurological status and steroid 
administration by multivariate analysis, there was a 2.8 times greater 
chance of at least a 2 grade AIS improvement in patients who underwent 
early surgery compared to those who had late surgery. There was no sig-
nificant difference in mortality or complications between the two groups.

Displaced fractures of the cervical spine must be reduced, possibly  
progressively by means of skull traction using tongs and the effects of traction 
must be immediately verified radiologically (Figs. 119-11 and 119-12).  
Immobilization can be simple consisting of a cervical collar for the 

PORT

FIGURE 119-11.  Lateral radiograph of a patient in traction for bilateral C7-T1 facet 
dislocations. The pin is noted as a dense round object in the skull at the top of the film (see 
arrow). Unfortunately, it is very difficult to follow the results of traction on plain portable 
images for lesions at the cervicothoracic junction. In this film, one can only see down to C6-7.

FIGURE 119-12.  Lateral radiograph of a patient in traction for a C5 burst fracture (see arrow).
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FIGURE 119-13.  (1) Lateral fluoroscopic image of an anteriorly displaced type II odontoid fracture after a fall. There is mild anterior subluxation of C1 and the dens as a unit. The patient 
underwent C1 lateral mass and C2 cross-laminar screw fixation and spinous process wiring and fusion. Intraoperative lateral fluoroscopy (2) and (3) postoperative sagittal CT images of the 
construct. (Reproduced with permission from Schilero GJ, Spungen AM, Bauman WA. Pulmonary function and spinal cord injury. Respir Physiol Neurobiol. May 15, 2009;166(3):129-141).

1 2 3

FIGURE 119-14.  Plain lateral radiograph of a bipedicular (hangman’s) fracture of C2. (1) There is mild displacement of the posterior elements and an inferior vertebral body avulsion fracture. 
(2) Sagittal and (3) axial CT images of the same fracture. Due to minimal displacement, this fracture was treated in a hard cervical collar as opposed to a halo orthosis. MRI was performed to rule 
out ligamentous injury prior to deciding to use the collar. (Reproduced with permission from Furlan JC, Fehlings MG. Cardiovascular complications after acute spinal cord injury: pathophysiology, 
diagnosis, and management. Neurosurg Focus. 2008;25(5):E13).

1 2 3

cervical spine (including at least a thoracic brace), or a brace for the 
thoracolumbar spine, although it is of little use below L3.

The halo vest is used for cervical lesions and is most effective for 
immobilization of the mid to upper cervical spine. Lesions at the 
craniovertebral junction may be immobilized and stabilized by a halo 
vest as an alternative to surgery. However, halo vest immobilization 
should be used with caution in elderly patients. Various reports have 
indicated that the mortality rate is higher in elderly patients using 
halo fixation, but this has been refuted by others. The superiority 
of surgery over conservative management in type II odontoid frac-
tures (extending through the base of the dens) in patients older than 
65 years is not clear and treatment options remain at the discretion of 
the treating surgeon.56

Atlas (C1) fractures are treated with cervical collar or halo vest if 
non- or minimally displaced. Traction is considered in patients with 
fracture-dislocation of a lateral mass or rotary atlantoaxial dislocation. 
Reduction of these fractures is followed by immobilization and external 
fixation, or surgical stabilization (Fig. 119-13). Rotary atlantoaxial dis-
location is treated by reduction and immobilization followed by C1-C2 
screw fixation. All displaced and type II odontoid fractures (through the 
base of the odontoid process) are unstable due to associated ligamentous 

lesions and a nondisplaced fracture can mask instability. In addition, 
there is a higher rate of nonunion in patients with type II odontoid 
fractures who are over the age of 65 and surgery is a strong option in 
such patients. However, patients with significant advanced age may 
be treated conservatively. While no bony union may be demonstrated, 
these patients often develop fibrous union (scarring) which may afford 
sufficient stabilization to warrant removal of a cervical orthosis after 
negative flexion-extension films are obtained.56

Odontoid and hangman’s (C2) fractures that are considered to be 
stable can be treated conservatively, as stability depends on intact 
ligaments. MRI and active, supervised flexion-extension imaging (the 
patient alone moves their neck and stops if there is pain) can help with 
making the determination of the type of orthosis needed. Many hang-
man’s fractures can be treated primarily with external orthosis or halo 
fixation. Sometimes, surgical stabilization is necessary (Fig. 119-14).

Compression fractures may be treated by immobilization (brace) or 
vertebroplasty. Burst fractures are usually treated surgically (Fig. 119-15).  
A closed or open reduction is performed as soon as reasonable on 
patients with bilateral cervical facet dislocation and an incomplete spinal 
cord injury. If traction reduction is not possible, then open reduction is 
recommended (Fig. 119-16).4
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FIGURE 119-15.  (1) Sagittal CT image showing C5 burst fracture and severe ligamentous injury in a patient who fell while at work rendering him quadriplegic. He underwent staged anterior 
corpectomies of C5 and C6 followed by cervical laminectomies and lateral mass instrumentation and fusion C3 through C7. Final anterior construct imaging on (2) sagittal and (3) coronal views.  
(4) Sagittal CT image of the lateral mass screws.

1 2 3

4 5

FIGURE 119-16.  (1) Midline sagittal CT image of patient with bilateral C7-T1 
facet dislocation with posterior ligamentous injury splaying spinous processes at 
these levels. (2, 3) Sagittal CT images of both C7 facets which are locked over the 
superior articulating processes of T1 (see arrows). This injury failed to reduce with 
traction and the patient underwent open surgical reduction by drilling off the locked  
inferior articulating process of C7 (see arrow) and a combination of lateral mass, pedicle 
screw, and spinous process wiring to T2 (4). Normal alignment was obtained (5).
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Many surgeons will opt for open reduction of dislocated facet joints 
a priori since perched or locked facets often fail to reduce by traction. 
Even if closed reduction is achieved, surgical stabilization is often 
required to assure future stability given the degree of ligamentous injury 
involved in bilateral; facet dislocations. When performing closed reduc-
tion with traction, the general rule is to apply 5 lb per level (ie, 5 lb for 
C1, 10 lb for C2, 15 lb for C3, etc). The rope along the pulley and weights 
should hang freely without touching the bed or floor for maximal effec-
tiveness. Patients may or may not have shoulder rolls depending upon 
whether the goal is to achieve extension, flexion, or simple distraction. 
Hard collars are often maintained during traction for added stability 
and the head of bed should be kept at 20° to 30° to avoid aspiration. 
Awake patients are concomitantly treated with benzodiazepines, such 
as diazepam, for muscle relaxation (with an added anxiolytic effect) and 
pain medication. Pin sites need to be kept clean with peroxide or povi-
done iodine and antibiotic ointment. Neurological function needs to be 
assessed often, especially after adding or removing weights. Attention to 
patient comfort is paramount. If the patient complains of significantly 
increased neck pain or spasms (which may be a sign of overdistraction), 
then weights should be removed or traction discontinued altogether.

In terms of open decompression and stabilization, surgical decision 
points include the choice of operative approach (anterior vs posterior 
vs combined) (Figs. 119-17 and 119-18), the number of levels to be 
included in decompression or fusion, use of bone graft (autograft, 
allograft, synthetic), use of instrumentation, use of supplements, such 
as bone cement or bone morphogenic protein, and use of intraoperative 
aids, such as neurophysiology or neuronavigation to guide instrumenta-
tion placement.4

Central cord syndrome is a unique situation where the spinal cord can 
be acutely damaged during a traumatic event by preexisting severe cervi-
cal spondylitic compression from degenerative disease or ossification of 
the posterior longitudinal ligament (OPLL) without specific injury to 
the vertebral column. Such injuries often occur in older patients during 
falls or motor vehicle accidents (and in some cases due to endotracheal 
intubation) in which the spine has been subject to a significant extension 

1 2 3

FIGURE 119-17.  (1) Sagittal CT image of an L2 burst fracture with canal compromise. This patient was treated with an anterolateral L2 vertebrectomy and instrumentation. (2) Final construct as seen 
by AP radiograph. (3) Sagittal CT image showing good direct anterior decompression, which is an advantage to the anterolateral approach. Short-segment fixation is another advantage to this approach.

1 2

FIGURE 119-18.  (1) Lateral intraoperative image of a primary posterior decompression and 
instrumented fusion for this L3 burst fracture. The patient was neurologically intact. (2) Midline 
sagittal CT image of the decompression at the level of the fracture, which has caused significant 
canal compromise. Laminectomies were also performed at L4 and L5 due to preexisting degenera-
tive spondylolysis and stenosis. Note that the decompression is indirect and the fracture fragments 
are still present within the canal. Such decompression is permissible in the lumbar spine at the level 
of the cauda equina, given the forgiving nature of these injuries. Primary posterior stabilization 
requires a longer length of fixation due to reduce delayed construct failure. Some surgeons would 
choose to do a combined approach which offers the advantage of shorter segment fixation. In this 
case, however, the pre-existing degenerative disease necessitated incorporation of L5 and S1 into 
the construct to limit delayed worsening of the degenerative condition.

force compressing the spinal cord anteriorly and/or posteriorly from pos-
sible ligamentum flavum buckling. There is a resultant spinal cord contu-
sion within its central portion. Central cord syndrome can also be seen 
in younger patients who have suffered traumatic cervical disc herniations 
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or acute fracture-dislocations. This syndrome is characterized by dispro-
portionate weakness in the upper versus the lower extremities, most pro-
found in the hands and forearms, and is often sacral-sparing, although 
bladder, bowel, and sexual dysfunction can be seen in severe cases.57 
These patients may present with initially complete or near-complete 
quadriplegia, often due to a spinal cord concussion (a reversible condi-
tion similar to its cranial counterpart) with rapidly noted improvements 
in motor function over the first 24 hours of injury. The severity of injury 
can vary and can also be asymmetrical. Central cord syndrome patients 
can continue to improve over several weeks to months without surgery, 
though many experience a plateau in neurological recovery or may 
experience delayed deterioration, possibly due to continued compression 
from their existing disease.58,59 Treatment options include acute medical 
management of the SCI with later rehabilitation and/or surgical decom-
pression. Literature has shown that functional recovery is accelerated 
with surgical decompression, indicating superiority of surgery to conser-
vative management alone. There is controversy as to the timing of such 
surgery, which usually entails either posterior or anterior decompression 
and fusion, or both. Surgery can be performed early (within 24 hours) or 
in a delayed fashion (>24 hours to >2 weeks). Delayed surgery allows 
for reduction of spinal cord edema and natural improvements in spinal 
cord function. In a recent literature review, central cord injury patients 
with ASIA C scores appeared to have greater functional improvement 
with early surgery, with patients with less severe examinations potentially 
benefitting from delayed decompression.59

CERVICAL SPINE CLEARANCE
It is recommended to remove a spinal immobilization board as soon as 
possible in the emergency department to avoid decubitus ulcers, espe-
cially in paralyzed patients. Collars need to be kept in place in patients 
who are not able to reliably report neck pain. These patients include any 
person with impaired consciousness or with a significant distracting 
injury. A distracting injury is defined as any injury (eg, extremity, espe-
cially proximal to the spine) causing significant enough pain to mask 
or reduce pain perception from another site. However, in such patients, 
prolonged hard cervical collars usage can be associated with significant 
complications such as decubitus ulcers, less effective nursing care, pneu-
monia, and more difficult respiratory support.60 If the patient is expected 
to regain full consciousness within 24 to 48 hours, full spinal precautions 
are continued until the patient is fully conscious and can cooperate 
with clinical exam. In the absence of radiographic abnormalities, such 
patients with good cervical range of motion and no significant neck pain 
do not require cervical collars. The conundrum lies in the clearance of 
cervical spines in unreliable patients because premature collar removal 
in an unstable spine can result in devastating neurological deficits.

Plain radiographs, as previously mentioned, are not sufficient to 
detect all fractures. MDCT scans with reconstructed images in the axial, 
coronal, and sagittal planes are far superior in detecting fractures and 
can also demonstrate soft tissue injuries such as prevertebral swelling 
and some disc herniations, especially at the superior levels of the cervi-
cal spine (the shoulders tend to create streak artifacts through the lower 
cervical spinal canal obscuring disc visualization). CT, however, cannot 
exclude ligamentous instability. Dynamic flexion/extension fluoroscopic 
imaging has been suggested in the past for clearance of unreliable 
patients, but passive movement of a potentially unstable cervical spine 
can place the patient at high risk for neurological compromise. MRI, 
being superior to CT for identifying ligamentous, disc, or other soft  
tissue injuries, may show such injuries in approximately 25% of patients 
with negative CT imaging.61 However, there is a well-known false 
positive rate for clinically significant MRI findings as not all ligamentous 
injuries, especially those involving only one spinal column, indicate a 
need for spinal stabilization. There are also significant risks in taking 
severely injured, mechanically ventilated patients to the MRI suite, such 
as ICP elevations, hemodynamic instability, or respiratory complica-
tions, all with the potential for further secondary brain injury.62

There is now growing evidence to support cervical spine clearance 
in many unreliable patients on the basis of high-resolution CT alone. 
In the vast majority of papers reporting “missed” C-spine injuries with 
CT imaging, retrospective review of these CT images revealed that these 
injuries were, in fact, detectable on the original CT. Careful review of cer-
vical spine CT images in the axial, coronal, and sagittal planes, including 
all bone and soft tissue windows, approaches 100% sensitivity.61,63,64 The 
current literature indicates that MRI does not likely provide additional 
clinical benefit in patients with truly negative CT imaging. Therefore, for 
unreliable patients with no neurological deficit otherwise explained by a 
coexisting head injury, it is our current practice to remove cervical collars 
based upon carefully reviewed negative CT imaging. This review should 
be conducted by an experienced radiologist and/or a spine surgery 
consultant. Trauma and critical care providers might also choose to  
obtain a spine surgery consultation before considering collar removal  
to verify clinical and radiographic findings.65

NEUROPROTECTION
The prevention of secondary injury or “neuroprotection” consists of 
spine immobilization, timely surgical intervention, and early recogni-
tion and treatment of hemodynamic instability, respiratory failure, 
and hypoxemia. Potential pharmacotherapeutic neuroprotective agents 
studied thus far include steroids, opiate blockers (Naloxone), GM-1  
ganglioside (Sygen), thyrotropin-releasing hormone (TRH), erythropoi-
etin (EPO), aspartate receptor antagonists (gacyclidine), and free radical 
scavengers (tirilazad). At this time there is no conclusive evidence that 
high-dose intravenous steroids or any other proposed neuroprotective 
agent improves functional recovery after spinal cord injury (SCI).66-69 
Ongoing and future investigations will consider nerve-growth factors, 
induced pluripotent stem cells, olfactory ensheathing glia, mesenchymal 
stromal cells, and activated autologous macrophages.7,70,71

Methylprednisolone, the most widely used agent in acute SCI, became 
the standard of care for the treatment of acute SCI in the early 1990s 
subsequent to the NASCIS (National Acute Spinal Cord Injury Study) I72 
and II.73,74 The NASCIS II and later NASCIS III75 trials reported benefit 
in neurological outcome at 6 weeks, 6 months, and 1 year in patients 
with both complete and incomplete injuries.

However, more recent reviews have been very critical of the statistical 
analysis and interpretation of these trials.66,76,77 A critical analysis of nine 
studies (including the NASCIS trials) evaluating the role of steroids in 
nonpenetrating spinal cord injury, five class I clinical trials, and four 
class II studies, pointed out the lack of benefit of steroid administration 
in any a priori hypotheses testing. Only in post hoc defined subgroups 
were statistically significant or interesting benefits found, but no con-
sistent significant treatment effects were demonstrated.76 Acute steroid 
administration is associated with increased complication rates of hyper-
glycemia, infection, and sepsis.

Despite published data and the known risk of potential complications, 
some spine surgeons continue to employ intravenous steroids after acute 
SCI using the NASCIS III protocol. The recommended regimen is a 
loading dose of 30 mg/kg intravenous methylprednisolone over 1 hour, 
followed by a continuous infusion of 5.4 mg/kg per hour over 23 hours 
started within 3 hours of the acute SCI or continued for 48 hours if it is 
started within 3 to 8 hours of the acute SCI. In neurologically normal 
patients, and those in whom neurological symptoms have resolved,  
steroids may be discontinued to reduce deleterious side effects.5

TEMPERATURE REGULATION AND HYPOTHERMIA
Temperature should be monitored and regulated, avoiding extreme 
hypothermia.

Hypothermia and hyperthermia may be encountered due to auto-
nomic dysregulation.78 Systemic hypothermia in the treatment of severe 
cervical spinal cord injury is being evaluated in an early phase I clinical 
trial and appears to be safe; however, continued trials will be needed to 
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establish the efficacy of systemic hypothermia in terms of functional 
recovery.79

SEDATION ISSUES
Acutely injured critically ill patients intubated on mechanical ventilation 
require analgesia and sedation. Due to the nature of the neurological 
injury, some acute SCI patients may be relatively free from pain and need 
very little analgesia.5 However, some patients may have significant neu-
ropathic pain at or below the level of the injury, pain at the site of spinal  
fracture, or pain from other concomitant traumatic injuries. Hypersensitivity 
to dynamic touch or allodynia, more often seen in patients with incomplete 
cervical injuries, may present within minutes of injury but will usually 
diminish over weeks to months. Avoiding brushing against the particular 
supersensitive dermatomes can help minimize allodynia.

All awake and responsive patients should have adequate analgesia, but 
sedation may be minimized or via short-acting agents during periods 
where the neurological exam needs frequent monitoring. In patients 
that are not fully conscious or are severely agitated, sedation should take 
preference since the neurological exam will not be possible regardless. 
Intoxicated patients may become very agitated and require sedation 
even to the point of intubation in order to provide adequate assessment 
and treatment.

Commonly used agents include intravenous benzodiazepines such 
as midazolam or propofol, and opioids such as fentanyl. Short-acting 
sedatives, used in the short term, for example, first 3 to 4 days, such as 
propofol allow periodic neurological assessment and may be preferred. 
Dexmedetomidine, a central α2-agonist, is potentially useful as it allows 
for easy arousal, provides an analgesia sparing effect, and does not sup-
press respiration.80 However, dexmedetomidine may cause or exacerbate 
bradycardia in the SCI patient prone to bradyarrhythmia.81 Haloperidol 
is often effective in controlling agitation either alone or in combination 
with the agents noted above.

NUTRITIONAL SUPPORT ISSUES
The caloric requirements after acute SCI do not appear to be above 
normally predicted levels82 and may be initially depressed.83 Acute SCI 
is associated with a negative nitrogen balance correlated with the extent 
of myelopathy or of neurological injury, and protein administration in 
the amount of 2 g/kg of ideal body weight and aggressive caloric delivery 
does not appear to alter this negative pattern.82 Patients with high cervi-
cal injury and prolonged ventilatory failure with tracheostomy are at a 
higher risk of malnutrition.84 The enteral route is preferred to preserve 
gut integrity. If prolonged delays in oral intake are anticipated, a naso-
gastric or orogastric tube is placed and initiation of an enteral formula 
within 24 to 48 hours after admission is recommended.5 If prolonged 
inability to swallow or high aspiration risk, percutaneous endoscopic 
gastrostomy tube placement is recommended. Most critically ill patients 
require between 20 to 30 kcal/kg ideal body weight to meet the daily 
energy expenditure. Under conditions of severe stress, requirements 
may approach 30 kcal/kg ideal body weight. Parenteral nutrition should 
be reserved for patients with intestinal complications that either con-
traindicate or interfere with enteral feeding. A metabolic cart (indirect 
calorimetry) measurement may allow more precise determination of 
caloric requirements and help to avoid over or under feeding.

Swallowing function needs to be evaluated prior to oral feeding in any 
acute SCI patient with cervical spinal cord injury, halo fixation, cervical 
spine surgery, prolonged intubation, tracheotomy, or concomitant TBI.

■■ GLYCEMIC CONTROL
Neurologically injured patients may have increased susceptibility to 
hyperglycemia and hypoglycemia; however, the current literature does 
not support the maintenance of strict normoglycemia in these critically 
ill patients.85 Glucose levels in target range of 120 to 180 mg/dL appear 
to be reasonable in critically ill patients.

HEALTH CARE–ASSOCIATED INFECTIONS
Similar to other critically ill patients, SCI patients are susceptible to 
health care–associated infections, which include central line–associated  
bacteremia and wound infections. In addition, they are particularly 
prone to retained secretions, narrowing of airway diameter with 
bronchoconstriction, and atelectasis. Ventilator–associated pneumonia 
(VAP) can be a difficult diagnosis to establish with certainty86 since 
fever and leukocytosis are nonspecific in critically ill patients and CXR 
infiltrates due to mucous plugging or acute lung injury may be confused 
with VAP. Unnecessary antibiotic therapy may increase the selection of 
resistant organisms. Biomarkers of infection such as serum procalcito-
nin may be useful in differentiating inflammation from infection after 
acute SCI,87 but further studies in critically ill SCI patients are needed 
before evidence-based recommendations can be made. When antibiotics  
are given, local antibiograms based on local susceptibility patterns 
should be utilized.

VENOUS THROMBOEMBOLISM
Both spine fractures and acute SCI increase the risk of venous thrombo-
embolism (VTE).88 Among trauma patients, the risk of VTE is likely the 
highest after acute spinal cord injury and may be in the 8% to 10% range 
in patients requiring surgery.89 Risk factors are related to stasis, hyperco-
agulability, and intimal injury and include: tetraplegia versus paraplegia, 
complete versus incomplete injury, associated extremity fractures and 
cancer, delayed initiation of thromboprophylaxis, and older age. SCI 
patients not receiving VTE prophylaxis have the highest incidence of 
deep vein thrombosis (DVT) among all hospitalized groups and pulmo-
nary embolism (PE) is the third leading cause of death.90

The timely application of VTE prophylaxis is a major concern after 
SCI. Low-dose unfractionated heparin and intermittent pneumatic com-
pression (IPC) devices alone are ineffective prophylaxis after SCI.90,91 
Low molecular weight heparin (LMWH) appears to be substantially 
more efficacious; however, anticoagulants carry the risk of bleeding. The 
current recommendations for VTE prophylaxis after SCI are starting 
LMWH as soon as safely possible, after primary hemostasis is achieved.89 
Both LMWH and IPC devices may also be used simultaneously. The 
application of IPC devices (or graded compression stockings) alone is 
recommended only if the bleeding risks are too high for LMWH. After 
incomplete SCI with imaging evidence of spinal hematoma, the use of 
mechanical thromboprophylaxis instead of anticoagulant thrombopro-
phylaxis is recommended for at least for the first few days after SCI.90

The insertion of prophylactic IVC filters after acute SCI is not 
recommended.89 Although the risks of VTE are greatest in the acute  
phase, DVT and PE occur during rehabilitation as well. For patients 
undergoing rehabilitation following acute SCI, continuation of LMWH 
or conversion to an oral vitamin K antagonist with INR target 2.5 
(range, 2.0 to 3.0) is recommended.90 Most VTE after acute SCI occurs 
within the first 91 days; therefore, 3 months of VTE prophylaxis is 
recommended for most patients.89 Doppler ultrasound screening is 
recommended in SCI patients who have received suboptimal thrombo-
prophylaxis or no thromboprophylaxis.90

Pulmonary embolism (PE) is the third leading cause of death90 after 
acute SCI and after any sudden hemodynamic compromise, unex-
plained dyspnea, or hypoxemia, PE must be considered. Spiral CT 
scanning is the current standard for PE diagnosis in patients that can 
be safely transported to radiology. However, acutely or in the patient 
too unstable for transport, beside ultrasound evaluation to evaluate 
the lower extremities for DVT the heart for indirect evidence of PE 
including right heart strain can be helpful in sorting out the diagnostic 
possibilities. Transthoracic echocardiography (TTE) or transesophageal 
echocardiography (TEE) may be utilized, but TEE can more readily 
visualize the proximal pulmonary arteries and can rule in PE if proximal 
thrombus is identified. IVC filters are indicated after acute SCI with 
documented DVT or PE when anticoagulation is contraindicated.
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GASTROINTESTINAL TRACT ISSUES
GI prophylaxis should be initiated H2-receptor antagonists. Early enteral 
feeding may also be protective of the gut mucosa. Acute SCI is an 
independent risk factor for upper GI bleeding, due to stress ulceration, 
among trauma patients and complete cervical SCI is associated with 
higher risks of GI bleeding.5 Loss of colonic motility early after SCI 
during the “spinal shock” phase is well recognized and critical illness, 
trauma, surgery, and medications can also decrease intestinal motility 
and cause ileus for an extended time. With upper motor injuries (ie, 
above the sacral segments), intestinal motility will return, but with lower 
motor neuron injuries at the sacral segments, chronic dysmotility can be 
expected with greater risks of fecal impaction.92 After feeding is started, 
bowel movements should be facilitated with stool softeners, laxatives, 
and suppositories as indicated.

GENITOURINARY TRACT ISSUES
The three main centers controlling bladder function are the cerebral  
cortex, the pontine micturition center, and the sacral micturition center 
(S2-S4).78 Sympathetic (inhibitory) efferent fibers originate from spinal 
cord levels T10-L2 and the parasympathetic (excitatory) efferent fibers 
and the somatic motor neurons (external urethral sphincter control) 
originate from spinal cord levels S2-S4. Initially after SCI, the bladder 
and sphincter are usually hypotonic. With upper level SCI—cervical, 
thoracic, and lumbar—as reflexes return, disruption of the descending 
inhibitory spinal pathways leads to detrusor hyperactivity with loss of 
external urethral sphincter control with urinary incontinence due to 
frequent involuntary voiding. With lower motor neuron damage (injury 
level above the cauda equina or terminal conus) to sacral S2-S4 level neu-
rons, motor output is impaired leading to a flaccid, distended bladder.78

Barring evidence of traumatic urethral injury, indwelling urinary 
bladder catheters should be placed early on to monitor urinary output 
as part of acute SCI management and may be removed as soon as the 
patient is hemodynamically stable and does not require strict intake and 
output monitoring. Priapism may occur after acute SCI, is usually self-
limited, and does not require treatment. Urinary bladder catheters may 
be inserted in the presence of priapism secondary to acute SCI.5

NEUROLOGICAL OUTCOME
The prognosis and expected outcome after acute SCI is determined by 
the neurological examination (ASIA scoring system) and the results of 
diagnostic imaging (CT and MRI) to define the level and completeness 
of injury. Repeat neurological examinations give way to less frequent 
exams; however, after 72 hours, barring any unexpected worsening, the 
neurological findings are mainly permanent.

REHABILITATION
The available evidence suggests that most critical instability occurs 
within the first week or two after acute SCI. Patients with less severe 
acute SCIs may require less time in a monitored setting.14 Following 
spinal decompression and/or stabilization, and resolution of potentially 
life-threatening cardiac and respiratory events, the goal is for rehabilita-
tion specialists to become involved early in the management of persons 
with SCI. Mobilization of the patient out of bed to chair or seated posi-
tion helps to reduce pressure ulcers, limit deconditioning, and should 
commence as soon as the spine and medical condition permit.
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Torso Trauma
Jameel Ali120

C H A P T E R

KEY POINTS

•• Abdominal and thoracic injuries should be considered as one 
complex—torso trauma.

•• Prioritization of intervention in torso trauma is based on the  
relative threat to life from specific injuries.

•• In managing torso trauma, the surgeon must be prepared to 
explore the chest and/or abdomen because the source of instability 
frequently is not obvious.

•• The major decision in assessing the traumatized abdomen is to 
recognize the need for surgical exploration.
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•• In general, indications for surgical intervention in abdominal 
trauma are perforation, penetration, and hemorrhage.

•• An organ-specific diagnosis is not necessary to establish the need 
for laparotomy in trauma.

•• Ultrasound, peritoneal lavage, and computed tomographic (CT) 
scan are important tools in assessing the traumatized abdomen 
when physical examination alone is unreliable.

•• Most thoracic injuries can be managed appropriately by simple 
measures aimed at correcting thoracic sources of hypoperfusion 
and hypoxemia.

•• Emergency thoracotomy should be considered in the unstable or 
unresponsive patient when this technique could potentially reverse 
the source of instability.

Injuries involving the chest and abdomen may be considered as a single 
complex—torso trauma. This strategy is based on several factors. The 
configuration of the diaphragm and its attachment to the rib cage result 
in marked variability in its position with respiration and thus in demar-
cation of the thoracic and abdominal cavities. It is not unusual for the 
diaphragm to traverse distances of over 15 cm between the inspiratory 
and expiratory phases of respiration. The diaphragm may be at the level 
of the nipple line during full expiration and well below the costal margin 
during full inspiration, with corresponding shifts of the abdominal and 
thoracic contents (Fig. 120-1). This phenomenon, together with the 
variable trajectory of objects or forces after penetrating the torso, makes 
it virtually impossible in many instances to determine on the basis of 
the external point of impact or penetration whether intrathoracic or 
intra-abdominal injury has been sustained. The concept of torso trauma 
ensures that injuries in one cavity will not be overlooked while injuries 
in the other are being managed.

The initial approach in trauma management is to secure the airway, to 
maintain respiration, and to identify and control hemorrhage and insti-
tute immediate fluid resuscitation as required. Definitive management 
of intra-abdominal or thoracic injury may be necessary as part of this 

Nipple

Diaphragm

Point of
impact

or entry

Point of
impact
or entry

Expiration — injury to
abdominal organs

Inspiration — injury to
thoracic organs

FIGURE 120-1.  The rationale for regarding torso trauma as a unified entity. A blunt or 
penetrating impact at a given level of the chest wall may cause either intra-abdominal or intra-
thoracic injury depending on the trajectory of the missile and/or the position of the diaphragm.

resuscitative phase, particularly if the source of instability is major hem-
orrhage in the thoracic or abdominal cavity. Although it may be possible 
to identify a specific source in the thorax or abdomen for the abnormal 
hemodynamics in the trauma patient, it is frequently impossible to be 
absolutely certain of such a source. Therefore, a decision has to be made 
to approach the hemodynamically abnormal patient through either a 
laparotomy or a thoracotomy if a source outside the thorax or abdomen 
has been ruled out. With this approach, one must be prepared to stop 
exploration of one cavity when it becomes obvious that the source of the 
hemodynamic abnormality is in the other.

CLASSIFICATION OF TORSO TRAUMA
Generally, torso trauma may be classified into two broad groups: pen-
etrating and blunt. As indicated earlier, any penetrating missile entering 
inferior to the nipple line can produce diaphragmatic, intrathoracic, or 
abdominal injuries. Similarly, blunt injuries may disrupt intrathoracic 
contents as well as intra-abdominal contents either directly or indi-
rectly through fractures of the lower ribs, which then puncture intra- 
abdominal organs such as the spleen, liver, and stomach.

A more clinically applicable method of classifying torso trauma involves 
two categories. The first category consists of injuries that are immediately 
life threatening and thus require immediate intervention because of car-
diorespiratory or hemodynamic compromise. The other category includes 
injuries in a relatively hemodynamically normal patient. These latter 
injuries are considered to be potentially life threatening because, if left 
unattended, they eventually may threaten the patient’s survival.

Occasionally, neck injuries, particularly the penetrating type, may 
involve intrathoracic structures. In addition to causing vascular injury 
(which may present with hemorrhage or ischemic sequelae), injury to the 
thoracic duct (resulting in chylothorax), violation of the pleura (resulting 
in pneumothorax), or penetrating neck wounds may affect any of the intra-
thoracic structures, depending on the pathway of the offending weapon.

The neck traditionally is divided into three anatomic regions for the pur-
poses of categorizing penetrating wounds. Zone I extends from the cricoid 
to the clavicle, zone II from the cricoid to the angle of the mandible, and 
zone III lies between the angle of the mandible and the base of the skull.

Penetrating wounds of the neck should be explored in the operat-
ing room under sterile conditions with adequate anesthetic support. A 
preoperative plain x-ray of the neck if the patient is stable could provide 
information such as depth of penetration and the presence of air in the 
tissues, hematoma, airway deviation, etc. Impaling objects should be 
removed only in the operating room with vascular equipment available 
and a securely controlled airway in place. Although there is reason-
ably good agreement that zone III injuries should be investigated with 
angiography, the use of angiography and other diagnostic modalities in  
zone II injuries is controversial because this area can be assessed 
thoroughly and more easily through direct surgical exploration in the 
operating room. Diagnostic modalities include angiography, endoscopy, 
contrast radiography, and computed tomography (CT).

A nasogastric tube should be inserted in the operating room, prefer-
ably after the airway is securely controlled by endotracheal intubation, 
because retching during the insertion of such a tube could lead to clot 
dislodgment, hemorrhage, and airway compromise. The possibility 
of intrathoracic injury should always be considered in patients with 
penetrating neck wounds. The chest therefore should be prepared and 
draped adequately in the event that thoracic exploration is necessary for 
repair of intrathoracic injury or possible vascular control for vascular 
injuries in the neck.

THORACIC INJURIES REQUIRING  
IMMEDIATE INTERVENTION
Although thoracic injury frequently is associated with trauma-related 
deaths, less than 10% of blunt chest injuries and only 15% to 30% of 
penetrating chest injuries require open thoracotomy. Lifesaving skills 
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for dealing with thoracic trauma generally are within the scope of most 
practicing intensivists. Of the injuries that require open surgical inter-
vention, most do not require the expertise of a trained thoracic surgeon. 
From the intensivist’s standpoint, resuscitative measures are aimed at 
correcting hypoxemia and maintaining normal hemodynamic status. 
These two aims are achieved by techniques for establishing patency of 
the airway, chest decompression for evacuating fluid or air, pericardio-
centesis, and vascular access for fluid administration.

In addition to upper airway obstruction, the following thoracic inju-
ries require immediate intervention:

	 1.	 Tension pneumothorax
	 2.	 Open pneumothorax
	 3.	 Cardiac tamponade
	 4.	 Massive hemothorax
	 5.	 Massive pneumothorax
	 6.	 Traumatic air embolism
	 7.	 Flail chest

Since all of these conditions require immediate intervention, the 
intensivist who sees such patients must be prepared to institute therapy 
before any other physician is available. To guide appropriate interven-
tion, a brief description of the pathophysiology, diagnosis, and treatment 
principles for each of these conditions follows. In all cases, the airway 
must be secured and adequate intravenous (IV) access established.

■■ TENSION PNEUMOTHORAX
This occurs when a one-way valve mechanism exists after chest wall or 
lung injury. Gas enters the pleural space but has no escape, and with each 
subsequent respiratory cycle, there is increased intrapleural pressure.  
This increased tension causes the ipsilateral lung to be compressed and 
displaced to the opposite side. With the resulting mediastinal shift, 
there is not only compromise of ventilation and gas exchange from the 
ipsilateral collapsed lung but also kinking of the major veins at the tho-
racic inlet of the neck and at the diaphragmatic entrance of the inferior 
vena cava, thus compromising venous return to the heart. Continued 
shift of the mediastinum eventually compresses the contralateral lung 
as well, producing further ventilatory compromise. This combination 
of hypoperfusion and hypoxemia can be lethal, and immediate treat-
ment is required. The diagnosis is suspected in a patient who presents 
with chest trauma, tachypnea, severe dyspnea, jugular venous disten-
tion, decreased air entry, and hyperresonance on the affected side and, 
sometimes, a clinically detectable shift of the trachea to the opposite side 
with hypotension.

The treatment is immediate decompression of the pleural space, 
which is accomplished initially by inserting a large-bore needle into 
the pleural space at the second intercostal space in the midclavicular 
line or the fourth to fifth intercostal space just anterior to the midaxil-
lary line. If a plunger syringe is used with the needle, an immediate 
spontaneous rise of the plunger in the barrel will be seen. This pro-
cedure should be followed by formal insertion of a chest tube. Briefly, 
the technique of chest tube insertion requires an incision down to 
the pleura in the fourth to fifth intercostal space just anterior to the 
midaxillary line. The large-bore chest tube (F32-F36) is inserted 
directly with a clamp after verification by finger palpation that the 
pleural space has been entered and there are no pleural adhesions 
(Fig. 120-2). When needle decompression is performed and the chest 
tube is not immediately available, the needle may be inserted through 
the finger portion of a glove so that air may exit but not enter the 
pleural space from the atmosphere (Fig. 120-3). Once the chest tube is 
inserted, it is connected to an underwater seal system with the option 
of applying suction.

In many trauma centers, immediate availability of the chest tube and 
suction device allows chest tube decompression without prior needle 
decompression in experienced hands.

■■ OPEN PNEUMOTHORAX
In open pneumothorax, there is free communication through a chest 
wall wound between the pleural space and the atmosphere. Entry of air 
with each respiratory cycle results in progressive collapse of the ipsilat-
eral lung. The larger the defect in the chest wall, the greater is the rate 
at which pleural air accumulates, and the more rapid is the collapse of 
the ipsilateral lung. This pathophysiology is similar to that in tension 
pneumothorax because collapse of the lung and shift of the mediasti-
num to the opposite side will cause hypoxemia and decreased venous 
return. During spontaneous breathing, the inability to generate negative 
intrapleural pressure on the affected side results in progressive lung col-
lapse on this side. The diagnosis usually is obvious, with a visible open 
wound in the chest wall and a characteristic loud noise created from 
atmospheric air entry into the pleural space.

The first principle in treating this injury is occlusion of the open 
wound. This usually can be accomplished with an occlusive gauze dress-
ing (Fig. 120-4). Larger defects will require much larger dressings, and 
major defects that cannot be occluded readily by dressing technique 

FIGURE 120-2.  Technique of chest tube insertion. The incision is made 2 cm below the 
chosen interspace, and the clamp (A) followed by the finger (B) is inserted into the pleural 
space above the upper border of the rib. The tube is inserted and directed with the Kelly clamp 
(C). The tube is then gently directed posteriorly and toward the apex.

A B C

FIGURE 120-3.  Needle decompression of the pleural space. Use of the finger portion of 
a glove prevents air from entering the pleural space.
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will require support of the patient with endotracheal intubation and 
positive-pressure ventilation until formal surgical repair of the chest 
wall defect can be accomplished in the operating room. Positive pressure 
ventilation allows the expansion of the lung without the need for gener-
ating negative intrapleural pressure as occurs during spontaneous unas-
sisted breathing. After the opening in the chest wall is occluded, a chest 
tube should be inserted through a separate opening, as indicated earlier. 
Figure 120-4 shows a technique whereby a temporary occlusive dressing 
can be applied that allows decompression of the pleural space as well as 
occlusion of the opening. The nonpermeable dressing is applied over the 
opening and secured on all but one side. This allows egress of air from 
the pleural space but prevents air from entering the pleural space.

■■ CARDIAC TAMPONADE
Cardiac tamponade occurs when fluid accumulation in the pericardial 
sac interferes with cardiac filling. Elevated pericardial pressure decreases 
transmural filling pressures of the cardiac chambers, resulting in dimin-
ished filling and stroke volume of the right and the left side of the 
heart. Cardiac output falls, with an attendant decrease in systolic blood  
pressure and pulse pressure.

The diagnosis of cardiac tamponade is one that requires a high index 
of suspicion and should be considered in any patient who has blunt or 
penetrating trauma to the chest and is hypotensive without any obvious 
signs of blood loss. The classic triad described by Beck of hypotension, 
elevated venous pressure, and muffled heart tones is not always present 
or easily discernible. The status of the neck veins is particularly impor-
tant in distinguishing hypotension caused by hypovolemia from that 
caused by cardiac tamponade. In the former case, the neck veins are 
flat, whereas in the latter, they are distended. If hypovolemia coexists 
with cardiac tamponade, neck vein distention may not be discernable. 
Also a struggling or straining patient may produce misleading bulging 
of the neck veins, which must be taken into consideration. An increase 
in pulsus paradoxus (the difference in systolic blood pressure between 
inspiration and expiration) above 10 mm Hg suggests the diagnosis 
of cardiac tamponade. However, in the emergency setting it may be 
difficult to quantitate the degree of pulsus paradoxus. During arte-
rial pressure transduction in the ICU, it is possible to measure pulsus 

paradoxus accurately. The physician should note the difference between 
systolic blood pressure during inspiration and expiration. The pressure 
waveform will exhibit a lower peak level in inspiration, with higher peak 
levels in expiration. The difference between the two peaks is the mea-
sure of the degree of pulsus paradoxus. The degree of pulsus paradoxus 
may be determined at the bedside by listening for the first set of sounds 
with the sphygmomanometer slowly deflating. The first set of sounds 
represents the systolic blood pressure on expiration. As the pressure in 
the cuff is slowly released, the gaps in systolic blood pressure sounds 
between inspiration and expiration disappear, and there is an increased 
frequency of sounds heard with the stethoscope. The difference between 
the initial pressure and the pressure when the gaps in sounds have disap-
peared is the degree of pulsus paradoxus. Since distended neck veins and 
hypotension are present in both tension pneumothorax and cardiac tam-
ponade, differentiation between these two conditions is important but at 
times difficult. The physician must rely on evidence of hyperresonance 
and decreased breath sounds that will suggest tension pneumothorax. If 
a search for these signs still leaves doubt, the patient should be treated 
first for possible tension pneumothorax by insertion of a needle in the 
pleural space. This step can be performed quickly and will give the diag-
nosis as well as be therapeutic for a tension pneumothorax. Once tension 
pneumothorax is ruled out, one should proceed to treatment for cardiac 
tamponade if signs of circulatory compromise persist. If immediately 
available in the emergency setting, epigastric placement of an ultrasound 
probe is also helpful in diagnosing hemopericardium. In many trauma 
centers, ultrasound technology is immediately available in the ER and 
allows immediate identification of hemopericardium. The presence of 
hypotension, distended neck veins, and hemopericardium confirms the 
diagnosis of cardiac tamponade.

Although performance of a subxiphoid pericardial window in the 
relatively stable patient is acceptable, the initial treatment of cardiac 
tamponade consists of prompt pericardiocentesis. Many surgeons will 
resort to rapid thoracotomy rather than pericardiocentesis when cardiac 
tamponade is identified. Nonsurgeons skilled in pericardiocentesis will 
utilize this technique as a temporizing measure until thoracotomy is 
possible. If pericardiocentesis is performed, a 16- to 18-gauge needle 
that is at least 6 in long is used. It incorporates a catheter, and is attached 
to a 50-mm empty syringe with a three-way stopcock. If time permits, 
the skin below the xiphoid process is anesthetized, and an electrocar-
diographic lead is attached to the hub of the needle as the needle is 
inserted below the skin at roughly a 45° angle and advanced cephalad 
toward the tip of the left scapula. Gentle aspiration is maintained as the 
needle is advanced. A sense of “give” may be noted as the needle enters 
the pericardial sac. Nonclotting blood aspirated at this time confirms 
a pericardial position of the needle. If the needle is advanced into the 
myocardium, an injury pattern is seen on the electrocardiogram (ECG) 
monitor. If this is noted, the needle should be withdrawn slightly and 
then aspirated coincident with return to the previous baseline ECG  
tracing. Other ECG patterns, including premature ventricular contrac-
tions, may occur when the needle contacts the myocardium.

Although the pericardial sac can accommodate large volumes of fluid 
in chronic pericardial effusion without cardiac compromise, in acute 
pericardial tamponade, a volume as small as 100 mL can compromise 
cardiac function significantly. Similarly, withdrawal of as little as 20 to 
50 mL of blood from the pericardial sac results in significant improve-
ment in hemodynamic status. Apart from the signs noted earlier that 
suggest successful aspiration of the pericardial sac, recovery of blood 
that immediately clots in the syringe, particularly if the patient’s hemo-
dynamic status does not improve, should raise the concern that the nee-
dle has penetrated the heart and that intracardiac rather than pericardial 
blood is being aspirated. As pericardiocentesis is being conducted, the 
operating room (OR) should be prepared; whether pericardiocentesis 
fails or succeeds and results in stabilization of the hemodynamic status, 
it should be followed by formal thoracotomy and repair of the lacerated 
heart. This usually is conducted through an anterolateral thoracotomy 
incision in the fifth intercostal space. However, a median sternotomy is 

FIGURE 120-4.  Temporary occlusive dressing for open pneumothorax. This dressing 
allows egress of air but prevents entry of air into pleural space.
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an alternate route for anterior penetrating wounds. When the thoracic 
cavity is entered, the pericardium is identified, and a longitudinal inci-
sion is made in it, care being taken to avoid transection of the phrenic 
nerve. Blood is aspirated, and the laceration in the heart is identified 
and controlled quickly by digital pressure. With finger control of the 
bleeding point, interrupted sutures are placed and maybe secured with 
Teflon pledgets to repair the laceration. The pericardium may be then  
resutured, with a small opening (approximately 1 cm) left to prevent reac-
cumulation of blood in the pericardial sac. Other reported techniques 
for repair of the cardiac laceration include temporary Foley catheter 
insertion into the cardiac wound, followed by inflation of the balloon of 
the catheter and repair of the laceration. Skin staples also may be used 
to close the cardiac wound. In very rare circumstances, the laceration 
involves the coronary arteries. Formal repair of the artery will require 
heart-lung bypass and may be accomplished in the acute setting if the 
resources are immediately available. If the patient’s condition stabilizes 
and the bleeding and laceration have been controlled, then definitive 
therapy for the coronary artery laceration may be pursued subsequently 
on a semielective basis. In placing sutures for the cardiac repair, care 
should be taken to avoid incorporating and ligating coronary arteries.

■■ MASSIVE HEMOTHORAX
Although most patients with traumatic hemothorax are relatively stable 
and do not require immediate surgical intervention, a few present with 
massive intrathoracic hemorrhage. This condition requires prompt 
diagnosis and immediate treatment to ensure survival. The mechanism 
of injury may be blunt or penetrating and generally involves disruption 
of a major central vascular structure or laceration of a systemic artery 
such as an intercostal artery or internal mammary artery. Intrathoracic 
hemorrhage usually arises from parenchymal lesions of the lung and 
stops spontaneously, particularly with reexpansion of the lung. The 
patient with massive intrathoracic hemorrhage presents initially with 
severe hypotension from blood loss and later with hypoxemia from  
collapse of the lung caused by the mass effect of the blood in the 
involved thoracic cavity. Apart from severe hypotension and tachycar-
dia, these patients demonstrate dullness to percussion and decreased air 
entry on the involved side and a shift of the mediastinum to the opposite 
side. The central venous pressure or jugular venous pressure is usually 
low, but it may be elevated in the unusual circumstance that a mass effect 
from the blood contained in the thorax produces a mechanical obstruc-
tion to venous inflow into the chest.

The diagnosis is confirmed and treatment instituted by insertion 
of a large-bore chest tube, through which a large volume (frequently 
close to 2000 mL) of blood drains immediately, to be followed by a 
continuous drainage of blood at rates approximating 100 mL/h. If either 
of these conditions is present, the patient is considered to have a mas-
sive hemothorax requiring surgical intervention. These should not be 
considered absolute indications for thoracotomy but merely guidelines. 
The most important indicator of whether or not surgical intervention is 
necessary is whether the patient’s hemodynamics improve significantly 
and remain so after chest decompression and with fluid resuscitation. 
If bleeding continues at a rapid rate, or if the patient’s hemodynamic 
status cannot be normalized with rapid infusions of blood and crystal-
loid, surgical intervention is warranted. The involved chest is opened 
through a posterolateral incision. Once the blood has been evacuated 
from the pleural space, a search is made for the bleeding point. It is 
frequently necessary to clamp the hilum of the lung temporarily and to 
release it intermittently in order to identify the area of bleeding, which is 
repaired by direct suture. Occasionally, massive hemorrhage necessitates 
resection of the involved lung, which should be accomplished quickly 
using staple devices. Very occasionally, the bleeding is from a ruptured 
thoracic aorta. Usually patients with free bleeding into the thoracic 
cavity from a ruptured aorta exsanguinate at the scene or immediately 
thereafter. However, in certain instances, it is possible to salvage some 
of these patients by clamping the aorta proximal and distal to the lac-
eration and expeditiously repairing the laceration or inserting an aortic 

graft prosthesis. If available, a preheparinized shunt may be used in these  
circumstances to bypass the lacerated area of the aorta and maintain 
perfusion of the distal aorta and spinal cord while the repair is under-
taken. Occasionally, access to the bleeding source will require extension 
of the unilateral thoracotomy incision into the opposite chest by transec-
tion of the sternum (clam shell incision). Ligation of the internal mam-
mary arteries will be necessary once the circulation is restored.

THE MASSIVELY BLEEDING PATIENT
As indicated previously, it is not always possible to determine precisely 
whether massive bleeding arises from a thoracic or an abdominal 
source. Therefore, it is crucial that the entire abdomen and chest be 
prepared and draped for exposure in the OR. In these circumstances, 
if the bleeding is into the right chest and the apparent site of impact 
or penetrating injury is in the lower right chest below the nipple line, 
laparotomy through an upper midline incision should be conducted 
because the source of the hemorrhage is usually a liver injury with 
penetration of the right hemidiaphragm. Where ultrasound assessment 
is immediately available, this may allow more precise location of the 
source of the hemorrhage and thus guide the location of the incision in 
the abdomen or thorax. Failure to reveal an abdominal source of hemor-
rhage at laparotomy will necessitate an anterolateral thoracotomy on the 
right side, which usually will reveal lacerated intercostal arteries, which 
should be identified and ligated. As indicated earlier, injuries to the low-
pressure pulmonary vasculature usually are not associated with massive 
hemorrhage, and the bleeding stops spontaneously, particularly with 
reexpansion of the lung and decompression of the pleural space. If the 
impact is to the right upper chest or to any portion of the left chest, then 
massive hemorrhage should be treated by anterolateral thoracotomy on 
the bleeding side, and the incision should be extended as necessary to 
obtain control of the bleeding site. Occasionally, bleeding into the chest 
arises from a penetrating injury to the base of the neck. In these cir-
cumstances, the chest should be opened through a median sternotomy, 
with the option of extending laterally into the chest as well as above 
the clavicle to convert the incision to a trapdoor type of exposure. The 
median sternotomy under these circumstances allows better exposure of 
the vascular structures of the base of the neck than would be available 
through an anterolateral thoracotomy.1

■■ MASSIVE PNEUMOTHORAX AND TRACHEOBRONCHIAL INJURY
Most patients with traumatic pneumothoraces present with signs char-
acteristic of a pneumothorax but without any major degree of hemody-
namic compromise, and the pneumothorax responds very promptly to 
chest tube insertion. Occasionally, however, the pneumothorax persists 
despite adequately functioning large-bore chest tubes and is accompa-
nied by massive subcutaneous emphysema and continued hypoxemia 
and respiratory instability. The patient usually also has some degree of 
hemoptysis, which may be evidenced by blood draining through the 
endotracheal tube if the patient has been intubated, as is often the case. 
This scenario suggests the presence of a large tracheobronchial lacera-
tion and requires immediate surgical intervention.

The patient is placed immediately on 100% oxygen. If time allows, 
bronchoscopy should be performed to identify the level of the lacerated 
bronchial tree. However, thoracotomy is warranted even if the lesion 
is not identified or there is insufficient time to perform bronchoscopy. 
It is essential that one be certain that the chest tubes are functioning 
adequately in these circumstances, and if mechanical problems are ruled 
out, the patient should be taken to the OR promptly. Occasionally, for a 
right-sided bronchial leak, insertion of a balloon-tipped catheter down 
the right mainstem bronchus may allow ventilation of the normal left 
lung after the right bronchus is occluded by inflation of the balloon. 
This measure temporarily stabilizes the patient by decreasing the air 
leak on the involved side. It is technically very difficult to accomplish, 
however, and should not take priority over getting the patient to the 
operating room as quickly as possible. For a left-sided bronchial tear, 

section10.indd   1156 1/20/2015   9:21:08 AM

http://www.myuptodate.com


htt
ps

://k
at.

cr/
us

er/
tah

ir9
9/

CHAPTER 120: Torso Trauma 1157

the endotracheal tube may be directed into the right mainstem bronchus 
and the cuff of the endotracheal tube inflated. This would allow ventila-
tion of the right lung until the left lung lesion has been repaired. In the 
OR, a double-lumen tube, if available, will allow selective ventilation of 
the normal lung. At surgery, the lesion is identified and repaired directly. 
If there is massive destruction of the bronchus with failure to achieve an 
anastomosis or a high risk of subsequent stenosis, lung resection should 
be considered. Successful thoracoscopic approaches for persistent air 
leak have also been reported.

■■ TRAUMATIC AIR EMBOLISM
The exact incidence of this entity in patients with multiple injuries is 
not known. However, to make the diagnosis, a very high index of sus-
picion must be maintained, and this diagnosis should be suspected in 
any patient with sudden cardiovascular collapse who demonstrates a 
neurologic deficit after chest injury, especially if these signs occur with 
the initiation of positive-pressure ventilation. In most cases, the diagno-
sis of traumatic air embolism is made at thoracotomy that is conducted 
on the basis of sudden collapse of a patient who has sustained major 
chest trauma. Occasionally, these patients may be quite stable initially, 
only to develop a focal neurologic deficit suddenly with cardiovascular 
collapse immediately after being placed on positive-pressure ventila-
tion. Another sign suggestive of the diagnosis is the presence of bubbles 
within arterial blood drawn by arterial puncture, usually for blood gas 
analysis. It must be recognized, however, that the most common cause of 
air bubbles in the syringe is a loosely fitting syringe connector; this must 
be ruled out prior to making the diagnosis. Occasionally, air may be seen 
in the retinal arteries on funduscopic examination as well.

An anterolateral thoracotomy should be performed on the side of 
the penetrating injury or on the left side if no penetration is apparent. 
On entry into the thoracic cavity, prevention of further embolization is 
accomplished by cross-clamping the pulmonary hilum. An 18-gauge 
needle should be used for venting the most anterior surfaces of the left 
atrium, left ventricle, and ascending aorta. This maneuver is followed by 
compressing the root of the aorta between the thumb and index finger, 
which are placed in the transverse sinus. Massaging the heart should 
drive air bubbles out of the coronary microvasculature. Maintenance 
of a high systemic blood pressure, with α agonists if necessary, should 
help to force trapped air from the heart and brain through the micro-
vasculature into the venous circulation. With reestablishment of cardiac 
activity, the left-sided chambers and the aorta should be vented once 
more. Attention is then directed to the pulmonary lesion, which will 
require repair by direct suture, lobectomy, or pneumonectomy as neces-
sitated by the nature of the injury.

■■ FLAIL CHEST
This condition arises whenever a portion of the chest wall becomes 
completely discontinuous from the rest of the rib cage. It usually results 
from blunt chest trauma in which several adjacent ribs are fractured on 
both sides of the sternum or, at least, at two locations on each of the 
ribs involved. This leads to a free-floating segment of the chest wall that 
positions itself in response to changes in pleural pressure rather than to 
the mechanical positions of the rest of the chest wall. The result is para-
doxical movement of this portion of the chest wall. During spontaneous 
breathing, the flail segment moves inward with the negative pleural pres-
sure of inspiration and moves outward with expiration. The diagnosis 
frequently is missed initially if one relies entirely on the detection of 
paradoxical movement of the chest wall because muscle spasm and pain 
restrict movement of the chest wall and make it very difficult to detect 
the paradoxical movement. This is particularly true in injuries involving 
the posterior thorax, where the muscle mass makes it even more difficult 
to detect paradoxical movement. Also, if the patient has been intubated 
and positive-pressure ventilation is instituted, paradoxical movement 
of the chest wall will not be seen. The presence of multiple adjacent 
rib fractures involving the same rib in different segments on chest 
x-ray would suggest the presence of flail chest even if it is not apparent 

clinically. The gas exchange abnormality is primarily due to the under-
lying lung contusion and not the flail per se. The degree of pulmonary 
and hemodynamic disability that arises is related to the extent of the 
flail, the degree of underlying lung contusion, and the restrictive effect 
of chest wall pain from the multiple fractures. There is, therefore, a wide 
spectrum of presentation of patients with flail chest.

In the severely hypoxemic patient with a large flail and/or hemo-
dynamic instability, immediate endotracheal intubation and positive-
pressure ventilation are indicated, with prompt chest tube insertion on 
the involved side to prevent a tension pneumothorax from developing 
on institution of positive-pressure ventilation. Patients who are able 
to maintain adequate oxygenation and ventilation with supplemental 
oxygen may be maintained without mechanical ventilation and endotra-
cheal intubation, particularly if adequate pain control can be achieved. 
This may require frequent or continuous intravenous analgesia in the 
form of titrated fentanyl, morphine, or other agents. In other circum-
stances, epidural or, less preferably, intercostal blockade with long-
acting local anesthetic agents may be used to control the pain. With 
adequate analgesia, it is possible to avoid endotracheal intubation and 
mechanical ventilation in most patients with flail chest.

Emergency thoracotomy is not required for treating flail chest. Also, 
mechanical fixation of the rib fractures usually is not necessary. There 
is still controversy as to whether formal thoracotomy and mechanical 
fixation of the fractured ribs should be considered at all in these patients. 
However, in situations where thoracotomy is required for other reasons, 
it may be appropriate to reduce and plate the fractures involved.

If a decision is made to ventilate the patient with a flail chest, the  
timing of weaning will not necessarily depend on disappearance of the para
doxical movement of the chest wall. Rather, weaning from the respirator 
may be initiated when the gas exchange abnormality associated with the 
underlying lung contusion is resolved. In fact, frequently these patients are 
weaned completely off respiratory support (with adequate pain control) 
when the lung contusion clears, even when residual paradoxical move-
ment remains apparent for several weeks. A potential disadvantage of the 
nonsurgical and conservative nonventilating approach to flail chest is the 
acceptance of a high degree of ultimate chest wall deformity. However, 
these chest wall abnormalities are of questionable significance in terms of 
producing a long-term restrictive defect in these patients.

EMERGENCY THORACOTOMY
Improvement in trauma response time and prehospital resuscitation 
have resulted in many patients arriving in the emergency room “in 
extremis” with imminent cardiac arrest or with CPR in progress. There 
is thus an increasing role for thoracotomy in the emergency room as part 
of trauma resuscitation.

■■ INDICATIONS
Emergency room thoracotomy allows:

•• Release of cardiac tamponade (especially in penetrating trauma)
•• Control of massive intrathoracic hemorrhage
•• Intrathoracic cardiac massage especially in the hypovolemic patient 

not responding to external cardiac massage
•• Thoracic aortic clamping for maintenance of perfusion to the heart 

and brain while controlling hemorrhagic sources distal to the tho-
racic aorta

•• Treatment of air embolism (Bronchovenous)

■■ CARDIAC TAMPONADE
The highest survival rate in emergency thoracotomy is from the treat-
ment of cardiac tamponade secondary to a penetrating mechanism. 
The key elements are early recognition, prompt decompression of the 
pericardial sac, and surgically correcting the source of the hemorrhage. 
Utilization of FAST (Focused Assessment Sonogram in Trauma) allows 
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early recognition of hemopericardium. Hypotension, distended neck 
veins, and hemopericardium confirm cardiac tamponade.

Phases in Cardiac Tamponade:  First phase: Initially cardiac output is 
maintained by an increase in the heart rate.

Second phase: Cardiac output decreases but blood pressure is main-
tained by an increase in peripheral vascular resistance and a decrease in 
pulse pressure secondary to catecholamine release. In these two phases, 
there is time to take the patient to the operating room, which is more 
ideally suited for thoracotomy. Airway control and volume infusion are 
initiated prior to the operating room thoracotomy.

Third phase: In this phase there is profound hypotension, which 
makes it unsafe to transport the patient to the operating room. 
Emergency room thoracotomy for decompression of the pericardial sac 
and identification and treatment of the cardiac laceration is warranted.

Control of Intrathoracic Hemorrhage:  Less than 5% of intrathoracic 
hemorrhage is massive requiring emergency room thoracotomy. The 
mechanism is usually penetrating. Emergency room thoracotomy 
allows temporary clamping of the pulmonary hilum, clamping and 
repair of major vascular sources of hemorrhage as well as repair of 
cardiac wounds.

Open Cardiac Massage:  Cardiac massage by external compression may 
maintain 20% to 25% of cardiac output and 10% to 20% of cerebral 
perfusion. Although this may be tolerated for brief periods of up to 
15 minutes, longer duration results in poor outcome. Emergency tho-
racotomy to allow open cardiac massage may result in better cardiac 
output and cerebral perfusion than obtainable with closed cardiac 
compression especially in hypovolemic patients who have sustained 
penetrating trauma.

Thoracic Aortic Cross Clamping:  In the hypovolemic patient, temporary 
thoracic aortic cross clamping allows redistribution of the limited 
cardiac output to the cerebral and coronary circulation while volume 
is replaced and the source of hemorrhage is addressed. The clamps 
should be removed as early as possible once volume replacement 
has been achieved and the source of hemorrhage has been identi-
fied and controlled. Frequently the source of the hemorrhage may be 
intra-abdominal and laparotomy in the OR should follow promptly  
(thoracic aortic cross clamping is contraindicated in the normovole-
mic patient and the risk of paraplegia should be recognized).

Although thoracic aortic cross clamping is lifesaving, reduction in 
blood flow distal to the clamp site results in acidosis, and severe, some-
times irreversible ischemic damage including multiple organ failure 
particularly if cross clamping time exceeds 30 minutes.

Bronchovenous Air Embolism:  This has been described above. Urgent 
thoracotomy is required to salvage these patients and it may be neces-
sary to conduct this in the emergency room.

Technical Aspects of Emergency Room Thoracotomy 

	 1.	 Equipment
•• The emergency room thoracotomy tray should always be avail-

able and complete. Key elements are: scalpel, mayo scissors, chest 
retractor, Lebshke knife with mallet (or Gigli saw and sternal saw), 
multiple 2-0 silk, 3-0 CV ethibond (including pledgeted), several 
lap pads, two tooth forceps, Metzenbaum scissors, two De Bakey 
long forceps, large and small Satinsky clamps, De Bakey aortic 
clamps, two long needle holders, four tonsil clamps, Teflon pled-
gets, internal defibrillator paddles, and cardiac resuscitation drugs.

	 2.	 Technique
•• The left anterolateral incision with the option of extending to the 

right, across the sternum (clam shell thoracotomy) provides the most  
therapeutic options. If the clam shell incision is used, the internal 
mammary arteries should be ligated once circulation is restored. 
The median sternotomy for anterior wounds and posterolateral 
incision for posterior wounds are also options.

•• The pericardial cavity is opened through a longitudinal vertical 
pericardiotomy incision while avoiding the phrenic nerve.

•• After evacuating the blood, digital pressure applied over a lacera-
tion will initially control hemorrhage followed by suture repair 
(as mentioned above a Foley catheter or skin staple may be used 
to control the hemorrhage from a cardiac laceration as well). 
Aortic clamping using the Satinsky clamp is frequently required 
as discussed above.

•• Internal cardiac massage should be conducted with both hands 
open from pressing the cardiac chambers between them to avoid 
perforation of the myocardium with the tips of the finger.

Contraindications to Emergency Room Thoracotomy:  Based on overall 
survival of 10% to 30% in penetrating injury and less than 1% of blunt 
injury, the following are recognized contraindications to emergency 
room thoracotomy:

•• Lack of expertise—unavailability of trained staff, equipment, or  
hospital policy

•• Penetrating thoracic injury with over 15 minutes of CPR and no 
signs of life

•• Blunt injury with CPR greater than 5 minutes and no signs of life or 
asystole

Other Chest Injuries:  Although the following chest injuries do not 
immediately threaten life, early diagnosis and treatment are essential 
to prevent significant morbidity and later mortality:

	 1.	 Lung contusion
	 2.	 Blunt cardiac injury
	 3.	 Aortic rupture
	 4.	 Esophageal disruption
	 5.	 Diaphragmatic rupture
	 6.	 Rib fractures
	 7.	 Simple hemopneumothorax

A very brief discussion of the pathophysiology, diagnosis, and treat-
ment of these entities follows.

■■ LUNG CONTUSION
This lesion results from direct trauma to the lung parenchyma, usually 
by a blunt mechanism, although it can occur from penetrating injuries 
as well. There is a wide spectrum of severity, ranging from very minor 
localized hemorrhage into the lung parenchyma to complete obliteration 
of an entire lung or even bilateral involvement. This injury is missed 
often because the respiratory failure that develops is not immediately 
evident, and indeed, chest films may be completely normal initially. It 
is essential, therefore, that the diagnosis be considered whenever there 
is significant direct injury to the chest wall. Initially, there may be chest 
pain and minimal dyspnea or hypoxia. However, within hours there may 
be slow deterioration in gas exchange and a progressive development of 
radiologic densities on chest x-ray. As pointed out earlier, there may or 
may not be an associated flail chest.

The treatment is selective and is based on the degree of respira-
tory impairment. When the gas exchange abnormality is minimal and  
oxygenation and ventilation can be maintained without endotracheal 
intubation, close attention to fluid balance is required. However, fluid 
should not be restricted in a patient with lung contusion if fluid resus-
citation is required in a hemodynamically abnormal patient. Close, 
continuous monitoring of the hemodynamic and respiratory status is 
essential; if there is no major hemodynamic or respiratory compromise, 
the patient will not require mechanical ventilation. The criteria for initia-
tion of mechanical ventilation are outlined in earlier chapters, but certain 
associated disorders increase the likelihood that mechanical ventilation 
will be needed. These include preexisting chronic respiratory failure and 
associated abdominal, thoracic, or central nervous system injuries.
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■■ BLUNT CARDIAC INJURY
This lesion probably occurs much more commonly than was suspected 
previously because of the subtle nature of its presentation among other 
associated injuries. It usually results from blunt trauma to the sternum, 
most commonly caused by steering wheel impact. In fact, whenever a 
fractured sternum is diagnosed in chest trauma, one must assume an 
underlying myocardial contusion. The patient’s symptoms frequently 
are clouded by associated chest wall contusion and other causes for 
chest wall discomfort and cardiorespiratory dysfunction. The diagnosis 
is suggested by the presence of ECG abnormalities, serial elevations in 
the level of the creatine kinase MB isoenzyme, or abnormalities found 
by two-dimensional echocardiography. However, myocardial enzymes 
do not contribute significantly to the diagnosis or management in this 
injury. Although cardiac troponins usually are helpful in the diagnosis 
of myocardial infarction, the levels obtained following trauma are too 
inconclusive to allow a diagnosis of blunt cardiac injury and provide no 
additional information beyond that available by electrocardiography. 
ECG abnormalities may vary from few to multiple premature ven-
tricular contractions, persistent tachycardia, dysrhythmias such as atrial 
fibrillation, bundle branch block, ST-segment changes, or even changes 
indistinguishable from those of acute myocardial infarction. None of 
these tests is specific for blunt cardiac injury.

Because of the nature of this entity and its propensity for certain life-
threatening dysrhythmias, consideration should be given to monitoring 
these patients in an ICU environment. Oxygen should be administered, 
pain should be treated with parenteral analgesics, and the patient should 
be treated in the same way as for myocardial ischemia, as outlined in 
other chapters of this book. The indications for inotropic agents, vasoac-
tive drugs, and other forms of cardiac support are comparable with those 
for any patient with myocardial ischemia. Most patients with minor 
degrees of contusion do not require ICU admission. Based on a review 
of the literature on this entity, the Eastern Association for the Surgery of 
Trauma (EAST) has recognized three levels of investigation.

Level I:  Admission ECG for all patients suspected of having blunt 
cardiac injury.

Level II 

a.	 An abnormal ECG requires monitoring for 24 to 48 hours.
b.	 Hemodynamically unstable patients should have an echocardiogram 

(transthoracic or transesophageal).

Level III:  Elderly patients with a cardiac history, unstable patients, 
and those with abnormal admitting ECG may undergo surgery with 
appropriate monitoring including consideration for the placement of 
pulmonary artery catheter.

■■ AORTIC RUPTURE
Traumatic disruption of the thoracic aorta frequently is lethal. In patients 
who reach the hospital alive, the rupture tends to be located at the point 
of fixation of the aorta just distal to the origin of the left subclavian artery 
at the ligamentum arteriosum, which represents the junction between a 
relatively fixed and mobile portion of the vessel. Therefore, the mecha-
nism is a shear force, commonly seen with acceleration-deceleration 
injuries, although a sudden increase in intraluminal hydrostatic pressure 
may play a role in its pathogenesis. Aortic rupture at other sites near the 
root of the aorta usually results in death at the scene. In patients who 
survive the initial injury, the hematoma is contained by an intact adven-
titial layer. Because of the possibility of free rupture and exsanguination 
whenever this diagnosis is suspected, investigations and treatment should 
be prompt. Although several radiologic signs are described (such as 
widened mediastinum, fractures of the first and second ribs, obliteration 
of the aortic knob, deviation of the trachea to the right, presence of a 
pleural cap, elevation and rightward shift of the right main-stem bron-
chus, depression of the left mainstem bronchus, and obliteration of the 
space between the pulmonary artery and the aorta), frequently the only 

suggestive sign is a widening of the mediastinum on the plain chest film 
(Fig. 120-5). Other suggestive signs are the presence of a thoracic bruit 
or a discrepancy in blood pressure between the upper and lower limbs or 
between the right and left upper limbs. Placement of a nasogastric tube 
may highlight the degree of esophageal deviation and hematoma size on 
the chest film. Since most chest x-rays in traumatized patients are done in 
the supine position, the size of the mediastinum is exaggerated, and con-
sequently, this diagnosis is considered in a large percentage of patients 
who do not actually have a traumatic aortic rupture. However, because of 
the lethal nature of this disease, it seems justified to pursue further imag-
ing whenever aortic rupture is seriously suspected.

Spiral computed tomography (CT) is recommended in the presence 
of suspected mediastinal widening, and if this is totally normal, then 
further imaging is not warranted. If the CT scan is questionable or 
suspicious, then an aortogram should be obtained. In any event, most 
surgeons still insist that angiography be performed prior to surgery. The 
use of transesophageal echocardiography also has given excellent results 
in the diagnosis of aortic rupture, and in some centers it has virtually 

FIGURE 120-5.  Ruptured thoracic aorta. A. Chest film showing widened mediastinum.  
B. Aortogram from the same patient showing lacerated aorta.
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replaced angiography because of its accuracy and relative noninvasive-
ness, but there still remains a worrisome incidence of false positivity 
with this diagnostic tool.

The approach to management of the patient with aortic rupture is 
early surgical repair unless contraindicated by significant associated 
life-threatening injuries such as major head injuries. Resection with 
placement of a prosthetic graft frequently is necessary, although direct 
repair without the use of a prosthetic graft is sometimes possible. As 
soon as immediate life-threatening injuries have been addressed, the 
aortic lesion should be treated surgically. If surgical treatment is delayed 
because of associated major injuries, then treatment and close monitor-
ing in the ICU with afterload reduction, β blockade, and maintenance 
of borderline hypotension are appropriate.2 Increasingly, endovas-
cular stenting is being used for treating chronic post traumatic false  
aneurysms in patients who survived the aortic injury and who have sig-
nificant associated or comorbidities that precluded urgent surgical repair.

■■ ESOPHAGEAL DISRUPTION
The most common cause of esophageal rupture is iatrogenic injury 
during endoscopic maneuvers. However, this injury may result from 
both penetrating and blunt injury. A severe blow to the upper abdomen 
in the presence of a closed glottis can result in a sudden increase in 
intraesophageal pressure with rupture. The resulting tear allows leakage 
of gastric contents into the mediastinum, causing severe mediastinitis.

The patient presents with severe retrosternal chest pain and very 
soon develops profound hypotension and tachycardia. Frequently, 
pneumothorax or hemothorax is evident without a rib fracture, and if 
a chest tube is inserted, particulate matter may appear in the drainage. 
The drainage of pleural fluid with a very low pH and a high amylase 
content also should suggest the diagnosis. Other radiologic signs include 
the presence of mediastinal air. The diagnosis may be confirmed by 
Gastrografin swallow or esophagoscopy.

Treatment consists of infusion of crystalloid to maintain euvolemia, 
antibiotic coverage, and early thoracotomy with repair of the lesion. If the 
diagnosis is made late in the onset of the disease, direct repair of the lacera-
tion may not be possible, and esophageal diversion techniques may become 
necessary as part of the surgical therapy. This may require the formation 
of an esophagostomy in the neck, as well as a gastrostomy, pleural drainage 
through chest tubes, and parenteral nutrition and antibiotic therapy.

■■ DIAPHRAGMATIC RUPTURE
Lacerations of the diaphragm may occur from blunt and penetrating 
injuries, and the injury may originate from either the thorax or the 
abdomen. The injury is diagnosed most frequently on the left side but 
may occur with equal frequency on the right side. Penetrating injuries 
tend to be small and sharply demarcated, whereas blunt injuries often 
result in large, irregular lacerations with herniation of intra-abdominal 
contents into the chest.3

The diagnosis is missed frequently because of misinterpretation of the 
chest film, often thought to represent an elevated left hemidiaphragm, 
gastric dilation, or loculated hemopneumothorax or hematoma. The 
placement of a nasogastric tube with its location above the diaphragm 
after entry into the stomach suggests the diagnosis.

Depending on the degree to which abdominal contents herniate 
into the thoracic cavity, the symptoms may be very minimal or very 
significant. A patient with blunt chest or abdominal trauma who exhib-
its sudden deterioration in respiratory status when intra-abdominal  
pressure is increased should be considered as having a ruptured dia-
phragm. This was noted frequently when the abdominal compartment 
of the pneumatic antishock garment was used in the past. During perito-
neal lavage, drainage of lavage fluid through a chest tube that is in place 
also indicates that diaphragmatic rupture is present.

The urgency of treatment depends on the degree to which the patient’s 
hemodynamic and respiratory status is compromised. In most instances, 
an isolated diaphragmatic rupture can be repaired within several hours 

of admission, after the patient is resuscitated. Repair is done through 
a midline upper abdominal incision. This approach allows complete 
examination of the abdominal cavity. The hernia can be reduced quite 
easily and the repair conducted from within the abdomen. Associated 
injuries, such as splenic rupture, also can be treated easily during the 
laparotomy. If the diagnosis is made several weeks after the injury, then 
it is preferable to approach the lesion through a thoracotomy because 
any intra-abdominal injury would have declared itself already; also, it 
will be much easier to reduce the hernia from within the thoracic cavity. 
Although laparoscopy increases the risk of tension pneumothorax in 
the presence of a diaphragmatic rupture, recent reports have suggested 
that this technique may be employed cautiously in the diagnosis and 
treatment of diaphragmatic rupture when the laparoscope is used in 
assessment of the traumatized abdomen. Thoracoscopic repair in the 
otherwise stable patient is also an option.

■■ RIB FRACTURES
Rib fractures are very common with chest injuries. Frequently they are 
missed on x-ray examination unless special rib views are taken; ultra-
sound is becoming an alternate approach for diagnosis of rib fractures. 
However, the diagnosis is suspected when there is localized chest wall 
pain. The diagnosis is also suggested when one is able to elicit crepitus 
over the fracture site or auscultate a “click” with inspiration over the 
fracture site. Tenderness on compression of the chest wall is also sug-
gestive of rib fractures.

The treatment of rib fractures consists of analgesics, which may be 
administered orally, parenterally, or epidurally, depending on the degree 
of discomfort and the number of ribs involved. In the ICU setting, 
parenteral analgesics or regional blocks are preferable. Generally, the 
fractured ribs do not require any specific treatment. However, in the set-
ting of a patient with preexisting pulmonary dysfunction, the restriction 
produced by fractured ribs can make the difference between normal gas 
exchange and severe respiratory failure. Maintenance of adequate respi-
ratory function therefore is the mainstay of treatment in these patients.

■■ SIMPLE HEMOPNEUMOTHORAX
In contrast to a tension pneumothorax, the simple hemopneumotho-
rax usually is diagnosed by a combination of physical examination 
and chest x-ray. Although it has been suggested recently that small 
pneumothoraces or occult pneumothoraces may be treated by close 
monitoring in the ICU without chest tube insertion, generally, if a 
hemothorax or pneumothorax is noted following trauma, a chest tube 
is inserted regardless of the size of the air or blood collection. This 
allows decompression of the pleural space, as well as monitoring of the 
drainage from the pleural space. It is particularly important that chest 
tube decompression of the pleural space be secured before mechanical 
ventilation is instituted or a general anesthetic administered.

ABDOMINAL INJURIES

■■ GENERAL PRINCIPLES
Apart from patients with pericardial tamponade or traumatic air embo-
lism, any hemodynamically compromised patient with torso trauma in 
whom adequately functioning chest tubes demonstrate no free pleural 
blood or continued major air leakage must be considered to have an 
intra-abdominal source of blood loss until another cause is proven. Hence, 
when the decision is unclear in a hemodynamically compromised patient 
with torso trauma, the combination of physical examination, chest x-ray, 
and chest tube insertion frequently will allow one to determine whether 
the lesion is located in the chest. With a negative chest film and no chest 
tube drainage in the absence of cardiac tamponade or air embolism, lapa-
rotomy frequently is required in the unstable patient with torso trauma.

In the OR, all such patients should have the entire abdomen and 
chest prepared and draped. They also should receive preoperative 
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antibiotics that will cover aerobic gram-negative and anaerobic organ-
isms. It is crucial that the antibiotics be administered before the incision 
is made in order to minimize septic complications. If there is no fecal 
contamination in the peritoneal cavity, the antibiotics may be stopped 
within 24 hours. However, in the presence of contamination, antibiotic 
administration should be continued until the temperature is normal and 
there is no leukocytosis. An increase in the temperature and white blood 
cell (WBC) count after antibiotics are stopped suggests residual sepsis, 
which often is in the form of an undrained intra-abdominal abscess.

A generous upper midline incision extending from the xiphoid process 
to just below the umbilicus is the exposure of choice because most of the 
lesions producing instability arise from injuries to the upper abdominal 
contents. This incision can be extended easily up into the chest through 
lateral thoracotomy or a median sternotomy or extended into the lower 
abdomen for lower abdominal injuries. Occasionally, the history suggests 
an isolated lower abdominal injury, and in this circumstance, a lower 
midline incision beginning at the umbilicus may be undertaken.

Prior to laparotomy, the surgeon only needs to decide whether sur-
gical intervention is required; a specific diagnosis is not necessary. In 
deciding on laparotomy, one looks for the signs of penetration, perfora-
tion, or hemorrhage. Penetration of the peritoneum in stab wounds is 
diagnosed by exploration of the abdominal wound under local anesthe-
sia with good lighting; if it is determined that the peritoneum has been 
violated, in most instances laparotomy is performed. This approach has 
been questioned, and peritoneal lavage or laparoscopy has been con-
ducted in conjunction with exploration of the wound to determine the 
need for laparotomy on a more selective basis. In these circumstances, 
demonstration of violation of the peritoneum and positive peritoneal 
lavage are used as indications for laparotomy. All bullet wounds to 
the abdomen are generally treated by laparotomy, although a selective 
approach based on careful scanning of the abdomen to identify tangen-
tial nonpenetrating wounds has been reported. The signs of perforation 
are abdominal pain, tenderness, guarding, and rigidity. Signs of hemor-
rhage also may present with signs of peritoneal irritation, shoulder tip 
pain, or variable degrees of hemodynamic instability.

On entry into the peritoneal cavity, the presence of dark blood usu-
ally suggests a liver injury, whereas bright red blood suggests an arterial 
source of bleeding. Rapid evisceration of the small intestine and liberal 
use of packs wherever blood is accumulating allow identification of the 
source of blood loss. Otherwise, orderly packing starting with the lateral 
gutters, the pelvis, and then solid organs is conducted. Concentration 
on the first site of bleeding should be avoided. The lesions should be 
approached in order of severity; that is, the areas that are bleeding most 
briskly should be treated first.

In general, findings on physical examination determine the need for 
surgical intervention. There are situations, however, in which the signs 
may be equivocal or impossible to elicit in the unstable patient. In these 
circumstances, ultrasound, peritoneal lavage, and CT are all very helpful 
in determining the need for laparotomy.

Massive intra-abdominal hemorrhage may require thoracotomy to 
allow clamping of the supradiaphragmatic aorta for temporary control 
of intra-abdominal hemorrhage and the maintenance of perfusion to the 
brain and myocardium. Prompt laparotomy after aortic clamping would 
allow identification and control of intra-abdominal hemorrhage before 
release of the aortic clamp. In many instances, aortic clamping also may 
be achieved through a laparotomy with compression and/or clamping of 
the infradiaphragmatic abdominal aorta.

■■ ROLE OF PERITONEAL LAVAGE, CT, AND ULTRASOUND IN ASSESSING 
ABDOMINAL TRAUMA

Diagnostic peritoneal lavage (DPL), ultrasound, and CT are all useful 
diagnostic tools in assessing the traumatized abdomen. These modalities 
are all very sensitive for the detection of hemoperitoneum. Of the three 
modalities, CT is the most specific. However, it requires transporting 
the patient to the CT suite and is relatively costly and time-consuming. 

Its main use, therefore, is in relatively stable patients, particularly those 
who are already having CT for another indication, such as possible 
head injury. The main advantages of ultrasound are its rapidity, sensi-
tivity, noninvasiveness, and portability. Where emergency ultrasound 
assessment is available (focused assessment for the sonographic exami-
nation of the trauma patient [FAST]), this is preferred and superior 
to DPL but, like all imaging techniques, is not sufficiently sensitive to 
be used in isolation to make judgments regarding the need for sur-
gery. With proper training of personnel, FAST can be very accurate in 
detecting hemoperitoneum, even when conducted and interpreted by 
nonradiologists. With the almost universal availability of FAST in most 
emergency rooms, DPL is very seldom used in assessing the injured 
abdomen.

Like other investigative tools, peritoneal lavage, ultrasound, and CT 
should be used only if the results will affect the decision on whether to 
perform a laparotomy. If there is an obvious need for laparotomy, then 
these modalities are not indicated.

Indications for These Investigations 

	 1.	 When there are equivocal abdominal findings in torso trauma.
Certain conditions, such as fractures of the lower ribs, pelvis, or 
lumbar spine, may produce abdominal signs that are difficult to 
differentiate from those due to intra-abdominal injury.

	 2.	 When abdominal findings are impossible to elicit (eg, when pain 
perception is abnormal, such as with severe head injury, drug intoxi-
cation, or spinal cord injuries).

	 3.	 When there may be long periods during which the patient is 
unavailable for repeated physical examination and observation, 
such as during lengthy surgical procedures, eg, orthopedic or intra-
abdominal procedures.

	 4.	 When there is an obvious source of hemorrhage, such as a pelvic or 
extremity fracture, which could account for hypotension, but when 
simultaneous intra-abdominal bleeding needs to be excluded.

Contraindications:  An absolute contraindication to DPL is an already 
identified indication for laparotomy. Relative contraindications to 
DPL include previous abdominal operations with scars in the abdo-
men, morbid obesity, a preexisting coagulopathy, and advanced preg-
nancy. An incision may be made above the umbilicus in advanced 
pregnancy or distant from prior surgical wounds, and the open 
technique is preferable. There are virtually no contraindications to 
ultrasound assessment of the traumatized abdomen except an obvious 
need for laparotomy on the basis of clinical examination alone. The 
relative contraindication to CT is instability of the patient that makes 
transfer to the CT suite unsafe.

Selecting the Diagnostic Modality in Blunt Abdominal Trauma:  
Hemoperitoneum is the major indication for laparotomy in blunt 
abdominal trauma. Therefore, a diagnostic technique other than physical 
examination that detects hemoperitoneum accurately, quickly, noninva-
sively, and with minimal cost, such as ultrasound, appears most attrac-
tive. However, there is still a role for other modalities, such as DPL and 
CT, in the assessment of the patient sustaining blunt abdominal trauma. 
If the ultrasound examination is negative, the patient may be followed 
clinically without the need for CT or DPL. Change in the patient’s status 
warrants consideration for repeat ultrasound or CT evaluation. With an 
equivocal ultrasound examination in a stable patient suspected of having 
intra-abdominal injury, CT should be done. An unstable patient with an 
equivocal ultrasound examination should either have a DPL or be taken 
directly to the OR. When the ultrasound examination in a stable patient 
is positive for hemoperitoneum and a more specific diagnosis is desired, 
CT should be conducted. CT is particularly useful in patients who have 
hemoperitoneum with solid-organ injury that may be treated nonopera-
tively. The unstable patient in whom ultrasound examination is positive for 
hemoperitoneum requires laparotomy.
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SPECIFIC ABDOMINAL INJURIES—DIAGNOSIS  
AND MANAGEMENT PRINCIPLES
Although the nonsurgeon intensivist does not need detailed knowledge 
of the surgical management of specific intra-abdominal injuries, some 
familiarity with the diagnostic and management principles to be applied 
in the surgical treatment of specific intra-abdominal organ injuries is 
likely to improve the confidence with which these patients are managed 
in the ICU.

Penetrating abdominal injury differs significantly from nonpenetrat-
ing injury. Penetrating injury may result from stab wounds or wounds 
from other sharp objects or from a bullet or shotgun. Stab wounds tend 
to be the least serious, in that they involve organs only within the short 
trajectory of the weapon, and unless the stab wound impales a major  
vessel directly, major hemorrhage is not as likely as in other forms of 
penetrating or blunt abdominal injury. Patients with stab wounds require 
exploration of the wound under local anesthesia to determine whether 
the peritoneum has been violated. If the peritoneum has been violated, 
a decision has to be made to proceed with formal laparotomy unless 
one is prepared to use peritoneal lavage or ultrasound as an adjunctive 
test in determining whether laparotomy should be conducted. Although 
a selective approach using imaging such as CT and MRI to identify 
tangential nonpenetrating wounds that would not require laparotomy 
is suggested, generally, all bullet and shotgun wounds to the abdomen 
require laparotomy. These missile injuries usually result in damage to 
more than one organ. Since kinetic energy transfer is affected most sig-
nificantly by missile velocity (K = ½ MV2), low-velocity missiles tend 
to produce limited surrounding injury, whereas high-velocity missiles 
produce greater damage. Organ involvement, therefore, is very unpre-
dictable because of the variable trajectory and wide variable area of  
dissipated energy. A straight line joining the points of entry and exit usu-
ally does not represent the pathway of the missile. In shotgun injuries, 
much less damage is inflicted when the injury occurs from far range 
rather than close range.

The crushing force produced by blunt injuries results in very irregular 
lacerations. Multiple injuries are also common. Diagnosis and therapy 
are more challenging and should be more aggressive. Hemorrhage, devi-
talization of tissue, morbidity, and mortality are all increased in blunt 
injury compared with penetrating injuries of the abdomen.

The frequency of organ involvement in penetrating trauma is also 
different from that in blunt trauma to the abdomen. In penetrating 
trauma, the organs involved, in order of frequency, are the liver, small 
bowel, stomach, colon, major vessels, and retroperitoneum. In blunt 
injuries, the solid organs—the spleen, kidney, and liver—are damaged 
most often, followed by the intestines.

■■ STOMACH INJURIES
The diagnosis of stomach injury is suggested by epigastric pain and 
pain at the shoulder tip if there is free perforation. Usually there is 
very minimal hemorrhage, and the patient’s hemodynamic status is not 
particularly affected. Upright chest x-ray reveals free air under the dia-
phragm. The diagnosis also may be suggested by bloody aspirate from 
the nasogastric tube.

The surgical treatment of stomach injuries is straightforward and 
involves débridement of devitalized tissue and usually primary suture or 
anastomosis if resection is required for wide areas of devitalization. It is 
essential that the entire stomach, including the posterior wall, is visual-
ized to minimize missed injuries.

■■ DUODENAL INJURIES
These injuries are seen often in association with other injuries, and the 
second portion of the duodenum is involved most commonly. Because 
the duodenum is a partially retroperitoneal structure, frank peritoni-
tis is a very late sign, and the diagnosis is made only with a very high 
index of suspicion based on the mechanism of injury. A useful sign is 
the identification of retroperitoneal air on a plain film of the abdomen  

(Fig. 120-6). A free perforation of the first portion of the duodenum pro-
duces pneumoperitoneum and can be identified on an upright chest film.

In the surgical treatment of injuries to the duodenum, complete 
mobilization and visualization of the entire duodenum are crucial. 
Patients with intramural hematomas of the duodenum may present 
with vomiting and symptoms of gastric outlet obstruction; radiologic 

FIGURE 120-6.  Ruptured duodenum. A. Plain radiograph showing retroperitoneal air 
around the right kidney. B. Transected duodenum found at laparotomy on the same patient.
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examination of the stomach and duodenum with contrast agents reveals 
the presence of an intramural hematoma. If this is the only injury, treat-
ment can be conservative, with nasogastric suctioning and intravenous 
fluids until the hematoma resolves. If the lesion is found at laparotomy, 
the hematoma is evacuated easily through an incision in the duodenal 
wall. The principle of treatment is to débride the area of injury, remov-
ing all devitalized tissue. If, after this is accomplished, the edges of the 
duodenum can be approximated without undue tension, primary suture 
closure is appropriate. The defect also may be closed by a serosal patch 
from adjacent small bowel or a resection and end-to-end anastomosis. 
When these techniques are not possible, then roux-en-Y anastomosis 
between the duodenal ends and the small bowel needs to be conducted. 
When there is concern about the duodenal closure, it is wise to place 
a periduodenal drain. If the anastomosis is not secure, the resulting 
duodenal fistula will be controlled and can be treated by observation 
and parenteral nutrition until the fistula tract matures, after which 
the drainage tube is removed. Severe duodenal injuries require pyloric 
exclusion procedures in which the gastric contents are diverted through 
a gastrojejunostomy.

■■ PANCREATIC INJURIES
Injuries to the pancreas usually result from blunt trauma and are caused 
by impact of the pancreas against the vertebral column. Diagnosis is often 
difficult because the retroperitoneal position of this organ prevents early 
physical signs of peritoneal irritation. Frequently, the diagnosis is made 
at laparotomy for other associated conditions. However, the diagnosis is 
suggested by an increase in the serum amylase level. If the diagnosis is 
suspected and findings on physical examination are minimal, upper gas-
trointestinal radiographic studies with Gastrografin may demonstrate a 
widening of the duodenal loop. CT of the abdomen allows assessment of 
the retroperitoneum and pancreatic area for evidence of retroperitoneal 
hematomas or even ductal injury. Peritoneal lavage frequently is negative 
in the presence of severe retroperitoneal pancreatic injuries.

Treatment of these injuries depends largely on whether or not the 
pancreatic duct has been violated. In simple contusions of the pancreas, 
drainage of the area is all that is required after mobilization of the  
pancreas and full inspection to rule out any associated ductal injury. 
Any devitalized area should be débrided, and bleeding points should be 
controlled by direct suture ligations combined with cautery.

Ductal injury usually is identified during laparotomy. However, 
in exceptional circumstances where endoscopic retrograde cholan-
giopancreatography (ERCP) is immediately available in an otherwise 
stable patient, this may allow assessment of ductal integrity prior to the 
laparotomy. When the duct has been injured, there is often a mixture 
of pancreatic fluid and blood over the surface of the pancreas, which 
should be exposed for complete inspection. Although ductal injury 
involving the body and tail of the pancreas may be treated by transection 
and anastomosis of the ends of the duct to the small bowel, this injury 
is treated more appropriately by distal pancreatic re-section without an 
enteroanastomosis. When the head of the pancreas is involved, a roux-
en-Y anastomosis of the distal pancreatic segment is advisable. This 
type of injury usually is a combined pancreaticoduodenal injury and 
may require a Whipple procedure (pancreaticoduodenectomy). This 
procedure carries a high mortality and should be conducted only when 
more conservative measures are unsuccessful. An alternative approach 
to combined pancreaticoduodenal injury is the diverticulization proce-
dure, in which the pylorus is closed internally, and a gastrojejunostomy is 
constructed with an added option of drainage of the duodenum through 
a tube duodenostomy after repair of the duodenal injury and wide 
drainage of the pancreas. The entire area is drained, with drains placed 
around the peripancreatic and duodenal area and exiting posteriorly. It 
should be emphasized that pancreaticoduodenal resection should be a 
last resort because of the high associated mortality. Less aggressive treat-
ment should be instituted initially if possible. Even though this approach 
is more likely to result in complications such as pancreatic abscess, the 
overall mortality is still less with drainage than with resection.

Postoperatively, patients with pancreatic injury are at risk for develop-
ment of complications such as pancreatic abscess and pseudocyst. The 
former is suggested by a continued septic course with the development 
of a peripancreatic mass, which is identified by CT. This lesion requires 
drainage and antibiotic coverage.

The complication of pancreatic pseudocyst results from pancreatic 
secretions and debris in the lesser sac. Symptoms may be those of a mass 
effect and may include gastric outlet obstruction with vomiting. The 
presence of a symptomatic mass in these patients requires decompres-
sion of the pseudocyst. However, if the pseudocyst is not symptomatic, 
it may be observed for up to 6 weeks, at which time, if there are no signs 
of spontaneous decrease in size, it should be drained. There is much 
controversy as to whether drainage should be conducted internally or 
externally. If the external route is chosen, percutaneous drainage may 
be done under ultrasound or CT guidance. In any event, if this tech-
nique is attempted and the catheter is incapable of draining the very 
thick secretions, internal drainage should be performed via pseudocyst 
gastrostomy or cystenterostomy or endoscopically. Apart from the mass 
effect of the pseudocyst, these patients require frequent monitoring of 
the serum amylase level, which often remains elevated during the active 
phase when the pseudocyst is enlarging. Percutaneous drainage also is 
unlikely to be effective when the pseudocyst is multiloculated.

■■ INTESTINAL INJURIES
Acceleration-deceleration injuries are most likely to occur at points  
of fixation of the bowel, for example, the ligament of Treitz, the ileoce-
cal junction, and the rectosigmoid area. Blowout perforations of the 
small bowel, however, can occur at any site. Another mechanism for 
bowel perforation and injury is related to the lap seat belt. The presence 
of contusion on the abdominal wall from a lap seat belt often makes it 
difficult to assess the abdomen for signs of peritoneal irritation. In these 
circumstances, ultrasound or CT examination of the abdomen is quite 
helpful in determining whether or not there is a seat belt-related intesti-
nal injury. The presence of peritoneal signs will necessitate laparotomy. 
A high index of suspicion and aggressive investigation using ultrasound 
and CT are required to minimize missed small bowel injuries because 
these injuries occur frequently in the setting of associated injuries.

Treatment of injuries to the small bowel involves débridement of 
devitalized tissue and control of any associated bleeding points with 
primary suture. Devitalized areas may require formal resection of  
segments of bowel; this is usually followed by primary anastomosis with 
excellent results.

The treatment of injuries to the colon depends on the time elapsed 
between injury and surgery, the degree of contamination, the stability 
of the patient, and the presence of associated injuries. If there is mini-
mal gross contamination, the operation is being performed within 3 to  
4 hours of the injury, and the patient is not in shock, primary anasto-
mosis may be conducted safely. Devitalization of a large portion of the 
right colon often necessitates resection of the ileum and ascending colon 
with an ileocolic anastomosis. Left colonic lesions are more likely to be 
associated with frank fecal spillage. However, if there is very minimal 
spillage and no evidence of continued hemorrhage or associated injury, 
even these injuries may be treated by primary closure. Whenever there 
is doubt, however, the safest technique for treating left-sided colonic 
injuries is the fashioning of a colostomy together with repair of the 
laceration and irrigation of the peritoneal cavity. In situations where the 
lacerated bowel can be exteriorized, the resection may be performed 
and the ends of the bowel brought out as a proximal defunction-
ing colostomy and a mucous fistula. This technique is preferable to a 
defunctioning colostomy and Hartmann’s procedure (oversewing of the 
rectal stump in the pelvis), which is associated with greater difficulty in 
subsequent reanastomosis of the large bowel.

Management of injuries to the rectum has undergone significant 
change. The triad of colostomy, presacral drainage, and rectal washout 
have been questioned in light of recent studies. Intraperitoneal injuries 
are managed in a similar manner to colonic injuries. Extraperitoneal 
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rectal injuries require proctosigmoidoscopic assessment preoperatively. 
Recent data do not support presacral drainage or rectal washout. 
Primary repair after appropriate debridement with or without a  
defunctioning colostomy is recommended.

The abdomen remains a frequent source of sepsis in surgical patients 
in the ICU setting. These complications arise primarily after operations 
on the bowel, so any traumatized patient who has had bowel lesions 
treated surgically and who remains septic should be considered as  
having an intra-abdominal source for that sepsis. This requires inten-
sive investigation using modalities such as CT scan and ultrasound; 
drainable lesions may be treated by percutaneous techniques under CT  
or ultrasound guidance. When such techniques are contraindicated or 
are likely to be ineffective, or when the source is not obvious despite 
investigations, laparotomy may be necessary to identify and treat septic 
complications. With the availability of sophisticated technology in the 
form of CT and ultrasound investigations, it is usually possible to make 
a diagnosis prior to laparotomy, and only under very unusual circum-
stances is the lesion not identified prior to laparotomy.

One of the common areas of sepsis in patients with a perforated bowel 
is wound infection. Although the incisions in these patients frequently 
are left packed and open, in some instances the wound is closed pri-
marily. The possibility of suppuration in the wound always should be 
considered at the first sign of sepsis, and the wound should be opened 
for diagnosis as well as treatment.

■■ LIVER INJURIES
Although liver injuries may occur from both blunt and penetrating 
trauma, patients with blunt injury to the liver tend to have a higher mor-
bidity and mortality because of the irregular type of laceration and the 
involvement of an entire lobe or frequently both lobes of the liver. The 
signs of liver injuries are very nonspecific, and the diagnosis frequently 
is made only at laparotomy, the patient presenting with signs of intra-
abdominal hemorrhage. Liver hemorrhage is sometimes the chief cause of 
a patient presenting in hemorrhagic shock. Although DPL for hemorrhage 
may suggest liver injuries, it is not as specific as CT or ultrasound and is 
indicated in the hemodynamically compromised patient when FAST is 
not available or the patient cannot be transferred safely to the CT suite. 
Otherwise, these injuries are very clearly outlined by CT or ultrasound 
examination of the abdomen. Other signs that suggest the possibility of 
liver injuries include bruising of the lower chest, particularly on the right 
side; contusions over the upper abdomen; fractured lower ribs: an elevated 
hemidiaphragm; and increased size of the liver shadow on plain films of 
the abdomen. The usual indication for surgery in a patient with liver 
injury is intra-abdominal hemorrhage.

Although reported mortality rates from major liver trauma vary from 
20% to 60%, most of the deaths are due to severe associated injuries, 
particularly of the head and thorax. When death is attributed to the 
liver injury itself, it is usually secondary to uncontrollable hemorrhage 
and later in the course is due to sepsis and multiorgan failure. Careful 
surgical technique and postoperative management of these patients will 
decrease the morbidity and mortality. The objectives of surgical man-
agement of liver injuries are (1) control of hemorrhage, (2) removal of 
nonviable tissue, and (3) provision of adequate drainage.

Exposure must be adequate, which necessitates a midline upper 
abdominal incision with the ability to extend into the chest. The liver 
itself should be mobilized completely by transection of the triangular 
ligaments, as well as the falciform ligament, with care taken to secure the 
inferior phrenic artery. The operative strategy should allow exposure of 
all structures that are likely to be injured or have an impact on manage-
ment of the injury, including the vena cava and other retroperitoneal 
structures, and the surgeon must be prepared to perform the Kocher 
maneuver, right medial visceral rotation (Cattell-Braasch maneuver) 
and left medial visceral rotation (Mattox maneuver).

Control of Hemorrhage in Hepatic Trauma:  In most instances, once the 
peritoneal blood has been aspirated, a nonbleeding hepatic laceration 

is identified. Such lacerations require drainage and no further surgical 
exploration. If hepatic bleeding is still active at the time of laparotomy, 
then the initial maneuver is to pack the liver area very tightly with dry 
gauze and continue with the remainder of the laparotomy for approxi-
mately 15 minutes. This allows time for stabilization of the patient’s 
hemodynamic status, as well as time for replacement of fluid deficits. 
If, on removal of the pack, the bleeding has stopped, as is frequently 
the case, then the treatment is drainage of the perihepatic space. 
Failure to control bleeding by this technique necessitates clamping the 
portal triad, examining the wounds to determine the source of hem-
orrhage, and direct suture ligation of the bleeding points. Intermittent 
release of the clamp will allow examination for hemostasis.

When bleeding arises from the retrohepatic vena cava, clamping of 
the portal triad (Pringle maneuver) fails to control the bleeding. It is 
then necessary to rotate the liver medially and visualize the retrohepatic 
vena cava. Earlier reports have suggested the use of intracaval shunts 
to assist in preserving a dry field so that the injured hepatic veins and 
retrohepatic vena cava may be identified and repaired. However, recent 
data have shown a very high mortality associated with the use of the 
intracaval shunts, and aggressive hepatic packing has been an alternative 
that results in a better outcome.4 In extreme circumstances, complete  
vascular isolation of the liver by also clamping the suprahepatic and 
infrahepatic vena cava may be successful, although this maneuver 
frequently results in cardiac arrest in the already hypovolemic patient. 
Bleeding from through-and-through penetrating wounds of the liver 
also can be tamponaded by insertion of inflatable devices directly into 
the hepatic wound. In some instances, formal resection of liver tissue is 
required to control hemorrhage, particularly when there is major devi-
talization of liver tissue. This measure usually does not require formal 
anatomic lobectomy but instead consists of resectional débridement of 
the bleeding, devitalized liver tissue as demarcated by the edges of the 
laceration itself. The bare area of the liver is then treated with suture 
ligature, cautery, and the application of microfibrillar collagen or other 
types of topical hemostatic agents. With massive blood transfusions, the 
patient may show signs of coagulopathy. In such instances, it is advisable 
to pack the liver temporarily, close the abdominal wound, and correct 
the coagulopathy in the ICU with the hope of stabilizing the patient. 
The patient may then be taken back to the OR in 48 hours for removal 
of the pack, after which the bleeding will have either ceased or decreased 
considerably, allowing formal treatment of the bleeding source.5 The 
use of massive transfusion protocols (warm blood, fresh frozen plasma, 
platelets, and coagulation factors) is important in preventing this lethal 
triad of hypothermia, acidosis and coagulopathy in these patients.
Damage-Control Surgery:  Patients presenting with major liver injury 
frequently sustain other intra-abdominal, thoracic, extremity, and head 
injuries. Such patients pose a great challenge to the surgeon and anes-
thetist. Massive blood transfusions with hemodynamic and respiratory 
compromise are seen in such patients, who become hypothermic, 
hypocoagulopathic, acidotic, and hypoperfused. These responses are 
not entirely confined to the patient with major liver injuries but also 
accompany other injuries to the chest and abdomen. In these circum-
stances, operative strategy should be directed at temporarily controlling 
hemorrhage and contamination by the most expeditious means and 
allowing the patient to return to the ICU setting, where the cardio-
respiratory, renal, metabolic, hypocoagulable, and hypothermic states 
can be monitored and corrected before returning the patient to the OR 
for more definitive surgical care. In the setting of abdominal injuries, 
this involves control of hemorrhage by packing and ligation of vessels 
without attempts at formal repair, as well as ligation and temporary 
stapling of injured bowel ends with evacuation of intestinal contents 
by suction, followed by temporary rapid skin closure of the abdomen. 
Similar damage-control techniques for thoracic injuries, including trac-
totomy and quick stapling of vascular and bronchial structures, allow 
the patient to return to the ICU environment for correction of these 
immediately life-threatening abnormalities before being returned to the 
OR for formal, definitive surgical repair of the injuries.
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Resection of Devitalized Tissue in Liver Trauma:  Formal hepatic lobec-
tomy is seldom necessary for trauma. Resection usually is confined to 
removal of frankly nonviable tissue. The area for resectional débride-
ment usually is well demarcated by the nature of the liver laceration 
itself. Manual compression is maintained on the liver while the resec-
tion is conducted to control hemorrhage. Intermittent packing and 
compression of the liver are required to allow volume resuscitation of 
the patient during the procedure.

Drainage:  The lacerated liver continues to drain bile, blood, and tissue 
fluid for a considerable period postoperatively. Accumulation of this 
fluid in the peritoneal cavity is prevented by appropriately function-
ing peritoneal drains. T-tube drainage of the common bile duct is 
not required unless there is a central ductal injury requiring surgical 
repair or unless the common bile duct is enlarged because of previous 
pathology.

During the postoperative period, these patients frequently run a 
febrile course, which makes it difficult to determine whether or not 
there is underlying sepsis. Therefore, antibiotics frequently are admin-
istered in the immediate perioperative period. With major hepatic 
resection, glucose infusions are required to treat hypoglycemia, and 
hypoalbuminemia needs to be treated temporarily with plasma and 
albumin infusions until the nutritional status of the patient is improved. 
Coagulation defects are treated with fresh frozen plasma, vitamin K 
supplements, and platelets when indicated. Most of these patients also 
develop some degree of jaundice, which usually is transient but may last 
from several days to several weeks. Because many of the signs indicated 
earlier are common in uncomplicated liver injuries, the presence of sep-
tic complications may go unnoticed. Frequent radiologic investigation 
and monitoring of the WBC count are necessary, and baseline estimate 
of these parameters would allow one to determine whether the patient 
is progressing satisfactorily or not. A patient whose bilirubin level and 
WBC count are decreasing but who suddenly shows an increase in 
serum bilirubin level or has a spike in temperature should be investi-
gated carefully for a source of sepsis in the abdomen. Another compli-
cation that may arise in hepatic injury is hemobilia, which may present 
with upper gastrointestinal hemorrhage, as evidenced by hematemesis 
or blood-stained nasogastric drainage. This lesion requires immediate 
investigation in the form of hepatic angiography and CT or ultrasound 
examination. Once the source of the intrahepatic hemorrhage is iden-
tified, hepatic artery embolization or balloon tamponade is a viable 
option for controlling the hemobilia before formal hepatic resection is 
considered.

■■ SPLEEN INJURIES
Injuries to the spleen should be suspected in patients who present with 
left upper quadrant pain, especially in the presence of left lower rib  
fractures. There may be associated shoulder tip pain on the left side. 
A frequent mode of presentation, however, is a patient with signs of 
massive intraperitoneal hemorrhage requiring immediate laparotomy 
for hemorrhagic shock. In situations where the signs are equivocal, 
ultrasound examination may be helpful. CT of the abdomen in an oth-
erwise stable patient also will identify splenic injury. Most patients who 
are able to maintain adequate hemodynamics with minimal require-
ments for blood transfusions, particularly children, can be treated 
conservatively without the need for laparotomy. Such patients should be 
monitored very closely in the ICU setting for signs of continued blood 
loss and requirement for continued fluid infusions. Although imaging 
techniques have been attempted to identify splenic injury patients that 
will require surgical intervention, the most important determinant of 
the need for surgical intervention remains the hemodynamic status of 
the patient and the requirement for continued fluid infusion. Where 
the patient’s condition allows, angiography can identify bleeding vessels 
that may be embolized to control bleeding from the traumatized spleen. 
Currently, nearly all children and 50% to 80% of adults with blunt 
hepatic or splenic injuries are treated without laparotomy.6 Whenever 

there is a suggestion of associated injury or there is an acute splenic 
injury in an adult who is severely compromised hemodynamically, sple-
nectomy is advised.

At laparotomy, the aim should be to control hemorrhage, with splenic 
salvage if possible. In order to assess the splenic injury adequately, 
complete mobilization and delivery of the spleen into the wound are 
necessary. Superficial subcapsular tears of the spleen may be treated by 
initial packing for approximately 15 minutes. Failure to control the hem-
orrhage by this means will necessitate such techniques as the application 
of microfibrillar collagen or fine sutures. Identifiable bleeding points are 
coagulated as well as suture ligated, particularly when bleeding points 
occur near the hilum of the spleen. Ligation of the short gastric vessels in 
certain instances also will arrest splenic hemorrhage. In some instances, 
a lacerated portion of the spleen may be excised, with suturing of the 
remainder of the spleen with large chromic sutures with Teflon pledgets 
for securing the sutures. When multiple lacerations are evident, control 
of the hemorrhage has been reported by placing the spleen in a net of 
Dexon mesh, which can be tightened to produce compression and con-
trol of hemorrhage. If control of hemorrhage by a combination of these 
techniques is impossible, then splenectomy should be conducted. Also, 
if the patient remains unstable from other major injuries and bleeding 
from the spleen is a major problem, splenectomy should be conducted 
most expeditiously to decrease the operating time and improve the 
patient’s chances of survival. At present, most patients with splenic 
injury who come to laparotomy undergo splenectomy because they 
have usually failed conservative nonoperative management or have life-
threatening associated injuries.

Postsplenectomy patients are very prone to septic complications, 
particularly from infections associated with the encapsulated pneu-
mococcus, Haemophilus influenzae, and Neisseria meningitidis. Prior 
to discharge from the unit, these patients should be vaccinated against 
these organisms. Patients also should be warned that any infective 
process is cause for seeking medical attention because of the increased 
risk of overwhelming sepsis in splenectomized patients. One of the 
areas of concern in monitoring patients after splenectomy in the ICU 
is the frequent occurrence of leukocytosis and thrombocytosis. This 
situation makes monitoring for intra-abdominal sepsis difficult, and 
one has to follow the WBC count until it plateaus. A deviation or a 
sudden increase from a plateau high WBC count could be consid-
ered evidence of occult sepsis. In patients who are in the ICU for 
prolonged periods with platelet counts above 106/µL, consideration 
should be given to prophylactic anticoagulation to prevent throm-
botic complications.

■■ INJURIES TO THE EXTRAHEPATIC BILIARY TRACT
These injuries are relatively infrequent. Common bile duct injuries 
often involve the other structures in the porta hepatis, with frequently 
associated injury to the liver, duodenum, or other structures in the 
abdomen. Vascular injuries isolated to the porta hepatis are relatively 
rare and carry a very high mortality rate. If a porta hepatis injury is 
suspected, the Pringle maneuver would allow better identification of 
the injury. Vascular injuries take priority over duct injuries because of 
the immediate threat to survival posed by massive hemorrhage. If the 
portal vein is the source of the hemorrhage, then attempts should be 
made to repair this by lateral venorrhaphy, resection, and anastomo-
sis or interposition grafting. Portal systemic shunting usually results 
in severe encephalopathy in previously healthy patients with normal 
hepatic flow and should be avoided if possible. Common hepatic artery 
injury should be repaired where possible; otherwise, ligation may be 
performed as a last resort.7

Common bile duct injuries that involve less than 50% of the cir-
cumference of the duct should be treated by débridement and primary 
closure with a stent (a ureteric stent or T-tube) exiting away from the 
anastomosis. If more than 50% of the circumference of the bile duct is 
involved, then there is an over 50% rate of late stricture that diminishes 
to about 5% if a biliary enteric anastomosis is performed.
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Injuries to the gallbladder should be treated by cholecystectomy 
unless the patient’s hemodynamic status is precarious, when a cholecys-
tostomy may be performed as a temporizing measure.

■■ RETROPERITONEAL HEMORRHAGE
Frequently, hemorrhage in the retroperitoneal space is identified at  
laparotomy. This problem can be very difficult to treat, and when pos-
sible, preoperative investigation including x-ray of the pelvis, CT scan, 
or angiography will allow consideration of specific diagnostic possibili-
ties and a more directed surgical approach. When the patient is taken 
to the OR prior to any of these investigations because of instability, 
however, a decision needs to be made regarding proper treatment of the 
retroperitoneal hemorrhage.

Division of the retroperitoneum into three zones may be used to 
guide therapeutic decisions (zone 1, central; zone 2, lateral; zone 3, 
pelvic). In general, hemorrhage that is associated with a major pelvic 
fracture and confined to the pelvis or originating in the pelvis should 
be treated without exploration unless either there is a penetrating 
injury that is likely to involve the iliac vessels or the hematoma is pul-
satile. Exploration of such retroperitoneal hematomas usually results in  
massive uncontrollable hemorrhage when the source is the pelvic frac-
ture. This type of hemorrhage often is best treated by external fixation 
of the fractured pelvis and blood transfusions. Angiography is required 
when hemorrhage is continuing with a view to embolizing any iden-
tifiable bleeding artery. The mainstay of initial control of hemorrhage 
from pelvic fractures, however, is immediate restriction of movement 
of the fracture fragments, and this is accomplished most expeditiously 
by external fixator application. Other devices that provide temporary 
restriction of pelvic volume include application and tightening of a bed 
sheet around the pelvis or the use of commercially available external 
velcro binders. Several centers have reported control of hemorrhage for 
pelvic fractures in patients who do not respond to pelvic binding and 
fluid infusion, by retroperitoneal packing through an extraperitoneal 
anterior approach through an infra umbilical skin incision.

Apart from hematomas arising from the pelvis, hematomas that are 
not pulsatile or expanding and that are located in the lateral retroperito-
neal spaces (zone 2) also should be left unexplored, and further investiga-
tion should be done postoperatively in the form of contrast-enhanced CT 
scan and angiography as indicated. If the lesion is expanding or pulsatile, 
the retroperitoneal space has to be explored to identify the bleeding 
source and control it. Temporary control of an infradiaphragmatic source 
of hemorrhage can be achieved by thoracotomy and clamping of the 
supradiaphragmatic aorta. However, when the hematoma or bleeding 
does not extend to the aortic hiatus, temporary control may be achieved 
within the abdomen by compressing the aorta at the diaphragmatic 
crura. This compression can be done by an assistant’s hand, an aortic 
compressor, or a sponge stick. By incising the peritoneum and mobiliz-
ing and displacing the esophagus, a clamp also may be applied directly to 
the aorta to achieve temporary control of intra-abdominal hemorrhage.

A retroperitoneal hematoma that is centrally located (zone 1) in the 
midabdomen represents possible injury to the pancreas and major retro-
peritoneal vessels. These hematomas require exploration with a view to 
determining the extent of the injury and, in the case of the pancreas, to 
determine whether the pancreatic duct has been violated. The lesion is 
then treated as outlined earlier for pancreatic trauma. Surgical exposure 
strategies are as outlined previously to allow adequate visualization of 
retroperitoneal structures as well as vascular control.

■■ GENITOURINARY INJURIES
Although hematuria is absent in 5% to 10% of patients with genitouri-
nary trauma, it still is a most important sign of genitourinary injury. 
The patient frequently has sustained blunt or penetrating injury to the 
flank or diffuse transfer of force to the abdomen. Occasionally, there 
is a direct penetrating injury into the bladder or kidney. Penetrating 
injury resulting in ureteric lacerations is very rare, and where possible, 

these injuries are repaired by débridement, primary repair, and stent-
ing. Although in the past traumatic hematuria of any degree has been 
investigated with IV pyelography, a more selective approach is now 
recommended. This change in approach has resulted from the low yield 
of IV pyelography in all patients with trauma; also, in the presence of 
hematuria, the yield in terms of positive lesions identified varies from 
15% to 60%. Most of the injuries discovered (65%-70%) are considered 
minor, involving a parenchymal laceration or contusion that does not 
require surgical intervention. Major parenchymal laceration through the 
corticomedullary junction and often into the collecting system usually 
causes gross hematuria and represents 10% to 15% of renal injuries.8 
The remainder of renal injuries is associated with a shattered kidney or 
renal pedicle injury. These considerations, together with the cost of the 
procedure, as well as the incidence of allergic reaction (5.7%), including 
anaphylaxis, renal failure, and death (0.0074%), have led to a change in 
the approach to hematuria in the assessment of genitourinary trauma. 
In most instances, the major cause of death from genitourinary trauma 
is the associated injuries, and the investigation using IV pyelography has 
had very little effect on management or outcome in general.

Microhematuria without shock has not been shown to be associated 
with lesions requiring surgical intervention, whereas gross hematuria or 
microhematuria with shock or a major abdominal injury has been asso-
ciated with lesions requiring surgery in up to 10% of cases. Penetrating 
renal injuries are associated with lesions requiring surgery both with and 
without hematuria.8 On the basis of these observations, IV pyelography 
should not be routine in abdominal trauma. Also, if the patient is having 
a CT scan of the abdomen for another reason, or if there is only microhe-
maturia without shock or any evidence of severe injury, IV pyelography is 
not recommended. High-resolution spiral CT where available has virtually 
replaced IV pyelography as the imaging technique in investigating genito-
urinary trauma. Imaging is recommended in the following circumstances:  
(1) When there is gross or microhematuria with shock, (2) if there is  
hematuria in the presence of a major abdominal injury, or (3) if there is a 
penetrating injury and the trajectory suggests the possibility of renal injury, 
even without hematuria. The main indication for surgical intervention in 
renal trauma is an injury with major hemorrhage such that the patient’s 
hemodynamic stability cannot be maintained with rapid transfusion of 
crystalloid and blood. Otherwise, most patients with renal trauma are 
treated nonoperatively (Fig. 120-7) at first. They should be observed very 
closely in an ICU setting for any deterioration in hemodynamic status sug-
gesting continued major hemorrhage that requires surgical intervention. If 
there is failure to visualize both kidneys with contrast-enhanced CT, angiog-
raphy should be conducted to determine the extent of the injury producing 
nonfunctioning of the kidneys and to identify a possibly correctable renal 
vascular injury such as a traumatic renal artery thrombosis or internal flap.

The main principle in surgical treatment of kidney injury is to con-
trol hemorrhage while preserving kidney function; this is best achieved 
by exploring the kidney only in selected patients in whom there is an 
expanding or pulsatile hematoma or when signs of urine extravasation 
are present. In order to ensure adequate hemorrhage control, the renal 
vascular pedicle should be isolated first and secured to allow occlusion if 
this becomes necessary. If after attempts at repair or partial nephrectomy 
there is still massive bleeding after release of renal pedicle occlusion, 
then nephrectomy becomes necessary, especially in the unstable patient 
who is known to have a contralateral normal kidney.

Hematuria also may result from injury to the bladder, and the sus-
picion of bladder injury should be investigated by cystography, at least 
three views being taken with the bladder both filled and emptied to 
determine whether or not there is any extravasation of bladder contents. 
Retrograde cystography has been reported to be more accurate in diag-
nosing bladder injuries than the spiral CT. Extraperitoneal bladder rup-
ture may be treated by catheter drainage alone, whereas intraperitoneal 
bladder rupture usually warrants open laparotomy with débridement 
and formal repair of the laceration.

Although in most multiply injured patients, urinary catheterization 
per urethra is routine for monitoring the urine volume and consistency 
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as a reflection of the hemodynamic status, there are certain contraindi-
cations to catheterization per urethra. Blood at the urethral meatus or 
the presence of scrotal or perineal hematomas with a large, high-riding, 
boggy prostate may signal injury to the urethra; these findings necessi-
tate a urethrogram to exclude urethral laceration prior to transurethral 
placement of a Foley catheter. Urethral rupture necessitates urologic 
consultation and treatment.

Postoperative care of these patients requires maintenance of renal 
perfusion; thus careful attention to maintenance of normovolemia is 
important. In addition, maintenance of good urinary output and close 
monitoring of the degree of hematuria, as well as the volume of urine, 
are required in the ICU setting. An occult injury to the genitourinary 
tract with extravasation of urine that is left undiagnosed is another 
means by which a multiple-trauma patient may develop septic complica-
tions in the ICU. This type of complication is diagnosed by ultrasonog-
raphy or CT and is treated by drainage of the urinoma with or without 
direct repair of the source of the urinoma.

■■ TRAUMATIC ABDOMINAL COMPARTMENT SYNDROME
Although the deleterious effects of increased intra-abdominal pressure 
have been identified prior to the twentieth century, improvements in 
prehospital care and the rapidity with which multiply injured patients 
are taken to the OR have led to an increased recognition of the syn-
drome caused by acute increases in intra-abdominal pressure because 
this syndrome is more likely to occur in the presence of multiple major 
intra-abdominal injuries resulting in severe blood loss, massive fluid 
requirements, and prolonged surgery. Previously, most of these patients 
would not survive to reach the operating room. The traumatic abdomi-
nal compartment syndrome may be defined as the adverse clinical con-
sequences of an acute increase in intra-abdominal pressure following 
trauma. The generally accepted parameters for defining this syndrome 

FIGURE 120-7.  Spontaneous resolution of renal injury. A. Intravenous pyelogram  
showing extravasation of contrast material immediately after blunt trauma with hematuria. 
B. Repeat intravenous pyelogram after 5 days of observation shows no extravasation.

include an increase in intra-abdominal pressure above 20 cm H2O, peak 
airway pressure of greater than 40 cm H2O, oxygen saturation of less than 
90% on 100% oxygen, and oxygen delivery index of less than 600 mL/m2  
per minute, as well as oliguria of less than 0.5 mL/kg per minute. The 
condition is diagnosed usually at the end of a surgical procedure when 
attempts are made to close the abdomen or early in the postopera-
tive period of the massively injured patient, although it may occur in 
patients with major intra-abdominal hemorrhage or retroperitoneal 
hemorrhage prior to surgical intervention. The source of the increased 
intra-abdominal pressure is usually edema, blood accumulation, or 
distention of the hollow viscera. Prevention of this syndrome therefore 
is achieved by minimizing intra-abdominal edema through decreasing 
the period of hypotension, minimizing crystalloid infusion, minimizing 
manipulation of the bowel, limiting the duration of surgical procedures, 
adequate control of hemorrhage, and appropriate decompression of the 
gastrointestinal tract.

In the setting of hemodynamically compromised patients requiring 
massive blood transfusions leading to hypocoagulability states, acido-
sis, and hypothermia, major definitive surgical procedures should be 
postponed in order to eliminate factors that predispose to increases in 
intra-abdominal pressure. The concept of damage-control laparotomy is 
therefore an important consideration in this setting.9

The increase in intra-abdominal pressure affects virtually all systems 
in the body including a decrease in cardiac output from the decrease 
in venous return arising from compression of the vena cava, decreased 
renal perfusion, decreased myocardial perfusion, and increased airway 
pressure resulting in inability to mechanically ventilate and maintain 
oxygenation of the patient—all of which are associated with a poor 
outcome unless the increase in intra-abdominal pressure is treated 
promptly by abdominal decompression. In the OR, apart from the 
practice of damage-control laparotomy, if on attempting formal closure 
of the abdomen there is major increase in intra-abdominal pressure, as 
reflected by an extraordinary increase in airway pressures with difficulty 
in ventilating the patient, the formal closure should be aborted. In these 
circumstances, the abdominal viscera are contained by using temporary 
devices such as plastic bags sutured to the edges of the skin. In some 
instances, skin closure without fascia closure may be possible without 
a major increase in intra-abdominal pressure. The patient is returned 
to the ICU for stabilization, monitoring, and correction of associated 
abnormalities. With improvement in these parameters and signs of 
reduction in the intra-abdominal pressure, the patient is returned to the 
OR for further surgical intervention, which may allow either primary 
closure of the fascia with skin closure or the use of mesh for closing the 
fascia followed by skin closure or skin grafts later on. Other more elabo-
rate techniques of abdominal wall closure are required in the long term 
for some of these patients.10

Apart from recognition of this entity in the OR, it may develop slowly 
or abruptly without previous surgery (eg, the patient with major retro-
peritoneal hemorrhage from a pelvic fracture) or in the postoperative 
period during the patient’s ICU stay. In a patient in whom this syndrome 
is likely to develop, close monitoring of airway pressures, hemodynam-
ics, renal perfusion, gas exchange, and intra-abdominal pressure is 
required. A simple means of monitoring intra-abdominal pressure is 
by attaching a three-way stopcock to the side tubing of a Foley catheter 
after instilling 50 to 100 mL of sterile saline into the bladder through the 
catheter. On clamping the Foley catheter tubing distal to the three-way 
stopcock, the stopcock is opened to a manometer that is zeroed at the 
level of the symphysis pubis.

The mainstay of treatment of patients with this traumatic abdominal 
compartment syndrome is immediate abdominal decompression, which 
can sometimes be performed in the ICU. Without decompression, mor-
tality is prohibitive and arises from the development of cardiopulmo-
nary failure, renal failure, hepatic failure, and bowel ischemia.

Patients at particularly high risk of developing this entity include 
those with massive retroperitoneal hematomas from conditions such 
as pelvic fractures and those with major intra-abdominal hemorrhage 
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requiring prolonged operative procedures, the use of massive amounts 
of crystalloids and blood transfusions leading to hypothermia and hypo-
coagulable states. Treatment should be directed at correction and pre-
vention of these precipitating factors. A high index of suspicion should 
be maintained in order to predict the onset of this condition so that 
preventive measures and early diagnosis will result in better outcomes.

KEY REFERENCES

•• Brasel KJ, Borgstrom DC, Meyer P, Weigelt JA. Predictors of out-
come in blunt diaphragm rupture. J Trauma. 1996;41:484.

•• Demetriades D, Asensio JA, Valmahos G, et al. Complex problems 
in penetrating neck trauma. Surg Clin North Am. 1996;76:661.

•• Diebel LN, Wilson RF, Dulchavsky SA, et al. Effect of increased 
intraabdominal pressure on hepatic arterial, portal venous and 
hepatic microcirculatory blood flow. J Trauma. 1992;33:279.

•• Fabian TC, Croce MA, Pritchard FE, et al. Planned ventral her-
nia: staged management for abdominal wall defects. Ann Surg. 
1994;219:643.

•• Fabian TC, Davis KA, Gavant ML, et al. Prospective study of 
blunt aortic injury: helical CT is diagnostic and anti-hypertensive 
therapy reduces rupture. Ann Surg. 1998;227:606.

•• Kisat M, Morrison JJ, Hashmi ZG, Efron DT, Rasmussen TE, 
Haider AH. Epidemiology and outcomes of non-compressible 
torso hemorrhage. J Surg Res. 2013;184(1):414-421.

•• Mee SL, McAninch JW, Robinson AL, et al. Radiographic assess-
ment of renal trauma: a 10-year prospective study of patient selec-
tion. J Urol. 1989;141:1095.

•• Pachter HL, Knudson MM, Esrig B, et al. Status of nonoperative 
management of blunt hepatic injuries in 1995: a multicenter expe-
rience with 404 patients. J Trauma. 1996;40:31.

•• Powell M, Courcoulas A, Gardner M, et al. Management of blunt 
splenic trauma, significant differences between adults and chil-
dren. Surgery. 1997;122:654.

•• Shapiro MB, Jenkins DH, Schwab CW, et al. Damage control:  
collective review. J Trauma. 2000;49:969.

•• Sheldon GF, Lim RC, Yee ES, et al. Management of injuries to the 
porta hepatis. Ann Surg. 1985;202:539.

REFERENCES
Complete references available online at www.mhprofessional.com/hall

Pelvic Ring Injuries  
and Extremity Trauma
Allan  Liew
Wade Gofton
Steven Papp

121
C H A P T E R

KEY POINTS

•• Hemorrhage from pelvic injuries is frequently underestimated, 
leading to delayed diagnosis and treatment.

•• Pelvic ring injuries are commonly associated with other significant 
injuries resulting in major morbidity and mortality.

•• Initial management of pelvic injuries requires hemorrhage control 
and volume resuscitation.

•• Provisional acute stabilization of the pelvis using a binder or external  
fixation is a key element in the initial control of hemorrhage from 
pelvic fractures.

•• Extremity fractures, though frequently not life threatening, require 
accurate diagnosis and appropriate management to prevent signifi-
cant disability and morbidity.

•• Complications of extremity injuries, such as compartment syndrome 
and neurovascular compromise, can best be detected by a high 
index of suspicion, careful assessment, and institution of appropriate 
preventive measures.

•• Knowledge of the mechanism of injury is important in predicting 
the type and severity of extremity injuries.

PELVIC RING INJURIES
Patients sustaining major pelvic and extremity trauma frequently are 
managed in the ICU setting. These patients may present with signifi-
cant hemodynamic abnormality owing to their associated injuries, and 
this can be compounded by inadequate resuscitation resulting from 
underestimation of the volume of blood loss associated with such 
injuries. The following information is provided to assist the intensivist 
in understanding extremity and pelvic ring injuries, thus allowing early 
diagnosis with prompt and appropriate management aimed at preventing 
major morbidity and mortality.

Significant force is required to sustain an injury to the pelvic ring. In 
various epidemiologic studies, mortality rates of up to 25% have been 
reported, depending on the pattern and severity of the pelvic injury.1,2 While 
the direct cause of death is usually attributed to a head or thoracic injury,3 
pelvic bleeding significantly contributes to this high rate of mortality.  
There is an increased risk of mortality in association with open pelvic 
fractures, a high injury severity score (ISS), or concomitant head, thoracic, 
abdominal, or neurologic injury.4 The incidence of associated injuries is 
relatively common (Table 121-1).3 A team approach is required to treat 
trauma victims adequately, including the trauma team leader, surgical 
team (general, thoracic, orthopedic, and neurosurgery), and intensivist.

■■ ANATOMY
The pelvis is composed of the two innominate bones (hemipelvis) and 
the sacrum joined anteriorly by the pubic symphysis and posteriorly by 
the anterior and posterior sacroiliac ligaments, as well as the interos-
seous sacroiliac ligaments. Within the pelvic floor, the pelvis is further 
reinforced by the sacrospinous and sacrotuberous ligaments, as well as 
the muscles and fascia of the pelvic floor (Fig. 121-1).

Running over the sacral ala and into the pelvis are the common iliac 
artery and vein, bifurcating to the external and internal iliac vessels 
above and below the pelvic brim, respectively. These vessels run close 
to the innominate bones, thus making them vulnerable to injury with 
any disruption of the pelvic ring. In particular, there is a plexus of veins 
running along the walls of true pelvis below the pelvic brim that is 

  TABLE 121-1   I ncidence of Associated Injuries With Pelvic Ring Injury

Hemodynamically unstable 15%

Closed head injury 66%

Thoracic injury 25%

Abdominal injury 20%

Urologic injury 20%

Lumbosacral injury 8%
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commonly disrupted by pelvic injuries, contributing to the rapid venous 
blood loss seen with these injuries (Fig. 121-2).

Arterial injuries are less common, however when present, account for 
20% of pelvic exsanguinating deaths.5 The arteries most at risk are the inter-
nal pudendal, superior gluteal, obturator, and lateral sacral arteries, usually 
as they exit the pelvis or at a branching or tethering point within the pelvis.

The bladder lies directly behind the pubic symphysis, with the urethra 
exiting inferiorly, making both these structures vulnerable to injury. 
Similarly, the sigmoid colon and rectum are vulnerable as they run along 
the posterior pelvis and through the pelvic floor.

The lumbar and lumbosacral plexi composed of the ventral nerve 
roots also lay against the posterior pelvis, and the resulting peripheral 
nerves, particularly the sciatic nerve, can be injured as they exit the  
pelvis. The sacral nerve roots are particularly vulnerable with injuries 
that involve a fracture through the sacral foramen.

■■ MECHANISM AND INJURY CLASSIFICATION
The mechanism of injury is an important part of the presenting history 
in that it can be used to predict what type of pelvic injury has been 

FIGURE 121-2.  The vascular anatomy of the pelvis. (Reproduced with permission from Moore KL. Clinically Oriented Anatomy. 2nd ed. Baltimore, MD: Williams & Wilkins; 1985.)
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sustained, as well as the pattern of associated head, thoracic, abdominal, 
and extremity injuries.2 For example, in motor vehicle crashes, side 
impacts are more likely to result in a pelvic ring injury than a frontal 
impact.6 Associated injuries that can be expected with a side impact 
include a closed head injury, cervical spine injury, rib fractures with 
pneumo- or hemothorax, splenic or liver laceration, lateral compression 
pelvic injury, and ipsilateral extremity fractures. A fall from a height 
has a pattern of injury including closed head injury, shearing injuries 
of the great vessels in the thorax, spinal burst fractures, vertical shear 
injuries of the pelvis, femoral neck fractures, and other lower-extremity 
fractures.

Several pelvic fracture classifications exist to assist in deciding the 
appropriate treatment. The Young-Burgess classification stratifies the 
injury first by mechanism, that is, anteroposterior compression (APC), 
lateral compression (LC), vertical shear (VS), and combined, and then 
subclassifies by severity of injury (Fig. 121-3). Higher grades of injury 
within each mechanistic subclass usually require operative fixation. 
The Tile classification stratifies the injury first by instability, that is, 
stable (A), rotationally unstable only (B), and vertically and rotationally 

Iliolumbar ligament

Posterior sacroiliac
ligament

Sacrotuberous
ligament

Sacrospinous
ligament

FIGURE 121-1.  The bony and ligamentous anatomy of the posterior pelvis. (Reproduced with permission from Tile M, Hearn T. Biomechanics. In: Tile M, ed. Fractures of the Acetabulum. 
2nd ed. Baltimore, MD: Williams & Wilkins; 1995.)
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unstable (C), and then subclassifies by pattern of injury (Table 121-2). 
Type B and C injuries usually require operative fixation. Both these 
commonly used classification systems have their merit, in that they com-
municate information about the pattern of injury, functional stability,  
and appropriate treatment.

Acetabular fractures are not uncommon in association with pelvic 
fractures. For the most part, they are also associated with similar visceral 
injuries as pelvic fractures. The classification system is descriptive in 
nature and can also be used to predict concomitant injuries.

■■ CLINICAL ASSESSMENT
A pelvic ring injury is suspected if there is any visible swelling, ecchy-
mosis, or compound wounds around the pelvis. Scrotal or labial swelling 

  TABLE 121-2    Tile Classification of Pelvic Fractures

Type A—stable

    A1 Avulsion fractures

    A2 Isolated fractures of the iliac wing, undisplaced ring fractures

    A3 Transverse fractures of the sacrum and coccyx

Type B—vertically stable, rotationally unstable

    B1 Open book injury

    B2 Lateral compression injury

    B3 Bilateral partially stable injuries

Type C—vertically and rotationally unstable

    C1 Fracture of the ilium

    C2 Fracture or fracture dislocation of the sacroiliac joint

    C3 Fracture of the sacrum

FIGURE 121-3.  Young-Burgess pelvic fracture classification. (Reproduced with permission from Bosse MJ. The acute management of pelvic ring injuries. In: Levine AM, ed. Orthopaedic 
Knowldge Update Trauma. 1st ed. American Academy of Orthopaedic Surgeons; 1996.)
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compression
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compression

Pelvic fracture classification
(Young and Burgess)
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Type I

Type IIA, IIB
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Anterovertical force

Type I

Type II

Type III Type III Type III

Type II

Type IType I

Type IIA, IIB

Anterolateral force

Anterovertical force

Type I

Type II Type II

Type I

and ecchymosis, that is, bleeding from the urethral meatus, vagina, 
or rectum, are also good clinical signs of pelvic injury (Fig. 121-4). 
Obvious rotational deformity or shortening of the lower extremities may 
also be indicative of injury.

Physical examination of the pelvis includes manual palpation for 
tenderness anywhere around the pelvic ring. Next, the clinical stability 
is tested by anterior compression of the pelvis at the anterosuperior iliac 
spines, followed by lateral compression of the iliac wings. Any gross  
pelvic motion that is felt indicates an unstable pelvic ring injury.

The peripheral pulses are palpated, and a detailed neurologic exami-
nation of the lower extremities should be recorded to document the 
baseline function and to determine whether any neurologic dysfunction 
is related to peripheral nerve versus nerve root involvement.

■■ RADIOGRAPHIC ASSESSMENT
The routine anteroposterior (AP) pelvis film obtained during the 
advanced trauma life support (ATLS) resuscitation is adequate to 
correctly identify 90% of pelvic ring injuries.7 Virtually any clinically 
relevant pelvic instability can be identified (Fig. 121-5). Indicators of 
instability include greater than 5 mm of displacement of the posterior 
elements in any plane and greater than 2.5 cm of widening of the pubic 
symphysis, avulsion fractures of the ischial spines or tuberosities, and 
avulsion fractures of the L5 transverse process. Additional inlet and 
outlet radiographs are helpful to assess AP displacement and superior 
migration of the hemipelvis, respectively.

For sacral fractures and subtle sacroiliac joint disruptions, the CT 
scan can further delineate fracture displacement.

■■ MANAGEMENT
The most important aspect of management of the patient with a pelvic 
ring injury is the systemic resuscitation of hypovolemic shock as per 
the ATLS protocol.8 During the circulatory assessment, the presence of 
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other thoracic, abdominal, or extremity sources of blood loss should be 
ruled out. Massive fluid replacement, including transfusions, may be 
necessary.

Initial stabilization of the pelvis is important to minimize or decrease 
bleeding from the pelvis and to stabilize intrapelvic vascular clots.9,10 
Historically, military antishock trousers (MAST) were used for this, but 
they have been found to contribute to decreased ventilatory ability and 
lower-extremity compartment syndrome.11 Recently, it has been shown 
that simply wrapping and tying a sheet around the pelvis can effectively 
provide initial provisional stability12 (Fig. 121-4). A variety of commer-
cially available pelvic binders can be used to this effect, providing easier 
adjustment of compression and removal for access to the anterior pelvis. 
Alternatively, a two-pin anterior external fixator or the pelvic C-clamp 
can be applied quickly to the anterior pelvis in the emergency room and  
provide adequate stability (Fig. 121-6). Caution should be exercised in 
using the pelvic C-clamp posteriorly because improper pin placement can 
easily result in visceral, neurologic, or arterial injury. There is a greater 
margin of safety if the technique is applied using fluoroscopic assistance.13,14

The next priority is the identification and treatment of all significant 
sources of bleeding. If the patient is responding to the fluid resuscitation 
and becomes hemodynamically stable, other imaging, such as contrast-
enhanced CT scanning, can be used to further delineate other sources of 
blood loss. An intrapelvic contrast blush on contrast CT can identify an 
arterial pelvic bleed.15 This can be used as an indication for interventional 
angiography. Angiography for pelvic bleeding is indicated if there is ongo-
ing unaccountable blood loss after provisional stabilization of the pelvis 
with a binder or external fixator. It has been shown to be an effective way 
to diagnose and treat arterial sources of hemorrhage in the pelvis.16,17

In the face of exsanguinating hemorrhage from venous pelvic bleed-
ing not controllable by obtaining mechanical stability and embolization 
with angiography, open packing of the pelvis may also be considered.18

FIGURE 121-4.  A 37-year-old man in a motorcycle accident with clinical signs of a pelvic 
injury, perineal ecchymosis, and instability of the iliac wings to examination. Provisional  
treatment with a sheet clamped around the pelvis to control hemodynamic shock.

FIGURE 121-5.  A. Radiographs at presentation demonstrate an APC type II pelvic injury 
with right-sided sacroiliac joint widening and disruption of the symphysis pubis. B. Definitive 
fixation of the pelvis after provisional reduction and fluid resuscitation.

FIGURE 121-6.  A 46-year-old man in motor vehicle accident sustains an APC type II  
pelvic injury with hemodynamic instability on presentation. Provisional stabilization of 
anterior pelvis and tamponade of pelvic venous bleeding with an anterior applied C-clamp.
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Provisional stabilization while the patient is being optimized in the 
ICU includes external fixation for unstable injuries, as well as skeletal 
traction on the lower extremity if there is associated vertical instability 
of the pelvis.19,20

Definitive stabilization for mechanically unstable pelvic ring injuries 
usually requires fixation of both the posterior and anterior ring injuries, 
provided there are no contraindications to surgery. The ideal time for this 
is when the patient is systemically optimized and stable (Fig. 121-5B).  
The use of external fixation and traction for routine injuries treatable 
with open reduction and internal fixation is not advised21,22 because this 
usually compromises mobilization of the patient and increases the risk 
of associated problems of prolonged bed rest, including pneumonia, 
venous thromboembolism, and decubitus skin ulceration, as well as an 
increased mortality rate.

■■ COMPLICATIONS
Other complications may arise as a direct result of the pelvic ring injury. 
Massive blood loss and hemodynamic instability as described earlier are 
the most acute issues to be managed. Injuries to the gastrointestinal and 
urologic systems, vaginal tears, and skin degloving can cause significant 
problems if not managed properly in the acute setting.

Laceration of the colon or rectum results in fecal contamination of 
the peritoneal and retroperitoneal space. If left untreated, this results 
in abdominal or pelvic sepsis. The clinical diagnosis can be made with 
the finding of blood per rectum or on rectal examination. Rectal tears 
also can be palpated in the digital rectal examination and visualized by 
flexible proctosigmoidoscopy. Treatment consists of provisional external 
fixation of the pelvis, laparotomy with defunctioning colostomy, wide 
drainage and irrigation of the perirectal space, and repeated débride-
ments until the pelvis and abdomen are clean. Definitive internal  
fixation may be considered at this time.

Injuries to the bladder and urethra are also very common, especially 
with high-grade anteroposterior compression or vertical shear injuries. The 
physical findings of blood at the urethral meatus and high-riding or mobile 
prostate with perineal ecchymosis suggest the diagnosis. This is confirmed 
with a retrograde urethrogram. Intraperitoneal bladder rupture should be 
repaired, whereas extraperitoneal ruptures may be treated by drainage only. 
Urethral tears should be stented, if possible, by a catheter. A defunction-
ing suprapubic catheter followed by delayed repair may be necessary with 
complete or complicated urethral tears. Once it is ensured that the pelvic 
contents are sterile, internal fixation of the pelvis may follow.

A laceration of the vagina should be suspected if there is blood in the 
perineum. This can occur with pelvic ring injuries with greater degree 
of displacement anteriorly. A bimanual and colposcopic examination to 
palpate and visualize the tear will confirm this. In general, these lacera-
tions may be débrided and repaired and usually do not require a lapa-
rotomy. Timely repair has been seen to decrease the incidence of pelvic 
abscesses and infection.23

The soft tissue envelope around the pelvis is frequently contused; any 
laceration should be considered a possible open wound communicating 
with the pelvic ring injury. The Morel-Lavallee lesion is a closed lateral 
skin degloving injury that occurs most commonly with lateral compres-
sion injuries. This is apparent clinically by a large subcutaneous hema-
toma and lateral pelvic ecchymosis (Fig. 121-7). There is an increased 
risk of cellulitis, as well as deep wound infection. They should be treated 
as open wounds, with serial débridements as necessary.24

The patient with a pelvic ring injury is at high risk of developing a deep 
vein thrombosis (DVT) owing to the injury itself, the often-accompanying 
lower-extremity injury, immobilization, and altered coagulation profile 
secondary to transfusions of blood products. Prophylaxis is required, both 
mechanically and pharmacologically, in the absence of contraindications. 
Mechanical methods include intermittent pneumatic compression devices 
and graduated compression stockings if there are no extremity injuries that 
prevent the application of these devices. Pharmacologic prophylaxis, such 
as subcutaneous low-molecular-weight heparin, should be administered 
routinely, except when contraindicated by active bleeding or intracranial 

neurologic injury. The presence of a DVT in the lower extremities can be 
detected by venous duplex ultrasound. Intrapelvic DVTs are best detected 
by venography or magnetic resonance venography; ultrasound is not a 
reliable modality in this situation.25 There is a very high rate of embolism 
of intrapelvic clots; therefore, treatment is imperative. If anticoagulation is 
contraindicated owing to ongoing bleeding or upcoming major surgery, 
an inferior vena cava filter should be placed.

EXTREMITY TRAUMA
Extremity trauma is very common, occurring in up to 75% of patients 
with multisystem and pelvic ring injuries.1 Established patterns of injury 
are seen with common mechanisms, such as head-on and side-impact 
motor vehicle collisions, a pedestrian struck by a vehicle, and falls from 
a height. The extremity injuries include injuries to the bones, joints, soft 
tissues, vascular system, and peripheral nerves.

Head-on motor vehicle collisions often result in a closed head injury, 
flexion-distraction injuries of the spine, intra-abdominal injuries, pos-
terior element acetabular fractures, hip fracture dislocations, bilateral 
femur and tibia fractures, and posterior knee dislocation with associated 
popliteal artery injury. Lateral-impact collisions and pedestrian injuries 
also have their own distinct patterns.

Falls from a height frequently result in head injury, thoracic vascular 
shear injuries, abdominal visceral lacerations, spinal burst fractures, and 
vertical shear injuries of the pelvis. The lower-extremity fractures often 
include femoral neck and shaft fractures, tibial plateau, shaft, and pilon 
fractures, and calcaneal fractures. Although every patient should be 
examined thoroughly for all injuries, these patterns help direct the focus 
of assessment to the most likely areas of injury.

■■ FRACTURE ASSESSMENT
In general, all fractures need to be assessed for specific findings aside from 
the underlying fracture or dislocation. Excessive bleeding from fractures, 
vascular, neurologic, and soft tissue envelope injuries should be assessed, 
as well as the presence of compartment syndrome and open fractures.

Subtle injuries require palpation of each bone and motion of each 
joint. Even then, serial examinations several days after the initial injury 
may be required to detect all injuries. Any suspected areas should be 
imaged with radiographs in orthogonal planes.

Open fractures are graded by the system of Gustilo and Anderson26,27 
(Table 121-3).

FIGURE 121-7.  Large subcutaneous hematoma and lateral pelvic ecchymosis with full-
thickness internal degloving typical of a Morel-Lavellee lesion in a lateral compression pelvic injury.
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  TABLE 121-3    Gustilo-Anderson Open Fracture Classification

Type I Low-velocity injuries less than 1 cm long, usually compound from within, 
with minimal soft-tissue injury or comminution of the fracture

Type II Lacerations more than 1 cm long, with minimal to moderate soft-tissue 
crushing

Type III

      IIIA High-velocity injuries with severe crushing and the presence of skin flaps. 
No soft-tissue loss; infection rate of 4%; amputation rate of 0%

      IIIB Soft-tissue loss with periosteal stripping; infection rate of 52%; amputation 
rate of 16%

      IIIC Associated vascular injury; infection rate of 42%, amputation rate of 42%

■■ TREATMENT
Although the initial fracture care is usually done in the emergency 
department, occasionally patients will be admitted to the ICU before any 
treatment can be initiated. After the initial assessment, any open wounds 
should be flushed with saline and covered with a sterile dressing. Gross 
limb deformity and joint dislocations should be reduced and splinted 
and the neurovascular examination repeated. All musculoskeletal inju-
ries should be imaged, and repeat fracture reductions or reductions of 
dislocations may be performed at this time as necessary. The patient 
should be prepared for operative intervention if a vascular injury, open 
fracture, irreducible dislocation, or compartment syndrome is detected.

In the case of open fractures, intravenous antibiotics should be admin-
istered, with gram-positive coverage for all compound fractures and with 
the addition of gram-negative and anaerobic coverage for contaminated 
wounds. The patient’s tetanus status should be determined, and tetanus tox-
oid and immunoglobulin should be administered as required (Table 121-4).

All compound fractures should be treated with urgent irrigation 
and débridement within 8 hours, followed by provisional or definitive 
fixation, depending on the condition of the soft tissue envelope and 
the amount of wound contamination. Gustilo-Anderson type I, II, and 
many type III fractures can be treated with irrigation and débridement 
and immediate definitive fixation, followed by serial débridements every  
48 hours until the wound is clean. Some Type III injuries with severe con-
tamination or soft tissue loss may require provisional external fixation 
and serial débridements until the wound is clean enough for definitive 
fixation and soft tissue coverage. For type IIIC injuries, the most pressing 
concern initially is reestablishment of perfusion to the extremity. After 
provisional fixation and vascular repair, serial débridements again may 
be required before definitive fixation can be performed, with soft tissue 
coverage as necessary. Prophylactic fasciotomies are frequently required 
to prevent reperfusion compartment syndrome. There is an increased 
risk of infection and nonunion with increasing grade of injury.

If the patient has not been optimized or there is some other delay 
postponing definitive treatment, provisional treatment of the fractures 
by splints, traction, or external fixation may be necessary. In addition, 
prophylaxis for DVT should be initiated, as discussed earlier. Attention 
to the skin, especially in dependent areas such as the sacrum, heels, and 
posterior scalp, should be maintained, with frequent logrolling and skin 
care to avoid the development of decubitus ulcers.

Definitive fixation of most fractures allows greater ease of mobili-
zation for general care and pulmonary toilet. Early mobilization and 
physical therapy also prevent the development of joint contractures and 
muscle atrophy, resulting in a faster recovery and reduced morbidity. 
DVT prophylaxis should be maintained during the postoperative period 
until the patient is mobilizing well independently.

■■ COMPLICATIONS
Blood loss from fractures alone can be enough to cause hemodynamic 
instability. Even without a significant arterial laceration, femur fractures 
can result in blood loss of up to 2 units, tibia fractures 1 unit, and pelvic 
and acetabular fractures 4 units or more. Aggressive fluid resuscitation 
must be maintained while reassessing for other causes of hemodynamic 
instability. With increasing swelling of the extremities from fracture 
bleeding, there must be a high index of suspicion for compartment 
syndrome.

Vascular Injury:  The vascular status of each limb must be assessed by 
checking for the presence and quality of peripheral pulses, as well as the 
perfusion of the tissues distal to the zone of injury. Blunt or nonpen-
etrating vascular injuries often are associated with traction or avulsion 
injuries, fractures, and dislocations. It is important to assess the entire 
peripheral vasculature if there are multiple ipsilateral injuries, such 
as concomitant femur and tibia fractures. Knee dislocations and tibia 
fractures have the highest incidence of arterial injury, followed by femur 
fractures and traction injuries to the shoulder girdle. An abnormal  
vascular examination may be due to vascular spasm, external com-
pression, intimal tear, or disruption of the artery itself. If there is any 
suspicion of vascular injury or the vascular examination is abnormal 
before or after gross realignment of fractures and reduction of dislo-
cations, further investigation with an ankle-brachial index (ABI) is 
recommended. If the ABI is less than 0.9, further investigation with an 
angiogram or magnetic resonance angiography is indicated28 even if 
pulses are palpable due to the increased risk of delayed arterial compro-
mise secondary to intimal tear or thrombosis. External compression of 
the artery usually can be relieved by reduction of the fracture or disloca-
tion, and vascular spasm usually resolves after reduction as well.

Penetrating injuries such as gunshot and knife wounds also have a 
high incidence of vascular injury. All structures in the path of the projec-
tile should be assessed from entry to exit wounds, including a generous 
surrounding area of collateral damage (Fig. 121-8).

If the limb remains dysvascular, urgent operative intervention is 
required because muscle necrosis begins after 6 hours of warm isch-
emic time.29 The sequence of events for vascular repair usually begins 
with provisional fracture stabilization with an external fixator or rapid 
internal fixation followed by the establishment of a provisional shunt 
to restore perfusion.30 Definitive vascular repair, ideally with an end-
to-end anastamosis or saphenous vein graft, if necessary, then can be 
performed, followed by definitive fracture fixation.29 Reperfusion edema 
and compartment syndrome are common; thus, a prophylactic fasci-
otomy usually is indicated. Wound coverage by skin graft or free flap 
can be achieved after the wound has undergone serial débridements to 
minimize the risk of wound infection and sloughing of the graft.31

Neurologic Injury:  If the patient is awake and cooperative, a detailed neu-
rologic examination of each extremity should be done, with particular 
attention distal to the zone of injury. If the patient cannot participate 
in the examination, general observations of gross limb movements 
and reaction to pain stimulus help establish baseline function. Most 
peripheral nerve injuries are neuropraxias, which begin to recover 

  TABLE 121-4    Tetanus Immunization Schedule

Non-Tetanus-Prone Wounds
Tetanus-Prone 

Wounds

History of Absorbed Tetanus 
Toxoid Number of Doses Tda TIGb Td TIG

Unknown or less than three Yes No Yes Yes

Three or morec Nod No Noe No
aTd: Tetanus and diphtheria toxoids absorbed—for adult use. For children under 7 years old, diphtheria 
and pertussis (dPT) (Td, if pertussis vaccine is contraindicated) is preferred to tetanus toxoid alone. For 
persons 7 years old and older, Td is preferred to tetanus toxoid alone.
bTIG: Tetanus immune globulin—human.
cIf only three doses of fluid toxoid have been received, a fourth dose of toxoid, preferably an absorbed 
toxoid, should be given.
dYes, if more than 10 years since last dose.
eYes, if more than 5 years since last dose. (More frequent boosters are not needed and can accentuate 
side effects.)

section10.indd   1173 1/20/2015   9:21:27 AM

http://www.myuptodate.com


PART 10: The Surgical Patient1174

FIGURE 121-8.  A. Shotgun injury to the thigh with associated vascular injury and distal femur fracture. B. Treatment with vascular repair, serial debridement and external fixation, and 
definitive fixation with intramedullary nail.

spontaneously over 6 to 12 weeks. The progress of recovery can be 
monitored with serial nerve conduction studies. In the situation of pen-
etrating injuries or dissection for open reduction and internal fixation of 
fractures, the nerve may be explored to assess for injury. If it is found to 
be lacerated, direct primary repair is indicated once the wound is clean.32

With or without nerve repair, it is important to splint the extremity 
in a functional position of rest, with occupational and physical therapy 
involvement to maintain motion of the affected joints. Muscle stimula-
tors may also be beneficial to decrease the rate of atrophy of the affected 
muscles. If acute repair or grafting has been performed, the extremity 
should be splinted in a resting position temporarily (1-2 weeks) to allow 
the repair to begin to heal and then gradually mobilized to prevent 
arthrofibrosis and contractures.

Compartment Syndrome:  Increased compartment pressures result 
from intracompartmental edema and bleeding associated with frac-
tures or vascular injury. The increase in pressure causes a compressive 
occlusion of capillary venules, stopping capillary flow and perfusion 
of tissues, the most sensitive of which are the muscles and nerves. 
Because the compressive phenomenon affects the microvasculature, 
distal pulses usually are maintained during this process.33

Clinically, compartment syndrome is manifested by the “five Ps.” 
In order of clinical relevance, these are pain out of proportion to the 
injury,34 pain with passive stretching of the affected muscles, paresthesia 
(numbness) involving the nerves within and distal to the compartment, 
powerlessness (weakness) of the muscles within the compartment, and 

a pulseless extremity (which may not necessarily ever happen). If left 
untreated, the muscles and nerves undergo necrosis, resulting in isch-
emic contractures and loss of sensation or painful paresthesias, leaving 
the limb with very poor function.

The most common sites affected are the lower leg, in association with 
tibia fractures, and the forearm, in association with radius and ulna 
fractures. Compartment syndrome can also occur in the thigh, buttock, 
upper arm, hand, and foot.35,36

Early recognition is mandatory either clinically, as described earlier, or by 
compartment pressure monitoring. A compartment pressure greater than 
30 mm Hg or within 30 mm Hg of the diastolic pressure is diagnostic for 
compartment syndrome. It may be necessary to rely on pressure monitor-
ing if the patient is obtunded, there are significant distracting injuries, or the 
clinical examination is unreliable (psychiatric conditions, intoxication, etc).

The initial treatment includes elevation of the limb to the level of the 
heart and release of all circumferential or compressive dressings. If there 
has been no improvement within 1 hour, a fasciotomy is required. If in 
doubt, it is far better to perform a fasciotomy because the consequences 
of untreated compartment syndrome are extremely debilitating and 
usually permanent. Owing to the typical amount of swelling with these 
injuries, the wound usually cannot be closed and requires coverage with 
a skin graft several days after release.37

Fat Embolism Syndrome:  Fat embolism syndrome (FES) encompasses 
the respiratory, neurologic, and other systemic sequelae of the embo-
lism of fat from the marrow space of long bones. It occurs in up to 
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  TABLE 121-5    Gurd Criteria for Fat Embolus Syndromea

Major Criteria Minor Criteria

1.	 Petechial rash
2.	 Respiratory insufficiency with bilateral chest  

radiograph abnormalities
3.	 Central neurologic impairment unrelated to  

head injury

1.	 Tachycardia
2.	 Fever
3.	 Retinal petechiae or fat emboli
4.	 Lipiduria or decreased urine output
5.	 Anemia or thrombocytopenia
6.	 Increased ESR
7.	 Fat globules in sputum

aDiagnostic if one major and three minor signs, or two major and two minor signs present.

2% of isolated long bone fractures and up to 10% of multiply injured 
patients. The most significant feature of FES is the potentially severe 
respiratory effects, which may result in acute respiratory distress 
syndrome (ARDS) (see Chap. 52). It usually occurs within 1 to 3 days 
following injury, and the clinical presentation includes the following: 
lethargy, disorientation, and irritability with the appearance of pete-
chiae on the trunk and in the axillary folds, conjunctiva, and fundi in 
50% of cases. Blood tests may demonstrate anemia and thrombocyto-
penia, and examination of the urine may show lipiduria.

The diagnosis of FES can be made based on major and minor criteria 
(Table 121-5). The major criteria include respiratory insufficiency, cen-
tral neurologic impairment, and petechial rash.38

Once the patient becomes hypoxemic, supportive measures are all 
that can be done, including positive end-expiratory pressure (PEEP) 
and lung-protective ventilation. The most significant treatment aspect of 
FES is prevention. Early long bone fracture fixation has been shown to 
be a key factor,39 particularly with tibia and femur fractures. Aggressive 
fluid resuscitation and maintaining an adequate circulatory volume also 
have been shown to be protective. Despite aggressive management, the 
mortality rate of full-blown FES is up to 15%; thus, the importance of 
early fracture fixation is critical.

EARLY TOTAL CARE VERSUS DAMAGE CONTROL 
ORTHOPAEDIC TREATMENT
There are advantages to treating certain injuries, such as femoral shaft 
fractures, as early as possible to decrease the risk of complications like fat 
embolism syndrome which carry a high mortality rate. With improved 
ability to operatively treat complex orthopaedic injuries to obtain better 
functional outcomes earlier, there are situations where doing too much 
too early may actually cause more harm than good.

There is an acute systemic inflammatory response associated with 
major trauma which has been related to multiorgan system failure and 
ARDS, described as the “first hit.” A subsequent systemic stress or  
“second hit” may trigger an additional inflammatory response, leading 
to higher likelihood of multiorgan system failure (MOSF) or ARDS 
and an increased risk of mortality. It is theorized that a major surgical 
intervention prior to full resuscitation may be such a “second hit.”40 
Certain systemic indicators are useful in determining whether a pro-
longed surgical reconstruction is likely to result in further systemic 
compromise.

The strategy of doing only what is necessary when the patient is  
systemically compromised has been coined the “damage control” 
approach. In the circumstance of a multitraumatized patient with a 
femur fracture, the damage control route would be to apply an external 
fixator to provide some stability, and return after enough time for full 
resuscitation and normalization of inflammatory parameters to have an 
intramedullary nail insertion for definitive treatment.

This concept can also be applied locally to extremity injuries when 
considering the soft tissue envelope. In some injuries, such as tibial pla-
teau and pilon fractures, the soft tissue injury is so significant that open 
operative treatment is associated with high rates of wound necrosis and 
infection. In these circumstances, it is much safer to provisionally span 

the injury with an external fixator, and plan for definitive treatment in 
a week or two after the initial soft tissue injury has declared itself and 
begun to improve. This staged treatment protocol has resulted in signifi-
cant improvement in complication rates.
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122
C H A P T E R

KEY POINTS

•• Aggressive and prolonged life support maneuvers should be  
performed as necessary on all electrical injury patients in the first 
few hours.

•• All patients are to be considered to have multisystem injuries, 
including cervical spine fracture, until such injuries are diagnosti-
cally eliminated.

•• Intravenous fluid resuscitation should not be underestimated.
•• Most patients should be monitored for cardiac dysrhythmias for 

24 to 48 hours after injury, particularly if electrocardiographic 
abnormalities were present or persist.
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Electric shock is one of the leading causes of work-related injury, com-
prising 7% of all workplace fatalities. The typical victim of high-voltage 
electrical injury is a young industrial worker or lineman usually between 
the ages of 20 and 34, with 4 to 8 years experience on the job. Immediate 
death can result from cardiac dysrhythmia, central respiratory arrest, or 
asphyxia due to tetanic contraction of the muscles of respiration. If the 
victim survives the initial cardiopulmonary or central nervous system 
(CNS) insult, he then may face potential limb- and life-threatening 
sequelae from cutaneous injury, internal tissue destruction, and organ 
system dysfunction, requiring multidisciplinary intensive care at a spe-
cialized burn center. The distribution of the tissues and organs damaged 
depends on the path of the injury current. Frequently the injury is com-
plicated by associated blunt trauma when the patient falls from a height 
or is thrown by the force of the electric current.

When the voltage is less than 1000 volts (V), direct mechanical contact 
is usually required for electrical contact. For high voltages (>1000 V),  
arcing usually initiates the electrical contact. Most electrical injuries 
are due to low-voltage (<1000 V) electrical shock. Whereas low-voltage 
shocks carry a significant risk of electrocution-induced cardiac arrest, 
high-voltage shock injury is characterized by extensive tissue damage, 
rather than electrocution. Approximately 1% to 4% of all US hospital 
burn unit admissions are for electrical injury, mostly a result of high-
voltage (>1000 V) shocks.

The duration of contact with the high-voltage power source and the 
distribution of electrical current are important factors in the magni-
tude of the injury. If the contact is brief (ie, less than 0.5 seconds), cell  
damage can occur through nonthermal component of electrical injury, 
called electroporation.1 If the contact is longer, both heating caused by 
electrical conduction (joule heating) and electroporation play important 
roles. Prolonged contact can lead to thermal burning of tissues in the cur-
rent’s path. The electrical current distribution across the tissues between 
the surface contact points depends on the electrical conductivity of the 
various tissues and on the variation in electric field intensity. Usually, 
current density is greatest at the contact points. Once the current travels 
away from the contact points into the subcutaneous tissues, the tissues 
with the least electrical resistance, that is, muscle, nerve, and blood  
vessels, will have the largest current densities and will experience the 
most rapid heating.2 As current tries to pass through bone, which has a 
high resistance, surrounding (deep) muscles are thermally injured.

Many cells, such as muscle and nerve cells, use electrical signals to 
control their function. The application of weak electric fields from a 
nonphysiologic source can interfere with cell function and, if the field is 
strong enough, cause direct cell damage. Electricity at frequencies below 
one megahertz may produce tissue injury primarily by permeabilization 
of cell membranes, electroconformational denaturation of cell mem-
brane proteins, and thermal denaturation of tissue proteins. Factors that 
determine the anatomic pattern, extent of tissue injury, and the relative 
contribution of heat versus direct electrical damage include the amount 
of current, anatomic location, and duration of contact. The type of 
clothing, use of protective gear, and the power capability of the electri-
cal source also contribute to the wide range in clinical manifestations 
observed in electrical shock victims.

At the commercial frequency of 60 Hertz (Hz), the threshold for 
human perception of a current passed hand to hand is approximately  
1.0 milliampere (mA). As the current reaches 16 mA, the muscles in the 
arm develop involuntary spasms. Within 10 to 100 milliseconds (ms) of the 
onset of the current (the excitation-contraction response time of human 
skeletal muscles), muscles located in the current’s path will contract. If 
the hand is holding the conductor at that time, the strong forearm flexor 
muscles will contract, causing the victim to grasp the conductor strongly, 
thus maintaining uncontrollable contact with the current source. This is 
called the “no-let-go” phenomenon. Alternatively, if the victim is close to 
but not touching the conductor at the time of current passage, the strong 
muscle contractions generally propel him away from the contact. Judging 
from eyewitness reports, the latter phenomenon may be more com-
mon. In addition, a very high-energy electrical arc can produce a strong  
thermoacoustic blast force leading to significant barotrauma.

When a current of 60 mA or greater traverses the mediastinum, there 
is enough induced depolarization of myocardial membranes to cause 
cardiac arrhythmias, particularly if the induced depolarization occurs 
during early myocardial repolarization. When the current amplitude 
reaches 1500 mA through the upper extremity, skeletal muscle and 
peripheral nerve cells are damaged by electrical forces, independent 
of heat. Smaller currents, in the range of 200 to 500 mA, can generate 
enough joule heating to cause tissue damage if the duration of current 
passage is sufficient. The rise in serum creatine phosphokinase (CPK) 
levels that results may be a useful prognostic indicator.3

While the spectrum of electrical injury ranges from minor cutaneous 
trauma to severe multisystem injury, the victims of high-voltage electri-
cal injury are usually the patients who are admitted to a critical care unit 
(see Tables 122-1 and 122-2).

INITIAL EVALUATION
Upon arrival at a critical care facility, the ABCs of trauma (airway, 
breathing, and circulation) are assessed, and appropriate therapeu-
tic maneuvers initiated. Cardiopulmonary resuscitation (CPR) is 
initiated or continued, as needed, and routine advanced trauma life  
support (ATLS) procedures and protocols are performed. Life-support 
activities should be continued for a prolonged period, as complete 
functional recovery after lengthy resuscitation efforts has been well 
documented.4 Precise time limits for the continuation of life support 
have not been elucidated.

  TABLE 122-1    Criteria for Admission of Electrically Injured Victims

Any of the following qualifies a patient for admission to an intensive care unit:

1. Thermal injury (arc or flash) to greater than 20% of the body surface area

2. Thermal injury (arc or flash) to hands, feet, face, or perineum

3. Suspicion of inhalation injury or upper airway swelling

4. Evidence or suspicion of direct electrical contact with more than 100 V and more than 
200 mA across the body (or at least one limb)

5. History of loss of consciousness

6. Abnormal neurologic examination findings (central or peripheral)

7. Cardiac dysrhythmia (at the scene or in the emergency room)

8. Abnormal electrocardiogram

9. History of cardiopulmonary arrest (at scene or in the emergency room)

10. Evidence or suspicion of developing increased muscle compartment pressure

11. CPK level greater than 400 U/L

12. Pigments (hemochromogens) in urine

13. History of blunt trauma associated with electrical injury (eg, a fall or being thrown 
from a power source)

14. Signs of visceral injury

•• The preservation of renal function depends largely on adequate 
volume resuscitation. If urine is visibly discolored by myoglobin, 
then renal function may depend on supplemental therapies.

•• The neurologic examination should be carefully monitored for 
seizure activity, which should be treated if it develops.

•• Early recognition and decompression of compartment syndromes 
are critical for maximizing extremity salvage and long-term function.

•• Adequate wound care necessitates complete debridement of nonvi-
able tissue followed by wound closure as expeditiously as possible.
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  Table 122-2    Criteria for Transfer Out of Intensive Care Unit

All of the following criteria need to be met for safe transfer at 48 h:

1. Thermal injury/open wounds on less than 20% of the body surface area

2. No evidence of inhalation injury or upper airway edema

3. Neurologic stability

4. No cardiac dysrhythmia for 24-48 h, or cardiac rhythm stability documented by serial ECGs

5. Hemodynamic stability for 24-48 h

6. Normal acid-base balance

7. Compartment syndrome diagnostically excluded or appropriately treated

8. Peak CPK serum level less than 400 U/L in first 48 ha

9. Clearance of urinary pigments (hemochromogens)
aSee Ahrenholz et al.3

After the patient is stabilized, a complete history should be obtained 
if possible, and a careful physical examination should be performed. 
Witnesses and family members often give pertinent information regard-
ing the accident as well as significant medical history. On physical 
examination, particular attention should be paid not only to the sites of 
electrical contact but also to other areas of significant patient complaint. 
It is a misnomer to refer to electrical “entry” and “exit” sites. When the 
electrical source is an alternating current (eg, a home 60 Hz electrical 
socket), any point of physical contact will carry the current in and out of 
the body at 120 times per second. The location of surface contact points, 
which usually are full-thickness burns, allows the physician to establish 
the most likely pathway of the current and the region(s) of potential 
tissue damage. Obvious cutaneous injury is usually only the tip of a 
large soft tissue injury (iceberg theory). During resuscitation, electrical 
trauma victims frequently require large volumes of isotonic intravenous 
fluids, in excess of calculated needs. These large fluid requirements 
are due to considerable third-space losses secondary to deep or occult  
tissue damage. Unlike purely thermal burn injuries, resuscitation 
formulas such as the Parkland formula are not helpful guides to fluid 
management. Isotonic fluids should be given liberally, with the initial 
goal of resuscitation being a urine output of between 0.5 and 1 mL/kg/h. 
Any electrolyte abnormalities should be corrected quickly. If serum 
CPK is greater than 1000 and/or hemochromogens (such as myoglobin 
or free hemoglobin) are found in the urine, the rate of fluid administra-
tion is increased to achieve a goal urine output of 1.5 to 2.0 mL/kg/h. 
Consideration should also be given to the alkalinization of the urine and 
administration of mannitol. Alkalinization of the urine (to pH >6.5) 
may inhibit precipitation of myoglobin and hemoglobin in the renal col-
lecting system.4,5 Mannitol, an osmotic diuretic, is generally used to aid 
in diuresis, wash out myoglobin in the renal tubules and expand intra-
vascular volume.6,7 The recommended dosage is 12.5 g administered as 
an intravenous bolus. If hemochromogens persist in the urine after man-
nitol bolus therapy, then a mannitol infusion should be started at the 
rate of 12.5 g/h continuously until the urine clears of hemochromogens. 
Careful observation of electrolytes is required when a patient is treated 
with continuous mannitol infusion. Loop diuretics should rarely, if ever, 
be used to improve urine output in electrical injury patients.

Reliable, large-bore intravenous access is essential, as well as arterial 
blood pressure monitoring and a urinary catheter. There is no evidence 
to support the routine use of pulmonary artery catheterization. It may be 
helpful to view all victims of electrical trauma as potentially having mul-
tiple injuries. These patients should be evaluated as multisystem trauma 
victims. A large percentage of high-voltage electrical trauma patients 
have either fallen from a height or been thrown by the force of the elec-
tric current. Cervical spine as well as other orthopedic injuries should 
be suspected and sought, and therapy initiated as appropriate. A falling 
hematocrit or hemodynamic instability must be thoroughly investigated. 
Changes found by the mental status examination must be explained. An 

unstable level of consciousness cannot be attributed to changes second-
ary to electricity until any systemic hypoperfusion or surgically correct-
able head trauma has been eliminated. The initial physical examination 
should also include a careful evaluation and documentation of both the 
central and peripheral nervous systems. A paralyzed ventilated patient 
may need EEG monitoring to assess for seizure activity. The manifesta-
tion of neurologic deficits may be delayed, so these evaluations should 
be repeated daily.

Appropriate tetanus prophylaxis is provided as delineated by the 
American College of Surgeons Committee on Trauma guidelines. 
Appropriate evaluation and management of corneal injury and tym-
panic membrane rupture should be instituted.

CARDIAC
Lethal ventricular dysrhythmias are a major cause of immediate mor-
tality from electrical injury. If an initial dysrhythmia is corrected and 
the patient is hemodynamically stabilized, recurrence of a potentially 
fatal dysrhythmia is unusual unless a cardiac pathology exists. As stated 
earlier, it is important to remember that electrical injury victims who 
require CPR because of a dysrhythmia should be given prolonged ACLS, 
as reports of complete functional survival after significant periods of 
CPR do exist.8

Close to 50% of patients exhibit electrocardiographic (ECG) changes 
or rhythm disturbances after injury. The most common ECG alterations 
are nonspecific ST-T wave changes and sinus tachycardia, which usually 
revert with time. Most dysrhythmias are transient, and therapeutic inter-
vention is rarely needed. The difficulty lies in identifying the existence 
of new myocardial damage and determining its physiologic significance. 
Some patients may suffer long-term damage to the conductive system.9

The usual clinical diagnostic criteria for myocardial infarction 
include ECG changes and elevation of cardiac isoenzyme levels in a 
setting compatible with myocardial ischemia. These pieces of evidence 
are not reliable, however, in the circumstance of electrical injury. ECG 
abnormalities after electrical trauma are common, temporary, and 
usually physiologically insignificant. The levels of the creatine phos-
phokinase (CPK) MB isoenzymes may be elevated owing to large-scale 
muscle damage and may give a false impression of myocardial damage.10  
Troponin levels may be more helpful to help delineate myocardial 
injury.11 Clinical symptomatology of cardiac ischemia, which is subjec-
tive at the best of times, is usually not helpful in the face of multisystem 
electrical trauma. The technetium 99m pyrophosphate scan has also 
been used to try to identify myocardial damage. However, transmural 
myocardial damage is rare, and this test does not accurately assess non-
transmural injury. Since diagnostic tests are not helpful and significant 
myocardial injury is historically known to be unlikely, aggressive volume 
resuscitation and surgical intervention should proceed as required. The 
exception to this principle is the patient who has been hemodynamically 
unstable as a result of congestive heart failure, malignant dysrhythmia, 
or clinically obvious myocardial ischemia.

The evaluation of these patients includes daily ECGs for 3 days follow-
ing injury as well as serial cardiac isoenzyme determinations. The results 
of these tests are interpreted in light of the clinical situation. It has been 
suggested that not all patients need to have continuous cardiac monitor-
ing after injury unless they have a history of loss of consciousness, recur-
rent dysrhythmia in the field or emergency room, abnormal ECG on 
admission, or other injuries that necessitate cardiac monitoring.12

RENAL
Renal dysfunction occurs in approximately 10% of patients who suffer 
high-voltage electrical trauma. The most frequent cause of renal dysfunc-
tion, and the most easily treated, is hypovolemia. A common mistake is 
to grossly underestimate the volume requirements in electrically injured 
patients. The extent of soft tissue damage and the resulting third-space 
losses are not always immediately apparent, so fluid resuscitation may be 
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inadequate. Intravascular volume depletion can lead to a decrease in the 
renal blood flow, which leads to decreasing glomerular filtration rate, 
renal cortical ischemia, and acute tubular necrosis. Aggressive volume 
replacement is therapeutic by restoring the circulating plasma volume. 
The goal for urinary output is 0.5 to 1 mL/kg/h.

The precipitation of intravascular hemochromogens in the renal 
tubules is another cause of renal dysfunction. Hemochromogens can be 
visualized in the urine in approximately 25% of patients with electrical 
injuries.13 Myoglobin, secondary to rhabdomyolysis, and free hemoglo-
bin, from lysed red blood cells, are the responsible pigments. The detri-
mental effect of pigments deposited in the tubules is thought to increase 
with hypovolemia, which further underscores the need for adequate 
fluid resuscitation. The best prophylactic and therapeutic regimen to 
prevent renal toxicity secondary to hemochromogen deposition is to 
maintain adequate intravascular volume and high urine output.14 This 
is accomplished with lactated Ringer solution and mannitol, infused 
hourly in 12.5-g increments. The resulting solute diuresis must be moni-
tored carefully to prevent intravascular volume depletion and electrolyte 
abnormalities. In the presence of urine pigments, the goal is to create a 
flow of urine of at least 1 to 2 mL/kg/h. It should be noted that the use 
of mannitol has been controversial, in part, because studies have shown 
conflicting results in preventing acute renal failure.7,15-17

Myoglobin is much more soluble and less likely to be retained by the 
kidney when the urine is alkaline. Some contend that the provision of 
adequate resuscitation and a solute diuresis will automatically create 
a urine pH that is clinically therapeutic. However, others recommend 
maintaining a urinary pH of greater than 6.5 by adding sodium bicarbon-
ate to the intravenous fluids. This treatment is continued until urinary 
myoglobin has cleared, which may take from 48 to 60 hours. There is 
evidence that bicarbonate also participates in the solute diuresis; hence its 
value may be twofold.18 If the urine does not clear of hemochromogens 
within 24 hours and the serum levels of CPK isoenzymes continue to 
rise, then a source of undetected muscle ischemia or myonecrosis should 
be actively sought. Careful, repeated physical examination, specifically 
looking for areas of swelling and tenderness, should be performed. 
Technetium 99 m nuclear scanning may be helpful in localizing areas of 
ischemic muscle, although its lack of specificity may lead to false-positive 
results.19 Xenon 131 scanning and arteriography have both been shown 
to be generally unhelpful in localizing areas of muscle ischemia or myo-
necrosis. Magnetic resonance imaging (MRI) provides a reliable method 
of evaluating edematous muscle.20 When occult muscle ischemia is dis-
covered, surgical decompression or debridement may or may not lead to 
functional recovery of that muscle group but may alleviate the systemic 
problems related to toxic effects of injured or dying muscle.

PULMONARY
There are relatively few pulmonary complications that are character-
istic of electrical injury. Acute ventilatory failure secondary to electri-
cal injury is usually related to CNS injury, or chest wall impairment 
from direct or indirect injury. Depressed respiratory drive due to CNS  
damage may lead to respiratory failure, necessitating mechanical ven-
tilation. The chest wall and the muscles of respiration may be directly 
injured, leading to suffocation secondary to tetanic contractions of the 
respiratory muscles, which may occur when the thorax is an involved 
pathway for the electric current. In addition, chest wall dynamics may 
be impaired by direct thermal or blunt injury.

Other pulmonary sequelae such as pneumonia or effusion are treated 
as in any other injury. There are isolated reports of current-induced 
bronchopleural fistula, but in most cases the need for ventilatory  
support is not due to current injury to the pulmonary parenchyma.

When the transient path of the current passes through the pharynx, 
significant upper airway swelling may develop. All patients at risk 
should undergo serial examination of the upper airway by fiberoptic 
endoscopy and should be prophylactically intubated if hypopharyngeal 
edema is found.

GASTROINTESTINAL
Abdominal complications following electrical trauma are relatively 
infrequent. Most often, gastric atony and adynamic ileus are seen. These 
complications usually resolve with nasogastric suction, intravenous  
fluid administration, nutrition, and time. More serious complications 
such as gastrointestinal bleeding, acalculous cholecystitis, rupture 
of colon, gallbladder, and other organs have been reported. It is dif-
ficult to know whether all of these processes are due to electricity or 
the stresses of severe shock and systemic illness. If a contact point on 
the abdomen has caused a full-thickness burn, the wound should be 
surgically excised. If this wound includes the posterior fascia of the 
abdominal wall, then formal exploratory celiotomy should follow. 
However, intra-abdominal pathology may be present even without 
abdominal wall injuries. Systemic signs of sepsis or changes on serial 
physical examination of the abdomen should alert the clinician to 
intra-abdominal pathology. White blood cell counts, liver function 
tests, amylase and lipase levels, as well as examination of the abdomen 
by ultrasound, computed tomography (CT), MRI, and peritoneal lavage 
may be required in making the correct diagnosis and directing therapy. 
Virtually any abdominal catastrophe can be caused by electrical  
current, and thus the physician must be alert and respond appropriately 
to subtle clinical changes in abdominal signs and symptoms.21 If intra-
abdominal injury is not suspected, then enteral feedings should be 
instituted within 6 hours of admission if possible.

NEUROLOGIC
It is possible for any aspect of the human nervous system to be affected 
by high-voltage trauma. Neurologic deficits may appear in either the 
central or peripheral nervous system. Evidence of injury may be imme-
diate or delayed. Finally, the duration of neurologic deficit ranges from 
transient to permanent.22

Neurologic changes are often poorly described and documented 
when they do occur, and hence evaluation of retrospective data is  
difficult. Immediate neurologic deficits occur in more than 40% of all 
patients. The most common symptom is loss of consciousness. This 
occurs in up to 65% of patients and usually resolves without permanent 
sequelae. However, long-term complaints include headache, dizziness, 
vertigo, and seizure activity, as well as psychosocial behavioral disorders 
such as impotence and personality changes.23

Spinal cord injuries can have acute or delayed presentations. Acute 
neurologic deficiencies can demonstrate frighteningly complete motor 
and sensory loss. Yet acute deficits have a tendency to resolve over hours 
or days. Delayed spinal cord symptomatology is much more ominous 
and less likely to resolve. The pathophysiology of these delayed findings 
is not well understood.2

Peripheral nerve injuries account for 5% to 23% of all posttrau-
matic neurologic sequelae. The most common injury is to the median 
nerve, followed by the ulnar, radial, and peroneal nerves. In the acutely  
damaged edematous arm and hand, immediate operative decompres-
sion of the carpal tunnel, cubital tunnel, and Guyon canal is urgent if 
peripheral neuropathy develops. Following appropriate release, signs of 
acute peripheral nerve compression should dissipate if thermal injury to 
the nerve has not occurred.

EXTREMITY AND WOUND
The care of the extremity as well as the wound caused by electrical  
trauma will be discussed concurrently. The rationale behind this 
approach is that the attempted salvage of the extremity, particularly the 
arm and hand, best demonstrates the principles of maximal tissue pres-
ervation with optimal residual function.

After life-threatening emergencies are addressed, attention should 
be turned to assessing the soft tissue injury. The injury should always 
be suspected of being more extensive than it initially appears, as visible 
cutaneous injury is only a portion of the total tissue destruction.
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Compartment syndromes are a common manifestation of the electri-
cally traumatized extremity. Within minutes after injury, tissue edema 
begins to increase owing to increased vascular permeability with release 
of intracellular contents into the extracellular space. Tense compart-
ments on palpation and pain with passive movement are early findings of 
compartment syndrome and should lead to immediate decompression.  
Direct measurement of compartment pressure should be monitored if 
clinical findings are equivocal.11,14

Compartment pressures in excess of 30 mm Hg are abnormal and 
indicate the need for decompressive fasciotomy. Measurement of pres-
sure in smaller compartments such as that of the intrinsic muscles of 
the hand is notoriously unreliable. Exploration of the fascial compart-
ments of the acutely swollen hand should be performed empirically 
whenever high-voltage trauma involves the hand and there is a high 
index of suspicion of compartment syndrome. Fasciotomy of any 
fascially bound muscle group may salvage an otherwise moribund 
muscle. Complete release may be facilitated by incising the epimysium 
of each muscle.

All nonviable skin and irretrievable charred tissue should be debrided. 
All noncharred nerves and tendons are preserved, as is marginal muscle 
when intermixed with healthy muscle. We define healthy muscle as that 
which is of normal color and contracts with electrocautery stimulation. 
Deciding which noncharred tissue is irretrievably injured and requires 
debridement is often a difficult problem.

It is at this point in management that controversy exists. The 
most widely practiced surgical approach is to reinspect the wound 
and debride obviously necrotic tissue every 48 hours.24 Between 
debridements, one must be careful to avoid tissue drying or desiccation. 
Typically, moist dressings or allograft skin is applied to decompressed, 
exposed, viable muscle, and a topical antimicrobial is applied to  
marginal tissue. Closure is usually delayed until the wound is in bac-
teriologic balance and is free of all dead or marginal tissue. Whether a 
finding of additional nonviable tissue at each of the serial debridements 
represents progressive necrosis or progressive recognition of fatally dam-
aged tissue remains an unresolved question.

Based on the hypothesis that marginally viable tissue is potentially 
salvageable if covered acutely with well-vascularized tissue, another 
more aggressive therapeutic regimen exists for selected patients. After 
decompression of tense compartments, debridement of obviously non-
viable muscle and skin is performed. Exposed, devascularized tendons 
and nerves, as well as marginal muscle, are covered acutely with well-
vascularized tissue. Consideration is given to the replacement of injured 
major arteries and veins with healthy arterial or venous grafts before 
they rupture or thrombose. Owing to the limited availability of suitable 
local tissue, distant flaps or microvascular free tissue transfers are gen-
erally used for coverage. Maximal success of this approach has been 
demonstrated when definitive closure is provided within 5 days.25-28 An 
additional indication for using a microvascular free tissue transfer is to 
minimize shortening of an extremity, salvaging a proximal foot, hand, 
elbow, or knee that would otherwise require amputation if standard, 
nonmicrovascular techniques were used.

The decision to salvage an injured extremity must involve careful 
weighing of the potential morbidity and mortality. A cold, insensate, stiff 
extremity will be less useful to the patient than a functional prosthesis. 
This decision of whether to attempt salvage or to amputate should be 
made as soon as possible, thereby minimizing the risks as well as the 
physical and psychological efforts invested in salvaging an extremity that 
will eventually be amputated.20

LIGHTNING INJURY
Injuries due to lightning are often fatal, and the pathophysiology is 
relatively complex. Lightning injury is a powerful manifestation of arc- 
mediated electrical contact. Arcing occurs when the voltage gradient 
in air exceeds 2 million V/m. The arc consists of a hot ionized gas of 
subatomic particles that is highly conductive. Peak lightning currents 

reach into the 30,000 to 50,000 amperes range for a duration of 5 to 
10 microseconds. Lightning arc temperatures reach up to 30,000 K, 
which generates thermoacoustic blast waves commonly called thunder.  
Peak blast pressures reach 4 or 5 atmospheres in the immediate  
vicinity of a lightning strike, and up to 1 or 2 atmospheres 1 meter 
away. Clearly, substantial barotrauma can result. Lightning produces 
a high transient electrical field and resulting magnetic field. Because 
of its high-frequency characteristics, the electric field only penetrates 
the outer surface of the body. However, the huge magnetic field can 
penetrate throughout. Victims of direct lightning strikes experience a 
multimodal injury. Superficial burns on the skin represent the current 
path along the skin surface. These injuries may create a ferning pat-
tern on the skin of lightning strike victims. These patterns are known 
as Lichtenberg figures.29 The intense brief shock pulse seems to arrest 
all electrophysiologic processes. The victim may appear lifeless and 
prolonged CPR may be necessary. Muscle and nerve necrosis is rare in 
survivors. Deeper injury results when the victim is in contact with a 
large conducting object such as a truck or fence that has been struck by 
lightning, which then will discharge over several milliseconds through 
the victim.

In the past 25 years, lightening fatality in the United States has 
dropped from hundreds to less than 30 deaths.30,31 Delay in resuscita-
tion is the most common cause of death. Bystanders are usually afraid 
to touch the victim while precious minutes pass. However, unless the 
victim is on an insulating platform, there is no residual electric charge 
on the body after several milliseconds. When needed, CPR should be 
given without hesitation.32 Victims should be cared for in an ICU until 
life-threatening CNS and cardiac injuries are ruled out. Late neurologic 
and ophthalmologic sequelae often develop. Treatment of lightning 
injury should follow the guidelines given for major electrical trauma. In 
addition to the electrical effects, one may expect tissue injury from the 
electrothermal-acoustic shock waves that also occur.

Survivors of lightning injury are not likely to be the victims of a direct 
hit. Rather, they are likely to have been in the vicinity of the hit and to 
have experienced surface burns and arc effects.

LATE SEQUELAE OF ELECTRICAL INJURY
A full spectrum of central neurologic disorders has been described as 
late sequelae of electric shock. Neurologic disorders may be classified as 
cerebral syndromes (hemiplegia, striatal syndromes), spinal syndromes 
(spinal atrophic palsies, spastic paraplegia), and peripheral nerve 
syndromes (isolated or multiple radiculopathies or neuropathies).33 
Persistent peripheral neurological, psychological, and neurocognitive 
problems often require detailed evaluation and therapeutic intervention. 
Transient spinal cord complaints have been described in the literature 
with the incidence of delayed spinal cord injury following high-voltage 
electrical trauma ranging between 2% and 5%.34 Spinal cord injuries 
that appear early typically resolve within hours to days; the late appear-
ance of injuries is associated with worse prognosis, although partial 
recovery may occur.35 Clinical manifestations of spinal cord injury have 
been classified into immediate and delayed type—in cases with delayed 
presentation of spinal cord injury, the severity of dysfunction can range 
from localized paresis to quadriplegia.36 Although unusual, cases of 
delayed spinal cord injury often presents with progressive symptomatol-
ogy, and results in paraplegia or quadriplegia, with complete recovery 
being rare.37

The late sequelae of electrical injury generally result from the acute loss 
or damage of tissue. The extent of tissue damage may not be recognized 
acutely. Neuromuscular problems are usually due to muscle fibrosis and 
peripheral neuropathies coupled with loss of tissue from debridements 
and joint stiffness. Sensorimotor neuropathies, paresthesias, dysesthesias, 
and reflex sympathetic dystrophy may manifest long after the wounds 
have healed. Severely injured victims may require functional muscle 
and nerve reconstruction as well as correction of scar contractures. Cold 
intolerance may persist for up to 2 to 3 years, and growth disturbances 
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producing skeletal deformities in children are frequent long-term 
sequelae. There are also late sequelae of electrical trauma in which the 
etiology is unknown. Cataracts occur in 1% to 2% of victims even though 
the current path did not necessarily involve the head and neck.

Rehabilitation into society and gainful employment are the ultimate 
objectives of the care of these patients. Subtle mental status and person-
ality changes may severely affect the patient’s motivation and participa-
tion in rehabilitation programs that are crucial to optimal function.38 
Rehabilitation for such patients is often emphasized, as amputation 
is often the only management option for patients with extensive soft-
tissue injury as a result of high-voltage electrical injuries. Workforce 
reentry represents a significant postinjury patient rehabilitation mile-
stone and should be guided by consultation with the employer, patient, 
coworkers, and experienced occupational medicine and rehabilitation 
teams. There is a paucity of studies which measure the successful rate 
of electrical injury patients’ reentry into their premorbid jobs, and 
the rates of return to work varies from 5.3% to 56%.39,40-43 Although 
one study evaluating postinjury quality of life for electrical injury 
patients found that patients were generally successful in returning 
to their previous employment after injuries,42 the majority of studies  
suggests that patients sustaining either high- or low-voltage injuries 
have quite poor long-term outcomes with high levels of emotional  
distress, persistent neuropsychological and cognitive changes, and 
physical complaints.23,41,43

INTRODUCTION
The goal of this review is to provide an overview of some of the most 
important critical care issues and approaches that are unique to burn 
patients when compared to the general intensive care unit population. 
The critically burned patient differs from other critically ill patients in 
many ways, the most important being the necessity of a team approach 
to patient care. The burn patient is best cared for in a dedicated burn 
center where resuscitation and monitoring concentrate on the patho-
physiology of burns, inhalation injury, edema formation, and potential 
complications associated with burn and inhalation injuries. Early opera-
tive intervention and wound closure, metabolic interventions, early 
enteral nutrition, and glucose control have led to continued improve-
ments in outcome. Prevention of complications such as hypothermia, 
compartment syndromes, and contractures is part of burn critical care. 
While expert opinion may have been the driving force behind current 
burn care standards and guidelines, continuing research driven by level 
I data is the wave of the future in the care of the burn patient.

Major strides in understanding the principles of burn care over 
the last half century have resulted in improved survival rates, shorter 
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KEY POINTS

•• Focusing burn care in centers with an entire team dedicated to the 
burn patient has resulted in burn research that has led to improved 
physical and psychosocial outcomes, fewer complications, better 
pain management strategies, and shorter lengths of hospital stay.

•• Airway evaluation and management strategies in patients with inhala-
tion injury and/or a large thermal injury differ from nonburn patients.

•• Ventilator management strategies for burn patients must include 
the same ventilator-associated pneumonia (VAP) bundle and the 
daily sedation vacation to assess readiness for extubation that is 
used in nonburn patients. In addition, specific assessment of air-
way edema must be performed.

•• Burn shock is a physiologic insult combining hypovolemic and 
distributive shock. The optimal patient outcome is provided by 
proper fluid resuscitation using large bore peripheral intravenous 
access and urine output monitored by a Foley catheter.

•• Prophylactic systemic antibiotic therapy does not prevent systemic 
infection but daily wound cleansing with soap and water followed 
by topical antimicrobial therapy is efficacious.

•• Patients with burns >20% total body surface area who have a 
transpyloric feeding tube placed on admission and high-protein 
feedings continued throughout operative procedures have better 
wound healing and shorter length of hospital stay.

•• The primary goal for wound care is wound closure. Full-thickness 
burns should be excised within the first 7 days, and treated with auto-
grafting if appropriate or allografting/xenografting/dermal replace-
ment therapy if the burn size is too great for immediate autografting.

•• Burn pain is best treated with intravenous opioids and longer acting 
analgesic agents. Anxiolytics should also be used to decrease pain 
and for procedures such as hydrotherapy.

•• Rehabilitation therapy begins at admission for optimal outcomes, 
including positioning, splinting, early mobilization even while on 
the ventilator, and strengthening to promote healing.
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hospital stays, decreases in morbidity and mortality rates due to the 
development of resuscitation protocols, improved respiratory support, 
support of the hypermetabolic response, infection control, early burn 
wound closure, and early enteral nutrition.1 Complete care of the burn 
patient requires the participation of most disciplines in the hospital for 
both the inpatient as well as the outpatient follow-up care. The optimal 
initial management of the severely burned patient follows guidelines 
established and refined by the American Burn Association (ABA) 
over the last 20 years. It is crucial that the patient be managed prop-
erly in the early hours after injury because the initial management of 
a seriously burned patient can significantly affect long-term outcome. 
Regionalization makes it common for the initial care of the seriously 
burned patient to occur outside the burn center. Burns are a specialized 
form of trauma, therefore, the first steps in emergency care, the ABCs 
(airway, breathing, circulation) are the same as for the trauma patient: 
airway with cervical spine stabilization if appropriate, breathing, circula-
tion, disability, and exposure. Also, the burn patient could be a victim of 
other associated traumas. It is easy to be sidetracked by the obvious and 
often dramatic thermal injury. Only after the primary and secondary 
surveys have been performed should the severity of the burn injury itself 
be evaluated. It is important to obtain as much information as possible 
regarding the incident and about the patient. An easy way to remember 
the information is the mnemonic AMPLE: allergies, medications, past 
medical history, last meal, and events leading up to the burn. Universal 
precautions appropriate for each burn patient must be implemented by 
every member of the health care team.2

AIRWAY MANAGEMENT
Patients at risk of requiring early intubation include those with a his-
tory of being in an enclosed space with or without facial burns, history  
of unconsciousness, carbonaceous sputum, hoarseness, or complaints of  
a “lump in the throat.” In isolation, these factors do not predict the 
need for intubation, but the more signs present, the more elevated the 
risk of requiring early intubation. Patients presenting with stridor or in 
respiratory distress should be intubated on presentation. A carboxyhe-
moglobin level taken within 1 hour after injury is strongly indicative of 
smoke inhalation if >10%.3 Acute upper airway obstruction occurs in 
20% to 33% of hospitalized burn patients with inhalation injury and is a 
major hazard because of the possibility of rapid progression from mild 
pharyngeal edema to complete upper airway obstruction.4 If there is a 
significant cutaneous burn requiring resuscitation, the need for intuba-
tion will be greater. The small cross-sectional diameter of the pediatric 
airway places children at higher risk of requiring emergent intuba-
tion. Intubation itself is not without risk so should not be undertaken  
routinely simply because there are facial burns. If intubation is 
needed, the most experienced clinician in airway management should  
perform the endotracheal intubation.4 Oral intubation is the pre-
ferred route, and given the concern for upper airway edema, having 
more advanced airway adjuncts such as awake fiberoptic intubation, 
a GlideScope, and the ability to perform an emergent surgical airway 
(cricothyrotomy) if needed should be readily available. Given that airway 
edema in this emergent setting tends to be at or above the vocal cords, the 
use of a laryngeal mask airway (LMA) is not a useful airway management 
device in this setting. Tracheostomy is not an emergency procedure and 
should only be performed in the elective setting for airway management.

Once the patient is intubated, securing the airway is another issue that 
differs dramatically from other intubated patients. Most burn patients 
who require intubation have burns that involve the face, precluding 
use of the standard methods of securing the endotracheal tube. A safer 
method that prevents having anything in contact with the facial burns 
is to secure the endotracheal tube (ETT) to the teeth of the maxilla. 
Using 0.018-inch dental wire, secure the endotracheal tube around the 
base of the tube, wrapping the wire around the ETT just tight enough to 
indent the tube slightly without but not narrowing the tube significantly 
to preclude passing the suction catheter. A rubber bite block should be 

inserted and wired between the maxilla and mandible to prevent the 
patient from biting on the ETT (Fig. 123-1). If the patient is edentulous, 
the wire can safely be passed through the maxilla via an 18-gauge needle 
gently tapped through the maxilla and passing the wire through the 
needle. This method of securing the ETT allows care of the facial burns 
to be performed as needed, prevents decubitus ulcers from ties around 
the nasal septum, on the face, or over the ears, and allows for endotra-
cheal suctioning and/or bronchoscopy. It also provides for a very safe 
airway protection method that allows the health care team to ambulate 
the patient while still intubated without putting the airway at risk. This 
patient population is one in which there cannot be inadvertent extuba-
tions, as regaining control of the airway may be impossible.

BREATHING
The care of inhalation injury largely remains supportive. Even the gold 
standard of bronchoscopy within the first 24 hours of admission can-
not accurately predict the severity of inhalation injury, although work 
is in progress that grades the inhalation injury based on bronchoscopic 
findings for patients with inhalation injury and correlate those find-
ings with outcomes. For patients with inhalation injury, no ideal ven-
tilator strategy has emerged.4 According to the American College of 
Chest Physicians, recommendations for mechanical ventilation serve as  
general guidelines: Use a ventilator mode that is capable of supporting 
oxygenation and ventilation that the clinician has experience using, 
limit plateau pressures to 35 cm H2O, allow PCO2 to increase if needed 
to minimize plateau pressures, and use the appropriate level of positive 
end-expiratory pressure.5 Unless contraindicated, use of a daily sedation 
vacation to assess readiness to liberate from the ventilator should be 
performed. Roughly 70% of patients with inhalation injury will develop 
ventilator-associated pneumonia. Routine pneumonia prevention strate-
gies should include elevating the head of the bed 30°, turning the patient 
side to side every 2 hours, oral care every 6 hours, and using endotra-
cheal tubes with subglottic suctioning ports. Routine use of prophy-
laxis against gastrointestinal ulceration/bleeding raises some concern 
about changing the gastric pH and increasing the risk of pneumonia. 
However, in the critically burned patient, the risks of gastric ulceration 
and bleeding far outweigh the proposed concerns using stress ulcer pro-
phylaxis, and its use is strongly recommended. Using the daily ventilator  
liberation protocols being used in nonburn critical care areas around 
the country should have the same benefits in burn critical care areas. 
The other assessment tool that is necessary for burn patients which may 

FIGURE 123-1.  Photograph demonstrating an endotracheal tube secured to the teeth 
with dental wire. The bite block is in the right side of the patient’s mouth. Note the absence of 
pressure points on the patient’s face.
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not be an issue in nonburn patients is assessing the airway patency and 
readiness to wean off the ventilator. The easiest and cheapest method 
to assess for airway patency is to briefly disconnect the patient from 
the ventilator, deflate the cuff on the endotracheal tube, and completely 
occlude the end of the ETT. If the patient is able to breathe around the 
occluded ETT, then the airway likely has enough space around the ETT 
for safe extubation. Prophylactic antibiotics have no role and actually 
increase infection rates. The diagnosis of pneumonia in burn patients 
has been described in a position paper by the ABA.6 For patients who fail 
to respond to maximal conventional therapy, one may consider extracor-
poreal membrane oxygenation (ECMO) as a rescue therapy for patients 
with acute hypoxemic respiratory failure who are expected to die other-
wise.7 ECMO has been shown to have some success in pediatric patients 
with severe inhalation injuries but survival in adult burn patients is 
anecdotal. One problem with ECMO is that to be successful, the patient 
must have already undergone burn wound excision and application of 
xeno/allo/autografting prior to being placed on ECMO, which can last 
for up to 2 weeks. However, a conflicting criterion for successful ECMO 
is early intervention, for example, within 12 to 36 hours of burn injury.

The combination of a body burn and smoke inhalation produces a 
marked increase in mortality and morbidity8,9 and survival in patients 
>age 60 years with inhalation injury is very low.10 Burn patients with 
inhalation injury have been shown to require increased fluids during 
resuscitation.1,11-14 Navar et al15 found that the presence of inhalation 
injury was associated with a 44% increase in fluid requirements, which 
was remarkably uniform across all age groups and burn sizes. The 
degree of lung dysfunction caused by a smoke inhalation injury is accen-
tuated by the presence of even a small body burn.9,14,16,17 Although it is 
not totally clear how much additional fluid will be required, be aware 
that somewhere between 40% and 70% additional fluid will be required, 
and resuscitation guidelines do not take inhalation injury into account.

CIRCULATION
Adequate resuscitation from burn shock is the single most impor-
tant therapeutic intervention in burn treatment. Due to a paucity of 
evidence-based literature, burn resuscitation remains an area of clinical 
practice driven primarily by local custom of the treating burn units.18 
The only issue exempt from debate is that fluid administration is uni-
versally advocated.13,19 Each patient will react uniquely to burn injury 
depending on age, depth of burn, concurrent inhalation injury, preexist-
ing comorbidities, and associated injuries. Formulas should be regarded 
as a resuscitation guideline; fluid administration has to be adjusted to 
individual patient needs. Of the numerous formulas for fluid resus-
citation, none is optimal regarding volume, composition, or infusion 
rate.12,20-26 Lactated Ringer solution most closely resembles normal body 
fluids. Factors that influence fluid requirements during resuscitation 
besides TBSA burn include burn depth, inhalation injury, associated 
injuries, age, delay in resuscitation, need for escharotomies/fasciotomies,  
and use of alcohol or drugs prior to injury.27

The modified Parkland formula is currently the most widely used 
resuscitation guideline, used in >90% of burn centers in the United 
States. The Advanced Burn Life Support curriculum supports the use 
of the Parkland formula for resuscitation in burn injury.26 Simply put, 
it is 4 mL/kg/percentage TBSA, this gives the amount of lactated Ringer 
solution required in the first 24 hours after burn injury, where kg repre-
sents the patient weight in kg, and percentage TBSA (total burn surface 
area) is the size of the burn injury. According to the Parkland formula, 
beginning at the time of burn injury, half of the fluid is given in the first 
8 hours and the remaining half is given over the next 16 hours. The 
rapid determination of percentage TBSA burn and calculation of the 
fluid requirements can be difficult and often incorrect when the person 
treating these burns is an inexperienced clinician. The substantial errors 
in estimating burn extent and depth result in significant under- or 
overcalculation of fluid requirements.25,28-30 Most doctors outside burn 
centers have infrequent experience with major burn management and a 

relative lack of sufficient knowledge regarding such management.3,17,25,29 
Even among burn center physicians, there is considerable variability in 
determining the amount of fluids to be administered during the resus-
citation period.

Outside of a computer generated and controlled resuscitation for-
mula currently being investigated by military burn surgeons, the best 
resuscitation guideline is one that provides the optimal resuscitation 
and the least opportunity for disaster by the inexperienced clinician. 
The attached resuscitation guides have been successfully used in the 
16-bed burn center at the University of Iowa (Fig. 123-2). The adult 
protocol utilizes a weight-based approach, with urine output and vital 
signs being monitored every hour during the resuscitation period. The 
pediatric protocol also utilizes a weight-based approach, adding glucose 
containing maintenance fluids for the child <30 kg (Fig. 123-3). These 
protocols have allowed us to use a protocol that provides adequate resus-
citation but avoids overresuscitation and the attendant complications.

A clinical advantage with colloid administration during the resuscita-
tion phase has not been identified.22,24,31 One study showed a decreased 
risk of death when albumin was used during resuscitation,18 but the dif-
ference did not achieve statistical significance. A meta-analysis compar-
ing albumin to crystalloid showed a 2.4-fold increased risk of death with 
albumin.32 Hypertonic saline has also had disappointing results, with 
a fourfold increase in renal failure and twice the mortality of patients 
given lactated Ringer solution.33 Hypertonic saline does not routinely 
have a place in burn resuscitation.19 Fresh frozen plasma should not be 
used as a volume expander, according to new policies on blood product 
delivery.32 Due to the risk of blood-borne infectious transmission,22 
the American Burn Association Practice Guidelines for Burn Shock 
Resuscitation do not recommend the use of fresh frozen plasma without 
active bleeding or coagulopathy outside of a clinical trial, when other 
choices are available.21 Depletion of limited blood bank reserves is 
another deterrent to using fresh frozen plasma in burn resuscitation.22 
During resuscitation, development of unstable vital signs, inadequate 
response to fluids, or persistently high fluid requirements should prompt 
a call to an experienced burn care physician as noted in both adult and 
pediatric resuscitation protocols.

It is not possible to accurately predict who will fail resuscitation, but 
patients who routinely require additional fluids include those with inhalation 
injury, electrical burns, those in whom resuscitation is delayed, and those 
using alcohol or illicit drugs.34 Patients making methamphetamine have 
been found to be injured more seriously with larger, deeper burns43 and often 
require two to three times the standard Parkland formula resuscitation.35,36 
There is significantly increased inhalation injury, nosocomial pneumonia, 
respiratory failure, and sepsis in this patient population.35,36

RESUSCITATION GOALS
Effective fluid resuscitation is one of the cornerstones of modern burn 
care and perhaps the advance that has most directly improved patient 
survival. Proper fluid resuscitation aims to anticipate and to prevent 
rather than to treat burn shock.3,20,21 Resuscitation of burn shock cannot 
hope to achieve complete normalization of physiologic variables because 
the burn injury itself leads to ongoing cellular and hormonal responses. 
However, moving the patient toward a normal burned physiologic  
status during the resuscitation period is an appropriate goal. The obvious 
challenge is to provide enough fluid replacement to maintain perfusion 
without causing fluid overload.3,11,12,22-25,37-43 Without effective and rapid 
intervention, hypovolemia/shock will develop if the burns involve 15% 
to 20% TBSA.28 Delay in fluid resuscitation beyond 2 hours of the burn 
injury complicates resuscitation and increases mortality.37,43 The conse-
quences of excessive resuscitation and fluid overload are as deleterious 
as those of underresuscitation: pulmonary edema, myocardial edema, 
conversion of superficial into deep burns, the need for fasciotomies in 
unburned limbs, and abdominal compartment syndrome.18,19,22,44,45 A 
Lund-Browder chart should be completed at the time of admission to 
calculate the TBSA burn (Fig. 123-4).
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FIGURE 123-2.  Adult burn resuscitation protocol.

Adult burn patients (>30 kg)
Protocol for fluid resuscitation

Step one:
Infuse LR at calculated rate

per Parkland protocol (below)
Measure urine output after 1 hour

Vitals unstable:
HR >140, <60

BP <90/60
SaO2

 <90;
Call physician

Vital signs stable:  HR <140, BP >90/60, SaO2 >90

If burn >25%:
Add hetastarch

at 20 mL/kg/24 h
Start time:________

Urine
output
<15 mL

Urine
output

16-30 mL

Increase IV
rate by 20%
initial rate

Increase IV
rate by 10%
initial rate

Decrease IV
rate by 10%
initial rate

Decrease IV
rate by 20%
initial rate

Start hetastarch at
20 mL/kg/24 h
(if not started

previously)

Urine output
>200 mL/h for

2 consecutive hours: 
Call physician

No change-
leave IV rate

as is

Repeat Step one every hour until:

Calculated maintenance rate is reached
40 mL + dry weight (kg) = _________ total mL/hour

Once at maintenance for 2 hours,
decrease hourly by 10% of initial rate until off

Continue hourly UOP for 8 hours on burns >20% or
if otherwise indicated (difficult resuscitation, inhalation injury)

Place this sheet in nurse manager’s mailbox when resuscitation is complete

Obtain ABG, lactate, bladder pressure

If urine output falls below 30 mL/h
return to Step one & call physician

Do not include hetastarch, tube feedings, or medication fluids as part of the resuscitation fluids—
you should only titrate the LR during the resuscitation phase

If urine output
<15 mL/h for

2 consecutive hours:
Call physician

Bar code label

Admit weight:______.___kg

Burn size:_________.___%

Starting fluid rate:_____mL

Titrate by: __________mL
(10% of starting IVF rate)

Maintenance IVF Rate: 
Wt (kg) + 40 = ___ mL/h

Parkland formula for
fluid resuscitation

_____ kg × _____ × 4 = 
(weight)   (BSAB)

_______ mLs/1st 24 hours
/2 = _______ mLs/1st 8 hours
/8 = _______ mLs/h IV rate

Urine
output

31-50 mL

Urine
output

51-200 mL

Urine
output

>201 mL

BURN SHOCK 	 PATHOPHYSIOLOGY
Burn shock is a unique combination of distributive and hypovole-
mic shock16,19,22,32,46,47 manifested by intravascular volume depletion, 
low pulmonary artery occlusion pressures, elevated systemic vas-
cular resistance, and depressed cardiac output.46,48 Reduced cardiac 
output is a combined result of decreased plasma volume, increased 
afterload, and decreased contractility.21 Studies suggest that impaired 

myocardial contractility is likely caused by circulating mediators such 
as tumor necrosis factor-α49,50; however impaired Ca+2 at the cel-
lular level is most likely involved as well.51 The exact mechanisms of 
altered cardiac mechanical function remain unclear and are most likely 
multifactorial.22,51,52 Virtually all components that control fluid and pro-
tein loss from the vascular space are altered after a burn.16 Immediately 
after burn injury, the systemic microcirculation loses its vessel wall 
integrity and proteins are lost into the interstitium.22,25,26 This protein 
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Pediatric burn patients (<30 kg)
Protocol for fluid resuscitation

Step one:
Infuse LR at calculated rate

per Galveston protocol (below)
measure urine output after 1 hour

If burn >25%
Add hetastarch

at 15 mL/kg/24 h
Start time:________

Vital signs stable See table below for pediatric vitals

Urine output
<0.25 mL/kg
_______ mL

Urine output
0.26-0.5 mL/kg

_______ mL

Urine output
0.51-1.0 mL/kg

_______ mL

Urine output
1.1-2.0 mL/kg
_______ mL

Urine output
>2.0 mL/kg
_______ mL

Increase IV
rate by 20%
initial rate

Increase IV
rate by 10%
initial rate

No change-
leave IV rate

as is

Decrease IV
rate by 10%
initial rate

Decrease IV
rate by 20%
initial rate

Start hetastarch at
15 mL/kg/24 h
(if not started

previously)

If urine output
>2.0 mL/kg/h for

2 consecutive hours:
Call physician

Repeat Step one every hour until:

Calculated maintenance rate is reached
_________mL/h (formula in box below)

If urine output falls below 0.5 mL/kg/h
return to Step one & Call physician

Obtain ABG, lactate, bladder pressure

**Normal pediatric vital signs

Infant (<1 y)
Toddler (1-3 y)

Preschool (4-5 y)
School age (6-12 y)

Adolescent (12-20 y)
Place this sheet in nurse manager’s mailbox when resuscitation is complete

30-60
24-40
22-34
18-30
12-20

100-160
90-150
80-140
70-120
60-100

>60 (or strong pulse)
>70 (or strong pulse)
Same calc >75

>80
>90

RRAge HR
Systolic BP
lower limit

Continue hourly UOP recording for 8 hours on burns >20% or
if otherwise indicated (difficult resuscitation, inhalation injury)

Once at maintenance rate for 2 hours,
decrease hourly by 10% of initial rate until off

If urine output
<0.25 mL/kg/h for

2 consecutive hours:
Call physician

Galveston formula

A: _______M2 x 2000 mL = ________
(TBSA)

+ (Plus)

B: ___ M2 x ____ x 50 mL = _____mL
(TBSA)   (BSAB)

A + B = __________ mL/1st
 
24 hours

/2 = __________ mL/1st 8 hours

/8 = __________ mL/hour IV rate

Do not include
hetastarch, tube
feedings, or
medication fluids as
part of the
resuscitation fluids—
you should only
titrate the LR during
the resuscitation
phase

Bar code label

Vitals unstable:
See table below for

pediatric vitals
Call physician

Admit weight:______.___kg
Admit height: _________cm
Burn size:_____________%
Titrate by: ____________mL

(10% of starting IVF rate)

Goal maintenance IVF rate

_____M2 x 2000 mL = ______mL
(TBSA)

/24 = ___________ mL (goal rate) 

For pt <12 months
or <10 kg initiate
D5LR at 5 mL/h for
glucose source.

Starting IVF rate: _______ mL/h
Titrate per protocol until goal 
Maintenance rate achieved.

FIGURE 123-3.  Pediatric burn resuscitation protocol.
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B-1c Estimation of Burn & Diagram Date

Hosp No.
Name

Birthdate

Address

Head

Birth
1 y

19 17 13 11 9 7

2

13

13

2.5

2.5

1

4

4

3

3

2

13

13

2.5

2.5

1

4

4

3

3

2.5 2.5

2.5 2.5

2

13

13

2.5

2.5

1

4

4

3

3

2.5

2.5

2

13

13

2.5

2.5

1
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FIGURE 123-4.  Lund-Browder chart demonstrates how to calculate the size of a second- and third-degree burn.

loss causes the intravascular colloid osmotic pressure to drop precipi-
tously and allows fluid to escape from the circulatory system.22,26 There 
is a marked transient decrease in interstitial pressure caused by the 
release of osmotically active particles, causing a vacuum effect that sucks 
in fluid from the plasma space. There is a marked increase in fluid flux 
into the interstitium caused by a combination of the sudden decrease in 
interstitial pressure, an increase in capillary permeability to protein, and 
a further imbalance in hydrostatic and oncotic forces favoring the fluid 

movement into the interstitium.16 The outcome is a dramatic outpouring 
of fluids, electrolytes, and proteins into the interstitium with rapid equi-
librium of intravascular and interstitial compartments.25 These changes 
are reflected in loss of circulating plasma volume, hemoconcentration, 
massive edema formation, decreased urine output, and depressed  
cardiovascular function.46 What actually changes is the volume of each 
fluid compartment, with intracellular and interstitial volumes increasing 
at the expense of plasma and blood volume.25 Functional plasma volume 
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in burn tissue can be restored only with expansion of the extracellular 
space.53 Most edema occurs locally at the burn site and is maximal at 
around 24 hours postinjury.16,22,25,27,28,42,53 The rate and extent of edema 
formation in major burn injury far exceed the intended beneficial effect 
of inflammatory system activation.16,45 The edema itself results in tissue 
hypoxia and increased tissue pressure with circumferential injuries. 
Aggressive fluid therapy can correct the hypovolemia but will accentuate 
the edema process.16,17,45,54

FIRST-LINE MONITORING
Although urine output and heart rate are the primary modalities for 
monitoring, the current standards for monitoring fluid therapy in 
patients with large burns are not necessarily supported by data.12,13,24,55 
Reliance on hourly urine output as the sole index of optimum resuscita-
tion sharply contrasts with the lack of clinical studies demonstrating the 
ideal hourly urine output during resuscitation.21 The American Burn 
Association Practice Guidelines for Burn Shock Resuscitation recom-
mend 0.5 mL/kg/h urine output in adults and 0.5 to 1.0 mL/kg/h in chil-
dren weighing <30 kg.22,26,27,47 Lesser hourly urinary outputs in the first 
48 hours postburn almost always represent inadequate resuscitation.54

No factor other than airway protection is as critical in the early post-
burn period as vascular access. Ideally, it is wise to obtain peripheral 
intravenous access away from burned tissues.17 Most patients with small- 
to medium-sized burns do not require central catheters. Reliable periph-
eral veins should be used to establish an IV line. Use vessels underlying 
burned skin only if necessary. If it is impossible to establish peripheral 
venous access, intraosseous lines may be necessary, and may safely be 
placed in patients of any age. These tools obviate the need for cut downs 
in burn patients. If unable to insert an intraosseous line, central venous 
access may be necessary using a short, large bore rapid infusion line 
made specifically for large volume resuscitation. A patient undergoing 
resuscitation should have a urinary catheter placed so that hourly urine 
outputs may be monitored. In children, diapers can be weighed for accu-
rate outputs. Nasogastric tubes should be considered in patients with 
>20% TBSA burns, as they will experience gastroparesis and probable 
emesis.1 The attached burn diagrams for adults and children will help 
guide the clinician in providing the optimal fluid resuscitation.

Hemodynamic monitoring and treatment of deviation from nor-
movolemia are the fundamental tasks in intensive care.56 A pulse rate  
<110 beats/min in adults usually indicates adequate volume, with rates 
>120 beats/min usually indicative of hypovolemia. Narrowed pulse 
pressure correlates with reduced stroke volume and provides an earlier 
indication of shock than systolic blood pressure alone.22 Noninvasive 
blood pressure measurements by cuff are rendered inaccurate because 
of the interference of tissue edema and read lower than the actual blood 
pressure.26 Resuscitation based on a blood pressure cuff will provide a del-
eterious amount of overresuscitation to a burn patient. An arterial catheter 
placed in the radial artery is the first choice, followed by the femoral artery.

■■ PULMONARY ARTERY/CENTRAL VENOUS CATHETERS
The decision to perform invasive hemodynamic monitoring requires 
careful consideration.55 The lack of benefit associated with goal-directed 
supranormal therapy has resulted in waning enthusiasm for the use of 
pulmonary artery catheters.57,58 The most applicable cardiac output-
related variable to manipulate in burn patients is preload. Pulmonary 
artery occlusion pressure and central venous pressure are not good 
indicators of preload.22 As long as other signs of adequate tissue perfu-
sion are normal, the temptation to normalize filling pressures should be 
avoided.26 The use of end points demonstrating the adequacy of oxygen 
delivery has not yet found a place in the management of burn shock40,46,59 
and use of pulmonary artery catheters in burn resuscitation has fallen 
out of favor. Lithium dilution cardiac output monitoring (LiDCO) and 
other less invasive monitoring tools such as transpulmonary thermodi-
lution, the PiCCO, and the esophageal Doppler hold great promise for 
monitoring the burn patient through the acute resuscitation phase.60

■■ LABORATORY STUDIES
Although the initial lactate is a strong predictor of mortality,18,22,61 it is 
not clear how serum lactate can be used as a resuscitation end point.26,61,62 
Although lactate and base deficit (BD) are resuscitation markers that act 
as independent variables,61-63 there is a low correlation between urinary 
output, mean arterial pressure, serum lactate, and base deficit.62 Serum 
lactate trends provide greater information regarding the homeostatic 
status.64,65 Determinations of BD do not demonstrate the same predictive 
power; the effect of specific correction of the BD during fluid resuscita-
tion is unknown.41,61,63 There are insufficient data to make recommenda-
tions on the use of BD or lactate as resuscitation guidelines during burn 
resuscitation or as independent predictors of outcome in patients with 
large burns.22,26,62,66 Hematocrits of 55% to 60% are not uncommon in the 
early postburn period. Trying to normalize a hemoglobin or hematocrit 
during the resuscitation period invariably leads to fluid overload and 
cannot be used to monitor fluid resuscitation.

■■ RESUSCITATION END POINTS
End points of resuscitation have been the subject of numerous strategies 
with conflicting results.12,19,22,32,41,43,44,46 Many authors feel that urine output27  
and traditional vital signs (heart rate and mean arterial pressure) 
are too insensitive to ensure appropriate fluid replacement in burn  
injuries.26,40,59,62 In children, trends in heart rate, blood pressure, and capil-
lary refill toward normal are reasonable therapeutic end points.44 In adults, 
arterial blood pressure is relatively insensitive to the adequacy of fluid 
replacement; pulse rate is more helpful. In older patients or those taking 
β-blockers, pulse rate becomes less reliable. Urine output can be taken 
to reflect organ perfusion; however, urine must be nonglycosuric to be 
accurate.17 Hypertonic saline can increase urine output due to an osmotic 
diuresis that does not accurately reflect volume status.53 Although urine 
output does not precisely mirror renal blood flow, it remains the most 
readily accessible and easily monitored index of resuscitation.54,67

■■ FLUID CREEP
The use of excessive volumes for resuscitation is being documented with 
increasing frequency in many burn centers.30,68 Burn care providers have 
become more aggressive with the administration of benzodiazepines 
and narcotics, which may result in additional fluid demands.18,28,67,69-71 
Outreach education in burn care has contributed to a new problem: 
excessive resuscitation given by first responders and nonburn physicians. 
Thus, many patients arrive at a burn center having received much of 
their first 24 hour fluid requirements in just an hour or two.30

■■ VITAMIN C RESUSCITATION
The landmark study by Tanaka et al showed that high-dose ascorbic 
acid during the initial 24 hours postburn reduced fluid requirements 
by 40%, reduced burn tissue water content 50%, and reduced ventilator 
days.72,73 The clinical benefits led to a clear reduction in edema and body 
weight gain and were associated with reduced respiratory impairment 
and reduced requirement for mechanical ventilation.17,72,73 Although not 
in mainstream use in the United States, the findings are meaningful to 
experienced burn care practitioners, and may gain traction in the future.

PREVENTABLE COMPLICATIONS

■■ HYPOTHERMIA
The profoundly adverse effects of hypothermia cannot be overstated. 
Strategies to vigorously prevent hypothermia include a warmed room, 
warmed inspired air, warming blankets, and countercurrent heat 
exchangers for infused fluids. Metabolic responses can be minimized 
by treating the patient in a thermoneutral environment (32°C).3 During 
hydrotherapy, in the operating room, and in the burn unit during a 
resuscitation, maintain the room temperature at 85°F and 35% to 40% 
humidity to minimize heat loss and decrease metabolic rate.
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■■ COMPARTMENT SYNDROMES
A life-threatening complication caused by high-volume resuscitation is 
abdominal compartment syndrome (ACS),32 defined as intra-abdominal 
pressure >20 mm Hg plus at least one new organ dysfunction.74 ACS 
has been associated with renal impairment, gut ischemia, and car-
diac and pulmonary malperfusion. Clinical manifestations include 
tense abdomen, decreased lung pulmonary and chest wall compli-
ance, hypercapnia, and oliguria. Simply monitoring urine output is 
insufficiently sensitive or specific to diagnose ACS.17,75,76 Vigilant moni-
toring and aggressive treatment should be instituted to avoid this deadly 
complication.75,76 Appropriate intravascular volume, appropriate body 
positioning, pain management, sedation, nasogastric decompression if 
appropriate, chemical paralysis if required, and torso escharotomy are 
all interventions to increase abdominal wall compliance and decrease 
intra-abdominal pressures.76,77 Patients who receive >250 mL/kg of crys-
talloid in the first 24 hours will likely require abdominal decompression, 
based on the Ivy score.12 Percutaneous abdominal decompression is a 
minimally invasive procedure that should be performed before resorting 
to laparotomy.75,78 The International Conference of Experts on Intra-
abdominal Hypertension and Abdominal Compartment Syndrome rec-
ommends that if less invasive maneuvers fail, decompressive laparotomy 
should be performed in patients with ACS that is refractory to other 
treatment options.76 The reported mortality rates for decompressive 
laparotomy for ACS can be as high as 88% to 100%.75,78

Exuberant fluid resuscitation beyond the protocols attached here in 
Figures 123-1 and 123-2, such as what may be required with delayed 
fluid resuscitation or severe inhalation injury may lead to compartment 
syndromes in other areas, including brain, chest, and extremities. If the 
patient exhibits deterioration in mental status and the patient is requiring 
significantly more fluid than predicted, consideration should be given to 
obtaining a head CT to rule out increased intracranial pressure, cerebral 
edema, and even transtentorial herniation. The orbit is a compartment 
limited to expansion and may require lateral canthotomy to successfully 
reduce intraocular pressure to normal.80 The need for increased ventila-
tory requirements beyond what is usually anticipated should prompt 
the team to consider chest or abdominal compartment syndromes. 
Continuously assessing compartments for increased pressure, includ-
ing extremities, will allow for immediate escharotomy if the need arises. 
Bladder pressure monitoring should be initiated as part of the burn fluid 
resuscitation protocol in every patient with >30% TBSA burn.22,32,77 
Extremity compartment syndromes can also result from extensive 
edema formation. Patients may require escharotomies, fasciotomies, or 
both for the release of extremity compartment syndrome.17,79 Patients  
with circumferential full-thickness burns are also at risk of requiring 
escharotomies.54 Impaired capillary refill, paresthesia in the involved 
extremity, and increased pain develop earlier than decreased pulses.

■■ DEEP VENOUS THROMBOSIS
The incidence of deep venous thrombosis in burn patients is estimated 
to be 1% to 23%.81 In the absence of level 1 evidence, deep venous 
thrombosis chemoprophylaxis is routinely practiced in many burn  
centers. What remains unknown is when to begin chemoprophylaxis 
and how the size of the burn affects the dosage of effective chemo-
prophylaxis. It has been suggested that a patient with larger burns will 
require significantly higher doses of enoxaparin than unburned patients. 
Based on the hypermetabolic state present during the early burn phase, 
once daily chemoprophylaxis will be inadequate, and twice daily  
enoxaparin dosing will be necessary. Although not in routine use yet, 
monitoring antifactor Xa levels and administering enoxaparin based on 
those levels provides a scientific rationale for chemoprophylaxis.

■■ HEPARIN-INDUCED THROMBOCYTOPENIA (HIT)
Early thrombocytopenia occurs in the postburn course in patients with 
extensive injury. Complications after burn injury such as pulmonary 
infections, multiorgan failure, sepsis, and bleeding disorders accentuate 

this trend. As in nonburn patients, careful observance for thrombocyto-
penia after the first week of hospitalization will alert the practitioner to 
make the diagnosis in burn patients.6,82 Although the incidence of HIT 
was relatively low (1.6%) in one study, the complications of HIT in those 
patients were profound, including arterial and deep venous thromboses 
and increased number of surgical procedures.82

■■ NEUTROPENIA
Transient leukopenia is common, primarily due to a decreased neutro-
phil count. Maximal white blood cell depression occurs several days 
after admission with rebound to normal a few days later. Although use 
of silver sulfadiazine has been associated with this transient leukopenia, 
resolution is independent of continued silver sulfadiazine.1

■■ STRESS ULCERS
Level 1 data exist that patients with major burn injuries are at risk for stress 
ulcers and should receive routine prophylaxis beginning at admission.83

■■ ADRENAL INSUFFICIENCY
Although absolute adrenal insufficiency occurs in up to 36% of patients 
with major burns, there is no correlation between response to cor-
ticotropin stimulation and survival. Those with massive burns have 
higher cortisol levels but may be resistant to serum cortisol increases 
in response to stimulation. The clinical relevance of this finding has not 
been established.84,85

INFECTION/INFLAMMATION/SEPSIS

■■ CONSENSUS PAPER ON SEPSIS AND INFECTION-RELATED DIAGNOSES
Current definitions for sepsis and infection have many criteria rou-
tinely found in patients with extensive burns without infection/sepsis 
(eg, fever, tachycardia, tachypnea, leukocytosis). Burn experts recently 
developed standardized definitions for sepsis and infection-related diag-
noses in burn patients from which we will summarize key discussion 
points and recommendations.6 Patients with large burns have a baseline 
temperature reset to 38.5°C, and tachycardia and tachypnea may persist 
for months. Continuous exposure to inflammatory mediators leads to 
significant changes in the white blood cell count, making leukocytosis 
a poor indicator of sepsis. Use other clues as signs of infection or sepsis 
such as increased fluid requirements, decreasing platelet counts 3 days 
after burn injury, altered mental status, worsening pulmonary status, 
and impaired renal function. The term systemic inflammatory response 
syndrome should not be applied to burn patients because patients with 
large burns are in a state of chronic systemic inflammatory stimulation.6  
Any infection in a burn patient should be considered to be from the 
central venous catheter until proven otherwise.6 In burn patients, 
central catheters should be changed to a new site every 3 days to mini-
mize bloodstream infections.86 Although prophylactic systemic anti-
biotics have no role in thermal injury, topical antimicrobial therapy is 
efficacious.1 Systemic antibiotic therapy should be culture directed and 
administered for the shortest time possible.

METABOLISM/NUTRITION

■■ ENTERAL NUTRITION
As hypermetabolism can lead to doubling of the normal resting energy 
expenditure, enteral nutrition should be started as soon as resuscita-
tion is underway with a transpyloric feeding tube. Patients with burns 
>20% TBSA will be unable to meet their nutritional needs with oral 
intake alone. Patients fed early (during the first 48 hours postburn) 
have significantly enhanced wound healing and shorter hospital stays.87 
Feeding with a postpyloric feeding tube during the operative procedure 
has also been shown to optimize the nutritional levels while being 
safe and not increasing the risk of aspiration. The kind of nutritional 
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supplementation and whether specific amino acid supplementation is 
necessary remains a subject of study and debate. Patients will require 
more protein per kg every day than nonburn critically ill patients. There 
is a great deal of current interest in glutamine supplementation for burn 
patients. Although the data supporting glutamine supplementation 
are not robust, it may prove useful in an immune enhancing mode to 
decrease bacteremia.88 Unless the patient is vitamin deficient prior to 
the burn injury, packaged formulas will provide the needed vitamins 
and minerals. Pediatric patients should receive a vitamin supplementa-
tion due their increased metabolic needs and rapid rate of growth. In 
the patient where a vitamin deficiency is suspected, a prenatal vitamin 
will provide the needed vitamins and minerals. In the rare case that 
precludes use of the gastrointestinal tract, parenteral nutrition should be 
used only until the gastrointestinal tract is functioning.

■■ ENDOCRINE AND GLUCOSE MONITORING
Strict glucose control of 80 to 110 mg/dL can be achieved using an 
intensive insulin therapy protocol, leading to decreased infectious com-
plications and mortality rates.89,90 The risks of hypoglycemia with a strict 
glucose control approach can be prevented with adherence to protocols 
that provide for glucose containing compounds anytime the patient is 
not willing or able to tolerate oral intake.

■■ ANABOLIC STEROIDS
Severe burn injuries induce a hypermetabolic response, which leads 
to catabolism. Anabolic androgenic steroids such as oxandrolone pro-
mote protein synthesis, nitrogen retention, skeletal muscle growth, and 
decreased wound healing time. Burn patients receiving oxandrolone 
regain weight and lean mass two to three times faster than with nutri-
tion alone.91 Oxandrolone started within the first week postburn can be 
administered safely well into the rehabilitation phase of care, and has 
been shown to enhance long-term recovery in height, cardiac work, and 
muscle strength for up to 5 years postburn.92

■■ ß-BLOCKADE
ß-blockers after severe burns decrease heart rate, resulting in reduced 
cardiac index and decreased supraphysiologic thermogenesis.3,93 In 
children with burns, treatment with propranolol during hospitalization 
attenuates hypermetabolism and reverses muscle-protein catabolism. 
Propranolol should be given to achieve a 20% decrease in heart rate of 
each patient compared with the 24-hour average heart rate immediately 
before administration.93

WOUND MANAGEMENT
Before undertaking wound care, the functions of intact skin must be 
kept in mind: thermoregulation, water retention, infection barrier, 
water storage, pain receptors, biosynthetic properties, and cosmesis. All 
of these functions are altered or destroyed in the patient with a severe 
burn injury. The primary goal for burn wound management is to close 
the wound as soon as possible, beginning at the time of injury, because 
every day that a wound is open increases scarring risk. Burn centers are 
uniquely set up to provide optimal wound care. Beginning on admis-
sion and then daily, hydrotherapy is a routine part of care, involving 
washing the entire patient with chlorhexidine and warm tap water. The 
goal is to gently debride the nonviable tissue while leaving any newly 
formed dermis/epidermis. The practice of immersion in large tanks or 
other standing bodies of water has fallen out of favor, as bacteria from 
the fecal fallout zone would quickly colonize the entire burn wound. 
Once the wound is clean, topical antimicrobial agents limit bacterial 
proliferation and fungal colonization in the burn wound.47 Silver sulfa-
diazine is the most commonly used topical antimicrobial, being readily 
available, affordable, and well tolerated by the patient. There are also 
silver-containing sheets and compounds that may be placed on partial 
thickness burns and remain in place for up to 7 days. For patients with 

deep partial or full-thickness burns, prompt surgical excision of the 
eschar and allografting in patients with large burns, or autografting in 
patients with smaller burns, contributes to reduced morbidity and mor-
tality.47 If one considers an unexcised burn the same as an undrained 
abscess, then the time urgency to excise a burn becomes obvious. A host 
of temporary wound coverage products are available. The ideal dressing 
is easy to perform, painless, and flexible enough to allow physical and 
occupational therapy throughout the day.

PAIN MANAGEMENT
Burn patients may experience pain that is multifaceted and constantly 
changing as the individual undergoes repeated procedures and wound 
manipulation. Inconsistent and inadequate pain management has 
been well documented in burn patients. Although there is no univer-
sal treatment standard for pain management, required opioid doses 
often significantly exceed recommended standard dosing guidelines.70,94 
Practice Management Guidelines for the Management of Pain by the 
Committee on the Organization and Delivery of Burn Care of the 
American Burn Association recommend that once intravenous access 
is obtained and resuscitation started, intravenous opioids should be 
administered. Background pain is best managed through the use of 
long-acting analgesic agents. Breakthrough pain is addressed with 
short-acting agents via an appropriate route. Ketamine can provide 
conscious sedation for extensive burn dressing changes and procedures 
such as escharotomies routinely performed in the burn unit. Anxiolytics 
such as benzodiazepines decrease background and procedural pain.94 
For patients requiring mechanical ventilation, infusions of propofol or 
dexmedetomidine provide sedation but not analgesia. All medications 
should be given intravenously, orally, or rectally due to erratic absorp-
tion with intramuscular/subcutaneous administration.

PHYSIOTHERAPY
Rehabilitation therapy begins at admission to maximize functional recov-
ery. Burn patients require special positioning and splinting, early mobi-
lization, strengthening and endurance exercises to promote healing.1  
The position of comfort is the position of deformity, so proper position-
ing from the time of admission can help prevent contractures. At regular 
intervals throughout the day and night, the neck must be maintained in 
full extension, arms out to the side in an airplane fashion, hips and legs 
straight with ~10° of flexion at the knees. Splints of the hands and feet 
placed on and off at regular intervals will provide time for appropriate 
positioning while allowing nurses and therapists the opportunity to 
perform range of motion exercises. The patient must be repositioned 
at frequent intervals, being sure to protect skin from any decubitus 
ulceration in areas of contact. Fluid air loss mattresses that promote skin 
management are useful adjuncts for burn patients. Regularly ambulating 
patients on ventilators out in the hallways (something known as “Bag 
‘N Drag” in our burn center) with a multiteam approach comprised of 
the patient, nurse, respiratory therapist, and physical therapist has been 
shown to enhance outcomes in critical care areas. This practice is espe-
cially relevant in burn centers and can be safely performed even during 
the resuscitation period.

TRANSFER CRITERIA
The American Burn Association has established criteria for burn 
patients who should be acutely transferred to a burn center: >10% 
TBSA partial thickness burns, any size full-thickness burn, burns to 
special areas of function or cosmesis, inhalation injury, serious chemical 
injury, electrical injury including lightning, burns with trauma where 
burns are the major problem, pediatric burns if the referring hospital 
has no special pediatric capabilities, and smaller burns in patients 
with multiple comorbidities.95 Based on the needs of the burn patient 
meeting these criteria, transferring burn patients meeting any of these 
criteria to a burn center will provide the best possible care and result 
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in the best possible outcome for the patient. Letters of agreement often 
exist between burn centers so that if the closest burn center is unable to 
care for a critically burned patient, the patient can be sent to the next 
closest burn center. Verified burn centers in the United States will gladly 
provide assistance to nonburn centers in arranging the optimal patient 
transfer and transport.

ADDITIONAL THERAPIES
The psychosocial care of the burn patient is just as important as the 
physical care but is easy to overlook. Compared to the nonburned 
critically ill patient, the burn patient will be faced with a lifetime of 
rehabilitation therapy and lifelong alterations in appearance, ability to 
exercise and work, and often, overall quality of life. Beginning to attend 
to psychological issues early, for example, at the time of admission, will 
assist the patient in dealing with the oftentimes permanent lifestyle 
changes. In addition to the patient, the family will have to deal with 
many issues and should be given every support. All burn team members 
can provide informal support, but dedicated social workers and a burn 
unit chaplain can aid in the acute phase. Knowing that up to 60% of burn 
survivors will develop posttraumatic stress disorder (PTSD) means that 
more advanced therapy must be available from the time of admission 
to the burn center. This advanced psychological support should include 
the routine involvement of psychiatric nursing for every inpatient, with 
dedicated pediatric psychiatry or psychology for the younger patients.96 
When more severe psychopathology is found, psychiatric services 
should be involved. Dressing changes and procedures in children should 
be coordinated with child life therapists. Sleep deprivation is a problem 
in many intensive care units, and for the burn patient, is no exception. 
Sleep deprivation can lead to delirium, fatigue, difficulty concentrating, 
and even psychosis. Regular rest periods throughout the day as well 
as scheduled sleep times and use of sleeping aids at night will prevent 
lack of sleep from becoming problematic for the patient. Burn support 
groups such as the local support group, Survivors Offering Assistance 
through Recovery (SOAR), and the Phoenix Society can provide support 
for adolescents and adults. Burn camps associated with burn centers 
and often supported by community donations provide support for the 
pediatric burn survivor.

CONCLUSIONS
Not many topics in acute burn care are more hotly debated than fluid 
resuscitation and monitoring. Burn management is still not as evidence 
based as in other areas of acute medicine.32 However, there does seem 
to be agreement among burns surgeons that: (1) the modified Parkland 
formula provides for a hypovolemic resuscitation; (2) patients with inha-
lation injury will require more fluid than that prescribed by the Parkland 
formula; and (3) overresuscitation leads to excessive burn edema, 
abdominal compartment syndrome, need for fasciotomies on unburned 
limbs, pulmonary edema, and prolongation of mechanical ventilation. 
Type of monitoring to use during the early resuscitation period remains 
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controversial in part because current end points have not yet been 
demonstrated to reflect tissue perfusion status independently and  
accurately.22,97 Vital signs and urine output in burn patients do not fulfill 
these criteria.42 Defining better end points of resuscitation to avoid exces-
sive volume administration is a high priority for future investigations.21  
Future improvements in preventing burn shock will include a com-
plex ballet of pharmacologic interventions, encouraging rapid surgical 
removal of necrotic tissue, and provision of a dynamic range including 
fluid types and delivery rates. The continuing challenge for burn clini-
cians and researchers is to collaborate in large multicenter studies to 
critically evaluate and establish resuscitation end points and therapies.17,22
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C H A P T E R

KEY POINTS

General Measures
•• Supportive measures supersede other considerations in the  

management of the poisoned patient. After addressing the ABCDs 
of life support, the focus can switch to confirmation of intoxication 
and targeted therapy.

•• Administer a “cocktail” of oxygen, dextrose, thiamine, and  
naloxone to patients with depressed mental status.

•• An increase in anion gap, osmol gap, or arterial saturation gap 
should raise the suspicion of intoxication.

•• An osmol gap of large magnitude (>25 mOsm/kg) suggests  
methanol or ethylene glycol poisoning; however, serious intoxica-
tion with either agent can occur without increasing the osmol gap, 
particularly in the later stages of intoxication.

•• Carbon monoxide and methemoglobin elevate the arterial oxygen 
saturation gap. These toxins interfere with oxygen binding to hemo-
globin and decrease oxygen content without lowering PaO2. Oxygen 
saturation measured by pulse oximetry is falsely high in this setting.

•• Toxicology screening can provide direct evidence of intoxication, 
but it rarely impacts initial management.

•• Poison control center consultation is advised to determine appro-
priate laboratory testing and patient disposition and treatment. 
The emergency phone number is 1-800-222-1222.

•• Gastric lavage only improves outcome in patients if performed 
within 1 hour of ingestion, although this time may be extended in 
poisonings that delay gastric emptying. Risks of lavage preclude its 
use in nontoxic ingestions, subtoxic amounts of a toxic ingestion, 
ingestion of caustic liquids, and when the toxin is no longer expected 
to be in the stomach. The airway must be protected prior to lavage.

•• Activated charcoal should be administered for most acute oral 
ingestions if the airway is protected.

•• Whole-bowel irrigation with a polyethylene glycol electrolyte 
solution is only indicated for iron overdose, ingestion of sustained-
release tablets, and “body packing” with illicit drugs.

•• Urinary alkalinization enhances excretion of nonpolar weak acids 
and is most commonly used in salicylate toxicity.

Acetaminophen
•• All overdose cases should be screened for acetaminophen poisoning.
•• The antidote, N-acetylcysteine (NAC), should be started within 

8 hours of ingestion to decrease the risk of hepatotoxicity. The 
Rumack-Matthew nomogram allows for stratification of selected 
patients into categories of probable, possible, and no hepatic toxicity.

Alcohols
•• Metabolic acidosis with an elevated anion gap and/or the presence of 

an osmol gap are classic in methanol and ethylene glycol poisoning.
•• Features of methanol poisoning include inebriation, optic papillitis,  

and pancreatitis.
•• Features of ethylene glycol poisoning include inebriation, acute 

renal failure, crystalluria, and myocardial dysfunction.
•• Treatment of methanol and ethylene glycol poisoning with fomepi-

zole or ethanol inhibits metabolism by alcohol dehydrogenase to 
toxic metabolites. Dialytic removal of toxic metabolites is indicated 
in severe poisonings.

•• Isopropanol causes hemorrhagic gastritis, ketonemia, and ketonuria, 
but not acidosis. Fomepizole and ethanol are not indicated because 
metabolites are nontoxic. Dialysis is effective in severe cases.

Barbiturates
•• Hypothermia, hypotension, bradycardia, flaccidity, hyporeflexia, 

coma, and apnea are features of barbiturate overdose. Severe over-
dose can mimic death.

•• Supportive measures include gastric emptying and activated  
charcoal. Alkalinization of the urine increases elimination of phe-
nobarbital, but not other barbiturates, and may aggravate pulmo-
nary edema. Hemodialysis should be considered in severe cases.

Benzodiazepines
•• Supportive measures, gastric emptying, activated charcoal, and 

flumazenil treat benzodiazepine overdose.
•• Flumazenil reverses sedation but may increase the toxicity of coin-

gested drugs. Flumazenil should be avoided in patients taking benzo-
diazepines therapeutically and in benzodiazepine-addicted patients.

•• There is no role for forced diuresis, dialysis, or hemoperfusion in 
benzodiazepine overdose.

β-Blockers
•• Cardiovascular manifestations of overdose are treated with fluids, 

vasopressors, atropine, glucagon, and hyperinsulinemia/euglycemia 
(HIE) therapy.

Calcium-Channel Blockers
•• Hypotension is treated with fluids, calcium chloride, and vasopressors. 

Glucagon and HIE therapy may decrease vasopressor requirements.
•• Intravenous lipid emulsion should be considered in the poisoned 

patient with cardiac arrest, terminal arrhythmia, or refractory severe  
hypotension.

Carbon Monoxide
•• Exposure to smoke, poorly ventilated charcoal or gas heaters, and 

automobile exhaust are responsible for most poisonings.
•• Carbon monoxide poisoning can present with myocardial ischemia,  

arrhythmias, mental status changes, headache, and generalized 
weakness.

•• Prompt oxygen therapy is crucial.
•• Pulse oximetry is unreliable in detecting carboxyhemoglobin; 

pulse oximetry overestimates oxyhemoglobin by the amount of 
carboxyhemoglobin present; saturation by pulse oximetry may be 
normal despite elevated carboxyhemoglobin.

•• The use of hyperbaric oxygen is controversial. Patients with poten-
tially life-threatening exposures should receive hyperbaric therapy 
if it is readily available and other life-threatening conditions do not 
preclude its use.

•• Delayed neurologic sequelae may occur in survivors.

Cocaine
•• Cocaine is often mixed with other substances of abuse.
•• Cocaine causes acute coronary syndromes, hypertensive crisis, 

seizures, rhabdomyolysis, intracranial hemorrhage, pneumomedi-
astinum, and respiratory failure.

•• Agitation and hyperthermia should be treated rapidly with  
benzodiazepines and cooling strategies.

•• Benzodiazepines are first-line therapy for hypertensive crisis.  
Refractory patients should receive an α-adrenergic antagonist. 
Nonselective β-blockers (eg, propranolol) should not be used 
alone to treat hypertension because of the potential for unopposed  
α-adrenergic stimulation. Labetalol is controversial. Selective 
β-blockers do not aggravate hypertension but may cause hypotension.
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•• Patients presenting with cocaine-associated chest pain need to be 
evaluated for myocardial infarction. Acute coronary syndromes 
should be treated with nitrates and benzodiazepines.

Cyanide
•• Features of cyanide poisoning depend on the amount and rate 

of cyanide absorption. Patients who are asymptomatic after  
inhalation generally do not require treatment. Oral ingestion 
causes progressive symptoms over minutes to hours.

•• Sodium nitroprusside infusions can cause cyanide and thiocyanate 
poisoning.

•• Symptoms include anxiety, dyspnea, headache, confusion, tachy-
cardia, and hypertension. High concentrations of cyanide cause 
stupor or coma, seizures, fixed and dilated pupils, hypoventilation, 
hypotension, arrhythmias, and cardiopulmonary collapse.

•• In addition to supportive measures and oxygen, several antidotes 
are available: amyl and sodium nitrite, sodium thiosulfate, and 
hydroxycobalamine.

Cyclic Antidepressants
•• Neurologic deterioration is often abrupt and has been associated 

with QRS prolongation >0.10 second.
•• Acidemia potentiates toxicity. Therapeutic alkalemia with sodium 

bicarbonate is beneficial.
•• Lidocaine should be used for ventricular arrhythmias resistant to 

sodium bicarbonate. Procainamide is contraindicated.
•• Physostigmine should be avoided as it has been associated with 

death. Flumazenil should be avoided because of risk of increased 
seizure activity.

Digoxin
•• Features of digitalis intoxication include fatigue, gastrointestinal 

symptoms, neurologic disturbances such as blurred vision, visual 
color changes, headache, dizziness, delirium, and cardiac arrhyth-
mias. Significant overdose may cause hyperkalemia.

•• Supportive therapy includes rapid correction of arrhythmogenic 
metabolic disturbances, particularly hypokalemia if present. 
Hyperkalemia requires treatment unless Fab therapy is immediately  
available.

•• Immunotherapy with digoxin-specific antibody Fab fragments is 
indicated for severe intoxications.

•• Gastrointestinal decontamination measures include gastric lavage 
and activated charcoal. Hemodialysis removes only small amounts of 
total body digitalis, but may be indicated for correction of hyperka-
lemia or other acid-base derangements in renally impaired patients.

•• Electrical cardioversion of a digitalis toxicity–induced arrhythmia 
should be reserved as a last resort, using the minimum effective 
energy level.

γ-Hydroxybutyrate
•• Depressed mental status, emesis, bradycardia, hypotension, and 

respiratory depression are features of GHB overdose.
•• Treatment is supportive.

Lithium
•• Most cases of intoxication, associated with levels above 1.5 mEq/L, 

are caused by unintentional overdose during chronic therapy.
•• High levels of lithium decrease the anion gap.
•• Severe poisoning causes coma, seizures, and cardiovascular instability.
•• Treatment includes seizure control and vasopressors for 

hypotension refractory to fluids. Gastric emptying should be 
performed initially. Oral charcoal is of little benefit. Whole-bowel 
irrigation is important with sustained-release preparations.

•• Lithium is the prototypical dialyzable intoxicant.

Methemoglobinemia
•• Hereditary methemoglobinemia (eg, hemoglobin M or cytochrome 

b5 reductase deficiency) is generally insignificant and does not 
require treatment. Acquired and potentially life-threatening met-
hemoglobinemia can occur after oxidant drug or toxin exposure.

•• Methemoglobinemia decreases oxyhemoglobin saturation and 
blood oxygen-carrying capacity by decreasing available hemoglo-
bin and shifting the oxyhemoglobin dissociation curve to the left.

•• Symptoms of moderate methemoglobinemia include dyspnea, 
headache, and weakness. Confusion, seizures, and death can occur 
with levels >60%.

•• Cooximetry measures methemoglobin saturation. Standard pulse 
oximetry registers falsely high in patients with methemoglobinemia. 
Arterial blood gases typically demonstrate a normal PaO2 and a 
normal calculated oxygen saturation.

•• Routine treatment of methemoglobinemia consists of oxygen and 
methylene blue.

Opioids
•• The triad of miosis, respiratory depression, and coma suggests 

opioid intoxication.
•• Naloxone reverses sedation, hypotension, and respiratory depression.  

The initial dose is 0.4 mg IV or 0.8 mg IM or SC. Lower doses 
should be given when there is a concurrent stimulant overdose. 
Larger initial doses may be required when there is abuse of  
naloxone-resistant opioids. Lack of response to 6 to 10 mg of  
naloxone generally excludes opioid toxicity.

Organophosphate and Carbamate Insecticides
•• Organophosphates are irreversible inhibitors of acetylcholinesterase  

(AChE); carbamates reversibly inhibit AChE.
•• Signs of cholinergic poisoning include salivation, lacrima-

tion, urination, diarrhea, gastrointestinal cramping, and emesis 
(SLUDGE). Muscle fasciculations, coma, and seizures also occur.

•• Respiratory failure results from muscle weakness, bronchorrhea, 
depressed respiratory drive, and bronchoconstriction.

•• The level of red blood cell cholinesterase helps diagnose organo-
phosphate poisoning.

•• Treatment includes supportive measures, atropine, and oximes. Large 
doses of atropine may be needed to decrease pulmonary secretions.

Salicylates
•• The Done nomogram for predicting salicylate toxicity is of limited 

use in current practice.
•• Salicylate poisoning causes respiratory alkalosis and metabolic 

acidosis; the latter is more prominent in children.
•• Manifestations of chronic ingestion may be subtle and occur at 

relatively low serum salicylate levels.
•• Acidemia favors tissue penetration of salicylates. Urinary alkalini-

zation enhances renal clearance of salicylates. Hypokalemia must 
be corrected to succeed in urinary alkalinization.

•• Seizures, coma, refractory acidosis, and high serum salicylate  
levels are indications for hemodialysis.

•• Alkalemia should be maintained in mechanically ventilated 
patients with salicylate poisoning

Selective Serotonin Reuptake Inhibitors
•• In combination with a number of drugs, SSRIs may cause serotonin 

syndrome. Toxic combinations may not be evident for days to weeks.
•• Serotonin syndrome is characterized by combinations of specific 

neurologic and autonomic abnormalities best outlined in diagnostic  
criteria.
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patients has been identified as a “special situation” by the American 
Heart Association. Their recommendations in the 2010 Guidelines for 
Cardiopulmonary Resuscitation and Emergency Cardiovascular Care 
are included in this chapter.2

With cervical spine precautions in place (unless trauma has been 
reasonably excluded), airway patency must be established. In obtunded 
patients with spontaneous respirations and without signs of facial 
trauma, a nasal trumpet is acceptable to assist in oxygen delivery. An 
oral airway may be used to facilitate bag-mask ventilation prior to endo-
tracheal intubation in patients without a gag reflex. The choice of airway 
depends on the level of obtundation, the vigor of protective reflexes, the 
degree of respiratory depression, and initial response to pharmacologic 
therapy (Table 124-1).

Patients with an adequate airway and intact protective reflexes may 
not require intubation (even if they are lethargic), particularly if treat-
ment improves mental status. Intubation is indicated when a patient is 
unable to protect the airway, clear secretions, maintain gas exchange, or 
sustain an adequate blood pressure. Intubation decreases but does not 
eliminate the risk of aspiration, which occurs in approximately 10% of 
comatose patients with drug overdose.3,4 Intubation further allows for 
administration of high concentrations of oxygen and, in some patients, 
provides access for drug delivery.

Selected causes of hypoxemia in drug overdose and toxic ingestion 
are listed in Table 124-2. Hypoxemia must be corrected quickly to avoid 
anoxic brain injury, myocardial ischemia, and arrhythmias. In some 
poisonings (eg, carbon monoxide, cyanide, and methemoglobinemia), a 
fraction of inspired oxygen (FiO2) of 1.0 is therapeutic, whereas in para-
quat poisoning and bleomycin toxicity, oxygen potentiates lung injury.

The clinician should choose a ventilator mode with which she or 
he is familiar and which achieves the greatest degree of synchrony 
between patient and machine. The initial ventilator mode should pro-
vide adequate back-up minute ventilation (which can be achieved with 
either assist control or synchronized intermittent mandatory ventilation 
with pressure support). If intubation is performed solely to protect the 
airway or to provide supplemental oxygen, the endotracheal tube may 
be connected to a T-piece. Alternatively low levels of pressure support 
ventilation (5 to 8 cm H2O) can be applied to overcome endotracheal 
tube resistance and decrease inspiratory work of breathing. Positive  
end-expiratory pressure (PEEP) recruits atelectatic and fluid-filled 
alveoli, but should be used cautiously in hypotensive patients to avoid 
decreasing cardiac preload. Special attention must be paid to the 
acid-base status in the poisoned patient on mechanical ventilation (as  
discussed separately in the section “Salicylates”).

Circulatory manifestations of drug overdose are common and varied.  
Bradycardia and/or atrioventricular (AV) block can result from 

  TABLE 124-1    Initial Pharmacologic Treatment of Patients With Altered Mental Status

Drug Dose Comment

Oxygen Titrate to SpO2 >92%; FiO2 1.0 for carbon  
monoxide and cyanide toxicity

Oxygen may increase risk of 
pulmonary toxicity in paraquat 
intoxication

Dextrose 50 g IV Antidote for oral hypoglycemic 
or insulin overdose

Thiamine 100 mg IV Used to prevent Wernicke 
encephalopathy; rare anaphylac-
toid reactions have been reported

Naloxone 0.2-0.4 mg IV initial dose; if no clinical response 
after 2-3 minutes, an additional 1-2 mg IV 
may be administered to a total dose of 10 mg; 
higher doses may be required in meperidine 
or propoxyphene overdose; in opioid-addicted 
patients, lower doses (0.1-0.2 mg) may help 
without causing drug withdrawal

Short duration of action 
(approximately 20-60 minutes)  
requires repeat dosing or 
continuous infusion

•• Treatment is supportive and includes benzodiazepines for symp-
tomatic control. Cyproheptadine has been used without convincing 
experimental evidence supporting its use.

Envenomations
•• The majority of poisonous snake bites in the United States involve 

the Crotalidae or pit viper family of snakes (eg, rattlesnakes, 
copperheads, and water moccasins).

•• Treatment of rattlesnake bite consists of immobilizing the bitten 
extremity below the level of the heart. Surgical consultation may 
be required for local wound management.

•• Unstable patients with pit viper envenomation should be treated 
with equine Crotalidae antivenin. Any patient with confirmed 
Elapidae bite should be treated with antivenin, as symptoms may 
be delayed and life threatening.

•• In North America, only the widow spiders (Latrodectus species) 
and the recluse spiders (Loxosceles species) are medically important.

•• Features of black widow spider bite include local pain and erythema 
followed by muscle cramps and fasciculations that may generalize 
to the abdomen, back, and chest. Hypertension, tachycardia, tremor, 
fever, agitation, diaphoresis, and nausea are common.

•• Treatment of black widow spider bite consists of supportive measures, 
analgesia, and sedation, and in severe cases, equine-derived antivenin.

•• Recluse spider bite (loxoscelism) is characterized by localized 
swelling, erythema, and formation of bullae, often forming a 
“bull’s eye” lesion with central necrosis. Some patients develop 
fever, myalgias, headache, and nausea. Rare patients develop 
intravascular hemolysis, disseminated intravascular coagulopathy, 
acute renal failure, and the acute respiratory distress syndrome. 
Treatment is supportive, but antivenin is selectively available.

In their 2008 annual report, the American Association of Poison Control 
Centers reported 2,491,049 human toxic exposure cases. Four percent 
of these cases, or more than 93,000 patients, required critical care. 
There were 1315 fatalities, associated most commonly with prescription  
pharmaceuticals.1

Intentional overdose or accidental exposure may be the chief com-
plaint at the time of initial evaluation, but not all patients provide this 
information, particularly when toxin or trauma clouds mental status. In 
these cases, signs and symptoms may be attributed to another disorder 
and poisoning remains obscure. In the hospital, inappropriate drug  
dosing or unforeseen drug interactions may lead to toxic side effects.

Classic features of overdose, referred to as a toxidrome, help establish 
a diagnosis, but signs and symptoms may be nonspecific or lacking alto-
gether, as in the early stages of acetaminophen overdose. The protean 
manifestations of intoxication mandate a high index of suspicion in 
critically ill patients.

Treatment of the poisoned patient often occurs before a diagnosis has 
been established. Most important in this regard are standard supportive 
measures. The ABCDs (airway, breathing, circulation, and differential 
diagnosis/decontamination) come first while efforts ensue to confirm 
intoxication and initiate targeted therapy.

In this chapter, we will review (1) initial supportive efforts, (2) diagnosis  
of poisoning and drug overdose, (3) techniques to limit drug absorption 
and enhance drug elimination, and (4) specific treatments of the most 
commonly encountered drugs, toxins, and envenomations seen in the 
intensive care unit.

INITIAL SUPPORTIVE MEASURES
Primary physician responsibilities are to identify and treat life-threatening  
problems. The general guidelines of life support should be followed as 
in any medically unstable patient, but the care of critically ill poisoned 
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cholinergic excess (eg, with organophosphate, carbamate, physostig-
mine, and digoxin toxicity), sympatholytic drugs (eg, β-blockers, cloni-
dine, and opioids), membrane-depressant agents (eg, type 1a and 1c 
antiarrhythmic drugs, quinidine, and cyclic antidepressants), calcium-
channel blockers, and lithium overdose (Table 124-3). Bradycardia can 

also occur from a reflex response to α-adrenergic–induced hypertension 
(eg, phenylpropanolamine).

The differential diagnosis of bradycardia includes hypoxemia, myo-
cardial infarction, hyperkalemia, hypothermia, hypothyroidism, and 
intracranial hypertension. If bradycardia persists despite correction of 
hypoxemia or hypothermia and is hemodynamically significant, atropine 
0.5 to 1.0 mg IV should be given and repeated every 5 to 10 minutes until 
a therapeutic response has been achieved or adverse drug effects appear. 
Three milligrams of atropine is fully vagolytic, so further administration 
of atropine beyond this dose is unlikely to be beneficial. An exception to 
this tenet is cholinergic poisoning, in which extremely high doses of atro-
pine may be required to increase heart rate and dry secretions. In selected 
overdoses, antidotes are available for treatment of bradycardia: calcium 
chloride for calcium-channel blocker toxicity; glucagon in β-blocker 
overdose; sodium bicarbonate in cyclic antidepressant overdose; nalox-
one in opioid and clonidine overdose; and digoxin-specific antibodies in 
digoxin toxicity. Refractory and symptomatic bradycardia or heart block 
is an indication for transcutaneous or transvenous pacing or infusion 
with dopamine or epinephrine.5 If transcutaneous pacing is used suc-
cessfully, a prophylactic transvenous pacemaker is not routinely recom-
mended because of theoretical risk of triggering ventricular arrhythmias 
by irritating the susceptible myocardium.6 However, if transcutaneous 
pacing is poorly tolerated or ineffective, transvenous pacing has been 
shown to be safe in certain overdose settings.7

Table 124-3 includes selected drugs and toxins causing tachycardia. 
Sinus tachycardia and supraventricular arrhythmias commonly result 
from sympathetic overstimulation (eg, with cocaine, theophylline, 
amphetamines, or phencyclidine) or inhibition of parasympathetic tone 
(eg, with cyclic antidepressants, phenothiazines, or antihistamines). 
Anxiety, hypovolemia, hypoxemia, myocardial infarction, hyperthermia, 
infection, and pregnancy are in the differential diagnosis. Treatment of 
sinus tachycardia should be aimed at correcting the underlying cause. In 
the setting of stimulant intoxication, sedation with benzodiazepines is 
usually sufficient. β-Blockade can be helpful in the setting of excessive 
sympathetic stimulation and myocardial ischemia; however, nonselec-
tive β-blockers should not be used alone to treat cocaine toxicity because 

  TABLE 124-2    Selected Causes of Hypoxemia in Drug Overdose and Toxic Ingestion

Cause Drugs/Toxins

Hypoventilation Alcohols

Barbiturates

Benzodiazepines

Botulinum toxin

Cyclic antidepressants

Neuromuscular blockade

Opioids

Snake bite

Strychnine

Tetanus

Aspiration Drugs/toxins depressing mental status

Pneumonia Drugs resulting in aspiration

IV drug abuse with pulmonary vascular seeding of infectious agents

Inhalation injury interfering with lung protective mechanisms

Cardiogenic pulmonary 
edema

Antiarrhythmics

β-Blockers

Cyclic antidepressants

Verapamil

Inert gases Methane

Nitrogen

Propane

Noncardiogenic  
pulmonary edema

Cocaine

Ethylene glycol

Hydrocarbons

Inhalation injury

Opioids

Phosgene

Paraquat

Salicylates

Bronchospasm β-Blockers

Cocaine

Heroin

Organophosphates

Drugs resulting in aspiration

Drugs associated with myocardial depression (cardiac asthma)

Alveolar hemorrhage Cocaine

Pneumothorax Cocaine

IV drug abuse with aberrant venipuncture or bullous lung disease

Cellular hypoxia Carbon monoxide

Cyanide

Hydrogen sulfide

Methemoglobinemia

Sulfhemoglobinemia

  TABLE 124-3    Selected Drugs/Toxins Causing Tachycardia and Bradycardia

Tachycardia Bradycardia

Amphetamines Antiarrhythmics (types 1a and 1c)

Anticholinergics β-Blockers

Antihistamines Calcium-channel blockers

Caffeine Carbamates

Carbon monoxide Clonidine

Clonidine Cyclic antidepressants

Cocaine Digoxin

Cyanide Lithium

Cyclic antidepressants Metoclopramide

Drug withdrawal Opioids

Ephedrine Organophosphates

Hydralazine Phenylpropanolamine

Hydrogen sulfide Physostigmine

Methemoglobinemia Propoxyphene

Phencyclidine (PCP) Quinidine

Phenothiazines

Pseudoephedrine

Theophylline

Thyroid hormone overdose

section11.indd   1195 1/19/2015   10:51:55 AM

http://www.myuptodate.com


PART 11: Special Problems in Critical Care1196

of the potential for unopposed α-adrenergic stimulation. In anticholin-
ergic intoxication, physostigmine decreases heart rate by increasing ace-
tylcholine concentration at myoneural junctions; however, the potential 
for physostigmine to worsen cardiac conduction disturbances precludes 
its use in cyclic antidepressant overdose.

Drugs such as cocaine, caffeine, and amphetamines cause ventricular 
arrhythmias through sympathomimetic effects. Membrane depressants 
such as cyclic antidepressants are arrhythmogenic by prolonging depo-
larization and negative inotropy. Drugs that prolong the QT interval  
(eg, amiodarone, astemizole, terfenadine, cyclic antidepressants, quinidine,  
procainamide, and disopyramide) may induce polymorphic ventricular 
tachycardia or torsades de pointes. Drug-induced torsades de pointes 
is treated by correction of risk factors (hypokalemia, hypomagnesemia, 
and hypoxemia), magnesium supplementation (even when serum con-
centrations are normal), and overdrive pacing by electrical stimulation 
or isoproterenol.6

Cardioversion or defibrillation is appropriate for pulseless patients 
with drug-induced ventricular tachycardia (Vt) or ventricular fibril-
lation (VF). Whether epinephrine should be used in the setting of 
sympathomimetic-induced Vt or VF is unknown; if used, the working 
group of the AHA recommends increasing the interval between doses 
and avoidance of high-dose epinephrine.6 This group also recommends 
more prolonged cardiopulmonary resuscitation (CPR) in poisoning 
cases because of case reports of good neurologic recovery after pro-
longed CPR (eg, 3-5 hours).6

A variety of mechanisms are responsible for hypotension in drug 
overdose: hypovolemia, cardiac arrhythmias, systemic vasodilation, and 
myocardial depression. An initial strategy of rapid fluid administration 
(eg, 1 L normal saline over 30 minutes) is appropriate in most cases, 
although caution is warranted in the setting of pulmonary edema or 
poor cardiac contractility (eg, in verapamil overdose). Cardiac arrhyth-
mias and hypothermia should be corrected and antidotes administered 
if appropriate. Hypotension refractory to the above measures should be 
treated with vasopressors. Dopamine (5-20 µg/kg/min by continuous IV 
infusion) stimulates α-, β-, and dopaminergic receptors to increase heart 
rate, blood pressure, and cardiac output in most patients. In patients 
with tachyarrhythmias or ventricular fibrillation, agents with weak β1-
activity (norepinephrine) or no β-receptor activity (phenylephrine) are 
preferred. Norepinephrine and phenylephrine are preferred in cyclic 
antidepressant overdose because cyclic antidepressants deplete presyn-
aptic catecholamine stores, limiting the effectiveness of dopamine.8-10 In 
contrast, in the presence of cocaine, dopamine and other vasopressors 
may trigger an exaggerated response caused by inhibition of catechol-
amine reuptake; in the presence of monoamine oxidase inhibitors an 
exaggerated response occurs because of inhibition of catecholamine 
degradation. An enhanced hypertensive response to phenylephrine can 
occur in anticholinergic overdose because anticholinergics interfere 
with phenylephrine-induced reflex bradycardia. Vasopressor agents 
should not be used in the setting of ergot derivative toxicity because of 
the potential for severe and sustained vasoconstriction.

Hypertension with tachycardia occurs in the setting of (1) sympa-
thomimetic drugs (amphetamines, cocaine, lysergic acid diethylamide 
[LSD], marijuana, monoamine oxidase inhibitors, and phencyclidine 
[PCP]); (2) anticholinergics (antihistamines, atropine, cyclic antidepres-
sants, and phenothiazines); and (3) withdrawal from nicotine, alcohol, 
and sedative-hypnotics. Hypertension with reflex bradycardia occurs 
in ergot derivative, methoxamine, phenylephrine, and phenylpropanol-
amine toxicity.

Treatment of hypertension depends on the chronicity and severity 
of hypertension and on the response to initial supportive efforts (eg, 
agitated patients often respond well to benzodiazepines alone). When 
hypertension is severe in chronically hypertensive patients, lowering 
diastolic blood pressure by 20% or to approximately 100 to 110 mm Hg 
is recommended. In the absence of prior hypertension, diastolic blood 
pressure may be lowered safely into the normal range. Drug-induced 
hypertension refractory to benzodiazepines should be treated with a 

short-acting and titratable agent such as nitroprusside, as hyperten-
sion may be a precursor to drug-induced cardiovascular collapse (as in 
MAOI toxicity). Phentolamine is effective in the setting of α-adrenergic 
stimulation from phenylephrine, phenylpropanolamine, or cocaine. 
Labetalol in carefully titrated doses is a third-line agent. Despite recent 
research in the area, nonselective β-blockers are currently not recom-
mended particularly in cocaine-associated hypertension because they 
may worsen α-adrenergic–induced hypertension.11,12

■■ “COMA COCKTAIL”
A “cocktail” of oxygen, dextrose, thiamine, and naloxone should be 
administered to patients with depressed mental status (see Table 124-1).  
These relatively innocuous drugs are helpful diagnostically and thera-
peutically. Although not well supported in the literature,13 thiamine is 
administered to prevent Wernicke-Korsakoff syndrome. This disorder 
is characterized by ocular disturbances (nystagmus and weak external  
rectus muscles), ataxia, and deranged mental status (confusion, 
apathy, drowsiness, and confabulation). Tachycardia, hypotension, 
electrocardiographic abnormalities, and cardiovascular collapse also 
occur. Thiamine is particularly important in the nutritionally depleted 
alcoholic receiving intravenous glucose. Glucose further depletes thiamine 
and may precipitate or worsen Wernicke-Korsakoff syndrome. There are 
no compelling data to support the practice of withholding dextrose until 
thiamine has been administered in the hypoglycemic patient, although in 
alcoholic patients, it is recommended to at least give them concomitantly 
if Wernicke-Korsakoff is suspected as the cause of coma.13-15

A blood dipstick test can be used to detect severe hypoglycemia. 
However, a normal value for glucose by dipstick does not exclude a low 
serum level, thereby warranting treatment in all patients with normal or 
low values. If the dipstick reading is high, it is reasonable to wait for serum 
confirmation of hyperglycemia. There is concern that overadministration 
of dextrose may cause harm by increasing serum osmolality or extending 
ischemic stroke, but this has not been well supported in the literature.13

Naloxone is an opioid antagonist with no opioid agonist properties. 
It can rapidly reverse opioid-induced coma, hypotension, respiratory 
depression, and analgesia.16 Naloxone is traditionally administered 
intravenously, intramuscularly, or subcutaneously; although use of 
nebulized and intranasal naloxone has been studied.17,18 Initial low 
doses (0.4 mg IV or 0.8 mg IM or SC) are preferred to avoid symptoms 
of severe withdrawal in patients with chronic opioid dependence or in 
patients with accompanying stimulant use.6

The goal is to restore airway reflexes and adequate ventilation, not 
complete arousal. Abrupt withdrawal may increase the risk of arrhyth-
mias, agitation, and acute pulmonary edema.19 If naloxone does not pro-
duce a clinical response after 2 to 3 minutes, an additional 1 to 2 mg IV  
may be administered to a total dose of 6 to 10 mg. In general, a lack 
of response to 6 to 10 mg of naloxone is required to exclude opioid 
toxicity. Even higher doses may be required to antagonize the effects of 
longer acting and synthetic opioids such as meperidine, propoxyphene, 
and methadone.2 Continuing naloxone beyond a total dose of 10 mg is  
reasonable if there is a suspicion of opioid overdose and a partial 
response has been achieved.

In general, opioid antagonism occurs within minutes of naloxone admin-
istration and has a serum half-life of 30 to 80 minutes. The effects of nalox-
one do not last as long as those of heroin or methadone, so repeat boluses 
may be required to maintain an adequate clinical response. Alternatively, a 
continuous naloxone infusion may be started (0.4-0.8 mg/h, or two-thirds of 
the initial dose needed to achieve a response per hour IV).

Consider flumazenil if benzodiazepine overdose is highly suspected 
or confirmed and benzodiazepines have not been prescribed for a poten-
tially life-threatening condition (such as status epilepticus or raised 
intracranial pressure). In the setting of long-term benzodiazepine use, 
flumazenil may result in severe withdrawal or seizures.20,21 In a rat model 
of combined cocaine-diazepam poisoning, flumazenil precipitated  
seizures and increased mortality.22
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Seizures may occur in the setting of cyclic antidepressant coingestion; 
however, prospective data demonstrate that cautious administration of 
flumazenil is safe in this setting.23 Flumazenil is effective in improving 
mental status in patients with suspected drug overdose and depressed 
mental status; however, it does not decrease the cost or number of major 
diagnostic and therapeutic interventions.24

Flumazenil is generally not recommended as a routine diagnostic 
or therapeutic agent in patients with depressed mental status.2 Still, 
flumazenil can be useful to distinguish benzodiazepine overdose from 
mixed-drug intoxication or non–drug-induced coma, and it may 
improve clinical status. The recommended initial dose of flumazenil is 
0.2 mg (2 mL) IV over 30 seconds. A further 0.3-mg (3-mL) dose can 
be given over 30 seconds if the desired clinical effect is not seen within  
30 seconds. Additional 0.5-mg doses can be administered over 30 seconds  
at 1-minute intervals as needed to a total dose of 3 mg. Flumazenil dosed 
beyond 3 mg generally does not provide additional benefit. Patients 
should be monitored for resedation, particularly in cases involving high-
dose or long-acting preparations or when there has been long-term use 
of benzodiazepines.

■■ THE AGITATED OR SEIZING PATIENT
Agitated, violent, or acutely psychotic patients unresponsive to verbal 
counseling and a calm environment require pharmacologic treatment 
and/or physical restraints to establish adequate control and enhance 
patient and staff safety. A common error in the management of the agi-
tated patient is to delay treatment, allowing patients to harm themselves 
and others.

Haloperidol (1-5 mg IM or IV) may be repeated every 30 to 60 minutes 
to a total dose not exceeding 100 mg/d. Debilitated and elderly patients 
should receive lower doses, and care must be taken in patients with car-
diovascular disease to avoid hypotension and arrhythmias. Haloperidol 
prolongs the QT interval and therefore must be used cautiously (and with 
continuous monitoring) in the presence of other QT-prolonging drugs. 
Haloperidol lowers the seizure threshold and can cause neuroleptic 
malignant syndrome, tardive dyskinesia, and extrapyramidal symptoms 
(which may be treated with benztropine 1-2 mg IV). Haloperidol also has 
anticholinergic effects that are undesirable in anticholinergic overdose. 
Adding a benzodiazepine (eg, lorazepam 1 mg IV) to each dose of halo-
peridol may accelerate control of the difficult patient.

Seizures are a cause of drug-related morbidity and mortality. Multiple 
drugs and toxins (Table 124-4) cause them, but other etiologies such as 
CNS infection, stroke, head trauma, and severe metabolic disturbance 
must be considered in the differential diagnosis. A brief seizure that 
is temporally related to drug ingestion (eg, cocaine) may be observed 
without further evaluation provided the patient is alert and has a nor-
mal neurologic examination. Recurrent seizures from cocaine should 
raise suspicion of body packing (which may be evaluated by abdominal 
imaging and digital and visual search of body cavities). Status epilepticus 
should be treated with a benzodiazepine IV followed by a barbiturate 
(amobarbital or phenobarbital) if necessary. Phenytoin is less likely to 
be of benefit in cocaine or caffeine/theophylline overdose. Patients who 
continue to seize despite adequate treatment with a benzodiazepine 
and barbiturate should be considered for isoniazid toxicity (requir-
ing treatment with pyridoxine). Patients with seizures refractory to 
all above therapy should be considered for paralysis with continuous 
electroencephalographic (EEG) monitoring to prevent hyperthermia 
and rhabdomyolysis.

■■ ALTERATIONS IN TEMPERATURE
Drugs and toxins have the potential to alter body temperature through 
a number of mechanisms (Table 124-5). Hypothermia is caused by 
peripheral vasodilation, inhibition of shivering, depression of metabolic 
activity, and environmental exposure. Hyperthermia occurs when there 
is excessive heat generation from seizures, muscle rigidity, increased 
metabolic rate, or decreased sweating. Hyperthermia also occurs 

when drugs alter hypothalamic activity or a patient is exposed to a hot  
environment.

The differential diagnosis for hypothermia includes infection, hypo-
glycemia, CNS injury, and hypothyroidism. For hyperthermic patients, 
consider infection, thyrotoxicosis, environmental heat stroke, and drug 
withdrawal.

Extreme temperatures must be treated aggressively to minimize 
life-threatening complications.25 Specifics regarding complications and 
treatment of hypo- and hyperthermia are included in chapters 131  
and 63. Two of the more notable life-threatening hyperthermic disor-
ders are neuroleptic malignant syndrome and malignant hyperthermia. 
Neuroleptic malignant syndrome occurs in patients taking antipsychotic 
medications or withdrawing from levodopa. Clinical features include 
hyperthermia, muscle rigidity, mental status changes, rhabdomyoly-
sis, and metabolic acidosis. Routine treatment consists of withdrawal 

  TABLE 124-4    Common Drugs and Toxins Causing Seizures

Amphetamines

Antihistamines/decongestants

Antipsychotics

Caffeine/theophylline

Carbamates

Carbon monoxide

Cocaine

Cyclic antidepressants

Ethylene glycol

Isoniazid

Lead

Lidocaine

Lithium

Methanol

Organophosphates

Phencyclidine (PCP)

Salicylates

Withdrawal from alcohol or sedative-hypnotics

  TABLE 124-5    Selected Drugs Affecting Temperature

Hypothermia Hyperthermia

Alcohols Amphetamines

Barbiturates Anticholinergics

Cyclic antidepressants Antihistamines

Hypoglycemic agents Cocaine

Opioids Cyclic antidepressants

Phenothiazines Drug withdrawal

Lysergic acid diethylamide (LSD)

Monoamine oxidase inhibitors

Malignant hyperthermia

Neuroleptic malignant syndrome

Phencyclidine (PCP)

Phenothiazines

Salicylates

Serotonin syndrome
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of the offending agent, supportive care, and benzodiazepines. Other 
therapeutic options such as bromocriptine, amantadine, dantrolene, 
and electroconvulsive therapy have been used in severe cases.26  
Malignant hyperthermia is an inherited disorder characterized by 
hyperthermia, rigidity, and metabolic acidosis. It occurs in response to 
inhalational anesthetic agents and succinylcholine, and is treated with 
dantrolene.

DIAGNOSIS OF TOXIC INGESTION

■■ HISTORY AND PHYSICAL EXAMINATION
Clinical features mandating consideration of drug overdose or poison-
ing are listed in Table 124-6. Whenever possible, a careful history should 
be elicited from the patient to identify potential drugs or toxins, the 
timing and amount of drugs taken, and the clinical course. Information 
should be sought regarding prescription medications, over-the-counter 
drugs, herbal medications, dietary supplements, and illicit substances. 
Friends, relatives, and other involved health care providers (including 
paramedics) should be questioned, and medications available to or in 
the vicinity of the patient should be identified. The pharmacy on the 
medication label should be called to determine the status of all pre-
scription medications. Information gathered might prove unreliable 
or incomplete, particularly in cases of attempted suicide or illicit drug 
abuse, but it may also favorably impact care.27

Physical examination is directed toward evaluation and support of 
airway patency, respiration, and circulation (see above), followed by 
rapid assessment of mental status, temperature, pupil size, muscle tone, 
reflexes, skin, and peristaltic activity. In cases of a single or dominant 

exposure, the examination may reveal signs of a toxic syndrome (or 
toxidrome). A toxidrome is a pattern of signs and symptoms that sug-
gests a specific class of poisoning—however, coingestions should still be 
considered in patients presenting with a classic toxidrome. Common 
toxidromes are listed in Table 124-7.

  TABLE 124-6    Clinical Features Mandating Consideration of Toxic Ingestion

Past history of drug overdose or substance abuse

Suicidal ideation or prior suicide attempt

History of other psychiatric illness

Agitation

Stupor or coma

Delirium or confusion

Seizures

Muscle rigidity

Dystonia

Cardiopulmonary arrest

Unexplained cardiac arrhythmia

Hyper/hypotension

Ventilatory failure

Aspiration

Bronchospasm

Liver failure

Renal failure

Hyper/hypothermia

Rhabdomyolysis

Elevated osmol gap

Elevated anion gap acidosis

Elevated oxygen saturation gap

Hyper/hypoglycemia

Hyper/hyponatremia

Hyper/hypokalemia

Polypharmacy

  TABLE 124-7    Common Toxidromes

Toxidrome Features Drugs Drug Treatment

Anticholinergic Mydriasis Antihistamines Physostigmine (do not 
use in cyclic antidepres-
sant overdose because of 
potential worsening of 
conduction disturbances)

Blurred vision Atropine

“Hot as a hare, 
dry as a bone, red 
as a beet, blind 
as a bat, mad as a 
hatter”

Fever Baclofen

Dry skin Benztropine

Flushing Cyclic antidepressants

Ileus Phenothiazines Sodium bicarbonate in 
cyclic antidepressant 
overdose

Urinary retention Propantheline

Tachycardia Scopolamine

Hypertension

Psychosis

Coma

Seizures

Myoclonus

Cholinergic 
SLUDGE

Salivation Carbamate Atropine

Lacrimation Organophosphates Pralidoxime for  
organophosphates

Urination Physostigmine

Diarrhea Pilocarpine

GI cramps

Emesis

Wheezing

Diaphoresis

Bronchorrhea

Bradycardia

Miosis

β-Adrenergic Tachycardia Albuterol β-Blockade (caution in 
asthmatics)

Hypotension Caffeine

Tremor Terbutaline

Theophylline

α-Adrenergic Hypertension Phenylephrine Treat hypertension 
with phentolamine or 
nitroprusside; not with 
β-blockers alone

Bradycardia Phenylpropanolamine

Mydriasis

Both β-and 
α-adrenergic

Hypertension Amphetamines Benzodiazepines

Tachycardia Cocaine

Mydriasis Ephedrine

Diaphoresis Phencyclidine

Dry mucous  
membranes

Pseudoephedrine

Sedative-hypnotic Stupor and coma Anticonvulsants Naloxone for opioids

Confusion Antipsychotics Flumazenil for  
benzodiazepines

(Continued)

section11.indd   1198 1/19/2015   10:51:56 AM

http://www.myuptodate.com


CHAPTER 124: Toxicology in Adults 1199

  TABLE 124-7    Common Toxidromes

Toxidrome Features Drugs Drug Treatment

Slurred speech Barbiturates Urinary alkalinization for 
phenobarbital

Apnea Benzodiazepines

Ethanol

Meprobamate

Opiates

Hallucinogenic Hallucinations Amphetamines Benzodiazepines

Psychosis Cannabinoids Haloperidol

Panic Cocaine

Fever Lysergic acid 
diethylamide (LSD)

Mydriasis Phencyclidine (PCP)

Hyperthermia (may present with 
miosis)

Extrapyramidal Rigidity/tremor Haloperidol Diphenhydramine

Opisthotonos Phenothiazines Benztropine

Trismus

Hyperreflexia

Choreoathetosis

Narcotic Altered mental 
status

Dextromethorphan Naloxone

Slow respirations Opioids

Miosis Pentazocine

Bradycardia Propoxyphene

Hypotension

Hypothermia

Decreased bowel 
sounds

Serotonin Irritability Fluoxetine Benzodiazepine

Hyperreflexia Meperidine

Flushing Paroxetine

Diarrhea Sertraline

Diaphoresis Trazodone

Fever

Trismus

Tremor

Myoclonus

(Continued)

When initial signs and symptoms are less specific, we find it is useful 
to categorize patients as physiologically depressed (Table 124-8), or agi-
tated and hyperadrenergic (Table 124-9). This categorization narrows 
the list of possible ingestions and impacts initial treatment strategies 
(see below). When confusion or delirium dominate, drugs listed in  
Table 124-10 deserve consideration.28 Note that certain drugs, such as 
anticholinergics, present variably with stupor, coma, agitation, confu-
sion, or delirium, depending on the timing, dose, and host factors.

Drugs affecting the autonomic nervous system (Table 124-11) alter 
pupil size. Combining the patient’s physiologic state (ie, agitated or 
depressed) with pupil size provides for rapid assessment of the dominant 
ingestion. For example, the constellation of agitation, tachycardia, and 
rotator nystagmus is suspicious for phencyclidine intoxication; lethargy, 
pinpoint pupils, and slow and deep respirations are characteristic of 
opioid overdose.28,29

  TABLE 124-8    Selected Drugs Causing a Depressed Physiologic State

Sympatholytics

  Adrenergic blockers

  Antiarrhythmics

  Antihypertensives

  Antipsychotics

  Cyclic antidepressants

Cholinergics

  Bethanechol

  Carbamates

  Nicotine

  Organophosphates

  Physostigmine

  Pilocarpine

Sedative-hypnotics

  Alcohols

  Barbiturates

  Benzodiazepines

  Ethchlorvynol

Narcotics

  Analgesics

  Antidiarrheal agents

Other

  Carbon monoxide

  Cyanide

  Hydrogen sulfide

  Hypoglycemic agents

  Lithium

  Salicylates

Pupil reactivity and nystagmus are additional useful signs. In  
anticholinergic intoxication, pupils dilate and generally do not react to 
light, whereas in cocaine intoxication, dilated pupils usually respond  
to light. Alcohols, cholinergics, lithium, carbamazepine, phenytoin, and 
barbiturates cause horizontal gaze nystagmus. Phencyclidine, phenytoin, 
and barbiturates cause horizontal, vertical, or rotatory nystagmus.

Selected drugs and toxins affecting muscle tone and movement 
are listed in Table 124-12.25 Dystonic reactions characterized by 
torticollis, tongue movements, and trismus are classic in haloperidol, 
phenothiazine, or metoclopramide overdose. Dyskinesias (eg, myoclo-
nus, hyperkinetic activity, and repetitive activity) are seen with anticho-
linergics, PCP, and cocaine. Muscle rigidity with hyperthermia is the 
characteristic of neuroleptic malignant syndrome, malignant hyperther-
mia, PCP intoxication, and black widow spider bite.

■■ LABORATORY EVALUATION
Clinical laboratory data include assessment of the “three gaps of toxicology”:  
the anion gap, the osmol gap, and the arterial oxygen saturation gap. 
Unexplained widening of these gaps should raise the possibility of drug 
overdose or toxic ingestion.

Anion Gap:  The anion gap (AG) refers to the difference between one mea-
sured cation (Na+) and two measured anions (mainly Cl– and HCO3

−):

AG = [Na+] − [Cl−] − [HCO3
−]

with a normal value of approximately 12 ± 4 mEq/L.30
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anion gap resulting from decreased unmeasured cations is rare but may 
occur in severe potassium, calcium, or magnesium depletion. The most 
common cause of an elevated anion gap is an increase in unmeasured 
anions. This includes accumulation of organic acids, as in lactic acidosis 
or ketoacidosis, or accumulation of the anions of organic acids such as 
sulfate and phosphate in uremia. Common causes of an elevated anion 
gap are listed in Table 124-13.

Toxic ingestions may increase unmeasured anions and elevate the 
anion gap (eg, ethylene glycol elevates the anions glycolate and lac-
tate). An elevated anion gap mandates consideration of toxic ingestion, 
even in the presence of ketones or lactate, which can occur with toxic  
ingestion.33,34 Drugs associated with an elevated anion gap are included 
in Table 124-14.

  TABLE 124-10    Common Drugs/Toxins Causing Delirium and Confusion

Alcohol/drug withdrawal

Anticholinergics

Antihistamines

Carbon monoxide

Cimetidine

Heavy metals

Lithium

Salicylates

  TABLE 124-9    Examples of Drugs/Toxins Causing an Agitated Physiologic State

Sympathomimetics

  Adrenergic agonists

  Amphetamines

  Caffeine

  Cocaine

  Ergot alkaloids

  Monoamine oxidase inhibitors

  Theophylline

Anticholinergics

  Antihistamines

  Antiparkinsonian drugs

  Antipsychotics

  Antispasmodics

  Cyclic antidepressants

  Cyclobenzaprine

Drug withdrawal

  β-Blockers

  Clonidine

  Ethanol

  Opioids

  Sedative-hypnotics

Hallucinogens

  Lysergic acid diethylamide (LSD)

  Marijuana

  Mescaline

  Phencyclidine

Other

  Thyroid hormones

The presence of an anion gap indicates that there are more unmea-
sured anions than cations, since total serum cations equals total 
serum anions. Unmeasured cations include potassium, magnesium, and  
calcium, totaling about 11 mEq/L under normal conditions. The con-
centration of unmeasured anions, including mainly albumin, sulfates, 
phosphates, and organic acids, is about 23 mEq/L (hence the difference 
of approximately 12 mEq/L).31 It follows that the presence of hypoalbu-
minemia requires a downward adjustment of the expected normal anion 
gap: The anion gap falls 2.5 mEq/L for every 1 g/L decrease in plasma 
albumin concentration.32

The anion gap increases through three possible mechanisms: a 
decrease in unmeasured cations, an increase in unmeasured anions, or a 
laboratory error in measurement of Na+, Cl−, or HCO3

−. An increase in 

  TABLE 124-11    Selected Drugs Affecting Pupil Size

Miosis (Constricted) Mydriasis (Dilated)

Barbiturates Amphetamines

Carbamates Anticholinergics

Clonidine Antihistamines

Ethanol Cocaine

Isopropyl alcohol Cyclic antidepressants

Organophosphates Dopamine

Opioids (meperidine may cause mydriasis) Drug withdrawal

Glutethimide

Phencyclidine (PCP) Lysergic acid diethylamide (LSD)

Phenothiazines Monamine oxidase inhibitors

Physostigmine

Pilocarpine

  TABLE 124-12    Selected Drugs and Toxins Affecting Muscle Tone

Dystonic Reactions Dyskinesias Rigidity

Haloperidol Anticholinergics Black widow spider bite

Metoclopramide Cocaine Malignant hyperthermia

Phenothiazines Phencyclidine Neuroleptic malignant syndrome

Data from Olson KR, Pentel PR, Kelley MT. Physical assessment and differential diagnosis of the poisoned 
patient. Med Toxicol. January-February 1987;2(1):52-81.

  TABLE 124-13    Common Causes of an Elevated Anion Gap

Lactic acidosis

Uremia

Sepsis

Rhabdomyolysis

Ketoacidosis

  Diabetic

  Alcoholic

  Starvation

Toxic ingestions

  Ethylene glycol

  Methanol

  Acetaminophen (5-oxoproline)

  Paraldehyde

  Salicylate

Metabolic alkalosis with volume depletion
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Rarely, toxic ingestion decreases the anion gap (<6 mEq/L). Causes 
of decreased anion gap are listed in Table 124-15. Note the presence of 
lithium on this list.

Osmol Gap:  Certain drugs and toxins of low molecular weight 
(Table 124-16) produce a discrepancy between measured osmolality 
and calculated plasma osmolarity, commonly referred to as the osmol 
gap (osmol gap equals measured osmolality minus calculated osmo-
larity). The plasma osmol gap can thus be used to detect the presence 
of these toxins in the blood. Normal plasma osmolarity, determined 
by the concentrations of major solutes in plasma, is approximately 285 
to 295 mOsm/L and is calculated as:

Calculated Osmolarity = 2[Na+] + [BUN]/2.8 + [Glucose]/18 
+ [Ethanol]/4.6

where Na+ (in mmol/L) is multiplied by 2 to account for accompany-
ing anions (chloride and bicarbonate), and the concentrations of BUN 

(blood urea nitrogen) and glucose are divided by 2.8 and 18, respectively, 
to convert mg/dL into mmol/L. Dividing ethanol concentration by 4.6 
accounts for the effect of a measured plasma ethanol concentration (in 
mg/dL) on calculated plasma osmolarity. Of note, measured osmolality 
has units of mOsm/kg and calculated osmolarity has units of mOsm/L; 
subtracting one from the other, however, generally does not cause a criti-
cal error in analysis because 1 L ∼ 1 kg in human serum. Further note 
that spuriously low serum sodium values (pseudohyponatremia) due to 
hyperlipidemia or hyperproteinemia may cause a factitious osmol gap.

Methanol and ethylene glycol are unique in producing both severe 
metabolic acidosis with elevated anion gap and an elevated osmol gap. 
Isopropanol intoxication can elevate the osmol gap and cause ketonemia 
and ketonuria (owing to its metabolism to acetone) without elevation of 
the anion gap or acidosis. Through CNS and cardiac effects, isopropanol 
may cause respiratory acidosis and lactic acidosis, respectively.

Caution must be used when interpreting the osmol gap. First, mea-
surement of osmolality by vapor pressure osmometry does not detect 
volatile alcohols such as ethanol and methanol (but does detect ethyl-
ene glycol); freezing point depression osmometry does measure these  
solutes.35,36 Although 10 mOsm/L is often used as the upper limit of 
normal, osmol gaps may range from −9 mOsm/L to +5 mOsm/L in 
normal individuals (using the standard formula for calculations).37 
Thus, an osmol gap of 10 mOsm/L in a patient whose baseline value is 
−2 mOsm/L could represent the presence of significant amounts of low-
molecular-weight substances (eg, ethylene glycol level over 70 mg/dL).38,39  
In one study, the range of osmolal gaps measured in 300 consecutive 
patients presenting to Bellevue Hospital in New York (with indications 
for measurement of electrolytes and ethanol) was −2 ± 6 mOsm/L using 
the standard formula, including the contribution of measured ethanol 
concentrations.40 Large variations existed in the range of osmol gap that 
was very dependent on the equation used. Because of the large range of 
values, the authors noted that small osmol gaps in no way exclude the 
possibility of toxic alcohol ingestion. Furthermore, as ethylene glycol/
glycoaldehyde and methanol/formaldehyde are metabolized, the osmol 
gap may fall into the normal range in the continued presence of toxic 
metabolites.41 By contrast, concurrent ethanol ingestion may prevent 
early development of metabolic acidosis, so that the presence of an 
osmol gap greater than expected from the measured ethanol level may 
be the only clue to the presence of a nonethanol alcohol.42 Lactic acidosis 
and ketoacidosis have also been reported to cause elevation of the osmol 
gap.43 Finally, chronic (but not acute) renal failure is a cause of increased 
osmol gap, a phenomenon corrected by dialysis.44

In summary, the presence of an elevated anion gap metabolic  
acidosis, even in the presence of an apparent clinical explanation, 
warrants consideration of intoxication. The additional presence of an 
elevated osmol gap, particularly of large magnitude (>25 mOsm/L), 
is indicative of methanol or ethylene glycol intoxication (see below). 
The converse is not true, in that serious intoxications with either agent 

  TABLE 124-14   � Selected Drugs Associated With an Elevated Anion Gap  
Metabolic Acidosis

Amiloride Ketamine

Ascorbic acid Metformin

Carbon monoxide Methanol

Chloramphenicol Niacin

Colchicine Nitroprusside

Cyanide NSAIDs

Dapsone Papaverine

Epinephrine Paraldehyde (hippuric acid)

Ethanol Phenformin

Ethylene glycol Propofol

Formaldehyde Salicylates

Hydrogen sulfide Terbutaline

Iron Tetracycline (outdated)

Isoniazid Toluene (hippuric acid)

Verapamil

NSAIDs, nonsteroidal anti-inflammatory drugs.

  TABLE 124-15    Causes of Decreased Anion Gap

Increased unmeasured cations

  Hyperkalemia

  Hypercalcemia

  Hypermagnesemia

  Acute lithium intoxication

  Elevated IgG (myeloma; cationic paraprotein)

Decreased unmeasured anions

  Hypoalbuminemia

Drugs

  Bromide

  Iodide

  Lithium

  Polymyxin B

  Tromethamine

Analytical artifact

  Hypernatremia (>170 mEq/L)

  Hyperlipidemia

  TABLE 124-16    Drugs/Toxins Associated With an Elevated Osmol Gap

Ethanol (if not included in the formula)

Ethylene glycol/glycolaldehyde

Glycerol

Glycine

Intravenous immunoglobulin (maltose)

Isopropanol/acetone

Mannitol

Methanol/formaldehyde

Propylene glycol

Radiocontrast media

Sorbitol
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can occur in the absence of a documented increased osmol gap. Thus, 
measuring serum levels of these alcohols is important in any patient in 
whom inebriation, acidosis, or other clinical features suggest intoxica-
tion with these agents.

Oxygen Saturation Gap:  An elevated arterial oxygen saturation gap is 
defined by a >5% difference between saturation calculated from an 
arterial blood gas and saturation measured by cooximetry. Elevated 
oxygen saturation gap is seen in carbon monoxide poisoning and 
with methemoglobinemia. These toxins interfere with oxygen bind-
ing to hemoglobin and thereby significantly decrease oxygen content 
without lowering arterial oxygen pressure (PaO2). It is important to 
note that oxygen saturation measured by pulse oximetry is falsely high 
in these settings. Hydrogen sulfide and cyanide interfere with cellular 
utilization of oxygen, leading to an abnormally high venous oxygen 
saturation and “arteriolization” of venous blood.

Additional Laboratory Tests:  Additional useful laboratory data include 
urine ferric chloride analysis, which provides rapid evidence of salicy-
late or phenothiazine intake; a pregnancy test in women of child-
bearing age; and abdominal radiography, which may detect retained 
pills (such as iron) or show evidence for body packing (see below). 
Sustained-release preparations may be detected more easily through 
digital enhancement of the radiograph.45

■■ TOXICOLOGY SCREENING
Toxicology screening provides direct evidence of ingestion, but it rarely 
impacts initial management, and supportive measures should not await 
results of such analysis. In Brett’s review of 209 cases of intentional drug 
overdose,46 toxicology analysis supported the clinical suspicion in 47% 
of cases. Clinically unsuspected drugs were detected in 27% of cases, but 
unexpected findings altered management in only three cases. Kellerman 
and coworkers reviewed urine toxicology screens in 361 of 405 consecu-
tive ED patients with suspected drug overdose.47 Management changes 
followed drug screening in only 16 (4.4%) of cases.

Toxicology screening provides evidence for select intoxications quickly 
(see below) and may establish the grounds for treatment with a specific 
antidote or method for enhancing elimination. Toxicology screening 
also identifies drugs that should be quantitated to guide subsequent 
management.48 If at all possible, samples should be collected before 
administration of medications that might confuse toxicologic analysis.

Understanding the limitations of toxicology screening is important, 
including which drugs are (and which drugs are not) included in routine 
screening panels. These panels are institutionally variable. Most institu-
tions offer urine screening for commonly abused drugs only, preferring 
to send more extensive screening panels to outside laboratories. Other 
institutions routinely perform extensive urine and blood analysis on all 
patients in selected categories (eg, trauma patients). Urine screens used 
in the ED are aimed at detecting common drugs of abuse (Table 124-17).  
Results are generally available in 30 minutes. Many more drugs are 
included in the expanded screening panel (Table 124-18), the results 
of which should be available in several hours. Table 124-19 lists some 
drugs not included in routine drug screening.

  TABLE 124-17    Drugs Commonly Included in Urine Substances of Abuse Screens

Amphetamines

Barbiturates

Benzodiazepines

Cannabinoids

Cocaine

Opioids

Phencyclidine (PCP)

  TABLE 124-18   � Drugs Commonly Included in Urine Toxicology Screens 
(Available in 2-3 Hours)

Acetaminophen

Amoxapine

Barbiturates other than phenobarbital

Benzodiazepine metabolites

  Nordiazepam

  Oxazepam

Cannabinoids (marijuana)

Carbamazepine

Chlorpromazine

Cimetidine

Codeine

Cocaine metabolites

Desipramine

Dextromethorphan

Diphenhydramine

Doxepin

Doxylamine

Ephedrine

Erythromycin

Glutethimide

Guaifenesin

Hydrocodone

Hydromorphone

Imipramine

Lidocaine

Meperidine

Meprobamate

Methadone

Methamphetamine

Methaqualone

Morphine

Nortriptyline

Opiates

Orphenadrine

Pentazocine

Phenacetin

Phencyclidine

Phenethylamine

Phenmetrazine

Phenobarbital

Phentermine

Phenothiazine metabolites

  Prochlorperazine

  Promethazine

  Trifluoperazine

  Trimeprazine

  Triflupromazine

Phenylpropanolamine
(Continued)
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Toxicologic screening of blood is generally not additive to compre-
hensive urine testing, although rarely blood analysis is useful in acute 
cases when the drug or toxin is not yet detectable in urine (particularly 
in anuric or oliguric patients).49 Quantitative blood analysis of suspected 
drugs can be useful for diagnostic and therapeutic reasons, particularly 
in overdoses involving alcohols, acetaminophen, and salicylates. And a 
strong argument can be made for checking acetaminophen and salicy-
late levels in all cases of suspected intoxication given the subtle manifes-
tations of early poisoning and the importance of targeted therapy.

POISON CONTROL CENTERS
Poison control centers provide 24-hour emergency and technical 
information by telephone to anyone concerned with drug overdose 
or toxic ingestion. These centers are staffed by nurses, pharmacists, 
pharmacologists, and physicians trained in clinical toxicology. They 
provide information regarding substance identification, drug interac-
tions, adverse drug reactions, and management of poisoned patients. 
These centers maintain current references and information about toxins 
and drugs specific to certain areas, including information about street 
drug activity.

Poison control center consultation is strongly advised to help deter-
mine appropriate laboratory testing, patient disposition, and treatment, 
including the need for a specific antidote or method to enhance drug 

elimination. Information provided by regional poison control centers 
may be more accurate than advice provided by local EDs.50 The national 
toll-free emergency phone number is 1-800-222-1222.

DETOXIFICATION

■■ GASTRIC EMPTYING
Historically gastric emptying has been attempted by gastric lavage (GL) 
or syrup of ipecac. There is no role for ipecac in the hospital setting as 
it has no proven efficacy, it is associated with multiple risks, and it can 
delay or decrease the effectiveness of other methods of decontamina-
tion. In the out-of-hospital setting, the recommended use of ipecac has 
been narrowed to an incredibly select patient population that meets the 
following requirements: ipecac is not contraindicated (eg, the ingested 
substance is not a corrosive, the substance will not cause altered mental 
status); the ingestion poses a sincere life threat; there is no alternative 
therapy available; the patient will not be able to reach a hospital in under 
1 hour; ipecac can be given within 90 minutes of ingestion; and it will 
not adversely impact definitive therapy.51,52

GL can be attempted in the management of select ingestions. Like the 
use of ipecac, risk-benefit analysis casts doubt as to the appropriateness 
of GL in many situations. The risks associated with GL (including aspi-
ration, arrhythmias, and stomach perforation) preclude its use in most 
patients. The indication for GL is recent ingestion (under 60 minutes) of 
a highly toxic substance for which there is no reliable alternative therapy 
(such as antidote).53 GL should not be performed when the toxin is no 
longer expected to be present in the stomach. Examples include patients 
who have vomited extensively prior to admission, patients who present 
several hours after ingesting an agent that does not decrease gut motility 
(eg, anticholinergics, opioids), and patients who have taken agents that 
are readily absorbed from the gastrointestinal tract (eg, alcohols). In 
cases of ingestion of a caustic liquid-like kerosene or its derivatives, GL 
should be avoided because of the risk of aspiration-induced lung injury.

To minimize risk, experienced personnel should perform GL lavage 
in a facility where resources are available to manage complications. 
Nonintubated patients must be alert and have adequate pharyngeal and 
laryngeal protective reflexes. In semicomatose patients, GL should be 
performed after intubation. Intubation for the sole purpose of GL is 
reasonable only if there is a high likelihood that a highly lethal agent 
remains in the stomach.

Prior to inserting a large-bore orogastric tube (Ewald tube), the 
mouth should be inspected for foreign material and equipment should 
be readied for suctioning. Large gastric tubes (37F-40F) are necessary to 
facilitate removal of gastric debris. Once the tube has been passed with 
the help of patient swallowing, proper position is confirmed by aspirat-
ing acidic stomach contents and auscultating the left upper abdominal 
quadrant during insufflation of air. Stomach contents should be retained 
for analysis. In the adult patient, lavage is performed by instilling 200-mL  
aliquots of warmed tap water or normal saline until there is clearing of 
aspirated fluid. In children, normal saline is preferred, because tap water 
has been associated with severe hyponatremia.53 In adults, tap water is 
preferred over normal saline because it avoids unnecessary salt loading, 
and neither irrigant significantly alters blood cell concentrations or elec-
trolyte concentrations.54 After clearing, the Ewald tube may be replaced 
by a nasogastric tube for intermittent suctioning and/or administration 
of activated charcoal.

■■ ACTIVATED CHARCOAL
Charcoal is a by-product of the combustion of various organic com-
pounds such as wood, coconut parts, bone, sucrose, rice, and starch. It 
is activated by removing materials previously absorbed by a process that 
involves steam heating and chemical treatment, thereby increasing the 
surface area available for absorption. The result is a powerful nonspe-
cific adsorbent that binds intraluminal drugs and interferes with their 
absorption.55

  TABLE 124-18   � Drugs Commonly Included in Urine Toxicology Screens 
(Available in 2-3 Hours)

Propranolol

Propoxyphene

Pseudoephedrine

Pyrilamine

Quinine

Strychnine

Temazepam

Terpin hydrate

Trazodone

Triamterene

Trimethoprim

Trimethobenzamide

Trimipramine

Tripelennamine

  TABLE 124-19    Drugs/Toxins Not Commonly Included in Toxicology Screens

Antiarrhythmic agents

Bromide

Cyanide

Digitalis

Ethylene glycol

Hypoglycemic agents

Lithium

Lysergic acid diethylamide (LSD)

Methanol

Monoamine oxidase inhibitors

Serotonin reuptake inhibitors

Theophylline

(Continued)
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The use of activated charcoal (AC) in acute overdose has become a 
source of heated debate in the last few years. The largest prospective ran-
domized clinical trial to date, published by Eddleston et al in 2008, failed 
to show difference between poisoned patients given AC, multidose AC, 
and supportive care only56; although the study has been criticized for 
its mean length from time of ingestion to hospital presentation and AC 
administration (greater than 4 hours) and the frequent use of forced 
emesis prior to presentation. Other prospective trials, large retrospective 
studies, and meta-analyses, however, show effective absorption of drug 
and improvement in clinical outcome measures.57-59

In light of these conflicting studies, the routine use of single-dose acti-
vated charcoal in every poisoned patient is not recommended.60 Those 
patients who should receive single-dose activated charcoal include those 
that have no contraindications for AC use and have a potentially toxic/
fatal ingestion of drugs that can bind to AC.61

If AC is administered, it should be done in a timely fashion after 
ingestion, as efficacy has been shown to decrease over time. While clas-
sically taught that AC should be given within 1 hour of ingestion, there is 
evidence that it continues to significantly reduce drug absorption for up 
to 4 hours.59 Activated charcoal should be avoided in stuporous, coma-
tose, or convulsing patients unless an endotracheal tube protects the  
airway and a gastric tube is in place to administer the charcoal. Aspiration 
of this particulate has been associated with pneumonia,62 bronchiolitis 
obliterans,63 acute respiratory distress syndrome,64 and death.65

Activated charcoal is generally given as a single dose. The dose is 
based on patient weight (1 g/kg added to four parts water to form an 
aqueous slurry). Mixing AC with juice, soda, or chocolate milk may 
improve patient acceptance of this unpleasant adsorbent.

Multiple-dose AC (MDAC) can enhance the elimination of selected 
toxins that have been absorbed.66 This may occur through interruption 
of the enterohepatic/enterogastric circulation of drugs or through the 
binding of drugs that diffuse from the circulation into the gut lumen. 
However, multiple-dose AC is of limited use because the toxin must have 
a low volume of distribution, low protein binding, prolonged elimination 
half-life, and low pKa (negative logarithm of the acid ionization constant), 
which maximizes transport across mucosal membranes into the gastroin-
testinal tract.67 Based on experimental and clinical studies, the American 
Academy of Clinical Toxicology and the European Association of Poisons 
Centres and Clinical Toxicologists recommend it should be considered 
only in life-threatening ingestions of selected drugs: carbamazepine, 
dapsone, phenobarbital, quinine, or theophylline.68

In their position statement, the AACT/EAPCCT reported that MDAC 
increases drug elimination, but has not been shown to reduce morbidity 
and mortality in controlled trials.68 The optimal dose and frequency of 
administration of AC following the initial dose has not been established. 
Most experts recommend a dose not less than 12.5 g/h.69 After the initial 
dose of 1 g/kg, AC may be administered at 0.5 g/kg every 2 to 4 hours 
for at least three doses. Multiple doses should be used with caution in 
patients with decreased bowel sounds, abdominal distension, and emesis. 
Contraindications for MDAC use are the same as those for single-dose AC.

Combining AC with a cathartic may facilitate evacuation of the toxin 
and avoid constipation. Preparations for coadministration with AC 
include 1 to 2 mL/kg of a 70% solution of sorbitol titrated to several loose 
stools over the first day of treatment. An alternative is to use 2 to 3 mL/kg  
of a 10% solution of magnesium sulfate PO, but magnesium-based 
cathartics may lead to magnesium accumulation in the setting of renal 
failure, and sodium-based products carry the risk of exacerbating hyper-
tension or congestive heart failure. If aspirated, oil-based cathartics may 
produce lipoid pneumonia.

The efficacy of adding a cathartic to AC is unclear. Keller and col-
leagues demonstrated that AC with sorbitol decreased absorption of 
salicylates compared to AC alone.70 McNamara and colleagues found 
no benefit to adding sorbitol to a simulated acetaminophen overdose.71 
Catharsis has not been shown to decrease morbidity, mortality, or hospi-
tal length of stay, and it is not recommended for routine use in combina-
tion with AC by the American Academy of Clinical Toxicology.72

■■ WHOLE-BOWEL IRRIGATION
The routine use of whole-bowel irrigation (WBI) is not recommended, 
as efficacy has not been established in controlled clinical trials.73 Based 
on case reports, its use can be considered in a few cases: (1) potentially 
fatal or otherwise highly toxic ingestion of sustained-release or enteric-
coated drugs, (2) ingestion of a large amount of iron, and (3) ingestion 
of large number of packets of illicit drugs (in the case of body packers).73  
WBI is performed with a polyethylene glycol electrolyte solution  
(eg, GoLYTELY) 1 to 2 L/h by mouth or nasogastric tube. Irrigation is 
generally continued until the rectal effluent is clear or there is radio-
graphic evidence of clearance. Contraindications to WBI include ileus, 
gastrointestinal hemorrhage, and bowel perforation.

■■ FORCED DIURESIS AND URINARY pH MANIPULATIONS
We do not recommend forced diuresis by volume loading and diuretic 
administration, which is intended to augment elimination of renally 
excreted toxins through inhibition of tubular reabsorption. This regi-
men is of unproven benefit and has the potential to compromise fluid 
and electrolyte homeostasis and lead to fluid overload (pulmonary or 
cerebral edema).74

Therapeutic manipulation of urinary pH can enhance elimination of 
some intoxicants (Table 124-20). Most drugs are weak acids or bases 
and are present in both ionized and nonionized fractions in serum and 
glomerular filtrate. Normally, passive renal tubular reabsorption of the 
nonionized lipid-soluble fraction of such drugs occurs by nonionic  
diffusion; this process is accentuated by the progressive tubular reab-
sorption of water and solutes as the glomerular filtrate traverses the 
nephron, resulting in an increasing filtrate/serum concentration gradi-
ent which favors drug reabsorption. Back-diffusion of some acidic and 
basic drugs from renal tubular lumen to the peritubular fluid and capil-
laries can be decreased by manipulation of urinary pH to create more of 
the ionized (less lipid-soluble) salt of the drug.

Currently, urinary alkalinization is most frequently recommended 
in moderate salicylate toxicity not yet meeting criteria for hemo-
dialysis, although it may also be useful in enhanced elimination of  
chlorpropamide, 2,4-dichlorophenoxyacetic acid, diflunisal, fluoride,  
mecoprop, methotrexate, and phenobarbital.75

Urinary alkalinization (pH >7) is usually achieved by administration 
of intravenous sodium bicarbonate (1-2 mEq/kg every 3-4 hours); this 
may be administered as two 50-mL ampules of 8.4% sodium bicarbonate 
(each containing 50 mEq of NaHCO3) per liter of 5% dextrose in water 
infused at 250 mL/h.76

Complications of urinary alkalinization include alkalemia (particu-
larly in the presence of concurrent respiratory alkalosis), volume over-
load, hypernatremia, and hypokalemia. It is particularly important to 
avoid hypokalemia, which prevents excretion of alkaline urine by pro-
moting distal tubular potassium reabsorption in exchange for hydrogen 

  TABLE 124-20    Toxins Eliminated by Manipulation of Urinary pH

Alkaline Urine Acid Urine

2,4 Dichlorophenoxyacetic acid Amphetamines

Fluoride Bismuth

Isoniazid Ephedrine

Mephobarbital Flecainide

Methotrexate Nicotine

Phenobarbital Phencyclidine

Primidone Quinine

Quinolone antibiotics

Salicylic acid

Uranium
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ion. Accordingly, bicarbonate administration in the presence of signifi-
cant hypokalemia will not achieve alkaline urine, yet increases the risk 
of alkalemia. Since urinary alkalinization can cause hypokalemia by 
alkalemia-induced intracellular potassium shift and by increased urinary 
potassium losses with alkaline diuresis, addition of potassium chloride to 
the bicarbonate infusion is commonly required and may be considered 
prophylactically.77 We do not recommend the use of acetazolamide to 
induce alkaline diuresis. This therapy causes metabolic acidosis, which 
can further complicate management, particularly in the case of salicylate 
intoxication (where acidemia increases CNS entry of the drug).

Urinary acidification to enhance elimination of weak bases, such 
as phencyclidine and amphetamines, is not recommended. It is not 
an effective elimination technique and carries with it the real risk of 
increased renal injury and systemic metabolic acidosis.

■■ EXTRACORPOREAL REMOVAL OF TOXINS
In some instances, treatment of an intoxicated patient with supportive 
measures, decontamination, and acceleration of renal drug elimination 
does not alter the course of events to optimize outcome. Application of 
extracorporeal drug removal (ECR) techniques may be lifesaving for 
such patients, although clear proof that ECR favorably alters the course 
of any intoxication is generally lacking.78 Application of ECR for any 
intoxication is based on critical appraisal of both the clinical status of 
the patient and of current available data on the prognosis and treat-
ment of the intoxication. In general, ECR should be considered when 
(1) supportive care fails to stabilize the patient’s clinical status; (2) the 
intoxication is projected to undergo delayed or insufficient clearance 
because of renal, hepatic, or cardiac dysfunction; (3) the intoxicating 
agent produces toxic metabolites; or (4) delayed toxicity is characteris-
tic of the intoxication.79-81 In addition to these general considerations,  
specific clinical features or serum drug levels may indicate the necessity 
for ECR. Finally, physicochemical properties of the intoxicant, and its 
pharmacokinetic behavior in overdose (which may differ from the agent’s 
pharmacokinetic properties in the therapeutic range), also dictate the 
feasibility of ECR and the choice of method. Three methods for ECR are 
generally available: (1) dialysis (usually hemodialysis rather than perito-
neal dialysis); (2) hemoperfusion; and (3) hemofiltration. Rarely, other 
techniques such as plasmapheresis and exchange transfusion are consid-
ered for specific intoxications; these will not be further discussed here.

Hemodialysis:  Hemodialysis (HD) is the treatment of choice for ECR of 
very few intoxicants, because hemoperfusion (HP) provides superior drug 
extraction in most cases in which ECR is considered. Hemodialysis is still 
preferred to HP for removal of substances that are particularly dialyzable 
(see below), especially in the presence of metabolic acidosis, renal failure,  
dialyzable toxic metabolites, or other HD indications. Hemodialysis 
removes water-soluble unbound (free) solutes that are small enough to 
pass through the pores of the semipermeable dialysis membrane, which 
separates the patient’s blood from the countercurrent flow of the dialy-
sis bath fluid (which is discarded as effluent dialysate following passage 
through the dialyzer). Solute transport, including transfer of drugs,  
toxins, or metabolites, occurs by diffusion down the blood-to-dialysis 
bath concentration gradient, which is maintained by countercurrent flow 
of dialysate. In addition to low molecular weight and water solubility, both 
low protein binding and a small volume of distribution are necessary char-
acteristics of a substance that is readily cleared by HD.82-86

Criteria for potential dialyzability include:

	 1.	 Water solubility: Water-soluble substances cross dialysis membranes 
more readily than lipid-soluble agents (drugs or metabolites).

	 2.	 Low molecular weight: Traditionally, a substance is described as 
small enough to be significantly removed by hemodialysis when it 
has a molecular weight of <500 daltons (Da). More recently, high-
flux dialysis membranes with increased porosity and surface area 
have been introduced. Such membranes are capable of removing 
drugs with weights in the middle-molecule range, up to 5000 Da. 

For example, vancomycin has a molecular weight of 1500 Da, but is 
significantly cleared by HD with a high-flux membrane.87,88

	 3.	 Protein binding: Low protein binding (<90%) facilitates drug 
removal by hemodialysis, since only unbound drug is free to cross 
the hemodialysis membrane; for example, for a drug which is 90%  
protein-bound, hemodialytic removal of 50% of free drug only 
reduces its concentration in blood passing through the dialyzer by 5%.

	 4.	 Volume of distribution (Vd): This is the theoretical volume into 
which the intoxicant is distributed. As a general rule, substances with 
a Vd of <250 L (approximately 3-4 L/kg) are potentially significantly 
cleared by hemodialysis. Conversely, hemodialytic removal of sub-
stances with a larger Vd is generally insignificant in comparison to the 
total body load of the substance, which often equilibrates too slowly 
with the vascular space to allow significant removal. In fact, most 
substances substantially removed by HD have a smaller Vd of 1 L/kg.

	 5.	 Intrinsic clearance of the substance: Most drugs have a hemo-
dialysis clearance of 5 to 100 mL/min; if a patient’s clearance of a 
substance exceeds 500 to 700 mL/70 kg per minute, hemodialysis 
is unlikely to significantly augment the substance’s clearance.87 It is 
important to note that the clearance of a drug at toxic levels may be 
significantly less than that reported within the therapeutic range, 
because of saturable hepatic metabolism at high drug concentra-
tions (concentration-dependent kinetics) or intoxication-induced 
renal, hepatic, or cardiac dysfunction. Furthermore, there is usually 
a paucity of information regarding the production and relative clear-
ance (intrinsic vs extracorporeal) of toxic metabolites.

Complications of HD include

	 1.	 Intravenous access complications: If possible, temporary vascular 
access should be placed in the femoral vein to minimize the poten-
tial for serious complications (pneumothorax, central vessel or nerve 
injury, or catheter-induced arrhythmia). Vascular access should also 
be removed as soon as possible (but not before the period for poten-
tial development of rebound intoxication has passed) to minimize 
the potential for access infection or thrombosis.

	 2.	 Hypophosphatemia: In patients without concomitant renal failure 
and hyperphosphatemia, the dialysis bath should be supplemented 
with phosphorus to prevent severe dialysis-induced hypophospha-
temia. Addition of 1.3 mmol/L of phosphorus to the dialysis bath 
should prevent hypophosphatemia.

	 3.	 Alkalemia: Since the usual dialysis bath bicarbonate (buffer) 
concentration is 35 to 38 mEq/L, severe alkalemia can result from 
hemodialysis against a standard bath in the absence of associated 
acidosis (particularly in the presence of hyperventilation or emesis-
induced metabolic alkalosis). If the predialysis plasma bicarbonate 
concentration is 28 mEq/L or higher, then the bath bicarbonate 
concentration must be lowered to 15 to 28 mEq/L.

	 4.	 Disequilibrium syndrome: Acute neurologic deterioration caused 
by large, rapid changes in cerebral tissue osmolality may occur in an 
acutely uremic patient who receives a prolonged initial session of 
intensive hemodialysis for drug removal. High-sodium dialysis bath 
and intravenous mannitol may be useful prophylactically in blunt-
ing large acute transcellular water shifts caused by HD removal of 
uremic toxins.

	 5.	 System saturation: This is not possible using standard hemodi-
alysis, because of maintenance of the concentration gradient for 
diffusion by countercurrent flow (blood vs dialysate), except when 
a sorbent dialysis system is used. This system is inappropriate for 
extracorporeal removal of an intoxicant, since the sorbent cartridge 
used to regenerate new dialysis solution from dialysate may become 
saturated and cease to function. If such a system is the only available 
option, frequent cartridge changes will be required.

	 6.	 Other: Hypotension is a potential adverse effect of HD (or HP),  
particularly if this therapy is instituted in an already unstable 
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patient, though hemodynamic compromise is less likely if not 
actively removing plasma volume (by ultrafiltration). Finally, air 
embolism is an extremely rare consequence of HD.

Peritoneal Dialysis:  Intoxicant removal across the peritoneal membrane 
is generally only one-eighth to one-fourth as efficient as hemodialysis, 
even when maximizing solute exchange volume and frequency. This 
technique is therefore never the preferred method for extracorporeal 
drug removal, unless other considerations supervene (eg, use as an 
adjunctive measure or in the absence of available HD or HP).

Hemoperfusion:  Hemoperfusion (HP) is defined as direct contact of blood 
with a sorbent system.89 Currently available systems perfuse a cartridge 
packed with coated AC (carbon). Blood perfusing such a cartridge is 
exposed (via a highly porous coating) to a large sorbent surface area, thus 
maximizing drug adsorption. Activated charcoal adsorbs both water-
soluble and lipid-soluble substances and can remove essentially all of an 
adsorbing substance from blood perfusing the cartridge. Thus it is not 
unusual to achieve drug clearances of 200 to 400 mL/min, particularly early 
in the treatment period, before cartridge saturation begins. Polymer coating 
reduces adsorption of larger compounds (>3500 Da). The drug adsorption 
process competes with plasma proteins and tissue stores to greatly augment 
removal of bound drug beyond the level achievable by HD.

Complications of HP include:

	 1.	 Cartridge saturation: The extraction ratio (EX) of a substance by 
HP (or HD) is the amount of the solute removed as a fraction of the 
maximum it is theoretically possible to remove: EX = (A − V)/A, 
where A and V are the cartridge inlet and outlet blood concen-
trations, respectively. This ratio declines during an HP treatment  
session as the cartridge becomes saturated; as noted above, this 
occurs during HD only if a sorbent-based dialysis system is used.

	 2.	 Hematologic: Thrombocytopenia commonly occurs due to platelet 
adsorption, inducing up to a 30% decrement in platelet count, which 
usually recovers within 24 to 48 hours. Leukopenia and coagulation 
factor depletion also occur, to a lesser extent.

	 3.	 Metabolic: Cartridge adsorption can cause hypoglycemia and 
hypocalcemia.

	 4.	 Technical: Access complications can occur as for HD. Hypothermia 
is an additional risk, because HP pumps do not warm blood as the 
HD apparatus does. Particle embolization (prevented by a filter in 
the line returning effluent blood to the patient) and development of 
pyrogenic reactions are of largely historic interest at this point.

Most drugs are extractable by HP, which is particularly suitable for 
extracorporeal removal of toxins that are of high molecular weight, 
highly protein bound, or lipid soluble. Drugs poorly extracted by HP 
include heavy metals (lithium and bromide), some alcohols (ethanol 
and methanol), carbon monoxide, and some illicit drugs (cocaine, 
phencyclidine, and others). Efficacy of intoxicant removal is diminished 
for substances with a large Vd (ie, highly lipid soluble and/or extensively  
tissue bound), which may be more effectively removed by hemofiltration.

Hemofiltration:  Hemofiltration (HF) achieves drug removal by convec-
tion, transporting drugs and other solutes through a highly porous 
membrane by bulk flow with filtered plasma water. Such membranes are 
generally permeable to substances with weights of up to 6000 Da, includ-
ing virtually all drugs, and in some cases HF membranes are permeable to 
substances weighing up to 20,000 Da.90-92 There are increasing numbers 
of case reports of extracorporeal intoxicant removal using hemofiltration, 
by either the arteriovenous (continuous arteriovenous hemofiltration; 
CAVH) or venovenous (continuous venovenous hemofiltration; CVVH) 
method.93,94 Hemofiltration is potentially useful for removal of substances  
with a large Vd, slow intercompartmental transfer, or avid tissue  
binding. Specific highly porous HF cartridges are also particularly use-
ful for removal of large-molecular-weight solutes or complexes, such as 
combined digoxin-Fab fragment complexes or deferoxamine complexes 

with iron or with aluminum. CAVH has also the advantage that trained 
personnel can perform this technique without the assistance of a pump.

Antidotes:  An antidote is any substance that increases the mean lethal 
dose of a toxin, or that can favorably affect the toxic effects of a poison.95  
Table 124-21 lists antidotes for specific drugs/poisons.

INDICATIONS FOR ICU ADMISSION
In the current health care environment, the practice of routinely admit-
ting poisoned patients to the medical intensive care unit or a cardiac- 
monitored bed is being questioned. In one retrospective study, Brett 
and colleagues identified several factors that predicted the need for ICU 
admission: partial pressure of arterial carbon dioxide (PCO2) ≥45 mm Hg,  
the need for intubation, seizures, QRS duration ≥0.12 seconds,  
second- or third-degree atrioventricular block, other cardiac arrhyth-
mias, systolic blood pressure <80 mm Hg, and unresponsiveness to  
verbal stimuli.96 If none of these factors was present, no ICU interven-
tions (intubation, vasopressors, antiarrhythmics, dialysis, or hemoperfu-
sion) were required. Other considerations include a Glasgow Coma Scale 
score <12, progressive metabolic acidosis, and a cyclic antidepressant or 
phenothiazine overdose with signs of anticholinergic cardiac toxicity.97,98 
Cyclic antidepressants in particular may cause delayed cardiac toxicity.99  
Severe hyperkalemia, extreme body temperatures, and need for continu-
ous infusion of naloxone are also reasons to admit to an ICU. Often, staff-
ing issues including the availability of a “sitter” in cases of attempted suicide 
have an important impact on the disposition of the patient.

SPECIFIC INTOXICATIONS

■■ ACETAMINOPHEN
In 2008, alone or in combination with other drugs, acetaminophen 
accounted for over 180,000 exposures, making it the most common phar-
maceutical overdose reported to poison control centers. Approximately  

  TABLE 124-21    Antidotes

Drug/Poison Antidotes

Acetaminophen Acetylcysteine

Anticholinergics Physostigmine

Anticholinesterases Atropine

Benzodiazepines Flumazenil

β-Blockers Glucagon

Black widow spider bite Equine-derived antivenin

Calcium-channel blockers Calcium chloride, glucagon

Carbon monoxide Oxygen

Coral snake (Eastern and Texas) bite Equine-derived antivenin

Cyanide Amyl nitrite, sodium nitrite, sodium  
thiosulfate, hydroxycobalamine

Digoxin Digoxin-specific antibodies

Ethylene glycol Ethanol, 4-methylpyrazole

Heavy metals (arsenic, copper, gold, lead, 
mercury)

Dimercaprol, Ethylenediamine  
tetra-acetic acid (EDTA), penicillamine

Hypoglycemic agents Dextrose, glucagon

Iron Deferoxamine mesylate

Isoniazid Pyridoxine

Methanol Ethanol, folic acid, 4-methylpyrazole

Methemoglobinemia Methylene blue

Opioids Naloxone

Rattlesnake bite Equine-derived antivenin
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38,000 of these cases were treated in health care facilities; 25,764 patients 
received N-acetylcysteine (NAC); 1193 had major complications;  
235 died.1 In late 2010, the FDA approved an IV formulation of  
acetaminophen.

The evolution of acetaminophen toxicity is often divided into four 
phases.100 Phase I refers to the first 24 hours after ingestion. During this 
period, acetaminophen is absorbed and metabolized, glutathione stores 
are depleted, and hepatotoxicity begins. Patients are alert but may expe-
rience nausea, vomiting, anorexia, malaise, pallor, or diaphoresis toward 
the end of this phase. These nonspecific signs and symptoms create the 
potential for a missed diagnosis. Furthermore, when acetaminophen is 
combined with another drug such as codeine or oxycodone, the effects 
of the other drug may mask the initial subtle manifestations of acet-
aminophen poisoning.

Phase II occurs 24 to 72 hours after untreated ingestion. During 
this period, patients may develop right upper quadrant pain and 
minor abnormalities of liver function consisting of elevation of hepatic 
enzymes, prothrombin time, and bilirubin. Phase III (72-96 hours after 
untreated ingestion) is characterized by continued hepatic necrosis, 
hepatic encephalopathy, disseminated intravascular coagulation, and 
jaundice. Liver function abnormalities typically peak during phase III. 
It is not unusual for serum aspartate aminotransferase levels to rise to 
10,000 IU/L or higher. Extreme elevation of alanine aminotransferase 
may also be seen. Rare phase III sequelae include hemorrhagic pancre-
atitis, myocardial necrosis, and acute renal failure. Phase IV takes place 
4 days to 2 weeks after ingestion. During this period, the patient may 
die, fully recover without chronic liver disease, or require emergent liver 
transplantation. Some patients with untreated acetaminophen poisoning 
exhibit a pattern of rising prothrombin time, ammonia, and bilirubin, as 
levels of hepatic enzymes decline, indicating fulminant hepatic necrosis.

A product of normal acetaminophen metabolism is responsible for 
hepatotoxicity. As acetaminophen is metabolized by the cytochrome 
P-450 mixed oxidase system, a toxic product (N-acetyl-p-benzoquinone 
imine or NAPQI) is rapidly detoxified by hepatic intracellular  
glutathione.101 In overdose cases, glutathione is depleted, allowing the 
toxic metabolite to combine with hepatic cell proteins and cause cen-
trilobular necrosis with periportal sparing. Local production of NAPQI 
makes the liver the primary target, but other organs can be affected.

The Rumack-Matthew nomogram (Fig. 124-1) for acetaminophen 
poisoning allows stratification of patients into categories of probable 
hepatic toxicity, possible hepatic toxicity, and no hepatic toxicity, based on 
the relationship between acetaminophen level and time after ingestion.102  
The lower line of this nomogram, which defines serum levels 25%  
below those expected to cause hepatotoxicity, is generally used to guide 
treatment.

However, there are several limitations to the use of the Rumack-
Matthew nomogram. First, a serum level obtained prior to 4 hours 
postingestion is not interpretable because of ongoing absorption and 
distribution of the drug, and patients in phases II to IV may have trivial 
or undetectable serum concentrations despite a potentially lethal dose. 
Second, the nomogram is less predictive in chronic ingestion or use of 
an extended-release preparation. For extended-release preparations, 
serial acetaminophen levels should be drawn every 4 to 6 hours after 
ingestion and plotted on the Rumack-Matthew nomogram. If any point 
is above the lower line, an entire course of the antidote NAC is indi-
cated. Third, the nomogram does not take into account at-risk popula-
tions. Acute ingestion of 7.5 to 10 g is potentially hepatotoxic in normal  
adults; however, the risk of toxicity with overdose increases in alcoholics, 
individuals who are malnourished, patients with induced cytochrome 
P-450 enzymes, and patients with low glutathione stores at baseline (as 
may be seen with recent subtoxic acetaminophen use).103 In such cases, 
doses as low as 4 to 6 g may be toxic. In this situation, NAC should be 
given even if the serum level falls below the lower line. Fourth, accurate 
risk assessment requires an accurate time of ingestion, which is not 
always attainable. A 1- to 2-hour difference easily moves the borderline 
patient above or below the treatment line. Based on these limitations, 
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FIGURE 124-1.  The Rumack-Matthew nomogram for predicting acetaminophen hepatoxicity. 
This nomogram allows for stratification of patients into categories of probable hepatic toxicity, pos-
sible hepatic toxicity, and no hepatic toxicity, based on the relationship between acetaminophen 
level and time after ingestion. When this relationship is known, N-acetylcysteine (NAC) therapy is 
indicated for acetaminophen levels above the lower nomogram line. NAC should also be given if  
there is >5 µg/mL acetaminophen and an unknown time of ingestion (but <24  hours), and 
if  there is a history of overdose and a serum acetaminophen level is not immediately available. 
Serum levels obtained prior to 4 hours postingestion are uninterpretable because of ongoing absorp-
tion and distribution of the drug. (Reproduced with permission from Rumack BH. Acetaminophen 
overdose in children and adolescents. Pediatr Clin North Am. June 1986;33(3):691–701.)

Bond and Hite reported that the Rumack-Matthew nomogram could 
not be used for risk assessment in 44% of hospitalized patients and 83% 
of patients who suffered severe hepatic injury.104

Treatment of acetaminophen overdose should be initiated during 
phase I. Activated charcoal should be administered on presentation if 
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no contraindications exist. Activated charcoal reduces the number of 
patients reaching toxic serum levels after ingesting more than 10 g of 
acetaminophen and presenting within 24 hours of ingestion, and may 
reduce the need for a full treatment course of NAC and hospital length 
of stay.58,105 Reported use of hemodialysis or hemoperfusion for extracor-
poreal removal of acetaminophen has increased in recent years despite 
lack of evidence that this is superior to NAC.106

NAC is available in PO and IV formulations (discussed below). There 
are three main mechanisms by which it acts as the antidote for acet-
aminophen toxicity: (1) it increases glutathione stores (allowing more 
detoxification of NAPQI), (2) it binds with NAPQI, and (3) it enhances 
sulfate conjugation.107

All patients with probable or possible hepatic toxicity based on the 
Rumack-Matthew nomogram (ie, all patients with serum acetamino-
phen levels above the lower line) should receive NAC. NAC should also 
be given if there is >5 µg/mL acetaminophen and an unknown time 
of ingestion (but <24 hours), evidence of hepatotoxicity, or if a serum 
acetaminophen level is not immediately available. In this latter situation, 
the antidote may be discontinued if the acetaminophen level is found to 
be at a nontoxic level according to the nomogram. Importantly, NAC 
should be considered in all at-risk patients even if levels are nontoxic.

The effectiveness of NAC depends on the time of administration. It is  
almost 100% effective when administered within the first 8 to 10 hours. 
Efficacy decreases over time, but there is still benefit for up to 24 hours.108  
NAC may even improve outcome when it is administered after the onset 
of fulminant hepatic failure.109 In the setting of liver failure, NAC lowers 
the incidence of hepatic encephalopathy and improves oxygen transport 
and consumption.110-112

The oral loading dose of NAC is 140 mg/kg. This is followed by a dose 
of 70 mg/kg every 4 hours for 17 doses. There are limited data supporting 
shorter treatment courses in selected patients. Woo and colleagues con-
ducted a retrospective, observational case study of short-course treatment 
in acute overdose with acetaminophen levels in the toxic range.113 Patients 
received an oral loading dose of 140 mg/kg NAC followed by 70 mg/kg 
every 4 hours until the serum acetaminophen level was undetectable. Of 
the 75 patients, 25 (33.3%) were treated for less than 24 hours. The mean 
duration of therapy was 31 ± 16 hours. The incidence of hepatotoxicity 
was low and comparable to patients treated in the standard way. If vomit-
ing interferes with oral NAC use, the dose should be repeated along with 
an antiemetic such as metoclopramide or ondansetron. Occasionally, a 
nasogastric tube is necessary, or patients can be considered for IV therapy.

Protocols using a 21-hour IV course and a 48-hour IV course have 
also been shown to be safe and effective.114,115 The most commonly used 
21-hour scheduling of IV NAC includes a loading dose of 150 mg/kg 
over 1 hour, followed by 50 mg/kg over 4 hours, then 100 mg/kg over 
16 hours.112 Use of an IV protocol over an oral protocol has been the 
source of recent debate. The two have been shown to be equally effec-
tive in treatment and prevention of hepatic failure.115 In addition, the IV 
protocol has been shown to be more cost-effective than the oral protocol 
and decreases hospital length of stay.116

Fatal outcomes in acetaminophen overdose are associated with late 
presentation, high coma grade, prothrombin time >100 seconds, pH 
<7.30, creatinine >300 µmol/L, cerebral edema, and sepsis.117,118 When 
poor prognostic features are present, liver transplantation may be 
considered, but whether to perform liver transplantation is a difficult 
decision. An accurate assessment of prognosis at the time of admission 
to the ICU would help apply this therapy to the appropriate patient 
population. To this end, investigators from King’s College Hospital 
Liver Unit demonstrated that an Acute Physiology and Chronic Health 
Evaluation (APACHE) II score >15 provided an accurate assessment of 
hospital mortality and identified patients with acetaminophen-induced 
liver failure in need of transplantation.119

Alcohols:  Clinical features of ethylene glycol, methanol, and isopropanol 
poisoning are listed in Table 124-22. Ethylene glycol is an odorless and 
sweet tasting fluid that is found in antifreeze, deicers, and industrial 

solvents. Blue or green fluorescent dye is added to some (eg, antifreeze) 
but not all products to identify leaks, allowing for evidence of poison-
ing by urinary fluorescence under a Wood lamp. Methanol is colorless 
and odorless but has a bitter taste. It is present in many paint removers, 
gas-line antifreeze, windshield washing fluid, and solid canned fuel. 
Isopropanol is a colorless and bitter tasting alcohol. It has the smell of 
acetone or alcohol and is found in rubbing alcohol, skin lotions, hair 
tonics, aftershave, deicers, and glass cleaners.

A history of ingestion or inebriation that is not explained by ethanol 
suggests toxic alcohol poisoning. Methanol and ethylene glycol poison-
ing classically present with an elevated anion gap and an elevated osmol 
gap, but poisoning can occur without either.35,42 More specifically, it 
should be noted that an elevated osmol gap without an anion gap aci-
dosis would be expected early in methanol or ethylene glycol poisoning, 
and the converse (large anion gap acidosis without osmol gap) would be 
expected in later stages.41 Isopropanol elevates the osmol gap but does 
not cause an elevated anion gap metabolic acidosis.

Ethylene glycol is metabolized by alcohol dehydrogenase (ADH) to 
glycoaldehyde and glycolic acid, and then to glyoxylic acid and oxalic acid. 
Accumulation and precipitation of oxalic acid and calcium oxalate in renal 
tubules produces calcium oxalate crystals that are present in the urine in 
50% of cases.120 Ingestion of as little as 100 mL can be lethal in adults.

Ethylene glycol poisoning has a triphasic clinical course: stage 1  
(30 minutes to 12 hours postingestion) consists of inebriation, ataxia, 
seizures, variable levels of elevated anion gap metabolic acidosis with 
Kussmaul breathing, elevated osmol gap, crystalluria, and hypocalcemia. 
Cerebral edema causes coma or death. Symptoms may be delayed if there 
is concurrent ethanol consumption, which competes for alcohol dehydro-
genase and limits conversion of ethylene glycol to its toxic metabolites.

Stage 2 (12-24 hours) is dominated by myocardial dysfunction with 
high- or low-pressure pulmonary edema. Myocardial dysfunction or 
respiratory failure causes death in this stage. Stage 3 (2-3 days) is domi-
nated by acute renal failure due to acute tubular necrosis with an element 
of tubular obstruction from calcium oxalate precipitation.121-123 Late  
(6-18 days) neurologic sequelae have been described in survivors.121,124,125

Methanol is metabolized by ADH to formaldehyde, which is metabo-
lized to formic acid by aldehyde dehydrogenase. Formic acid is the 
primary toxin responsible for metabolic derangements and ocular dis-
turbances. Intoxication can occur orally, by inhalation, or by absorption 
through skin. As little as 30 mL causes significant morbidity, and 150 to  
240 mL of 40% solution can be lethal. Methanol initially results in 
headache, inebriation, dizziness, ataxia, and confusion. As formic acid  
accumulates (6-72 hours), the anion gap elevates and the optic nerve 
swells. Decreased visual acuity and blindness are classic features. 
Pancreatitis also occurs.126,127 As in ethylene glycol poisoning, symptoms 
of methanol poisoning may be delayed by concurrent ethanol.

Treatment of ethylene glycol and methanol poisoning is similar.128,129 
Inhibiting the formation of toxic metabolites by ADH and/or urgent dia-
lytic removal of these alcohols and their metabolites are the cornerstones 
of therapy. Bicarbonate infusion may be necessary to improve metabolic 
acidosis. Hypocalcemia and hypoglycemia should be corrected. In 
methanol intoxication, folate is important in the metabolism of formic 
acid to CO2 and water; in ethylene glycol poisoning, pyridoxine and 
thiamine are important in the metabolism of glycolic acid. It should be 
noted that bicarbonate, folic acid, pyridoxine, and thiamine have not 
been proven to improve outcomes.

Fomepizole (4-methylpyrazole) inhibits ADH; ethanol prolongs 
the half-life of methanol and ethylene glycol by competing for ADH. 
Of the two, fomepizole is preferred because it does not exacerbate the 
inebriated state, does not require blood monitoring, and is not itself 
toxic.130,131 The protocol consists of a 15 mg/kg IV loading dose followed 
by a 10 mg/kg IV bolus every 12 hours. After 48 hours, the bolus dose 
should be increased to 15 mg/kg every 12 hours to account for enhanced 
fomepizole metabolism.132,133 For both ethylene glycol and methanol, 
patients are treated until serum levels fall below 20 mg/dL and the 
patient is asymptomatic with a normal pH.
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  TABLE 124-22    Toxic Alcohols: Clinical Features and Management

Sources Distinguishing Features Pharmacokinetic/Pharmacodynamic Parameters Specific Treatment

Methanol (Metabolites: Formaldehyde, Formic Acid, Lactic Acid)

Antifreeze Optic papillitis Lethal serum level: 80-100 mg/dL Charcoal (<1-2 h after ingestion)

Lethal dose: 150-240 mL of a 40% solution Ethanol, 4-methylpyrazole

Solvent Pancreatitis Peak conc.: 30-90 min Consider bicarbonate infusion

Vd: 0.6 L/kg Folate 50-70 mg IV q4h × 24 h

Fuel Excretion: 90%-95% saturable hepatic metabolism; 5%-10% unchanged renal HD until serum level <20 mg/dL for:

1.	 Serum level >50 mg/dL

Half-life is dose dependent: Mild intoxication: 14-20 h Severe intoxication: 24-30 h 
With ethanol: 30-35 h Ethanol + HD: 2.5 h

2.	 Eye involvement

3.	 Altered mental status

4.	 Ingestion of >30 mL

5.	 Elevated formic acid level

6.	 Refractory metabolic acidosis

Ethylene Glycol (Metabolites: Glycoaldehyde, Glycolic Acid, Oxalic Acid)

Antifreeze Acute renal failure Lethal serum level: 19.2 mg/dL GL (<1-2 h after ingestion)

Lethal dose: 100 mL Ethanol, 4-methylpyrazole

Solvent Crystalluria Peak conc.: 1-4 h Thiamine 100 mg IM qid

Vd: 0.6 L/kg Pyridoxine 500 mg IM qid

Wood light: urinary fluorescence Excretion: hepatic metabolism Consider bicarbonate infusion

Half-life: Consider calcium administration

Myocardial dysfunction   Untreated: 3-8.5 h Consider forced diuresis

  With ethanol: 10-102 h HD until serum level 20 mg/dL for:

  Ethanol + HD: 2.5-3 h 1.	 Serum level >50 mg/dL

2.	 End-organ damage

3.	 Refractory metabolic acidosis

Isopropanol (Metabolite: Acetone)

Rubbing alcohol Hemorrhagic Lethal serum level: 400 mg/dL Supportive care

gastritis Lethal dose: 150-240 mL of 40% solution (highly variable) GL (<1-2 h after ingestion)

Solvents Ethanol not indicated (nontoxic metabolites)

Ketonemia Peak conc.: <2 h

Deicers Vd: 0.6 L/kg HD for:

Ketonuria Excretion: 50%-80% hepatic metabolism; 20%-50% unchanged renal 1.	 Serum level >400 mg/dL

2.	 Shock

No acidosis or hyperglycemia Half-life: Untreated: 2.5-3 h 3.	 Prolonged coma

4.	 Hepatic or renal insufficiency

GL, gastric lavage; HD, hemodialysis; Vd, volume of distribution.

Hemodialysis can be performed concurrently with fomepizole if clini-
cally indicated. Hemodialysis is indicated for serum levels above 50 mg/dL  
(for both ethylene glycol and methanol), significant acidosis (pH 
<7.25), renal failure, or deteriorating vital signs. Specifically in the case 
of methanol, hemodialysis is indicated if there are vision abnormalities 
at time of diagnosis.132 The dose of fomepizole needs to be adjusted 
during hemodialysis: by either decreasing the dosing interval to every  
4 hours or giving the patient an infusion of fomepizole 1 to 1.5 mg/kg/h  
during dialysis sessions.133 In the absence of other indications for 
hemodialysis, a methanol or ethylene glycol level greater than 50 mg/dL 
may be treated with fomepizole alone (and no hemodialysis) with close 
monitoring of pH and renal function.134,135

Ethanol is used when fomepizole is unavailable or the patient has an 
allergy to fomepizole. Ethanol can be administered orally or intrave-
nously aiming for a level of 100 to 200 mg/dL. One protocol for thera-
peutic ethanol administration is as follows136:

Loading dose: 600 mg/kg ethanol IV
Maintenance dose:
Nonalcoholic patient: 66 mg/kg per hour ethanol by continuous IV 

infusion
Alcoholic patient: 154 mg/kg per hour ethanol by continuous IV infusion
Patients receiving HD: double continuous infusion rate

Intravenous ethanol is supplied as a 10% solution in 5% dextrose, 
containing 10 g of ethanol per 100 mL of solution. Blood ethanol levels 
should be maintained in the target range during hemodialysis by either 
dialysis bath supplementation with 200 mg/dL ethanol or doubling the 
dose of intravenous ethanol infusion.137,138

A high index of clinical suspicion is necessary to identify methanol-  
or ethylene glycol–intoxicated patients to allow for appropriate inhi-
bition of metabolism and urgent dialysis. We also recommend ADH 
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inhibition and consideration of hemodialysis in any intoxicated patient 
with an unexplained elevation of the plasma osmol gap, especially if 
serum levels are not immediately available. Furthermore, diethylene  
glycol intoxication, which is undetected by assessment for serum 
ethylene glycol but is associated with elevation of the osmol gap and 
development of metabolic acidosis and acute renal failure, also responds 
to inhibition of ADH and dialytic therapy. It is thus conceivable that an 
inebriated patient presenting with an elevated osmol gap but negative 
serum levels for ethanol, methanol, and ethylene glycol might benefit 
from empiric inhibition of ADH and hemodialysis.139

Isopropanol is metabolized by ADH to acetone, which is excreted 
through the kidneys and breath, creating a sweet smell. Clinical features 
of poisoning include ketonemia, ketonuria, lack of an elevated anion 
gap or metabolic acidosis, an elevated osmolal gap, and hemorrhagic  
gastritis.140 A serum isopropanol level confirms the diagnosis. Supportive 
measures are usually sufficient in the treatment of these patients. 
Hemodialysis is indicated when lethal doses have been ingested (150-
240 mL of 40%-70% solution), or when lethal serum levels are detected 
(400 mg/dL). Refractory shock and prolonged coma are other indica-
tions for dialysis.140 Fomepizole is not indicated.

■■ AMPHETAMINES
Common amphetamine and amphetamine-like prescription drugs 
include methylphenidate, dextroamphetamine, and pemoline, used 
primarily for narcolepsy and attention-deficit disorder, and various 
anorectic medications used for weight loss, including diethylpropion 
and phentermine.

Illicit drugs include methamphetamine, an addictive stimulant that 
is made in small laboratories. Street methamphetamine is referred 
to by many names, such as “speed” and “meth.” When methamphet-
amine is inhaled in powder form or by smoking, it is referred to as 
“crank,” “crystal,” or “ice.” Ecstasy or “XTC” is the street name for 3, 
4-methylenedioxymethamphetamine (MDMA). Ecstasy use has become  
common among teenagers and young adults, particularly at “rave”  
parties. Although amphetamine use as a class has been decreasing in the 
last 2 to 3 years in the United States, use of certain forms (specifically 
recreational use of prescription amphetamines) continues to increase.141

Amphetamines exert their toxicity via central nervous system stimu-
lation, peripheral release of catecholamines, inhibition of reuptake of 
catecholamines, or inhibition of monoamine oxidase. They generally 
have a low therapeutic index. In overdose, they cause confusion, tremor, 
anxiety, agitation, and irritability. Additional features include mydriasis, 
tachyarrhythmias, myocardial ischemia, stroke, hypertension, hyper-
reflexia, hyperthermia, rhabdomyolysis, renal failure, coagulopathy, and 
seizures. Hepatotoxicity requiring liver transplantation has been reported 
with ecstasy abuse.142 Certain amphetamines referred to as the “designer” 
amphetamines (MDMA, methylone, and MDEA) also have serotoner-
gic activity and can cause hyperthermia and serotonin syndrome when 
combined with other serotonergic medications.28 Death may result from 
arrhythmias, seizures, intracranial hemorrhage, or aspiration pneumonitis.

Treatment is supportive, including maintenance of the airway and 
mechanical ventilation if necessary. Hypertension generally responds to  
systemic vasodilation with phentolamine or nitroprusside. Tachyarrhythmias  
may respond to esmolol or propranolol. Benzodiazepines or a phenothi-
azine are indicated for agitation.

Gastric lavage is helpful if performed within 1 hour of ingestion 
and AC should be administered promptly to adsorb remaining drug. 
Historically, the use of forced-acid diuresis had been used to enhance 
elimination of amphetamines; however, this is not effective and carries 
with it increased risk of renal injury and metabolic acidosis. Dialysis and 
hemoperfusion are not effective. In hyperthermic patients, dantrolene 
can be safely used and recent studies suggest improved survival.143-145

■■ BARBITURATES
Clinical manifestations of mild to moderate barbiturate overdose 
include reduced consciousness, slurred speech, and ataxia. In higher 

doses, barbiturates cause hypothermia, hypotension, bradycardia, flac-
cidity, hyporeflexia, coma, and apnea. Patients with severe overdose may 
appear dead, including absence of EEG activity.

Cardiovascular depression is caused by a combination of decreased 
arterial tone and myocardial depression, leading to variable filling pres-
sures, low cardiac output, and hypotension. Respiratory depression with 
hypercarbia and hypoxemia are common. In deep coma, the usual acid-
base disturbance is a mixed respiratory and metabolic acidosis. Patients 
completely unresponsive to painful stimuli tend to be significantly more 
acidemic and hypoxemic than those who show some response, a finding 
that is not explained by differences in alveolar ventilation.146 Hypoxemia 
may be aggravated by ventilation/perfusion mismatch and/or increased 
capillary permeability with development of the acute respiratory distress 
syndrome, possibly related to aspiration. Local tissue hypoxia resulting 
from vascular stasis and arterial hypoxemia may contribute to the devel-
opment of barbiturate-related skin blisters, which commonly develop 
over areas of increased pressure.147

The diagnosis of barbiturate overdose is generally made on clinical 
grounds. Routine urine toxicology screening can aid in the diagnosis 
of barbiturate intoxication. Blood levels are generally available and cor-
relate with the severity of clinical findings; however, they rarely affect 
management.

As in all toxic ingestions, treatment of barbiturate overdose starts 
with supportive measures. There is no antidote. Gastric lavage may be 
useful in acute massive overdose. Activated charcoal (AC) decreases 
further drug absorption and increases drug elimination,148-150 but may 
not alter clinical course. Multidose AC may be useful in life-threatening 
overdoses.68,151

Alkalinization of the urine (pH >7.5) increases the elimination of 
phenobarbital, but not other barbiturates, and may aggravate pulmonary 
edema. Forced alkaline diuresis may be sustained by dopamine hydro-
chloride,152 but this is generally not required or recommended. Although 
charcoal hemoperfusion has often been used for extracorporeal removal 
of barbiturates (specifically phenobarbital) in severe life-threatening 
cases, hemodialysis is likely as effective.153,154

■■ BENZODIAZEPINES
Benzodiazepines enhance the inhibitory effects of the neurotransmitter  
γ-aminobutyric acid (GABA), causing generalized depression of the 
central nervous system. Symptoms in overdose range from slurred 
speech and lethargy to respiratory arrest and coma, depending on the 
dose and compound ingested. In general, patients in coma from benzo-
diazepine poisoning are hyporeflexic with small to midposition pupils.

The diagnosis of benzodiazepine overdose depends on a history of 
ingestion or a high index of suspicion for overdose, combined with 
compatible clinical features. Urine toxicology screens test for metabo-
lites of certain benzodiazepines. However, these tests have high false-
positive (with ingestion of sertraline or oxaprozin) and false-negative 
rates and vary dramatically based on the individual assay being used. 
Some benzodiazepines, such as clonazepam, are not metabolized to 
frequently tested metabolites and will therefore not be detected by urine 
drug screens. Others, such as alprazolam, will undergo insufficient 
metabolism to reach the testing threshold for a positive urine drug test, 
so therapy should be based more on clinical information.155-157

Treatment of benzodiazepine overdose consists of initial supportive 
measures, gastric emptying in acute ingestions, AC, and flumazenil.158 
There is no role for forced diuresis, dialysis, or hemoperfusion.

Flumazenil, a specific benzodiazepine antagonist, is useful in reversing  
sedation or coma in patients undergoing procedures and in patients 
who have taken an intentional benzodiazepine overdose. Its effect on 
reversal of respiratory depression is less clear.159-161 In the past, judicious 
use of flumazenil was used to provide diagnostic information, because 
flumazenil does not antagonize the CNS effects of alcohol, barbiturates, 
cyclic antidepressants, or narcotics.

Flumazenil should be considered if benzodiazepine overdose is highly 
suspected or confirmed, and benzodiazepines have not been prescribed 
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for a potentially life-threatening condition.162 However, the risks and 
benefits of flumazenil compared to supportive measures alone are not 
clear. Flumazenil may cause severe withdrawal or seizures in dependent 
patients. In an animal model of combined cocaine-diazepam poisoning, 
flumazenil precipitated seizures and increased mortality. Seizures may 
also occur in combined cyclic antidepressant-benzodiazepine overdose. 
In recent years, its role has increasingly become isolated to cases of 
reversal of procedural sedation with a benzodiazepine or in known 
isolated benzodiazepine overdose without a history of chronic usage.13 
Flumazenil is not a recommended component of the “coma cocktail.”6

The recommended initial dose of flumazenil is 0.2 mg (2 mL) IV over 
30 seconds. A further 0.3-mg (3 mL) dose can be given over 30 seconds if 
the desired clinical effect is not seen within 30 seconds. Additional 0.5-mg  
doses can be administered over 30 seconds at 1-minute intervals as needed 
to a total dose of 3 mg. Flumazenil dosed beyond 3 mg generally provides 
little benefit.163 Patients should be monitored for resedation. Resedation 
usually occurs within 0.5 to 3.0 hours after the first flumazenil dose. In 
some cases, repeat doses of flumazenil or a continuous infusion (0.1-
0.5 mg/h) is necessary.164 Hepatic dysfunction changes the pharmacoki-
netic profile of flumazenil, requiring downward adjustment in dosage.165

Naloxone may partially reverse the antianxiety effects of benzodiaze-
pines,16 but it does not significantly alter motor or respiratory effects.166,167

■■ β-BLOCKERS
In the 2008 Annual Report of the AAPCC, cardiovascular medica-
tions as a group were the tenth most common exposure reported but 
accounted for the fourth most number of deaths.1 In a large retrospec-
tive review of 52,156 cases of β-blocker overdose, there were 164 deaths. 
Propranolol was responsible for the greatest number of toxic exposures 
(44%) and implicated as the primary cause of death in a disproportion-
ately higher percentage of fatalities (71%).168

Clinical features of β-blocker overdose depend on the drug type, 
amount and timing of overdose, coingestions, and comorbidities. The 
diagnosis is usually established on clinical grounds; blood levels are 
available but do not correlate well with toxicity.169 Risk factors for cardio-
vascular morbidity include coingestion of another cardioactive drug and 
a β-blocker with myocardial membrane–stabilizing activity (acebutolol, 
betaxolol, pindolol, or propranolol).170 Most patients develop β-blocker 
toxicity within 4 hours of ingestion.171 Asymptomatic patients with a 
normal electrocardiogram after 6 hours generally do not require ICU 
monitoring.171

Cardiovascular complications of β-blockers include hypotension, bra-
dycardia, atrioventricular block, congestive heart failure, and pulmonary 
edema. Other clinical manifestations of overdose are bronchospasm, 
hypoglycemia, hyperkalemia, lethargy, stupor, coma, and seizures. The 
risk of seizure is highest with propranolol, particularly when the QRS 
complex is >100 ms.172

Initial stabilization of patients with β-blocker toxicity includes fluid 
resuscitation (if there are no clear signs of fluid overload) and atropine 
to correct hypotension and bradycardia, although these measures may 
be inadequate in significant overdose. Activated charcoal should be con-
sidered within 1 to 2 hours of ingestion in patients with normal mental 
status and relative hemodynamic stability.

Calcium has been used in the management of β-blocker toxicity for 
its ability to reverse negative inotropy caused by β-blockers, although 
it does not reliably improve bradycardia or atrioventricular block in 
experimental models.173,174 Glucagon has also been used in β-blocker 
toxicity because of its positive inotropic and chronotropic effects medi-
ated through adenyl cyclase, increasing cAMP and intracellular calcium 
influx.175 Improvements in heart rate and blood pressure occur quickly 
and may preclude the need for high-dose catecholamine infusion.176 
Glucagon is given in boluses of 5 to 10 mg IV over 1 minute until a 
response is seen, followed by an infusion of the amount required for the 
initial bolus dosed at an hourly rate. For example, if a patient required a 
10 mg IV initial bolus to affect heart rate, the infusion should be started 
at 10 mg/h.177

Patients unresponsive to atropine, fluids, calcium, and glucagon 
require vasoactive medications. Historically, isoproterenol was used 
for its potent β-agonism, but because of frequent clinical failures of 
isoproterenol in β-blocker toxicity, norepinephrine and dopamine are 
currently more frequently used.

In the last decade, the use of hyperinsulinemia-euglycemia (HIE) for 
β-blocker toxicity has become widespread and is generally recommended 
in patients with hemodynamic compromise from β-blocker toxicity. 
Although the complete mechanism of insulin’s inotropic effects is still 
being determined, clinical improvement of hypotension has been shown 
in multiple animal models and observational clinical studies.177,178 The 
usual regimen initiated involves insulin bolus of 1 IU/kg followed by infu-
sion at 1 IU/kg/h. In the euglycemic patient, dextrose (as a 25-g bolus) can 
be given with the initial insulin bolus and then as a continuous infusion 
of dextrose 0.5 g/kg/h.177 This should be accompanied by frequent bedside 
glucose checks and titration of glucose infusion as needed. Patients should 
be monitored for hypokalemia, although as whole-body potassium is 
likely normal despite low measured serum levels, potassium supplementa-
tion is generally not recommended unless levels fall below 2.5 mEq/dL.

Animal studies and case reports have begun to emerge on the use of 
intravenous lipid emulsion (ILE) therapy in multiple severe toxicities, 
including those associated with β-blockers. Initially gaining popularity 
in anesthesia literature for reversal of cardiopulmonary arrest associ-
ated with local anesthetic toxicity, recent case reports and studies have 
described similar results in multiple other overdoses: atenolol, pro-
pranolol, verapamil, lamotrigine, tricyclic antidepressants, sertraline, 
and quetiapine.179-182 The mechanism of action of ILE in poisoning  
is thought to be threefold: (1) acting as a “lipid sink” for free drug,  
(2) improving mitochondrial fatty acid transport in anesthetic toxicity, 
and (3) increasing cardiac myocyte intracellular calcium concentra-
tion leading to a direct inotropic effect.181 Most current human reports 
describe using ILE in either cardiopulmonary arrest or in severe hemo-
dynamic instability despite aggressive therapy (with IV fluids, atropine, 
glucagon, calcium, vasopressors, cardiac pacing, and high-dose insulin) 
with published case reports describing rapid improvement of hemo-
dynamic status. Although not yet specifically studied, the protocol 
described by the Association of Anaesthetists of Great Britain & Ireland 
is as follows: (1) IV bolus of lipid emulsion 20% 1.5 mL/kg over 1 min-
ute; (2) IV infusion of lipid emulsion 20% at 15 mL/kg/h; (3) repeat 
bolus dose at 5 minute intervals × 2 as needed for pulselessness or other 
worsening of hemodynamic status; (4) after 5 minutes if hemodynamic 
status not improved or worsening, increase infusion to 30 mL/kg/h.183

■■ CALCIUM-CHANNEL BLOCKERS
Calcium-channel blockers (CCBs) selectively inhibit the movement of 
calcium ions through the membrane of cardiac and vascular smooth 
muscle during the slow inward phase of excitation-contraction. These 
agents have varying degrees of cardiovascular effects. Verapamil is a 
significant negative inotrope; nifedipine has significant vasodilatory 
effects. Verapamil and diltiazem both depress the sinus node and slow 
conduction through the atrioventricular node.

The most common cardiovascular effect of CCB overdose is hypo-
tension, which generally occurs within 6 hours (except with sustained-
release preparations, in which toxicity may not be evident for 12 hours). 
Conduction abnormalities are worsened with concurrent β-blocker 
ingestion and existing cardiovascular disease.184 Nausea, vomiting, 
hyperglycemia, confusion, lethargy, and coma have all been reported.

Gastric lavage may be useful for up to 8 hours after ingestion of a 
sustained-release preparation. Whole-bowel irrigation has similarly 
been used for sustained-release preparations but should only be used 
in patients who are hemodynamically stable with normal mental  
status.185,186 Multidose AC and hemodialysis are not indicated.

Hypotension is treated first with fluids and vasopressors. For refrac-
tory hypotension, calcium chloride infusions (0.2 mL/kg of 10% solution 
over 5-10 minutes) are recommended.2 Additional calcium infusions (by 
bolus or constant infusion) are warranted in patients who demonstrate 
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a transient response to the initial calcium infusion. Calcium gluco-
nate (0.6 mL/kg of a 10% solution every 15-20 minutes) has also been  
recommended if central venous access is not immediately available.187 
Glucagon, given as a bolus of 5 to 10 mg IV over 3 to 5 minutes followed by 
an infusion of 3 to 5 mg/h, may decrease vasopressor requirements.2,176,188

As described in the section on β-blocker toxicity, high-dose insulin 
is also an effective therapy in severe CCB toxicity. Also as described in 
the section on β-blocker toxicity, use of ILE therapy has been described 
in the literature for patients with refractory hemodynamic collapse and 
cardiac arrest associated with CCB overdose.

■■ CARBON MONOXIDE
Carbon monoxide (CO) is a nonirritating, colorless, tasteless, and odor-
less gas formed by incomplete combustion of carbon-containing mate-
rials (complete oxidation produces carbon dioxide). Poisoning occurs 
in the setting of smoke inhalation, attempted suicide from automobile 
exhaust, and poorly ventilated charcoal and gas stoves. Rarely, CO is 
generated during hepatic metabolism of dichloromethane, a component 
of paint and varnish removers.

Carbon monoxide binds to hemoglobin with an affinity that is 240 times  
greater than oxygen. Fetal hemoglobin binds carbon monoxide to an 
even greater degree, placing the fetus at particularly high risk during CO 
exposure. Carboxyhemoglobin (HbCO) decreases oxyhemoglobin satu-
ration and blood oxygen-carrying capacity in a way that is analogous to 
anemia (an HbCO concentration of 50% effectively lowers hemoglobin 
concentration by half). However, CO poisoning causes significantly 
more toxicity than similar degrees of anemia because in CO poisoning 
(1) HbCO shifts the oxyhemoglobin dissociation curve to the left, inter-
fering with off-loading of oxygen in tissue beds; (2) CO reacts with myo-
globin to form carboxymyoglobin; (3) CO blocks myoglobin-facilitated 
diffusion of oxygen (particularly in tissues rich in myoglobin), as well as 
myoglobin-mediated oxidative phosphorylation, resulting in impaired 
cardiac contractility; (4) CO inhibits enzymes of the mitochondrial 
electron-transfer chain, further interfering with cellular function; and 
(5) CO binds and inhibits various intracellular enzymes including cyto-
chrome P-450 and NADPH reductase.189,190 Tissues with high oxygen 
consumption (namely, heart and brain) are particularly vulnerable to 
toxic effects.

The severity of CO poisoning depends on its concentration, the dura-
tion of exposure, and minute ventilation. Carboxyhemoglobin levels do 
not correlate well with clinical severity of CO poisoning. However, mild 
exposures (HbCO 5%-10%) generally cause headache and mild dyspnea. 
These concentrations may be seen in heavy smokers and commuters 
on busy highways and are generally well tolerated, even in the presence  
of documented coronary artery disease and ventricular ectopy.191 
Carboxyhemoglobin concentrations between 10% and 30% cause  
headache, dizziness, weakness, dyspnea, and irritability. These concen-
trations may cause angina and myocardial infarction even in young and 
otherwise healthy patients.192 Exposures to >50% HbCO result in coma, 
seizures, cardiovascular collapse, and death.

Ten to thirty percent of survivors of CO poisoning develop delayed 
neurologic sequelae (DNS) of hypoxic brain injury.193,194 Clinical  
manifestations of DNS are variable, including persistent vegetative  
state, parkinsonism, memory deficits, behavioral changes, and hearing 
loss. Neurologic sequelae cannot be predicted by severity of carboxy-
hemoglobin exposure, age, method of exposure (accidental or inten-
tional), or results of early neuroimaging (which may be normal or show  
low-density lesions in the globus pallidus or deep white matter changes).195

The diagnosis of CO poisoning is often made on clinical grounds in 
the setting of smoke inhalation or attempted suicide. However, the diag-
nosis can be missed if the history is incomplete and the clinical presenta-
tion is nondescript. A high index of suspicion is warranted, particularly 
during cold weather in patients with acute coronary syndrome, arrhyth-
mias, mental status changes, headache, and unexplained weakness. 
Rarely, cherry-red skin discoloration reflecting high venous oxygen 
saturation (arteriolization of venous blood) provides an important clue. 

Failure to diagnose CO poisoning can have disastrous consequences for 
the patient and other members of an affected household.

Laboratory confirmation of elevated HbCO is available by cooximetry.  
Pulse oximetry is unreliable in detecting HbCO because it cannot 
distinguish carboxyhemoglobin from oxyhemoglobin. Pulse oximetry 
overestimates oxyhemoglobin by the amount of HbCO present, and may 
be normal despite high concentrations of HbCO.196 Arterial blood gases 
typically demonstrate a normal PO2, contrasting with low oxyhemoglo-
bin saturation by cooximeter, and metabolic acidosis. Of note, venous 
blood can be used for screening because venous HbCO levels accurately 
predict arterial levels.197

Treatment of CO poisoning consists of immediate removal of the 
patient from the exposure and administration of 100% supplemental 
oxygen. Breathing 100% oxygen reduces the half-life of HbCO from 5 
to 6 hours on room air to 40 to 90 minutes. Breathing oxygen that con-
tains 4.5% to 4.8% carbon dioxide allows for greater minute ventilation 
while maintaining normocapnia and further accelerates CO clearance. 
In one study of seven healthy volunteers, this method decreased the 
half-life of CO from 78 ± 24 minutes to 31 ± 6 minutes compared to 
100% O2 at resting minute ventilation.198 It is generally recommended 
that patients with mild CO poisoning receive normobaric 100% oxygen 
via nonrebreather mask for no less than 6 hours.199 Hyperbaric oxygen 
(HBO) (2.8 atmospheres) further decreases the half-life of HbCO to 15 
to 30 minutes.

The role of HBO, which can increase arterial oxygen tensions to 
greater than 2000 mmHg and oxygen tensions in tissues to 400 mmHg, 
is debated.200,201 In a Cochrane review, of six randomized controlled trials 
evaluated, four found no benefit of HBO over normobaric oxygen (NBO) 
therapy with pooled analysis showing no benefit.201 Although earlier 
studies had shown benefit of HBO in patients with loss of consciousness, 
in a recent randomized clinical trial, there was no evidence of superiority 
in 1-month neurologic recovery among patients with history of loss of 
consciousness who received HBO versus NBO.202,203 In addition, a nega-
tive dose response was noticed for patients with CO-induced coma.203

As the use of HBO remains controversial, decision to initiate HBO 
therapy among patients with CO poisoning should be discussed with 
a medical toxicologist. Particularly controversial is whether a patient 
with severe CO poisoning should be transferred solely for the purpose 
of HBO. Also controversial is the relative efficacy of single versus mul-
tiple HBO treatments.204 Since CO poisoning may occur with other life-
threatening injuries (eg, burns or other trauma), the judgment to utilize 
HBO must take into consideration the patient’s stability and the ability to 
monitor and treat the patient during HBO therapy.

■■ COCAINE
Cocaine may be snorted nasally, inhaled orally, or injected subcutane-
ously or intravenously. Freebase cocaine is prepared for smoking by 
dissolving cocaine salt in an aqueous alkaline salt solution and then 
extracting the freebase form with a solvent such as ether. Heat is often 
used to speed this process, creating a fire hazard. One freebase prepara-
tion for smoking is crack cocaine, which is a potent, rapidly absorbed, 
water-soluble alkaloid form of the drug.

Cocaine is often mixed with other substances of abuse including  
heroin (“speedball”), phencyclidine, and amphetamines.205 In the presence 
of ethanol, cocaine is transesterified in the liver to cocaethylene, which 
has similar properties to cocaine but a longer half-life. Cocaethylene is a 
myocardial depressant capable of reducing stroke volume and blood pres-
sure while increasing pulmonary artery wedge pressure. Cocaethylene 
also prolongs QRS and QTc intervals.206 Individuals combine cocaine and 
ethanol to achieve a more pronounced and prolonged euphoria, but this 
combination is more toxic than either drug alone.207

Toxic effects of cocaine stem from excessive central nervous system 
stimulation and inhibition of neuronal uptake of catecholamines. The 
result is generalized sympathetic overstimulation similar to that of 
amphetamine intoxication. Onset and duration of symptoms depend 
on route of administration, dose, and patient tolerance. Smoking and 
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intravenous use produce symptoms within seconds that peak in 3 to  
5 minutes, and have variable lengths of activity from 15 to 60 minutes.208

Common central nervous system manifestations include euphoria, 
anxiety, agitation, psychosis, and delirium. Rarely, cocaine-induced 
ischemic cerebral infarction is mistaken for a psychiatric condition.209 
Seizures are generally short-lived and self-limited unless there is ongo-
ing drug absorption (as in body packers or body stuffers) or other central 
nervous system pathology. Several mechanisms are likely responsible for 
more serious central nervous system complications. A sudden rise in 
blood pressure may cause intracerebral hemorrhage and subarachnoid 
hemorrhage, particularly in association with an underlying aneurysm 
or arteriovenous malformation.210 Vasospasm, vasculitis, myocardial 
infarction with cardiac arrhythmias, and increased platelet aggregation 
may further trigger ischemic events.211 In most cases, the time interval 
between drug abuse and the cerebrovascular event is less than 3 hours.212

Cardiovascular manifestations include chest pain, acute coronary syn-
drome, sudden death, arrhythmias, heart failure, pulmonary hypertension,  
endocarditis, and aortic dissection.213-215 Tachycardia and hypertension 
are common and may be combined with a fall in LV ejection fraction as 
determined by two-dimensional echocardiography.216 The pathogenesis 
of these cardiovascular complications has not been fully explained, but 
may be related to a combination of the sympathomimetic and membrane 
effects (sodium and potassium channel blockade) of cocaine.

The mechanism by which cocaine induces myocardial ischemia 
remains controversial. Most prior studies have postulated that cocaine-
induced coronary vasoconstriction limits myocardial oxygen. Platelet 
aggregation and increased myocardial oxygen requirements may  
further fuel the imbalance between supply and demand. Asymptomatic 
cocaine abusers have been reported to have left ventricular hypertrophy, 
segmental wall motion abnormalities, ST-T wave changes, pathologic  
Q waves, and increased QRS voltage on electrocardiogram.217

Baseline electrocardiographic changes complicate decisions regarding  
the need to hospitalize patients with cocaine-associated chest pain. 
Studies have yielded conflicting data regarding the incidence of myocar-
dial infarction, and there are no clinical parameters that reliably identify 
patients at low risk. These considerations mandate that all patients with 
cocaine-associated chest pain be evaluated for myocardial infarction, as 
patients with ECG changes or troponin elevation consistent with acute 
MI have up to an 80% likelihood of having an obstructive coronary lesion 
on angiography.218,219 Furthermore, cocaine-related mental status changes 
may interfere with patient reporting of cocaine-associated chest pain.220

As patients often continue their abuse after discharge, clinicians must 
emphasize the importance of cessation.221,222 Cardiac stress tests or angi-
ography may not be necessary for patients in whom myocardial infarc-
tion has been ruled out, who are otherwise at low risk for coronary artery 
disease, and who do not have continued chest pain; such patients appear 
to have a low risk for subsequent myocardial infarction and death.

Respiratory complications of cocaine include status asthmaticus,223 
upper airway obstruction (stridor),224 pulmonary hypertension,225  
barotrauma, pulmonary edema, and alveolar hemorrhage.226 Not 
uncommonly, crack cocaine causes an acute pulmonary syndrome char-
acterized by dyspnea, diffuse infiltrates, and hemoptysis.227 The severity 
of respiratory complications ranges from mild dyspnea to severe respira-
tory failure requiring intubation and mechanical ventilation.

Another severe manifestation of cocaine abuse is rhabdomyolysis.228 
Creatine kinase levels are often over 10,000 U/L on presentation, with 
reported levels as high as 85,000 U/L.229 In severe cases, there may be 
concurrent hyperthermia, tachycardia, muscle rigidity, disseminated 
intravascular coagulation, hepatic dysfunction, and renal failure.229

Cocaine-induced hyperthermia resembles neuroleptic malignant  
syndrome228; both are characterized by a decrease in the number of dopa-
mine receptors or depletion of dopamine. Contributors to hyperthermia 
include agitation and adrenergic stimulation causing vasoconstriction.

Rare cocaine-associated complications include ischemic colitis,230 
renal infarction,231 nasal septal perforation, and localized areas of skin 
necrosis due to subcutaneous injection. Intranasal use of cocaine has 

been associated with sinusitis and botulism.232,233 In addition, cocaine 
increases the likelihood of violent fatal injuries.234

Treatment of cocaine intoxication starts with the ABCDs of resuscita-
tion and treatment of seizures, hyperthermia, and agitation. Gut decon-
tamination is restricted to cases of body packing. Body packers swallow 
multiple wrapped packages of cocaine (or any other illegal substance of 
abuse) in an attempt to smuggle the drug across borders; body stuffers 
conceal wrapped packets of the substance in various body cavities when 
law enforcement agents approach.235 For orally ingested drug, AC should 
be given to decrease drug absorption. In body packers whole-bowel irri-
gation with a polyethylene glycol electrolyte solution (eg, GoLYTELY) 
1 to 2 L/h is recommended until the rectal effluent clears and there is 
no radiographic evidence of retained drug condoms (Fig. 124-2).236 For 
this purpose, abdominal ultrasound, a CT scan with contrast or a small 

A

B

FIGURE 124-2.  A chest radiograph (A) and an abdominal CT scan with oral contrast 
(B) in a patient “body packing” cocaine. Note the presence of multiple densities in the stomach 
visible on the abdominal CT scan consistent with partially filled bags of cocaine, and that these 
bags are barely visible (if at all) in the left upper quadrant on the plain film.
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bowel follow-through contrast study is more sensitive and specific than 
routine abdominal radiographs.237 Contraindications to whole-bowel 
irrigation include ileus, gastrointestinal hemorrhage, and bowel perfora-
tion. Polyethylene glycol electrolyte solutions may also displace cocaine 
from AC.238 Surgical removal of retained packages may be required, 
particularly if there is bowel obstruction or package perforation.239 
Endoscopic approaches risk packet rupture and are not recommended. 
Neither dialysis nor hemoperfusion effectively removes cocaine.

Perhaps the most important strategy in cocaine intoxication is rapid 
treatment of agitation and hyperthermia. Along these lines, cooling, ben-
zodiazepines, and occasionally muscle relaxation improve outcome.208  
Haloperidol has not been shown to be of benefit,240 and few data are 
available regarding the use of barbiturates.

First-line treatments of cocaine-associated chest pain are nitrates, 
benzodiazepines, morphine, and aspirin.2,241,242 Use of an α-adrenergic 
receptor blocker such as phentolamine is recommended in refractory 
patients.2,243 The use of nonselective β-blockers in cocaine-associated 
chest pain has become controversial in recent years with retrospec-
tive analyses emerging that show no increased incidence of morbidity 
or mortality and possibly a reduction in death in patients started on 
β-blocker therapy.11,244 In the light of many previous and current experi-
mental animal and human studies contradicting these conclusions, 
the American Heart Association does not recommend the use of pure 
β-blockers in the cocaine intoxicated patient with acute chest pain.2

In high concentrations, cocaine acts as a class Ic antiarrhythmic  
leading to wide-complex tachycardia similar to that seen in TCA over-
dose. Based on limited data in humans and animals and extensive unpub-
lished experience, the expert panel on toxicologic-oriented advanced 
life support suggests a primary role for sodium bicarbonate in cocaine- 
associated ventricular tachycardia and ventricular fibrillation.6 Although 
controversial, lidocaine is also likely to be safe in treating cocaine-
induced ventricular tachycardia.2,6,245

The role of thrombolytic therapy remains unclear in patients with 
cocaine-associated acute myocardial infarction.6,246 Thrombolytics are 
contraindicated in uncontrolled hypertension, aortic dissection, and 
intracerebral hemorrhage.

Treatment of respiratory complications is supportive. Oxygen is 
delivered to improve arterial oxygen saturation; continuous positive 
airway pressure or positive end-expiratory pressure may decrease 
intrapulmonary shunting in patients with diffuse lung disease. Inhaled 
bronchodilators and corticosteroids are indicated for cocaine-associated 
bronchospasm. Tube thoracostomy may be required for pneumothorax; 
pneumomediastinum should be watched expectantly.

■■ CYANIDE
Cyanide is found in a variety of synthetic and natural substances:  
plastics, glue removers, wool, silks, nylons, and various seeds and plants. 
Poisoning occurs through a number of mechanisms including (1) ingestion 
(eg, the cassava-based foodstuff “gari”247 or tainted over-the-counter 
preparations248); (2) inhalation of hydrogen cyanide gas (HCN), a com-
bustion by-product of cyanide-containing products; (3) sodium nitro-
prusside infusion; and very rarely (4) absorption of cyanide-containing 
solutions or gas through skin.

Cyanide is a rapidly acting poison that binds to cellular cytochrome 
oxidase, interfering with the electron transport chain and therefore con-
verting cellular aerobic oxygen utilization to anaerobic metabolism.249 
Once ingested, it is detoxified by enzymatic conversion to the less toxic, 
renally excreted metabolite thiocyanate. The most important enzyme 
for cyanide conversion is rhodanese (a sulfurtransferase), which forms 
thiocyanate in the presence of sulfane sulfur. This reaction occurs in the 
liver, although the kidney also contains high concentrations of rhoda-
nese. Serum albumin plays an important role in cyanide detoxification 
because it is a readily available source of sulfane sulfur and it has sulfur-
transferase activity. A small amount of cyanide is also detoxified by the 
vitamin B12 precursor hydroxocobalamin. This agent binds cyanide to 
form nontoxic cyanocobalamin.

Clinical manifestations of cyanide poisoning depend upon the 
amount and rate of cyanide absorption. Patients who are completely 
asymptomatic after inhalation (which is associated with immediate 
absorption) do not require treatment and can be discharged after brief 
observation. Patients who ingest cyanide orally may develop progressive 
symptoms over minutes to hours. Oral ingestion on an empty stomach 
with low pH results in the rapid generation of HCN from potassium and 
sodium salts (KCN and NaCN). Oral ingestion into a full and alkaline 
stomach delays generation of HCN, resulting in progressive symptoms 
over 1 to 2 hours. Ingestion of plants containing cyanogenic glycosides 
also causes delayed and progressive toxicity because the ingested com-
pound is converted in vivo to cyanide.

At low concentrations, cyanide acts as a respiratory and central 
nervous system stimulant. Clinical manifestations include anxiety, dys-
pnea, headache, confusion, tachycardia, and hypertension. At higher  
concentrations, patients may develop stupor or coma, seizures, fixed and 
dilated pupils, hypoventilation, hypotension, bradycardia, heart block, 
and ventricular arrhythmias. Patients with massive ingestion present in 
coma and cardiopulmonary collapse. Survival in these cases depends on 
successful cardiopulmonary resuscitation and survivors are at great risk 
for anoxic brain injury.250,251

The diagnosis of cyanide poisoning is usually made on clinical 
grounds, often in the setting of smoke inhalation injury, where com-
bined carbon monoxide and cyanide toxicity occurs. Common fea-
tures include coma, seizures, and cardiopulmonary dysfunction. Lactic  
acidosis and elevated venous oxygen saturation provide evidence for 
the blocking of aerobic oxygen utilization.252 Elevated venous oxygen is 
further demonstrated by arteriolization of retinal veins on funduscopic 
examination or venous blood on routine blood draws. The bitter almond 
scent of HCN may also be detected.

High-dose sodium nitroprusside therapy (>10 µg/kg per minute) 
may result in acute cyanide poisoning characterized by anxiety, agita-
tion, tachycardia, myocardial ischemia, metabolic acidosis, hyperventi-
lation, seizures, and paradoxical hypertension (or difficulty in lowering 
blood pressure). Cyanide poisoning is uncommon at nitroprusside 
infusion rates less than 10 µg/kg per minute; however, toxicity has 
been reported at an infusion rate of 4 µg/kg per minute after 3 hours of  
therapy.253 Prolonged nitroprusside infusion increases the risk of thiocy-
anate toxicity. Thiocyanate levels should be followed in these cases, par-
ticularly in the setting of renal dysfunction. Thiocyanate levels greater 
than 50 to 100 mg/L cause confusion, somnolence, and seizures.253

When clinical features are present, treatment should proceed without 
confirmation of the diagnosis by blood cyanide levels, as these levels are 
not rapidly available. If a level is to be drawn, the laboratory should be 
notified prior to drawing the blood, since special instructions may be 
required to measure this unstable compound. Whole blood levels greater 
than 0.5 to 1.0 mg/L are considered toxic.254 Smokers may have cyanide 
levels nearing 0.1 mg/mL.

Treatment begins by identifying and treating life-threatening problems.  
Survival depends on prompt and successful resuscitation. Oxygen therapy 
at 100% fraction of inspired oxygen (FiO2) is effective in cyanide poisoning  
and should be administered immediately.255,256 Hyperbaric oxygen is 
likely of no benefit in cyanide poisoning.257,258

Several antidotes are available. Amyl and sodium nitrite induce for-
mation of methemoglobin. Cyanide has a high affinity for the ferric iron 
contained in methemoglobin, thereby rendering methemoglobin an 
effective scavenger of unbound cyanide. Amyl nitrite is administered by 
inhalation of crushable ampules. Ampules are inhaled for 15 to 30 seconds;  
effects last approximately 2 to 3 minutes. This therapy can be used in 
spontaneously breathing patients and in patients receiving ventilatory 
support by face mask or endotracheal tube until administration of 
sodium nitrite. Amyl nitrite is usually only used in patients who do not 
have vascular access. Sodium nitrite is administered intravenously at a 
dose of 300 mg over 3 minutes to convert hemoglobin into methemo-
globin. Half this dose may be repeated after 2 hours if there is persistent 
toxicity and a tolerable degree of methemoglobinemia (usually less 
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than 30%). Conversion of 25% to 30% of hemoglobin to methemoglo-
bin effectively treats cyanide poisoning,259 although in usual practice, 
methemoglobin levels generally remain less than 20%.260 Induction of 
methemoglobinemia has several disadvantages, including the reduction 
of oxygen transport by hemoglobin (which may be further aggravated 
by concurrent carboxyhemoglobinemia if there is concurrent carbon  
monoxide poisoning) and the risk of hemolysis in glucose-6-phosphate 
dehydrogenase (G6PD)–deficient patients.261 In one study evaluating 
serial cyanide, methemoglobin, and carbon monoxide levels in seven 
critically ill smoke inhalation patients receiving sodium nitrite, peak 
measured methemoglobin levels did not occur until a mean of 50 minutes  
following sodium nitrite administration.260 The total oxygen-carrying 
capacity reduced by the combination of carboxyhemoglobin and methe-
moglobin was never more than 21%. Methylene blue should be avoided 
to treat methemoglobinemia because it releases free cyanide.

Sodium thiosulfate is safe and effective in cyanide poisoning. It acts as a 
sulfur donor to rhodanese and other sulfurtransferases, thereby enhanc-
ing conversion of cyanide to thiocyanate to be excreted in the urine.262,263 
The dose is 12.5 g IV (50 mL of a 25% solution) over 10 minutes.  
Half this dose may be repeated in 2 hours for persistent toxicity. 
Coadministration of thiosulfate with nitroprusside (in a ratio of 1:10 
thiosulfate to nitroprusside) effectively eliminates the possibility of 
cyanide intoxication without altering the efficacy of nitroprusside.264 
Treatment with sodium thiosulfate can cause thiocyanate toxicity, par-
ticularly in the setting of renal insufficiency. Fortunately, thiocyanate is 
readily dialyzable.

Hydroxycobalamin (vitamin B12a; marketed as Cyanokit) is a cyanide 
antidote capable of reducing red blood cell and plasma cyanide concen-
trations by binding to cyanide, which is then excreted in the urine as 
cyanocobalamin. Although occasionally causing transient hypertension, 
bradycardia, and red discoloration of skin and urine, hydroxycobala-
min has been found to be safe and effective in cyanide toxicity.265 No 
prospective randomized human trials have been performed to compare 
hydroxycobalamin to traditional cyanide antidote kits (sodium/amyl 
nitrite with sodium thiosulfate), although animal studies have sug-
gested improved mean arterial pressure in swine treated with hydroxy-
cobalamin versus sodium nitrite.266 Hydroxycobalamin, because of its 
red color, is known to interfere with several chemistry methodologies 
affecting measurement of carbon monoxide oximetry, aspartate ami-
notransferase, total bilirubin, creatinine, phosphorus, and glucose.267 As 
with thiosulfate, coadministration of hydroxycobalamin (25 mg/h IV) 
with nitroprusside may protect against nitroprusside-induced cyanide 
toxicity.268 The currently recommended dose of hydroxycobalamin in 
adult acute cyanide poisoning is 5 g IV, which may be repeated based on 
clinical response.249 If hydroxycobalamin is available, it is used in place 
of nitrites and in conjunction with sodium thiosulfate.

Additional treatment strategies include removal and isolation of all 
contaminated clothing. Health care workers should avoid contact with 
cyanide-containing solutions and vapors. Gastric emptying is recom-
mended for acute ingestions, followed by AC. There is no role for hemo-
dialysis or hemoperfusion except to clear high levels of thiocyanate.

■■ CYCLIC ANTIDEPRESSANTS
Tricyclic antidepressants include amitriptyline, desipramine, doxepin, imip-
ramine, nortriptyline, protriptyline, and amoxapine. In overdose, these 
drugs primarily affect the central nervous and cardiovascular systems. 
Lesser effects are seen in the gastrointestinal tract. Central nervous system 
toxicity results from anticholinergic effects and inhibition of neural reuptake 
of norepinephrine or serotonin. Cardiovascular manifestations stem from 
anticholinergic effects, inhibition of neural uptake of norepinephrine or 
serotonin, peripheral α-adrenergic blockade, and membrane depressant 
effects specifically involving the sodium channel. Most patients develop 
symptoms within the first 6 hours after ingestion or not at all.

Clinical presentation is divided into anticholinergic effects, cardio-
vascular effects, and seizures. Mydriasis, blurred vision, fever, dry skin 

and mucous membranes, lethargy, delirium, coma, tachycardia, ileus, 
myoclonus, and urinary retention are manifestations of anticholinergic 
toxicity. These symptoms are described by the common mnemonic: 
“blind as a bat, hot as a hare, dry as a bone, red as a beet, mad as a hatter.”

Cardiovascular effects consist of sinus tachycardia with prolongation 
of the QRS, QTc, and PR intervals. Occasionally, sinus tachycardia with 
QRS prolongation is difficult to distinguish from ventricular tachycar-
dia. Torsades de pointes is rare. Various forms of atrioventricular block 
may accompany cyclic antidepressant overdose. Right bundle-branch 
block is common.

A QRS interval longer than 0.10 second reliably predicts serious 
intoxication (except in cases of amoxapine overdose) requiring moni-
toring until resolution.269 QRS duration <0.1 second is rarely associated 
with arrhythmias or seizures. Patients with QRS >0.10 second are at 
risk for seizures and arrhythmias. In another trial, the height of the R 
wave in ECG lead aVR (greater than 3 mm) as well as the ratio of S/RaVR 
(greater than 0.7) were found to be better predictors of seizure and/or 
arrhythmias than a QRS duration greater than 100 ms.270

Hypotension is common, although hypertension also occurs. It results 
from α-adrenergic blockade causing venodilation as well as decreased 
myocardial contractility. In severe cases, hypotension may be refractory 
to fluid administration and vasopressors and associated with pulmonary 
edema.

Seizures are common in cyclic antidepressant overdose. They may 
be short-lived and self-limited or prolonged and refractory. Neurologic 
deterioration may be abrupt and unpredictable. A “downward spiral” 
occurs when seizures or arrhythmias cause metabolic acidosis, which 
increases the fraction of free drug and enhances toxicity.

The diagnosis of cyclic antidepressant overdose depends on a history of 
ingestion or a high index of suspicion and compatible clinical features, and 
it should be considered in all altered patients with QRS prolongation and/
or characteristic aVR ECG changes. Urine toxicology for tricyclic antide-
pressants is of little benefit. Quantitative serum levels aid in the diagnosis 
but are generally not available quickly enough to alter initial management.

Treatment of cyclic antidepressant overdose starts with identifying 
and treating life-threatening problems. Sodium bicarbonate (1-2 mEq/kg  
IV bolus) is indicated if there is widening of the QRS interval. Boluses 
of sodium bicarbonate are thought to be effective by two mechanisms: 
sodium load to overcome the effective cardiac sodium channel blockade 
as well as serum alkalinization. In the case of cyclic antidepressant over-
dose, sodium bicarbonate has not been shown to be effective in enhancing 
urinary elimination of the drug. Sodium bicarbonate should be continued 
until there is narrowing of the QRS interval, hypernatremia occurs, or 
serum pH exceeds 7.5 to 7.55. In intubated patients, hyperventilation 
can assist in achieving alkalemia concurrently with sodium bicarbonate.6 
The electrocardiogram (ECG) should be followed closely in all cases with 
abnormal ECGs for 48 to 72 hours.271 In general, patients should remain 
in an ICU for 12 hours after discontinuation of all therapy and they should 
be asymptomatic with a normal ECG and pH before transfer.272

Lidocaine is the drug of choice when ventricular arrhythmias 
are refractory to sodium bicarbonate.6 Class 1a antiarrhythmics  
(eg, procainamide) are contraindicated in cyclic antidepressant overdose 
because of added cardiac toxicity. Physostigmine should not be used in 
cyclic antidepressant overdose because of possible worsening of cardiac 
conduction disturbances and its association with death.273 Flumazenil 
should be avoided because of the risk of precipitating seizures.274,275

Hypotension refractory to sodium bicarbonate should be treated with 
vasopressors. A pulmonary artery catheter rarely helps direct therapy 
and may be arrhythmogenic. Norepinephrine and phenylephrine are 
the preferred vasopressors because cyclic antidepressants deplete pre-
synaptic catecholamine stores, limiting the effectiveness of dopamine.276 
Dopamine and other vasopressors may cause an exaggerated vasopres-
sor response in the presence of cyclic antidepressants because of inhibi-
tion of catecholamine reuptake. An enhanced hypertensive response to 
phenylephrine can also be seen in anticholinergic overdose because anti-
cholinergics interfere with phenylephrine-induced reflex bradycardia.
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Seizures should be treated with intravenous diazepam or lorazepam. 
Phenytoin may be administered cautiously in refractory cases. Paralysis 
with continuous EEG monitoring may be indicated when seizures are 
refractory (as may be seen in amoxapine overdose) to control tempera-
ture and limit muscle breakdown.

Gastric lavage may be considered during the first hour after a life-
threatening ingestion. Single-dose AC is effective and should be consid-
ered if the airway is protected. Because these drugs are lipid soluble and 
protein bound, dialysis and hemoperfusion are not effective.

There has been a single case reported in the literature on the use of intra-
venous lipid emulsion (discussed in the section on β-blocker toxicity)  
in severe tricyclic antidepressant toxicity with hypotension that was not 
responsive to vasopressors and sodium bicarbonate.277

■■ DIGOXIN
Digitalis is a cardiac glycoside clinically used for treatment of systolic 
myocardial dysfunction and supraventricular arrhythmias. The most 
commonly prescribed cardiac glycoside in the United States is digoxin, 
although natural glycosides (eg, oleander, lily of the valley, and foxglove) 
produce a similar clinical presentation in overdose. Digoxin is exten-
sively tissue bound (mostly in muscle), resulting in a massive apparent 
volume of distribution (4-7 L/kg). Many sources divide digoxin toxic-
ity into three types: acute, acute-on-chronic, and chronic. Diminished 
clearance because of kidney disease, which often increases half-life to  
80 to 180 hours, is the most common precipitant of acute-on-chronic 
episodes. Drug interactions also elevate digoxin levels by impairing renal 
excretion (eg, verapamil, other calcium-channel blockers, quinidine, 
and cyclosporine) or hepatic biotransformation (eg, cyclosporine, vera-
pamil, other calcium-channel blockers, or amiodarone), or decreasing  
digoxin tissue binding and Vd (eg, quinidine). Finally, increased oral 
bioavailability because of antibiotic-induced sterilization of digoxin-
metabolizing gut flora may also precipitate digoxin toxicity.278 Digitalis 
may also be ingested in toxic amounts as an unsuspected component of 
herbal preparations279 or as a deliberate self-overdose, although these 
forms of acute overdose are much less common than acute-on-chronic 
overdoses. Several factors aside from excess total body digoxin can pre-
cipitate toxicity, even in the therapeutic range, by increasing myocardial 

digitalis sensitivity. Such factors include hypokalemia, hypomagnese-
mia, myocardial disease, old age, hypothyroidism, and a variety of other 
metabolic disturbances (hypoxemia, acid-base abnormalities, hypercal-
cemia, and hypernatremia).

The clinical manifestations of digitalis intoxication include fatigue, 
gastrointestinal symptoms (anorexia, nausea, vomiting, diarrhea, and 
abdominal pain), neurologic disturbances (blurred vision, visual color 
changes, headache, dizziness, and delirium), and cardiac arrhythmias 
(including many types, but classically supraventricular tachycardia with 
AV block). Massive digoxin overdose also causes hyperkalemia, because 
of inhibition of cellular Na-K-ATPase function. Plasma digoxin levels 
correlate generally with therapeutic and toxic effects, but variability in 
response to a particular level is common.280,281

Digoxin levels should be measured at steady state. This occurs after 
approximately 1 week when renal function is normal, and to allow time 
for distribution a blood level should be obtained at least 6 hours after 
the last dose. Based on data demonstrating benefit of low serum digoxin 
concentrations in heart failure,282 many laboratories have lowered the 
therapeutic range for digoxin to 0.5 to 1.0 ng/mL.

Gastrointestinal decontamination including gastric lavage and  
activated charcoal may be considered within an hour of acute inges-
tion. Additional decontamination modalities including MDAC and 
cholestyramine, although used in the past, have insufficient evidence 
to support their routine use if digoxin-specific Fab fragments are 
available. Hemodialysis or hemoperfusion remove only small amounts 
of total body digitalis (because of large volume of distribution), but HD 
may still be indicated for correction of hyperkalemia or other acid-base 
derangements in renally impaired patients. Fortunately, immunotherapy 
with digoxin-specific antibody Fab fragments is widely available. These 
sheep-derived antibodies bind intravascular digoxin, also competitively 
removing digoxin bound to cellular Na-K-ATPase sites.283,284 Indications 
and protocol for Fab therapy are contained in Table 124-23. Following 
intravenous administration of Fab, digoxin levels and toxic effects 
(hyperkalemia and arrhythmias) decrease almost immediately, and the 
Fab fragments and bound digoxin are eliminated by glomerular filtra-
tion. Standard total plasma digoxin levels can be misleading after treat-
ment, as the digoxin bound to Fab fragments will continue to contribute 
to total levels. Fab fragments have also been successfully used to treat 

  TABLE 124-23    Indications and Protocol for Digoxin Immune Fab Therapy (Digibind)

Indications
Dose Estimate (# Vials) Based on Serum Steady State  
Digoxin Levelsa

Approximate Digibind Dose for Treatment of a Single  
Large Ingestionb

1.	 Severe ventricular arrhythmias # Vials = (serum digoxin level in ng/mL) (weight in kg)/100 # Vials = (total digitalis body load in mg)/(0.5 mg digitalis bound/vial)c

2.	 Progressive, atropine unresponsive bradyarrhythmias

Examples: for a 70-kg adult: Serum concentration Examples: Quantity of 0.25-mg tabs ingested

3.	 Ingestion of >10 mg of digoxin in adults (ng/mL) #Vials

1 1 (80% bioavailable) #Vials

4.	 Steady-state concentration >10 mg/mL 2 2 25 10

4 3 50 20

5.	 Progressive potassium elevation or potassium >5 mEq/L 8 6 75 30

12 9 100 40

16 11

20 14
aSix vials are usually adequate to reverse most cases of chronic toxicity.
bTwenty vials are usually adequate to treat acute ingestions of unknown quantity.
cEach vial of Digibind contains 38 mg of purified digoxin-specific Fab fragments which will bind 0.5 mg of digoxin or digitoxin.

Data from the Physicians’ Desk Reference. Montvale, NJ: Medical Economics; 1996.
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digoxin toxicity in patients with renal insufficiency, including chronic 
hemodialysis patients; the potential late complication of rebound 
intoxication because of impaired Fab-digoxin complex excretion is not 
commonly seen even in such circumstances.285 Nevertheless, monitoring 
of free (rather than total) plasma digoxin levels, and consideration of 
follow-up plasmapheresis to remove Fab-digoxin complexes, has been 
advocated to prevent late rebound toxicity in renal failure patients.286

Supportive therapy of overdose includes rapid correction of elec-
trolytes, particularly hypokalemia. As noted above, hyperkalemia may 
also require treatment unless Fab therapy is immediately available. 
Historically, medical management of hyperkalemia in the setting of 
digoxin overdose has avoided calcium use because of case reports in 
1936 of a condition dubbed “stone heart.” Although numerous studies 
have not shown adverse effects of giving calcium in patients287 and animal 
models288 with severe hyperkalemia and elevated digoxin levels, recom-
mendations remain to try to avoid its use or to use it in only refractory 
cases where Fab fragments are not immediately available. Severe brady-
arrhythmias that are unresponsive to atropine may require electrical  
pacing. Ventricular tachycardia should be treated with lidocaine. Electrical 
cardioversion of any digitalis toxicity–induced arrhythmia should be 
reserved as a last resort, using the minimum effective energy level.

■■ γ-HYDROXYBUTYRATE
γ-hydroxybutyrate (GHB), also known as “liquid ecstasy,” “liquid G,”  
“date-rape drug,” or “fantasy,” has been popular among young 
individuals. In the 1980s, the drug was promoted to bodybuilders as a 
growth hormone stimulator and muscle-bulking agent. Recreationally, it 
was claimed to cause euphoria without a hangover and to increase sen-
suality and disinhibition. In 1990, GHB was banned outside of clinical 
trials approved by the FDA, although the sodium salt of GHB (sodium 
oxybate or Xyrem) remains available for the treatment of cataplexy and 
narcolepsy.

GHB is derived from γ-aminobutyric acid (GABA) and is thought 
to function as an inhibitory transmitter through specific brain recep-
tors for GHB and through GABA receptors.289,290 GHB increases stage 
IV of non–rapid eye movement sleep (slow-wave deep sleep).291 In 
narcoleptics it decreases cataplexy, sleep paralysis, hallucinations, and 
daytime sleep attacks.292 Clinical manifestations of GHB depend on the 
dose ingested. Regular use causes tolerance and dependence, and abrupt 
discontinuation can result in delirium and psychosis.293 Low doses of 
GHB can induce a state of euphoria. Higher doses can cause coma and 
death.294 Emesis, bradycardia, hypotension, and respiratory acidosis 
have all been described.295

Treatment of GHB poisoning is mainly supportive. It is important 
to keep in mind that coingestions are common, especially with ethanol 
and amphetamines.295 While mechanical ventilation may be initially 
required, it is typical for most patients to regain consciousness within 1 
to 5 hours, allowing for extubation.295,296

In 2000, Yates and Viera described two patients with GHB overdose 
who awoke in less than 5 minutes after a single dose of physostigmine.297 
Although the efficacy of physostigmine in reversing GHB-induced coma 
is still debatable298; furthermore, numerous concerns have been raised 
about its safety.299 In another case series, physostigmine was associated 
with atrial fibrillation, bradycardia, and hypotension.300

Usual toxicologic screens do not include GHB. However, when docu-
mentation is important in cases of sexual assault, GHB can be detected 
in urine and blood by special laboratories using gas chromatography-
mass spectroscopy.301,302

■■ LITHIUM
Despite its low therapeutic index (target range = 0.5-1.25 mEq/L), lith-
ium (Li) is used for treatment of bipolar disorder. Most cases of intoxica-
tion, associated with levels above 1.5 mEq/L, are caused by unintentional 
overdose during chronic therapy. Volume depletion (aggravated by 
underlying diabetes insipidus) and renal insufficiency can precipitate 

overdose. Lithium is a low-molecular-weight monovalent cation, has a 
small volume of distribution, and is eliminated by glomerular filtration. 
It has a prolonged elimination half-life that is increased by advancing 
age, renal insufficiency, and duration of therapy.303 Lithium is predomi-
nantly (80%) reabsorbed in the proximal renal tubule; the other 20% of 
filtered load is excreted. Any stimulus that augments proximal tubular 
sodium reabsorption tends to cause increased Li reabsorption in paral-
lel and may precipitate Li intoxication; volume depletion, congestive 
heart failure, cirrhosis, and other salt-avid states all reduce Li clearance 
in this manner, independently of effects on glomerular filtration rate. 
Lithium toxicity can be divided into three categories: acute (in patients 
not on lithium), acute-on-chronic (acute ingestion in patients who are 
on lithium therapy), and chronic toxicity (toxic effects without acute 
overdose). Acute or acute-on-chronic lithium overdose with suicidal 
intent or by medication error occurs in only 10% to 20% of cases of 
lithium toxicity.304

Serum levels following acute Li ingestion correlate poorly with 
intracellular Li levels and clinical symptoms. A closer correlation exists 
between serum levels and clinical symptoms in chronic and acute-on-
chronic intoxications. Thus severe toxicity may occur at lower serum 
levels in the setting of chronic Li ingestion than following acute inges-
tion without previous use.305

Clinical manifestations of overdose are primarily neurologic. Clinical 
features of mild (1.5-2.5 mEq/L) and moderate (2.5-3.5 mEq/L) intoxi-
cation include nausea, vomiting, diarrhea, weakness, and neurologic 
dysfunction (confusion, tremor, nystagmus, dysarthria, ataxia, and 
other signs of cerebellar dysfunction), and choreiform and Parkinsonian 
movements reflecting basal ganglia involvement. Severe toxicity 
(>3.5 mEq/L) is characterized by worsening neurologic dysfunction 
(seizures and coma) and cardiovascular instability (sinus bradycardia 
and hypotension). Decreased serum anion gap (<6 mEq/L, because 
of excess cation) is an interesting consequence of severely elevated 
(>3.5 mEq/L) Li levels. Both hypothermia and hyperthermia have been 
reported to occur in Li-intoxicated patients. Acute overdose has a 25% 
mortality, and 10% of survivors have permanent neurologic deficits. 
Chronic use is associated with development of nephrogenic diabetes 
insipidus, renal insufficiency, hypothyroidism, and leukocytosis.

Treatment of Li intoxication is guided by a combination of clinical 
features and serum levels. Supportive care includes seizure control and 
use of vasopressors for hypotension refractory to fluids. Gastrointestinal 
decontamination following excessive lithium ingestion is the subject 
of a number of in vitro and animal studies and is particularly impor-
tant because sustained-release preparations are usually involved. Oral 
activated charcoal is ineffective in preventing Li absorption, because it 
adsorbs Li poorly.306-308 In the setting of overdose with multiple medica-
tions, its use can be considered (if there are no other contraindications) 
to limit absorption of the other poisons. Animal studies and retrospec-
tive analyses have suggested that oral sodium polystyrene sulfonate 
(Kayexalate) impairs absorption of ingested Li,307,309 although its use 
requires close monitoring of serum potassium. Polyethylene glycol 
whole-bowel irrigation has also been used to limit absorption of an 
acute overdose of sustained-release lithium in normal volunteers.310 
Elimination of Li is enhanced by volume loading (with normal saline) 
of hypovolemic patients, as dehydrated patients will continue to reab-
sorb lithium. This therapy has limited efficacy after normovolemia has 
been restored and risks precipitating hypernatremia in the presence of 
excessive ongoing water loss because of underlying diabetes insipidus. 
Lithium is the prototypical dialyzable intoxicant, owing to its hydrophi-
licity, low molecular weight, complete absence of protein binding, small 
apparent volume of distribution, and prolonged half-life.

The decision to proceed to HD should be based on clinical char-
acteristics. There are three absolute indications for HD: (1) severe 
neurologic symptoms, (2) symptoms of toxicity in the setting of renal 
failure, and (3) the inability to safely rehydrate with IV fluids (eg, those 
with pulmonary edema).74 These clinical indications should be used 
in conjunction with measured serum Li levels. As general guidelines, 
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Li levels of >4.0 mEq/L in acute ingestion and >2.5 mEq/L in acute-
on-chronic or chronic toxicity are significant levels and should lead to 
consideration of HD. HD is preferred to peritoneal dialysis because of 
greater clearance.303,311,312 Rebound increase of serum levels often occurs 
several hours after dialysis; this phenomenon is mostly attributable to 
slow extracellular transfer of intracellular lithium,313 although delayed 
absorption from slow-release preparations may also be contributory.314 
Prolonged dialysis (8-12 hours) with a large surface area dialyzer is gen-
erally performed initially, with repetition as needed for levels in excess 
of 1.0 at 6 to 8 hours after treatment. Alternatively, there are advocates 
for the use of continuous arteriovenous or venovenous hemofiltration/
hemodialysis to attain both dialytic clearance of extracellular Li and 
effective mobilization and removal of intracellular stores,93,94 but these 
strategies may not be superior to standard HD. Acute HD followed by a 
period of continuous venovenous hemodialysis to prevent rebound is a 
potentially useful combination.

■■ METHEMOGLOBINEMIA
Unlike reduced (Fe2+) hemoglobin, oxidized (Fe3+) hemoglobin (called 
methemoglobin) is unable to release oxygen effectively to tissue beds. In 
health, a small amount of methemoglobin is formed by autooxidation of 
circulating red blood cells continuously exposed to high concentrations 
of oxygen. Reduced cytochrome b5 reacts with circulating methemo-
globin to restore hemoglobin and oxidized cytochrome b5. The red cell 
enzyme NADH-cytochrome b5 reductase (methemoglobin reductase) is 
responsible for regenerating reduced cytochrome b5, thereby ensuring 
insignificant concentrations of methemoglobin in circulating blood.249,315

Hereditary methemoglobinemia develops when circulating methe-
moglobin cannot be reduced (eg, hemoglobin M) or there is a defi-
ciency in red cell cytochrome b5 reductase. These hereditary conditions 
are generally of little clinical significance and usually do not require 
treatment-acquired methemoglobinemia, which can be life threatening, 
occurs in the setting of oxidant drugs or toxin exposures (Table 124-24).  
Physiologically, acquired methemoglobinemia occurs when the rate 
of ferric (Fe3+) iron formation exceeds RBC rate of reduction through 
pathways discussed above. Many of these drugs, such as commonly used 
analgesics, sulfonamides, sulfones, and local anesthetics, are derivatives 
of aniline. These were originally called “blue oil” and can result in blue 
people (those with methemoglobinemia).316 Aniline drugs, particularly 
if taken in combination, are the most common cause of methemoglo-
binemia today.316

Methemoglobinemia decreases oxyhemoglobin saturation and blood-
carrying capacity in a way that is analogous to carbon monoxide  
poisoning. Not only does 50% methemoglobinemia effectively decrease 
hemoglobin concentration by half, methemoglobinemia also shifts the 
oxyhemoglobin dissociation curve to the left, thereby interfering with 
off-loading of oxygen in peripheral tissues. In mild methemoglobinemia 
(<15% of the total hemoglobin), patients generally remain asymptom-
atic despite examination evidence of cyanosis. One possible exception 
is the patient with coronary artery disease, who may develop acute 
coronary syndrome from this functional anemia. Higher methemoglo-
bin concentrations result in dyspnea, headache, and weakness. Severe 
methemoglobinemia (>60%) causes confusion, seizures, and death.

Laboratory confirmation of elevated methemoglobin is available by 
cooximetry, which directly measures oxygen and methemoglobin satu-
rations. Of note, the antidote methylene blue (see below) falsely elevates 
methemoglobin levels by cooximetry (a dose of 2 mg/kg methylene blue 
gives a falsely elevated methemoglobin level of 15%). Pulse oximetry 
is unreliable in methemoglobinemia. Because of alterations of pulse 
oximeter light absorption, oximetry may report an oxygen saturation of 
approximately 85% regardless of the actual value.249 Pulse oximetry may 
be falsely high in patients with methemoglobinemia and falsely low after 
methylene blue.317,318 Another clue is the finding of chocolate-colored 
venous blood.319

Treatment of methemoglobinemia starts with supportive measures 
and removal of the inciting drug or toxin. This may involve removal of 

contaminated clothing, washing of contaminated skin, and AC, depend-
ing on the nature of the intoxication. Methylene blue, a dye capable of 
reversing drug- or toxin-induced methemoglobinemia by increasing 
conversion of methemoglobin to hemoglobin, should be considered 
in symptomatic patients with methemoglobin levels greater than 20% 
or in asymptomatic patients with levels greater than 30%.320 A dose of 
1 to 2 mg/kg (0.1-0.2 mL/kg of a 1% solution) IV administered over  
5 minutes generally results in a significant reduction in methemoglobin 
level within 30 to 60 minutes. A repeat dose of methylene blue may be 
given after 60 minutes if needed. Additional doses may be required in 
patients who have taken a long-acting oxidant drug such as dapsone; 
however, higher doses of methylene blue may paradoxically increase 
oxidant stress and methemoglobinemia. Contraindications to methylene 
blue include G6PD deficiency (where methylene blue may trigger hemo-
lytic anemia), renal failure (because the antidote is renally excreted), 
and reversal of nitrite-induced methemoglobinemia during treatment 

  TABLE 124-24   � Selected Drugs/Toxins Associated With Acquired 
Methemoglobinemia

Acetanilid

Amyl nitrite

Butyl nitrite

Bromates

Aniline dyes

Benzocaine

Bupivacaine

Chlorates

Chloroquine

Dapsone

Flutamide

Herbicides

Isobutyl nitrite

Isosorbide dinitrate

Lidocaine

Loxosceles gaucho venom

Methyl nitrite

Metoclopramide

Nitric oxide

Nitroethane

Nitrobenzene

Nitroglycerin

Nitroprusside

Pesticides

Petrol octane booster

Phenacetin

Phenazopyridine

Potassium ferricyanide

Prilocaine

Primaquine

Pyridium Plus

Silver nitrate

Sodium chlorite

Sodium nitrite

Sulfonamides
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of cyanide poisoning. Failure to respond to methylene blue suggests 
cytochrome b5 reductase deficiency, G6PD deficiency, or sulfhemo-
globinemia. Exchange transfusion can be considered in severe cases 
unresponsive to methylene blue.

■■ OPIOIDS
Opioid stimulation of opiate receptors causes generalized depression of 
the central nervous system. Symptoms of overdose range from lethargy to 
respiratory arrest and coma, depending on the dose, agent ingested, and 
patient tolerance. The majority of deaths occur from the use of IV heroin, 
although death rates from prescription opioids (eg, methadone, oxyco-
done, fentanyl) have increased more recently.321,322 Ethanol appears to 
enhance the acute toxicity of heroin and may contribute to its mortality.323

Opioids cause respiratory failure through a number of mechanisms 
such as alveolar hypoventilation (with slow deep respirations), aspira-
tion, and acute noncardiogenic pulmonary edema (which occurs most 
notably with heroin).324 Noncardiogenic pulmonary edema may occur 
after successful resuscitation and administration of naloxone, from 
either heroin or naloxone itself. By inhalation, heroin can trigger acute 
exacerbations of asthma.325,326

Other features of opioid intoxication include hypotension, bradycardia,  
decreased gut motility, rhabdomyolysis, muscle flaccidity, hypothermia, 
and seizures. Seizures are most common with propoxyphene, tramadol, 
and meperidine. The meperidine metabolite normeperidine may cause 
seizures in the therapeutic dosing range, particularly if there is renal 
insufficiency.327 Propoxyphene was taken off the market because of its 
sodium-channel activity (similar to TCAs) and association with wide-
complex tachyarrhythmias and negative inotropy at therapeutic doses.

Patients classically present with small or pinpoint-sized pupils that 
respond to naloxone; however, the lack of miosis does not rule out opi-
oid poisoning, as coexisting toxins or other conditions such as anoxic 
brain injury influence pupil size.

The diagnosis of opioid overdose depends on a history of ingestion or 
a high index of suspicion for drug overdose, combined with compatible 
clinical features. The combination of a Glasgow Coma Scale score ≤12 
with respiratory rate ≤12, miotic pupils, or circumstantial evidence of 
drug use has a sensitivity of 92% and a specificity of 76% for opioid 
overdose.328 Rapid response to naloxone corroborates the diagnosis. 
Urine drug screens can support the diagnosis, but treatment is gener-
ally required prior to results, limiting their usefulness. It should also be 
noted that certain opioids such as fentanyl and methadone may not be 
detected by routine urine drug screening.

Treatment involves initial supportive measures and naloxone (see 
below). Gastric emptying may be helpful acutely, but extreme care must 
be taken not to empty the stomach in lethargic or comatose patients 
unless the airway has been adequately protected. Although gastric lavage 
is most useful when it is performed within 1 hour of ingestion, this time 
limit may be extended several hours because of decreased gut motility. 
Activated charcoal should be administered up to 2 to 3 hours after oral 
ingestion particularly with acetaminophen-containing combination 
medications once the airway has been protected.329 There is a small risk 
of small-bowel obstruction in the setting of decreased bowel motility.330 
There is no role for hemodialysis.

Naloxone, a specific opioid antagonist with no opioid agonist prop-
erties, reverses opioid-induced sedation, hypotension, and respi-
ratory depression. The initial dose is 0.4 mg IV or 0.8 mg IM or 
SC. Endotracheal331 and nebulized administration18 have both been 
described. Lower doses should be given when there is a concurrent 
stimulant overdose. Larger initial doses may be required when there 
is abuse of naloxone-resistant opioids (eg, fentanyl, methadone, and 
propoxyphene).332 If naloxone does not produce a clinical response after  
2 to 3 minutes, an additional 1 to 2 mg IV may be administered to a total 
dose of 10 mg. In general, a lack of response to 6 to 10 mg naloxone is 
required to exclude opioid toxicity. Continuing naloxone beyond a total 
dose of 10 mg is reasonable if there is a very high index of suspicion 
or a partial response has been achieved. In general, opioid antagonism 

occurs within minutes of naloxone administration and lasts for 1 to  
3 hours. Repeat boluses may be needed every 20 to 60 minutes to main-
tain an adequate clinical response. Alternatively, a continuous naloxone 
infusion may be used particularly in longer acting opioids (0.4-0.8 mg/h, 
or two-thirds of the initial dose needed to achieve a response, given each 
hour intravenously).

Noncardiogenic pulmonary edema may be initially difficult to 
distinguish from aspiration pneumonitis and acute lung injury; how-
ever, improvement is generally quicker in opioid-induced pulmonary 
edema.333 Supplemental oxygen, positive end-expiratory pressure, and 
mechanical ventilation may all be required to achieve adequate gas 
exchange. Since intravascular volume status may be reduced, diuresis 
can aggravate hypotension.

Seizures unresponsive to naloxone may be treated with intravenous 
diazepam or lorazepam. Refractory seizures suggest either body packing 
or a secondary process.

■■ ORGANOPHOSPHATE AND CARBAMATE INSECTICIDES
Organophosphates and carbamates are used extensively in the United 
States as insecticides. In addition, interest in these substances has 
grown in recent years because of their association with bioterrorism 
and potential for mass exposure.334 Organophosphates act as irrevers-
ible acetylcholinesterase (AChE) inhibitors. Carbamates are reversible 
AChE inhibitors. Insecticides can be absorbed through the mouth, skin, 
conjunctiva, gastrointestinal tract, or respiratory tract. Toxicity occurs 
within 12 to 24 hours after exposure from excess acetylcholine at neural 
end plates due to inhibition of AChE.335

The diagnosis of organophosphate poisoning is made on clinical 
grounds and by measurement of cholinesterase activity in the blood. The 
history may suggest attempted suicide, accidental ingestion, industrial/
agricultural exposure, terrorism, or rarely ingestion of contaminated 
food.336,337 Emergency department personnel have also been inadvertently 
poisoned through contact with patients.338 The signs and symptoms of 
poisoning by both classes of insecticides are virtually identical except 
that carbamates do not readily cross the blood-brain barrier to cause CNS 
toxicity. Clinical features include miosis (85%), vomiting (58%), exces-
sive salivation (58%), respiratory distress (48%), abdominal pain (42%), 
depressed mental status (42%), and muscle fasciculations (40%).339 
In one case series, tachycardia occurred more often than bradycardia 
(21% vs 10% of cases). In early poisoning, there is a transient period of 
intense sympathetic tone causing tachycardia, followed by heightened 
parasympathetic tone and bradycardia, heart block, and ST- and T-wave  
abnormalities.338 Breath or sweat may take on the odor of garlic.

Clinical features of organophosphate poisoning result from overstim-
ulation of muscarinic, nicotinic, and central receptors (Table 124-25).340 
Muscarinic overstimulation results in sustained toxicity characterized 

  TABLE 124-25   � Classification of Signs and Symptoms of Acute  
Organophosphate Poisoning

Muscarinic Nicotinic Central

Salivation Fasciculations Anxiety

Lacrimation Paresis/paralysis Confusion

Urination Hypertension Seizures

Diarrhea Tachycardia Psychosis

GI cramps Ataxia

Emesis

Blurred vision

Miosis

Bradycardia

Wheezing

section11.indd   1219 1/19/2015   10:52:03 AM

http://www.myuptodate.com


PART 11: Special Problems in Critical Care1220

by the mnemonic SLUDGE (salivation, lacrimation, urination, diarrhea, 
gastrointestinal cramps, and emesis). Blurred vision, miosis, bradycar-
dia, and wheezing are also muscarinic effects. Nicotinic effects are less 
sustained and characterized by fasciculations, muscle weakness (that can 
progress to paralysis), hypertension, and tachycardia. Organophosphates 
penetrate the blood-brain barrier to cause anxiety, confusion, psychosis, 
seizures, and ataxia.

The two principal cholinesterases are RBC cholinesterase (also called 
acetylcholinesterase or AChE), which is present in red blood cells and 
nerve endings, and pseudocholinesterase (PChE), which is found pri-
marily in liver and serum. Carbamates and organophosphates inhibit 
both. Clinical toxicity is due primarily to inhibition of AChE, but PChE 
is more readily quantified. Levels may not correlate with the severity of 
poisoning.341 A falsely low PChE may be seen in liver disease, anemia, 
and malnutrition, and as a normal genetic variant (familial succinyl-
choline sensitivity). Normal levels of enzyme activity do not exclude 
poisoning because of wide variations in normal levels. In the absence 
of a baseline levels, serial measurements may confirm the diagnosis.342

During initial patient stabilization, attention should be paid to the 
respiratory status. Bronchoconstriction, excess secretions, muscle weak-
ness, and an altered mental status all increase the risk of respiratory 
failure requiring. In agricultural exposures, it is important to remove all 
contaminated clothing and cleanse hair and skin thoroughly to decrease 
skin absorption. Health care workers must protect themselves from 
accidental exposure by wearing appropriate gloves and gowns. Activated 
charcoal and gastric lavage may be useful if done immediately after 
ingestion, but the airway must be protected.

Symptomatic patients should receive atropine immediately. Treatment 
should not await results of AChE or PChE levels. Atropine competitively 
blocks acetylcholine at muscarinic receptors but has no effect on nicotinic 
receptors. Atropine crosses the blood-brain barrier and can cause CNS 
toxicity that is difficult to distinguish from organophosphate toxicity. 
In this situation, glycopyrrolate (which does not penetrate the CNS) is 
a reasonable alternative to atropine.343 In addition, regimens including 
combinations of atropine and glycopyrrolate have been proposed that 
would allow for less atropine. One study suggests decreased mortality with 
this combination when compared with a historical control of atropine 
alone patients.344 The dose of atropine required to achieve atropinization 
(characterized by clear pulmonary examination and heart rate >80 beats 
per minute)340 varies depending on the severity of poisoning. Doses of 
up to 40 mg/d may be required. If atropinization occurs after 1 to 2 mg of 
atropine, the diagnosis of acetylcholinesterase inhibitor poisoning should 
be questioned. The initial dose of atropine is 2 mg IV. This dose should 
be doubled every 3 to 5 minutes until atropinization has been achieved. 
Continuous atropine infusion can then be started at 10% to 20% of the 
loading dose required to achieve atropinization hourly while closely moni-
toring for atropine toxicity (delirium and hyperthermia).340

Pralidoxime (2-PAM) reverses nicotinic and muscarinic effects of 
organophosphate poisoning by reactivating AChE and protecting the 
enzyme from further inhibition. In carbamate poisoning, pralidoxime 
may not be needed because of the more rapid resolution of symptoms 
and reversible nature of enzyme inhibition. It has historically been sug-
gested that pralidoxime may enhance carbaryl (or Sevin, a carbamate 
insecticide) toxicity,345 although current recommendations recognize the 
difficulty oftentimes present in distinguishing carbamate and OP toxic-
ity and therefore recommend oxime therapy in addition to atropine as 
needed.334 To be effective, pralidoxime should be given within the first 
6 hours of poisoning (although treatment in the first 24-48 hours may 
still be effective), prior to irreversible phosphorylation of cholinesterase 
(a process referred to as “aging”). After this critical period, restoration 
of normal cholinesterase function requires regeneration of the enzyme, 
a process that may take weeks to complete. Antimuscarinic effects allow 
for atropinization more quickly, and with lower doses of atropine. The 
initial dose of pralidoxime is 1 to 2 g IV given over approximately 10 to 
20 minutes. Clinical response should be evident within 30 minutes. If 
there is no improvement in fasciculations or weakness, the dose may be 

repeated once. A continuous infusion is then administered at a rate of 
200 to 500 mg/h, titrated to achieve the desired effect. Continuous infu-
sion of pralidoxime may be necessary for over 24 hours, depending on 
the half-life and lipid solubility of the poison, after which the dose may 
be gradually reduced and stopped while the patient is observed for signs 
of recurrent muscle weakness.

■■ SALICYLATES
Acetylsalicylic acid or aspirin is converted rapidly to salicylic acid, its 
active moiety. Salicylic acid is readily absorbed from the stomach and 
small bowel. At therapeutic doses, it is metabolized by the liver and 
eliminated in 2 to 3 hours. Chronic ingestion can increase the half-life 
to more than 20 hours.346 Overdose can be accidental or deliberate, acute 
or chronic. A number of over-the-counter combination formulations 
and herbal remedies contain salicylates. The use of alternate analgesics, 
child-resistant containers, and package-size restrictions has decreased 
the incidence of poisoning.347,348

Therapeutic serum levels of salicylates are 10 to 30 mg/dL. Clinical 
features of intoxication occur in most individuals with serum levels above 
40 to 50 mg/dL; in chronic intoxication, severe poisoning occurs at lower 
serum levels (particularly in elderly patients). In toxic amounts, salicylates 
are metabolic poisons that affect a number of organ systems by uncou-
pling oxidative phosphorylation and interfering with the Krebs cycle.349

Minor intoxication causes tinnitus, vertigo, nausea, vomiting, and 
diarrhea. More significant ingestions cause acid-base disturbances. 
Respiratory alkalosis is caused by direct central ventilatory stimula-
tion. Organic acids (including lactate and ketoacids) accumulate with  
uncoupling of oxidative phosphorylation to cause an elevated anion 
gap metabolic acidosis. Salicylic acid itself contributes minimally to the 
measured anion gap (only 3 mEq/L with a 50 mg/dL level). Adults com-
monly present with respiratory alkalosis or combined metabolic acidosis 
and respiratory alkalosis.350 Children may develop pure metabolic aci-
dosis. Severe poisoning also causes noncardiogenic pulmonary edema, 
mental status changes, seizures, coma, gastrointestinal bleeding, liver 
failure, renal failure, and death.351 Systemic symptoms generally begin 
within 4 to 8 hours after ingestion, although reports exist of delayed 
presentations up to 35 hours (in enteric-coated aspirin).352

Thisted and colleagues reported clinical findings of 177 consecutive 
admissions to an ICU with acute salicylate poisoning.353 Neurologic 
abnormalities occurred in 61% of cases, acid-base disturbances in 50%, 
pulmonary complications in 47%, coagulation disorders in 38%, fever in 
20%, and hypotension in 14%. In a separate 2-year review of salicylate 
deaths in Ontario, 31.4% of patients were dead on arrival.354 ICU mor-
tality has been reported to be 15% when diagnosis is delayed, compared 
to approximately 5% in cases recognized early.355 The clinical features of 
salicylate intoxication are reviewed in Tables 124-26 and 124-27.

  TABLE 124-26   � Clinical Findings in 177 Patients Admitted to an ICU With Acute 
Salicylate Poisoning

Clinical Signs Percent

Neurologic abnormalities (depressed consciousness) 61

Acid-base disturbances 50

Pulmonary complications 43

Coagulation disorders 38

Hyperpyrexia 20

Circulatory disorders (hypotension) 14

Electrocardiographic abnormalities (Wide QRS, first- and second-degree 
atrioventricular block, ventricular arrhythmias)

10

Renal abnormalities (oliguria) 7

Data from Thisted B, Krantz T, Stroom J, et al. Acute salicylate self-poisoning in 177 consecutive patients 
treated in ICU. Acta Anaesthesiol Scand. May 1987;31(4):312-316.
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The lethal adult dose is approximately 10 to 30 g (35 tablets or more). 
Lethality correlates poorly with serum levels, although levels are useful to 
establish the diagnosis. Levels are even less useful in chronic salicylism, 
which may occur unintentionally in elderly patients receiving long-term 
analgesic therapy.356 These patients are more likely to present with CNS 
toxicity357 or noncardiogenic pulmonary edema358; isolated mild eleva-
tion of the prothrombin time is another telltale sign. Urine tests with 
Phenistix or ferric chloride can be used to detect salicylate poisoning.359

Optimal management of a salicylate-intoxicated patient requires 
appreciation of the toxicokinetics of ingestion and the importance of 
serum pH in determining drug disposition. At therapeutic levels, sali-
cylic acid is 90% protein bound. Most (75%) is partially glycinated in 
the liver to form salicyluric acid, a less toxic and more water soluble, 
renally excreted metabolite. Proximal organic anion secretion, rather 
than glomerular filtration, is normally responsible for the bulk of 
salicylate excretion, since salicylate is a highly protein-bound drug, and 
pH-dependent nonionic back-diffusion from the tubular lumen occurs 
at alkaline urine pH. At toxic levels, however, only 50% of salicylic acid 
is protein bound, so that (with increased tissue distribution) the cus-
tomary metabolic pathway via salicyluric acid becomes saturated, and 
elimination half-life increases from 3 to 12 hours to 15 to 30 hours.

The extent of tissue distribution of absorbed salicylate is influ-
enced by plasma pH. For instance, CNS toxicity may be ameliorated 
by administration of bicarbonate and raising plasma pH. Systemic 
alkalinization has the additional salutary effect of augmenting renal 
salicylate excretion. Raising urinary pH from 6.1 to 8.1 results in an over 
18-fold increase in renal clearance by preventing nonionic tubular back-
diffusion.360 This decreases the half-life of salicylates from 20 to 24 hours 
to <8 hours. To accomplish urinary alkalinization, it is vital to avoid 
hypokalemia that prevents excretion of alkaline urine by promoting dis-
tal tubular potassium reabsorption in exchange for hydrogen ion. One 
recommended alkalization regimen includes combining three ampules 
of sodium bicarbonate (44 mEq Na+ per ampule) in D5W and infuse at 
a rate of 2 to 3 mL/kg/h to maintain urine output at 1 to 2 mL/kg/h and 
aiming for urinary pH of 7.5 to 8.5. As mentioned above, 40 mEq of KCl 
is added to the bicarbonate infusion to prevent hypokalemia.361

Additional supportive care includes empiric administration of dex-
trose even in euglycemic patients to theoretically treat low CSF glucose 
levels.362 Treatment of an acute ingestion starts with gastric lavage and 
AC in the appropriate clinical setting. These strategies are not helpful in 
chronic salicylism.

Indications for hemodialysis are listed in Table 124-28.361 In chronic 
overdose, HD may be necessary for symptomatic patients with serum 
levels over 60 mg/dL.78

Special attention should be paid to patients with severe salicylate 
toxicity and altered mental status that require mechanical ventilation. 
Inappropriate ventilator settings that produce respiratory acidosis 
can increase salicylate concentration in the CNS, and thereby worsen  
outcome.363 The patient’s acid-base status should be followed closely 
after intubation aiming for an arterial pH of 7.5 to 7.6.363

■■ SELECTIVE SEROTONIN REUPTAKE INHIBITORS
The selective serotonin reuptake inhibitors (SSRIs) are noncyclic anti-
depressant agents that selectively inhibit the presynaptic neural uptake 
of serotonin.364 Most SSRIs are relatively nontoxic when taken alone, but 
when taken in high dose, or combination with a number of other drugs 
(listed in Table 124-29), there can be excessive stimulation of 5-HT1A 
and 5-HT2 receptors that leads to the serotonin syndrome.365 Because of 

  TABLE 124-27    Clinical Features of Salicylate Intoxication

Mild to Moderate Severe

Headache Lethargy

Dizziness Hallucinations

Tinnitus Delirium

Deafness Seizures

Hyperventilation Coma

Nausea Respiratory alkalosis

Vomiting Metabolic acidosis

Vasodilation Gastrointestinal bleeding

Tachycardia Hypotension

Pulmonary edema

Cerebral edema

Hypoglycemia

Hyperpyrexia

Renal and liver failure

  TABLE 124-29   � Selected Drugs That Increase Risk of Serotonin Syndrome  
in Patients Taking Selective Serotonin Reuptake Inhibitors

Almotriptan

Buspirone

Caffeine

Cocaine

Dextromethorphan

“Ecstasy” (3,4-methylenedioxymethamphetamine; MDMA)

Eletriptan

Ergotamine

Frovatriptan

l-tryptophan

Linezolid

Lithium

Monoamine oxidase inhibitors

Meperidine

Methylphenidate hydrochloride

Mirtazapine

Naratriptan

Nefazodone

Rizatriptan

Sumatriptan

Tramadol

Trazodone

Tricyclic antidepressants

Venlafaxine

Zolmitriptan

  TABLE 124-28    Indications for Hemodialysis in Salicylate Intoxication

Serum level: >120 mg/dL acutely, or >100 mg/dL 6 h after ingestion

Volume overload

Noncardiogenic pulmonary edema

Renal failure precluding bicarbonate therapy

CNS toxicity: coma or seizures

Refractory acidosis

Deteriorating course

Chronic ingestion
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the long half-life of some of these drugs, toxic combinations may not be 
apparent for days to weeks.

When taken as a single overdose, the most toxic SSRIs are cita-
lopram and escitalopram. They are both (although citalopram more 
commonly) associated with seizures.366 Patients with acute ingestion 
of these medications can develop QT prolongation and clinically sig-
nificant arrhythmias—a finding that can be delayed up to 24 hours after  
ingestion.367 Most fatalities associated with SSRI overdose are in the setting 
of ingestion of multiple other medications or massive solitary overdose.

Multiple diagnostic criteria based on clinically apparent neuromus-
cular abnormalities and autonomic alterations have been developed for 
serotonin syndrome. Common signs and symptoms include agitation, 
confusion, tachycardia, nausea, diarrhea, vomiting, fever, hyperreflexia, 
myoclonus, tremor, and diaphoresis.368,369 The diagnosis requires exposure 
to a medication known to be serotonergic. The differential diagnosis for 
a patient presenting with serotonin syndrome is broad and includes neu-
roleptic malignant syndrome, malignant hyperthermia, anticholinergic 
toxicity, infection, thyroid storm, and environmental hyperthermia.370 
Trazodone, which also acts as an α-adrenergic blocker, may cause hypoten-
sion. Other findings include hyponatremia and SIADH.371,372 Death is rare.

The diagnosis of serotonin syndrome should be considered in any 
patient with compatible clinical features, particularly if there is a history 
of depression. Blood levels in serotonin syndrome are not helpful because 
the syndrome is a result of increased concentrations at nerve endings.

Treatment of serotonin syndrome starts with identifying and treating 
life-threatening problems, immediate discontinuation of the offending 
agents, and avoidance of other serotonergic medications (such as fentanyl 
for pain/sedation or ondansetron for nausea). Activated charcoal should be 
considered for patients presenting with acute ingestion. Dialysis and hemo-
perfusion are not effective. Prognosis is generally good in mild cases, with 
resolution within 24 to 36 hours with supportive therapy alone. In moder-
ate cases, benzodiazepines are good first-line therapies for symptomatic 
control. Severe cases with refractory hyperthermia and agitation may 
require sedation, paralysis, and mechanical ventilation. Anecdotal reports 
suggest that the serotonin antagonist cyproheptadine (8 mg by mouth or 
via NG tube as an initial dose) may be beneficial.373,374 Chlorpromazine 
and olanzapine have also been used to treat serotonin syndrome, although  
others recommend against their use as neuroleptic malignant syndrome  
may complicate serotonin syndrome treatment or diagnosis.375 Bromo
criptine should be avoided, as it may worsen serotonin syndrome.

■■ ENVENOMATIONS
Snake Bite:  The majority of poisonous snake bites in the United States 
involve the Crotalidae (pit viper) family of snakes (eg, rattlesnakes, cop-
perheads, and cottonmouths) in the southwest, west, and southeast. Pit 
vipers are named for a small pit between their eyes and nostrils, and 
large venom glands result in triangular shaped heads. The other family 
of poisonous snakes in the United States is the Elapidae (specifically, 
the coral snakes). A common rhyme helps distinguish venomous coral 
snakes from other harmless snakes: “Red on yellow kill a fellow. Red on 
black, friend of Jack”—describing their stripe pattern.

Most bites are accidental, involving native, noncaptive snakes. 
Accidental bites are more common in the summer months, in the after-
noon or evening, and during recreational activities.376 Young men are the 
most frequent victims.

Most snakes strike when they are disturbed. Telltale fang marks 
appear as paired puncture wounds or lacerations a few millimeters 
deep. Atypical wounds consisting of single or multiple puncture sites 
or scratches are also seen, so the bite pattern cannot reliably categorize 
the bite as venomous or nonvenomous. Twenty-five percent of bites do 
not result in envenomation (ie, “dry bites”), and half of all bites result 
in minimal or no envenomation.376,377 Dry bites are generally benign, 
although there is potential for infection due to bacteria in the snake’s 
mouth or on the victim’s skin.

When envenomation occurs, a variety of toxic proteins and enzymes 
are introduced into the victim that can cause serious local and systemic 

reactions. In Crotalidae bites, local effects develop within minutes and 
consist of stinging, burning, swelling, erythema, ecchymosis, and hem-
orrhagic blebs. Extremities swell over the next several hours, occasion-
ally resulting in compartment syndrome. Facial bites with severe local 
swelling may obstruct airways.378 Systemic effects of Crotalidae venom 
include fever, nausea, vomiting, delirium, seizures, muscle cramps, jaun-
dice, disseminated intravascular coagulation, acute renal failure, and 
shock. Death is rare but may occur hours to days after envenomation.

Elapidae snake bites may produce minimal initial local symptoms 
or signs of bite. In contrast to Crotalidae envenomation, the effects of 
Elapidae envenomation are primarily neurologic—most commonly 
cranial nerve palsies but also progressing to dysarthria, dysphagia, and 
respiratory muscle fatigue—and may be delayed up to 12 hours.377 One 
exception of this differentiation by family is the Mohave rattlesnake, 
which causes symptoms more similar to those seen with coral snakes.

Treatment of rattlesnake bite consists of splinting and immobilizing 
the bitten extremity below heart level to slow the spread of venom.377 
Tourniquets or field incision and drainage are not recommended. 
Surgical consultation should be obtained for management of serious 
wounds, and debridement of necrotic wounds may be necessary. If  
compartment syndrome is suspected, tissue pressure should be mea-
sured. Surgery should be reserved only for severe and refractory cases 
and may not improve outcome.379 Tetanus prophylaxis should be  
provided. Initial laboratory investigation in the setting of pit viper 
envenomation should include a DIC panel, blood typing, and evaluation 
of renal and hepatic panels.

Rapid volume infusion is indicated in the initial management of 
hypotensive patients. Several liters of isotonic fluid may be required. 
If unresponsive to initial crystalloid resuscitation, some sources  
advocate use of colloid infusion,380 with vasopressors acting as a last 
resort. Patients with significant Crotalidae envenomations with progres-
sive local or systemic effects should be considered for specific treat-
ment with sheep- or equine-derived Crotalidae antivenin (CroFab or 
Antivenin Crotalidae Polyvalent [ACP]). ACP is more frequently associ-
ated with anaphylactic reactions than is CroFab and although skin testing 
had been advocated in the past, it has largely been abandoned because 
of poor predictive value. Antivenin is dosed by vial based on degree of 
envenomation. Exact dosing varies based on which antivenin is being 
used. Most patients respond to the initial antivenin infusion, but some 
patients require additional infusions every few hours. Patients should be 
monitored closely for immediate hypersensitivity reactions and delayed 
hypersensitivity reactions (ie, serum sickness) which can occur 5 to  
14 days later. If a hypersensitivity reaction occurs, the need for con-
tinued antivenin infusion should be reconsidered. If more antivenin is  
necessary, it should be given with histamine blockade, intravenous  
steroids, and possibly epinephrine if necessary.

Of note, commercially available equine antivenin is also available for 
eastern coral snake (Micrurus fulvius) and Texas coral snake (Micrurus 
fulvius tenere) envenomation. In cases of confirmed coral snake bites, 
this antivenin should be started even in the absence of symptoms, as 
they may be delayed and are possibly life threatening.
Spider Bite:  In North America, only the widow spiders (Latrodectus  
species) and the recluse spiders (Loxosceles species) are medically impor-
tant. The female black widow spider (Latrodectus mactans) has a shiny 
black body approximately 1 cm in diameter with a red hourglass mark 
on the abdomen. This spider, which favors woodpiles, dimly lit sheds, 
greenhouses, basements, and outdoor toilets, is most often encountered 
during the summer months. It bites aggressively to introduce potent 
venom into its victim. Envenomation results in local pain and erythema 
followed by muscle cramps and fasciculations near the bite site. Painful 
cramps may generalize to the abdomen, back, and chest, mimicking 
myocardial infarction or an acute surgical abdomen.381 Cramps may 
last for several days. Hypertension, tachycardia, tremor, fever, agitation, 
diaphoresis, and nausea are also common. Rarely, black widow spider 
bite results in hypertensive crisis or cardiopulmonary arrest. Treatment 
of black widow spider bite consists of general supportive measures 
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combined with adequate analgesia and sedation. Rare patients with 
significant and life-threatening signs and symptoms not responding to 
conservative measures should be considered for specific treatment with 
equine antivenin. Because of high risk of anaphylactic reaction (quoted 
as 75% of patients receiving antivenin), skin testing should be consid-
ered prior to antivenin administration, and precautions should be taken 
for anaphylaxis.381

Recluse spider bite (loxoscelism) is characterized by pain and burning 
at the bite site followed by localized swelling, erythema, and formation 
of bullae. A bull’s eye–shaped lesion ranging from 1 to 5 cm may develop, 
consisting of an erythematous or hemorrhagic center, surrounded by a 
blanched ring that is enclosed in an ecchymotic ring. Central necro-
sis may develop and last for weeks to months. Some patients develop 
systemic symptoms including fever, myalgias, headache, and nausea. 
Rare patients develop intravascular hemolysis, disseminated intravas-
cular coagulation, acute renal failure, and the acute respiratory distress  
syndrome. Treatment of loxoscelism is largely supportive. Cool com-
presses have been recommended for the bite site. Systemic steroids and 
dapsone have been advocated in severe cases, but evidence support-
ing their use is lacking, and they should be considered experimental. 
Antivenin is available in South America.
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C H A P T E R

KEY POINTS

•• Critical care therapeutics should be individualized to maximize 
therapeutic effect while minimizing the potential for adverse drug 
reactions.

•• The appropriate loading dose is determined primarily by the  
volume of distribution of the drug in the patient.

•• The maintenance dose is proportional to the clearance and the 
desired steady-state plasma concentration.

•• Elimination half-life is inversely proportional to clearance and 
directly proportional to volume of distribution.

•• Steady-state conditions are obtained after the passage of three to 
five half-lives.

•• Prospective consideration of possible drug-patient and drug-drug 
interactions minimizes the potential for undertreatment or adverse 
drug reactions.

•• Therapeutic drug monitoring may follow purely pharmacody-
namic parameters or additionally use plasma levels to calculate 
pharmacokinetic parameters.

•• Therapeutic drug monitoring attempts to ensure adequate therapy and 
to prevent, detect, and appropriately report adverse drug reactions.

•• Systemwide changes in management of critically ill patients, including 
physician order entry systems and dedicated intensivists and pharma-
cists, can potentially decrease the incidence of adverse drug reactions.

Individualization of critical care therapeutics through the application 
of pharmacologic principles is intended to reconcile important features 
of ICU management including polypharmacy, altered drug disposi-
tion, and cost considerations, in the design of a rational drug regimen. 
Critically ill patients routinely receive multiple medications, and the 
potential for adverse drug reactions (ADRs), particularly drug-drug 
interactions, increases in proportion to the number of agents received. 
Furthermore, physiologic changes resulting from critical illness may 
alter several aspects of drug disposition in a manner that is often dif-
ficult to predict based on available information. Finally, rational criti-
cal care therapeutics is a major component of providing cost-effective 
critical care, because of the substantial fraction of the average hospital 
pharmacy budget consumed by critical care therapeutic agents.

Individualization of pharmacotherapy attempts to avoid ADRs caused 
by drug overdosage or undertreatment, including ADRs caused by drug-
drug and drug-patient interactions. Correct drug dosing is frequently 
complicated in critical illness by alterations in bioavailability, volume of 
distribution, and elimination.1 Errors in choosing a therapeutic regimen 
are frequently poorly tolerated by these patients; rapid efficacy may be 
necessary for survival, but physiologic reserve may also be inadequate 
to withstand the effects of drug intoxication. Concentrating efforts on 
optimal dosing of drugs that have a low therapeutic index (low ratio of 
toxic to therapeutic plasma level) is therefore particularly important. 
Consideration of pharmacokinetic (PK) and pharmacodynamic (PD) 
principles, and their application to design an approximate patient model 
for individualized therapeutics, should precede addition of any new 
drug to an ICU patient’s regimen. Furthermore, the dynamic physiol-
ogy of these patients mandates frequent reassessment of the accuracy 
of this model, updating drug regimens as required. Therapeutic drug 
monitoring is used to titrate therapy with drugs that have both a low 
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therapeutic index and readily measurable plasma concentrations that are 
proportional to drug effects (therapeutic and toxic). Finally, any change 
in the status of an ICU patient must be considered to be potentially the 
result of an adverse drug reaction, especially in the absence of a clear-cut 
explanation.

PHARMACOKINETIC  
AND PHARMACODYNAMIC PRINCIPLES
Pharmacokinetics is the study of drug movement through the body,2-7 
encompassing all aspects of drug disposition (“what the body does to 
the drug”), including (1) entry, (2) distribution, and (3) elimination. The 
three most important quantifiable PK parameters considered in evaluat-
ing the disposition of a drug are therefore (1) bioavailability (fraction 
of administered dose reaching the systemic circulation), (2) volume of 
distribution, and (3) clearance (elimination by biotransformation and/
or excretion). Pharmacokinetic models divide the body into one or more 
compartments (see below), so that drug disposition may be described by 
a series of mathematical equations. Pharmacodynamics refers to the rela-
tionship of drug movement to pharmacologic response (“what the drug 
does to the body”). The relationship between PK data and the PD phe-
nomenon of drug effect is based on the drug-receptor complex theory, 
which states that there is a correlation between drug concentrations in 
the plasma and at the receptor site, and that drug effect is proportional 
to the extent of drug-receptor complex formation.

■■ BIOAVAILABILITY
The fraction of administered drug reaching the systemic circulation 
is termed its bioavailability. Intravascular injection generally results 
in 100% bioavailability. Other parenteral routes (intramuscular, sub-
cutaneous, transdermal, intraperitoneal, and inhalational) and enteral 
(oral, through enteral feeding tubes, and rectal) of administration often 
achieve bioavailability which is both less complete and less predictable,  
although selected agents administered by the sublingual, inhalational,  
and other routes may undergo extensive and rapid absorption. Formulation 
properties (eg, elixir vs tablet) and the physicochemical properties  
(eg, lipid solubility and degree of ionization at gastric pH) of the admin-
istered drug can substantially affect systemic bioavailability, particularly 
following enteral administration. Enterally administered agents, except 
drugs administered by sublingual or rectal routes, are uniquely subjected 
to the potential influence of first-pass (presystemic) metabolism of drug 
by gut flora and by intestinal and liver enzymes (see below), which tends 
to decrease the systemic bioavailability of the parent compound.4,6,8 
Presystemic metabolism may result in the production of metabo-
lites that are inactive (eg, most propranolol metabolites), or active 
(4-hydroxypropranolol from propranolol, morphine from codeine, or 
enalaprilat from enalapril) following enteral substrate administration. 
Agents requiring metabolism to an active metabolite to elicit pharma-
cologic response, such as enalapril and codeine, are commonly referred 
to as prodrugs. Locally administered drugs (eg, intraperitoneal antibiot-
ics for peritonitis or intraocular β-blocking agents for glaucoma) are 
intended for local effects, but it is important to remember the potential 
systemic absorption and systemic effects of these drugs. In addition to 
the factors that determine extent of absorption, drug formulation can be 
manipulated to alter the rate of drug absorption (eg, standard-release vs 
extended-release preparations), which will in turn potentially blunt the 
peak drug concentration obtained after drug administration. Important 
considerations in choosing the route of drug administration in the criti-
cally ill patient will be further discussed below.

■■ DRUG DISTRIBUTION AND ELIMINATION
The simplest compartmental PK model describes the body as a single 
homogenous compartment. An amount or dose of drug (D) is adminis-
tered intravenously, instantaneously distributed into a space of volume 
(Vd), and the immediate serum or plasma concentration (C) measured. 
Given these simplifications, the volume of this theoretical compartment 

Vd (the apparent volume of distribution) may be calculated: Vd = D/C, 
since C = D/Vd. By assuming instantaneous distribution and concen-
tration sampling (before any elimination has occurred), this model 
describes the theoretical volume into which the administered drug must 
be distributed in order to produce the observed drug concentration 
(Fig. 125-1A). The volume of distribution of most drugs does not usu-
ally correspond to a physiologic volume (such as the extracellular fluid 
volume [0.2 L/kg] or total body water space [0.5 to 0.7 L/kg]), but is often 
many times larger than the total body volume; drugs with a large volume 
of distribution are usually characterized by low plasma protein binding, 
high lipid solubility, and extensive tissue binding.

Drugs whose disposition may be described by a one-compartment 
kinetic model exhibit log-linear plasma concentrations as a function 
of time, thus exhibiting “simple” or “linear” pharmacokinetics (see  
Fig. 125-1B). Since the absolute rate of drug elimination is a linear func-
tion of its plasma concentration, and the fraction of drug eliminated per 
unit time is constant, a “first-order” kinetic model applies. Following 
a single intravenous bolus (and assumed instantaneous complete dis-
tribution), plasma drug concentration declines owing to a first-order 
elimination process (biotransformation and/or excretion), so that a 
semilogarithmic plot of the logarithm of plasma drug concentration (log 
Cp) versus time yields a linear graph. Back-extrapolation of this graph to 
time zero permits estimation of the plasma drug concentration immedi-
ately following the bolus (Cp0), and thus an estimate of Vd, since Vd = 
D/C. The slope of this plot is called the elimination rate constant k (or ke).

The kinetics of drug elimination by this first-order process are 
described by the equation:

Cp(T2)
 = Cp

(T1)
e–k(T2 – T1)

where Cp
(T2)

 and Cp
(T1)

 are the plasma drug concentrations at later and 
earlier measurement points, respectively; T2 − T1 is the time elapsed 
between these two time points; and k is the elimination rate constant 
(in units of time–1).
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FIGURE 125-1.  Linear pharmacokinetic profile with a single-compartment model. A depicts 
the plasma concentration (Cp, µg/mL) versus time (hours) curve following intravenous administra-
tion of an 800-mg drug dose to a 100-kg adult. The first plasma sample, obtained 2 hours after 
bolus administration, contains a measured drug concentration of 32 mg/mL. Subsequent samples 
reveal that the plasma drug concentration declines by 50% every 2 hours, consistent with an 
elimination half-life of 2 hours. B shows the semilog plot of the same data plotted in panel A. Log 
transformation of the plasma concentration values yields a linear plot, consistent with first-order 
elimination. Back-extrapolation to time 0 suggests that the plasma concentration at this time was 
64 µg/mL (Cp

0
); assuming instantaneous complete distribution, Vd is estimated (Vd = dose/Cp

0
 =  

800 mg divided by 64 µg/mL = 12.5 L, or 0.125 L/kg). The slope (k
e
) of the log-linear plot is 

0.3465 h–1, consistent with the known half-life (t
1/2

) of 2 hours (k
e
 = 0.693/t

1/2
). Clearance (CL) 

may be estimated using the equation CL = k
e
 × Vd = 0.3465 × 12.5 = 4.33 L/h = 72 mL/min.
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The elimination half-life (t1/2) of the drug, which is the amount of time 
required for the plasma drug concentration to decrease by 50%, can be 
determined from the elimination rate constant by the equation:

t1/2 = 0.693/ke

Using the above equation, it can be shown that the drug concentration 
declines by 50% during each half-life, so that little of the bolus dose remains 
after four to five half-lives (Table 125-1). Alternatively, if a drug is elimi-
nated by a saturable process, elimination may become saturated at high 
concentration, so that kinetics become zero order (a constant amount of 
drug, rather than a constant fraction, is eliminated per unit time). The half-
life of elimination of such agents is concentration dependent, because of 
capacity-limited (saturable) clearance, and PK assessment requires the use 
of Michaelis-Menten kinetics. Small dose escalations may result in dispro-
portionately large plasma concentration increments when the maximum 
metabolic capacity is exceeded. Ethanol, phenytoin, and salicylic acid are 
examples of drugs with capacity-limited clearance, and many other agents 
develop saturation of metabolic pathways in overdose (see Chap. 124).

If the same drug given above as a bolus to estimate simple (single-
compartment) PK parameters is instead administered as a continuous 
intravenous infusion, and the rate of infusion exceeds the rate of simulta-
neous (first-order) elimination, then the plasma drug concentration will 
increase as accumulation occurs. Eventually, since the amount of drug 
excreted per unit time increases with increasing plasma drug concentra-
tion, the elimination rate becomes equal to the rate of administration; the 
plasma drug concentration at this time, which from then onward remains 
constant (unless the rates of administration or elimination change), is 
termed the steady-state concentration (Cpss) (Fig. 125-2, upper panel). 

Accumulation of an agent exhibiting linear pharmacokinetics proceeds 
in a fashion which is the mirror image of its elimination following a 
single intravenous bolus (Table 125-2). Accumulation of intermittently 
administered drugs differs from constant intravenous infusion only in 
the presence of peak and trough plasma drug concentration fluctuations; 
steady-state still develops over the same number of half-lives, with peak 
to-trough fluctuations around a mean Cpss (see Fig. 125-2, lower panel). 
Therefore, one can use the concept of half-life to estimate the time to 
attainment of a steady-state plasma drug level (and pharmacologic effect) 
following initiation of therapy, and to offset the drug effect following 
discontinuation of the agent, regardless of the dosing regimen in use.

The conceptually simple linear PK profile of a drug that fits a single-
compartment model is actually inadequate to fully describe the disposi-
tion of most drugs. Multicompartmental models more accurately describe 
the rate and extent of drug shifts between these spaces, requiring multiple 
slope calculations to include the effects of intercompartmental distribu-
tion and elimination from the body (Fig. 125-3).3 Such models divide the 
body into a central (the blood volume and highly perfused tissues, Vdc) 
and one or more peripheral or tissue (fat, muscle, or skin) compartments. 
The final volume of distribution (Vdtot) reflects the sum of central and 
tissue compartments. Vdc is calculated by measuring the instantaneous 
plasma concentration (Cp0) after an intravenous drug dose is adminis-
tered (Fig. 125-4A), then Vdtot is calculated by back-extrapolation  
from the elimination phase of the plasma concentration versus time 

  TABLE 125-1   � Number of Half-Lives Required to Eliminate a Drug Bolus  
by a First-Order Process

Number of Half-Lives Percentage of Original Concentration

0 100.0

1 50.0

2 25.0

3 12.5

4 6.25

5 3.125
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FIGURE 125-2.  Drug administration by continuous intravenous infusion (upper panel) or 
intermittent intravenous bolus (lower panel). Attainment of steady-state plasma concentration 
(Cp

ss
) occurs after three to five half-lives, regardless of the dosing regimen. Peak and trough 

fluctuations around Cp
ss

 are aimed to each be within the therapeutic range (therapeutic but 
subtoxic plasma levels).

  TABLE 125-2   � Number of Half-Lives Required to Attain Steady-State Plasma 
Concentration (Cp

ss
)

Number of Half-Lives Percentage of Cp
ss

,%

0 0.0

1 50.0

2 75.0

3 87.5

4 93.75

5 96.875

Elimination

βt1/2  =  0.693 × Vd
                CL

Administration: D

F

Central or initial
compartment Vdc

Peripheral or tissue
compartment Vdt

Distribution
αt1/2

FIGURE 125-3.  Schematic representation of a two-compartment pharmacokinetic 
model. A variable fraction (F, bioavailability) of administered dose (D) reaches the systemic 
circulation and is then distributed. Initial distribution occurs into the vascular space and rapidly 
perfused tissues, comprising the central or initial compartment (Vd

c
). Subsequently, further 

distribution into the peripheral or tissue compartment (Vd
t
) occurs, at a rate quantified by the 

distribution half-life (αt
1/2

). During and after the initial distribution period, drug is eliminated 
by metabolism and/or excretion. Following complete distribution to Vd

t
, the rate of plasma 

drug concentration decline is quantified by the terminal or elimination half-life (βt
1/2

), which 
is directly proportional to Vd

t
 and inversely proportional to clearance (CL).
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curve to the y-axis (concentration) at zero time (see Fig. 125-4B).  
The two-compartment model also involves consideration of another 
aspect of drug distribution: The rate of distribution of drug from the 
central to the final volume of distribution is quantified by the distribution 
half-life (αt1/2), although some of the decline in plasma drug concentration 
during this period often is due to simultaneous drug elimination during 
the initial distribution phase. The elimination half-life (βt1/2) corresponds 
to the half-life considered using a single-compartment approach.

Despite these refinements, the principles of linear pharmacokinetics 
hold for most agents in practice. Thus from a semilog plot [log concen-
tration (y) vs time (x)], the slope is ke (the elimination rate constant) 
following full distribution (Vdtot), and the rate of drug clearance (CL) is 
based on the balance of distribution and excretion rates:

CL = −ke × Vdtot(min–1 · mL)

It is often incorrectly assumed that CL may be calculated from this 
equation. In fact, both CL and Vdtot are quantified to determine ke. In 
other words, CL and Vdtot determine ke: CL is a physiologic value, a mea-
surement of the volume of plasma from which a substance is completely 
cleared per unit time (in units of volume per unit time, usually milliliters 
per minute); Vdtot is a theoretical volume determined by a postdistribu-
tion plasma concentration measurement; thus ke is a derived variable, 
and the rate of elimination may thus be considered to reflect the balance 
of drug distribution to tissues and drug elimination from the body,9 so 
that it is useful to consider this relationship as follows:

ke = CL/Vdtot
and, since

t1/2 = 0.693/ke
t1/2 = (0.693 × Vdtot)/CL

In other words, the elimination half-life of drug is prolonged by a large 
volume of distribution or low clearance value, and shortened by limited 
distribution or a vigorous clearance process.6 The measured clearance 
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FIGURE 125-4.  Linear pharmacokinetic profile with a two-compartment model.  
A. When earlier plasma samples are obtained following repetition of the same drug adminis-
tration procedure described in Figure 125-1, it is apparent that in fact this drug is distributed 
into two compartments rather than a single space. The earliest plasma sample, obtained 
immediately after administration of the drug bolus, contains 128 µg/mL (Cp

0
) of the drug; 

the initial volume of distribution is thus 6.25 L or 0.0625 L/kg. By 2 hours postinjection this 
has declined to 32 µg/mL, as found in the Figure 125-1 protocol; subsequently the plasma 
concentration declines as in Figure 125-1. B. Log transformation of the plasma concentration 
values now reveals multiexponential kinetics, with two distinct slopes, indicating a more 
rapid early decline owing to a combination of drug distribution and simultaneous elimination, 
followed by a second phase owing to elimination only (postdistribution).

of a substance (CLTOT) usually represents the algebraic sum of several 
clearance processes; in many cases, this may be represented as follows:

CLTOT = CLrenal + CLhepatic + CLother

For most drugs, it is appropriate to consider the magnitude of each 
of these component processes and the effects of the altered physiology 
of critical illness on their relative importance in achieving clearance of 
parent drug and metabolites. Clearance of any agent by an eliminating 
organ is proportional to, but cannot exceed, blood flow to the eliminat-
ing organ: CL = Q × (CA − CV), where Q is organ blood flow, and CA 
and CV are the drug concentrations in the arterial and venous blood  
supplies to the eliminating organ, respectively. These and other PK 
parameters relevant to the individualization of critical care drug thera-
peutics will be discussed below.

■■ PHARMACODYNAMIC MODELING
It is a basic tenet of the above approach that pharmacologic response is 
proportional to plasma drug concentration. Four additional determi-
nants of pharmacologic response merit emphasis in this regard: (1) the 
“effect site” concept, (2) the importance of the free (unbound) plasma 
drug concentration, (3) interindividual variability in drug response, and 
(4) dose-dependent alterations in receptor activation and pharmaco-
logic effect.

Effect Site:  The effect site concept was introduced to more completely 
describe the relationship of drug disposition to pharmacologic response. 
This term refers to the tissue compartment containing the receptors 
that must be bound in order to elicit drug effect.10 If the effect site is 
located in a rapidly perfused compartment (Vdc), then intravenous drug 
administration will elicit immediate pharmacologic response. The anti-
arrhythmic effect of lidocaine is an example of such behavior, and thus 
initial serum lidocaine levels correlate directly with drug effect. In fact, 
the well-established practice of empirically administering additional 
lidocaine boluses following an initial load is based on the necessity of 
maintaining adequate serum levels, which tend to decline as the drug 
distributes into other tissues or is eliminated.3,11 The distribution half-
life (αt1/2) of lidocaine is only 8 minutes (see Fig. 125-3), so the plasma 
level following an initial bolus may decline to subtherapeutic levels 
before a simultaneously administered continuous infusion results in 
drug accumulation sufficient to attain the desired steady-state plasma 
level (Cpss). By contrast, plasma digoxin levels do not correlate with 
drug effect until the postdistribution phase (2 to 4 hours following an 
IV bolus), because distribution to tissues is required for binding to the 
target tissue receptors. The usual total digoxin loading dose of 1 mg is 
generally administered in smaller fractions (typically 0.5 mg first, with 
0.25 mg following at 6 and 12 hours later), because the full effects of 
each loading dose fraction cannot be assessed until tissue distribution 
has occurred, at which time the loading procedure can continue, if it is 
necessary and safe to do so.

Free or Unbound Plasma Drug Concentration:  Only free (unbound) drug is 
available for receptor binding, so that alterations in plasma protein binding 
may affect the interpretability of measured total (free plus bound) plasma 
drug concentrations profoundly. For example, plasma protein binding of 
phenytoin is diminished by either hypoalbuminemia or uremia, the former 
owing to lesser absolute availability of albumin binding sites, and the latter 
thought to be a result of competitive occupancy of these sites by “uremic 
substances.” As a result of this phenomenon, total plasma phenytoin con-
centrations are often misleading in such patients. Phenytoin is normally 
90% plasma protein bound, so that the usual total plasma concentration 
range is 10 to 20 mg/L, and the free level is 1 to 2 mg/L. If plasma albumin 
is decreased from 4 g/dL to 2 g/dL, then an apparently therapeutic total 
plasma phenytoin level of 16 mg/L may be associated with a toxic free 
phenytoin level of over 7 mg/L; this is because the unbound or free frac-
tion increases from the customary 10% toward 50%. It is therefore wise 
to monitor free rather than total phenytoin plasma levels, particularly in 
patients with hypoalbuminemia or renal insufficiency.
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Interindividual Response Variability (Sensitivity):  Another point to note 
is the variability between individual responses to a given plasma drug 
level; sensitivity to drug action may differ between individuals or groups. 
For example, elderly subjects are more sensitive to the sedative effects 
of benzodiazepines (and many other sedatives) than younger subjects12; 
American subjects of Chinese descent are twice as sensitive as American 
white men to the β-blocking effects of propranolol13; black subjects are 
less sensitive to the vasodilatory effect of isoproterenol than are white 
Americans.14 Recent evidence implicates pharmacogenomics as the 
cause of variability of drug effect between races, and even individuals 
within races.15 Pharmacogenomics is the study of the role of inherited 
and acquired genetic variation in drug response. It can facilitate the 
identification of biomarkers that can help physicians optimize drug selec-
tion, dose, and treatment duration and avert adverse drug reactions.16  
An example is an association between the presence of HLA-B*5701 and 
hypersensitivity reactions to Abacavir, a nucleoside analogue used to treat 
HIV infection.17 This resulted in the FDA modification of the abacavir 
label to include a recommendation that patients undergo genotyping 
for HLA-B*5701 before the initiation of therapy. Despite significant 
advances in research relating to pharmacogenomics as well as FDA 
guidelines, the use of these tests is not widespread due to limitations 
in the availability of tests, lack of cost-effective analyses, and the need 
to establish clinical utility. Current information regarding the known 
specific drug gene interactions can be obtained through the National 
Institute of Health Pharmacogenetics Research Network’s PharmGKB: 
The Pharmacogenomics Knowledge base (www.pharmgkb.org).18

Dose-Dependent Effects:  The predominant drug-receptor complex 
mediating a drug’s effect may change according to drug concentration, 
resulting in variable pharmacologic responses at different plasma levels. 
For example, dopamine predominantly activates dopaminergic receptors  
(and causes mesenteric and renal vasodilation) only at infusion rates of 
up to 2 µg/kg per minute. β1-Adrenergic (inotropic) and α-adrenergic 
(vasoconstrictor) activation occur at doses as low as 2 to 4 µg/kg per 
minute and 5 to 10 µg/kg per minute, respectively; as a result, the hemo-
dynamic effect of dopamine infusion changes with increasing dose.15 
Despite such concerns, we expect the attainment of drug levels in the 
usual therapeutic range to elicit the desired effect in most patients.

Most drugs used in the ICU are dosed according to broadly applicable 
population-based PK and PD parameters and titrated to pharmacologic 
response only if this is readily quantifiable, rather than being subjected to 
rigorous PK modeling with therapeutic drug-level monitoring. The latter 
approach is applied to drugs that have a low therapeutic index and plasma 
drug concentrations that correlate with drug effect. The intermediate-
complexity approach of monitoring physiologic parameters (PD monitor-
ing) of drug effect is more readily applied in the ICU (and operating room) 
than in other patient care settings because of the routine use of monitoring 
devices. Sedation, neuromuscular paralysis, seizure suppression, diuretic 
agent action, and the effects of cardiovascular drugs (antiarrhythmic, chro-
notropic, inotropic, vasodilator, and vasoconstrictor actions) and broncho-
dilators are commonly assessed in this fashion, in conjunction with formal 
PK monitoring using drug levels for appropriate agents.

What follows is a framework for drug administration based on physi-
ologic modeling of the patient and application of known drug charac-
teristics to this patient model, in order to optimize ICU therapeutics 
and minimize the potential for iatrogenic adverse events. Furthermore, 
this approach includes routine surveillance to prevent adverse drug 
reactions, and to assess the potential for such a phenomenon to be the 
underlying cause of a change in patient status.

INDIVIDUALIZATION OF DRUG THERAPY  
IN THE ICU: AN APPROACH TO RATIONAL DRUG 
DOSING IN CRITICALLY ILL PATIENTS
The PK and PD principles outlined above may be applied routinely to 
attempt optimal design of drug regimens for ICU patients. As shown in 
Figure 125-5, focused consideration of PK and PD parameters to answer 

a series of questions can provide a framework for therapeutic individu-
alization. Individualization of drug therapy requires consideration of the 
effects of multiple factors responsible for variability in drug response 
(aside from disease severity); these include (1) drug-patient interac-
tions (including body habitus, age, gender, comorbidities, and race) and  
(2) drug-drug interactions. This approach only yields an approximation 
of ideal therapeutics, because information addressing drug disposition 
in this population is often incomplete, and its interpretation is further 
complicated by the dynamic physiology of critical illness. This method 
simply attempts to maximize the potential for rational therapy based 
on available information. As a result, any drug regimen in critically ill 
patients requires early and frequent reassessment. The customary pru-
dent approach to drug dosing in settings in which altered disposition 
is anticipated but poorly quantifiable, embodied in the phrase “start 
low and go slow,” is generally inappropriate in this setting, in which 

Choice of drug:
     Drug-disease
     Drug-patient
     Drug-drug

Loading dose necessary?
     Volume of distribution
     Urgency in observing desired
     drug effect

Maintenance dosing
     Half-life
     Ability to titrate

Route of administration
     Bioavailability
     Feeding status of patient
     Convenience
     Titratability

Adjustments for 
Drug-drug, drug-patient, and

Drug-disease interactions

Therapeutic drug monitoring

FIGURE 125-5.  Flowchart for a suggested method of design for a rational drug dosing 
regimen. This illustration serves to depict the process of drug prescription and dosing as a 
perpetual cycle of actions. Individualization of drug therapy involves careful consideration of 
the patient’s unique clinical status for each step along the path of drug prescription and dosing. 
The initial choice of drug, route of administration, loading dose, and maintenance dose calcula-
tions involve consideration of desired drug effects, titratability, and convenience. Modifications 
of the dosing regimen may be required to accommodate the individual characteristics of 
the patient, including allergies, age, sex, and race; potential drug-drug interactions; and 
potentially confounding disease states. Once a drug regimen is designed and implemented, 
therapeutic drug monitoring is indicated to ensure adequate drug effect and to minimize 
potential adverse events. The results of therapeutic drug monitoring may indicate the need for 
further modification of the drug regimen.
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immediate therapeutic effect may be vital. Nevertheless, a rational 
approach to critical care therapeutics should reduce the incidence of 
iatrogenic pharmacotherapeutic complications of critical illness.

The key principles underlying this approach, which relates PK param-
eters to choices of drug regimen, may be summarized as follows:

	 1.	 The appropriate loading dose is determined by estimation of the 
volume of distribution of the agent in the patient; the regimen for 
administering this dose is chosen based on the desired effect site 
and the distribution half-life for the agent.

	 2.	 The maintenance dose is chosen to equal the elimination rate of the 
agent at steady state (the product of CL × Cpss).

	 3.	 Steady-state plasma drug level and stable drug effect are not obtained 
until three to five half-lives (see Table 125-2 and Fig. 125-2)  
have passed.

	 4.	 Many adverse drug reactions are predictable and preventable by 
individualization of therapeutics and by consideration of known or 
potential drug interactions.

Patient characteristics are used to estimate physiologic and patho-
physiologic variables affecting drug disposition. Several patient char-
acteristics should be routinely considered, including age, gender, drug 
allergies, body habitus, volume status, plasma protein concentrations, 
and parameters of organ function (gastrointestinal tract, circulatory, 
renal, and liver function).

Age, gender, body habitus, and volume status are variables used to 
estimate expected parameters of drug disposition, based on population 
PK/PD data. For most dosing calculations, the lesser of lean (or ideal) 
and actual body weight is used. Lean body weight (LBW) is calculated 
from the patient’s height: For males, LBW (kg) = 50 + (2.3 × each inch 
above 5 feet). For females, LBW (kg) = 45.5 + (2.3 × each inch above 
feet). Some drugs are dosed according to actual weight or to patient 
body surface area, the latter obtainable from published nomograms 
using height and weight.

Using these data, we approach the design of individualized drug 
therapy for ICU patients as follows:

■■ ROUTE OF DRUG ADMINISTRATION
Oral bioavailability of the agent may be inadequate to achieve systemic 
effect owing to luminal conditions (alkaline pH or tube feeds) or first-
pass metabolism (by luminal bacteria, intestinal enzymes, or hepatic 
enzymes). Intravenous drug administration is often preferred in the 
ICU, even for administration of highly bioavailable drugs, for several 
reasons. Rapid onset and offset of effect may be desirable to rapidly initi-
ate therapy, while retaining the capacity for titration. Acute decompen-
sated heart failure and cirrhosis will reduce oral bioavailability due to 
bowel edema and impaired intestinal perfusion. A less appreciated cause 
of reduced absorption is intestinal atrophy with associated decreased 
surface area and cellular enzyme activity which can occur as a result of 
as little as 3 days of reduced enteral feeding.19 Formulation properties 
(eg, extended-release preparations) do not affect the extent of absorp-
tion, but rather the rate of absorption and potentially the peak drug 
concentration after each dose.

■■ LOADING DOSE
Many therapies initiated in the ICU are intended to have a rapid onset 
of effect. Whether administered by continuous intravenous infusion, 
intermittent intravenous bolus, or oral dosing, plasma drug concentra-
tion and therapeutic effect will not reach steady-state levels until three to 
five half-lives have passed; such a delay may be unacceptable, particularly 
for drugs that have a prolonged half-life (which may be a normal feature 
of a drug’s disposition [eg, digoxin], or caused by organ dysfunction 
and impaired elimination [eg, aminoglycosides with renal failure]). 
Conversely, drugs that have a very short half-life (eg, nitrovasodilators, 
esmolol, atracurium, and propofol) may achieve a rapid therapeutic effect 
when administered by infusion but without a loading bolus, since three 

to five half-lives pass in a matter of minutes. Administration of a loading 
dose, calculated as follows, rapidly achieves the desired target level (but 
does not alter the time required to attain steady-state conditions):

Loading Dose = Vd × Cp

where Cp is the desired plasma concentration.
The appropriate loading dose is primarily determined by the dis-

tribution characteristics of the drug (Vd) and the body habitus and 
volume status of the patient. Usual volume of distribution values are 
readily available for most drugs; however, the effects of alterations in 
body habitus, nutrition, and volume status are much more difficult 
to quantify. Estimates of drug distribution characteristics are further 
confounded in critically ill patients by dynamic hypercatabolic losses 
of fat and lean body mass, accompanied by massive third-space volume 
retention or intravascular volume depletion, often associated with devel-
opment of hypoalbuminemia and relative hyperglobulinemia. Following 
a period of marked positive fluid balance in a hospitalized patient, 
the weight increment may be used to estimate the total body water 
increase. Otherwise, estimates of altered body water content are usually 
empiric, although therapeutics in some specific disease states have been  
studied in sufficient detail to provide useful information. For example, a 
decreased aminoglycoside loading dose is required in volume-depleted 
acute renal failure. Furthermore, “uremic substances” that accumulate 
in renal failure appear to displace some drugs from tissue-binding sites, 
thus reducing their Vd regardless of volume status. As a result, the 
appropriate digoxin loading dose is decreased by 50% in the presence of 
renal failure; Vd is also decreased for methotrexate and insulin in renal 
failure patients. Reduced Vd may be seen with older age and volume 
depletion from vomiting, diarrhea, blood loss, and diuretics. Increased 
drug Vd often develops from early goal-directed therapy for sepsis, 
edematous states, such as cirrhosis and acute hepatic failure, nephritic 
syndrome, right and left heart failure, and many illnesses associated with 
shock requiring aggressive volume repletion to maximize end organ per-
fusion.19 The Vd of many drugs is increased in patients with moderate to 
severe chronic kidney disease (CKD) as well as in those with preexisting 
CKD who develop AKI. If the Vd of a drug is significantly increased  
in CKD patients, a loading dose will likely be needed even if one was not 
routinely recommended for those with normal renal function.20

Determination of the ideal or lean body weight is difficult in the pres-
ence of obesity, cachexia, or combinations of the above factors, such as 
in a typical hypercatabolic patient with sepsis, acute renal failure, and 
postresuscitation volume overload. Loading dose regimens may also be 
altered based on the relationship between the desired onset of effect to 
the distribution pattern at the effect site, as discussed above in contrast-
ing the standard loading dose regimens for lidocaine and digoxin.

Volume of distribution for a given drug is reported in units of volume 
per weight in a normal patient. In the critically ill patient, the altera-
tions in weight and body fluid compartments will alter the distribution 
of the drug. A reasonable approach to approximate these alterations in 
the calculation of the loading dose of hydrophilic drugs is to adjust the 
normal volume of distribution in proportion to the estimation of the 
patient’s water compartment. It is reasonable to assume that water com-
prises approximately 10% of adipose tissue weight (estimated as actual 
body weight minus lean body weight). In addition, the net weight gain 
secondary to fluid resuscitation will contribute to the volume of distri-
bution for water-soluble drugs. Mathematically, we can express this by 
the following:

Adjusted Vd = (Vd Based on Ideal Body Weight) 
+ (10% of Adipose Tissue Weight) 
+ (Net Weight Gain From Fluid Resuscitation)

■■ MAINTENANCE DOSE
Administration Regimen:  In the critical care setting, the administration 
regimen usually consists of a choice between intermittent intravenous 
bolus therapy and continuous intravenous infusion. Factors considered 

section11.indd   1228 1/19/2015   10:52:08 AM

http://www.myuptodate.com


CHAPTER 125: Critical Care Pharmacology 1229

in this decision include drug characteristics (half-life and therapeutic 
index), patient characteristics, the desired pharmacologic effect, and 
cost/staffing considerations. When drugs with a low therapeutic index 
are dosed intermittently, the fluctuations (peak-to-trough) of plasma 
concentration may require formal monitoring of plasma concentrations 
and PK parameter estimates to ensure adequate therapy without toxicity.  
Administration by infusion eliminates the peak-to-trough plasma  
concentration fluctuations associated with intermittent parenteral 
boluses, which may be accompanied not only by failure to achieve 
continuous therapeutic effect, but also by activation of rebound counter-
regulatory effects during trough periods (negating prior and subsequent 
drug action). Continuous intravenous infusion may thus improve thera-
peutic efficacy of some agents. Loop diuretic agent infusions have been 
reported to augment sodium excretion compared to equivalent inter-
mittent dosing, probably because of a combination of effects: increased 
cumulative renal tubular diuretic agent exposure (the product of time 
and concentration) and avoidance of periods of physiologic rebound 
salt conservation.22,23 Since diuretic effect onset is delayed when using 
only continuous intravenous infusion (until drug accumulates; see  
Fig. 125-2), the ideal regimen to maximize natriuresis may include an 
initial bolus dose to achieve the required luminal threshold drug con-
centration and induce immediate natriuresis.

Continuous infusion of short-acting agents may also be desirable to 
allow titration of effect; nitrovasodilators, esmolol, propofol, and atra-
curium may be used for optimal control of vasodilation, β-blockade, 
sedation, or neuromuscular paralysis, respectively. It is widely assumed 
that continuous infusion of agents that have a short elimination half-
life guarantees rapid reversal of drug effect following cessation of 
the infusion, but various factors may retard offset of effect, as is the 
case for reversal of sedation using agents administered by continuous  
infusion.24,25 Potential explanations for such alterations in drug disposi-
tion or response during continuous infusion compared to intermittent 
bolus therapy include compartmentalized tissue distribution, accumu-
lation of active metabolites, or saturation of clearance mechanisms. 
Intermittent bolus administration titrated to specific sedation parameters  
is less likely than continuous infusion to result in undetected drug or 
metabolite accumulation if excretory mechanisms deteriorate or become 
saturated, unless a routine assessment of time to awakening is performed 
daily in patients receiving continuous infusion. Clinically, it has been 
shown that daily interruption of sedation of mechanically ventilated 
patients results in decreased duration of ventilation, likely due to the 
minimization of drug accumulation.26 Conversely, tolerance to the effects 
of several drugs (a pharmacodynamic phenomenon) occurs if a drug-
free interval cannot be included in the administration regimen, requiring 
escalating dosages of agents such as nitroglycerin, dobutamine, and opi-
ate analgesics to maintain a therapeutic effect. Finally, the convenience 
for nursing staff of administering agents by continuous infusion rather 
than intermittent bolus translates into decreased staffing expenditures.

Clearance:  Clearance includes all processes that eliminate the drug from 
the body—both excretion and biotransformation. Because the total body 
clearance of a drug involves the actions of multiple organ systems, the 
estimation of the predominant rate of elimination and route of elimina-
tion is often complicated, and warrants further discussion.

What is the predicted elimination rate of the drug?
The predicted elimination of the drug usually corresponds to the drug 

administration regimen that elicits an optimal therapeutic response in 
most subjects. Agents with a low therapeutic index may be subjected 
to therapeutic drug monitoring, aiming for a maintenance dose equal-
ing the product of CL × Cpss. The desired Cpss is selected based on 
the therapeutic response required (eg, target plasma lidocaine level 
for suppression of ventricular arrhythmias) and the clearance rate 
is estimated based on published data (usually obtained from healthy 
patients). At steady state, the rate of administration (Ra) equals the 
rate of excretion (Re). Ra is dose (mg) divided by interval (minutes), 
and Re is CL (mL/min) × Cpss (mg/mL).

What are the predominant routes of elimination of the parent drug 
and its metabolites (particularly those that are pharmacologically 
active or toxic)?

Renal insufficiency (Table 125-3), hepatic disease (Table 125-4), or 
circulatory dysfunction (Table 125-5) may affect clearance of parent 
drug or metabolites. There are several well-known examples of drugs 
with metabolites that are pharmacologically active or even toxic. 
Accumulation of active or toxic metabolites in the presence of renal 
failure is probably the most common clinical scenario in which this fea-
ture of drug disposition is important (Table 125-6). Nonrenal (usually 
hepatic) elimination of parent drug or metabolites has been increas-
ingly documented to be quantitatively important in subjects with renal 
impairment (as discussed below). Likewise, renal drug or metabolite 
elimination assumes an increased role in subjects with liver disease.

Is a dose reduction or escalation required, owing to impaired (renal, 
hepatic, or circulatory dysfunction) or augmented (induction of 
metabolism or extracorporeal drug removal) clearance of the drug 
or its metabolites?

As outlined below, glomerular filtration rate (GFR) may be estimated 
routinely to a reasonable approximation, and the effects of renal 
dysfunction on drug clearance may be estimated with some degree 
of precision (see Table 125-3). The effects of varying levels and 
etiologies of hepatic and circulatory dysfunction (see Tables 125-4 
and 125-5) on drug disposition are far more difficult to predict. 
Estimation of renal and hepatic clearance functions and factors that 
alter drug metabolism and excretion will be further discussed below. 
Biliary, pulmonary, cutaneous, and extracorporeal elimination may 
be important for clearance of some specific agents and will not be 
discussed in detail here. For further information regarding drug 

  TABLE 125-3    Effects of Renal Failure on Drug Disposition and Effect

Bioavailability

Absorption of specific drugs may be impaired by increased gastric pH (because of gastric 
urease–produced ammonia), chelation by orally administered phosphate-binding agents, 
or by bowel wall edema. Conversely, bioavailability may be increased by uremia-induced 
impairment of first-pass metabolism. Uremic effects on intestinal motility (ileus) affect the 
rate, rather than the extent, of drug absorption, unless emesis result in loss of ingested drug.

Protein binding
Binding of acidic drugs to albumin is decreased, because of competition with accumulated 
organic acids, and because of uremia-induced structural changes in albumin, which decrease 
drug-binding affinity (eg, barbiturates, cephalosporins,. penicillins, phenytoin, salicylate, 
sulfonamides, valproate, warfarin).
Volume of distribution
Vd may be altered in the presence of renal failure. Drugs that are acidic, are highly protein 
bound, and have a small volume of distribution are likely to be significantly affected. Other 
drugs may also be affected (eg, aminoglycosides [volume status effects]), digoxin  
(displacement from tissue sites by [“uremic substances”]).
Biotransformation
Nonrenal (ie, hepatic ) clearance may be impaired. This phenomenon is best characterized 
in chronic renal insufficiency (rather than acute renal failure), affecting oxidative metabo-
lism (phase I enzymes). Conversely, phenytoin clearance is augmented.
Excretion
Drugs that are more than 30% eliminated unchanged in the urine are likely to have signifi-
cantly diminished CL in the presence of renal insufficiency. This results in a prolonged half-life 
for elimination of drugs such as digoxin, aminoglycosides, insulin, and others. The renal excre-
tory route may assume increased importance in clearance of some drugs in the presence of 
hepatic impairment. Other drugs have toxic or active metabolites requiring renal elimination 
(Table 125-6). If dialysis or hemofiltration is required, drug removal may be significant.
Pharmacodynamic effects

Some drugs, such as sedative agents, may have enhanced effect in combination with the 
uremic milieu. Electrolyte abnormalities and acidosis may alter effects of drugs such as 
antiarrhythmic agents.
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  TABLE 125-4    Effects of Liver Dysfunction on Drug Disposition and Effect

Bioavailability

Drugs that undergo extensive first-pass metabolism may have a significantly higher oral 
bioavailability in cirrhotics than in normal subjects. Impaired drug absorption because of 
bowel wall edema has not been found in studies of cirrhotic subjects. GI hypomotility may 
delay peak response to enterally administered drugs in these patients.

Protein binding

Hypoalbuminemia or altered glycoprotein levels may significantly affect the fractional 
protein binding of acidic or basic drugs, respectively. Monitoring of free drug levels may 
be indicated. In addition, drug-drug interactions by displacement from plasma protein 
binding sites may become important when biotransformation is concomitantly impaired.

Volume of distribution

Altered plasma protein concentrations may affect the extent of tissue distribution of drugs 
which are normally highly protein bound. The presence of significant edema and ascites 
may alter the Vd of highly water-soluble agents (eg, aminoglycosides).

Biotransformation

The presence of cirrhosis may result in some decrease in drug clearance, though not predict-
ably so. Specific information regarding use of each agent prescribed in patients with a type 
and severity of liver disease similar to the patient in question should be sought, if possible.

Excretion

Renal elimination of drug or metabolites may be impaired by concomitant renal 
insufficiency, which may be unsuspected based on a “inappropriately” low serum 
creatinine in patients with severe liver disease.

Pharmacodynamic effects

Sedative effects (and side effects ) of drugs may be augmented in patients with liver disease.

clearance by extracorporeal devices, see Chap. 124; as a general rule, 
an increase in drug clearance by 30% or more is regarded as sig-
nificant. Dialyzability by hemodialysis (HD) or peritoneal dialysis is 
suggested by water solubility, low molecular weight (<500 Da; up to 
20000 Da with high-flux membranes), low protein binding (<90%), 
small volume of distribution (Vd <1 L/kg), and a low intrinsic clear-
ance (<500 mL/70 kg per minute).3,20 HD clearance is additionally 
affected by the porosity and surface area of the membrane used, and 
the blood pump and dialysate flow rates. Drug clearance by hemo-
filtration (slow continuous ultrafiltration, continuous arteriovenous 

  TABLE 125-5    Effects of Congestive Heart Failure (CHF) on Drug Disposition and Effect

Bioavailability

Impaired drug absorption because of bowel wall edema. Passive hepatic congestion may alter 
first-pass metabolism. Peripheral edema inhibits absorption of nonintravenous parenteral routes.

Protein binding

Protein amount and function is altered to the extent that renal and liver function is 
compromised with circulatory failure. In addition, competitive binding of plasma proteins 
may occur with common CHF therapy agents (eg, furosemide).

Volume of distribution

The presence significant edema and pulmonary edema may alter the Vd of highly 
water-soluble agents (eg, aminoglycosides).

Biotransformation

Hypoperfusion of liver may alter drug metabolizing enzyme function, especially with  
flow-dependent drugs (eg, lidocaine).

Excretion

Renal elimination is decreased to extent that renal and liver functions are compromised by 
circulatory dysfunction; hepatic elimination is limited in flow-dependent drugs (eg, lidocaine).

Pharmacodynamic effects

Increased sensitivity to negative inotropes at therapeutic doses. Increased arrhythmic potential 
with antiarrhythmic drugs. Patients with CHF are more prone to contrast nephropathy.

hemofiltration, or continuous venovenous hemofiltration) may be 
achieved by either transmembrane sieving (convection) or membrane 
drug adsorption (eg, it requires 20 mg of aminoglycosides such as 
gentamicin or tobramycin, which are polycationic, to saturate each 
new AN69 hemofilter, which is anionic); the addition of diffusive 
clearance by use of countercurrent dialysate flow (continuous arte-
riovenous hemodiafiltration or continuous venovenous hemodiafil-
tration) augments small-solute clearance (since the capacity of these 
substances to cross the membrane is limited by the concentration 
gradient, not particle size). Data regarding altered drug disposition 
(changes in Vd or clearance) induced by extracorporeal membrane 
oxygenation (ECMO) or plasmapheresis are available only for agents 
that have been specifically studied (eg, aminoglycosides, opiates, and 
phenytoin), and in the case of ECMO, studies have been performed 
almost exclusively in pediatric patient populations. The impact of HD 
is not strictly limited to dialysis clearance. Recent findings suggest 
that the nonrenal clearance of some agents is altered by HD. A study 
of midazolam in subjects with end-stage renal disease implicated 
transporters (human organic anion-transporting polypeptide and/or 
intestinal P-glycoprotein) as the likely drug disposition bottleneck in 
uremia rather than CYP3A4.20

■■ RENAL EXCRETION
Renal clearance of drugs or metabolites is usually achieved by glomerular 
filtration, and diminished clearance owing to renal insufficiency is there-
fore proportional, caused by a decline of GFR. Renal blood flow (RBF) 
averages approximately 1300 mL/min, which is about 20% to 25% of car-
diac output. Renal plasma flow (RPF, 650 mL/min) is about 50% of RBF, 
and 20% of RPF undergoes glomerular filtration, so that GFR averages 
130 mL/min. The remaining 80% of RPF circulates in peritubular capil-
laries, where constituents may be secreted into or reabsorbed from renal 

  TABLE 125-6    Selected Drugs That Have Active Metabolites Requiring Renal Excretion

Drug Metabolite

Acebutolol N-Acetylacebutolol

Allopurinol Oxypurinol

Atracurium Laudanosine

Azathioprine Mercaptopurine

Cimetidine Cimetidine sulfoxide

Cyclophosphamide 4-Hydroxycyclophosphamide, others

Digitoxin Digoxin

Disopyramide Mono-N-desisopropyldisopyramide (MND)

Flecainide Meta-O-dealkylflecainide

Hydroxyzine Cetirizine

Ifosfamide 4-Hydroxyifosfamide, others

Meperidine Normeperidine

Metoprolol α-Hydroxymetoprolol

Morphine Morphine-6-glucuronide

Nitroprusside Thiocyanate

Pancuronium 3-OH-pancuronium

Procainamide N-Acetyl-procainamide (NAPA)

Propafenone 5-Hydroxypropafenone

Propoxyphene Norpropoxyphene

Sulfonamides Acetyl- metabolites

Tolbutamide Hydroxy- and carboxy-tolbutamide

Vecuronium 3-Desacetylvecuronium

Data from Brater DC. Dosing regimens in renal disease. In: Jacobson HE, Striker GA, Klahr S, eds. 
The Principles and Practice of Nephrology. 2nd ed. St. Louis, Mosby-Year Book; 1995.
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tubules. Only 1.8 L of urine is produced from the 190 L per 24 hours of 
daily glomerular filtrate (130 mL/min × 1440 minutes), because water and 
most solutes are predominantly reabsorbed (eg, the fractional excretion of 
sodium in a stable subject is 1%, thus 99% of filtered sodium is reabsorbed).

Glomerular filtration of plasma constituents is primarily limited by 
size (≤50,000 Da), water solubility, plasma protein binding (only free 
drug is filtered), and volume of distribution (extensively tissue-bound 
substances are less likely to be renally excreted).4,6 Some drugs also 
undergo significant renal tubular secretion or reabsorption (passive 
or active). Passive reabsorption of weak acids or bases from the renal 
tubular lumen may be influenced by urinary alkalization or acidifica-
tion, respectively. Active tubular secretion by proximal tubular cationic 
or anionic pumps may be subject to competitive inhibition, resulting in 
decreased renal clearance and prolonged plasma half-life of the lower 
affinity substance. For example, probenecid inhibits tubular penicillin 
secretion, prolonging penicillin elimination half-life. Similarly, trim-
ethoprim and cimetidine inhibit renal tubular creatinine secretion, 
reducing creatinine clearance and elevating serum creatinine, without 
affecting actual GFR (see below).

The plasma clearance of creatinine (creatinine clearance; CrCl) pro-
vides a close approximation of GFR, because creatinine is produced from 
muscle at a constant rate and freely filtered (it has a molecular weight 
of 113 Da, is water soluble, and is not protein bound). The amount of 
creatinine filtered (the product of the GFR and the plasma creatinine, 
PCr) is (theoretically) equal to the amount of creatinine excreted during 
the same period (the product of the urine creatinine concentration UCr, 
and the urine flow rate V); thus, GFR = (UCr × V)/PCr. Measurement 
of CrCl requires a timed urine collection to quantify the urinary excre-
tion rate and a midpoint plasma creatinine sample (PCr). CrCl normally 
slightly overestimates GFR because some plasma creatinine is also 
secreted by renal tubules, augmenting the measured clearance value 
beyond that due to filtration. This effect is magnified with the develop-
ment of progressive glomerular disease, as hypersecretion of creatinine 
by remnant tubules accounts for an increasing fraction of declining 
serial CrCl values.27 In critically ill patients, collection of a urine sample 
during a period of stable renal function with a steady plasma creatinine 
value may not be possible; short (0.5- to 4-hour) collections have been 
used in an attempt to overcome this problem. However, this method is 
of limited clinical value because of frequent urine collection errors, ana-
lytical interference with the serum or urine creatinine assay as the result 
of concomitant diseases, and drug therapies and the associated delay in 
the reporting of results.20 Inulin clearance more closely approximates 
GFR, but is impractical for clinical use, since determination requires 
inulin infusion, and the assay is difficult to perform. Other clearance 
techniques are equally impractical for routine clinical use, and more 
complex devices measuring real-time changes in renal function are not 
widely available for clinical applications at this time.28

In patients with stable renal function, it is appropriate to use serum 
creatinine values and demographic data in equations to calculate esti-
mated GFR (eGFR). These equations have a number of limitations, but 
in critically ill patients it is most important to emphasize that calcula-
tions with these equations assume steady-state conditions, in which 
renal function is not rapidly changing. This scenario is frequently 
not applicable to critically ill patients, in whom serum creatinine is 
frequently increasing or decreasing; both conditions invalidate eGFR 
calculations with standard equations. In contrast, the use of equations 
to estimate GFR is very valuable in patients with stable, apparently nor-
mal renal function and chronic kidney disease (CKD). The steady-state 
serum creatinine concentration is commonly applied to the Cockcroft-
Gault formula to estimate GFR, without urinary collection, because of 
the relationship between patient age and weight (muscle mass), serum 
creatinine value, and CrCl.29 For males:

CrCl(mL/min) = (140 - Age)(Weight in kg)
72 × SCrss

For females multiply the above value by 0.85.

Confounding factors include requirement of a steady-state serum creati-
nine value (SCrss), estimation of ideal body weight, the empiricism of the 
age and gender estimates used in development of the formula,30-32 and the 
effects of some medications on tubular creatinine secretion.33 It is particu-
larly difficult to account accurately for the effects on the estimated GFR 
calculation of diminished muscle mass (and thus creatinine generation) 
in the elderly, or in patients with cirrhosis, spinal cord injury, cachexia, or 
other causes of muscle wasting. This limitation of Scr is regardless of which 
equation is used and cannot be overcome by an adjustment of the equa-
tion.34 Nevertheless, a rough estimate of the current GFR is obtained and 
should be used to guide dosing calculations.35-37 The Modification of Diet 
in Renal Disease (MDRD) equation offers another method to approximate 
GFR; the equation is found to be more accurate than the Cockcroft-Gault 
equation and takes into account more clinical factors, such as serum albu-
min and blood urea nitrogen, that likely reflect the patient’s clinical status 
more accurately, but is much more complicated to use.38 Web sites are 
available (such as www.nephron.com) to facilitate the use of the MDRD 
equation. The MDRD equation has been shown to overestimate measured 
GFR in those values >60mL/min per 1.73m2. The CKD- Epidemiology 
Collaboration (CKD-EPI) equation was recently developed specifically 
to overcome this limitation. It is more accurate than the MDRD study 
equation, particularly at higher levels of GFR.39 Estimating equations are 
on average more accurate than measured creatinine clearance, given the 
errors in urine collection.20 Another interesting and accurate approach uses 
measured aminoglycoside clearance, which occurs entirely by glomerular 
filtration, as a surrogate measurement of GFR.40

Following GFR estimation, dosage is usually adjusted based on pub-
lished criteria for the agent in question. These maintenance dose adjust-
ments for renal insufficiency are made as follows:41-44

Patient’s Estimated GFR/Normal GFR × 100 = Dose Adjustment, %

(ie, percentage increase in interval or percentage decrease in dose). 
The dosing interval may be increased (interval extension), the size of 
individual doses decreased (dose reduction), or a combination of both 
approaches may sometimes be necessary.

For the interval extension method, the usual size dose is given, but the 
intervals between individual doses are lengthened. This method is useful 
for drugs characterized by long plasma half-lives in the presence of renal 
impairment and a wide therapeutic range. This approach is convenient 
but results in large plasma concentration fluctuations between peak and 
trough levels; in drugs with a low therapeutic index, toxic or subthera-
peutic levels may result. For example, aminoglycosides are ideally suited 
to such a dosing strategy: The peak plasma concentration correlates with 
therapeutic efficacy, but trough levels must be monitored and kept low 
to minimize toxicity.

Alternatively, in drugs with a low therapeutic index, and those 
for which a constant level is preferred, the size of individual doses is 
reduced. This achieves a more constant plasma concentration, with less 
peak-trough fluctuation; however, increased toxicity because of higher 
average trough levels may result. For example, antiseizure drugs must be 
dose adjusted in this fashion.

In the presence of renal insufficiency, hepatic metabolism accounts 
for the bulk of nonrenal elimination of drugs that are normally renally 
excreted. Hepatic biotransformation of some drugs is altered in patients 
with renal insufficiency. Available evidence suggests that CKD may 
lead to alterations in nonrenal clearance of many medications as the 
result of alterations in the activities of uptake and efflux transporters as 
well as cytochrome P450.45 However in contrast, studies on the impact 
of AKI on drug metabolism show it is delayed in onset or minimal in 
the majority of studies and some specific studies have yielded some 
unexpected results.20 Normally, about 30% of vancomycin is cleared 
by nonrenal routes (approximately 40 mL/min). Nonrenal vancomycin 
clearance is decreased to 6 mL/min in patients with chronic renal fail-
ure on maintenance dialysis. The elimination pattern in acute kidney 
injury (AKI) is more complex. Nonrenal elimination is approximately 
halved early in the course of AKI (16 to 17 mL/min), and decreases to 
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values closer to those of subjects with CKD (10 mL/min) after 1 week 
of AKI.46 This phenomenon requires an appropriate dosage adjustment, 
which is facilitated in this case by the routine availability of plasma-level 
monitoring. Conversely, nonrenal clearance of imipenem in acute renal 
failure is nearly double that found in chronic renal insufficiency (95 
vs 51 mL/min), approaching that found in patients with normal renal 
function (130 mL/min; comprising over half of normal total clearance 
of approximately 230 mL/min). As a result, the total clearance of imipe-
nem in anuric AKI patients is 108 mL/min, compared with 64 mL/min  
in CRI, and 230 mL/min in normal subjects. Therefore, the daily dose 
requirement is appropriately reduced from 2000 to 4000 mg/d in normal 
subjects to 1847 mg/d in AKI patients—a near doubling of the dose that 
would be administered based on CKD data (1111 mg/d).47 In this case, 
the risk of seizure because of impaired clearance and imipenem accumu-
lation is balanced against the risk of undertreatment, but accurate dosing 
would not be achieved based solely on clearance data from CRI patients, 
and plasma drug levels are not routinely available for clinical use in most 
institutions. Definitive conclusions on the pharmacokinetics of metabo-
lized medications in AKI remain hampered by the clinical complexity 
and potential confounders in the critically ill patients.19 AKI data should 
be used whenever possible; in the absence of this information, CKD data 
must be used, but with an appropriate cautionary approach.

■■ HEPATIC BIOTRANSFORMATION
Most drugs are lipophilic, so that they tend to be reabsorbed across 
renal tubular or intestinal membranes following glomerular filtration 
or biliary excretion, respectively. These drugs must therefore undergo 
biotransformation to more polar/hydrophilic compounds to allow 
urinary or biliary excretion. Drug biotransformation reactions are clas-
sified as phase I (functionalization reactions, exposing or introducing a 
functional group) or phase II (biosynthetic) reactions. Phase I reactions 
are predominantly oxidations, reductions, and hydrolysis reactions, and 
are usually catalyzed by enzymes of the cytochrome P450 (CYP450) 
system, located in the endoplasmic reticulum (Tables 125-7 to 125-9). 
Phase II reactions are conjugations, catalyzed by a variety of (mainly 
cytosolic) enzymes, which covalently link the parent drug or metabolite 
to a variety of compounds. Biliary excretion of a conjugated compound 
may result in enterohepatic recirculation of the parent compound if 
intestinal flora cleave the conjugate bond. Both phase I and II reactions 
generally result in a loss of pharmacologic activity, although more active 
metabolites are less commonly produced. Hepatic drug metabolism is 
functionally characterized by two patterns of clearance, which may be 
flow limited or capacity limited. The hepatic extraction ratio (ER) is 
derived as follows: ER = (CA – CV)/CA, where CA and CV are the drug 
concentration in hepatic arterial (or portal venous) and hepatic venous 
blood, respectively. The hepatic ER is low for capacity-limited drugs 
(which have saturable biotransformation pathways) and high for flow-
limited drugs (the liver essentially metabolizes any drug delivered, a 
process limited only by drug-delivering blood flow).

The bulk of drug biotransformation is performed by hepatic enzymes, 
and the remainder by renal tubular, intestinal, cutaneous, and pulmo-
nary enzymes. The CYP450 system, comprising of over 50 proteins 
organized into 18 families and 43 subfamilies (in humans) of heme-
containing endoplasmic reticulum enzymes, is the major catalyst of 
hepatic drug biotransformation reactions (see Table 125-9).5,48-53 Three 
families (CYP1, CYP2, and CYP3) are responsible for essentially all 
drug biotransformations, through phase I (primarily oxidative) reac-
tions. Cytochrome P450 nomenclature is based on amino acid sequence 
homology. Families (designated by numbers, such as CYP3) contain at 
least 40% homology; subfamilies (designated by capital letters, such as 
CYP3A) are over 55% homologous; individual P450 enzymes are again 
designated by Arabic numerals (for example, CYP3A4). The CYP3A 
subfamily accounts for over 50% of phase I drug metabolism, predomi-
nantly by the CYP3A4 subtype. Most other drug biotransformations 
are performed (in decreasing order of frequency) by CYP2D6, CYP2C, 
CYP2E1, and CYP1A2 (Fig. 125-6).5 More than one enzyme may 

  TABLE 125-7    Selected Cytochrome P450 Inhibitors and Inducers

Inhibitors Inducers

Amiodarone Anticonvulsants

Celecoxib Carbamazepine

Cimetidine Phenobarbital

Erythromycin Phenytoin

Ethanol (acute intoxication) Cigarette smoking

Fluconazole Corticosteroids

Fluoxetine Prednisone

Isoniazid Dexamethasone

Itraconazole Ethanol (chronic use)

Ketoconazole Grape fruit juice

Neuroleptics Omeprazole

Oral contraceptives Pioglitazone

Psoralen dermatologics Rifampin

Quinidine

Quinolone antibiotics

Selective serotonin reuptake

inhibitors

Ticlopidine

Tricyclic antidepressants

  TABLE 125-8    Low Therapeutic Index Drugs Cleared by Cytochrome P450 Oxidation

Anesthetic agents Enflurane

Halothane

Isoflurane

Methoxyflurane

Sevoflurane

Antiarrhythmic drugs Amiodarone

Flecainide

Lidocaine

Mexiletine

Propafenone

Quinidine

Anticonvulsants Carbamazepine

Phenobarbital

Phenytoin

β-Adrenergic receptor blockers Carvedilol

Metoprolol

Timolol

Immunosuppressive/antineoplastic drugs Cyclophosphamide

Cyclosporine

Etoposide (VP16)

Ifosfamide

Tacrolimus (FK506)

Oral anticoagulant Warfarin

Bronchodilator Theophylline

metabolize a particular drug, but metabolism of many drugs is depen-
dent on a single enzyme. Since the CYP450 nomenclature is based on 
structural criteria, rather than biotransformation function, isozymes of 
a particular class often lack any common substrates.
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  TABLE 125-9   � Cytochrome P450 Classes: Selected Substrates, Inhibitors,  
and Inducers

Isozymes Substrates Inhibitors and Inducers

CYP1A2 Amitriptyline Inhibitors

Antipyrine   Amiodarone

Caffeine   Cimetidine

Clomipramine  � Ciprofloxacin (all  
quinolones)

Clozapine   Ticlopidine

Cyclobenzaprine Inducers

Dapsone (minor)   Broccoli, Brussels sprouts

Estradiol   Char-grilled meats

Haloperidol   Cigarette smoking

Imipramine (also 2C9 & 3A4)   Insulin

Mexiletine   Nafcillin

Naproxen   Omeprazole

Ondansetron (minor)

Propranolol

Tacrine

Theophylline

Warfarin (minor)

Verapamil

Zolmitriptan

CYP2B6 Bupropion Inhibitors

Cyclophosphamide   Orphenadrine

Efavirenz   Thiotepa

Ifosfamide   Ticlopidine

Methadone Inducers

  Phenobarbital

  Phenytoin

  Rifampin

CYP2C Amitriptyline Inhibitors

Carbamazepine   Amiodarone

Celecoxib   Chlorguanide

Chlorguanide   Fluconazole

Clomipramine (minor)   Fluvastatin

Cyclophosphamide   Fluvoxamine

Diazepam   Isoniazid

Diclofenac   Itraconazole

Glimepiride   Ketoconazole

Glipizide   Lovastatin

Glyburide   Omeprazole

Ibuprofen   Ritonavir

Ifosfamide   Simvastatin

Imipramine (minor)   Sulfaphenazole

Indomethacin Inducers

Irbesartan   Carbamazepines

Lansoprazole (most proton   Norethindrone

pump inhibitors)   Phenobarbital

Losartan   Prednisone

  TABLE 125-9   � Cytochrome P450 Classes: Selected Substrates, Inhibitors,  
and Inducers

Isozymes Substrates Inhibitors and Inducers

Mefenamic acid   Rifabutin

(S)-Mephenytoin   Rifampin

(R)-Mephobarbital

Naproxen

Nelfinavir

Omeprazole

Phenytoin

Piroxicam, other oxicam drugs

Progesterone

Propranolol

Rosiglitazone

Tolbutamide

Torsemide

(S)-Warfarin

Zafirlukast (2C9)

CYP2D6 Amitriptyline Inhibitors

Amphetamines   Amiodarone

Carvedilol   Cimetidine

Chlorpromazine   Fluconazole

Clomipramine (major)   Fluoxetine

Clonazepine (minor)   Fluphenazine

Codeine   Fluvoxamine

Debrisoquine   Haloperidol

Desipramine   Ketoconazole

Dextromethorphan   Paroxetine

Dihydrocodeine   Propafenone

Dolasetron   Quinidine

Flecainide   Quinine

Fluoxetine   Ritonavir

Haloperidol   Sertraline

Hydrocodone Inducers

Imipramine   Dexamethasone

Lidocaine   Rifabutin

Loratadine (minor)   Rifampin

Metoclopramide

Metoprolol

Mexiletine

Nortriptyline

Ondansetron

Penbutolol

Perphenazine

Phenacetin

Propafenone

Propranolol

Risperidone

Ritonavir (minor)

Tamoxifen

Thioridazine

Timolol
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  TABLE 125-9   � Cytochrome P450 Classes: Selected Substrates, Inhibitors,  
and Inducers

Isozymes Substrates Inhibitors and Inducers

Tramadol

Tropisetron

Venlafaxine

Verapamil

Zuclopenthixol

CYP2E Acetaminophen (2E1) Inhibitors

Chlorzoxazone (2E1)   Cimetidine (2E1)

Ethanol (2E1)   Disulfiram (2E1)

Flurane anesthetics (2E1):   Isoniazid (2E1)

  Enflurane Inducers

  Halothane   Ethanol (2E1)

  Isoflurane   Isoniazid

  Methoxyflurane

  Sevoflurane

Theophylline (2E1 minor)

CYP3A Alfentanil (3A4) Inhibitors

Alprazolam   Amiodarone

Amiodarone   Cimetidine (3A4)

Amlodipine   Ciprofloxacin

Astemizole   Clarithromycin

Buspirone   Clotrimazole

Carbamazepine (3A4)   Delavirdine

Cisapride   Diltiazem

Clarithromycin   Erythromycin

Clotrimazole   Fluconazole (3A4)

Clozapine   Fluvoxamine

Codeine (minor)   Grapefruit juice (naringin)

Cortisol   Indinavir

Cyclobenzaprine   Itraconazole (3A4)

Cyclophosphamide   Ketoconazole (3A4)

Cyclosporine   Metronidazole

Dapsone (3A4)   Miconazole

Dexamethasone   Nefazodone (3A4)

Digitoxin   Norfloxacin

Diltiazem (3A4)   Quinidine (3A4)

Erythromycin   Ritonavir

Ethinyl estradiol (3A4)   Saquinavir

Ethosuximide   Sertraline (3A4)

Etoposide (VP16)   Troleandomycin

Felodipine (3A4)   Verapamil

Granisetron Inducers

Hydrocortisone   Carbamazepine

Imipramine (3A4)   Dexamethasone (3A4)

Indinavir   Efavirenz

Lansoprazole   Pentobarbital

Lidocaine (3A4)   Phenobarbital

Loratadine (major)   Phenylbutazone (3A4)

  TABLE 125-9   � Cytochrome P450 Classes: Selected Substrates, Inhibitors,  
and Inducers

Isozymes Substrates Inhibitors and Inducers

Losartan   Phenytoin

Lovastatin (3A4)   Pioglitazone

Methadone   Rifabutin

Midazolam (3A4)   Rifampin (3A4)

Nelfinavir   St John’s wort

Nifedipine (3A4)   Troglitazone

Nisoldipine (3A4)

Ondansetron

Paclitaxel

Progesterone (3A4)

Quinidine (3A4)

Rifabutin

Ritonavir

Salmeterol

Saquinavir

Simvastatin

Sirolimus (rapamycin)

Tacrolimus (FK506)

Tamoxifen (3A4)

Teniposide

Terfenadine (3A4)

Testosterone (3A4)

Tirilazad

Triazolam (3A4)

Troleandomycin

Verapamil

Vinblastine

Vindesine

(R)-Warfarin (3A4)

Zatosetron

The information in this table was provided in part by Roger P. Dean, PharmD, University of Chicago Hospitals.

Phase II (conjugation) reactions form a covalent linkage between a 
drug’s functional group and one of a number of compounds: glucuronic 
acid, sulfate, glutathione, acetate, or amino acids. These conjugates are 
highly polar, usually inactive, and undergo urinary or fecal excretion.49,54

Drug biotransformation may be enhanced or impaired by multiple 
factors, including age, gender, enzyme induction or inhibition (see  
Table 125-7), pharmacogenetics, and the effects of hepatic dysfunc-
tion or other disease states (including those which decrease hepatic 
perfusion). Conditions that impair drug biotransformation may result 
in type A adverse drug reactions, caused by accumulation of toxic con-
centrations of parent drug or metabolites (see the section “Adverse Drug 
Reactions,” below).

Effects of Age:  CYP1A2 activity is increased in children compared to 
adults, causing the well-known increased theophylline dosage require-
ments in this population.55,56 Similarly, CYP3A4 activity appears to 
decline in the elderly compared to younger adults,57-59 although age-
related declines in hepatic size, hepatic blood flow, or drug binding and 
distribution may underlie this phenomenon, because in vitro enzyme 
activity is unchanged with age.60

Effects of Gender:  Differences in pharmacokinetic and pharmacody-
namic properties of drugs between men and women are more commonly 
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being recognized. These differences can sometimes have major clinical 
impact, or be as subtle as gender-related differences in metabolism of 
specific stereoisomers of a particular drug formulation. Differences 
in rate of absorption and extent of first-pass metabolism have been 
reported for some drugs, including ondansetron61 and zolmitriptan,62 
but these generally lack major clinical significance. Gender differences 
in volume of distribution, after adjustment for weight effects, have also 
been identified for a number of drugs. Theophylline exhibits a smaller 
volume of distribution in females compared to males,63 as do the fluo-
roquinolones.64 Possible explanations include differences in body com-
position between men and women, physiologic changes associated with 
menstrual cycles, and differences in plasma protein binding secondary 
to hormonal characteristics. Gender differences in drug elimination 
have been studied in hepatic and renal processes. Clinically significant 
differences were predominantly linked to gender-specific expression of 
metabolic enzymes (eg, CYP3A4 and CYP1A2); gender differences in 
renal handling of drugs tend to be clinically silent. Pharmacodynamic 
variability in humans is more difficult to measure, because the mea-
sured parameters can often be subjective, such as pain or depression. 
Nonetheless, relevant gender differences have been identified. Women 
treated with thrombolytics after a myocardial infarction are more likely 
to experience intracranial hemorrhage. Other examples include drugs 
involved in glucose management and arrhythmia treatment.65

Pharmacogenetics:  Many adverse drug reactions that were formerly termed 
idiosyncratic are now recognized to be caused by genetic polymorphisms 
of expression (through autosomal recessive traits) of genes involved in drug 
disposition and effects, including the hepatic drug metabolizing enzymes 
(phase I or phase II) in particular individuals and racial groups, which 
have been most well studied16,66-69 (Tables 125-9 to 125-11). The identified 
polymorphisms of these metabolic enzymes differ in their rate of metabo-
lism: “Extensive metabolizers” are the common wild-type phenotype, 
“poor metabolizers” exhibit a decreased rate of substrate metabolism, and 
the rare “ultra-rapid metabolizers” display an increased rate of substrate 
metabolism. The incidence of expression of the different phenotypes varies 
by race and ethnic group. The effect of racial origin on drug metabolism 
is receiving increasing attention in the drug development process,13,70-72 
although it must be remembered that pharmacogenetic factors controlling 
drug disposition and response vary not only according to race and gender, 
but also between individuals of the same race and gender.
CYP2D6 Polymorphism  The most common P450 polymorphism in Caucasians 
is of CYP2D6 expression. CYP2D6 is highly polymorphic, with over 
90 known allelic variants.18 CYP2D6 is responsible for metabolism 
of approximately 30 to 40 commonly used drugs, about half of 
which are psychoactive agents (antidepressants, including all tricyclic 
antidepressants [TCAs] and selective serotonin reuptake inhibitors 

CYP2E1

CYP1A2

CYP2C

CYP2D6

CYP3A

FIGURE 125-6.  The proportion of drugs metabolized by the major cytochrome P450 enzymes. 
(Reproduced with permission from Benet LZ, Kroetz DL, Sheiner LB. Pharmacokinetics: the dynamics of 
drug absorption, distribution, and elimination. In: Hardman JG, Gilman AG, Limbird LI, eds. Goodman & 
Gilman’s The Pharmacological Basis of Therapeutics. 9th ed. New York, NY: McGraw-Hill; 1996.)

  TABLE 125-10    Phase II Drug Metabolizing Enzymes: Substrates and Polymorphisms

Polymorphism Examples

“Slow” acetylation N-acetylation polymorphism. Slow acetylators have deficient 
N-acetyltransferase activity (NAT-2).

Incidence of slow acetylators: 50%-60% (Caucasian and African 
Americans; southern Indians); 5%-20% (Chinese, Japanese, Eskimos)

Incidence increased in HIV patients (thus sulfa reactions are more  
common)

Slow acetylators have increased risk of (1) isoniazid-induced 
peripheral neuropathy, and possibly hepatotoxicity; (2) drug-
induced lupus: hydralazine, procainamide; (3) sulfonamide 
hypersensitivity: deficient hydroxylamine metabolite detoxification; 
(4) sulfasalazine-induced hemolysis

Dihydropyrimidine 
dehydrogenase  
deficiency

Dihydropyrimidine dehydrogenase polymorphism. 3%-4% taking  
5-fluorouracil (5-FU) have deficient metabolism, and develop 
severe toxicity (myelosuppression, etc).

Glucuronidation 
deficiency

UDP-glucuronyltransferase polymorphism. Deficiency of hepatic 
UDP-glucuronyltransferase activity manifests as two syndromes of 
impaired bilirubin conjugation: Gilbert’s (2%-12% of population) 
and Crigler-Najjar (<1%) syndromes.

Potential but undocumented effects on metabolism of heavily  
glucuronidated drugs (acetaminophen; HIV drugs; oncologic agents).

Glucose-6-
phosphate-
dehydrogenase 
deficiency

G-6-PD deficiency. Occurs in approximately 20% of African-American 
males; less frequent in females. Since erythrocytes from these patients 
are susceptible to oxidative stress, they are prone to develop hemolytic 
anemia induced by antimalarials (chloroquine, mefloquine, primaquine),  
probenecid, nitrofurantoin, sulfa drugs (sulfamethoxazole, dapsone), 
sulfonylurea hypoglycemic agents (chlorpropamide, tolbutamide)

Glutathione transfer-
ase deficiency

Glutathione-s-transferase polymorphism. Absent activity of GSTM1 (50% 
Caucasians, 30% African-Americans) and/or GSTT1 (15% Caucasians, 
24% African-Americans) impairs clearance of electrophilic toxins.

Increased vulnerability to acetaminophen, metronidazole, and 
nitrofurantoin toxicity, because of depletion of mitochondrial 
glutathione stores.

Atypical pseudocho-
linesterase

Pseudocholinesterase polymorphism. Subjects have impaired  
hydrolysis of succinylcholine, resulting in prolonged paralysis  
following use of this agent; incidence is 1 in 2500 people.

Thiopurine methyla-
tion deficiency

Thiopurine methyltransferase polymorphism. Deficient (heterozygotes:  
11%) or absent (homozygotes: 1 in 300) s-methylation of thiopurine 
drugs: azathioprine and 6-mercaptopurine, resulting in development 
of profound leukopenia with standard doses.

Atypical alcohol and 
aldehyde dehydro-
genase activities

Alcohol dehydrogenase activity. Five- to sixfold more rapid alcohol 
dehydrogenase activity is found in the majority of Japanese subjects 
(compared to Caucasians), resulting in acute symptoms following con-
sumption of low doses of ethanol, because of rapid aldehyde production.

[SSRIs], and antipsychotics, including haloperidol73); other substrates 
include β-blockers (all except atenolol and sotalol, which are renally 
excreted, not metabolized), other antiarrhythmic drugs, and codeine. 
Approximately 7% to 10% of the Caucasian population, 2% to 5% of 
Africans, but only rare Asian subjects lack expression of this enzyme and 
are poor metabolizers of CYP2D6 substrates.72 Such patients are prone 
to develop profound bradycardia during standard β-blocker therapy or 
severe drowsiness when receiving psychoactive drug therapy; in each 
case the adverse event is caused by accumulation of the parent drug. 
Conversely, these individuals derive little analgesic effect from codeine, 
which must be metabolized by CYP2D6 to its more potent metabolite 
morphine to achieve therapeutic efficacy. Quinidine, fluoxetine, and 
amiodarone are potent inhibitors of CYP2D6 activity, and convert 
genetically extensive metabolizers into phenotypically poor metabolizers  
of CYP2D6 substrates.
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  TABLE 125-11    Prevalence of Phase I and II Enzyme Polymorphisms by Race

Polymorphism Phenotype Overall US Population White Black Asian

CYP2D6 Poor 10% 5%-10% 0%-20% 1%

Ultrarapid 6% 1%-10% 2% 0%-2%

CYP2C9 Poor 1% 0.2%-1% Not determined 2%-3%

Ultrarapid Not identified — — —

CYP2C19 Poor 4%-5% 3%-6% 4% 8%-23%

Ultrarapid Not identified — — —

Dihydropyrimidine dehydrogenase Poor 0%-1%

Ultrarapid Not identified — — —

Plasma Pseudocholinesterase Poor <1% 0%-1% Not determined Not determined

Ultrarapid Not identified — — —

N-acetyltransferase Poor 40%-70% 50%-60% 10%-20%

Ultrarapid Not identified — — —

Thiopurine methyltransferase Poor 0-3% 0.33% Not determined 0.04%

Ultrarapid Not identified — — —

UDP-glucuronosyltransferase Poor 10%-15% 10.9% Not determined 3%-5%

Ultrarapid Not identified — — —

CYP2C19 Polymorphism  The most prevalent P450 polymorphism in Asians 
is of CYP2C19 expression; 15% to 27% of Asians but only 3% to 5% of 
Caucasians lack expression of this isozyme and are poor metabolizers 
of substrates such as S-mephenytoin, phenytoin itself, diazepam, and 
omeprazole.72 Poor metabolizers of CYP2C19 have a better response 
to omeprazole in eradication of Helicobacter pylori than do extensive 
metabolizers. Studies have shown that genetic variation in CYP2C19 
resulting in a paucity of activity is associated with decreased clopi-
dogrel metabolic activation, a decreased antiplatelet effect, and 
an increased likelihood of a cardiovascular event. At present, it is 
unclear whether genotyping to predict the response to clopidogrel  
is clinically useful.74,75,16

CYP2C9 Polymorphism  The incidence of CYP2C9 polymorphism is up to 
20% in black patients, but only 1% in Caucasians; important substrates 
include S-warfarin, phenytoin, diclofenac (and other hepatically  
metabolized nonsteroidal anti-inflammatory drugs [NSAIDs]), glipi-
zide, and losartan. Fluconazole at usual therapeutic doses is a power-
ful CYP2C9 inhibitor. Clinically useful laboratory studies are being 
developed to determine CYP2C9 phenotype and guide therapy of 
drugs with narrow therapeutic indices, such as warfarin and phe-
nytoin. Recent studies have identified that not only genetic variants in 
CYP2C9 but also single nucleotide polymorphisms (SNPs) in vitamin 
K epoxide reductase complex subunit 1 (VKORC1) were shown to be 
associated with the dose of warfarin required to achieve a target inter-
national normalized ratio (INR) value. Genetic testing for detecting 
variants of the VKORC1genes and CYP2C9 is available to help clini-
cians assess whether a patient may be especially sensitive to warfarin.16 
Routine genotyping of patients is not widely accepted due to limited 
evidence that pharmacogenetic-based individualized dosing improves 
clinical outcomes.
CYP2E1 Polymorphism  CYP2E1 metabolizes acetaminophen and many vola-
tile anesthetics and is induced by isoniazid and ethanol. Interestingly, 
2.4% of Caucasians and 10% of subjects with alcoholic liver disease have 
a CYP2E1 rapid metabolizer phenotype and metabolize CYP2E1 sub-
strates to a greater extent than most of the general population.
CYP3A Polymorphism  The CYP3A family of enzymes displays a wide range of 
expression of activity for each enzyme in normal populations, contribut-
ing to the difficulty in identifying clinically significant polymorphisms. 
CYP3A4 is usually the most abundant isoform in human liver, CYP 

3A5 is expressed in only a fraction of Caucasians and may constitute 
17% to 50% of the CYP 3A enzymes in those who express it.76 In addi-
tion, substrates of the CYP3A family enzymes often are metabolized 
in a multigenic pathway. Many common substrates are metabolized 
by both CYP3A4 and CYP3A5; the relatively common CYP3A5 poor- 
metabolizer phenotype may then be clinically obscured by this dual 
pathway. The role of the CYP3A4 enzyme in drug elimination is further 
complicated by the presence of polymorphisms that alter the rate of 
metabolism of some substrates but not others.77 The clinical implications 
of these polymorphisms remain unclear.
Phase II Enzyme Polymorphisms  A genetic polymorphism for acetylation of pro-
cainamide, hydralazine, isoniazid, and sulfa drugs (see Table 125-10)  
underlies the “slow acetylator” phenotype seen in over 50% of American 
blacks and whites but only 10% of Asian individuals. Many other 
phase II reactions are subject to pharmacogenetic variation61 (see 
Table 125-10), resulting in polymorphic expression of the meta-
bolic capacity for specific agents. Examples include glucuronidation 
(Gilbert syndrome), and the activities of glutathione-S-transferase (acet-
aminophen metabolism), thiopurine methyltransferase (azathioprine 
metabolism), glucose-6-phosphate-dehydrogenase (quinine-induced 
hemolysis), pseudocholinesterase (prolonged paralysis following suc-
cinylcholine), and dihydropyrimidine dehydrogenase (5-fluorouracil 
toxicity). Variation in the thiopurine S-methyltransferase (TPMT) gene 
can result in functional inactivation of the enzyme, and a markedly 
increased risk of treatment-related leukopenia. For this reason, TPMT 
testing is recommended by the FDA prior to treatment with a thiopu-
rine. For individuals with low or absent TPMT dose reductions of up to 
90% may be needed, based on experience in pediatric acute lymphocytic 
leukemia.78,79,16

Enzyme Induction and Inhibition:  Common substrates of the P450 
enzyme responsible for metabolism of a particular drug may be inhib-
itors or inducers of its metabolism and therefore create the potential 
for drug interactions (see Tables 125-7 and 125-9). Substances that 
are not substrates of a P450 isozyme may also be inhibitors or inducers 
of its activity (eg, fluconazole and CYP2C9, quinidine and CYP2D6). 
The potential for such an interaction is increasingly predictable, and 
consequent overdosage or underdosage preventable, owing to iden-
tification of the specific P450 isozyme responsible for drug metabo-
lism in recent product package inserts and other standard sources 
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(see the section “General Drug Information References” below). For 
example, since both cyclosporine and tacrolimus are metabolized by 
CYP3A4, biotransformation of both agents is predictably affected 
by known inhibitors and inducers of this enzyme (see Table 125-9). 
Ketoconazole is a particularly potent inhibitor of CYP3A4 and has 
been used to deliberately lower cyclosporine dosage requirements as 
a cost-saving measure.80,81 By contrast, phenobarbital induces cyclo-
sporine metabolism to such an extent that concomitant use of these 
agents is not advisable; likewise, therapeutic cyclosporine levels are 
difficult to maintain during rifampin therapy. Inducers and inhibi-
tors of phase II enzymes have been less extensively characterized, 
but some clinical applications of this information have emerged; for 
example, phenobarbital is used to induce glucuronyl transferase activ-
ity in icteric neonates, and both phenobarbital and valproate have 
been used to modulate the chemotherapeutic agent glucuronidation 
and toxicity.82

Effects of Disease States:  Critical illness routinely alters all the physi-
ologic processes involved in drug disposition. It would be surprising 
if drug disposition and/or response were not significantly altered in 
such patients. Unfortunately, most data regarding drug disposition 
in critically ill patients must be extrapolated from other populations; 
clearly, such information must be interpreted with extreme caution.

Effects of Circulatory Dysfunction:  The effects of congestive heart failure 
(CHF) on drug disposition are the best-studied examples of altera-
tions of drug absorption, distribution, and elimination associated 
with circulatory insufficiency (see Table 125-5). Secondary decre-
ments in hepatic and renal blood flow result in impaired clearance 
of some drugs excreted by these routes. Reduced renal perfusion due 
to physiological changes in CHF can lead to acute cardiorenal syn-
drome which predisposes to AKI and acute tubular injury. Drugs with 
nephrotoxic potential are more likely to cause AKI in this setting.19  
Clearance of hepatically eliminated drugs is more likely to be 
impaired by CHF if their metabolism is flow limited (ie, characterized 
by a high extraction ratio, such as lidocaine). It is doubtful that most 
such information, even from populations with decompensated CHF, 
is applicable to the setting of cardiogenic shock.

Effects of Multiorgan Dysfunction:  Critically ill patients frequently 
develop AKI, multiorgan dysfunction syndrome (MODS), or multi-
system organ failure (MSOF). Although most cases occur secondary 
to shock, sepsis, and severe trauma, a multiplicity of other risk factors 
have been identified. Unfortunately, there are large gaps in knowl-
edge of drug metabolism and disposition in patients with MSOF/
MODS as well as AKI, and thus patients may be at significant risk of 
underdosing as well as overdosing. It is suspected that there is erratic 
gastrointestinal absorption as well as variations in extracellular fluid 
volume and altered drug metabolism due to the systemic inflam-
matory response or liver and/or kidney dysfunction component of 
MODS. Drug transporters such as p-glycoprotein and organic anion  
transporter may be affected by critical illness states, such as inflam-
mation, sepsis, CKD/AKI acute or chronic liver disease, hypoten-
sion, burns and trauma which predominantly leads to a reduction 
in cytochrome P450 enzyme activity.20 Prospective measurement of 
serum drug concentration and the subsequent use of sound PK/PD 
therapeutic drug-monitoring approaches should be used whenever 
possible, especially for the drugs with a narrow therapeutic range. 
When this is not a possibility because of the unavailability of rapid 
specific analytical methods for the determination of serum drug 
concentrations, the development of excessive pharmacologic effect or 
toxicity may be the primary indicator of a need for dosage adjustment.

Effects of Liver Disease:  The effects of hepatic disease on PK and PD 
parameters of drug disposition are much more difficult to predict 
than the consequences of renal disease, based on data available for 
most agents.83,84 The challenge is to develop a dynamic liver function 
test that measures the residual elimination capacity of the liver in a 

patient with hepatic dysfunction which serves as the cornerstone for 
dosage adjustment, in analogy to the creatinine clearance test used 
for drug dosage adjustment in renal patients. So far, the usefulness of 
various dynamic liver function tests is rather limited and clinicians 
rely more on the Child-Pugh score, which may not be better but is 
readily available for liver patients.85 Activity of particular cytochrome 
P450 isozymes or conjugating enzymes may be decreased, preserved, 
or even increased in the presence of different liver diseases at vari-
ous stages of severity.21,84,86 Most data suggest that cirrhosis variably 
affects the hepatic content and activity of particular cytochrome 450 
isozymes; contents of CYP3A are not demonstrably changed, CYP1A2 
and CYP2E1 activities are decreased, and CYP2C activity may even 
be increased (as is tolbutamide clearance in cirrhosis).84 In addition, 
the presence of gastrointestinal hypomotility, hypoalbuminemia, 
increased or decreased plasma glycoprotein levels, ascites/edema, and 
altered hepatic blood flow may all alter drug absorption, distribution, 
elimination, and effects unpredictably (see Table 125-4). Gastric hypo-
motility does not alter bioavailability; rather it delays absorption and 
reduces the peak plasma level. Altered levels of the major drug-binding 
plasma proteins in cirrhosis or other forms of liver dysfunction have 
complex secondary effects. The frequent presence of hypoalbumin-
emia decreases binding of acidic drugs, such as phenytoin. Production 
of α1-acid glycoprotein, which binds many basic drugs (eg, lidocaine 
and quinidine), is impaired by severe cirrhosis but increased by 
inflammatory states (it is an acute-phase reactant). The importance of 
decreased plasma protein binding (caused by decreased binding pro-
tein levels or by displacement by a competing substance) is determined 
by the hepatic extraction ratio of the drug, and the presence or absence 
of concomitant impairment of hepatic biotransformation capac-
ity (caused by disease or by competition with an interacting agent). 
Changes in protein binding do not alter clearance of high-extraction 
(flow-limited) drugs, but if hepatic metabolism of a low-extraction 
(capacity-limited) drug is impaired and protein binding of the drug 
is also decreased, then the plasma-free drug level will increase.87 
Renal elimination of drugs or metabolites (inactive, active, or toxic) is 
also commonly impaired in patients with cirrhosis by the associated 
decrement in glomerular filtration rate, which is often unappreciated 
because of the poor correlation between plasma creatinine values and 
GFR in cirrhotic subjects.21 The serum cystatin C level, another endog-
enous marker for renal function, may reflect glomerular filtration 
more accurately in cirrhotic patients.88 Finally, liver disease patients 
appear to have increased sensitivity to many drugs or their metabo-
lites; some of this phenomenon is attributable to synergistic sedation  
(a PD phenomenon), although many such instances are probably 
caused by unrecognized accumulation of active or toxic metabolites 
or abnormally increased CNS distribution (eg, increased blood-brain 
barrier permeability to cimetidine in cirrhosis).89

In practice, the presence of hepatic dysfunction should prompt 
a thorough drug regimen reevaluation to examine all disposition 
parameters.21,83,85,90 Useful data may be available regarding the effects 
of cirrhosis on clearance of the agent, permitting an appropriate dose 
reduction. More commonly, the only information available details the 
predominant route of drug elimination. In either case, careful dose titra-
tion upward from a dose lower than normal is obviously the prudent 
approach; however, such a cautious approach may not be consistent with 
the rapid therapeutic effect desired in critically ill patients. Dose reduc-
tion is most likely to be necessary when a drug that usually undergoes 
extensive first-pass metabolism is enterally administered in the presence 
of liver disease severe enough to impair hepatic clearance of the agent; in 
such a situation, both increased oral bioavailability and decreased clear-
ance tend to increase plasma drug levels:

Cpss = �(Bioavailability × MaintenanceDose)/ 
(DosingInterval × Clearance)

Careful therapeutic monitoring of agents that have a low therapeu-
tic index (see Table 125-8), using plasma levels if these are clinically 
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available, represents the optimal approach in cases in which impaired 
clearance is suspected. Otherwise, monitoring of physiologic parameters 
during graded upward dose titration may be the best available option. It 
is important to remember that because of impaired elimination and the 
resultant prolongation of half-life, achievement of steady-state plasma 
drug levels and corresponding maximal effect will be correspondingly 
delayed. Failure to wait for achievement of steady-state conditions 
prior to dose escalation may result in drug accumulation to toxic levels. 
Important drug interactions are also more likely to occur in the pres-
ence of impaired drug elimination “reserve,” so that increased vigilance 
regarding potential protein-binding or hepatic biotransformation inter-
actions is warranted in the presence of liver disease (see below).

■■ HALF-LIFE
When clearance is diminished, elimination half-life increases propor-
tionately, as does the time required to achieve steady-state plasma levels 
(three to five half-lives). The appropriate time for assessment of full 
pharmacologic effect and measurement of levels may thus be markedly 
delayed. For example, the elimination half-life of digoxin is normally 
20 hours, but increases to 1 week with end-stage renal disease (ESRD); 
an ESRD patient discharged from the hospital with a plasma level within 
the therapeutic range 1 week after starting maintenance therapy with 
0.25 mg per day of digoxin will probably subsequently develop digi-
talis toxicity.

■■ CONSIDERATION OF POTENTIAL DRUG-DRUG INTERACTIONS
Drug-drug interactions may occur owing to alterations in drug dispo-
sition (PK interactions), or drug effect (PD interactions).4,91,92 PK  
interactions occur through effects on four drug disposition mechanisms: 
(1) gastrointestinal absorption, (2) drug distribution, (3) hepatic metab-
olism, and (4) renal excretion. These categories will be further discussed 
below. PD interactions occur by three basic mechanisms: (1) pharmaco-
logic interactions, usually based on binding of an antagonist to the target 
receptor mediating drug effect (eg, use of a nonselective β-blocker such 
as propranolol in a patient requiring inhaled nebulized β-agonist ther-
apy for bronchospasm); (2) physiologic interactions, such as the additive 
effects of multiple sedatives or vasodilators, or the opposing effects of 
warfarin and vitamin K on coagulation factor synthesis; and (3) drug-
induced changes in the intracellular milieu resulting in altered effects 
of other agents (the best such example is the precipitation of digitalis 
toxicity by loop diuretic–induced hypokalemia and hypomagnesemia). 
It is worth emphasizing the fact that individual sensitivity to drug effect 
(eg, sedative effects in the elderly) may predispose particular patients 
to suffer the consequences of PD drug interactions more readily than  
others. Prevention of PD drug interactions is best accomplished through 
a basic understanding of the mechanism of action, common side effects, 
and population-specific issues (if any) pertinent to any drug prescribed.

PK interactions are the subject of many exhaustive compendia, but 
a few general principles are required to interpret such information. In 
order for a reported PK drug interaction to be of clinical significance, 
three criteria should be fulfilled.5,41 First, one of the drugs involved 
must have a low therapeutic index, so that an alteration in its disposi-
tion results in either toxic or subtherapeutic effect (there are impor-
tant exceptions to this rule). Second, the drug disposition parameter 
alteration should be on the order of 30% or more, because changes of 
lesser magnitude are unlikely to be of clinical importance. Finally, only 
reports in humans should be considered definite, since animal studies 
of drug disposition do not always accurately reflect human processes. 
Conversely, the absence of reported data from animal studies does not 
preclude drug interactions in humans, particularly with respect to newer 
agents undergoing wide use for the first time.

Absorption:  Most such interactions affect the rate rather than the 
extent of absorption, so that the magnitude and timing of peak 
plasma drug level is altered, but the fraction absorbed (and thus 
bioavailability) is unchanged. Interaction mechanisms include 

physicochemical complexing (eg, tetracycline and milk products); 
gastric pH changes (eg, failure to absorb ketoconazole when gastric 
pH is made alkaline by coadministration of antisecretory agents); 
alterations in gastrointestinal motility; effects on gastrointestinal 
mucosa or flora (eg, increased digoxin levels after antibiotic therapy; 
see Chap. 124); changes in mesenteric blood flow; and finally changes 
in first-pass metabolism (eg, cyclosporine with ketoconazole80,81,93).
Distribution:  Altered drug binding because of displacement by another 
agent is of far lesser importance as a source of drug interaction than is 
generally appreciated. In fact, drug displacement from binding sites sim-
ply makes more free drug available for excretion or biotransformation.92  
The net effect on plasma levels of active drug is thus usually  
negligible, unless clearance of the displaced drug is also impaired 
because of organ dysfunction or the inhibition of drug metabolism or 
excretion by the displacing agent itself.94

Hepatic Metabolism:  Inducers and inhibitors of hepatic biotransforma-
tion are important causes of drug interactions. This is well illustrated 
by considering common interactions with the enzyme predominantly 
responsible for cyclosporine metabolism, underlining the impor-
tance of considering drug interactions when adding new agents to a 
patient’s drug regimen. Cyclosporine, a potent immunosuppressive 
drug used in the prevention of allograft rejection, is metabolized by 
the CYP3A4 enzyme in both the liver and small intestine. Modulation 
of the pharmacokinetics of cyclosporine has been reported with a 
large number of drugs. For example, ketoconazole is known to be a 
potent inhibitor of CYP3A4, and therefore both increases oral bio-
availability and reduces the rate of elimination of the drug, increasing 
blood cyclosporine levels. This predictable interaction can be used 
favorably to minimize the cost of therapy by decreasing the necessary  
dose of cyclosporine by coadministration with the cheaper drug, 
ketoconazole. More commonly, drug interactions result in unfavor-
able outcomes. Inadvertent coadministration of cyclosporine with 
a CYP3A4 inducer, such as troglitazone (now removed from the 
market) or rifampin, can result in rapid drug elimination (a state  
similar to the previously described “ultrarapid metabolizer” phe-
notype) and subtherapeutic cyclosporine levels, with subsequent  
potential rejection of the transplanted organ.95

There are numerous clinically important examples of such interac-
tions involving the other P450 isozymes also. Theophylline is metabo-
lized by CYP1A2; theophylline toxicity may be precipitated by addition 
of the quinolone antibiotic ciprofloxacin (an inhibitor of CYP1A2) or 
by smoking cessation (because of withdrawal of the CYP1A2-inducing 
effect of cigarette smoking), unless theophylline dosage is reduced 
appropriately. Only one dose of quinidine (a CYP3A4 substrate) is 
required to convert a normal, extensive metabolizer of CYP2D6 sub-
strates (including numerous β-blockers, antidepressants, and antipsy-
chotic agents) into a poor metabolizer of these agents. Inhibition of 
drug biotransformation activity by a drug which is not a substrate of the 
impaired enzyme is not uncommon: Quinidine is a powerful CYP2D6 
inhibitor and CYP3A4 substrate; fluconazole is also a CYP3A4 substrate 
but impairs phenytoin and warfarin metabolism by CYP2C enzymes, 
in addition to competitive inhibition of metabolism of other CYP3A 
substrates. Such instances reinforce the need to examine both the known 
and potential interactions of each additional agent with those in the 
patient’s current regimen.

For certain statins metabolized by CYP3A4 (simvastatin and  
lovastatin, atorvastatin), an increase in susceptibility to myopathy is 
substantially greater in patients receiving concurrent therapy with 
a number of drugs, particularly those that inhibit CYP3A4 such as the 
macrolides and cyclosporine.96

Finally, agents that diminish hepatic blood flow (vasopressors and 
cimetidine) may impair clearance of high-extraction drugs such as lido-
caine and propranolol.
Renal Excretion:  Drug interactions can affect glomerular filtration, 
tubular secretion, or tubular reabsorption (active or passive). It is 
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obvious that agents that impair or augment glomerular filtration tend 
to cause a corresponding change in excretion of drugs eliminated by 
this route, such as aminoglycosides. Active tubular drug secretion is 
performed primarily by two groups of proximal tubular pumps: an 
anion pump (which secretes organic acids) and a cation pump (which 
secretes organic bases). Competitive inhibition of the anion pump 
by probenecid impairs elimination of penicillin, thus prolonging the 
half-life of this organic acid. Methotrexate is another anion secreted 
by this pump, and subject to the same interaction. Cimetidine and 
trimethoprim inhibit cationic pump secretion of procainamide and 
some other cationic drugs. Digoxin undergoes distal tubular secre-
tion by a third pump system, which is inhibited by multiple drugs, 
including quinidine, amiodarone, spironolactone, and several calcium 
channel blockers; this is the mechanism partly responsible for the 
elevation of serum digoxin levels routinely encountered following 
combination of these agents with digitalis therapy. Finally, as dis-
cussed in Chap.  124, alterations in urinary pH alter passive distal 
tubular reabsorption of weak acids and bases, including drugs such as 
salicylic acid and phenobarbital (a basic drug).

■■ THERAPEUTIC DRUG MONITORING
Most drugs are dosed according to population-based PK/PD data. In 
most cases, critical care therapy is initiated in this fashion, but may 
be monitored and titrated using readily available pharmacodynamic 
parameters (sedation, analgesia, paralysis, hemodynamic data, cardiac 
rhythm, and electroencephalography). Selected agents, usually those 
with a low therapeutic index, are additionally monitored and dose 
adjusted using plasma drug levels and calculations of individual drug 
disposition parameters. Whether monitored using pharmacodynamic 
indexes alone, or more precisely with the addition of PK data, ongoing 
attempts to optimize therapeutics should minimize the occurrence of 
inadequate therapy or adverse drug reactions (ADR).

Appropriate direct therapeutic drug monitoring involves consider-
ation of many variables. The form of drug measured is important, espe-
cially in drugs with high plasma-protein binding. Because only the free 
fraction of the drug is clinically active, the useful plasma test is one that 
accurately reflects the free fraction. For example, phenytoin is highly 
albumin bound. In the setting of critical illness, hypoalbuminemia, 
malnutrition, or cirrhosis, total phenytoin levels may be low, while free 
phenytoin levels are likely to be in the therapeutic range. The timing of 
plasma drug testing is also important. In drugs such as aminoglycosides, 
peak and trough levels need to be monitored, since peak levels reflect 
therapeutic efficacy and trough levels are monitored to ensure adequate 
drug clearance and to avoid drug accumulation.

Drug regimen adjustment may be precipitated by multiple intercur-
rent factors, including changes in volume status; alterations (worsening 
or improvement) in gastrointestinal tract or circulatory, renal, or liver 
function; the application of extracorporeal therapies which impact drug 
disposition; and potential drug interactions or other ADRs associated 
with addition of new agents. Finally, any change in patient status should 
be considered a potential ADR, and this possible diagnosis assessed 
using available resources. If an ADR is strongly suspected, this should 
be reported to the appropriate institutional and extramural authorities, 
and management altered accordingly.

■■ ADVERSE DRUG REACTIONS
Drug prescribing intended to achieve beneficial therapeutic effects is 
necessarily accompanied by the possibility of eliciting an unintended 
adverse drug reaction (ADR). ADRs are common in the ICU, where 
multiple drugs are administered to unstable patients who commonly 
are unable to give a complete medical history and manifest altered drug  
disposition parameters (including metabolism and excretion). ADRs 
present diagnostic and therapeutic problems that complicate ICU 
admission, increasing morbidity, mortality, and length of stay.97

To minimize ADRs, all drugs prescribed by a critical care physician 
should be reviewed (prior to administration) by the critical care nurse 

and pharmacist for potential errors including patient identity, known 
patient allergies, correct dosing, and potential drug-drug interac-
tions. Most preventable ADRs involve (1) prescribing a drug despite a  
documented allergy to the medication ordered or to a cross-reactive 
agent; (2) the use of anticoagulants or thrombolytic agents; (3) failure 
to appropriately monitor and adjust low-therapeutic-index drug admin-
istration using plasma drug concentration analysis; and (4) failure to 
adjust the regimen for administration of renally eliminated drugs in the 
presence of renal dysfunction.89 Accordingly, we advocate a daily review 
of all medications given to each ICU patient, focusing on the following 
issues: (1) drug-patient interactions, including known drug allergies;  
(2) drug-disease interactions, including presence and severity of organ 
dysfunction, and appropriate dosing adjustments; (3) potential drug-
drug interactions; (4) the possibility of an ADR causing any new cor-
poreal dysfunction; and (5) discontinuation of all unnecessary drugs, in 
an ongoing attempt to simplify and rationalize therapy. The importance 
of minimizing the number of drugs prescribed is demonstrated by the 
fact that there is a 40% probability of developing an ADR when more 
than 15 drugs are given to a hospitalized patient, compared to a 5% 
ADR probability when receiving fewer than 6 medications.99 A recent 
study showed that patients with AKI receiving angiotensin-converting 
enzyme inhibitors, angiotensin receptor blockers, antithrombotics, and 
antibiotics are at highest risk of an ADR and should receive more inten-
sive monitoring.100

Adverse drug reactions may be classified as type A (an exaggerated 
pharmacologic effect related to high drug concentration), or type B (an 
idiosyncratic reaction).66 Increasingly, reactions formerly classified as 
idiosyncratic (type B) have been shown to be type A reactions based on 
polymorphic expression of metabolizing enzyme activity and impaired 
drug metabolism and target effect. Individuals deficient in activity of the 
necessary metabolizing enzyme develop ADRs caused by accumulation 
of previously undocumented toxic metabolites; for example, sulfon-
amide hypersensitivity has been linked to an increase in prevalence of 
the “slow acetylator” phenotype, and defective detoxification of hydrox-
ylamine metabolites.101,102 Other idiosyncratic phenomena, such as 
halothane hepatitis and carbamazepine reactions, may also be caused by 
defective metabolism.102 There has been a reported association of human 
leukocyte antigen (HLA)-B*1502 with carbamazepine-induced Stevens-
Johnson syndrome/toxic epidermal necrolysis in a meta-analysis involv-
ing Asians. Furthermore, HLA-A*3101 was observed to be associated 
with carbamazepine-induced hypersensitivity in a pooled population of 
Asian and Caucasian patients.103

The diagnosis of an ADR requires a high index of suspicion that signs 
or symptoms may be drug related. Distinguishing between an ADR 
and manifestations of other diseases can be challenging, particularly in 
critically ill patients with a myriad of problems. Serotonin syndrome is 
a potentially life-threatening adverse drug reaction that is not an idio-
pathic drug reaction but a predictable consequence of excess serotoner-
gic agonism of central nervous system (CNS) receptors and peripheral 
serotonergic receptors. The difficulty for clinicians is that mild symp-
toms may be easily overlooked, and an inadvertent increase in the dose 
of the causative agent or the addition of a drug with proserotonergic 
effects may provoke a dramatic clinical deterioration. A striking number 
of drug and drug combinations have been associated with serotonin syn-
drome but some of the most commonly encountered in an ICU setting 
include linezolid, tramadol, and fentanyl in combination with an SSRI. 
However, a single therapeutic dose of an SSRI has caused the serotonin 
syndrome but also the addition of drugs that inhibit cytochrome iso-
forms CYP2D6 and CYP3A4 to therapeutic SSRI regimens have also 
been associated with the condition.104

Identification of a temporal relationship between drug initiation 
and onset of signs or symptoms is useful, but not always possible. For 
example, supraventricular tachycardia after initiation of theophylline, 
wheezing after β-blocker administration, or seizures during meperi-
dine therapy may each be caused by, aggravated by, or unrelated to 
drug effects. Furthermore, patients may develop a type A adverse drug 
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reaction in the ICU when elimination of an agent, which they have 
received chronically prior to hospitalization, is subject to a drug-disease 
interaction (eg, theophylline toxicity precipitated by development of 
congestive heart failure), or drug-drug interaction (eg, theophylline  
toxicity caused by concurrent ciprofloxacin administration). In the 
absence of another convincing etiology, discontinuation or dose reduc-
tion of the suspected drug is indicated. Subsequent improvement in 
signs or symptoms is presumptive evidence of an ADR; of note, ADRs 
precipitated by agents with long half-lives may require a longer period 
for resolution. The degree of certainty in ADR diagnosis increases if 
rechallenge with the suspected drug leads to reappearance of the pre-
sumed ADR; however, readministration of drug for this purpose is not 
recommended unless the information is crucial for subsequent patient 
management and alternative drugs are not available. If an idiosyncratic 
or allergic type reaction is suspected, drug readministration may be 
hazardous. Prior to considering rechallenge, appropriate consultation 
is suggested, to evaluate viable alternative therapies, the potential for 
challenge-induced anaphylaxis, possible desensitization procedures  
(if any), and formulation of a comprehensive treatment protocol to  
manage any adverse sequelae of reexposure to the agent.

Identifying the culprit drug in patients receiving multiple medica-
tions can be challenging. The most likely offender should be either dose 
reduced or discontinued (as appropriate based on the suspicion of a 
dose-dependent vs an idiosyncratic/allergic phenomenon), while less 
likely candidate drugs are continued. If the suspected reaction does not 
improve, remaining drugs may be discontinued sequentially, beginning 
with the most likely candidate. In a patient suffering a severe reaction, 
all medications should be stopped if possible. A common example in 
the ICU is the patient who develops thrombocytopenia while receiving 
prophylactic therapy with an H2 blocker and subcutaneous heparin. In 
this situation, thrombocytopenia frequently represents a manifestation 
of disease, particularly if hemodynamic instability is present, and not an 
ADR. Nevertheless, in the presence of severe or progressive thrombo-
cytopenia, an ADR should be considered and medication adjustments 
made. Heparin use correlates most firmly with drug-induced throm-
bocytopenia, and this agent should be discontinued first.104 H2 blockers 
(and indeed most other drugs used in the ICU) are not responsible for 
the majority of cases of thrombocytopenia and may be continued if  
clinically important.104 In patients with critical thrombocytopenia, 
however, risk-benefit analysis supports discontinuation of both drugs 
pending further evaluation, which may include assay for antiplatelet 
antibodies (drug-specific tests are possible).

Numerous published tables list drugs associated with ADRs.98,105 These 
lists are merely suggestive that a sign or symptom may be drug related. 
They include both well-documented and poorly documented drug 
reactions and are clearly not all inclusive. The absence of a drug from 
a particular category does not exclude the possibility of drug reaction, 
since there is always a first identified or reported reaction, especially  
during the initial period of postmarketing surveillance following approval 
and release of a new drug for widespread use. In the absence of a simple, 
dedicated, and exhaustive source of information about ADRs specific 
to critical care, most clinicians rely on their institution’s hospital drug 
information service, and various library and internet resources.105 It is 
important to become familiar with these resources and to utilize govern-
ment and pharmaceutical industry information services to aid in evalu-
ating potential ADRs. Appropriate information resources include the  
following:

General Drug Information References 

	 1.	 Physicians’ Desk Reference. Medical Economics Company, Inc 
(annual editions).

	 2.	 American Hospital Formulary Service Drug Information. Bethesda, 
MD: American Society of Health-Systems Pharmacists, Inc (annual 
editions).

	 3.	 Drug Facts and Comparisons. Philadelphia: Lippincott. Phone: 
1-800-232-0554 for product information (updated monthly).

	 4.	 Hansten PD, Horn JR: Drug Interactions Analysis and Management. 
Applied Therapeutics, Inc (updated quarterly).

	 5.	 Tatro DS (ed.): Drug Interaction Facts. St Louis: Lippincott (updated 
quarterly).

	 6.	 medicine.iupui.edu/flockhart/ (updated periodically).
	 7.	 Stockley’s Drug Interactions, Pharmaceutical Press. Tenth Edition 2013.

Drug Interaction Software Subscription Services:  Most institutions utilize 
one or more computer software programs available by subscription, 
such as Epocrates Rx Pro, to help identify drug interactions. These 
programs are continuously in development, and to date no system has 
been demonstrated to be superior to an experienced clinician in iden-
tifying drug interactions. Barriers to the development of drug-drug 
interaction (DDI) detection software for widespread use include dif-
ficulty of portability and integration into existing hospital computer 
systems, development and maintenance of the knowledge base, and 
establishment of formal methodology of evaluation of these systems. 
Nonetheless, existing available software are a good initial step toward 
decreasing ADRs due to drug-drug interactions.

Dedicated ICU Intensivists and Pharmacists:  Many studies have investi-
gated the benefits of a dedicated team of professionals in the ICU, with 
the team led by a physician with specialized training in critical care 
medicine.106,107 This advantage is theorized to be a result of specialized 
training in particular issues that arise in critically ill patients, a broader 
perspective of issues that pertain to critically ill patients, and improved 
continuity of care. In fact, the Leapfrog Initiative—a coalition of some 
of the nation’s largest employers, such as General Electric and General 
Motors—has identified this as one of the three changes that they 
believe would most improve safety.108 This same rationalization can be 
used to justify the role of a dedicated ICU pharmacist. The traditional 
role of a pharmacist to accept and clarify orders and dispense medica-
tions is antiquated. Having a pharmacist who participates in clinical 
rounds as a full member of the patient care team in the ICU can sig-
nificantly decrease ADRs and decrease costs of hospitalization as com-
pared to pharmacist review alone.109,110 The benefits may be explained 
by improved communication between the health care professionals, 
optimization of therapy, and improved monitoring and management of 
adverse drug events. For example, for the treatment of an infection in 
a critically ill patient, the ICU pharmacist may contribute specialized 
knowledge in selecting the narrowest-spectrum antibiotic, in select-
ing an appropriate drug to minimize antibiotic resistance based on  
patterns of organism resistance in the hospital, in minimizing potential 
adverse drug reactions, and in selecting the most cost-effective agent. 
Barriers to implementing the dedicated ICU pharmacist model include 
the initial investment of money and time to create a new staff position, 
but these initial costs are likely to be easily overcome by savings in drug 
costs and prevention of adverse drug events.

Computerized Order Screening Systems:  Computerized screening of 
medication orders at the time of prescription data entry is performed 
in many acute care practice settings. Such programs allow for real-time 
checks for potential drug interactions with the patient, disease states, 
or other drugs. Physician order entry (POE) systems also obviate  
potential medical errors due to illegible handwriting or transcrip-
tion errors. Common problems with these programs include a lack 
of primary literature referencing, routine detection of insignificant 
interactions, and a significant lag time between introduction of a 
new drug and interaction data updates. Physicians with minimal 
technological expertise may also be hesitant to use such technol-
ogy. Nonetheless, POE systems are another change that the Leapfrog 
Initiative has identified that may contribute to significant reduction 
in ADRs. Introduction of computerized physician order entry systems 
clearly reduces medication prescription errors and ADRs; however, 
the quality of the implementation process could be a decisive factor 
determining overall success or failure.111
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Reporting Unusual or New Drug Interactions:  MedWatch is a voluntary 
program sponsored by the Food and Drug Administration for reporting 
adverse events and problems with drugs and other products regulated by 
this agency. Although it is not a direct information source, contributed 
data collectively provide continuous new drug information. MedWatch is 
a major component of the FDA’s postmarketing drug product surveillance 
and has identified ADRs that were not apparent during preapproval clini-
cal trials (eg, cardiotoxic effects of astemizole). Reports are encouraged 
even if the practitioner is not certain the product caused the event and 
whether or not all details are available. The program utilizes a consoli-
dated reporting form (FDA form 3500), which may be submitted online 
or facsimile or mail. Reports can also be made over the phone 24 hours 
a day 7 days a week. For more information or to report quality problems 
call 1-800-FDA-1088 or visit www.fda.gov/safety/MedWatch/default.htm.

Drug Manufacturer Information:  The package insert that accompa-
nies all products contains FDA-approved information regarding the 
known properties and appropriate use of the drug. Contact infor-
mation (including toll-free telephone numbers) for pharmaceutical  
companies can also generally be found in this insert or other 
package labeling or through the hospital drug information center. 
Pharmaceutical manufacturing companies usually have drug infor-
mation support services that can provide up-to-date information 
pertinent to their products. Manufacturers are required to perform 
postmarketing surveillance of their products and to collect informa-
tion about drug interactions and other ADRs.

Computerized Resources in the ICU:  Application of computer technol-
ogy to medical care can improve efficacy and decrease errors at every 
step of drug administration. Computers can serve as a repository for 
references. Availability of textbooks, journals, review services, and for-
mularies may be valuable at the time of drug prescription. While avail-
ability of all references by print may be prohibitive, online references 
are easily accessible, such as Med-line (National Library of Medicine, 
United States), MDConsult (LLC Ltd Liability Co., DE), Physician 
Drug References,112 and UptoDate (UptoDate Inc, DE), to name a few.

Most institutions in the United States use computers to store patient 
medical records. A step further in the integration of computer technol-
ogy into medical practice is patient information capture. Real-time  
capture of patient data, such as vital signs, pulse oximetry, and 
laboratory results, aids in the dissemination of information and more 
informed decisions for drug prescription and drug effect monitoring.113   
Therapeutic drug monitoring can be more effectively regulated with 
integration of patient data and drug administration.

Recent advances in handheld devices make all of the aforementioned 
systems even more convenient and portable. Software for handheld 
devices, such as Epocrates Rx (Epocrates, Inc., CA) and Medcalc, for 
example, allow for quick and convenient references for patient data 
interpretation. While computer technology continues to advance, the 
major barriers to incorporation of these systems into the medical prac-
tice include the initial costs of the computer devices and software, the 
time to install the appropriate software, the education and willingness 
of health care professionals to use the technology available, and the 
real possibility of technical malfunction. Future trends in computer 
technology in the ICU involve expert systems that can simulate human 
judgment to aid in diagnostic and therapeutic decision making, and data 
mining that can analyze large amounts of data to recognize relationships 
that have not been otherwise discovered.

References
Complete references available online at www.mhprofessional.com/hall

KEY REFERENCES

•• Boyer EW, Shannon M. The serotonin syndrome. N Engl J Med. 
2005;352:1112-1120.

•• Cox ZL. Adverse drug events during AKI and its recovery. Clin J 
Am Soc Nephrol. 2013;8:1070-1078.

•• Evans WE, McLeod HL. Drug therapy: pharmacogenomics—drug 
disposition, drug targets, and side effects. N Engl J Med. 2003;348:538.

•• Krishnan V, Corbridge T, Murray P. Critical care pharmacology. 
In: Hall JB, Schmidt GA, Wood LDH, eds. Principles of Critical 
Care. 3rd ed. New York: McGraw-Hill; 2005:1547.

•• Levey AS, Bosch JP, Lewis JB, et al. A more accurate method to 
estimate glomerular filtration rate from serum creatinine: a new 
prediction equation. Modification of Diet in Renal Disease Study 
Group. Ann Intern Med. 1999;130:461.

•• Matzke GR, Aronoff GR, Atkinson AJ et al. Drug dosing con-
sideration in patients with acute and chronic kidney disease-a 
clinical update from Kidney Disease: Improving Global Outcomes 
(KDIGO). Kidney Int. 2011;80:1122-1137.

•• National Institute of Health Pharmacogenetics Research Network’s 
PharmGKB: The Pharmacogenetics and the Pharmacogenomics 
Knowledge Base. www.pharmgkb.org. Accessed on Nov 9, 2014.

•• Nelson DR. Cytochrome P450 Homepage. Hum Genomics. 
2009;4(1):59-65.

•• Nolin TD, Frye RF, Matzke GR. Hepatic drug metabolism and 
transport in patients with kidney disease. Am J Kidney Dis. 
2003;42:906-925.

•• Stevens LA comparative performance of the CKD epidemiology 
collaboration (CKD_EPI) and the modification of diet in renal dis-
ease (MDRD) Study equations for estimating GFR above 60ml/min.  
Am J Kidney Dis. 2010;56:486.

Rheumatology in the ICU
Scott Vogelgesang
Vijay Raveendran Pottathil
John A. Robinson

126
C H A P T E R

KEY POINTS

•• Most ICU admissions for rheumatology patients are prompted by 
infection.

•• New-onset rheumatic diseases rarely prompt ICU admission in the 
absence of a revealing prodrome.

•• In most patients without a previously established collagen vascular 
disease, suspected vasculitis will be explained by an alternative 
diagnosis.

•• Serologic assessment of critically ill patients is a double-edged 
sword providing both enlightenment and misleading shadows. All 
serologic testing must be interpreted with a thorough understand-
ing of the patient’s clinical condition.

•• Inability to assign specific diagnostic labels to patients with severe 
life-threatening autoimmune or inflammatory disease should not 
delay therapeutic intervention.

•• Not all ischemic skin lesions that appear to be vasculitis are. 
Vasculopathies of various causes should always be part of the  
differential diagnosis.

•• Empiric trials with corticosteroids can be a rational approach to 
patient care when such trials are carried out appropriately and 
infection and malignancy have been excluded.
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Approximately 10% to 25% of all rheumatic disease patients visiting 
the emergency department require hospitalization and up to one-third 
of these patients will require intensive care.1 Patients with rheumatic 
diseases admitted to the medical ICU most often have problems not 
directly related to their primary illness. Sepsis, massive gastrointestinal 
bleeding, and myocardial infarcts may arise secondary to treatment. 
The major direction of care in these circumstances often comes from  
the intensivist. Circumstances do arise that require the unique insight 
of the experienced clinical rheumatologist, who at times must direct the 
management of a disease-specific complication. Just as often the rheu-
matologist is asked to address a diagnostic dilemma spawned by puzzling 
clinical and laboratory data. This chapter addresses the more common 
issues that prompt the rheumatologist and the intensivist to collaborate.

SYSTEMIC LUPUS ERYTHEMATOSUS

■■ FEVER: IS IT THE LUPUS?
Fever in the patient with lupus presses the clinician for an urgent answer 
to the question: Is this caused by lupus activity or infection? Fever is a 
common finding in active systemic lupus erythematosus (SLE) occurring 
in up to approximately 50%.2 It may respond to the usual antipyretics or 
require corticosteroids. Single-daily-morning dose prednisone may not 
control late afternoon or evening fevers and may require the use of split-
dosing. Leukocytosis and increased bands on peripheral smear are strong 
presumptive evidence for infection, as is the presence of shaking chills. 
Complement proteins or components, including C3 and C4, are acute-
phase reactants and usually rise with infection. Low levels of complement 
occur in some but not all patients with active lupus. Using discriminant 
analysis, Inoue and colleagues3 showed that 95% of 74 febrile episodes 
could be correctly classified as to the cause of fever when a combina-
tion of white blood count (low in SLE, normal to high with infection) 
and gamma-globulin levels (high with SLE, normal with infection) are 
used as variables. In the ICU setting, the febrile patient with SLE is 
probably best considered infected and treated with broad-spectrum anti-
biotics pending results of cultures.4 Infection is most likely to be caused 
by nonopportunistic organisms, and coverage for gram-positive and 
gram-negative aerobes represents adequate empirical therapy when no  
obvious source has been recognized. Systemic infections with Salmonella, 
endocarditis involving lupus-related valvular lesions, and pneumococcal 
sepsis in the splenectomized (surgical or autosplenectomy) are among 
the infections that have special significance for lupus patients.4

■■ RENAL FAILURE: IS IT TREATABLE?
In patients with SLE in the ICU, renal insufficiency may be caused 
by a variety of factors, including drugs, especially nonsteroidal anti- 
inflammatory drugs (NSAIDs), hypovolemia, sepsis, or previous renal 
disease.5 In some cases, active lupus nephritis is a contributing factor. 
A careful examination of the urinary sediment is the most critical diag-
nostic tool. Proteinuria, casts, and dysmorphic red blood cells indicate 
glomerulonephritis. Lupus patients with active nephritis are often 
hypertensive. Significant renal lupus (other than membranous disease) is 
often associated with low complement levels and elevation of anti-DNA 

•• Acute organic brain syndrome without focal neurologic deficits or 
evidence of systemic vasculitis is unlikely to be due to vasculitis.

•• Fever in patients with systemic autoimmune diseases should be 
presumed to be infectious if accompanied by chills, leukocytosis 
with a left shift, or hypotension.

•• Patients who have been treated with significant doses of corti-
costeroids within the past year may require empiric replacement 
therapy during critical illness or surgical procedures until adrenal 
insufficiency can be excluded.

antibody. In a patient with a creatinine level above 4.0 mg/dL who has 
been adequately hydrated, has been divorced from nephrotoxic drugs, 
and shows evidence of active glomerulonephritis, the question arises: 
Is more aggressive immunosuppression desirable? The answer to this 
question depends on the degree of potential disease reversibility. A renal 
biopsy may help clarify this issue. The presence of significant chronic 
disease should dampen enthusiasm for aggressive therapy. Review of 
old records can be enlightening if long-standing loss of renal function 
is documented. Clinicians have become increasingly aware that immu-
nosuppression in the lupus patient with advanced renal disease may 
be more hazardous than progression to complete renal failure. Patients 
with lupus tolerate dialysis in a fashion comparable to other patients, 
and results of renal transplantation are favorable. Paradoxically, patients 
with lupus who develop chronic renal failure often enjoy an ameliora-
tion of extrarenal symptoms.6 A few patients have recovered sufficient 
renal function to allow withdrawal from dialysis. For all these reasons, 
the overzealous administration of immunosuppression in patients with 
lupus and advanced renal disease should be approached with caution.

■■ RESPIRATORY FAILURE AND LUNG INFILTRATES:  
IS IT LUPUS PNEUMONITIS?

Respiratory failure in the patient with SLE is an ominous development: 
a paradigm of a compromised host who is on high-dose corticosteroid 
therapy. The usual opportunistic pulmonary infections need to be 
urgently excluded by bronchoalveolar lavage, bronchoscopic trans-
bronchial biopsy, or open lung biopsy. If no superimposed infections or 
embolic etiology can be found and treated, lupus-related respiratory fail-
ure remains a diagnosis of exclusion and can be caused by either lupus 
pneumonitis or diffuse pulmonary hemorrhage. Acute lupus pneumoni-
tis may occur as an initial manifestation of SLE and is characterized by 
fever, tachypnea and hypoxemia which may be accompanied by cough, 
pleuritic chest pain, and hemoptysis.7 Radiologic findings are highly 
variable but usually bilateral and at least bibasilar. This diagnosis is not 
only one of exclusion; it unfortunately still rests solely on clinical suspi-
cion. The other SLE-related cause of respiratory failure is diffuse alveolar 
pulmonary hemorrhage.7 Although invasive Aspergillus or tuberculosis 
can erode a pulmonary vessel and cause hemorrhage, gross hemoptysis, 
when present, usually indicates alveolar hemorrhage. Hemoptysis is not 
usually seen in lupus pneumonitis; unfortunately, this finding is present 
in <50% of patients with alveolar hemorrhage. Blood or hemosiderin-
laden macrophages found during bronchoscopy in a patient without 
heart failure can be helpful findings but are nonspecific. The presence of 
thrombocytopenia is not helpful, but bleeding sufficient to cause acute 
respiratory failure most invariably causes an acute drop in hematocrit. 
In fact, treatment should not be delayed in order to distinguish between 
lupus pneumonitis and lupus-associated hemorrhage, because mortal-
ity is extremely high in either syndrome and treatment strategies are 
similar. Pulmonary hypertension, sometimes severe, is frequently pres-
ent. Cardiac filling pressures, in contrast to B-type natriuretic peptide 
determinations, can occasionally be helpful discriminators to exclude 
acute cardiogenic pulmonary edema. Pulmonary artery thrombosis 
masquerading as massive pulmonary emboli can occur in patients with 
pulmonary hypertension or thrombotically active anticardiolipin (ACL) 
antibodies. The mortality of lupus pneumonitis is high, and treatment 
should be aggressive. Individual preferences will dictate modes of ther-
apy, since no consensus exists on either the etiology of the syndrome or 
effective treatment. Pulse methyl prednisolone, usually 500 to 1000 mg 
intravenously given for 3 to 5 days, or bolus cyclophosphamide at 0.5 to 
1.0 g/m2 has been used. The use of plasmapheresis and plasma-exchange 
in severe, refractory SLE remains controversial. The use of rituximab in 
severe, refractory, SLE has been reported as well.

■■ BRAIN DYSFUNCTION: IS IT LUPUS?
A patient with acute, severe neurologic deficits and a history of SLE 
or a clinical syndrome and laboratory evidence suggestive of systemic 
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vasculitis presents a diagnostic and therapeutic dilemma for the criti-
cal care clinician. Involvement of the central nervous system in SLE 
(NeuroPsychiatric SLE or NPSLE) occurs in approximately 30% to 
40% of patients with SLE.8 Common presentations of NPSLE include 
headache, cognitive dysfunction, mood disorders, seizure disorders, and 
cerebrovascular disease (strokes and transient ischemic attacks are the 
most common). A common dilemma is to differentiate between steroid-
induced mental status/mood changes and those owing to active SLE. 
Risk factors for the development of NPSLE include other SLE activity or 
damage, presence of antiphospholipid antibodies and previous or con-
current NPSLE, increasing age, hypertension, hyperlipidemia and other 
psychiatric distress. The evaluation of a patient with suspected NPSLE 
starts with a complete history and physical examination with attention 
to excluding non-SLE-related conditions. Depending on the patient’s 
symptoms, further evaluation can include complete blood counts, bio-
chemical and serologic tests, examination of the CSF, and MRI of the 
brain and/or spinal cord. Measurement of serum antiphospholipid anti-
bodies can be clinically very useful, particularly in a patient with focal 
neurologic symptoms or signs. CSF abnormalities (pleocytosis, protein 
elevation and low glucose levels) support the diagnosis of NPSLE but 
are not specific. CSF levels of IL-6, oligoclonal bands, and IgG indices 
can also be useful in identifying immunologic activity involving the 
CNS. In general, therapy of active NPSLE starts with addressing general, 
aggravating factors (eg, hypertension, adverse drug effects, infectious or 
metabolic complications). Symptomatic therapy targeted to the patient’s 
CNS problems are considered next, such as anticonvulsants in a seiz-
ing patient, antidepressants in depression, antipsychotic medications 
in a patient with psychosis or antiplatelet/anticoagulation in patients 
with NSPLE manifestations attributed to antiphospholipid antibodies.  
Immunomodulatory therapy has been used in aggressive cases of NPSLE 
and includes corticosteroids, azathioprine, and/or cyclophosphamide. 
Refractory or severe cases of NPSLE have prompted the use of  
IVIg, plasma exchange, and rituximab which have been reported in 
uncontrolled studies.8

Four CNS disorders associated with SLE can be puzzling: (1) A 
small subset of patients with SLE who have taken NSAIDs, especially 
ibuprofen, will develop a meningitis-like picture that is character-
ized by fever, severe headache, nuchal rigidity, and cerebrospinal fluid 
pleocytosis.9 In an immunosuppressed patient, these findings prompt 
consideration of both common and unusual bacterial and fungal eti-
ologies. The syndrome will remit rapidly once the drug is discontinued. 
(2) Headaches (including migraine) can be frequent in patients with 
SLE (up to 50% in some studies). High-risk features that would require 
additional attention and evaluation include explosive onset, severe 
symptoms, age of onset over 50 years, fever, immunosuppression, pres-
ence of antiphospholipid antibodies, the use of anticoagulants, focal 
neurologic findings, obtundation, meningismus, or other SLE activity.8 
(3) Rare instances of myelopathy can occur in the context of active 
SLE, or even as the initial manifestation. The optimal therapy of this 
disorder is not clear but a retrospective review from 2000 by Kovacs  
et al suggested that aggressive, early therapy with intravenous methyl-
prednisone followed by cyclophosphamide had the best outcomes. The 
role of plasmapheresis was not clear. In those patients with antiphospho-
lipid antibodies, a coagulopathic etiology has been postulated; however, it  
is unclear whether the use of anticoagulation improves the outcome.10  
(4) Posterior reversible, encephalopathy syndrome (PRES) is a syndrome 
in which patients can present with headache, seizures, changes in vision 
and changes in mental status who have a characteristic MRI appearance. 
Imaging shows hyperintensities on T2-weighted scans in the posterior 
cerebral area. In addition to being seen in patients with active SLE, 
PRES can be seen in acute hypertension, acute kidney injury, or in those 
taking immunomodulatory medications. Management of PRES can be  
challenging. If a medication is implicated, discontinuation of the drug 
with management of the seizures and hypertension is indicated. If  
active SLE is implicated, intravenous methylprednisolone and cyclo-
phosphamide have been advocated. The manifestations of PRES have 

tended to be reversible as reported in the literature but occasionally can 
lead to permanent deficits or infarction.11

A difficult but critical differentiation must be made in SLE patients 
with CNS findings, anemia, and thrombocytopenia. The latter find-
ings, while very common in active SLE, coupled with peripheral blood 
smear evidence of microangiopathy, point instead to thrombotic throm-
bocytopenic purpura (TTP). TTP is uncommon with an estimated 
incidence of 4 to 11 cases per million people.12 The diagnosis requires 
microangiopathic hemolytic anemia (MAHA) and thrombocytopenia. 
Only 50% patients will have neurological symptoms such as seizures 
or focal deficits. Although part of the classic pentad, fever is uncom-
mon and should stimulate a search for infection. Increased LDH, 
indirect bilirubin, and negative Coomb test are consistent with MAHA. 
ADAMTS13 levels have been associated with the pathophysiology of 
many cases of TTP; however, results may not be immediately available. 
Identifying TTP in the ICU setting is further complicated by the fact that 
critical care patients are usually anemic and thrombocytopenic for other  
reasons (such as severe sepsis). Ten percent of patients with TTP may have 
concomitant cancer or sepsis. Once TTP is diagnosed, patients should 
undergo plasma exchange until platelets are normalized.12 Case reports 
suggest that TTP and SLE can co-occur, and the differentiation between 
the two diseases is vital since the treatment of life-threatening TTP is 
plasma exchange and not concomitant pulse methylprednisone, alkylat-
ing agents, and/or plasmapheresis that many rheumatologists, in spite 
of unproven benefit, may resort to in the setting of fulminant CNS SLE.

SCLERODERMA

■■ PULMONARY HYPERTENSION
The emergence of effective therapeutic options has given the detection 
of pulmonary vascular disease a new sense of urgency. The exact preva-
lence of pulmonary hypertension in scleroderma is unknown but has 
been estimated to be 8% to 12%.13 There are generally two settings in 
which it is identified. In patients with limited cutaneous systemic scle-
rosis (previously called CREST syndrome), it occurs classically as an iso-
lated phenomenon in the absence of pulmonary fibrosis. This generally 
occurs in the second decade of disease or later. Patients who fall into the 
second major category of scleroderma with diffuse cutaneous involve-
ment may develop pulmonary hypertension as the result of advanced 
pulmonary fibrosis. In both settings, the vascular disease is character-
ized by bland endothelial proliferation and vascular occlusion. The 
vasculopathy of scleroderma is not characterized by an inflammatory  
infiltrate and is not treated with corticosteroids or immunosuppression. 
Early symptoms of pulmonary hypertension are exertional breathless-
ness, but later symptoms could provoke admission to the ICU. These 
include near-syncope or syncope with exertion, angina, and right heart 
failure. Scleroderma patients, especially those at greatest risk for pul-
monary hypertension, are typically screened yearly or every few years 
using Doppler echocardiography. Confirmation of diagnosis demands a 
right heart catheterization, which provides additional important infor-
mation about pulmonary capillary wedge pressure and cardiac output. 
The treatment of pulmonary hypertension in the context of scleroderma 
includes prostanoids (epoprostenol, iloprost, treprostinil), phosphodies-
terase-5 inhibitors (sildenafil, tadalafil), endothelin receptor antagonists 
(bosentan, ambrisentan), and general supportive therapy.13 End-stage 
pulmonary hypertension may require heart-lung transplantation. Other 
causes of pulmonary hypertension should not be overlooked in sclero-
derma patients, including recurrent thromboembolic disease.

■■ HYPERTENSIVE RENAL CRISIS
Hypertensive renal crisis in patients with scleroderma has been a major 
cause of mortality, so rapid recognition is crucial. Scleroderma renal 
crisis (SRC) typically develops in patients with diffuse cutaneous disease 
and rarely in patients with limited cutaneous disease.14,15 Antibodies to 
RNA Polymerase III have also been associated with the development 
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of SRC.16 At its onset patients experience a marked increase in blood 
pressure that may be accompanied by abnormalities of both urinary  
sediment (erythrocytes and protein) and the peripheral blood smear 
(fragmented cells and thrombocytopenia). Headache, visual distur-
bance, congestive heart failure, and cognitive dysfunction may accom-
pany the hypertension. The pathogenesis of hypertensive renal crisis is 
complex and involves a very high renin state. Although combinations 
of older antihypertensive agents were occasionally successful, the 
advent of ACE inhibitors revolutionized the outlook for this problem. 
Rheumatologists have a low threshold for using these agents in sclero-
derma patients and typically initiate them at the first diagnosis of hyper-
tension. In the setting of acute hypertensive renal crisis, larger doses 
of ACE inhibitors should be used. Although captopril and newer ACE 
inhibitors have been used, some prefer captopril because the dose can be 
adjusted more flexibly. The evidence supporting the use of angiotensin 
receptor blockers in place of ACE inhibitors is limited and mixed. They 
may have a role (along with calcium channel blockers, prostacyclin, 
and endothelin receptor antagonists) as adjunctive therapy for patients 
refractory to (or intolerant of) maximum doses of ACE inhibitors.17,18 
Some patients may progress to complete renal failure despite blood 
pressure control. Continued use of ACE inhibitors and dialysis may be 
required for months prior to recovery of renal function. Such improve-
ment can continue for up to 2 years. Progressive renal failure can occur 
in the absence of significant hypertension in as many as 10% of patients 
with scleroderma renal crisis. Microangiopathic changes may be seen 
on peripheral smear. Treatment with ACE inhibitors is indicated for this 
normotensive subset of patients.

POLYMYOSITIS/DERMATOMYOSITIS

■■ DIAGNOSIS IN THE ICU
Very ill patients in the ICU may be weak and have elevations of creatine 
phosphokinase (CK). Such clinical data prompt speculation about the 
presence of immune-mediated myositis. The most common presentation 
of polymyositis is the insidious onset of proximal muscle weakness. The  
acute development of de novo polymyositis in the ICU is unlikely. 
Similarly, acute fulminant disease requiring ICU admission with subse-
quent diagnosis is uncommon. Nonetheless, patients with undiagnosed 
polymyositis may be discovered in the ICU following admission for 
another reason (eg, aspiration pneumonia). More likely is the presence 
of weakness (usually generalized) in combination with a spurious or 
nonimmune cause of CK elevation. Intramuscular injections and myo-
necrosis during severe episodes of hypotension are common causes of 
increased CK levels in critically ill patients. ICU-acquired myopathy 
can usually be distinguished from polymyositis by clinical history. It is 
usually characterized by normal or modestly elevated serum CK levels.19 
The skin lesions of dermatomyositis are so highly characteristic as to be 
diagnostic of dermatomyositis when accompanied by weakness and an 
elevated CK value. Nearly all patients with active polymyositis will dis-
play an elevated CK or aldolase level, although occasional patients will 
have normal muscle enzymes.20 A unilateral electromyogram (EMG) 
can provide supportive evidence for the presence of myopathy and iden-
tify a biopsy site. Fibrillation potentials suggest active inflammation. A 
bedside EMG can be done in the ICU, although technical artifact may 
complicate the interpretation. Magnetic resonance imaging (MRI) may 
also confirm the presence of inflammatory muscle disease, but is gener-
ally impractical for ICU patients. The EMG should be done unilaterally 
because EMG needle artifact may be confused with muscle inflammation 
histologically. Because polymyositis/dermatomyositis is a symmetrical 
disease, the corresponding maximally affected muscle group can be 
biopsied on the opposite side. Open biopsy can be done at the bed-
side by an experienced surgeon to ensure proper handling of muscle  
tissue. Needle biopsies can be done with local anesthesia, have few 
complications and can be done repetitively to follow the disease course. 
However, some diseases such as polymyositis or systemic vasculitis have 
patchy involvement which may limit the yield of a needle biopsy.21

■■ RESPIRATORY FAILURE
Patients with polymyositis/dermatomyositis may develop respiratory 
failure secondary to muscle weakness involving the diaphragm, intercos-
tals, and accessory muscles. If pharyngeal muscles are involved, acute respi-
ratory failure may be precipitated by aspiration pneumonia. Patients 
with respiratory failure have a poor prognosis.22 Some patients with 
dermatomyositis and this type of profound weakness harbor an under-
lying malignancy. Such patients can be refractory to treatment. Steroids 
are the mainstay of acute management of inflammatory myositis. 
Prednisone, 1 to 2 mg/kg per day or its approximate intravenous equiva-
lent of methylprednisolone (in single or divided doses) may be given. In 
the ventilator-dependent patient, a short trial of pulse steroids may be 
justified up to 1000 mg methylprednisolone intravenously every day for 
3 days. Improvement in respiratory muscle strength can be judged by a 
rise in the maximal inspiratory pressure. Intravenous immunoglobulin 
(IVIg) is another option for the acute management of the severely ill 
patient refractory to therapy with corticosteroids.23 Second-line agents 
in polymyositis/dermatomyositis (eg, methotrexate, azathioprine, cyclo-
sporine, and rituximab) are most commonly used after corticosteroids. 
The role of plasmapheresis/leukapheresis is unclear with only limited 
data available.23

RHEUMATOID ARTHRITIS

■■ METHOTREXATE PNEUMONITIS
Oral low-dose methotrexate given intermittently emerged as the major 
therapeutic innovation in the treatment of rheumatoid arthritis (RA) 
during the 1980s and it continues to be the gold standard of RA therapy 
and a frequent adjunct to cytokine-directed therapy. Methotrexate 
therapy is both highly effective and generally well tolerated. A major, 
albeit uncommon, toxicity is an acute pneumonitis characterized by 
dyspnea and nonproductive cough. Fever is a frequent accompaniment. 
Diffuse alveolar and interstitial infiltrates can be present: either at diag-
nosis or appearing within days. Opportunistic infections mimicking 
this syndrome while unusual, need to be excluded. The risk factors for 
the development of methotrexate-induced lung injury include elderly 
patients, preexisting lung disease, and previous use of disease-modifying 
antirheumatic agents.24 Patients can suffer profound hypoxemia. They 
may appear extremely ill, and deaths have been reported. The mecha-
nism is unclear but is presumed to be a hypersensitivity reaction to the 
drug. Some patients have been rechallenged without developing the 
syndrome while others have relapsed. Diagnosis depends on recogni-
tion of the clinical scenario developing in a patient taking methotrex-
ate at any dose. Duration of treatment prior to symptoms has been 
variable. Bronchoscopy with brushings and biopsy shows nonspecific 
inflammation, and bronchoscopy’s main justification is to rule out an 
opportunistic infection. Because these are rare, it is not unreasonable to 
forego bronchoscopy initially. Open-lung biopsy is usually unnecessary. 
Treatment includes O2, withdrawal of drug, and the use of corticoste-
roids. Some have argued that steroids are not critical to recovery. The 
usual dose is prednisone 1 mg/kg per day or its equivalent in daily or 
divided doses. Most patients will show signs of recovery within a week.

■■ CERVICAL SPINE SUBLUXATION
Rheumatoid arthritis commonly affects the cervical spine with estimates 
as high as 80% of patients. Subluxation of vertebrae secondary to liga-
mentous laxity may occur at single or multiple levels. Anterior atlanto-
axial subluxation of C1 on C2 is the most frequent cervical abnormality 
and is particularly dangerous because of the capacity of the odontoid 
process (or dens) of C2 to compress the anterior spinal cord with 
motion. Sudden hyperextension of the neck during intubation could 
result in quadriplegia. In reality, such occurrences are rare. The expla-
nation may in part include the fact that progressive resorption of the 
dens often accompanies the most severely unstable necks. Symptomatic 
patients can be diagnosed with MRI or a myelogram. However, some 
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dramatic subluxations on MRI are not accompanied by neurologic 
signs or symptoms. Flexion and extension films of the cervical spine 
may show dynamic instability and subluxation of C1 on C2. There are 
few data about the specificity or sensitivity of such films to predict a 
cervical cord catastrophe. Clearly, caution should be exercised in the 
intubation of patients with rheumatoid arthritis and neck disease; if time 
allows, nasotracheal or fiberoptically guided endotracheal intubation is  
preferred. Cervical instability is a problem that attends advanced 
destructive rheumatoid arthritis. Early aggressive treatment of RA 
patients with disease-modifying therapy has dramatically reduced the 
prevalence of this problem.25

AUTOINFLAMMATORY DISEASES
Autoinflammatory diseases are rare conditions that have episodic 
features of inflammation with little or no evidence of systemic auto-
antibodies or autoreactive T lymphocytes.26,27 These diseases com-
monly have episodic fever that can suggest infection or malignancy 
and include diseases such as adult-onset Still’s disease, systemic-onset 
juvenile idiopathic arthritis, familial Mediterranean fever, and perhaps 
Behcet syndrome. Whereas many of the systemic autoimmune diseases 
we recognize (eg, rheumatoid arthritis, systemic lupus erythematosus) 
come about due to abnormalities affecting the adaptive immune system, 
the autoinflammatory diseases appear to arise because of abnormali-
ties in the innate immune system. Interleukin-1 helps “supervise” early 
immune responses and appears to be central to the development of 
clinical disease in autoinflammatory syndromes. Recognition of the 
importance of IL-1 has focused attention on therapeutic value of inhib-
iting IL-1. Anakinra, the IL-1 receptor antagonist, has gained attention 
in treating conditions such as familial Mediterranean fever and perhaps 
adult-onset Still’s disease in addition to potentially being another thera-
peutic option in Behcet disease.

OUTCOMES OF PATIENTS WITH RHEUMATOLOGIC 
DISEASES IN THE ICU
Mortality rates for patients with systemic rheumatic diseases admitted 
to the ICU are high.1 This is perhaps not unexpected when consid-
eration is given to a typical scenario of a chronically ill patient with 
multiple impaired organs, a disordered immune system, treatment with 
chronic immunosuppression, and admission to the ICU with infection. 
Reported ICU mortality rates for patients with rheumatic disease are 
higher than would be predicted using the Acute Physiology, Age, and 
Chronic Health Evaluation II (APACHE II) Score or Simplified Acute 
Physiology Score II (SAPS II).28,29 Factors associated with poor outcome 
include higher SAPS II scores, poor health status prior to admission, 
duration of rheumatic disease, corticosteroids and immunosuppressive 
drugs, renal failure, coma, and acute respiratory distress syndrome. The 
overall ICU mortality rate for patients with rheumatic disease ranges 
from 30% to 60%.1 Mortality rates are higher for patients admitted 
because of infection compared to those admitted for exacerbation of 
rheumatic disease.28,29 Since infection may cause two-thirds of ICU 
admissions among patients with rheumatic disease, aggressive intense 
therapy of the febrile patient with broad-spectrum antibiotic coverage 
is appropriate.

■■ FEVER OF UNDETERMINED ORIGIN: RHEUMATIC CAUSES
The traditional definition of a fever of undetermined origin (FUO) 
depicts a patient with a significant fever of 6 weeks or greater duration 
and no definable cause. In actual practice, depending on the impatience 
of the attending physician, FUO usually becomes the working diagnosis 
within 3 to 14 days after a fruitless search for classic causes of pyrexia. 
The most common causes of FUO are occult infection, drugs, and 
occasionally, malignancy. After those are excluded, one must consider 
a limited array of rheumatic diseases that could be present in a febrile 
patient with protracted fever. Rheumatic disorders may account for 

approximately 10% of cases of FUO. Because rheumatoid arthritis, 
scleroderma variants, dermatomyositis, polymyositis, and polymyalgia 
rheumatica are not usual causes of significant fever, they need not be 
strongly considered. SLE can present with high fevers, either spiking 
or relatively constant, and leukopenia, hypoalbuminemia, anemia, and 
an elevated erythrocyte sedimentation rate (ESR), but few other overt 
clinical signs of lupus such as rash or serositis, polyarthritis, or active 
urinary sediment. Most systemic necrotizing vasculitides will be evident 
after examination of the skin, chest radiograph, and urinary sediment. 
An extremely high ESR is a nonspecific laboratory clue in FUO, but anti-
bodies to relevant specific antinuclear or streptococcal disorders provide 
supportive evidence. A most vexing diagnosis to pin down is that of adult 
Still’s disease. These patients will have relentless spiking fevers, at times 
a history of FUO in childhood, leukocytosis, elevated levels of ferritin, 
mild to moderate hepatic enzyme changes, and an occasional truncal 
rash. Polyarthritis or arthralgias are not a constant feature early in this 
syndrome. Hepatosplenomegaly and lymphadenopathy are common. 
Rarely, acute pericarditis with tamponade or myocarditis with respira-
tory failure may complicate the course of adult Still’s disease.30 In the 
final analysis, treatment may have to be based on the supposition that 
the patient has relentless, immunologically driven, noninfectious inflam-
mation that evades specific diagnosis. Blanket suppression of cytokines 
and white blood cell responses by corticosteroids may be necessary. The 
steroid dose is tailored to control fever and normalize the acute-phase 
response. Anakinra and Tocilizumab have also been used for therapy.

■■ ISCHEMIC HEART DISEASE IN THE RHEUMATOLOGY PATIENT
Premature atherosclerosis can be seen in association with systemic auto-
immune disease; RA and SLE have been documented well.31 Traditional 
(Framingham) risk factors for cardiovascular disease only partially 
account for this accelerated atherosclerosis.32 Myocardial infarction 
makes a major contribution to excessive mortality in SLE. Mortality data 
suggest a bimodal distribution with many late deaths in SLE secondary 
to ischemic heart disease. The primary cause of ischemic heart disease 
in lupus is atherosclerosis. The cause of accelerated atheroma is unclear, 
but inflammation of the vascular endothelium due to chronic immune 
complex disease compounded by the effects of corticosteroids is likely 
to be a major contributing factor. Vasculitis in SLE may affect any organ 
including the heart although the frequency is not high. Identifying myo-
cardial ischemia caused by vasculitis (as opposed to premature athero-
sclerosis) can be difficult; however, most patients with coronary artery 
vasculitis have evidence of active vasculitis in other organs. Serologic 
evidence of active lupus and markers of systemic inflammation includ-
ing low hemoglobin and albumin are likely to be present. Acute therapy 
would include high-dose corticosteroids. In the face of widespread 
vasculitis, additional intervention with parenteral immunomodulatory 
therapy may be indicated.33

MULTIPLE AUTOANTIBODIES AND MULTISYSTEM 
INFLAMMATORY DISEASE: WHAT NAME DO I GIVE IT?
The systemic autoimmune diseases are characterized by the presence 
of sterile inflammation in multiple organs and multiple autoantibodies. 
The prototypical disease is SLE, which is characterized by the widest 
clinical and serologic spectrum. Other diseases include scleroderma, 
Sjögren syndrome, polymyositis, dermatomyositis, rheumatoid arthri-
tis, and syndromes with overlapping features (overlap syndrome or  
undifferentiated connective tissue disease). The clustering of clinical fea-
tures and the nature and diversity of autoantibodies may strongly suggest 
one disorder rather than another, but the overlap of clinical, serologic, 
and pathologic features among these diseases can be large, leading to 
considerable consternation for clinicians. Debates about whether a given 
patient has SLE, primary Sjögren syndrome, or an overlap syndrome are 
tiring, usually unresolvable, and generally irrelevant. The therapy for the 
immunologically active phase of these disorders is not disease specific. 
The absence of a consensus label should not delay therapeutic efforts.
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THE ELDERLY PATIENT WITH AN ELEVATED 
SEDIMENTATION RATE: IS THIS GIANT CELL ARTERITIS 
(TEMPORAL ARTERITIS)?
Within the ICU, advanced age, elevation of the ESR, anemia, and various 
nonspecific clinical features—chiefly fever—may converge to raise the 
question of temporal arteritis. Temporal arteritis is a granulomatous vas-
culitis that affects those over age 60 (mean age 70) and has a proclivity 
to affect extracranial vessels and branches of the aorta. Myriad uncom-
mon clinical features may develop, but headache, polymyalgia rheu-
matica, visual disturbance, scalp tenderness, and jaw claudication are the  
common fingerprints of this disease. Treatment is highly effective with 
prednisone in doses of 40 to 60 mg/d.34 The onset of this disease is typi-
cally insidious, and its complications rarely prompt admission to the ICU. 
Therefore, the question is more commonly framed in terms of whether 
the patient has developed new-onset temporal arteritis in the ICU (prob-
ably not) or did they have it as a comorbid state at admission? History 
and old records are critical in this regard. Temporal artery biopsy is the 
gold standard, although sensitivity varies with the institution. A classical 
clinical scenario that includes headache, visual symptoms, jaw claudica-
tion, scalp tenderness, and polymyalgia rheumatica may be sufficiently 
compelling to prompt treatment. Usually the situation is murkier. There 
is no substitute for the temporal artery biopsy, which can be done under 
local anesthesia with little morbidity. A sufficiently large piece (3-4 cm) 
should be obtained and adequate cuts done for pathology. Contralateral 
biopsy is done routinely by some if a first biopsy is negative. That deci-
sion will be influenced by the details of the clinical scenario and the risk 
of an empiric trial with steroids. A negative biopsy in a marginal clinical 
situation is reasonable grounds to withhold therapy.

ABDOMINAL PAIN AND ELEVATED ERYTHROCYTE 
SEDIMENTATION RATE: IS THIS VASCULITIS?
The clinical presentation of abdominal pain in association with an 
elevated ESR raises the diagnostic possibility of vasculitis. If the patient 
is already known to have systemic vasculitis, the differential diagnosis of 
the abdominal pain and elevated ESR is a bit more straightforward. In 
the unusual situation when a patient with relatively limited or no vascu-
litic findings in skin, renal, neurologic or pulmonary systems develops 
fulminant symptoms affecting the bowel, the diagnosis may remain 
elusive until angiography or surgical exploration is performed. Patients 
already on moderate to high dose corticosteroid therapy for pre-existing 
systemic vasculitis may develop bowel ischemia or perforation with 
relatively few physical findings. Mesenteric vasculitis can occur in 
polyarteritis nodosa, microscopic polyangiitis, mixed cryoglobuline-
mia and occasionally in granulomatous polyangiitis (GPA—formerly 
referred to as Wegener disease), Churg-Strauss and Henoch-Schonlein 
purpura. Diarrhea and profound protein-losing enteropathy and acute 
bowel obstruction secondary to adhesive serositis have occurred rarely 
in SLE. Acute pancreatitis has also been observed in the patient with 
SLE; appropriate biochemical and imaging assessment will confirm this 
diagnosis. Abdominal pain is the most common presenting symptom in 
those ultimately found to have mesenteric vasculitis and approximately 
30% will present with an acute (or surgical) abdomen. Gastrointestinal 
hemorrhage is uncommon, occurring in less than 30%. Gastrointestinal 
tract involvement in the setting of systemic vasculitis has a particularly 
bad outcome; however, mortality rates appear to have decreased since 
the 1970s.35 The evaluation of these patients traditionally started with 
plain abdominal films which might show free air or distended bowel 
loops. The relatively low sensitivity for finding these lesions has led to 
a more common use of computed tomography (CT) early in the evalu-
ation.36 Endoscopic evaluation (with biopsy) may have an appearance 
suggestive of ischemia but biopsies have a low sensitivity to diagnose 
vasculitis.35 Angiography may be necessary to make an appropriate 
diagnosis in less urgent situations. The role of MRI and/or MR angiog-
raphy is still unclear. Patients with mesenteric ischemia should undergo 

urgent laparotomy with resection of affected areas.37 Medical therapy 
includes supportive therapy and intravenous corticosteroids; cyclophos-
phamide is often added. In patients with vascular infarction, known to 
have antiphospholipid antibodies, anticoagulation may be indicated.36 
Rituximab, IVIg, and TNF antagonists have been used in refractory 
cases and the role of plasma exchange or plasmapheresis is unclear.35,37

LUNG INFILTRATES IN RENAL FAILURE: IS THIS AN 
IMMUNE-MEDIATED PULMONARY-RENAL SYNDROME?
When a patient has abnormalities of both renal and pulmonary systems, 
an immune-mediated pulmonary-renal syndrome should be strongly 
considered and ruled out as soon as possible. Examples of pulmonary-
renal syndromes include SLE, GPA, microscopic polyangiitis, advanced 
cardiac failure, infection, and Goodpasture syndrome. Goodpasture 
syndrome is characterized by antibodies to both alveolar and glomeru-
lar basement membranes (GBM).38 The diagnosis rests on establishing 
the presence of anti–basement membrane antibodies in the peripheral 
blood or in situ deposition in a renal biopsy. Characteristic histologic 
findings in the renal biopsy are those of a diffuse proliferative necrotiz-
ing glomerulonephritis highlighted by a somewhat unique characteristic 
of rather exuberant crescent formation. Although not well documented 
by contemporary clinical studies, immunohistologic analysis of tissue  
obtained by the transbronchial route has not been helpful in most 
instances.39 The diagnosis of an antibody-mediated pulmonary-renal 
syndrome is important because efficacious therapy exists, especially when 
initiated early in the disease course. Plasmapheresis, corticosteroids, and 
cyclophosphamide have formed the cornerstone of therapy.38 Small 
studies have shown efficacy with rituximab,40 and recalcitrant disease 
has been treated with mycophenolate and cyclosporine. Anti-neutrophil 
cytoplasmic antibodies (ANCA)-associated vasculitis (AAV) associ-
ated respiratory disease consists of GPA, microscopic polyangiitis, and 
Churg-Strauss vasculitis. GPA is associated with antibodies to proteinase  
3 (PR3). Microscopic polyangiitis and Churg-Strauss vasculitis can 
be associated with anti-myeloperoxidase antibodies (MPO). Alveolar 
hemorrhage is the main cause of hospitalization and ICU admission. 
Clinically, GPA can cause hoarseness, cough, dyspnea, stridor, wheezing, 
hemoptysis, cavitary lesions, alveolar hemorrhage, bronchiectasis, lung 
nodules, or infiltrates. Churg-Strauss vasculitis may cause nasal obstruc-
tion, recurrent sinusitis, or nasal polyposis. In addition, 95% of patients 
with Churg-Strauss vasculitis will have (or have had) asthma. Treatment 
is with corticosteroids and cyclophosphamide. Rituximab has recently 
been approved for the treatment of GPA and plasma exchange has been 
advocated in particularly aggressive disease.41

Up to one-third of patients with ANCA-associated disease (typically 
a p-ANCA) will have GBM antibodies.42 The estimated incidence of the 
combination of Anti-GBM and ANCA is 0.47 per million people and the 
prognosis for those with dual antibodies is similar to those with GBM-
antibody disease.38

CNS DYSFUNCTION: IS THIS VASCULITIS?
Patients with or without connective tissue disease and nonspecific mark-
ers of systemic inflammation who develop signs of brain dysfunction 
are routinely suspected of having CNS vasculitis. Often the likelihood is 
considered low but addressed in the interest of being thorough. Rarely 
does CNS vasculitis cause psychosis or coma without focal neurologic 
signs. Primary angiitis of the CNS, particularly in early stages, is an 
exception,43 but would not be expected to show signs or symptoms 
of multisystem disease or coma that would prompt ICU admission. 
Finding focal deficits on examination is difficult in the comatose or 
disoriented patient. A skilled neurologist can contribute more than 
imaging techniques. MRI and CT scanning may reveal a lesion sug-
gesting an ischemic event. While no pattern is specific for vasculitis, a 
completely normal MRI coupled with normal cerebrospinal fluid makes 
the diagnosis less likely. Angiography can be very helpful in identifying 
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■■ ANTINUCLEAR ANTIBODIES
The presence of antinuclear antibodies (ANA) in high titer provides 
presumptive evidence for the presence of systemic autoimmune dis-
eases, and in particular, SLE (Table 126-1). Lower levels of ANA can be 
nonspecific, possibly normal, and at times explained by age, prior drug 
therapy or viral infection (especially parvovirus or Epstein-Barr virus), 
or a first-degree relative with lupus. Low levels of ANA in the elderly can 
be particularly misleading in the presence of an age-related elevation of 
the ESR. It has been estimated that up to 25% to 30% of normal, healthy 
individuals will have a positive ANA (depending on the dilution or titer 
used as a cutoff).49,50 These data are confounded by a small but definite 
incidence of new cases of SLE among the elderly. Screening ANA is 
typically done by a standard, indirect immunofluorescence technique, 
although some laboratories are using solid-phase immunoenzymatic 

methods. The test is now performed most commonly on HEp-2 cells 
and is sensitive for detecting the presence of SLE and other collagen 
vascular diseases, but as noted above, the test is hindered by the lack 
of specificity. Interest in specific ANA has spawned a long and at times 
confusing list of tests of variable utility.51 A brief overview of the most 
useful specific ANA tests follows.

Anticentromere Antibody:  This antibody to the kinetochore of chromo-
somes is detected by recognition of a particular pattern of immunofluo-
rescence on HEp-2 cells. It is, in general, the only pattern detected on 
screening ANA useful for diagnostic purposes. The antibody is found 
most commonly in the limited cutaneous scleroderma. In this subset of 
patients, the test has been positive in 44% to 98% of those tested.52,53 Less 
commonly, it may be seen in diffuse scleroderma and primary biliary 
cirrhosis with or without evidence of scleroderma.

Antibodies to DNA:  Antibodies to DNA fall into two major categories 
by virtue of reacting to antigenic determinants on the phosphate deoxy-
ribose backbone of the DNA helix or determinants on the nucleotide 
bases. The former represent antibodies to native double-stranded DNA 
while the latter react with single-stranded DNA. Antibodies to single-
stranded DNA are more common and are found across a spectrum of 
rheumatic and nonrheumatic disorders. They are of no practical clinical 
utility. Antibodies to double-stranded DNA are useful since they have 
high specificity for SLE and are found in 60% to 70% of patients with 
that disease.54,55 In some, but not all lupus patients, levels of anti-DNA 
antibody (along with complement levels) will correlate positively with 
disease activity, especially in the kidney. Low levels of this antibody have 
been found rarely in other connective tissue diseases.

Antibodies to Sm:  This antibody is named after a patient (“Smith”) in 
whom it was first described. The antibody has high specificity for SLE 
and is rarely found in patients with other connective tissue diseases. 
Sensitivity is only about 30% for SLE. Sm is not to be confused with an 
antibody to smooth muscle (SM), which is not a marker for collagen  
vascular disease, but is found in patients with chronic liver disease. 
There is no specific clinical profile of Sm-positive patients with SLE. 
Titers are not useful for assessment of disease activity.

Antibodies to nRNP:  Antigenic determinants for nuclear ribonucleopro-
tein (nRNP) may occur in a molecular complex with Sm, and antibodies 
to Sm and RNP are often found in the same patient. Antibodies to nRNP 
may be seen in SLE, scleroderma, or overlap syndromes. The presence of 
overlapping clinical features and high titers of antibody to RNP defines 
a clinical subset of patients referred to as those with mixed connective 
tissue disease (MCTD).

Antibodies to SS-A/Ro and SS-B/La:  These antigens were originally 
described in patients with Sjogren syndrome (SS) and SLE. They are 
RNA-protein conjugates. SS-A and Ro have antigenic identity, as do 
SS-B and La. The presence of SS-B/La may be seen in SLE or Sjogren 
syndrome, and in most assays is measured along with SSA/Ro. The Ro 
antibody has been described in 60% of so-called ANA-negative SLE. 
Anti-Ro antibody is also highly prevalent in the setting of neonatal 
lupus with congenital heart block. In those cases, the antibody is found 
in mother and child.56,57 Other clinical scenarios associated with anti-Ro 
antibody include subacute cutaneous lupus and C2 deficiency. Anti-Ro 
antibody occurs in 25% to 40% of unselected patients with SLE. The 
major indications for ordering these tests are: in a setting in which 
SLE is strongly suspected but the screening ANA is negative, a patient 
suspected of having Sjogren syndrome, congenital heart block, neonatal 
lupus, and the initial evaluation of a patient with a positive ANA.

Antibodies to Scl-70 (Topoisomerase I):  Antibodies to Scl-70 are directed 
toward DNA topoisomerase I and inhibit its function.58 They are 
found in 20% to 40% of patients classified as diffuse systemic sclerosis, 
and less commonly in patients with limited cutaneous scleroderma. 
Determination of this antibody is part of the evaluation of patients  
suspected of having scleroderma.

  TABLE 126-1    Serologic Tests in Rheumatic Diseases

Antibody Disorder

Tests with higher specificitya for systemic autoimmune disease:

Antinative DNA SLE

Anti-Sm (Smith) SLE

Anti-Ro (SS-A) Congenital heart block

Antinuclear antibody-negative lupus

Subacute cutaneous lupus

Primary Sjögren syndrome

SLE

Anticentromere Limited cutaneous variant of scleroderma (CREST)

Anti-Scl-70 (topoisomerase I) Diffuse scleroderma, less commonly limited scleroderma

Antineutrophil cytoplasmic 
antibody

GPA

Microscopic polyangiitis

Idiopathic crescentic glomerulonephritis

Anti-ribonucleoprotein SLE

Mixed connective tissue disease

Undifferentiated connective tissue disease

Anti-La (SS-B) SLE

Primary Sjögren syndrome

Tests with lower specificity for systemic autoimmune disease:

Antinuclear antibody SLE

Other autoimmune diseases

Normals (usually low titer)

Drug-induced

Aging

Rheumatoid factor Rheumatoid arthritis

Mixed cryoglobulinemia

Aging

Subacute bacterial endocarditis

Any cause of chronic antigenic stimulation

Anticardiolipin antibody Anticardiolipin antibody syndrome

Normals

Viral illness

SLE

Other autoimmune diseases

GPA, granulomatous polyangiitis; SLE, systemic lupus erythematosus.
aUnlikely to be found in normals, with aging, or as a nonspecific immune response to infection.
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Antineutrophil Cytoplasmic Autoantibodies:  The detection of antibod-
ies directed against neutrophil cytoplasmic components offers a useful 
serologic tool for the diagnosis and management of a group of disorders 
characterized by systemic necrotizing vasculitis and glomerulonephri-
tis.59,60 These disorders include GPA, microscopic polyangiitis, Churg-
Strauss syndrome, and idiopathic crescentic glomerulonephritis. The 
renal lesions in these disorders have in common necrotizing vascular 
injury and a paucity of immune deposits. Antineutrophil cytoplasmic 
autoantibodies (ANCA) are found in 90% of patients with active, 
generalized GPA and 60% to 70% of those with limited disease. The 
titer often parallels disease activity and may be helpful in distinguish-
ing a disease flare from intercurrent infection or other morbidity in 
patients with GPA. ANCA can be found in 80% of patients with active 
pauci-immune necrotizing and crescentic glomerulonephritis, which 
is one of the major causes of rapidly progressing glomerulonephritis. 
Specific patterns of ANCA have been identified and are referred to as 
cytoplasmic ANCA (C-ANCA: caused by antibodies to proteinase-3) and 
perinuclear ANCA (P-ANCA: caused by antibodies to myeloperoxidase). 
In general, patients with GPA have demonstrated C-ANCA, whereas 
those with idiopathic crescentic glomerulonephritis have demonstrated 
P-ANCA.61 P-ANCA has been reported with other forms of systemic 
vasculitis, including microscopic polyangiitis and Churg-Strauss vas-
culitis. Atypical perinuclear ANCA (now called UC-ANCA) has also 
been observed in patients with inflammatory bowel disease. The clinical 
scenarios that warrant measurement of ANCA are patients with known 
or suspected GPA or other small-vessel vasculitis and patients with rap-
idly progressing glomerulonephritis. These antibodies have also been 
uncommonly identified in Takayasu disease, SLE, relapsing polychon-
dritis, and Behcet disease.

Antibodies in Polymyositis/Dermatomyositis:  In general, serologic testing 
has been of little practical value in the diagnosis and management of 
patients with polymyositis or dermatomyositis. Recently, the emergence 
of a family of autoantibodies that are found nearly exclusively in patients 
with myositis, known as myositis-specific autoantibodies or MSA, has 
focused interest on the role of humoral immunity in this disease.20 MSA 
are usually directed against intracellular, intracytoplasmic antigens 
involved in protein synthesis. The exact role of these antibodies in the 
management of patients is unclear, but identification of these antibod-
ies may be useful in patients who represent a diagnostic dilemma. Jo-1 
antibody is the most common of the MSA and belongs to a family of 
autoantibodies known as antisynthetases. It can be found in 15% to 40% 
of patients with polymyositis, and less commonly in dermatomyositis. 
The presence of the antibody highly correlates with associated intersti-
tial lung disease. MSA titers have not proved useful in monitoring the 
course of patients with polymyositis or dermatomyositis. Specific MSA 
may prove to define unique clinical and immunogenetic groups that 
represent separate but related diseases. Antibody to PM-1 or PM-Scl 
defines a small subset of polymyositis patients (10%), half of whom will 
have accompanying features of scleroderma.

■■ RHEUMATOID FACTOR
Rheumatoid factors (RF) are autoantibodies, predominantly IgM iso-
type, that are directed against multispecies antigenic determinants on 
the heavy chain of IgG and are associated with rheumatoid arthritis. It 
is generally accepted that RF is found in approximately 70% to 90% of 
patients with rheumatoid arthritis; however, RF can be found in 5% of 
normal individuals (perhaps as frequent as 30% in some populations).62 
Rheumatoid factors can arise during acute illness or chronic antigenic 
stimulation of almost any cause. They are present, sometimes in signifi-
cant titer, in bacterial endocarditis, granulomatous diseases, and most 
rheumatic diseases at some point in time. The presence of RF, occurring 
in tandem with significant decreases of serum complement components 
C3 and C4, may provide a diagnostic clue in rarely encountered clinical 
syndromes such as rheumatoid vasculitis with cryoglobulins or hepatitis 
C–associated mixed cryoglobulinemia and vasculitis. These syndromes 

can present with gastrointestinal tract involvement and hemorrhage, 
compromised renal function or progressive peripheral neuropathy, and 
skin ulceration.

■■ ANTIBODIES TO CYCLIC CITRULLINATED PEPTIDE
Antibodies directed against cyclic citrullinated peptide (CCP) have 
been associated with rheumatoid arthritis and are currently used (along 
with RF) in the diagnosis of this disease. Antibodies to CCP have been 
shown to have higher specificity (95%)63 for rheumatoid arthritis than 
RF (85%),63 although the sensitivity appears to be similar in both tests 
(67% for CCP and 69% for RF). The high specificity of antibodies to 
CCP has been reevaluated in the light of finding antibodies to CCP in 
SLE64; however, the authors note that CCP prevalence in other systemic 
autoimmune diseases is low. The percent of the general population with 
positive CCP antibodies but no clinical RA is unclear. Some believe that 
immune interaction with citrulline has a pathogenic role in the develop-
ment of rheumatoid arthritis and antibodies to CCP have been shown 
to be present before the development of clinical rheumatoid arthritis.

■■ COMPLEMENT LEVELS
SLE is the prototypical disease that involves the complement cascade. 
During active disease, antigen-antibody immune complexes fix comple-
ment leading to depletion of complement factor 3 (C3) and complement 
factor 4 (C4).65 Decreased levels of C3 and C4 can be a marker of disease 
activity in some but not all SLE patients. However, caution is advised; 
C3 synthesis is increased by acute inflammation of any cause, serving as 
an acute-phase reactant. For instance, a patient with SLE being treated 
with corticosteroids may have increased consumption of C3 secondary 
to immune complex formation. Such a patient may develop a secondary 
bacterial infection, which stimulates the production of C3 in its role as 
an acute-phase reactant. The end result could be a normal serum level 
of C3, which may engender a false sense of security with regard to SLE 
disease activity. Conversely, the significantly reduced synthesis of C3 
in many hepatic diseases is reflected in low plasma levels that can be 
misinterpreted. Patients with SLE or overlap variants may have hetero-
zygous or homozygous defects in C4 production. These patients will 
always have low C4 levels, regardless of disease activity. ICU patients 
admitted with either meningococcemia or gonococcemia provide one of 
the reasons for the determination of total hemolytic complement level 
(CH50 or CH100). This assay serves as a screening test that depends on 
the functional presence of all individual complement components. A 
significant decrease in hemolytic activity may identify patients with a 
terminal complement component deficiency at high risk for recurrent 
bacteremia.

■■ CRYOGLOBULINS
Cryoglobulins are immunoglobulins with a propensity for precipita-
tion at temperatures below normal body temperature and subsequent 
resolubilization with warming. They can be monoclonal, oligoclonal, 
or polyclonal and often are associated with hepatitis C infection, but 
can be found in association with other systemic autoimmune diseases,  
malignancy, and bacterial or viral infections. Cryoglobulins are frequently 
reported as a cryocrit—the percent volume of the precipitant. Cryocrits 
are convenient ways to present the amount of cryoglobulin but can 
be somewhat unreliable. Cryoglobulin-mediated vasculitis should be 
followed in terms of its clinical activity; clinicians should not rely on 
cryocrit decreases during therapy. Pseudoleukocytosis can occur when 
automated cell-counting procedures count crystallized cryoproteins as 
white blood cells. Pseudohypogammaglobulinemia and pseudothrom-
bocytosis have also been reported.

■■ ANTICARDIOLIPIN ANTIBODIES
The anticardiolipin (ACL) antibodies belong to a family of antiphos-
pholipid antibodies (APLA), including those responsible for the 
lupus anticoagulant (LA), the false-positive test for syphilis, and 
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anti-B2-glycoprotein-I antibodies. These antibodies often, although not 
always, occur together. The clinical syndromes associated with these 
antibodies belong to a growing list that can be explained largely by the 
capacity of these antibodies to induce thrombosis in the venous and 
arterial circulation. Thrombocytopenia and recurrent fetal loss are other 
major consequences of APLA. The combination of APLA and one or 
more of these clinical features has been termed the “antiphospholipid 
antibody syndrome.”66 Chronic false-positive serologic tests for syphilis 
are associated with autoimmune disease, notably SLE, and are found 
with increased frequency in patients with ACL and LA activity. Lupus 
anticoagulants are antibodies that prolong phospholipid-dependent 
tests in vitro by interference with the calcium-dependent binding of 
prothrombin (factor II) and factor Xa to phospholipids, thus inhibiting 
the generation of prothrombinase. This usually results in prolongation of 
the activated partial thromboplastin time (APTT) with or without slight 
prolongation of the prothrombin time (PT) and INR. LA is a common 
cause of prolongation of the PTT, but not the only cause. Many patients 
with LA do not have SLE. Usually ACL antibodies are detected in an 
enzyme-linked immunosorbent assay (ELISA) using bovine cardiolipin 
as substrate. These are the most commonly detected antiphospho-
lipid antibodies. They are generated transiently in the course of acute 
infections including mycoplasma and gram-negative infections. IgM 
ACL as well as the LA may be induced by a variety of drugs includ-
ing phenothiazines, procainamide, phenytoin, hydralazine, quinidine, 
and streptomycin. These antibodies are most often not associated with 
thrombotic events, but exceptions to this rule occur. Antibodies to 
B2-glycoprotein-1 are more specific for the diagnosis of APLA syn-
drome than the anticardiolipin test. ACL antibodies have been found in 
2.5% of the general population. For most of these patients, the antibodies 
have no clinical significance. The risk of thrombosis and fetal loss has 
been generally associated with higher levels of antibody and the IgG iso-
type, though exceptions occur. Thus the presence of ACL antibody as an 
isolated finding should not prompt therapeutic intervention. A myriad 
of neurologic events including stroke, transient ischemic attacks, and 
amaurosis fugax have been associated with the presence of LA and ACL 
antibody. Their presence should be suspected in patients who have no 
risk factors for thrombosis or who have associated autoimmune disease 
or suggestive screening laboratory abnormalities, including prolonged 
PTT or false-positive serologic tests for syphilis. Skin lesions secondary 
to LA and ACL include livedo reticularis, purpura, hemorrhage, and 
ischemia leading to gangrene. The vasculopathy of APLA syndrome 
is not vasculitis, but primarily thrombosis of large or small arteries or 
veins. Treatment for major thrombotic complications of this syndrome 
is anticoagulation. Steroids are indicated for associated clinical features 
related to systemic inflammation. Rarely patients may present with 
evidence of widespread vascular occlusion and multiorgan failure occur-
ring concurrently or over a short period of time related to antiphospho-
lipid antibodies. Kidneys, bowels, lungs, brain, and heart are frequently 
involved. The catastrophic antiphospholipid syndrome (CAPS) is associ-
ated with significant morbidity and mortality in spite of empiric therapy 
with corticosteroids, anticoagulation, and apheresis. CAPS needs to be 
distinguished from thrombotic thrombocytopenia purpura (TTP) and 
diffuse intravascular coagulation. Precipitating events, such as infection, 
trauma, surgical procedures, or reduction in anticoagulation therapy, 
may contribute to the development of CAPS.66-68

USE OF CORTICOSTEROIDS,  
IMMUNOSUPPRESSIVES, AND ANTI-INFLAMMATORY 
DRUGS IN THE CRITICALLY ILL PATIENT

■■ CORTICOSTEROIDS
Corticosteroids have potent immunosuppressive and anti-inflammatory 
properties that, in combination with rapid onset of action, make them 
the drugs of choice for the initial therapy of most acute, life-threatening 
rheumatic disorders. Even low doses of prednisone (<10 mg/d) have 

potent anti-inflammatory effects and are highly effective in patients 
with rheumatoid arthritis. For purposes of controlling inflammation 
and immunomodulation, “short-acting” glucocorticoids with little or no 
mineralocorticoid activity are preferred. The oral drug of choice is pred-
nisone, which is converted to prednisolone in the liver. Whereas active 
liver disease impairs that conversion, it appears to be offset sufficiently 
by decreased rate of elimination of prednisolone to obviate the need to 
preferentially use prednisolone in patients with cirrhosis or active liver 
disease. The intravenous drug of choice is methylprednisolone. The dose 
equivalency is 4 mg methylprednisolone to 5 mg prednisone. The dose 
of prednisone or methylprednisolone is largely empiric. For serious, 
life-threatening problems, 1 mg/kg per day of prednisone is a reason-
able starting point. Dividing the dose into a twice-a-day or other dose-
divided schedule may increase the immunosuppressive effect (as well 
as toxicity) and is recommended by some for initial therapy. Extremely 
large doses of intravenous methylprednisolone (500-1000 mg) daily have 
been used for brief periods (3-5 days) with variable success in a variety 
of clinical settings, mostly in the context of SLE. Unique side effects to 
this form of therapy, including sudden overwhelming sepsis and sudden 
death, are rare. This form of therapy is generally reserved for patients 
who have failed conventional high-dose therapy with corticosteroids 
with or without another immunosuppressive agent. Patient response to 
corticosteroids varies. Failure to respond is likely a result of the nature 
and severity of the disease. The effectiveness of glucocorticoids may be 
reduced by simultaneous use of other drugs that induce hepatic micro-
somal enzyme activity, such as phenytoin, barbiturates, and rifampin. 
Bioavailability of prednisone may be reduced by antacids sometimes 
prescribed for concurrent use. Cortisol and its synthetic derivatives 
are bound to corticosteroid-binding globulin and albumin. The bound 
steroid is not active. Increased frequency of prednisone side effects 
has been observed at low serum albumin levels, probably reflecting 
an increase in the unbound, active fraction of the drug. Patients who 
have a positive purified protein derivative (PPD) test about to undergo 
corticosteroid therapy (particularly with doses of prednisone of 20 mg/d 
or greater) should be considered for isoniazid (INH) prophylaxis 
(300 mg/d orally). The reported risk of reactivation ranges from low in 
asthmatics to higher in the elderly and in patients immunosuppressed 
by virtue of other drugs or their primary disease. The patient with a 
positive PPD and either a normal chest x-ray or a single calcified nodule 
may not require prophylaxis.69 If the patient has significant impairment 
of the immune system or the chest film shows fibronodular scarring, the 
risk is enhanced considerably, and prophylaxis with INH is advisable.70  
Steroid therapy suppresses cutaneous delayed hypersensitivity responses 
by inhibiting recruitment of macrophages to the skin test site. This 
phenomenon is reversible on stopping the drug. In one study, treatment 
with 10 mg prednisone daily totally inhibited cutaneous tuberculin 
sensitivity in both active and inactive cases of tuberculosis, with a mean 
reversion time of 13.6 days and reconversion time of 6 days following 
discontinuation of the drug. Acute adrenocortical insufficiency may 
occur in critically ill patients who have been treated with chronic glu-
cocorticoid therapy. On the basis of available data, any patient who has 
received a glucocorticoid at a dose greater than 20 to 30 mg prednisone 
daily for longer than a week should be suspected of having hypotha-
lamic-pituitary-adrenal (HPA) axis suppression.71 At doses closer to but 
above the physiologic range, a month is probably the minimum dura-
tion required for HPA suppression. Patients receiving the equivalent 
replacement doses of steroid (5 mg prednisone) as single morning dose 
therapy are at low risk of iatrogenic adrenal insufficiency. In the absence 
of hemodynamic instability, these patients do not require full “stress 
dose” replacement therapy. Low baseline cortisol levels or an adreno-
corticotropic hormone stimulation test may help resolve the question of 
adrenal suppression,72 but the clinical reality usually dictates empirical 
coverage with “stress doses” of corticosteroids. This can be accom-
plished with 50 to 100 mg hydrocortisone intravenously every 8 hours.  
This is approximately the equivalent of 30 to 60 mg prednisone. Higher 
doses are not necessary and are potentially more hazardous. Use of 
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corticosteroids on alternate days is associated with some decrease in 
chronic drug morbidity but has limited clinical utility and is not used 
frequently. In the urgent setting of the critically ill patient, the greater 
effectiveness of daily or split daily doses of steroids recommends such 
a dosing schedule.

■■ CYCLOPHOSPHAMIDE
Cyclophosphamide (CTX) is an alkylating agent with broad immunosup-
pressive properties. It is generally embraced as the drug of choice for sup-
pression of progressive, life-threatening autoimmune disease unresponsive 
to corticosteroids alone. Effectiveness has been reported in a broad spec-
trum of systemic autoimmune diseases and primary vasculitides, includ-
ing SLE, GPA and polyarteritis nodosa. CTX causes broad suppression of  
B- and T-cell function and acts as a potent inhibitor of antibody produc-
tion. Anti-inflammatory effects have also been described. The drug is rap-
idly absorbed orally. It is inert until metabolized in the liver. Extravasation 
of the drug (when used intravenously) is not caustic to soft tissues. Sixty 
percent of the drug is excreted in the urine in the form of active metabo-
lites. Impaired excretion of these active metabolites because of renal insuf-
ficiency can potentiate the therapeutic and toxic effects of a given dose of 
drug. The drug can be given orally, usually at a dose of 2 mg/kg per day, 
or intravenously. To circumvent toxic effects associated with chronic drug 
exposure, intravenous bolus CTX therapy is commonly used in critically 
ill patients at doses of 0.5 to 1.0 g/m2. The onset of immunosuppressive 
activity of CTX is estimated at 10 to 14 days following initiation of therapy. 
Although unproved in rigorous clinical trials, there is an operational 
principle that immunosuppression can be achieved more rapidly with 
intravenous bolus therapy. Hence bolus CTX is most often given in the 
setting of progressive life-threatening disease requiring immunosuppres-
sion. A major short-term side effect of bolus therapy is a predictable white 
blood cell count nadir 7 to 10 days after drug infusion. Leukocyte count 
levels typically recover in 2 to 3 days. However, if the patient has a concur-
rent bacterial infection during the nadir period, the consequences of even 
transient profound neutropenia can be disastrous. Gross hematuria may 
signal the development of hemorrhagic cystitis or bladder malignancy. 
Bladder problems are related to duration of therapy and total cumulative 
dose administered. Many of the other side effects of therapy with CTX 
are related to chronic use, including gonadal suppression, oncogenesis, 
pulmonary interstitial fibrosis, and hypogammaglobulinemia.

■■ AZATHIOPRINE
Azathioprine is a commonly used immunomodulating drug with mild 
to moderate immunosuppressive properties that may in large part be 
explained by a preferential reduction of natural killer cells. Onset of 
action is slow, probably taking months. It is often used concurrently with 
corticosteroids in patients requiring unacceptably high doses of steroids, 
to reduce the steroid dose. Azathioprine is not the drug of choice when 
significant immunosuppressive effect is needed on an urgent basis. Risk 
for infection is modest in the absence of leukopenia. Azathioprine is 
metabolized in the liver to the active metabolite, 6-mercaptopurine, a 
purine analogue. The drug interferes with purine biosynthesis and is 
ultimately metabolized by xanthine oxidase. Allopurinol (which inhibits 
xanthine oxidase) should be avoided in a patient on azathioprine as this 
may result in very high serum azathioprine levels and a fatal outcome. 
Dose range for this drug is approximately 2 mg/kg per day. The drug is 
primarily metabolized in the liver, but the need for dose adjustment in the 
presence of liver disease is variable and may be unnecessary. Drug half-
life can increase in renal failure but may not prove clinically significant. 
Cautious observation for the development of cytopenia is indicated in the 
presence of hepatic or renal failure. The drug is well absorbed orally and 
may be given intravenously in doses equivalent to the oral form.

■■ MYCOPHENOLATE MOFETIL
Mycophenolate mofetil (MMF) interferes with de novo purine synthesis 
by inhibiting inosine monophosphate dehydrogenase. Nonlymphocytic 

cells recycle purine precursors through salvage pathways and are not 
dependent on de novo purine synthesis, in contrast to proliferating T 
and B lymphocytes, which are completely dependent on the de novo 
pathway. This difference confers selectivity on MMF and makes it an 
attractive choice for preventing allograft rejection. MMF is rapidly sup-
planting azathioprine in multiagent immunosuppressive protocols used 
in heart, lung, and renal transplantation. The conventional daily dose of 
MMF is usually 2 to 3 g and greater therapeutic effects are not usually 
found with higher doses. Mild reversible leukopenia and mild gastro-
intestinal side effects have occurred with MMF, and dose adjustments 
should be made when a patient has a glomerular filtration rate less than 
25% of predicted value. There is a low incidence of opportunistic infec-
tion that can be directly attributed to MMF when used at less than 3 g 
daily. In most clinical scenarios, plasma levels of its active metabolite, 
mycophenolic acid, do not need to be monitored to achieve therapeutic 
effects. Based on its selectivity, ease of administration, and low side-
effect profile, there is increasing interest in using MMF for the treatment 
of patients with autoimmune diseases.

■■ METHOTREXATE
Although methotrexate was introduced for the treatment of rheumatoid 
arthritis more than 30 years ago, methotrexate remains the remitting 
agent of first choice in rheumatoid arthritis for many rheumatologists. 
The drug is accepted as effective for the peripheral joint inflammation 
in psoriatic arthritis and reactive arthritis. Experience is being gained 
with its use in SLE and scleroderma. Use of methotrexate in the criti-
cally ill rheumatic disease patient is currently limited to patients with  
polymyositis/dermatomyositis that is refractory to corticosteroids. 
Methotrexate is a folic acid analogue and the major folic acid antago-
nist in clinical use. The drug is absorbed after oral ingestion but with 
significant variability. More predictable serum levels can be achieved by 
subcutaneous, intramuscular, or intravenous administration. High-dose 
methotrexate can alter antibody production and cellular immunity. 
Low-dose oral methotrexate (25 mg/wk or less), as used in rheumatoid 
arthritis, may be mainly anti-inflammatory or directly inhibiting to 
synovial lining cells. Low-dose methotrexate is given in rheumatoid 
arthritis in initial doses of 10 to 15 mg and may be gradually increased 
to levels of 25 mg/wk. Methotrexate for rheumatic disorders is delivered 
on a weekly basis. This regimen is associated with less toxicity than 
when the drug is given more frequently, particularly hepatotoxicity. 
Most patients will respond at doses between 15 and 20 mg weekly. 
Adverse reactions forcing discontinuation of the drug in short-term  
trials with rheumatoid arthritis occur in 5% to 31% of patients. Most 
toxicity is relatively minor and associated with advanced age, malnu-
trition, and impaired renal function. Nausea, vomiting, oral ulcers, 
rash, leukopenia, thrombocytopenia, and pancytopenia all may occur. 
Cirrhosis may occur in some patients treated for long periods and 
appears to be related to cumulative dose and probably the nature of 
the underlying disease being treated. The risk is asserted to be greater 
in psoriatic arthritis than rheumatoid arthritis. Ethanol potentiates the 
hepatotoxicity of methotrexate. Pretreatment screening for hepatitis 
B and C is usually done. Baseline liver biopsy is not indicated in the 
absence of risk factors for existing liver disease. The concurrent use 
of other antifolates (eg, sulfonamides) increases toxicity. Pancytopenia 
has been reported in some patients receiving methotrexate and trime-
thoprim-sulfamethoxazole together. Patients with ascites and large effu-
sions are at greater risk for methotrexate toxicity. Folic acid, 1 mg daily, 
has been recommended as a means of preventing adverse reactions and 
particularly hematologic side effects in patients treated for rheumatoid 
arthritis.73 The use of folic acid does not appear to significantly reduce 
effectiveness of the drug. In serious episodes of pancytopenia, leu-
covorin may be used. Opportunistic infections with herpes zoster and 
Pneumocystis (carinii) jiroveci have been reported even with low-dose 
methotrexate, although they are uncommon. Finally, an acute hyper-
sensitivity pneumonitis as discussed earlier occurs infrequently but may 
result in profound hypoxemia.

section11.indd   1251 1/19/2015   10:52:17 AM

http://www.myuptodate.com


htt
ps

://k
at.

cr/
us

er/
tah

ir9
9/

PART 11: Special Problems in Critical Care1252

■■ CALCINEURIN INHIBITORS
The use of cyclosporine and tacrolimus outside the setting of clinical 
transplantation is unusual with the possible exception of polymyositis 
or dermatomyositis. The mechanism of action and dosing intricacies 
of both drugs are very similar. There is an accelerating trend favoring 
the use of tacrolimus in organ transplantation because the incidence of 
hypertension, hyperlipidemia, and nephrotoxicity appear to be less than 
with cyclosporine. In a critically ill patient, maintenance of therapeutic 
plasma levels of a calcineurin inhibitor requires intensive monitoring 
of trough drug levels and frequent dose adjustments. A disparate group 
of commonly used drugs affect calcineurin inhibitor metabolism and  
eternal vigilance is required to prevent sudden decreases to subthera-
peutic levels or increases that are toxic. The volume-depleted patient is 
especially susceptible to renal failure caused by either calcineurin inhibi-
tor. Acute, severe gouty arthropathy is extremely common in patients 
being treated with cyclosporine.

■■ INTRAVENOUS GAMMA GLOBULIN
Intravenous infusion of pooled IgG antibodies from large numbers of 
normal volunteers activates a diverse spectrum of immunomodulatory 
effects. The primary mechanism may be mediated by downregulation of 
Fc receptors on neutrophils and macrophages and inhibition of B-cell 
antigen receptors, but cytokine, idiotypic, and major histocompatibility 
antibodies may play a role also.74 The spectrum of immunomodula-
tion provides a rationale for the use of intravenous immunoglobulin 
(IVIg) in patients who require immunomodulation, but cannot tolerate 
other agents because their bone marrow is suppressed or hypoplastic.  
High-dose IVIg therapy may be indicated for therapy-resistant immune-
mediated thrombocytopenia associated with significant bleeding,  
especially gastrointestinal bleeding, or when there is a need to either 
transiently elevate platelets or prolong the half-life of transfused platelets 
prior to splenectomy.75 These modified, biologically active immunoglob-
ulins are given at approximately a 0.4-g/kg dose and followed by platelet 
transfusions as indicated. Imaginative uses of these expensive biologics 
are frequent, usually in disease settings where all else has failed. Adverse 
effects from the use of IVIg include infusion reactions; uncommon but 
severe effects include nephrotoxicity, large vein thrombosis at the site of 
IVIg infusion and stroke.

■■ TUMOR NECROSIS FACTOR INHIBITION
The selective targeting of the proinflammatory cytokine TNF-alpha has 
produced a therapeutic revolution in rheumatology. While most widely 
used in the management of the synovitis of rheumatoid arthritis, these 
agents have been widely applied to a variety of immune-mediated disor-
ders including psoriatic arthritis, ankylosing spondylitis, Behcet disease, 
and sarcoidosis. Several commercial products are available, including 
monoclonal antibodies and a recombinant TNF receptor Fc fusion  
protein. In general, these drugs are extremely well tolerated, having nei-
ther renal toxicity nor marrow suppression. They can reactivate granu-
lomatous infections, notably tuberculosis and histoplasmosis. They must 
be used cautiously in patients with chronic or recurrent infection. They 
should be discontinued in the setting of serious infection or sepsis.

■■ INTERLEUKIN-1 INHIBITION
The prototypical therapy directed against the pivotal proinflammatory 
cytokine IL-1 is anakinra. It is a recombinant human IL-1 receptor 
antagonist and binds to IL-1 receptors preventing signal transduction. 
While moderately effective for rheumatoid arthritis, it has not been 
nearly as effective as the TNF-α drugs. However, it is finding utility in 
the therapy of autoinflammatory conditions which are thought to be 
driven, in part, by IL-1. Although it is associated with fewer serious 
infections than TNF-directed therapy, when they are used in combina-
tion the increased risk of serious infection outweighs any additional 
therapeutic benefit. The half-life is short (4-6 hours), making its use 
(and ease of discontinuation) popular in those suspected of having 

an IL-1 associated autoinflammatory disease.76 Additional agents with 
longer half-lives have been recently developed but experience is limited.

■■ B-CELL DEPLETION
Rituximab is a chimeric (mouse/human) monoclonal antibody that 
targets the CD20 molecule on B cells. CD20 is unique to B cells and is a 
stable transmembrane marker expressed during all stages of their matu-
ration. The monoclonal antibody depletes B cells by activating apoptosis 
signals and complement and Fc receptor cytotoxicity.77 Rituximab has an 
extensive history of effective use in B-cell lymphomas, and has a surpris-
ingly low number of significant side effects that can be characterized as 
constitutional symptoms of fever, chills, and rare hypotension attribut-
able to cytokine release. All of the latter are most frequently experienced 
on the first infusion and may be more common in lymphoma patients 
with a large lymphocyte burden. The ability to selectively target and 
destroy B cells has generated tremendous interest in the rheumatologic 
community because rituximab may offer a novel way to treat autoanti-
body-mediated autoimmune diseases like SLE, myasthenia gravis, auto-
immune hemolytic anemia, and Goodpasture syndrome. In critically 
ill patients who cannot tolerate or have failed alkylating agent therapy, 
rituximab offers the option of suppression of autoantibody production. 
The creative use of rituximab in autoimmune disease will be limited only 
by the imagination of the rheumatologist, and the reality is that wide-
spread off-label use is already in progress. However, it is doubtful that 
many of its diverse applications will be confirmed by appropriate clini-
cal trials. In theory, the focused destruction of B cells could culminate 
eventually in hypogammaglobulinemia and put the patient at high risk 
for bacterial infection. Careful monitoring of serum immunoglobulin 
levels in these patients is warranted.

■■ INTERLEUKIN-6 INHIBITION
Tocilizumab is a newer monoclonal antibody that binds to and inhibits 
interleukin-6 receptors, reducing inflammation. It is approved for use in 
the treatment of rheumatoid arthritis as monotherapy or in combination 
with methotrexate and is given via intravenous infusion. For a creatinine 
clearance >50 mL/min, there is no dose adjustment. Dosages for creati-
nine clearances below 50 mL/min and for active hepatic disease (or base-
line AST/AST >1.5x ULN) have not yet been defined. Serious adverse 
reactions include serious infections and cytopenias. Cases of neurologic 
dysfunction resembling multiple sclerosis have been reported. Common 
reactions include upper respiratory infections, headache, elevated trans-
aminases, rash, mouth ulcers, elevation of lipids, and hypertension. 
The half-life is 10 to 14 days. The risk for malignancy is not yet well-
described.76,78 Tocilizumab has also been used successfully in refractory 
adult-onset Still’s disease.79

■■ BLyS INHIBITION
Belimumab is a newer monoclonal antibody directed against 
B-lymphocyte stimulator (BLyS), which is overexpressed in patients 
with systemic lupus erythematosus. Belimumab binds to soluble BLyS 
and inhibits its biologic activity leading to a decrease in subset of 
CD20 B lymphocytes and plasma cells. It is given as an intravenous 
infusion and can be associated with infusion reactions. Phase 3 trials 
have shown limited clinical efficacy but similar rates of adverse events, 
serious adverse events, infections and fatalities similar between placebo 
and belimumab. There are no dosage adjustments for renal or hepatic 
impairment. Common side effects include nausea/diarrhea, upper 
respiratory infections, leukopenia, fever, depression, and anxiety. The 
half-life is 19 to 20 days.80,81

■■ CTLA4-IG INHIBITION
Abatacept is a biologic agent that inhibits T-lymphocyte activation 
through the CD80/CD86-CD28 co-stimulatory pathway, thereby limit-
ing the inflammatory response in rheumatoid arthritis. It is a fusion  
protein made of the human cytotoxic T-lymphocyte-associated antigen  
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4 (CTLA4) linked to the Fc portion of immunoglobulin G1. It is appro
ved for use in combination with methotrexate (not in combination with 
other biologics) to treat rheumatoid arthritis and given via intravenous 
infusion monthly. There is a newer regimen that uses subcutaneous 
administration. The half-life is approximately 14 to 17 days and admin-
istration can be associated with infusion reactions. A meta-analysis of 
published RCTs showed no significant increase in the risk of serious 
infections comparing the use of abatacept with those of placebo. The 
risk of malignancy in patients treated with abatacept does not appear to 
be higher than that seen in placebo-treated patients. There is no recom-
mended adjustment for renal or hepatic disease at this time. Common 
side effects include headache, hypertension nausea/vomiting/diarrhea, 
and upper respiratory infections. To date, no black box warnings are 
published for abatacept. As with most biologics, baseline hepatitis serol-
ogies and a PPD need to be documented as negative prior to starting.76,78

■■ PLASMAPHERESIS/THERAPEUTIC PLASMA EXCHANGE
Therapeutic plasmapheresis is a procedure where the plasma compo-
nent of blood is separated and removed. When the removed plasma is 
replaced with albumin or fresh frozen plasma, the process is referred 
to as therapeutic plasma exchange (TPE). TPE is thought to effect 
rapid removal of circulating antigens, immune complexes, pathologic 
antibodies, and circulating cytokines. TPE appears to be a fast-acting 
therapeutic adjunct to immunosuppressive therapy for some acute inflam-
matory/autoimmune disorders and may have a role in treating refractory  
disease. TPE is indicated in the treatment of patients with thrombotic 
thrombocytopenic purpura (TTP); also in patients with antiglomerular 
basement membrane disease (Goodpasture syndrome) or GPA with 
diffuse alveolar hemorrhage and/or with dialysis independent renal 
involvement. TPE is second-line therapy for patients suffering from 
CAPS and severe SLE (with manifestations such as cerebritis or diffuse 
alveolar hemorrhage). The procedure has a wide margin of safety and is 
commonly associated with mild side effects such as electrolyte distur-
bances. Adverse effects were seen in 5.7% of one registry with no related 
deaths. Another analysis reported 0.4% serious adverse effects (requiring 
discontinuation of the procedure) and three related deaths (complicated 
vascular access and transfusion-related lung injury). Anaphylaxis and 
hemorrhage have also been reported and are more common with the use 
of plasma than with albumin. A 1.0 to 1.5 plasma volume exchange will 
remove approximately 70% to 80% of the target substance (eg, immuno-
globulin). A common rationale used to determine the frequency of plas-
mapheresis is based on “resting” the patient on alternate days to allow 
re-equilibration between extravascular and intravascular IgG; typically  
5 to 7 exchanges are required to 75% of a pathologic antibody.82,83

EMPIRICAL THERAPY FOR SUSPECTED  
RHEUMATIC DISEASE
In puzzling cases the rheumatologist may discern from the nuances of 
the clinical examination, serologic testing, and invasive procedures that 
the patient has rheumatic disease. Sometimes the rheumatologist, like 
the intensivist, cannot make a definite diagnosis, yet confronts a criti-
cally ill patient who may have a rheumatic disease. The clinical status of 
such patients is usually at an unacceptable plateau or even more likely 
deteriorating. Should that patient be given empiric therapy? Recognition 
of our shortcomings in diagnosis and the inability of some patients to 
tolerate a critical invasive test may lead to the recommendation of such 
a course in selected patients. Prior to initiation of empirical therapy, it is 
helpful to ask a series of related questions:

•• Has infection been reasonably excluded? Infection and cancer most 
commonly mimic rheumatic disease. Since empiric therapy usually 
implies immunosuppressive drugs, most commonly corticosteroids, 
infection must be ruled out. Here the emphasis should be on rea-
sonably making such an assessment. Endless sets of blood cultures 
should not delay a difficult decision.

•• What do I suspect the patient may have? It should be possible to 
formulate a plausible if unprovable diagnostic hypothesis. Such a 
hypothesis is critical to the rest of the experiment. If it is impossible to 
generate a “working diagnosis,” it is doubtful that the therapeutic trial 
will work. Autopsy study of these patients is likely to reveal cancer  
or no diagnosis.

•• What is adequate therapy for this suspected diagnosis? Treatment 
for a suspected diagnosis ranges from adequate to aggressive. In the 
absence of a definite diagnosis, it is reasonable to choose a level of 
therapeutic intensity that is usually adequate for the suspected dis-
order. Aggressive treatment approaches to an unconfirmed illness 
create another set of confounding variables and may place the patient 
at a further disadvantage.

•• What will I use as my parameters to judge therapeutic success? 
Empiric therapy should proceed with a clear understanding of 
the yardsticks that will measure therapeutic responsiveness. These 
parameters can then be rigorously monitored. Furthermore, blind 
spots in the baseline data can be addressed before therapy is begun.

•• What is the duration of a reasonable trial for this disorder? Agreement 
on the duration of a therapeutic trial should precede its initiation. 
Failure to develop such an end point can result in excessively long 
and risky therapy on the one hand, or a course that falls short of an 
adequate trial on the other. Furthermore, spontaneous improvement 
or improvement in response to other therapies may result in pro-
longed and unnecessary treatment.

•• Involve the patient and the family in the decision to treat empirically.

The clinician needs to be vigilant about the risks associated with any 
trial of empiric therapy. However, after addressing the above questions, 
such a trial may represent both rational and compassionate care.
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KEY POINTS

•• Assessment of the adequacy of maternal blood flow requires an 
understanding that the baseline flow is substantially increased and 
is further augmented during labor and delivery.

•• The increased cardiac output of pregnancy is often diminished, 
especially in late pregnancy, in the supine position by uterine com-
pression of the vena cava and abdominal aorta. Placing the patient 
in the left lateral decubitus position is an important management 
principle in shock.

•• The normal hyperventilation of pregnancy results in a respiratory 
alkalosis with a compensatory metabolic acidosis. The normal 
arterial blood gas values in pregnancy include a PO2 > 100 mm Hg, 
a PCO2 of 27 to 34 mm Hg, and a serum bicarbonate concentration 
of 18 to 21 mEq/L.

•• Fetal viability depends on adequate oxygen delivery. Maternal car-
diac output is the critical determinant of placental blood flow and 
fetal oxygen delivery. Diminished placental blood flow is particu-
larly dangerous if superimposed on maternal anemia or hypoxemia. 
Fetal oxygen delivery can be improved by optimizing maternal car-
diac function, transfusing blood to increase oxygen carrying capacity, 
and providing supplemental oxygen.

•• In critically ill gravidas, fetal monitoring should be performed 
when available and in collaboration with obstetrics clinicians. 
Changes in fetal heart rate can be a sign of inadequate oxygen 
delivery. In addition to fetal heart rate monitoring, the parameters 
of oxygen delivery and acid-base status in the mother are generally 
the best measures of the adequacy of oxygen delivery to the fetus.

•• Hemorrhage in pregnancy can be massive and may require 
extraordinary fluid resuscitation, blood product replacement, and 
early surgical consultation.

•• In pregnancy, sepsis is rare but can be severe. Source control and 
early surgical evaluation for obstetric infections are essential. 
Vasoactive drugs may be indicated in refractory hypotension to 
preserve maternal cardiac output and fetal oxygen delivery.

•• Preeclampsia is a multisystem disorder of vascular dysfunction 
characterized by hypertension and proteinuria. Central ner-
vous system dysfunction, coagulopathy, pulmonary edema, renal  
dysfunction, and liver function abnormalities may occur. Early 
recognition and well-timed delivery are crucial.

•• When severe or when associated with preeclampsia, treatment of 
hypertension in pregnancy may require intravenous agents: labet-
alol and hydralazine are preferable to nitroprusside.

•• Cardiopulmonary resuscitation in pregnancy includes consideration, 
when feasible, of emergent cesarean section in selected patients.

•• In evolving respiratory failure, early elective intubation and 
mechanical ventilation are recommended to gain airway access in 
a controlled setting and to avoid respiratory crisis.

•• The reduced functional residual capacity (FRC) and increased 
oxygen consumption in pregnancy increase the risk of hypoxemia 
during intubation or hypoventilation.

•• Decisions regarding labor and delivery are important management 
issues. Cesarean section is a more controlled mode of delivery. 
However, even with adequate sedation and analgesia, the physiologic 

Critical illness during pregnancy requires a multidisciplinary approach that 
considers both the mother and the fetus. There is a paucity of definitive tri-
als to guide therapy in critically ill pregnant patients. Measures that optimize 
maternal well-being are usually best for the fetus as well. Knowledge of 
the expected adaptations in maternal physiology is essential to distinguish 
between normal and pathologic findings in gravid patients. This chapter 
begins with an overview of the normal physiologic changes in pregnancy 
and the determinants of fetal oxygen delivery. The remainder of the chapter 
focuses on the disorders and management of critical illness in pregnancy.

PHYSIOLOGY OF PREGNANCY

■■ ADAPTATION OF THE CIRCULATORY SYSTEM
In pregnancy, numerous circulatory adjustments occur that ensure 
adequate oxygen delivery to the fetus (Table 127-1).1 Maternal blood 
volume increases early in pregnancy, reaching a level approximately 40% 
above baseline by the third trimester.1-3 This increase is due to a 20% to 
40% increase in the number of erythrocytes and a 40% to 50% increase 
in plasma volume; the magnitude of the increase in blood volume is 
even greater with multiple gestations. As the increase in plasma volume 
is greater than the increase in erythrocytes, a mild dilutional anemia 
results, with an approximate 12% decrease in hematocrit.2 Extracellular 
volume expansion is also associated with a decreased serum albumin 
concentration and colloid osmotic pressure; both indices reach a nadir at 
26 weeks, although there is a further decline in colloid osmotic pressure 
in the immediate postpartum period.3 Extracellular volume expansion is 
mediated by sodium retention from increased aldosterone production, 
which results in mild peripheral edema in most pregnancies.2,3

Coincident with increased blood volume is a 30% to 50% increase 
in cardiac output. This begins in the first trimester and continues 
throughout gestation as heart rate, and to a lesser degree stroke volume, 
increase.4-6 The increased heart rate reaches a maximum of 15 to 20 
beats per minute above resting nonpregnant levels by weeks 32 to 36.5,7 
Increased stroke volume occurs early, and is due to increased preload 
from augmented blood volume, and to decreased afterload from a 20% 
to 30% fall in systemic vascular resistance (SVR). The fall in SVR is 
attributed to flow through the low-resistance uteroplacental bed and 
to hormone-mediated vasodilation. During labor, cardiac output can 

stress of surgery may make vaginal delivery a better option in the 
nonemergent setting and when the mother is capable of labor.

•• The increased volume of distribution and glomerular filtration rate 
may affect dosing of medications in pregnancy.

•• Successful management of critical illness in pregnancy requires a 
multidisciplinary team of intensive care, pharmacy, obstetric, and 
neonatal consultants.

  TABLE 127-1    Circulatory Changes in Pregnancy

Parameter Change Time Course

Maternal blood volume Increase 40% Peak at 34 weeks

Red cell mass Increase <20%-40% Peak at 40 weeks

Hematocrit Decrease 12% Nadir at 30 weeks

Heart rate Increase 10%-30% (15-20 bpm) Peak at 32-36 weeks

Stroke volume Increases Increases throughout

Cardiac output Increases 30%-50% Peak at 25-32 weeks

Blood pressure Decreases 10%-20% Nadir at 28 weeks

Systemic vascular resistance Decreases 20%-30% 1st trimester

Pulmonary vascular resistance Decreases 20%-30% 1st trimester

bpm, beats per minute.
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increase another 10% to 15% due to increased blood return from uter-
ine contractions, and to pain-mediated sympathetic stimulation. This 
effect on cardiac output may be tempered by blood loss during delivery. 
In healthy women, there is no substantial change in the properties of 
ventricular contractility over the course of pregnancy.4-6,8 Cardiac output 
in pregnancy can be highly dependent on body position; vena caval and 
aortic obstruction by the gravid uterus is maximal in the supine posi-
tion but is much less pronounced in the left lateral decubitus position.2 
Obstruction of the inferior vena cava results in reduced venous return, 
and obstruction of the abdominal aorta results in increased afterload. 
These effects on cardiac output are most notable in the third trimester.

Blood pressure decreases early in pregnancy, reaching a nadir 
between 16 and 28 weeks, and then gradually increases.9 Blood pres-
sure returns to prepregnancy levels shortly after delivery. Hypertension 
in pregnancy is defined by systolic pressures >140 mm Hg or diastolic 
pressures >90 mm Hg. Systolic pressures ≥160 mm Hg or diastolic pres-
sures ≥110 mm Hg define severe hypertension, and require treatment.10

The normal adaptation of the circulatory system to pregnancy results 
in a physiologic third heart sound in many patients. The chest radio-
graph reveals an enlarged cardiac silhouette due to increased circulating 
blood volume and cardiac filling. The pulmonary artery and right ven-
tricular pressures are unchanged, with a hormone-mediated reduction 
in pulmonary vascular resistance compensating for the increased flow 
from augmented cardiac output. The pulmonary artery wedge pressure 
(Ppw) also is generally unchanged from prepartum values.3,11

■■ ADAPTATION OF THE RESPIRATORY SYSTEM
Oxygen consumption is increased by 20% to 35% in normal pregnancy, 
and rises even further during labor (Table 127-2).12,13 Increased oxygen 
consumption is the result of fetal and placental utilization, as well as 
increased maternal requirements from increased cardiac output and 
work of breathing.13 Increased oxygen consumption is associated with 
an increase in carbon dioxide production, which reaches 34% to 50% 
above baseline by the third trimester. Minute ventilation increases early 
in pregnancy and peaks at 20% to 40% above baseline at term.3,14 The 
increased ventilation is above the level needed to eliminate carbon diox-
ide, and the arterial partial pressure of carbon dioxide (PaCO2) is reduced 
to 27 to 34 mm Hg throughout pregnancy. Augmented ventilation is 
attributed to respiratory stimulation from progesterone, and results 
from an increase in tidal volume while the respiratory rate is essen-
tially unchanged.3,15 Renal compensation is associated with a decrease 
in serum bicarbonate to 18 to 21 mEq/L, and results in a maternal pH 
that is only slightly alkalemic at 7.40 to 7.45. As sodium levels are also 

  TABLE 127-2    Respiratory Changes in Pregnancy

Parameter Change Time Course

Oxygen consumption Increases 20%-35% Peak at term

Tidal volume Increases 30%-35% Peak at term

Respiratory rate Unchanged

Minute ventilation Increases 20%-40% Peak at term

Total lung capacity Unchanged

Chest wall compliance Decreases

Lung compliance Unchanged

Functional residual capacity Decreases 10%-25% Peak at term

Forced vital capacity Unchanged

FEV1 Unchanged

Diffusing capacity Unchanged

Expiratory reserve volume Decreased 2nd half of pregnancy

Residual volume Decreased 2nd half of pregnancy

FEV1, forced expiratory volume in 1 second.

somewhat decreased in normal pregnancy, the drop in bicarbonate is 
not associated with a substantial change in the anion gap.

Due to augmented minute ventilation, the maternal arterial partial 
pressure of oxygen (PaO2) is increased throughout pregnancy to greater 
than 100 mm Hg. As it does not alter the degree of hemoglobin satura-
tion, this increase in PaO2 does not significantly increase oxygen delivery. 
An increased alveolar-to-arterial oxygen gradient [(A − a)O2] with mild 
hypoxemia may occur in the supine position.16 Whenever possible, arte-
rial blood gas samples should be obtained in the seated position to avoid 
the confounding effect of positional hypoxemia.

Lung compliance is unchanged in pregnancy. However, elevation of 
the diaphragm from the enlarging uterus leads to decreased chest wall 
compliance. This results in a progressive decline in the functional resid-
ual capacity (FRC), which reaches a 10% to 25% reduction by term.3,15 
Expiratory reserve volume and residual volume are decreased during 
the second half of pregnancy.15 Total lung capacity, however, decreases 
minimally as respiratory muscle function is unimpaired, and widening 
of the thoracic cage increases inspiratory capacity.12,15 Vital capacity also 
remains unchanged during pregnancy. Diffusing capacity is unchanged 
or slightly increased early in pregnancy and then decreases to normal 
or slightly below normal after the first trimester.17 Airway closure may 
occur near or above FRC in some women late in pregnancy.17,18 The 
decrease in FRC combined with an increase in oxygen consumption 
make the pregnant woman and the fetus more vulnerable to hypoxia 
in the event of hypoventilation or apnea. This is an important consid-
eration during endotracheal intubation. Despite increases in several 
hormones known to affect smooth muscle, airway function does not 
appear to be altered in pregnancy. Accordingly, the forced expiratory 
volume in 1 second (FEV1), the ratio of FEV1 to forced vital capacity, 
and the airways resistance are unchanged. The fact that flow-volume 
loops are also unaffected by pregnancy is further evidence of normal 
airway function.19

■■ RENAL AND GASTROINTESTINAL ADAPTATION
Renal blood flow increases throughout the first and second trimesters 
to reach 60% to 80% above prepregnancy levels.3 The glomerular filtra-
tion rate rises early in pregnancy to 50% above baseline, and remains 
increased throughout pregnancy.20 Therefore, the usual serum creatinine 
is 0.5 to 0.7 mg/dL, and creatinine levels that would be normal in a non-
pregnant patient can indicate renal dysfunction in a pregnant patient.

Serum aminotransferases and bilirubin are unchanged in normal 
pregnancy. Alkaline phosphatase, produced by the placenta, increases 
throughout pregnancy, peaking at two to four times normal at term. The 
concentration of serum albumin is mildly decreased throughout preg-
nancy as a result of hemodilution. Symptomatic gastroesophageal reflux 
is common during pregnancy, although basal gastric acid secretion and 
pH remain unchanged.21 The lower esophageal sphincter tone decreases 
during the first trimester and remains low until near term, perhaps as a 
result of increased progesterone. The gravid uterus displaces the stom-
ach, further reducing the effectiveness of the gastroesophageal sphincter. 
In addition to sphincter incompetence, labor and narcotic analgesics 
contribute to an increased risk of aspiration from delayed gastric emp-
tying. When being evaluated for intubation, pregnant patients are con-
sidered to have a full stomach, regardless of the timing of the last meal.

■■ FETAL OXYGEN DELIVERY
Fetal oxygen delivery is determined by uterine artery blood flow, mater-
nal PaO2, and the hemoglobin concentration (Fig. 127-1).3 Numerous 
factors affect uterine artery blood flow. The uterine vasculature is 
maximally dilated under normal conditions and, therefore, is unable to 
adapt to stress by increasing flow through local vascular adjustment.22 
However, fetal oxygen delivery can be decreased by uterine artery 
vasoconstriction. Exogenous or endogenous sympathetic stimulation, 
maternal hypotension, and maternal alkalemia elicit uterine artery 
vasoconstriction.3
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In the placenta, a concurrent exchange mechanism, driven by 
the difference in oxygen tension between maternal and fetal blood, 
results in transfer of oxygen from the maternal to fetal circulation.3 
Equilibration is incomplete, and umbilical venous blood going to 
the fetus has a lower oxygen tension than blood in the uterine vein. 
Oxygenated umbilical venous blood has a PO2 of 30 to 40 mm Hg, and 
combines with deoxygenated blood in the fetal inferior vena cava to 
result in a fetal arterial PO2 of 20 to 25 mm Hg.3 Despite a low PO2, com-
pensatory mechanisms maintain good oxygen delivery, and fetal oxy-
gen content is relatively high. Fetal hemoglobin has a higher affinity for 
oxygen than maternal hemoglobin, and is 80% to 90% saturated at a PO2 
of 30 to 35 mm Hg.3 In addition, the fetus has a high hemoglobin con-
centration (15 g/dL) and a high cardiac output, with both the left and 
right ventricles delivering blood to the systemic circulation as a result 
of intrapulmonary shunting. Protective mechanisms in the fetus enable 
tolerance of hypoxemia that would be catastrophic by adult criteria: 
generally, oxygen supply only becomes inadequate when fetal oxygen 
content is reduced by more than 75%, and irreversible fetal brain dam-
age begins only after 10 minutes of anoxia.3 Protective mechanisms 
include a redistribution of blood flow to vital organs, decreased oxy-
gen consumption, and the ability of anaerobic metabolism to sustain 
certain tissue beds.

CIRCULATORY DISORDERS OF PREGNANCY
Hypoperfusion and preeclampsia are the principal circulatory disorders 
in pregnancy. Common causes of hypoperfusion include hemorrhage, 
trauma, cardiac dysfunction, and sepsis. Each is discussed below. 
The pathophysiology and treatment of preeclampsia is also reviewed. 
Together these circulatory disorders account for the majority of ICU 
admissions and maternal deaths related to pregnancy (Tables 127-3 
and 127-4).23-25 We conclude this section by reviewing cardiopulmonary 
resuscitation in pregnant patients.

■■ HYPOPERFUSED STATES
The initial approach to the hypoperfused gravida is to distinguish 
between low-flow states caused by inadequate circulating volume or 
reduced cardiac output, and high-flow states such as sepsis. While 
making this distinction, it is important to take into account the normal 

Maternal-fetal circulation and oxygen transport
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FIGURE 127-1.  The interface of the maternal-fetal circulation in the placenta is marked by a counter-current exchange system. Diffusing down a pressure gradient, oxygen crosses the 
placental membrane from the maternal circulation to enter the umbilical vein and fetal circulation.

  TABLE 127-3    Indications for ICU Care in Obstetric Patients

Diagnosis Percent of Admissions

Obstetric

  Preeclampsia 20%

  Eclampsia 15%

  HELLP syndrome 2%

  Major hemorrhage 16%

  Sepsis of pelvic origin 16%

  Septic abortion 12%

Nonobstetric

  Sepsis 10%

    Pneumonia 6%

    Urosepsis 2%

    Other 2%

  Respiratory failure 4%

  Intracranial hemorrhage 3%

  Other 4%

HELLP, hemolysis, elevated liver enzymes and low platelet count.

Adapted with permission from Vasquez D, et al. Clinical characteristics and outcomes of obstetric 
patients requiring ICU admission. Chest. March 2007;131(3):718-724.
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physiologic alterations of pregnancy (Table 127-1). Most often, the state 
of perfusion can be determined by bedside assessment (Fig. 127-2). 
Occasionally, the adequacy of the intravascular volume remains unclear 
despite a careful physical examination and review of laboratory data. 
Bedside echocardiography has emerged as a first-line procedure which 
is often a safe and reliable alternative to invasive monitoring for the 
evaluation of hypotension or refractory heart failure. In a heterogeneous 
group of critically ill obstetric patients, left and right ventricular func-
tion by echocardiography correlated with pulmonary artery catheter 
results.26 While right heart catheterization may be considered in special 
circumstances, a survival benefit from this invasive procedure has not 
been confirmed for critically ill patients, and it is not routinely recom-
mended for obstetric patients.27 When performed on gravidas, insertion 
of a pulmonary artery catheter is via the subclavian or internal jugular 
approach. Uterine obstruction of the vena cava and delivery consider-
ations are relative contraindications to femoral vein catheterization.

■■ HEMORRHAGIC SHOCK
For pregnant patients, life-threatening hemorrhage is a leading cause 
of ICU admissions and death.23,24,28,29 Blood loss during labor normally 

  TABLE 127-4    Causes of Maternal Mortality

Cause of Death Percent of Deaths

Hemorrhage 13%

Cardiomyopathy 12%

Hypertensive disordersa 12%

Other cardiovascular conditions 12%

Infection 11%

Thromboembolism 10%

Stroke 6%

Amniotic fluid embolism 8%

Anesthesia 1%

Other 13%

Unknown 2%
aIncludes preeclampsia and eclampsia.

Adapted with permission from Berg CJ, et al. Pregnancy-related mortality in the United States,  
1998-2005. Obstet Gynecol. December 2010;116(6):1302-1309.
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FIGURE 127-2.  An approach to the evaluation of shock in pregnancy is presented. Differentiating between a high-flow and low-flow state is important in the initial assessment of the 
patient with an unstable circulation. Shock in a high-flow state is most often due to sepsis. Shock in a low-flow state is attributable to impaired cardiac output or a depleted circulating volume. 
CVP, central venous pressure; CXR, chest x-ray; PE, pulmonary embolism; PVR, peripheral vascular resistance; RHC, right heart catheterization; RV, right ventricle; WBC, white blood cells.
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does not exceed 500 to 1000 mL.30 In pathologic obstetric hemorrhage, 
blood loss can be massive and swift, as it occurs at sites of high blood 
flow. Early obstetric hemorrhage may be difficult to recognize, as it 
does not always result in external blood loss. In addition, fluid shifts in 
the immediate postpartum period can make identification of a drop-
ping blood count difficult, and the hemoglobin concentration may be 
normal or unchanged initially.28 Therefore, any concerning change in 
maternal heart rate or blood pressure should prompt an evaluation 
for hemorrhage. Table 127-5 lists the common causes of hemorrhage 
associated with pregnancy. Antepartum hemorrhage is most often due 
to placental abruption, placenta previa, or uterine rupture. Postpartum 
hemorrhage is more common than antepartum hemorrhage, and is most 
often due to uterine atony or obstetric trauma; uterine inversion and 
disseminated intravascular coagulation (DIC) are less common causes 
of postpartum hemorrhage.1,3 These conditions are reviewed below. 
Other less common but important causes of hemorrhage in pregnancy  
include hemorrhage associated with ruptured ectopic pregnancy or 
complicated abortion.

Placental abruption is the premature separation of a normally 
implanted placenta, and may result in life-threatening hemorrhage and/
or fetal demise. Patients often present with painful bleeding, which may 
be misdiagnosed as premature labor, and increased uterine activity may 
be detected. Ultrasound is diagnostic.31 Risk factors for placental abrup-
tion include chronic or pregnancy-related hypertension, high parity, 
cigarette smoking, cocaine use, and previous abruption.32-35 Abruption 
may be complicated by maternal renal failure or DIC.3,34 Bleeding con-
cealed within the uterus is particularly high risk for fetal death as several 
liters of blood loss may go unrecognized.31,34

Placenta previa is the abnormal inferior attachment of the placenta 
in the uterus, which is at risk of tearing during cervical dilation. This 
is now a rare cause of massive hemorrhage as ultrasound during preg-
nancy leads to early identification and expectant management. Placenta 
previa is more common in multiparas with prior cesarean delivery and 
in cigarette smokers.1,32,36 Vaginal examination that disrupts the placenta 
over the cervical os, and trophoblastic tissue that invades the myome-
trium (placenta previa et accreta) increase the risk for massive hemor-
rhage at delivery.33 The associated fetal mortality is low, but increases if 
maternal shock occurs.

Uterine rupture can result in massive hemorrhage. Uterine abnormal-
ities, including scarring from prior cesarean section, increase the risk of 
rupture. Other risk factors include protracted labor, device-assisted vag-
inal delivery, and use of uterotonic medications.36 Uterine rupture most 
often occurs during labor and delivery, although occurrence before the 
onset of labor has been reported.37 In overt rupture, peritoneal signs and 
hemodynamic instability are often observed. However, rupture at scar 
sites may be incomplete, and associated with painless hemorrhage and a 
more subtle clinical presentation.31 As the associated physical examina-
tion may be notable for only subtle changes, unexplained abnormalities 
in fetal heart rate or uterine contractility patterns should prompt an 
evaluation for rupture.31

Postpartum hemorrhage is defined by loss of over 500 mL of blood 
within the first 24 hours after vaginal delivery, or over 1000 mL after 
cesarean section. Uterine atony is the most common cause of postpartum 

hemorrhage. Uterine atony is associated with uterine overdistension, pla-
cental abruption, retained intrauterine contents, quick labor and delivery, 
prolonged labor, oxytocin use, cesarean section, and chorioamnionitis. 
Following delivery, coordinated myometrial contractions are needed 
to compresses uterine vessels and stanch hemorrhage from placental 
separation.28 Large clots and retained placental tissue interfere with 
normal myometrial contractions. A stunned or exhausted uterus from 
a precipitous or prolonged labor, respectively, may also experience inef-
fective myometrial contractions after placental delivery.38 Ultrasound is 
diagnostic for retained tissue or dysfunctional postpartum contractions.

Other common causes of postpartum hemorrhage include cervical or 
vaginal lacerations, and bleeding from uterine incisions after cesarean 
section. Blood loss in these cases can accumulate in the floor of the 
pelvis or within the uterine wall, and the lack of evident bleeding does 
not rule out severe hemorrhage.31 Uterine inversion may also result in 
hemorrhage. However, the associated hypotension is often vasovagal 
and out of proportion to blood loss.38,39 Uterine inversion is recognized 
by the presence of a blue-gray vaginal protrusion.

DIC is a syndrome of systemic coagulation activation and vascu-
lar fibrin deposition, which results in a consumptive coagulopathy. 
In spite of an increased plasma volume and resultant hemodilution,  
in normal pregnancy the levels of fibrinogen and many clotting factors 
are elevated. These hypercoagulable conditions notwithstanding, hem-
orrhage from a massive consumptive coagulopathy is the most common 
serious manifestation of pregnancy-associated DIC.40 Mediated by the 
release of procoagulant material into maternal circulation, risk factors 
for DIC include placental abruption, amniotic fluid embolism, fetal 
death, saline solution abortion, sepsis, and preeclampsia with the hemo-
lysis, elevated liver enzymes, and low platelets (HELLP) syndrome.40 
DIC may occur before or after delivery, and the onset is often abrupt. 
The course may be fulminant and associated with high rates of maternal 
and fetal mortality. If the peripheral blood smear, platelet count, pro-
thrombin time (PT), partial thromboplastin time (PTT), or fibrinogen 
level suggest DIC, plasma levels of fibrin degradation products and spe-
cific factors, including factor VIII, should be measured. As circulating 
fibrinogen levels are increased in pregnancy, especially in later stages, a 
“normal” level can be concerning.40

Management:  Patients at risk of bleeding should be identified early for 
blood typing and to establish intravenous access. The initial manage-
ment of hemorrhage includes maintenance of several large-bore (16-
gauge or larger) intravenous catheters, immediate volume replacement 
with crystalloid, and administration of supplemental oxygen. For brisk 
bleeding, a fall in hemoglobin, or evidence of shock, packed red blood 
cells (PRBCs) should be given immediately. In massive obstetric hem-
orrhage, the initial resuscitation may require unmatched, type-specific 
blood until cross-matching can be accomplished; in critically urgent sit-
uations, group O RhD-negative blood can be used.41 Massive blood loss 
results in a dilutional coagulopathy and thrombocytopenia. Transfusion 
of fresh frozen plasma (FFP) is often indicated, although the optimal 
ratio of PRBCs to FFP is not known. A ratio of 6:1 is reasonable for most 
cases of obstetric hemorrhage; in reference to outcomes and practices 
in military trauma, some advocate a lower ratio in massive hemor-
rhage.42,43 During active hemorrhage, low fibrinogen and platelet levels 
<50,000 are indications for cryoprecipitate and platelet transfusions, 
respectively.42 Recombinant activated factor VIIa has been used with 
success in case reports of severe postpartum hemorrhage, and can be 
considered in refractory cases.42 The antifibrinolytic agent tranexamic 
acid has been used in the prevention of postpartum hemorrhage, and a 
large-scale study is underway to evaluate its use in treating postpartum 
hemorrhage.42 Finally, an evaluation for DIC should be performed in 
cases of severe, refractory, or unexplained hemorrhage.

When hemorrhage results in shock that is not quickly reversible or 
is accompanied by respiratory dysfunction, intubation and mechanical 
ventilation are indicated as hypoxemia superimposed on a low-flow state 
is injurious to the fetus and mother. If delivery has not yet occurred, the 
patient should be placed in the left lateral decubitus position to attenuate 

  TABLE 127-5    Etiology of Hemorrhagic Shock in Pregnancy

Antepartum Postpartum

Ectopic pregnancy Uterine atony

Abortion (including RPOC) Retained placenta

Placental previa or abruption Surgical trauma

Uterine rupture in VBAC Uterine inversion

Trauma DIC

DIC, disseminated intravascular coagulation; RPOC, retained products of conception; VBAC, vaginal birth 
after caesarian section.
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vena caval obstruction, which exacerbates an already reduced venous 
return from massive hemorrhage. Fetal monitoring is recommended as 
fetal distress in the setting of obstetric hemorrhage indicates hemody-
namic compromise.3

An obstetric evaluation should be sought as soon as hemorrhage is 
suspected or recognized. A thorough pelvic examination is necessary 
to identify potential bleeding sources; general anesthesia may be neces-
sary to facilitate this.31 Uterine atony is treated with bimanual uterine 
massage, bladder drainage, uterotonics, and removal of any retained 
placental products.36,39 A full bladder may impede uterine contractions, 
and bladder catheterization is indicated if a patient is unable to void. 
Intravenous oxytocin is a first line uterotonic, although its use indicates 
monitoring for hyponatremia. Ergot preparations are alternative first 
line agents; since these can raise blood pressure and have been associ-
ated with cerebral hemorrhage, they are contraindicated in hyperten-
sive states.39 Prostaglandins, such as misoprostol, are other alternative 
agents.36 While generally well tolerated, prostaglandins may cause hypo-
tension, bronchoconstriction, or intrapulmonary shunt, and should be 
avoided in patients with underlying cardiac or pulmonary disease.28,30 
Retained placental products require curettage. For refractory bleeding 
due to uterine atony or pelvic trauma, selective arterial embolization, 
uterine suturing, uterine packing or balloon tamponade are interven-
tional options that should be considered early.28 If these measures fail 
and bleeding is life threatening, hysterectomy may be necessary.44 Urgent 
hysterectomy in the setting of uncontrollable postpartum hemorrhage is 
high risk but can be lifesaving.

■■ TRAUMA
Trauma is a leading nonobstetric cause of maternal mortality. Motor 
vehicle accidents, falls, and assaults account for the vast majority of 
trauma cases that result in hospital admission.45 Gun-shot wounds, 
suicide attempts, and burns are less common. Maternal deaths are most 
often due to head injury or hemorrhagic shock.46 Fetal deaths are most 
often the result of injuries related to motor vehicle accidents (82%), gun-
shot wounds (6%), or falls (3%).47 The risk of maternal and fetal death is 
greatest for unrestrained passengers in a motor vehicle accident.48 As the 
gravid uterus grows, it is increasingly susceptible to deceleration injury, 
and increasingly likely to be directly damaged by blunt or penetrat-
ing trauma. As borderline tachycardia and supine hypotension in late 
pregnancy from uterine obstruction of the vena cava do not necessarily 
indicate blood loss, the identification of a decreased circulating volume 
in the gravid trauma patient can be difficult.46 When possible, left lateral 
displacement of the uterus will be helpful in the evaluation. Pregnancy 
may also mask findings of peritoneal irritation, and a high index of sus-
picion is warranted for mild peritoneal signs.

Preterm labor is the most common complication of trauma, occurring 
in 6% of pregnant trauma patients.49 Premature rupture of membranes 
and direct fetal injury are less common complications. Hemorrhage 
is the most common serious complication of trauma, accounting for 
most cases of maternal and fetal demise. The cephalad displacement of 
abdominal contents in pregnancy increases the risk of visceral injury, 
including splenic rupture, from penetrating trauma of the upper abdo-
men. Beyond 12 weeks of gestation, the urinary bladder is also a target 
for injury as it is displaced into the abdominal cavity. Placental abrup-
tion is the leading cause of trauma-related obstetric hemorrhage. Rapid 
deceleration injury can cause placental abruption as a result of deforma-
tion of the elastic uterus around or away from the less elastic placenta. 
Abruption may manifest in vaginal bleeding, abdominal cramps, uterine 
tenderness, amniotic fluid leakage, and maternal hypotension, but these 
findings are not as reliable as widely believed and the clinical signs 
may be subtle; cardiotocographic fetal monitoring is recommended as 
the most reliable way to detect abruption.49 Uterine rupture is a less 
common complication of trauma, but can be catastrophic. A direct, 
forceful blow to the abdomen is an important risk factor for uterine 
rupture.46 Finally, traumatic injury can result in fetomaternal hemor-
rhage, whereby blood loss from the fetal to maternal circulation occurs. 

Rh sensitization of Rh-negative patients, neonatal anemia, fetal cardiac 
arrhythmias, and fetal exsanguination are potential complications of 
fetomaternal hemorrhage.50

A high Injury Severity Score, a low Glasgow Coma Score, acidemia, 
hypotension, and fetal bradycardia are all associated with an increased 
risk of fetal death.49 However, a low injury severity score does not rule 
out fetal compromise, and performing a fetal assessment is recom-
mended for most pregnant patients with trauma.46 There is some litera-
ture to suggest that antenatal trauma may be a cause of cerebral palsy; 
this observation awaits confirmation and further investigation.51

Management:  The initial management of pregnant trauma patients is 
similar to that of other trauma patients, with a few important consider-
ations. If airway management is required, it should be performed by an 
experienced individual. Resuscitation should be directed at maintaining 
the expanded circulating volume of pregnancy. Left uterine displacement 
should be performed whenever indicated and permitted by the clinical 
situation. If there is no overt vaginal bleeding, a pelvic examination 
should be performed to evaluate for tenderness, or for the presence of 
blood, urine, or amniotic fluid; nitrazine paper can identify amniotic 
fluid and confirm rupture of amniotic membranes. The diagnosis of 
pelvic or abdominal injury can usually be made by imaging, where com-
puted tomography is generally more sensitive than ultrasonography.52 
The approach to fetal assessment is guided by gestational age. If the esti-
mated gestational age is less than 20 to 23 weeks, fetal heart tones should 
be interrogated; ultrasound is often the most effective way to accomplish 
this. When the estimated gestational age is greater than 23 weeks, car-
diotocographic monitoring, which includes measurement of uterine 
activity and Doppler assessment of fetal cardiac activity, should be 
performed for at least 4 hours. Cardiotocographic monitoring can iden-
tify uterine contractions, placental abruption, or signs of fetal distress. 
Fetomaternal hemorrhage is identified by the Kleihauer-Betke test, a test 
for fetal hemoglobin in the maternal circulation. Maternal Rh sensitiza-
tion can be prevented by administration of RhO (D) immune globulin.

If maternal death occurs despite aggressive resuscitation and if the 
fetus is alive and undelivered, immediate consideration should be given 
to postmortem cesarean section. In a review of over 150 cases, the 
outcomes of postmortem cesarean section were significantly related to 
gestational age, and were inversely related to the length of time between 
maternal death and delivery.53

■■ CARDIAC DYSFUNCTION
Cardiac dysfunction in pregnancy may be due to pre-identified or de 
novo conditions. In addition, prior subclinical heart disease may mani-
fest for the first time as a result of the increased cardiovascular demands 
of pregnancy. Cardiac dysfunction is associated with increased maternal 
and fetal morbidity and mortality, and is an increasing cause of critical 
illness in pregnancy.

More patients with congenital heart disease are surviving to repro-
ductive age.54 Complication rates of congenital heart disease in preg-
nancy are substantial. In the mother, pulmonary edema and arrhythmias 
are common, whereas preterm delivery, small for gestational age, and 
respiratory distress are the most common complications in the neonate. 
Risk factors for adverse outcomes in those with congenital heart disease 
include prior cardiac events, poor baseline functional class (New York 
Heart Association class III or IV), cyanosis, significant aortic or mitral 
stenosis, or left ventricular systolic dysfunction. Mortality rates in 
recent reports are generally low, which likely reflect discouragement of 
pregnancy for those with advanced cardiac dysfunction, and improved 
management of those who do become pregnant. However, patients with 
Eisenmenger syndrome, cyanosis, or pulmonary hypertension continue 
to have a high pregnancy-associated mortality.55,56

Pregnancy can exacerbate or unmask underlying pulmonary hyper-
tension; more rarely pulmonary hypertension begins in pregnancy.57 
In the setting of pulmonary hypertension, the normal pregnancy-
associated decrease in pulmonary vascular resistance does not occur, 
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so that increased blood flow results in pulmonary pressures that can 
be even higher than baseline. Combined with increased myocardial 
demand from augmented cardiac output, and increased preload from 
an expanded circulating volume, higher pulmonary pressures can result 
in florid right heart failure. Labor and delivery are marked by a further 
increase in myocardial oxygen consumption, in addition to large fluid 
shifts from blood loss and the “auto-transfusions” of uterine contrac-
tions. Accordingly, the immediate postpartum period is a particularly 
high-risk time for decompensation.58

De novo cardiac conditions of pregnancy include peripartum car-
diomyopathy, myocardial ischemia, coronary or aortic dissection, and 
endocarditis. Peripartum cardiomyopathy develops in up to 1 in 1300 
deliveries. Postulated risk factors include African American ancestry, 
advanced maternal age, multiple gestations, preeclampsia, and gesta-
tional hypertension.59 While peripartum cardiomyopathy can occur in 
the last month of pregnancy and up to 5 months after deliver, the imme-
diate postpartum period is the most common time for presentation.60,61 
The presentation can be fulminant, with some patients requiring cardiac 
transplantation, although most often the clinical course is marked by the 
gradual recovery of ventricular function. An implantable defibrillator 
may be indicated during the recovery period.62 Myocardial infarction is 
uncommon during pregnancy, although the incidence may be increas-
ing coincident with a higher burden of cardiovascular comorbidities in 
the general population. Maternal mortality is high in patients delivering 
within two weeks of a myocardial infarction.63 Aortic or coronary artery 
dissection can occur during pregnancy, and may be related to hormonal 
factors and increased shear stress from augmented cardiac output.63,64 
Risk factors for dissection include older age, multiparity, trauma, 
hypertension, connective tissue disease, hypothyroidism, coarctation 
of the aorta, or a bicuspid aortic valve. Aortic dissection presents most 
commonly during the third trimester, often as a tearing interscapular 
pain. Pulse asymmetry or signs of aortic insufficiency may be noted on 
examination. Coronary artery dissection typically presents with chest 
pain and ischemic electrocardiogram (ECG) changes.64 In pregnant 
patients with no atherosclerosis risk factors who present with acute chest 
pain and signs of ischemia, coronary dissection should be strongly con-
sidered and thrombolytics should be avoided until angiography has been 
performed. Finally, bacterial endocarditis is rare in pregnancy. It occurs 
most often, although not exclusively, in patients with preexisting cardiac 
abnormalities.65 Intravenous drug use is a strong risk factor. Surgical 
repair should be considered without delay for fastidious organisms or 
severe valvular regurgitation.61

Management:  For patients presenting with signs of cardiac disease, a 
chest radiograph and ECG are imperative. Echocardiography can detect 
valvular abnormalities or myocardial dysfunction. Transesophageal 
echocardiography and magnetic resonance imaging are the most 
sensitive and specific tests for aortic dissection, although computed 
tomography is often more readily available.63 For suspected pulmonary 
hypertension, an echocardiogram is often the initial test of choice, 
although it can both under and overestimate pulmonary pressures. 
Right heart catheterization is indicated for further evaluation if clinical 
suspicion is high, or to confirm elevated pressures noted on echocardio-
gram.57 In patients presenting with ischemia, a troponin level should be 
checked, and cardiology consultation considered early. A high B-type 
natriuretic peptide (BNP) level suggests cardiac strain or dysfunction.

Volume status should be optimized. For cardiogenic pulmonary 
edema or right heart failure, diuretics can be given as clinically indi-
cated; the starting dose is often low in consideration of the increased 
glomerular filtration rate and to avoid abrupt changes in the circulat-
ing volume. Refractory cardiogenic shock is often an indication for 
dobutamine. For cases of severe pulmonary hypertension, intrave-
nous prostacyclin has been given without fetal harm.66 For suspected 
acute myocardial infarction, diagnostic and therapeutic angiography is 
strongly preferred to thrombolytic therapy, which is a risk for hemor-
rhage and is contraindicated in ischemia due to dissection; abdominal 
shields during angiography reduce the risk of fetal radiation.67 Extended 

use of low dose aspirin has been safe in pregnancy. However, doses over 
150 mg/d are cautionable, and clear recommendations for aspirin dosing 
in acute ischemia are lacking. Limited data on clopidogrel and glycopro-
tein IIb/IIIa inhibitors in pregnancy often preclude their use in pregnant 
patients. While nitrates and most β-blockers are considered reasonably 
safe in pregnancy, statin medications are contraindicated.67,68

Labor and delivery are high risk for women with cardiovascular 
disease. The optimal delivery method in most cases is assisted vaginal 
delivery in the left lateral decubitus position.60 Epidural anesthesia miti-
gates the tachycardic response to pain.2 Indications for cesarean section 
include obstetric complications, fetal distress, or inability to tolerate 
labor and delivery.2 In addition, general anesthesia and surgical deliv-
ery may be preferred for patients with hypertrophic cardiomyopathy, 
aortic stenosis, or pulmonary hypertension, conditions which place 
the patient at particular risk of decompensation during the increased 
cardiac demand and large fluid shifts of labor and delivery.2 If possible, 
labor and delivery should be avoided for at least two weeks following 
an acute myocardial infarction; aggressive antiplatelet therapy can be a 
contraindication for vaginal delivery.

■■ SEPTIC SHOCK
Sepsis remains an important cause of hypoperfusion and critical illness 
in pregnancy, and the associated maternal mortality rate of up to 13% 
is high for an otherwise healthy population.23,69 Sepsis during pregnancy 
can be complicated by shock, acute respiratory distress syndrome 
(ARDS), multi-organ system failure, cardiac dysfunction, premature 
delivery, fetal demise, and neurological abnormalities in the infant.69,70 
The hemodynamics of sepsis are similar in pregnant and nonpregnant 
patients. However, as normal pregnancy is associated with a decrease in 
vascular resistance and an increase in heart rate, determining if hypoten-
sion or pathologic tachycardia is present can be difficult. Rapid or major 
changes in hemodynamics are significant findings that can be concern-
ing for sepsis. While a mild elevation in the white blood cell count is a 
normal finding in late pregnancy, a significant elevation or a left shift on 
the differential should raise concern for infection.71 Infections that cause 
sepsis may be obstetric or nonobstetric in nature, as reviewed below and 
in Table 127-6.

Obstetric infections include endometritis, septic abortion, chorioam-
nionitis, intra-abdominal or pelvic abscesses, or surgical site soft tissue 
infections, including necrotizing fasciitis.72 Many of these infections are 
caused by organisms that normally colonize the skin or lower genital 
tract. Induced abortion, instrumentation, prolonged labor, and the pre-
mature rupture of membranes increase the risk of bacterial ascension 
through the cervical canal and the subsequent development of focal or 
invasive infection. Obstetric infections are often polymicrobial; gram-
positive, gram-negative, and anaerobic organisms are all important 
considerations.

Endometritis is a common cause of postpartum fever, although 
associated sepsis is rare. Cesarean section and untreated group B 
Streptococcus colonization before birth are risk factors. Patients can 
present with abdominal or focal uterine tenderness, and/or purulent 
lochia. Cervical cultures are often contaminated and generally are not 
helpful. While uncommon, endometritis with toxin-producing strains 
of clostridium, streptococcus, and staphylococcus are well described 
and can be quickly fatal. Toxic shock syndrome should be considered 

  TABLE 127-6    Causes of Sepsis in Obstetric Patients

Obstetric Nonobstetric Procedure Related

Postpartum endometritis
Chorioamnionitis
Septic abortion
Septic pelvic thrombophlebitis
Antepartum pyelonephritis
Abscess

Appendicitis
Cholecystitis
Pneumonia

Amniocentesis
Chorionic villus sampling
Surgical wound

section11.indd   1260 1/19/2015   10:52:21 AM

http://www.myuptodate.com


htt
ps

://k
at.

cr/
us

er/
tah

ir9
9/

CHAPTER 127: Critical Illness in Pregnancy 1261

in any postpartum patient with severe or quickly evolving sepsis that is 
otherwise unexplained.73 Streptococcal toxic shock syndrome may occa-
sionally follow an uncomplicated pregnancy and delivery.3

Septic abortion refers to abortion-associated endometritis, which 
can evolve to myometrial and perimetrial involvement and lead to 
life-threatening sepsis. Illegal abortions often employ rigid, non-sterile 
devices for uterine evacuation, which can cause uterine infection, 
uterine perforation with peritonitis, and retention of products of con-
ception.74,75 Patients present with fever, pelvic pain, and tenderness to 
palpation; peritoneal signs may be present. Thorough pelvic and abdom-
inal examinations, and ultrasound evaluation for retained products of 
conception are essential.

Chorioamnionitis complicates up to 4% of pregnancies.76 When treated 
early and appropriately, sepsis is an uncommon complication. Patients 
typically present with fever; maternal or fetal tachycardia, abdominal ten-
derness, and foul-smelling amniotic fluid also may be present. However, 
the obstetric examination may be unrevealing, and chorioamnionitis 
should be considered in patients with unexplained sepsis or ARDS.

In pregnant patients, abdominal and pelvic wound infections typi-
cally result from the introduction of bacteria during cesarean section 
or episiotomy procedures. Wound infections may present up to several 
weeks after delivery. While a variety of infectious agents can cause 
postpartum fever and mild wound infections, severe postpartum wound 
infections are most commonly due to group A Streptococcus (GAS).77 A 
small subset of GAS infections are caused by toxin producing or invasive 
strains, which are associated with substantial morbidity and mortality. 
In particular, invasive strains can cause necrotizing fasciitis or seed to 
distant sites. Surgical debridement can be lifesaving for severe wound 
infections, and prompt surgical evaluation is a critical part of the evalu-
ation of postpartum sepsis.3,72,77,78

Nonobstetric infections also may cause maternal sepsis. The inci-
dence of pyelonephritis and the morbidity of pneumonia are both 
increased in pregnancy. While bacteriuria or asymptomatic bacteremia 
is common, only a minority of pregnant patients develop frank pyelone-
phritis and sepsis, usually later in pregnancy when ureteral stasis is most 
pronounced. Gram-negative rods are the most common cause of pyelo-
nephritis, although the prevalence of gram positive microbes increases 
as pregnancy progresses.79 Pneumonia in pregnancy is reviewed below. 
Other infections are less common, but can be severe. Pregnancy is asso-
ciated with a substantially increased risk of listeriosis, which presents 
with fever and flu-like symptoms. Maternal illness is usually mild, but 
serious CNS infection can occur, and the accompanying fetal illness is 
usually severe.80 The risk of disseminated herpes virus is also increased 
in pregnancy. Globally, malaria and viral hepatitis are also important 
causes of sepsis in pregnancy.25 Finally, while cholecystitis and appen-
dicitis are not more common in pregnancy, their clinical presentations 
may be altered by the effect of the gravid uterus on the abdominal exam.
Management:  As part of expectant management, obstetric, critical care 
and anesthesiology staff should be apprised early of a deteriorating preg-
nant patient. Achieving quick hemodynamic stability is a cornerstone of 
sepsis management, and is particularly important in pregnancy where 
blood flow is a key determinant of fetal oxygen delivery. Antimicrobial 
therapy and source control are essential, and should occur in parallel 
with hemodynamic management.

The hypoperfusion of sepsis can be multifactorial, and assessing 
preload, afterload, and contractility is imperative. While the circulating 
volume is nearly always inadequate and requires aggressive management 
in the early phase of sepsis, refractory vasodilation or impaired contrac-
tility often contribute to ongoing hypoperfusion and shock.81 In normal 
pregnancy, the central venous pressure (CVP) is generally unchanged 
from prepregnancy levels; if there are no impediments to venous return 
or forward flow, the CVP should accurately reflect circulating volume 
and be useful in guiding resuscitation. In the setting of valvular disease, 
heart failure, pericardial disease, or other conditions of obstruction, the 
CVP reflects right-sided pressures but is less reliable in gauging the cir-
culating volume and in predicting fluid-responsiveness. Pulse pressure 

variation is useful in the assessment of fluid-responsiveness early in 
pregnancy, but may perform poorly later in pregnancy due to abdomi-
nal obstruction from the gravid uterus. Bedside echocardiography is 
commonly employed in the assessment of circulating volume; dynamic 
collapse of the inferior vena cava (IVC) suggests a fluid responsive state. 
It is important to recognize that none of the indicators of hemody-
namic fluid responsiveness have been tested rigorously in the pregnant 
patient.82,83 Importantly, the gravid uterus may alter IVC filling, inde-
pendent of the status of the circulating volume, and relief of aortocaval 
compression through patient positioning will often enhance ultrasound 
assessment of cardiac function and vascular filling. Vasoactive agents are 
indicated for hypotension refractory to volume resuscitation. When sep-
sis is complicated by cardiac dysfunction, inotropic support with dobu-
tamine is recommended; as with nonpregnant patients, elevated cardiac 
filling pressures, a narrow pulse pressure, sluggish capillary return of 
the nailbed, and cool, clammy extremities suggest cardiac dysfunction. 
The course of fluid resuscitation is guided by the clinical status; when 
patients are volume replete and hemodynamically stable, transition to a 
conservative fluid strategy is often warranted. A more detailed approach 
to hemodynamic resuscitation in sepsis is presented in Chap. 31. It is 
worth noting that a central venous oxygen saturation (ScvO2) lower than 
70%, which often indicates inadequate oxygen delivery in nonpregnant 
patients with sepsis, can be a normal finding in late pregnancy.84

Blood, urine, and pelvic sites should be cultured, and a chest x-ray 
obtained in the initial evaluation of sepsis. Empiric antibiotics should 
provide polymicrobial coverage, including anaerobic coverage in the 
case of a confirmed or suspected obstetric source. For those at risk of 
nosocomial or resistant microbes, the regimen should be expanded as 
indicated.72 Coverage for methicillin resistant Staphylococcus aureus 
(MRSA), most often due to a community acquired strain in pregnant 
patients, should be considered in those with severe skin or soft tissue 
infections.85 Aminoglycosides may cause fetal toxicity, and if possible are 
avoided antepartum. Even if a single microbe is isolated in blood cultures, 
polymicrobial coverage should be continued in unstable patients with 
pelvic infections, where blood cultures have been described as the “tip of 
the iceberg” of local microbial burden.86 Source control is critical, and a 
thorough pelvic evaluation is mandatory. Retained products of concep-
tion require immediate evacuation. In septic patients receiving adequate 
empiric antibiotics, ongoing deterioration can be suggestive of a localized 
abscess, a resistant organism, or septic thrombophlebitis.3 Surgical drain-
age, with possible hysterectomy, may be required, particularly in patients 
with myometrial microabscesses or gas gangrene from clostridial species. 
Computed tomography or magnetic resonance imaging of the pelvis may 
aid in the diagnosis of septic pelvic thrombophlebitis, which requires 
anticoagulation in addition to antibiotics; rarely venous ligation or surgi-
cal excision may be required as well.3 Sepsis from chorioamnionitis is 
unlikely to respond to antibiotic therapy alone, and delivery of the fetus 
is usually indicated.3 When chorioamnionitis is suspected, diagnostic 
sampling of amniotic fluid may aid in the decision for delivery.

In addition to supporting hemodynamics and treating infection, several 
other measures contribute to the successful management of sepsis.87 If 
indicated, mechanical ventilation should be instituted expeditiously; strat-
egies for ARDS are reviewed below. Fevers are detrimental to the fetus, and 
are treated with acetaminophen and cooling blankets. As cortisol is often 
elevated in pregnancy, the corticotropin stimulation test may be difficult 
to interpret; if adrenal insufficiency is suspected on clinical grounds, corti-
costeroids may be given in refractory shock.88 Glucose control is indicated 
as it is for nonpregnant patients. Renal replacement may be required if 
renal failure develops. Finally, providing nutritional support, avoiding 
oversedation, and preventing venous thromboembolic disease, gastroin-
testinal ulcers, and secondary infections are important.

■■ PREECLAMPSIA
Preeclampsia is a unique disorder of pregnancy, marked by endothelial 
dysfunction, hypertension, and proteinuria. It occurs in 2% to 8% of 
pregnancies, and is a significant cause of obstetric ICU admissions and 
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maternal and fetal morbidity and mortality.89,90 Risk factors include a pri-
migravid state, multiple gestations, the presence of hydatidiform mole, 
preeclampsia in a prior pregnancy, a family history of preeclampsia, 
chronic hypertension, chronic renal disease, diabetes mellitus, obesity, 
age ≥40 years, autoimmune disease, and the presence of antiphospho-
lipid antibodies.91,92 Preeclampsia may progress to a convulsive and 
potentially lethal phase, termed eclampsia, without warning or overt 
preeclampsia.93 Eclampsia may occur up to one month postpartum.94 
An especially fulminant complication of preeclampsia is the HELLP syn-
drome, which occurs in 10% to 20% of cases of severe preeclampsia.90,95 
Maternal and fetal morbidity and mortality are higher if eclampsia or 
the HELLP syndrome develops, or if preeclampsia develops prior to 34 
weeks of gestation.

The etiology of preeclampsia remains unclear, but a genetic predis-
position and host factors seem to favor its development. It is thought 
that abnormal development of blood vessels supplying the placenta 
cause placental ischemia and oxidative stress, followed by the altered 
production of angiogenic factors which enter the maternal circulation 
and disrupt endothelial function.90,96 This results in increased vascular 
permeability, increased sensitivity to endogenous and exogenous vaso-
pressors, and activation of the coagulation cascade. A study of hemody-
namics in preeclampsia found that the majority of patients had a normal 
Ppw, a normal to high cardiac index, and a higher SVR compared to 
historical pregnant controls.97

Preeclampsia variably involves the central nervous system, kidneys, 
liver, heart, systemic vasculature, and clotting cascade, with a myriad 
of associated symptoms and clinical findings (Table 127-7). Cerebral 
vasospasm, ischemia, or edema, and hypertensive encephalopathy may 
contribute to eclamptic seizures. Glomeruloendotheliosis is the charac-
teristic finding on renal histopathology, although renal dysfunction may 
also occur from ischemia or intravascular volume depletion. Pulmonary 
edema may result from increased left ventricular afterload, myocardial 
dysfunction, decreased colloid osmotic pressure from proteinuria, vig-
orous fluid therapy, or increased capillary permeability.98 While it most 
commonly occurs after parturition, antepartum pulmonary edema 
develops in a subgroup of patients.99 These patients are typically obese 
and chronically hypertensive with secondary left ventricular hypertro-
phy and diastolic dysfunction. The HELLP syndrome is characterized 
by a more extreme multiorgan dysfunction from secondary fibrin depo-
sition and hypoperfusion. Elevated liver function tests are associated 

with periportal or focal parenchymal necrosis. The associated micro-
angiopathic hemolytic anemia and consumptive coagulopathy may lead 
to DIC.

The diagnosis of preeclampsia may be difficult as hypertension may 
be mild and proteinuria minimal or absent.89,90 As edema is common in 
normal pregnancy, this nonspecific finding is no longer necessary for 
diagnosis. Diagnostic criteria vary but include new onset hypertension 
with a systolic blood pressure ≥140 mm Hg or diastolic blood pres-
sure ≥90 mm Hg on two or more occasions, and ≥300 mg protein in 
a 24-hour urine collection. Although the classic triad of hypertension, 
generalized edema, and proteinuria occurring after 20 weeks of gesta-
tion should suggest the diagnosis, the presentation of preeclampsia is 
often subtle and the onset may be postpartum. Nonspecific signs and 
symptoms include malaise, headache, visual changes, nausea, vomiting, 
and epigastric or right upper quadrant pain. There has been consider-
able interest in the development of a reliable biomarker.100 Elevated 
levels of antiangiogenic factors such as fms-like tyrosine kinase 1 and 
endoglin, and decreased levels of the proangiogenic protein placental 
growth factor have been useful in suggesting the diagnosis in research 
settings but are not yet recommended for general use.101,102 Hemolysis 
on a peripheral blood smear, increased serum bilirubin, increased 
serum transaminases, and thrombocytopenia suggest the diagnosis of 
the HELLP syndrome. The differential diagnosis for HELLP syndrome 
includes acute fatty liver of pregnancy.

Manifestations of severe preeclampsia include seizures, cerebral hem-
orrhage or edema, cerebral vascular accidents, renal dysfunction, pulmo-
nary edema, placental abruption with DIC, the HELLP syndrome, and 
hepatic infarction, failure, subcapsular hemorrhage, or rupture.103 Acute 
renal failure is uncommon, but can occur when the course is complicated 
by the HELLP syndrome, placental abruption, massive hemorrhage, or 
coagulopathy. The differential for renal dysfunction also includes hemo-
lytic uremic syndrome (HUS) or thrombotic thrombocytopenic purpura 
(TTP). Finally, posterior reversible encephalopathy syndrome, an acute 
condition characterized by transient headache, altered mental status, sei-
zures, and loss of vision with findings of posterior leukoencephalopathy 
on imaging studies, can be seen in preeclampsia.104

Management:  The principles of management include early diagno-
sis, close medical observation and a well-timed delivery in order 
to maximize both maternal and fetal well-being (Table 127-8).89,90 

  TABLE 127-7    Differential Diagnosis of the Characteristic Features of Preeclampsia and Its Complications

Feature Pregnancy-Specific Etiologies Nonspecific Etiologies Differentiation

Hypertension Preeclampsia
Preeclampsia superimposed on chronic hypertension
Transient hypertension

Essential hypertension
Secondary hypertension (renal, 
pheochromocytoma)

Comparative pre-pregnancy blood pressures, 
creatinine, urine analysis

Thrombocytopenia Preeclampsia
HELLP syndrome
Acute fatty liver of pregnancy

TTP
ITP
Sepsis

Blood smear, LFTs, creatinine, ADAMTS13, urine 
analysis, infection evaluations

Elevated liver enzymes Preeclampsia
HELLP syndrome
Acute fatty liver of pregnancy
Cholestasis of pregnancy

Viral hepatitis
Drug-induced hepatitis
Auto-immune hepatitis

Abdominal ultrasound, hepatitis testing (A, B, and C), 
urine analysis, ANA

Renal dysfunction Preeclampsia
Acute fatty liver of pregnancy
Idiopathic postpartum renal failure

Sepsis
Hypovolemia/hemorrhage
TTP/HUS

Creatinine, LFTs, blood smear, ADAMTS13, urine 
analysis

Pulmonary edema Preeclampsia
Peripartum cardiomyopathy
Tocolytic pulmonary edema

Valvular heart disease
Ischemic heart disease
ARDS

CXR, echocardiogram, ABG, troponin, urine analysis

ADAMTS13, a disintegrin and metalloproteinase with a thrombospondin type 1 motif, member 13; ANA, anti-nuclear antibody; ARDS, acute respiratory distress syndrome; CXR, chest x-ray; ABG, arterial blood gas; 
HELLP, hemolysis, elevated liver enzymes, and low platelets; HUS, hemolytic uremic syndrome; ITP, idiopathic thrombocytopenic purpura; LFTs, liver function tests; TTP, thrombotic thrombocytopenic purpura.

section11.indd   1262 1/19/2015   10:52:22 AM

http://www.myuptodate.com


CHAPTER 127: Critical Illness in Pregnancy 1263

Preeclampsia may be mild or severe, and the aggressiveness of 
therapy is based on disease severity and fetal maturity. Markers of 
disease severity that should alert the physician to an increased risk 
of complications include systolic or diastolic blood pressures of ≥160 
and ≥110 mm Hg, respectively (especially after 24 hours of hospital-
ization), proteinuria ≥2 g in 24 hours or ≥ 100 mg/dL in a random 
specimen, oliguria, pulmonary edema, or early onset disease (<34-35 
weeks). Elevation in systolic rather than diastolic blood pressure may 
correlate with risk of stroke.105

In patients who are ≥36 weeks gestation, delivery is indicated as 
removal of the placenta is the only curative therapy. Earlier in gestation, 
delivery is recommended for patients with severe preeclampsia, eclamp-
sia, the HELLP syndrome, multiorgan involvement, or fetal distress. 
Symptomatic disease and proteinuria are associated with an increased 
risk of adverse maternal outcomes. These patients and those with pro-
gressive disease should be hospitalized and observed closely. In selected 
cases of early gestational age, conservative management with close 
monitoring at a tertiary perinatal center can lead to improved neonatal 
outcomes and may be appropriate.

Blood pressure control is essential to prevent end organ damage but 
does not affect progression of the underlying disease process. While 
hydralazine has been the traditional treatment, in the ICU setting 
intravenous labetalol is often recommended. Dosing regimens for these 
agents are outlined in Table 127-9.106,107 Nitroprusside is relatively con-
traindicated, and angiotensin-converting enzyme inhibitors are absolutely 
contraindicated in pregnancy. Calcium channel blockers are second line 
agents for the treatment of hypertension in the setting of preeclampsia. 
Long acting oral nifedipine may be given, as there are some data regard-
ing its safe use in pregnancy, but this does not have a rapid onset of 
action. Other calcium blocking agents are less well studied in this setting 
precluding comments on their efficacy and safety.106 Diuretics should be 
used with caution, as they may aggravate the reduction in intravascular 
volume that is often seen in preeclampsia.

Magnesium sulfate has been shown in numerous well-conducted 
studies, which are summarized in a recent Cochrane review, to prevent 
eclamptic seizures and placental abruption, and is superior to phenytoin 
and nimodipine.108 In patients with preeclampsia, magnesium reduces 
the risk of eclampsia by half, and likely reduces the risk of maternal 
death. Magnesium sulfate also has been shown to be better than diaz-
epam and phenytoin in preventing recurrent seizures in patients with 
eclampsia.109 Magnesium sulfate should be given until 24 hours after 
delivery to all women with either severe preeclampsia or eclampsia. 
Toxicity is decreased if, after a loading dose of 4 g IV, an infusion of 
one gram/hour is given. Monitoring of serum magnesium levels is not 
routinely required at this dose as clinical effect can be assessed at the 
bedside by monitoring deep tendon reflexes.90

Pulmonary edema is managed conventionally. Patients with delayed 
postpartum resolution of the HELLP syndrome marked by persistent 
thrombocytopenia, hemolysis or organ dysfunction may benefit from 
plasmapheresis. TTP or HUS can be difficult to distinguish from the 
HELLP syndrome, and should be considered in the differential. The 
management of intrahepatic hemorrhage with subcapsular hematoma 
includes delivery, administration of blood products, and directed con-
trol of liver hemorrhage. Embolization of the hepatic artery is often 
successful, but evacuation of the hematoma and packing of the liver 
may be required.

■■ CARDIOPULMONARY RESUSCITATION
The physiologic and anatomic changes of pregnancy must be taken 
into account when performing cardiopulmonary resuscitation (CPR) 
on a gravid patient (Table 127-10). As reviewed, the gravid uterus may 
impede venous return, especially in late pregnancy. While CPR can be 
attempted with the patient tilted 30° in a left lateral decubitus position, 
this may impair compressions and manual leftward displacement of 
the uterus may be preferred.110,111 In late pregnancy, the gravid uterus 
decreases chest wall compliance, and increased force may be required for 
adequate excursion of the sternum during compressions.112 A lower oxy-
gen reserve from increased oxygen consumption and a decreased FRC, 
and the aspiration risk of bagged valve mask ventilation are indications 
for expeditious intubation of the trachea. Until intubation is performed, 
cricoid pressure should be applied.112 When defibrillation is clinically 
indicated, fetal monitoring devices should be removed to prevent arcing, 
and defibrillation pads are placed as close to the chest wall as possible 
to avoid pendulant breast tissue; standard doses of electrical energy 
are given. Advanced life support protocols are otherwise employed as 
for nonpregnant patients. If magnesium overdose is a possibility, cal-
cium chloride should be given during resuscitation.112 Thrombolytic 
therapy has been used successfully in pregnant patients in shock from 
suspected pulmonary embolism.113,114 If CPR cannot generate a pulse 
or if resuscitation efforts are unsuccessful, emergency cesarean section 
should be considered. Especially in late pregnancy, this intervention can 
benefit both the mother and fetus if performed within 4 to 5 minutes of 
an arrest: maternal circulation may dramatically improve with uterine 

  TABLE 127-8    Management of Severe Preeclampsia

Intervention Comment

Delivery Immediately if >36 weeks gestation

Corticosteroids If between 24 and 34 weeks gestations

Magnesium sulfate Loading dose 4 g IV over 15-20 minutes

Continuous infusion 1 g/h

Labetalol See Table 127-9

Hydralazine See Table 127-9

Surveillance Measure blood pressure at least every 2 hours

Frequent measurement of serum creatinine, magnesium, 
hemoglobin, platelets, and liver function tests

Fetal ultrasound and cardiotocography

  TABLE 127-9   � Drugs Used in the Management of Acute Hypertensive Crises  
in Pregnancy

Drug (pregnancy category) Regimen

Labetalol (C) Loading dose 10-20 mg IV, then 20-80 mg IV every 
20-30 minutes until blood pressure is controlled or total 
dose is 300 mg; can use continuous infusion of 1-2 mg/min 
titrated until blood pressure is controlled 

Hydralazine (C) Loading dose 5 mg IV, then 5-10 mg IV every 20-40 minutes 
until blood pressure is controlled or total dose is 20 mg; 
repeat every 3 hours as needed

  TABLE 127-10    Modifications to ACLS for Pregnant Patients

–	 To resuscitate the fetus, you must resuscitate the mother.

–	 If possible, immediately summon obstetrics and anesthesiology.

–	 Designate a rescuer to displace the uterus to the left, or left tilt the patient 30° with a 
pillow under right hip.

–	 Ensure adequate chest compressions.

–	 Intubate the trachea.

–	 Remove fetal monitors prior to cardioversion and defibrillation.

–	 Avoid femoral vein access; antecubital, jugular, and subclavian lines are preferable.

–	 If there is no return of spontaneous circulation and the estimated gestational age is  
>25 weeks, consider emergency caesarian section.
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evacuation, and fetal survival is well-documented if delivery is arranged 
early in the course of resuscitation.110,115 Therefore, when available, 
obstetric services should be contacted immediately in an arrest.

RESPIRATORY DISORDERS OF PREGNANCY
Despite the increased ventilatory demands of pregnancy, frank ventila-
tory failure is uncommon. When it occurs, respiratory insufficiency is 
the result of severe underlying lung disease that impairs tolerance of 
the additional load of pregnancy, exacerbations in a preexisting condi-
tion, or de novo pulmonary events. For patients with little pulmonary 
reserve, close monitoring is important as respiratory failure may develop 
precipitously, especially in later pregnancy. In patients with chronic 
lung disease, a baseline vital capacity of at least 1 L has been considered 
essential for a safe pregnancy, although patients with a vital capacity less 
than this have had successful pregnancies.116,117

Asthma remains the most common pulmonary problem encountered 
in pregnancy, affecting 1% to 4% of all gravidas, although frank ventila-
tory failure from asthma in pregnancy is uncommon. While less com-
mon than asthma, other chronic lung diseases often carry a higher risk 
of respiratory failure. De novo pulmonary events that cause respiratory 
insufficiency in pregnancy include pneumonia, aspiration, tocolysis-
induced pulmonary edema, amniotic fluid embolism, venous air embo-
lism, or ARDS.118 The following sections review these chronic and de 
novo conditions in turn, and Figure 127-3 summarizes the evaluation 
of respiratory distress in pregnant patients.

■■ ASTHMA
The course of asthma during pregnancy is variable. Patients with more 
severe baseline asthma are more likely to experience worsening of their 
disease during pregnancy.119 The second and third trimesters are when 

asthma deterioration is most likely to occur, with improvement often 
seen during the last month of pregnancy. Adverse maternal outcomes 
associated with asthma during pregnancy include pregnancy-induced 
hypertension, preeclampsia, and cesarean delivery.119 Adverse fetal out-
comes include preterm birth and small for gestational age.119

Management:  The management of the pregnant patient with status 
asthmaticus is similar to that of the nonpregnant patient, with a few 
notable exceptions.3 As the baseline PaCO2 is decreased in pregnancy, 
and usually falls further in the early stages of an acute asthma attack, 
a PaCO2 >35 mm Hg during status asthmaticus should alert the clini-
cian to impending ventilatory failure. Maternal oxygenation status 
should be assessed even in mild attacks. Even mild hypoxemia should 
be treated aggressively in the gravid patient as it is detrimental to the 
fetus.120 Inhaled bronchodilators are a mainstay of treatment of any 
asthma attack; parenteral β-agonists are not commonly used. Systemic 
corticosteroids are indicated for significant exacerbations.121 The 
chronic use of oral corticosteroids has been associated with a twofold 
increase in the incidence of preeclampsia, and rarely with fetal adrenal 
insufficiency. In addition, corticosteroid use early in pregnancy con-
fers an increased risk of cleft palate, although the absolute incidence 
remains low. Generally, and often significantly, the maternal and 
fetal risks associated with poorly controlled asthma or with asthma-
related respiratory failure outweigh the risks of corticosteroid use 
in pregnancy. Heliox, a low-density mixture of helium and oxygen, 
often decreases the work of breathing in status asthmaticus and can 
be given to pregnant patients (see Chap. 55). Noninvasive positive 
pressure ventilation (NIPPV) can be considered for hemodynamically 
stable patients without impending respiratory failure. However, any 
pregnant patient with impending respiratory failure or with refractory 
hypoxemia should be intubated for mechanical ventilation. Ventilation 
strategies are similar to the nonpregnant patient, but include a lower 
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tolerance of permissive hypercapnia when it results in a significant 
maternal acidemia, as this impairs fetal oxygen extraction. Low tidal 
volumes, a low respiratory rate, and a high inspiratory flow minimize 
intrinsic positive end expiratory pressure (PEEPi).

■■ OTHER CHRONIC LUNG DISEASES
Life expectancy for people with cystic fibrosis has increased dramati-
cally, and pregnancy has become an important consideration in their 
long-term management. Maternal and fetal morbidity and mortality are 
increased among gravidas with cystic fibrosis. Coexistent pulmonary 
hypertension, poor prepregnancy lung function, poor nutritional status, 
and colonization with Burkholderia cepacia are predictors of especially 
poor outcomes.122 Patients with cystic fibrosis who become pregnant 
require close follow-up; therapeutic abortion may be recommended for 
those with early and serious declines in pulmonary function.122

Most other chronic pulmonary conditions that result in respiratory 
failure, such as chronic obstructive pulmonary disease, interstitial lung 
diseases, and neuromuscular diseases, are uncommon in pregnant 
women. However, myasthenia gravis, which most commonly affects 
women of child-bearing age, is an important cause of respiratory insuf-
ficiency and failure in pregnancy. During pregnancy, myasthenia gravis 
improves in about a third of patients and deteriorates in about a third of 
patients; the course for a given individual is often unpredictable.123 While 
deterioration is most likely to occur during the first trimester, it can 
occur anytime, including postpartum.124 Finally, pregnancy in patients 
who have previously undergone lung transplantation can be complicated 
and high risk, in spite of possibly normal baseline pulmonary function 
testing. While successful outcomes have been reported, pregnancy in 
this population is associated with maternal, fetal, and graft risk.125

Management:  For patients with cystic fibrosis, the continuation of 
maximum nutritional support, airway clearance maneuvers, and anti-
biotics for infectious exacerbations are indicated. Labor and delivery 
can be high risk. Epidural anesthesia is important for pain control and 
to facilitate a cesarean section should it become necessary, as general 
anesthesia is avoided if possible in patients with cystic fibrosis. An 
echocardiogram, or less commonly right heart catheter monitoring, 
may be useful in assessing hemodynamics when cor pulmonale is 
suspected.122

For patients with myasthenia gravis, a low threshold for hospital 
admission is advisable for increased symptoms or respiratory difficulty, 
as severe exacerbations can develop suddenly. Frequent bedside vital 
capacity monitoring is important and systemic corticosteroids are often 
indicated for a decline in function. If required, plasmapheresis and 
intravenous immunoglobulin (IVIG) are generally safe in pregnancy, 
although volume shifts should be anticipated. During labor, striated 
muscles can be prone to fatigue, and assisted delivery may be needed. 
General anesthesia and IV magnesium may exacerbate weakness in 
myasthenia gravis, and should be used with extreme caution in patients 
who are not on assisted ventilation. Non-depolarizing paralytics may 
also have a prolonged effect in patients with myasthenia gravis.123 
Pregnant patients with ventilatory insufficiency from chest wall dis-
ease or respiratory muscle weakness often respond well to nocturnal 
NIPPV. Overnight pulse oximetry should be used to monitor patients 
with marginal ventilatory function for nocturnal hypoxemia. Close 
patient follow-up, which may include monitoring vital capacity and 
arterial blood gases in addition to symptoms and oxygen saturation, 
is important. Hospital admission until delivery is often indicated for 
those with evolving respiratory insufficiency; if respiratory failure is 
imminent, delivery should be considered as soon as fetal development is 
adequate. For lung transplant patients, close follow-up of lung function 
and clinical status is indicated. Immunosuppression dosing may need to 
be adjusted to compensate for increased circulating volume and renal 
clearance. Mycophenolate mofetil is teratogenic and should not be used 
during pregnancy. The fetal effects of newer immunosuppressives are 
not well known, and these agents are also best avoided.125

■■ RESPIRATORY INFECTIONS
The incidence of pneumonia during pregnancy may be increasing, par-
alleling the increased burden of comorbidities among women of child-
bearing age, including cystic fibrosis, the use of immunosuppressive 
therapies, and human immunodeficiency virus (HIV) infection.126,127 
An altered cell mediated immunity places pregnant women at increased 
risk for a few particular pulmonary infections, as discussed below.128,129 
Otherwise, the microbial causes of pneumonia are similar to those in 
the nonpregnant population.126,130 Complications of pneumonia during 
pregnancy include preterm labor and delivery, respiratory failure, and 
maternal and fetal mortality.

It is not clear that pregnant patients are more likely to become infected 
with influenza, but ample evidence supports that when infection occurs 
they are at increased risk for developing severe pneumonia. Severe 
influenza is associated with fetal and maternal harm.131 Compared to 
nonpregnant patients with influenza, pregnant patients have higher rates 
of hospitalization and influenza-related complications. The morbid-
ity is even higher with pandemic strain infections, where mortality is 
also increased.132 During the 2009 influenza H1N1 pandemic, pregnant 
women accounted for 1% of the American population but up to 5% of 
H1N1 related deaths. Sixty percent of these deaths occurred in the third 
trimester, when influenza morbidity and mortality are known to be 
higher.133 Pregnant patients presented similarly to, and were diagnosed 
as promptly as nonpregnant patients, but they experienced greater delay 
in receiving antiviral treatment, which may be related to concern of fetal 
effects.133 While documented bacterial coinfection was rare in H1N1 
infected pregnant patients, coinfection was not uncommon in the gen-
eral population, and empiric coverage in the setting of severe pandemic 
influenza is reasonable.134 Rapid influenza testing is less sensitive in 
adults than in children; even if a rapid influenza test is negative, preg-
nant patients should be treated empirically with antivirals if infection is 
suspected, particularly during pandemic seasons.135

When Mycobacterium tuberculosis infection occurs during pregnancy, 
maternal and fetal outcomes are generally good if appropriate and timely 
therapy is provided. Congenital tuberculosis is rare and is associated 
with worse outcomes. Although the QuantiFERON-TB Gold test has 
not been extensively evaluated in pregnant patients, it was shown to per-
form well in one report, and the Centers for Disease Control guidelines 
no longer exclude pregnant patients from testing.136 Pregnancy does not 
affect the response to tuberculin skin testing.137

HIV patients who become pregnant are at particularly increased 
risk for Pneumocystis jirovecii pneumonia (PCP). PCP infection during 
pregnancy has a high associated rate of respiratory failure, and with 
a mortality rate of 50%, PCP infection is the most common cause of 
AIDS-related death during pregnancy in the United States.138 Fetal mor-
tality is also high and appears to be worse if infection occurs in the first 
or second trimester.138

Finally, altered cell-mediated immunity may predispose to vari-
cella and coccidioidomycosis pneumonia and disseminated disease. 
Although the overall prevalence is low, coccidioidomycosis fungal 
pneumonia has a notably increased risk of dissemination during preg-
nancy. This is especially the case if contracted in the third trimester or 
immediately postpartum.126,139

Management:  The choice of antimicrobials for pneumonia during 
pregnancy should take potential fetal toxicity into account. Penicillins, 
cephalosporins, and macrolides (except for erythromycin formulated 
with estolate) are considered safe.126,140 Tetracycline and chloram-
phenicol are contraindicated, and sulfa-containing regimens should 
be avoided except in the treatment of PCP.126,130 For those patients 
with suspected or established influenza, treatment with oseltamivir 
is considered safe during pregnancy, and when given within the first 
4 days of symptom onset has been associated with decreased rates 
of complications and death.141,142 Amantadine has been shown to be 
teratogenic at very high doses in animals; its use is not well studied in 
pregnant women.140 Active tuberculosis during pregnancy is treated 
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with isoniazid, rifampin, and ethambutol plus pyridoxine until drug 
susceptibility testing is complete. All three agents cross the placenta, 
but have not been shown to be teratogenic. In contrast, streptomycin is 
known to be harmful for the fetus, and should not be used during preg-
nancy.143 PCP should be treated with trimethoprim-sulfamethoxazole. 
The indications for corticosteroids in severe PCP infection are the 
same as for nonpregnant patients. No teratogenic effects of acyclovir 
have been noted in animal studies, and in pregnant patients with 
cutaneous varicella infection, acyclovir should be started at the first 
sign of respiratory involvement.140 Amphotericin B is considered safe 
during pregnancy, and its use has dramatically reduced mortality from 
disseminated coccidioidal infections.139 Fluconazole and likely other 
azole antifungals are teratogenic; their prolonged use is best avoided.144

■■ ASPIRATION
Aspiration is a well-described and potentially serious complication of 
pregnancy.145 Due to improved prevention strategies, the related mor-
bidity and mortality have dramatically decreased since Mendelson’s 
initial description of aspiration in pregnancy. The severity of aspiration 
injury is related to the volume, pH, and bacterial burden of aspirated 
material, the presence of particulate material, and the host resistance 
to possible subsequent infection. The initial injury is a chemical pneu-
monitis that occurs 24 to 72 hours after the aspiration event; diffuse 
lung injury, including ARDS, may develop as a complication. When it 
occurs, bacterial pneumonia is a late complication and tends to be focal 
and polymicrobial.

Management:  Prevention of aspiration should be the primary goal of 
all physicians assessing and managing a pregnant patient’s airway. All 
pregnant patients, regardless of the time of their last meal, should be 
considered to have a full stomach. The application of cricoid pressure 
during intubation is crucial. Once aspiration has occurred, treatment 
is supportive (see Chap. 59). Antibiotics should be given if bacterial 
pneumonia is suspected.

■■ TOCOLYTIC THERAPY
The use of β-adrenergic agents to inhibit preterm labor leads to pulmo-
nary edema in up to 4% of patients receiving these drugs.146 The inci-
dence of pulmonary edema from tocolysis is increased in women with 
multiple gestations, concurrent infection, or those receiving corticoste-
roid therapy.1 Pulmonary edema typically develops during or within 
24 hours after discontinuation of tocolytic therapy.146 The pathogenesis 
is unknown, although note of a normal left ventricular function and 
Ppw in most cases has led to speculation that tocolytics mediate low-
pressure capillary leak.146 As pulmonary edema has not been associated 
with similarly high doses of β-adrenergic agonists used to treat asthma, 
increased circulatory volume may also play a role in tocolysis-induced 
pulmonary edema. Indeed, a positive fluid balance is often noted in the 
hours to days preceding the onset of overt pulmonary symptoms after 
tocolytics. Tachypnea, tachycardia, and signs of pulmonary edema are 
observed on examination, and blood gas analysis reveals hypoxemia 
and hypocapnea.146 With appropriate supportive care, the clinical course 
typically is marked by a quick and complete return to baseline function.

Management:  Treatment is supportive, and consists of discontinuation 
of tocolytic therapy, the provision of supplemental oxygen, and diure-
sis. Occasionally, positive pressure ventilation may be required. The 
response to diuretics in tocolysis pulmonary edema is usually prompt.146 
Due to increased glomerular filtration, the dosing of diuretics is usually 
lower than in nonpregnant patients.

■■ AMNIOTIC FLUID EMBOLISM
Amniotic fluid embolism (AFE) is a rare but significant cause of mater-
nal mortality.147 The course is fulminant and often fatal. For survivors, 
there is a high incidence of central nervous system dysfunction. Risk 
factors for AFE include advanced age, multiparity, and device assisted 

delivery.148 Less established risk factors include amniotomy, cesarean 
section, insertion of intrauterine fetal or pressure monitoring devices, 
and term pregnancy in the presence of an intrauterine device.130 It is 
important to note that while most cases occur during labor and delivery, 
AFE may occur during first- and second-trimester abortions, or after 
trauma. There is also a case report of a spontaneous occurrence at 20 
weeks of gestation.149

The classic and most common presentation of AFE is the abrupt 
onset of respiratory failure, marked by severe dyspnea, tachypnea, and 
hypoxemia, during labor or soon after delivery. This is often followed 
by the development of cardiovascular collapse, hemorrhage, and sei-
zures.149 While less common, shock or bleeding can also be the initial 
presentation of AFE. The mechanisms of respiratory and circulatory 
failure remain controversial. While amniotic fluid and particulate matter 
may enter the maternal circulation, pulmonary vascular obstruction is 
thought to be a minor factor in the immunopathogenesis.12 A role for an 
anaphylactoid reaction to circulating fetal material has been suggested, 
but remains unproven.128,148 In animal models of AFE, acute elevations in 
the pulmonary artery pressure and CVP with subsequent hypotension, 
indicative of right heart failure, have been observed and attributed to 
vasoconstricting arachidonic acid metabolites present in the amniotic 
fluid.149 In humans, the acute increase in pulmonary vascular resistance 
that is noted in many cases supports acute right heart failure as an 
important and primary event in the pathogenesis. Pulmonary edema 
is also often present and, when out of proportion to Ppw, is attributed 
to capillary leak.150 In some patients the pulmonary vascular resistance 
is only minimally increased, and significant left ventricular dysfunc-
tion with an elevated Ppw are present, suggesting that left ventricular 
dysfunction may also contribute to pulmonary edema and circulatory 
collapse; this may be most evident later in the course of AFE.148,150  
A proposed two-phase model of disease, marked by prominent 
right heart failure early followed by the subsequent development of  
left heart dysfunction, accounts for the variety of cardiovascular find-
ings reported for AFE.148 Nearly all patients who survive the initial few 
hours will develop laboratory evidence of DIC, and DIC-related bleed-
ing complications are generally substantial. The combination of severe 
cardiac, pulmonary, and coagulopathic insults underlies the substantial 
mortality associated with AFE.148

Management:  Treatment is supportive and is aimed at ensuring 
adequate oxygenation, stabilizing the circulation, and controlling 
bleeding. The initial management includes intubation and mechanical 
ventilation with lung protective low tidal volumes and a respiratory 
rate that avoids significant respiratory acidosis.148 PEEP is titrated, 
as tolerated, to achieve a PaO2 >90 mm Hg and a fraction of inspired 
oxygen (FiO2) ≤0.6. Sedation and paralytics allow complete rest of 
the respiratory muscles and may facilitate hemodynamic stability in 
those with refractory hemodynamic compromise. An echocardio-
gram should be obtained urgently to determine the degree of left 
and right heart failure, as optimal management of each are critical 
determinants of outcome. Fluid resuscitation is guided by status of 
the circulating volume and right heart function. Systemic vasodilation 
may be prominent, and vasoactive drugs are frequently necessary for 
blood pressure support.148 Rare case reports attest to the successful 
use of inhaled nitric oxide, extracorporeal membrane oxygenation 
(ECMO), and intra-aortic balloon pump therapies in refractory 
cases.148 DIC should be anticipated, and if possible a hematologist 
should be consulted early. Recombinant factor VIIa has been used for 
refractory bleeding in AFE. In undelivered patients, delivery should 
be performed expeditiously.

■■ VENOUS AIR EMBOLISM
Although the incidence of venous air embolism in pregnancy is low, 
the associated risk is high and venous air embolism accounts for up to 
1% of all maternal deaths.140 While it can occur during normal labor, 
risk factors are often identified and include placenta previa, orogenital 
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sex, criminal abortions using air, and insufflation of the vagina during 
gynecologic procedures.140 Air is thought to enter subplacental venous 
sinuses, embolize through the venous circulation, and obstruct pul-
monary blood flow. Signs and symptoms include a continuous cough, 
dyspnea, lightheadedness, diaphoresis, tachypnea, cyanosis, tachycardia, 
and hypotension. A mill wheel murmur or bubbling sound is occasion-
ally heard over the precordium. With a significantly sized embolism, 
hypotension is often followed by respiratory arrest. Arrhythmias and 
evidence of right heart strain and ischemia have been noted on ECG. 
If readily available, evaluation of the right and left sternal borders by 
Doppler ultrasound is the most sensitive noninvasive diagnostic test.151 
Patients who survive an initial cardiopulmonary collapse may develop 
noncardiogenic pulmonary edema.

Management:  When venous air embolism is suspected, the patient 
should immediately be placed in the left lateral decubitus position 
to direct the embolus away from the right ventricular outflow tract. 
Trendelenburg positioning has also been advocated, although it has 
not been demonstrated to improve outcomes. To facilitate resorption 
of nitrogen, 100% oxygen should be provided. If available, and if the 
clinical status permits, hyperbaric oxygen will also aid in resorption. 
Aspiration of air from the right atrium is not often successful, but can 
be attempted as a salvage intervention. Acute right heart failure con-
tributes to clinical deterioration, and inotropic support with dobuta-
mine may be helpful. If cardiac arrest occurs, chest compressions may 
therapeutically disperse larger emboli.

■■ ARDS
ARDS is defined by the acute onset of diffuse, noncardiogenic pulmo-
nary edema which results in a ratio of PaO2 to FiO2 <200. The pathophys-
iology and management of ARDS is reviewed extensively elsewhere (see 
Chap. 52). However, several considerations for ARDS during pregnancy 
are emphasized here. ARDS in pregnancy is associated with maternal 
and fetal mortality, perinatal asphyxia, and premature delivery. As with 
nonpregnant patients, sepsis is the most common cause of ARDS dur-
ing pregnancy.152 While aspiration is historically an important cause, the 
incidence of has dramatically declined with the widespread adoption of 
aspiration precautions in pregnant patients. Preeclampsia and amniotic 
fluid embolism are other pregnancy-related conditions associated with 
the development of ARDS.

Management:  A meticulous evaluation for occult infection, includ-
ing chorioamnionitis, is an important part of ARDS management. 
Tracheal intubation and mechanical ventilation should be instituted 
in an expectant fashion for patients with unstable hemodynamics or 
progressive hypoxemia. Although some experts have recommended 
maintaining the lower PaCO2 of pregnancy (27-34 mm Hg), the ben-
efit of this has not been established. The salient guiding principles 
of ARDS ventilator management include use of a low tidal volume 
strategy to avoid over distention of alveoli, and maintaining plateau 
pressures less than 30 cm H2O to minimize the risk of barotrauma.153 
While a low tidal volume strategy of 6 mL/kg (based on prepregnancy 
weight) has not been studied in pregnant patients, outcomes of this 
strategy in nonpregnant patients are compelling and support its use 
in most patients with ARDS. Pregnancy is not an absolute contrain-
dication to permissive hypercapnea.154 However, significant acidemia 
impairs fetal carbon dioxide transfer and oxygen extraction, and 
should be avoided.155 Conversely, alkalosis should be avoided, as ani-
mal studies suggest an associated decrease in uteroplacental flow.3,156 
The gravid uterus can impair chest wall mechanics, resulting in higher 
than normal airway pressures. Nonetheless, when diffuse lung injury 
is present, it is the predominant contributor to increased plateau 
pressures and high plateau pressures in this setting most often reflect 
decreased parenchymal compliance.153 Sufficient PEEP should be pro-
vided to correct hypoxemia at a nontoxic FiO2 (<0.6). To prevent fetal 
distress, the goal PaO2 in pregnant patients is greater than 90 mm Hg, a 
higher minimum value than in nonpregnant patients. Neuromuscular 

blockade may assist in cardiopulmonary stabilization by decreasing 
oxygen consumption and avoiding the intrathoracic pressure effects of 
active ventilatory effort. Inhaled nitric oxide has not been well studied 
in pregnant patients. Prone positioning also has not been studied, 
although the gravid state makes this maneuver difficult.128,153 Delivery 
for severe ARDS cannot be universally recommended; decisions are 
made for individual cases, weighing the theoretical improvements in 
ventilation against the physiologic costs of delivery.152

■■ CONSIDERATIONS OF MECHANICAL VENTILATION IN PREGNANCY
The indications for intubation and mechanical ventilation are not sig-
nificantly changed by pregnancy, although the adjusted normal PaCO2 of 
27 to 34 mm Hg of pregnancy should be considered when interpreting 
blood gases and the need for intubation.1 In the setting of progressive 
respiratory distress, a decision regarding intubation is best made in col-
laboration with the critical care physician, obstetrician, and neonatolo-
gist. NIPPV for acute respiratory failure has not been well studied in 
pregnancy. In the stable patient able to protect their airway, NIPPV may 
be reasonable for certain conditions, such as mild hypoxemia associated 
with readily reversible pulmonary edema. Theoretical limitations to 
NIPPV include pregnancy-related upper airway edema and an increased 
risk of aspiration, although a definitive aspiration risk associated with 
NIPPV use in pregnancy has not been established.157 If respiratory 
failure is imminent, intubation and mechanical ventilation should be 
performed electively. The institution of mechanical ventilation early in 
the course of respiratory failure facilitates stabilization of the mother 
and fetus, and permits identification and treatment of reversible fac-
tors in a controlled setting. When delivery is indicated in the setting of 
respiratory failure, mechanical ventilation can support successful surgi-
cal delivery. If maternal death occurs, fetal viability can be maintained 
throughout pregnancy with mechanical ventilation.

Tracheal intubation can be a high-risk procedure in pregnant patients. 
Intubation failure occurs more frequently than in nonpregnant patients, 
and is associated with morbidity and mortality.158 Several difficulties in 
airway management should be anticipated (Table 127-11), and control 
of the airway should be achieved by a skilled practitioner. Pharyngeal, 
laryngeal, and vocal cord edema are common, and the increased vas-
cularity of the upper airway may lead to bleeding from even minor 
intubation-related trauma.128,130 A relatively small endotracheal tube 
may be necessary, and nasotracheal intubation is best avoided because 
of nasal narrowing and hyperemia.3 Finally, due to the risk of aspiration 
during pregnancy, mask ventilation should be avoided and the applica-
tion of cricoid pressure during intubation is strongly recommended.159

Most patients require sedation during intubation and mechanical 
ventilation. Propofol is a pregnancy category B hypnotic agent (see 
Chap. 22), and has been used safely in pregnancy. Morphine and fen-
tanyl (pregnancy category C) are also generally safe during pregnancy. 
If benzodiazepines (pregnancy category D) are used early in pregnancy, 
the lowest dose and shortest possible duration are recommended, as 
benzodiazepines carry a theoretical risk of cleft palate and other birth 
defects. All of these agents cross the placenta, and if given near the time 
of delivery immediate intubation of the neonate may be required. Non-
depolarizing neuromuscular blocking agents including cisatracurium, 

  TABLE 127-11    Considerations in Airway Management of Pregnant Patients

Risk Factors Response

Low O
2
 reserve: ↑ VO2, ↓ FRC Pre-oxygenate

Highly vascular airway Avoid nasal intubation

Airway edema Employ smaller diameter tracheal tube

Altered anatomy from weight gain Proper positioning

Increased aspiration risk Acid reduction therapies

Rapid sequence induction

FRC, functional residual capacity; VO2, oxygen consumption.
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pancuronium, vecuronium, and atracurium produce no adverse fetal 
effects with short-term use in the gravida.3 Of these, cisatracurium 
(pregnancy category B) may be preferred as it does not depend on 
renal or hepatic function for elimination. When possible, left lateral 
patient positioning will minimize the decrease in venous return that 
occurs with positive pressure ventilation. Maternal arterial blood gases 
should be assessed frequently in those with severe acid-base or respira-
tory derangements.154 During mechanical ventilation, fetal monitoring 
should be ongoing, and acute ventilatory changes that lead to even subtle 
levels of fetal decompensation should be avoided.

If life-threatening hypoxemia persists despite maximizing ventilatory 
strategies, ECMO may be considered. Data on the use of ECMO dur-
ing pregnancy are limited, but several case reports support its use as a 
salvage intervention.160 As high flow is needed, femoral venous access 
in pregnant patients is not ideal. However, one group reported success 
by accessing both femoral veins in addition to the jugular vein.160 As 
with nonpregnant patients, better outcomes in pregnant patients may be 
seen with the implementation of ECMO early in the phase of refractory 
respiratory failure.

OTHER DISORDERS OF PREGNANCY

■■ VENOUS THROMBOEMBOLISM
Venous thromboembolic disease is reviewed in full in Chap. 39. 
Pregnancy is a well-known risk factor for deep vein thrombosis and pul-
monary embolism. Importantly, the increased risk of thromboembolic 
disease continues into the postpartum period.161 Deep vein thrombosis 
occurs on the left side in up to 80% of pregnant patients. In addition, it 
is more likely to occur higher in the pelvis, for which ultrasound is less 
diagnostically sensitive. Chest imaging is an important complement to 
leg ultrasound when thromboembolic disease is suspected.113,162,163

■■ ACUTE RENAL FAILURE
While the incidence of acute renal failure (ARF) in pregnancy has fallen 
significantly with improved preeclampsia management and a decline 
in illegal abortions, the associated mortality and long-term morbidity 
remain significant.164 ARF can complicate hemorrhage, preeclampsia, 
amniotic fluid embolism, or acute fatty liver of pregnancy. Preeclampsia 
is a particularly important condition associated with ARF. The develop-
ment of placental abruption, the HELLP syndrome, DIC, or hemorrhage 
further increases the risk of ARF in preeclampsia. Sepsis and infection 
are also important risk factors for ARF in pregnancy. Even when not 
complicated by sepsis, pyelonephritis in pregnant patients is associated 
with a greater risk of ARF compared to pyelonephritis in nonpregnant 
patients.164 Finally, there are case reports of ARF from genitourinary 
compression from the gravid uterus, which may be more likely to occur 
in the setting of increased uterine distention with polyhydramnios, 
multiple gestations, or uterine fibroids. Idiopathic postpartum ARF is an 
unusual complication of pregnancy and may occur days to weeks after a 
normal pregnancy and delivery. The etiology is unknown but it may be 
a variant of HUS or TTP with predominantly renal involvement.

The evaluation of the pregnant patient with renal insufficiency is sim-
ilar to that of the nonpregnant patient, keeping in mind that creatinine 
levels in pregnancy are lower and a “normal” creatinine may indicate 
renal injury. Renal biopsy is reserved for the minority of patients with 
ARF for whom a comprehensive clinical evaluation does not suggest 
the diagnosis, especially the preterm gravida with suspected but uncon-
firmed preeclampsia, where a biopsy showing an alternate diagnosis 
would avert delivery of a preterm fetus.

Management of ARF in pregnancy includes treating the underlying 
cause, preventing further damage, and providing supportive care and 
dialysis as necessary. Renal dysfunction associated with preeclampsia 
and the HELLP syndrome should respond to delivery of the fetus, 
while TTP and HUS require plasmapheresis. A thorough evaluation for 
occult sepsis should be performed when the etiology of ARF is unclear. 

Low-dose dopamine is not an established therapy for renal support, and 
should not be used for the purpose of treating ARF in pregnancy.

■■ ACUTE LIVER FAILURE
In pregnancy, de novo liver function test abnormalities are uncommon, 
evident in less than 5% of pregnancies in the United States. Acute liver 
failure in pregnancy is even more uncommon. In spite of periportal or 
focal parenchymal necrosis and fibrin deposition in the sinusoids seen 
on histopathology, preeclampsia and the HELLP syndrome rarely lead 
to liver failure. However, subcapsular hematoma, intraparenchymal 
hemorrhage, or hepatic rupture or infarction may occur. These compli-
cations are an indication for delivery, and close monitoring is required 
as worsening thrombocytopenia and increasing LDH levels may be seen 
up to 48 hours after delivery.165 Acute fatty liver of pregnancy (AFLP) 
is a rare complication of pregnancy, most commonly presenting in the 
third trimester. It is associated with significant maternal (18%) and 
fetal (23%) mortality. It is thought to result from deficiencies of the 
enzymes of mitochondrial fatty acid beta-oxidation. When a woman 
heterozygous for these enzyme defects is pregnant with a homozygous 
fetus, fetal fatty acids accumulate and are detected in maternal circula-
tion.166 This accumulation leads to hepatic fat deposition and impaired 
hepatic function. Risk factors for AFLP include multiple gestations and 
a first pregnancy. Patients present with nonspecific symptoms such as 
headache, nausea and vomiting, right upper quadrant or epigastric pain, 
malaise, and anorexia. Jaundice, hepatic encephalopathy, and coagulop-
athy may follow 1 to 2 weeks later. Cholestasis with mild to severe eleva-
tions in serum aminotransferases is noted. Ultrasonography may show 
increased echogenicity. While CT scanning is more sensitive, and may 
demonstrate decreased attenuation, this modality carries the risk of fetal 
radiation exposure.167 Liver biopsy is definitive but must be undertaken 
with caution if there is an attendant coagulopathy. Histology in AFLP 
reveals microvesicular fatty infiltration detected on frozen sections with 
oil red O staining. When fulminant hepatic failure ensues, it can be 
complicated by encephalopathy, renal failure, pancreatitis, hemorrhage, 
DIC, seizures, coma, or death. Because deterioration may occur rapidly, 
expectant management is generally not advised, and treatment includes 
delivery of the fetus. Jaundice, liver dysfunction, and DIC may worsen 
during the first week after delivery but should improve thereafter. Full 
maternal recovery is the typical outcome although fulminant hepatic 
failure requiring liver transplantation has been reported. Infant compli-
cations include hypoglycemia, hypotonia, acute or chronic skeletal and 
cardiac muscle dysfunction, and sudden infant death syndrome.

MAINTENANCE OF THE INTERNAL ENVIRONMENT

■■ ACID-BASE STATUS
During labor, the normal respiratory alkalosis of pregnancy worsens 
with maternal hyperventilation, although current evidence suggests this 
is not clinically relevant.168 Unlike the spontaneous hyperventilation of 
labor and delivery, a persistent respiratory alkalosis has been demon-
strated to decrease uteroplacental blood flow and result in fetal asphyxia 
in animal models.156 Metabolic alkalosis also is thought to decrease 
placental blood flow and impair fetal PaO2.169 Since severe and persistent 
respiratory and metabolic alkaloses in critical illness are often a result of 
medical treatment, such as excessive mechanical ventilation, nasogastric 
suction, and diuretic use, close monitoring of maternal acid-base status 
should allow prevention or early correction of alkalemia.

Acidemia may also be detrimental to the fetus. As reviewed, a mild 
increase in maternal PaCO2 is generally well tolerated, but permissive 
hypercapnia that results in a significant respiratory acidosis is best 
avoided. A mild, transient metabolic acidosis occurs in normal labor and 
delivery, presumably as a result of hyperventilation and other muscle 
activity.170 While maternal lactate is transferred rapidly to the fetus, the 
acidosis often resolves in the neonate within an hour of delivery. When 
a maternal metabolic acidosis develops as a result of illness, treatment 
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should be directed at the underlying process. The use of bicarbonate 
to correct the pH is controversial. When bicarbonate is given, serum 
carbon dioxide levels rise, and carbon dioxide diffuses rapidly across 
the placenta. Maternal bicarbonate equilibrates more slowly across the 
placenta. Thus, infused bicarbonate may contribute to systemic acidosis 
in the fetus.

■■ NUTRITION
During states of inadequate nutrition, the mother is favored over the 
fetus. Aggressive nutritional support should be instituted early in the 
course of critical illness. The gut should be used if possible. Caloric 
requirements during pregnancy are approximately 40 kcal/kg per day. 
Sepsis, trauma, burns, and recent surgery are likely to increase this 
requirement. Unless severe liver disease is present, 1.5 g/kg per day of 
protein should be given. Approximately 20% of calories should be pro-
vided as lipids. Calcium, phosphate, and magnesium levels should be 
monitored, and additionally supplemented as necessary. Patients who do 
not tolerate enteral feeding will require total parenteral nutrition (TPN). 
Extended TPN has been used in pregnant patients for disorders such as 
inflammatory bowel disease, esophageal stricture, and malignancy.171 Its 
use in acute nutritional insufficiency associated with critical illness is 
less well described.
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KEY POINTS

•• Anaphylaxis is an acute life-threatening systemic reaction that 
results from sudden systemic release of mediators from mast cells 
and basophils.

•• Degranulation of mast cell and basophils are commonly mediated 
by IgE antibody. Other nonimmunologic mechanisms including 
direct activation of these cells have been described.

•• The incidence of anaphylaxis appears to be rising, especially 
among young people.

•• Foods followed by medications (eg, antibiotics and NSAIDs) are 
the most common cause of anaphylaxis in the outpatient setting.

•• Medications, for example, antibiotics, muscle relaxants, blood 
products, and radiocontrast media, are common causes of 
anaphylaxis in the hospital.

•• Onset of symptoms of anaphylaxis is usually immediate but can be 
delayed by 2 to 10 hours.

•• Cutaneous symptoms are common but hemodynamic collapse and 
shock can occur in the absence of skin manifestations.

•• The hemodynamic symptoms of anaphylaxis are secondary to the 
widespread vasodilation and profound intravascular fluid loss.

•• Careful history and physical examination are most important in 
the diagnosis of anaphylaxis. Measurement of serum tryptase and 
histamine can be helpful.

•• Prompt recognition, administration of epinephrine, and 
intravascular volume replacement are key factors in the successful 
outcome of this potentially fatal event.
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  TABLE 128-1    Incidence and Prevalence of Anaphylaxis.

Author Year Description of study Findings

Yocum et al177 1999 Rochester Epidemiology Project. During the years 1983-1987, the average annual incidence rate was 
21/100,000 person-years, and the most common triggers were foods, 
medications, and insect stings.

Simons et al178 2002 Dispensing data for all injectable epinephrine formulations over 5 consecutive years. 0.95% had injectable epinephrine dispensed for out-of-hospital treatment.

Bohlke et al179 2004 Large HMO in the United States, 1991-1997. The incidence rate was 10.5 anaphylactic episodes per 100,000 person-years.

Helbling et al180 2004 Investigated anaphylaxis with circulatory symptoms during a 3-year period,  
1996-1998, in Bern, Switzerland.

Incidence rate of 7.9-9.6/100,000 person-years.

Lieberman et al9 2006 Panel convened to review major epidemiologic studies of anaphylaxis. There was a frequency estimate of 50 to 2000 episodes/100,000 person-years 
or a lifetime prevalence of 0.05% to 2%.

Poulos et al181 2007 Data on hospital admissions for anaphylaxis were extracted for the periods  
1993-1994 to 2004-2005, respectively.

There was a continuous increase by 8.8% per year in the incidence rate of 
ED visits/hospitalizations for anaphylaxis.

Camargo et al12 2007 State-by-state dispensing data (filled prescriptions, including refills) for epineph-
rine autoinjectors in 2004 in the United States.

Average was 5.71 Epi-pens per 1000 persons (range from 2.7 in Hawaii to 
11.8 in Massachusetts).

Decker et al182 2008 Population-based incidence study from 1990-2000 in the Rochester Epidemiology 
Project.

Overall age- and sex-adjusted incidence rate of 49.8/100,000 persons; the 
annual incidence rate increased from 1990 to 2000.

Lin et al183 2008 Characterization of anaphylaxis hospitalizations in New York state in patients  
<20 years of age.

During the study period, 1990-2006, the anaphylaxis hospitalization rate 
increased by more than fourfold.

Sheikh et al184 2008 Recorded incidence and lifetime prevalence of anaphylaxis in England were  
investigated by using QRESEARCH, a national aggregated primary health care  
database containing the records of >9 million patients.

Age/sex standardized incidence of anaphylaxis was 6.7/100,000 person-years 
in 2001 and increased by 19% to 7.9/100,000 person-years in 2005; lifetime 
age/sex standardized prevalence of anaphylaxis was 50/ 100,000 in 2001 and 
increased by 51% to 71.5/100,000 in 2005.

INTRODUCTION/DEFINITION
The traditional definition of anaphylaxis is “a systemic, immediate hyper-
sensitivity reaction caused by immunoglobulin E (IgE)–mediated immu-
nologic release of mediators from mast cells and basophils.” The term 
“anaphylactoid” reaction has been traditionally defined as a clinically similar 
event not mediated by IgE.1,2 More recently, the World Allergy Organization 
(WAO) has referred to anaphylaxis as a “severe, life-threatening, generalized 
or systemic hypersensitivity reaction.” It suggested that the term ‘‘anaphy-
lactoid reaction’’ be eliminated, and that all episodes clinically similar to 
IgE-mediated reactions be called anaphylaxis.3

The difficulty in determining the clinical manifestations that define 
an anaphylactic event was highlighted in a symposium sponsored by 
the National Institute of Health and the Food Allergy and Asthma 
Network.4,5 This symposium was convened to define the clinical mani-
festations of anaphylaxis required to establish a diagnosis. No true defi-
nition, in the classic sense of the term, resulted from the deliberations 
of this group, but they did define a clear-cut constellation of signs and 
symptoms requiring the necessity for treatment with epinephrine. They 
formulated three clinical scenarios during which anaphylaxis was highly 
likely as a cause of the event and thus epinephrine therapy mandated. 
These scenarios can be summarized briefly as follows:

	 1.	 Acute onset of an illness (minutes to several hours) with involvement 
of the skin, mucosal tissue, or both and at least one of the following: 

	 a.	 Respiratory compromise
	 b.	 Reduced BP or associated symptoms of end-organ dysfunction

	 2.	 Two or more of the following that occur rapidly after exposure to a 
likely allergen for that patient (minutes to several hours): 

	 a.	 Involvement of the skin-mucosal tissue
	 b.	 Respiratory compromise
	 c.	 Reduced BP or associated symptoms
	 d.	 Persistent gastrointestinal symptoms

	 3.	 Reduced BP after exposure to known allergens for that patient  
(minutes to several hours).

EPIDEMIOLOGY
The true incidence and prevalence of anaphylaxis is currently not 
known because of a lack of any controlled studies. Underdiagnosis, 
underreporting, and miscoding are substantial obstacles preventing an 
accurate estimation.6-8 Table 128-1 summarizes the major studies of 
incidence and prevalence and their relevant findings. A recent expert 
panel concluded that the lifetime prevalence of anaphylaxis is about 
0.05% to 2%.9 The same study reported that the incidence is approxi-
mately 50 to 2000 episodes per 100,000 person-years.

Geographic locations, age, gender, route of administration of 
antigen, and atopy have been found to influence the incidence of 
anaphylaxis.10-13

Anaphylaxis is more common in males until age 15 years and more 
common in females after age 15 years. This has been documented in sev-
eral studies.13,14 The reason for such gender differences is not clear, but 
probably relates to hormonal influences. Anaphylaxis is more frequent 
in adults than children for some agents: radiocontrast media, plasma 
expanders, and anesthetics.

Camargo et al12 investigated the epidemiology of anaphylaxis using 
the number of autoinjector epinephrine prescription filled in 50 states 
and Washington, DC. A strong north-south gradient was observed for 
the prescription of autoinjectors in the United States, with the highest 
rates found in New England. This finding persisted after all other vari-
ables (eg, population demographic characteristics, number of health 
care providers, prescriptions for other medications) were adjusted. 
The authors concluded that regional differences in the number of 
automatic epinephrine injections prescribed may provide insight into 
the pathogenesis (eg, the potential role of vitamin D deficiency) of 
reactions experienced as an outpatient. In the United Kingdom, the 
incidence may be higher for those living in rural areas compared to 
urban areas.11

The relationship between atopy and anaphylaxis is complex. The 
incidence of latex anaphylaxis is clearly increased in atopic individuals15 
but the same is not true for penicillin, insulin, insect stings, and muscle 
relaxants.10 Atopic subjects appear to be predisposed to anaphylaxis, but 
only a minority of such atopic individuals will experience an event.
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  TABLE 128-2    Mechanisms and Causes of Anaphylaxis

Immunologic mechanisms (IgE dependent)

Foods: peanut, tree nut, shellfish, fish, milk, egg, sesame seed, and food additives

Medications: β-lactam antibiotics, NSAIDs, and biological agents

Venoms: stinging insects (Hymenoptera)

Natural rubber latex

Occupational allergens

Seminal fluid (prostate-specific antigen)

Inhalants: horse, hamster, and other animal danders and grass pollen (rare)

Radiocontrast media

Immunologic mechanisms (IgE independent)

Dextran: high-molecular-weight iron dextran

Infliximab

Radiocontrast media

Nonimmunologic mechanisms

Physical factors: exercise, cold, heat, and sunlight/UV radiation

Ethanol

Medications, such as opioids

Idiopathic anaphylaxis

ETIOLOGY
The various triggers of anaphylaxis are grouped according to the mecha-
nism by which they cause anaphylaxis (Table 128-2). Overall drugs and 
foods are the most frequent causes of anaphylaxis.16

Foods are arguably the most common cause of anaphylaxis in the 
outpatient setting. Food allergens account for 30% of fatal cases.17,18 The 
prevalence of food-induced anaphylaxis is increasing. The most fre-
quently incriminated foods are peanuts, tree nuts, fish, and shellfish, but 
other foods, such as sesame seeds, have become increasingly important 
as causes of food-induced anaphylaxis.18,19

Medications are the second most common overall cause of anaphy-
laxis, and perhaps the primary cause of anaphylaxis in adults.20 They 
are also the most common cause of anaphylaxis in the hospital setting. 
The most common classes of drugs producing anaphylaxis are antibiot-
ics, especially β-lactam antibiotics, and nonsteroidal anti-inflammatory 
drugs (NSAIDs). β-Lactam antibiotics account for as many as 22% of all 
drug-related episodes.2 NSAIDs are the second most common medica-
tion offender.21 Depending on the country, anaphylactic reactions dur-
ing the perioperative procedure represent 9% to 19% of complications 
occurring during anesthesia. The fatality rate approximates 5% to 7%. 
Muscle relaxants account for 62%, latex approximately 16%, and the 
remainder of reactions are due to hypnotics, antibiotics, plasma sub-
stitutes, and opioids.22 Other agents like antilymphocyte globulin and 
antivenom antisera have been mentioned as causes of anaphylaxis.

Anaphylaxis to anticancer chemotherapy drugs is increasing in inci-
dence with the increasing use of these drugs. In particular, reactions to 
the platinum-containing drugs, such as cisplatinum and carboplatinum, 
are increasing in incidence.23 Anaphylactic events to biologic modifiers 
are also growing in importance. These include omalizumab (anti-IgE), 
an agent used to treat asthma,24 and cetuximab, a chimeric mouse/
human IgG1 monoclonal antibody to epidermal growth factor receptor 
used in the treatment of colorectal cancer and squamous cell cancer of 
the head and neck.25

Radiographic contrast material (RCM) is used in more than 10 
million radiologic examinations annually in the United States. The 
overall frequency of adverse reactions is 5% to 8%. Moderate reactions, 
such as severe vomiting, diffuse urticaria, or angioedema, that require 
therapy occur in about 1% of patients who receive RCM. However, 

life-threatening reactions occur with a frequency of less than 0.1% 
with conventional high-osmolality RCM.26,27 With the development of 
lower-osmolality RCM, the overall risk of anaphylactoid reactions has 
decreased.28

Systemic allergic reactions to insect stings are reported by up to 3% 
of adults, and almost 1% of children who have been stung.29,30 At least 
50 fatal reactions to an insect sting occur each year in the United States. 
Half of these occur in individuals who had no history of a previous reac-
tion to an insect sting.31

It has been estimated that the overall incidence of latex allergy in 
the United States ranges between 2.7 million and 16 million. Although 
the incidence of latex allergy has risen markedly over the last 15 years, 
with the reduction of the use of powdered gloves and the substitution 
of nonlatex gloves in hospitals, the incidence of latex allergy appears 
to have stabilized and perhaps declined.32 Populations at risk are those 
experiencing multiple mucosal exposures to latex such as subjects who 
have had multiple catheterizations, multiple surgeries, and of course 
health care workers.

Exercise-induced anaphylaxis (EIA) is a rare disorder. One study 
estimated the prevalence of EIA among Japanese adolescents to be 
approximately 0.03%, with no clear gender preference.33 Exercise-
induced anaphylaxis exists in two forms. In one form the act of 
exercise alone is sufficient to produce an event, and in another form 
exercise plus a cofactor such as the ingestion of a food or drug is 
required. The prevalence of patients with purely exercise-triggered 
anaphylaxis, relative to those who require exercise plus a cofactor, 
is not known.34 Foods are the most frequently reported cofactor.35 
NSAIDs and aspirin are the most frequently reported drug cofac-
tor.36,37 Other cofactors include alcoholic beverages, menstruation, and 
exposure to pollen during exercise.36,38

The cause of anaphylactic events remains unidentified in as many as 
two-thirds of adults presenting to an allergist/immunologist for evalua-
tion of anaphylaxis. A survey of 75 allergists in the United States found 
that these physicians had encountered 633 cases. The authors extrapo-
lated these data to the population of the USA and estimated there are as 
many as 20,592 to 47,024 cases.14

CAUSES OF ANAPHYLAXIS IN THE CRITICAL  
CARE UNIT OR OPERATING ROOM
The incidence of anaphylaxis during anesthesia has been reported to 
range from 1 in 4000 to 1 in 25,000.20 Neuromuscular blocking agents 
are responsible for 60% to 70% of anaphylactic reactions during general 
anesthesia.39-41 In most series, succinylcholine is the most frequently 
cited agent but this may vary depending on the practice pattern, which 
determines the agent used. Most of the neuromuscular blocking agents 
cause direct mast cell degranulation and histamine release which are IgE 
independent. However, life-threatening reactions to these agents usually 
are IgE mediated.42 The tertiary or quaternary ammonium group, com-
mon to all muscle relaxants, is likely the immunodominant determinant 
recognized by IgE.43 The antigenicity of the shared ammonium struc-
tures may be responsible for cross-reactivity among the muscle relax-
ants. Cross-reactivity occurs most consistently between pancuronium 
and vecuronium.44 Cross-reactions also may occur between muscle 
relaxants and other classes of pharmaceuticals, based on in vitro inhibi-
tion of specific-IgE binding to the muscle relaxants. Agents that poten-
tially cross-react with muscle relaxants include acetylcholine, choline, 
morphine, neostigmine, and pentolinium.45 Cross-inhibition studies 
suggest that previous exposure to these nonanesthetic drugs may sensi-
tize individuals to muscle-relaxing agents, resulting in reactions among 
patients without prior anesthesia. Three out of four cases of anaphylaxis 
to muscle relaxants occur in females, suggesting cross-reactivity with 
ammonium compounds in personal care products.46 Skin testing may 
be useful to determine the safest alternative for subsequent anesthesia 
following a suspected reaction, recognizing that nonimmunologic reac-
tions are not identified by this diagnostic method.47,48 Skin testing is not 
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recommended for preanesthetic screening of subjects without a history 
of a previous reaction.49

The antibiotics most commonly implicated in reactions during this 
period are β-lactam antibiotics and vancomycin.50 Rapid vancomycin 
administration may result in life-threatening, non-IgE-mediated ana-
phylaxis.51-53 These nonimmunologic reactions to vancomycin can be 
reduced or eliminated by administering this drug as a dilute solution, 
dissolved in at least 200 mL, and infused over at least a 2-hour period. 
IgE-mediated anaphylaxis to vancomycin is much less common.

Dextran and hydroxyethyl starch (HES), large-molecular-weight 
polysaccharides, may be used as a nonblood, high oncotic fluid replace-
ment during surgery. These agents are infrequently associated with 
adverse reactions and anaphylaxis. Estimates of reaction rates are 
0.008% to 0.08% for dextran and 0.08% for HES.54

Intravenous drugs used for anesthetic induction can cause periopera-
tive anaphylaxis. Barbiturates, especially thiopental, have been reported 
to cause anaphylaxis. Most of the adverse reactions with barbiturates, 
particularly thiopental, are caused by specific IgE antibody, though this 
agent can also cause direct mast cell degranulation.46,55-57 Propofol, a 
nonbarbiturate induction agent, has also been reported to cause peri-
operative anaphylaxis through both an IgE-mediated mechanism and 
direct histamine release.58-60

Opiates used in the perioperative period are a common cause of flush-
ing and urticaria following intravenous administration. Anaphylaxis to 
these agents, in contrast, is very rare.61,62 Cutaneous flushing and hives 
often occur after intravenous morphine administration, but with rare 
exceptions, the amount of histamine release does not result in hypoten-
sion or bronchospasm.63 Reducing the rate of opioid administration 
usually limits the severity of these reactions. Fentanyl does not directly 
stimulate histamine release by way of the mast-cell opioid receptor.63 
Intravenous protamine, an agent used to reverse heparin anticoagula-
tion, may cause both anaphylactic and anaphylactoid reactions; the latter 
is characterized by increases in pulmonary artery pressure. Potential 
pathophysiologic mechanisms are numerous and varied.64-68 A case- 
controlled study showed that previous neutral protamine Hagedorn 
(NPH) insulin use, fish allergy, and other medication allergy are inde-
pendent risk factors for anaphylaxis to protamine.67 It has been esti-
mated that up to 39% of cardiopulmonary bypass patients have one or 
more of these risk factors. Latex has been reported to account for up to 
17% of intraoperative anaphylaxis.69

The features of intraoperative anaphylaxis may differ considerably 
from anaphylaxis not associated with surgical procedures. While cuta-
neous, hypotensive and respiratory events occur in both, hypotensive 
cardiovascular collapse is a more predominant feature of reactions 
during surgery.70 Latex-induced anaphylaxis is due to IgE-mediated 
mechanisms. Unfortunately, no standardized skin test reagent for latex 
is available in the United States. For diagnostic purposes, in vitro tests 
for latex-specific IgE are available, but the sensitivity of these tests may 
vary. Due to the suboptimal diagnostic utility of these tests, results must 
be carefully correlated with the clinical history. Latex-induced anaphy-
laxis may occur in a variety of situations, all involving direct contact 
with latex, usually gloves, or instruments, or with aerosolization of 
latex antigen adherent to the cornstarch powder of latex gloves. Thus, 
latex reactions can occur during operative procedures when gloves are 
donned. Latex reactions may occur immediately with latex contact or 
may be delayed from 30 to 60 minutes. Intraoperative latex anaphylaxis 
may be related to the administration of drugs through a latex port prior 
to surgery.

PATHOPHYSIOLOGY
The mechanisms underlying anaphylactic reactions can be broadly 
divided into immunologic and nonimmunologic categories (Table 128-2).  
Immunologic reactions can be further subdivided into IgE-mediated 
and non–IgE–mediated events. There are agents that can cause anaphy-
laxis through several mechanisms (eg, radiocontrast agents can rarely 

trigger anaphylaxis through IgE-mediated mechanism as well as via 
direct mast cell degranulation.)

Mast cell and basophil degranulation are the primary events in 
anaphylaxis. Anaphylaxis commonly involves an immunologic mecha-
nism in which IgE is synthesized in response to allergen exposure and 
becomes fixed to high affinity receptors for IgE (FcERI receptors) 
on the surface membranes of mast cells and basophils. Aggregation 
of receptor-bound IgE molecules occurs on reexposure to the aller-
gen and results in cell activation and mediator release.71-73 IgE also 
contributes to the intensity of anaphylaxis by enhancing the expres-
sion of FcERI on mast cells and basophils.71-73 Other immunologic 
mechanisms that do not involve IgE can cause anaphylaxis.74 IgG-
mediated anaphylaxis has been reported due to high-molecular-weight 
iron dextran and the infusion of chimeric, humanized, or human 
therapeutic mAbs, such as infliximab.75,76 Complement-mediated 
anaphylaxis occurs in association with hemodialysis, the use of 
oversulfated chondroitin sulfate (OSCS)–contaminated heparin, prot-
amine neutralization of heparin, and the administration of liposomal 
drugs and polyethylene glycols.77 OSCS-contaminated heparin trig-
gers anaphylaxis through activation of the complement system as well 
as via activation of the contact system. This results in the formation 
of anaphylatoxins C3a and C5a and kinin.77,78 Direct activation of the 
innate immune system might also produce anaphylactic events.79 In 
addition, as noted previously, nonimmune activation of mast cells and 
basophils occurs.16,80,81 A trigger can lead to anaphylaxis through more 
than one mechanism; for example, radiocontrast media can rarely 
trigger anaphylaxis through an immunologic IgE-dependent mecha-
nism as well as through direct mast cell activation.81,82 Regardless of 
the underlying mechanisms, mast cells and basophils may play an 
important role in initiating and amplifying the acute allergic response. 
Calcium influx is the essential proximal intracellular event leading to 
mast cell degranulation and is controlled by both positive and nega-
tive regulation through calcium channels.71,83 Mast cells and basophils 
release preformed chemical mediators of inflammation, including his-
tamine, tryptase, carboxypeptidase A, and proteoglycans.71,72,84-86 They 
also release newly generated mediators, such as leukotrienes, prosta-
glandins, platelet-activating factor, and cytokines, such as IL-6, IL-33, 
and TNF-α.71,72,84,87-90 Sphingosine-1-phosphate is now recognized as a 
circulating mediator in anaphylaxis, and in addition, it acts as a signal-
ing component within the mast cell.91

The clinical manifestations are the result of the activities of the media-
tors released from the mast cell and basophils (Table 128-3). These 
mediators not only exert direct effects on the target organs, but also 
recruit other inflammatory cascades including the complement system, 
the contact system, and the clotting cascade. These recruited pathways 
can amplify the severity of the event and change the nature of the patho-
physiology (Table 128-4).

Histamine is one of the important mediators. Histamine acts on the 
smooth muscle cells of the bronchi, coronary arteries, and the GI tract. It 
leads to smooth muscle spasm, increased vascular permeability, vasodi-
lation, stimulation of sensory nerve endings, and myocardial depression. 
The clinical effects present as wheezing, hypotension, nausea, vomiting, 
diarrhea, and myocardial ischemia, as well urticaria and angioedema. 
Histamine binds to four different receptors. Anaphylactic events are 
mostly mediated through activation of the H1 and H2 receptors. 
Vasodilation is the primary event of histamine stimulation and is medi-
ated through both H1 and H2 receptors. Vasodilation is the direct effect 
of H2 receptor stimulation on the vascular bed, whereas H1 stimulation 
causes stimulation of endothelial cells and the production of nitric oxide 
(NO), which in turn leads to vasodilation. Vasodilation produces flush-
ing and lowers peripheral resistance and blood pressure. Smooth muscle 
contraction in the bronchial tree and GI tract is mediated primarily 
through the H1 receptor and causes wheezing, cramping abdominal 
pain, and diarrhea. Cardiac effects and the increase in glandular secre-
tions are mediated through both the H1 and H2 receptors. H3 receptors 
are present in presynaptic terminals of sympathetic nerves innervating 
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  TABLE 128-3    Anaphylactic Mediators and the Resultant Pathophysiologic Activities

Mediator Pathophysiologic Event Clinical Correlate

Histamine and products 
of arachidonic acid 
metabolism (leukot-
rienes, thromboxane, 
prostaglandins, and 
platelet-activating factor)

Smooth muscle spasm, mucus 
secretion, vasodilatation, increased 
vascular permeability, activation 
of nociceptive neurons, platelet 
adherence, eosinophil activation, 
eosinophil chemotaxis

Wheeze, urticaria,  
angioedema, flush, itch, 
diarrhea and abdominal pain, 
hypotension, rhinorrhea, and 
bronchorrhea

Neutral proteases:  
tryptase, chymase, 
carboxypeptidase, 
cathepsin G

Cleavage of complement 
components, chemoattractants 
for eosinophils and neutrophils, 
further activation and degranu-
lation of mast cells, cleavage of 
neuropeptides, conversion of 
angiotensin I to angiotensin II

May recruit complement by 
cleaving C3, may ameliorate 
symptoms by invoking a 
hypertensive response through 
the conversion of angiotensin 
I to angiotensin II and by inac-
tivating neuropeptides. Also, 
can magnify response due to 
further mast cell activation

Proteoglycans: 
heparin, chondroitin 
sulphate

Anticoagulation, inhibition of 
complement, binding phospholipase 
A2, chemoattractant for eosinophils, 
inhibition of cytokine function, 
activation of kinin pathway 

Can prevent intravascular  
coagulation and the 
recruitment of complement. 
Also can recruit kinins increasing 
the severity of the reaction

Chemoattractants: 
chemokines, eosinophil 
chemotactic factors

Calls forth cells to the site May be partly responsible for 
recrudescence of symptoms in 
late phase reaction or extension 
and protraction of reaction

Nitric oxide Smooth muscle relaxation  
causing vasodilatation of peripheral 
vascular bed, bronchodilatation, 
and coronary artery vasodilatation. 
In addition, nitric oxide causes 
increased vascular permeability

Perhaps relief of broncho-
spasm, but most important 
effect appears to be the 
production of hypotension 
and shock

Tumor necrosis 
factor-α activates 
NFK-β 

Production of platelet-activating 
factor

Vascular permeability and 
vasodilatation. Also since it is 
synthesized and released “late,” 
has been incriminated in  
production of late phase 
reactions

Interleukins 2, 6, 10 These are usually found later in the 
course of an event than histamine 
and tryptase, and persist longer. 
The effects they cause have not 
been determined. IL-10 may be 
active in recovery from events 

Unknown

Tumor necrosis factor 
receptor-1

Unknown Elevated levels have been 
associated with more  
profound hypotension

  TABLE 128-4    Recruitment of Other Inflammatory Cascades During Anaphylaxis

Mediator Pathophysiologic Event Clinical Correlate

Activation of the contact  
system (kinins) 

Vasodilatation and  
vasopermeability

Hypotension and 
angioedema 

Activation of the complement 
system

C3a/C5a can cause  
vasopermeability

Possible urticaria/
angioedema 

Activation of the clotting system 
(Factor XI, plasmin) 

Intravascular coagulation Disseminated intravascular 
coagulation

the heart and other systemic vasculature. Their stimulation leads to 
inhibition of norepinephrine release. Blockade of the H3 receptor would 
be potentially beneficial by correcting hypotension through restoration 
of the release of norepinephrine.92

Pathway activation during anaphylaxis

Factor
XIIClotting

Plasmin

Complement
Trypsin

Kallikrein

Mast
cell

Contact
system

FIGURE 128-1.  Pathways activated during anaphylaxis.

In addition, many of these mediators are capable of activating 
other inflammatory pathways (Fig. 128-1). Mast cell kininogenase 
and basophil kallikrein can activate the kinin system. Tryptase also 
has kallikrein activity and can activate the complement cascade and 
cleave fibrinogen. Platelet-activating factor induces clotting and dis-
seminated intravascular coagulation. In addition, chemotactic agents, 
by recruiting eosinophils and other cells, have the capacity to prolong 
and intensify reactions. Heparin can inhibit clotting, plasmin, and 
kallikrein. It also modulates the effects of tryptase and has anticom-
plementary activity. Chymase is capable of converting angiotensin I  
into angiotensin II and therefore theoretically could enhance the 
compensatory response to hypotension. Cells, especially eosinophils, 
called forth to the site by chemotactic agents originally released from 
mast cells and basophils, can be responsible for protracted episodes 
of anaphylaxis and for a recrudescence in symptoms after an initial 
improvement (late-phase response).

Nitric oxide (NO), synthesized from L-arginine by nitric oxide 
synthase, has an important role in the pathophysiological changes 
associated with anaphylaxis.93 NO production can be increased in 
anaphylaxis. This has been demonstrated in a rabbit model of anaphy-
laxis and human anaphylactic events.93,94 NO can play a dual role in 
anaphylaxis. While it prevents mast cell mediator release and dilates 
bronchial smooth muscle, it simultaneously can cause vasodilation and 
enhance vascular permeability. Nitric oxide synthase inhibitor attenu-
ates hypotension and hemoconcentration and decreases venous return 
but does not improve cardiac depression. In animals pretreated with a 
NO synthase inhibitor, the cardiac output falls significantly, although 
venous return is increased. However, the role of NO during anaphy-
laxis has been questioned as well. In one study, there was no correla-
tion between nitric oxide level, plasma histamine and serum tryptase 
levels. There was also no correlation between nitric oxide levels and 
urticaria or erythema, and the levels were not higher in patients with 
bronchospasm and hypotension.95

The hemodynamic abnormalities during anaphylaxis result from 
the loss of intravascular fluid and vasodilation and are often followed 
by vasoconstriction and then myocardial depression. Up to 50%  
of vascular volume can be lost into the extravascular space within  
10 minutes secondary to increased vascular permeability.96,97 The intra-
vascular fluid loss triggers compensatory mechanisms (Fig. 128-2) 
which includes the endogenous production of various vasoconstric-
tors, for example, epinephrine, norepinephrine, angiotensin, and 
endothelin-1.61,98-100

The early fall in arterial pressure (vasodilation) may lead to a brief and 
temporary increase in cardiac output due to left ventricular unloading or 
an increase in cardiac contractility (effects of epinephrine, norepinephrine, 
and histamine). Subsequently, the loss of plasma volume, the decrease in 
venous return, and the pooling of blood in the splanchnic circulation will 
decrease cardiac output, causing shock. Transient pulmonary hyperten-
sion and increased pulmonary vascular resistance has been observed 
in animal models of anaphylaxis. The high albumin concentration in 
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pulmonary edema fluid and the low pulmonary artery wedge pressures 
indicate that the pulmonary edema in anaphylaxis is noncardiogenic and 
likely due to increased microvascular permeability.101,102

CLINICAL PRESENTATION
The signs and symptoms of anaphylaxis are summarized in Table 128-5.  
This table is based on a compilation of 1865 patients and includes 
patients with idiopathic anaphylaxis, exercise-induced anaphylaxis, and 
other causes of anaphylaxis.20 Cutaneous manifestations are most com-
mon and occur in more than 90% of cases.20 The cutaneous symptoms 
include urticaria, angioedema, flushing, and pruritus. Over 90% of 
adults experience cutaneous manifestations. However, the incidence of 
cutaneous manifestations in children may be lower.103,104 Cardiovascular 
symptoms, for example, dizziness, syncope, arrhythmia, and hypoten-
sion occur in about 30% to 35% of cases. Severe episodes characterized 
by rapid cardiovascular collapse and shock can occur without cutaneous 
manifestations.105,106 In fact, in a series of 27 severe episodes, only 70% 
of patients with circulatory and/or cardiovascular collapse had cutane-
ous manifestations.107 Reflex tachycardia occurs commonly secondary to 
hypovolemia during anaphylaxis. This is a useful differentiating feature 

  TABLE 128-5    Signs and Symptoms of Anaphylaxis1

Signs and Symptoms Percenta

Cutaneous

  Urticaria and angioedema 85-90
  Flushing 45-55
  Pruritus without rash 2-5
Respiratory
  Dyspnea, wheeze 45-50
  Upper airway angioedema 50-60

  Rhinitis 15-20

  Dizziness, syncope, hypotension 30-35
Abdominal
  Nausea, vomiting, diarrhea, cramping pain 25-30
Miscellaneous
  Headache 5-8
  Substernal pain 4-6
  Seizure 1-2

aOn the basis of a compilation of 1865 patients. Percentages are approximations.

Reproduced with permission from Lieberman P, Kemp S, Oppenheimer J, et al. The diagnosis and management 
of anaphylaxis: an updated practice parameter. J Allergy Clin Immunol. March 2005;115(3 suppl 2):S483-S523.

to distinguish anaphylaxis from a vasovagal reaction. However, brady-
cardia has also been described during anaphylaxis. It can occur second-
ary to increased vagal reactivity mediated through unmyelinated vagal 
C-fibers which are activated by ischemia. Brown et al studied 21 adults 
with history of systemic insect sting allergy who were challenged with 
stings in controlled settings. Eighteen individuals developed systemic 
reactions. Hypotension accompanied by bradycardia developed in two 
individuals.108 Allergic reactions can trigger not only anginal episodes, 
but also acute myocardial infarction.109 This was first reported in the 
American Heart Journal in 1950 with a case of a prolonged allergic reac-
tion to penicillin.110 In 1991, Kounis and Zavras described the Kounis 
syndrome112 as chest pain during an anaphylactic reaction. The chest 
pain can present as classical angina pectoris. Myocardial infarction with 
normal coronary arteries can occur due to this phenomenon.111-113 The 
Kounis syndrome has been divided into two subtypes. In type I, chest 
pain occurs without coronary artery disease during an acute allergic 
reaction in patients without predisposing factors for coronary artery 
disease. These cases have a normal myocardial perfusion scan and 
normal coronary angiogram.114 These cases are thought to be due to 
endothelial dysfunction or microvascular angina.115 In type II there is 
preexisting coronary artery disease.113,114 This syndrome has been mostly 
reported in adults but can be seen in children as well.116 The clinical pre-
sentation of KS includes a mixture of symptoms and signs of an allergic 
reaction and acute coronary syndrome, with chest pain, dyspnea, faint-
ness, nausea, vomiting, syncope, pruritus, urticaria, diaphoresis, pallor, 
palpitations, hypotension, bradycardia.117 Respiratory complaints, for 
example, wheeze, dyspnea, stridor, and rhinitis are seen in 40% to 60% 
of cases. Arterial blood gas abnormalities usually consist of a fall in PO2 
and PCO2 early in the course. If severe respiratory difficulty supervenes, 
the hypoxia worsens and an elevation of PCO2 may occur, along with 
a fall in pH that is probably due to a combination of carbon dioxide 
retention and metabolic acidosis. Other unusual presentations include 
syncope which can occur alone or associated with seizures. Syncope 
has been reported with anaphylaxis resulting from insect sting, fire ant, 
and mastocytosis.10 Profound anaphylaxis with hypotension can result 
in fibrinolysis and disseminated intravascular coagulation. Tranexamic 
acid can rapidly reverse the coagulopathy.118

Symptoms of anaphylaxis usually begin within 5 to 30 minutes when 
antigen has been administered by injection. With ingestion, they usu-
ally occur within the first 2 hours after ingestion but can be delayed for 
several hours. There is believed to be a direct correlation between the 
immediacy of onset of symptoms and the severity of a given attack: the 
more rapid the onset, the more severe the episode.

Anaphylactic events can occur in three clinical patterns. They may 
be acute followed by rapid resolution with or without therapy. They can 
be prolonged and protracted, lasting hours and in rare instances days. 
In the case of protracted events, there are usually several remissions 
followed by exacerbations. Finally they can be characterized by a resolu-
tion in manifestations followed by a recurrence even in the absence of 
further antigen exposure. The latter type is called a “biphasic” response. 
Biphasic anaphylaxis occurs in 1% to 23% of episodes of anaphylaxis. 
Symptoms may recur hours (most within 10 hours) after apparent 
resolution of the initial phase. Risk factors for biphasic reactions include 
history of a previous biphasic reaction, the nature of the antigen (foods 
are more likely to cause biphasic events than other allergens), a failure to 
administer corticosteroids, a delay in epinephrine administration, and 
inadequate epinephrine dosing.

It is also important to consider that signs and symptoms of anaphy-
laxis can vary according to the clinical setting in which the event occurs. 
In perioperative anaphylaxis, cutaneous symptoms are less common 
compared to hemodynamic collapse. The diagnostic challenge in the 
intensive care unit is that many of the signs and symptoms of anaphy-
laxis are not uncommon among critically ill patients. Often the only 
diagnostic clue is a skin rash as part of this general constellation of 
symptoms. Allergic reactions presenting without cutaneous symptoms 
in ventilated and sedated patients may mimic other diagnoses.

Endogenous compensatory
mechanisms

Epinephrine

Adrenal

Kidney
Angiotensin II

Endothelium

Angiotensin I

Norepinephrine
Endothelin

Ganglion

FIGURE 128-2.  Compensatory mechanisms activated during anaphylaxis.
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DIFFERENTIAL DIAGNOSIS
The differential diagnosis of anaphylaxis is summarized in Table 128-6. 
A common condition frequently confused with anaphylaxis is the vasode-
pressor reaction (vasovagal syncope), which presents with hypotension, 
pallor, nausea, vomiting, weakness, and sweating. In severe reactions, loss 
of consciousness can occur. The characteristic bradycardia associated with 
vasodepressor reactions could be used as a differential diagnostic feature 
to distinguish them from anaphylaxis. However, for reasons noted above, 
it may be insufficient alone to distinguish vasodepressor reactions from 
anaphylactic events. Thus, perhaps the most important distinguishing 
features between the two types of events are pale skin and cold sweat in 
vasovagal reactions versus urticaria, flushing, and itching in anaphylaxis.

Other forms of shock including hypovolemic, cardiogenic and septic 
have to be considered in the differential diagnosis of anaphylaxis, espe-
cially in the ICU setting. Some of these other forms of shock may have 
similar hemodynamic abnormalities, pulmonary edema, and a variety of 

  TABLE 128-6    Differential Diagnosis of Anaphylaxis

Other forms of shock

  Hemorrhagic

  Hypoglycemic

  Cardiogenic

  Endotoxic 

Vasodepressor (vasovagal) reactions

Reactions caused by the excess endogenous production of histamine

  Systemic mastocytosis

  Urticaria pigmentosa

  Basophilic leukemia

  Acute promyelocytic leukemia with retinoic acid treatment

  Hydatid cyst

Flushing disorders

  Rosacea

  Carcinoid

  Red man syndrome as a result of vancomycin

Postmenopausal

Alcohol induced

  Unrelated to drug ingestion

  Related to drug ingestion

Medullary carcinoma thyroid

Autonomic epilepsy

Vasointestinal peptide and other vasoactive peptide–secreting

    gastrointestinal tumors

Ingestant-related reactions mimicking anaphylaxis (restaurant syndromes)

  Monosodium glutamate

  Sulfites

  Scombroidosis

Miscellaneous

  C1 esterase deficiency syndromes (acquired and hereditary angioedema)

  Pheochromocytoma

  Neurologic (seizure, stroke)

  Capillary leak syndrome

  Panic attacks

  Vocal cord dysfunction syndrome

organs dysfunction. The absence of cutaneous features may help distin-
guish these forms of shock from the majority of episodes of anaphylaxis.

There are a number of miscellaneous conditions that can present with 
signs that may mimic anaphylactic episodes. These include hereditary 
angioedema, “progesterone” anaphylaxis, pheochromocytoma, neuro-
logic disorders such as seizure and stroke, the “red man syndrome” due 
to vancomycin, and the capillary leak syndrome. For example, some 
patients with hereditary angioedema exhibit an erythematous, ser-
piginous rash, which can resemble urticaria. This rash accompanied by 
upper airway obstruction can be confused with an anaphylactic episode. 
The capillary leak syndrome can present with angioedema, gastrointesti-
nal symptoms, shock, and hemoconcentration. Recurrent episodes have 
mimicked idiopathic anaphylaxis.

Nonorganic problems, which are “psychologically” based, have also 
been confused with episodes of anaphylaxis. These include panic 
attacks, vocal cord dysfunction syndrome, Munchausen stridor, and 
undifferentiated somatoform anaphylaxis. Panic attacks, except for 
flushing and sweating, are usually devoid of cutaneous manifestations, 
but can be characterized by tachycardia, gastrointestinal symptoms, and 
shortness of breath. There is no pruritus or true airway obstruction, and 
the absence of urticaria and angioedema is usually a telltale sign.

Since flushing occurs relatively frequently in anaphylactic episodes, 
other flushing syndromes should be considered. These include carcinoid 
syndrome; postmenopausal flush; alcohol, drug, and niacin-induced 
flush; and vasoactive polypeptide secreting tumors. Flushing can occur in 
both a “wet” and a “dry” form. The wet form is characterized by sweating 
mediated by sympathetic cholinergic nerves that innervate sweat glands in 
the skin. This is the case of postmenopausal flushing which typically lasts 
3 to 5 minutes, occurs several times a day, and can be aggravated by stress 
and alcohol ingestion. Wet flushing can also occur after the ingestion of 
spicy foods containing capsaicin. Direct vasodilatation without stimula-
tion of the sweat glands produces a dry flush as is seen in the carcinoid 
syndrome. Other forms of dry flush include those due to niacin, nicotine, 
catecholamines, and angiotensin-converting enzyme inhibitors. A dry 
flush can also be seen in vasoactive polypeptide secreting tumors from the 
pancreas, gastrointestinal tract, and thyroid gland (medullary carcinoma). 
Flushing can also occur due to pheochromocytoma, rosacea, hypogly-
cemia, and niacin ingestion. Flush is also characteristic of mastocytosis.

Alcohol-induced flush is particularly common. It causes a macular 
rash more frequently distributed across the trunk, neck, and face, occur-
ring minutes after the ingestion of alcohol. Symptoms usually peak 30 
to 40 minutes after ingestion, and usually subside within 2 hours. There 
are two forms. One form occurs when alcohol is taken simultaneously 
with certain drugs and in patients with certain illnesses. Such drugs 
include griseofulvin, cephalosporins, and niacin. Conditions predispos-
ing to alcohol-induced flush include lymphoreticular neoplasms, the 
hypereosinophilic syndrome, and mastocytosis. The second form of 
alcohol-induced flush is due to a deficiency in acetaldehyde dehydroge-
nase-2. This enzyme metabolizes acetaldehyde, a metabolite of alcohol. 
In patients with a deficiency of this enzyme, there is accumulation of 
acetaldehyde which results in mast cell degranulation.

A group of “restaurant syndromes” can cause symptoms similar to 
mastocytosis. Perhaps the most common and similar to anaphylaxis is  
histamine poisoning. This condition, referred to as scombroidosis, 
is produced by the ingestion of histamine contained in spoiled fish. 
Histamine is the major chemical involved in this syndrome but other 
chemicals are also involved. The most likely is cis-urocanic acid, an 
imidazole compound similar to histamine. Cis-urocanic acid can also 
cause mast cell degranulation, thus perhaps to some extent augmenting 
the response. Histamine in spoiled fish is produced by histidine-decar-
boxylating bacteria that cleave histamine from histidine. This histamine 
production occurs shortly after the death of the fish and therefore can 
occur on the fishing vessel, at the processing plant, in the distribution 
system, or in the restaurant or home. Such contaminated fish cannot 
be distinguished by their appearance or smell, and cooking does not 
destroy the histamine.
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The onset of symptoms in scombroidosis occurs within a few 
minutes to several hours after the ingestion of fish. Several members 
eating at the same table may be affected. The episodes usually last a 
few hours, but can persist for days. Symptoms include urticaria, flush, 
angioedema, nausea, vomiting, diarrhea, and a fall in blood pressure. 
Neurological findings and wheezing may also occur. The most com-
mon manifestation is face and neck flush accompanied by a sensation 
of heat and discomfort. The rash can resemble sunburn. Serum trypt-
ase levels are not elevated in histamine poisoning, whereas plasma 
histamine and 24-hour urinary histamine metabolites are present in 
increased amounts.

■■ LABORATORY IN THE DIAGNOSIS OF ANAPHYLAXIS
The diagnosis of an anaphylactic event is based on a clinical interpretation 
of the manifestations. However, laboratory tests may be useful for confir-
mation. Table 128-7 is a list of those tests that may confirm the diagnosis 
of anaphylaxis in an event with suggestive clinical manifestations.

Presently, commercially available tests to confirm the diagnosis of 
anaphylaxis are the serum tryptase, plasma histamine, and 24-hour 
urinary histamine metabolites. Tests that hold promise and are being 
investigated for potential use in diagnosing anaphylactic events include 
carboxypeptidase A-3, platelet-activating factor, and platelet-activating 
factor hydrolase.

Human mast cells contain tryptase, and small amounts are also found 
in human basophils. Serum tryptase is specific to these cells. Tryptase 
is secreted constitutively in small amounts. The constitutively secreted 
tryptase is a mixture of α- and β-protryptase (mostly β). Marked 
increases in tryptase levels seen during an anaphylactic event are com-
prised of mature β-tryptase.84,119

By far, the most commonly employed biomarker used to confirm 
a diagnosis of anaphylaxis is the measurement of total serum trypt-
ase. Unfortunately, this test lacks sensitivity, but is highly specific. 
Nonetheless, because of the lack of sensitivity, a normal total tryptase 
value obtained during an event does not rule out the diagnosis of ana-
phylaxis. The total tryptase level is typically increased in patients with 

anaphylaxis secondary to an injected medication or an insect sting and 
anaphylaxis associated with hypotension or shock but it is less likely to 
be increased in those with anaphylaxis secondary to food and anaphy-
laxis not associated with hypotension.84,85

Serum tryptase levels peak one to one and one-half hours after the 
onset of anaphylaxis and can persist for as long as 5 hours after the onset 
of symptoms. The best time to measure serum tryptase is between 1 and 
2 hours but no longer than 6 hours after the onset of symptoms.120

Postmortem elevation of serum tryptase concentrations is not a 
specific finding and therefore cannot be considered diagnostic of an 
anaphylactic death. There are reports of nonanaphylactic deaths with 
elevated postmortem serum tryptase levels.121-123 Thus, the presence of 
an elevated postmortem tryptase level cannot be considered pathogno-
monic for a death due to anaphylaxis. At the same time, the absence of 
an elevated serum tryptase postmortem cannot be considered sufficient 
to rule out anaphylaxis as the cause of death.121

Plasma histamine rises much more rapidly than does serum trypt-
ase. Plasma histamine levels can be elevated 5 to 10 minutes after 
the onset of symptoms. However, such levels are evanescent, usually 
returning to normal within 60 minutes after the onset of the event. 
The best time to measure plasma histamine is between 10 minutes and  
1 hour after the onset of symptoms.120 For this reason, plasma hista-
mine levels are of little help if the patient is seen as long as an hour 
after the event. In this case, however, a 24-hour urinary collection for 
histamine metabolites may be useful. Such metabolites can be elevated 
for as long as a day.

Unfortunately, there are disparities between histamine and tryptase 
levels. If the patient is seen soon enough, plasma histamine levels may be 
more sensitive and may also correlate better with clinical manifestations. 
In a study124 of episodes of allergic reactions presenting to the emergency 
room, elevated concentrations of plasma histamine were observed in 
42 of 97 adult patients, whereas only 20 such patients had elevations 
of serum tryptase. In this study, histamine levels correlated better 
with clinical signs than did tryptase. Patients with elevated histamine 
were more likely to have urticaria, more extensive erythema, abnormal 
abdominal findings, and wheezing.

There are other potential markers for anaphylactic events which 
have not been as well studied and confirmed for their sensitivity and 
specificity. These include increased expression of CD63 detected by 
flow cytometry, indicating activation and degranulation of basophils; 
urinary prostaglandin D2 determinations and serum carboxypeptidase 
A levels. Flow cytometry-assisted anaphylaxis diagnosis has been shown 
to be reliable for reactions caused by food, hymenoptera venom, latex, 
and drugs.125,126 Prostaglandin D2 levels have been found elevated in 
anaphylactic events secondary to mastocytosis.10 Perhaps, however, the 
most promising mediator is carboxypeptidase A. Mast cell carboxypep-
tidase A levels in serum or plasma collected within 8 hours of the onset 
of allergic reactions in mastocytosis patients were significantly greater 
than those found in control groups. In 83% of cases that had an elevated 
tryptase, concentrations of carboxypeptidase levels were elevated. Out of 
110 cases of suspected anaphylaxis that were tryptase negative, elevated 
concentrations of carboxypeptidase were found in 77 (70%) cases.127 
Other mediators that have been reported to be useful in confirming the 
diagnosis of anaphylaxis include platelet-activating factor (PAF), cyto-
kines such as IL-2, IL-6, IL-10, IL-33, TNF-receptor I, urinary cysteinyl 
leukotrienes E4, and 9-α-11-β prostaglandin F2.87-90 It is of note that 
platelet-activating factor and its hydrolase are both measureable and 
that the severity of anaphylaxis is directly correlated with serum levels 
of platelet-activating factor and inversely correlated with serum levels of 
platelet-activating factor hydrolase.90 Given that different mediators are 
released from mast cells at different time courses and patients arrive in the 
emergency room at different times after the onset of event, Simons et al84  
suggested measuring a panel of different biomarkers would be help-
ful in confirming the diagnosis. When other conditions are consid-
ered to be the cause of the event in question, laboratory testing may 
also be highly useful (Table 128-5). Serum serotonin and urinary-5 

  TABLE 128-7   � Tests Used to Confirm the Diagnosis of Anaphylaxis and Exclude 
Other Causes

Test Comment

Serum tryptase Levels usually peak 60 to 90 minutes after the 
onset of symptoms and persist for 6 hours. Ideally, 
measurement should be obtained between one 
and 2 hours after onset of symptoms. 

Plasma histamine Levels rise within 5 to 10 minutes after the onset of 
symptoms and returns to normal after 60 minutes.

24-Hour urinary histamine metabolites 
(N-methylhistamine)

Urinary histamine metabolites can be elevated 
for up to 24 hours after the onset of the event.

Serum serotonin and urinary  
5-hydroxyindoleacetic acid

Used to rule out carcinoid syndrome

Gastrointestinal vasopeptides including 
pancreastatin, vasointestinal polypep-
tide, substance P, neurokinin, and others

Useful to rule out the presence of a vasoactive  
polypeptide secreting pancreatic or small bowel 
tumors and medullary carcinoma of the thyroid

Plasma-free metanephrine and urinary 
vanillylmandelic acid

Useful in ruling out a paradoxical response to a  
pheochromocytoma

Other potential tests that would be  
available in future 

Carboxypeptidase A, CD63 basophil marker, prosta-
glandin derivatives in the urine, platelet-activating 
factor, platelet-activating factor hydrolase. These 
markers would be used for diagnosis of anaphylaxis.

Bone marrow biopsy Most definitive test to establish the diagnosis of 
systemic mastocytosis. Analysis for c-kit mutations, 
mast cell markers, and histology can be done. 
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hydroxyindoleacetic acid can be measured if one is considering flush-
ing due to the carcinoid syndrome. The measurement of various 
gastrointestinal vasopeptides, for example, substance P, neurokinins, 
vasointestinal polypeptide, pancreastatin is available as well. These 
measurements may be useful to rule out the presence of a vasoactive 
peptide secreting tumor. Octreotide assisted CT scanning is also useful 
in this regard. Plasma-free metanephrine and urinary vanilmandelic 
acid are employed if one is considering a paradoxical response to a 
pheochromocytoma.

LABORATORY TESTINGS FOR TRIGGERS  
OF ANAPHYLAXIS
Confirmation of the trigger for anaphylaxis (Table 128-8) should 
be evaluated carefully through meticulous history and selected skin 
test or allergen-specific IgE test or if necessary challenge testing with 
particular allergen if the risk is reasonably acceptable. Ideally this step 
should involve an allergist/immunologist and can be performed in an 
outpatient setting after the patient is discharged from the hospital. Skin 
tests ideally should be done 3 to 4 weeks after the anaphylactic episode 
for the mast cell to recover and avoid a false-negative skin test.84 In 
contrast, testing for serum allergen-specific IgE antibody can be done 
at any time after the anaphylactic episode. Hemodilution secondary to 
intravascular volume replacement during an anaphylactic episode can 
affect testing of serum-specific IgE because of the dilutional effect on 
circulating IgE.128 So it is ideal to repeat the skin test or the in vitro test 
3 to 4 weeks after the anaphylactic event in the context of a convincing 
history. It is important to remember that any positive skin test or in 
vitro test does not conclusively establish the causative agent or establish 
a diagnosis of anaphylaxis. It does establish sensitization to the sub-
stance tested. The test must be interpreted in light of the history.84,129 
For example, 60% of young people have a positive skin prick test to 
one or more foods, yet most of those with positive tests have never 
experienced anaphylaxis due to food.130 In addition, although positive 
skin tests and increased allergen-specific IgE levels correlate with an 
increased probability of clinical reactivity to a specific agent, the results 
of these tests do not necessarily correlate with the risk of future anaphy-
lactic episodes or with the severity of such episodes.84,131 Skin testing is 
a two-step procedure involving the prick or puncture test followed by 
the intradermal test if necessary. The prick test involves introducing the 
allergen into the epidermis by means of a puncture. The allergens are 
applied to the skin along with a positive control (eg, histamine) and a 
negative control (saline). The immediate reaction (wheal and flare) is 
read at 15 to 20 minutes. A test is positive if the diameter of the wheal 
of the test allergen is ≥3 mm of the control. Intradermal testing is done 

  TABLE 128-8    Confirmation of a Potential Trigger for Anaphylaxis

Allergen skin tests

  Percutaneous (prick or puncture)

  Intradermal (intracutaneous) for selected allergens 

Allergen-specific serum IgE levels

  Quantitative ELISAs

Allergen challenge tests

  Foods or medications

  Exercise

  Cold

Workup of patients with idiopathic anaphylaxis

  Serum baseline total tryptase level

  Evidence for urticaria pigmentosa

  Bone marrow biopsy

  TABLE 128-9    Principles of Therapy in Anaphylaxis

Immediate action

  Identify and remove the inciting antigen

  Assess the respiratory and cardiovascular systems

  Establish an airway and provide supplemental oxygen

  Establish good intravenous access

Primary pharmacologic treatment

  Epinephrine treatment (IM)

  Intravenous Fluids (crystalloids or colloids)

Secondary or adjuvant treatment

  H
1
 and H

2
 antagonists

  Vasopressors

  Corticosteroids

  Glucagon

by administering .01 to .05 mL of more diluted allergen intracutane-
ously using a 26- to 27-gauge needle. A test is positive if the diameter 
of the wheal of the test allergen is ≥3 mm of the control. Skin tests may 
be useful when drugs are suspected.132,133 Skin testing to latex products 
may also be helpful.134 Latex-specific serum IgE antibodies can also be 
measured.

Allergen-specific serum IgE antibody is an alternative to the skin test. 
The serum-specific IgE assay was originally performed using a radio-
activity detecting procedure, and was referred to as radioallergsorbent 
(RAST) tests. The RAST has been replaced with a second generation 
assay employing an enzyme-linked detection agent (ELISA). In general, 
the ELISA assay is less sensitive but more specific than the intradermal 
test.45,135,136

Challenge or provocation tests are the gold standard to confirm the 
causative agent. But challenge tests have definite limitations because of 
the inherent risk of provoking anaphylaxis and the time and resources 
involved in carrying out this procedure.

In the future, in vitro tests might be helpful to distinguish between 
sensitization without risk of clinical reactivity versus sensitization 
with risk of clinical reactivity. Examples of these tests include the 
measurement of basophil reactivity by the measurement of cell surface 
markers after in vitro incubation with allergen,137 assessment of sensi-
tization by using recombinant allergens,138 peptide microassay-based 
immunoassays to map IgE and IgG4 binding to sequential allergen 
epitopes,138-140 and the assessment of allergen-specific cytokine or 
chemokine production.84

TREATMENT
Since anaphylaxis is the most severe and potentially fatal form of the 
immediate hypersensitivity reactions, immediate evaluation and treat-
ment are critical to improve to chances of survival. The principles of 
therapy for an acute attack of anaphylaxis have been summarized in 
Table 128-9. The medications and other agents used in the treatment of 
anaphylaxis have been summarized in Table 128-10.

■■ GENERAL EMERGENCY MEASURES

	 1.	 Identify the inciting antigen and mechanism of exposure in order to 
stop or limit its absorption.

	 2.	 Prompt evaluation of the respiratory and cardiovascular systems, 
with activation of rapid response system in the hospital setting or 
the 911 system in the community setting.

	 3.	 Quick evaluation of airway patency and administration of supple-
mental oxygen, up to 100%. If the anaphylactic reaction has  
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caused laryngospasm or angioedema, an upper airway obstruction 
is imminent and a secure airway must be obtained. This could be 
accomplished by endotracheal intubation under direct or video 
laryngoscopy. Although intubation is usually feasible, severe edema 
of the tongue, larynx, or vocal cords may preclude oropharyngeal or 
nasopharyngeal intubation. Under these circumstances, an emer-
gency surgical airway, cricothyroidotomy, or tracheotomy may be 
necessary.

	 4.	 Establishment of large-bore intravenous access for rapid administra-
tion of intravenous fluids and medications.

■■ PRIMARY TREATMENT
Increased vascular permeability with intravascular volume depletion 
and systemic vasodilation occur in all patients with anaphylactic reac-
tions. Hence, the administration of intravenous fluid and epinephrine 
are both cornerstones of any successful treatment of anaphylaxis.

Epinephrine:  The initial drug of choice is epinephrine. Epinephrine 
should be administered as soon as the diagnosis of anaphylaxis is 
suspected.141-147 It is useful for several reasons. The α1-adrenergic 
effects increase peripheral vascular tone, counteracting the vasodi-
lation caused by inflammatory mediators. The β1-adrenergic effect 
increases cardiac output through positive inotropic and chronotropic 
effects. The β2-adrenergic effects inhibit bronchoconstriction and 
the release of mediators from stimulated mast cells or basophils by 
upregulating the production of intracellular C-AMP.148 Epinephrine 
is commercially available in several dilutions, for which it is always 
better to think in terms of milligrams (intramuscular) or micrograms 
(intravenous) to be administered. The standard adult dose of epi-
nephrine is 0.2 to 0.5 mg (0.2-0.5 mL of a dilution 1/1000) to be given 
subcutaneously or intramuscularly. The dose in a child is 0.01 mg/kg,  
maximum 0.3 mg dosage. The time to highest blood concentration 
(Cmax), when studied in asymptomatic subjects, is shorter when 
injection is given intramuscularly in the vastus lateralis muscle (lateral 

thigh) than when it is administered either subcutaneously or intra-
muscularly in the deltoid muscle of the arm. There are no outcome 
data comparing directly the subcutaneous and intramuscular routes 
in anaphylaxis but some studies in healthy volunteers have shown 
higher peak plasma epinephrine concentrations after intramuscular 
injection. Epinephrine may be repeated every 5 to 15 minutes, as nec-
essary. Intravenous epinephrine administration may be considered in 
patients that are poorly responsive to intramuscular or subcutaneous 
epinephrine, and/or are showing signs of hypotension and organ dys-
function. No established dosage or regimen for intravenous epineph-
rine in anaphylaxis is recognized. The initial infusion of intravenous 
epinephrine must be very slow, titrated to response, and always under 
close hemodynamic monitoring. The usual starting dose is 1 to 4 µg/
min titrated to a maximum of 10 µg/min. A dosage of 0.1 to 1 µg/kg/
min is recommended for children.20 Because of the risk of potentially 
lethal arrhythmias, cardiac ischemia, and severe hypertension, intra-
venous epinephrine should only be used in profoundly hypotensive 
patients or patients in cardio/respiratory arrest who have failed to 
respond to intravenous volume replacement and several injected 
doses of epinephrine.

Volume Replacement:  Effective therapy during anaphylaxis consists of 
rapid replacement of intravascular volume.149 Acute anaphylactic reac-
tion occurring in the setting of anesthesia induction is associated with 
rapid loss of intravascular fluid into the interstitial space, up to 40% of 
intravascular volume.150 Rapid fluid loss and successful treatment with 
fluid replacement have been documented in the case of anaphylactic 
reaction observed incidentally by transesophageal echocardiography.151 
Patients should receive either intravenous crystalloid solutions or colloid 
volume expanders. Normal saline is generally the preferred crystalloid 
in distributive shock (eg, anaphylactic shock) because it stays in the 
intravascular space longer than dextrose and contains no lactate which 
may potentially exacerbate metabolic acidosis.20 Large volumes of fluid 
are often required, especially in patients taking a β-adrenergic blocking 
agent. One to 2 L of normal saline should be given as boluses in the first 
few minutes of treatment (eg, 1 L every 30 minutes). Adults receiving 
colloid solution should receive 500 mL rapidly, followed by slow infu-
sion. Those patients with cardiac or renal disease must be monitored 
carefully for fluid overload, but keeping in mind that fluid repletion is 
key in the treatment of anaphylaxis.

■■ SECONDARY TREATMENT
If above measures fail, additional treatment with antihistamines, 
vasopressors, corticosteroids may be added. These should be  
considered adjuvant and not equivalent substitutes to epinephrine  
treatment.

H
1
 and H

2
 Antihistamines:  Histamine is one of the major mediators of 

the acute manifestations of anaphylactic reactions. It is responsible for a 
wide variety of cutaneous and cardiovascular manifestations. Histamine 
release is mediated by both H1 and H2 receptors, and both of these 
receptors must be blocked for optimal blunting of histamine action. 
No clinical evidence indicates that administration of antihistamines 
is effective in treating anaphylaxis once mediators have been released. 
Therefore, administration of antihistamines is only as a secondary treat-
ment in acute reactions. Adverse cardiopulmonary responses can be 
prevented when patients are pretreated with H1-and H2-receptor block-
ers.152 Diphenhydramine, an H1 antagonist, may be given IM or by slow 
intravenous infusion in a dose of 25 to 50 mg in adults, and 1 mg/kg up 
to 50 mg in children. Oral diphenhydramine as well as other oral first or 
second generation H1 antihistamines can also be used. An H2 antagonist 
added to the H1 antagonist may be helpful in the management of anaphy-
laxis.153-157 Parenteral ranitidine can be considered in a dose of 1 mg/kg  
in adults, and 12.5 to 50 mg in children and cimetidine in a dose of 4 mg/
kg. In spite of anecdotal evidence, a recent Cochrane review did not find 
any conclusive evidence supporting the role of antihistamines and sug-
gested further randomized clinical trials.158

  TABLE 128-10    Medications Used in the Treatment of Anaphylaxis

Drugs Dose and Route

Epinephrine 0.3-0.5 mL (1:1000) IM in adult

0.1 mg/kg (1:1000) or 0.1-0.3 mL IM in children

Antihistamines

  Diphenhydramine 25-50 mg IM or IV in adult

12.5-25 mg PO or IM or IV in children

  Ranitidine 1 mg/kg IV

Aerosolized β-agonist (albuterol) 0.25-0.5 mL in 1.5-2 mL saline 

Hydrocortisone 100-1000 mg IV or IM in adult

10-100 mg IV in children 

Volume expanders

Crystalloids (normal saline or Ringer 
lactate)

1-2 L boluses in adults, 30 mL/kg in first hour 
in children

Colloids (hydroxyethyl starch) 500 mL rapidly infused followed by slow infusion 
in adults

Vasopressors

Dopamine 2-20 µg/kg/min IV

Drugs used in patients taking 
β-blockers

Atropine sulfate 0.3-0.5 mg IV

Glucagon Initial dose of 1-5 mg IV followed by infusion  
of 5-15 μg/min
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Inhaled β
2
-Adrenergic Agonists:  An inhaled β2 agonist can be help-

ful, especially when bronchospasm does not respond to epinephrine. 
There is anecdotal evidence that inhaled epinephrine can be effective in  
anaphylaxis.

Vasopressors:  There are no prospective studies comparing different 
vasopressor agents in the management of refractory anaphylactic 
shock. Even in the hands of intensive care specialists, use of intrave-
nous vasopressors might not improve outcomes and might increase 
fatality rates.159,160 Both dopamine and norepinephrine have been used 
as vasopressor agents. A recent large randomized study compared the 
use of dopamine and norepinephrine in the treatment of shock. The 
study found no difference in mortality but a greater number of adverse 
effects in the group treated with dopamine. Unfortunately the number of 
patients with anaphylactic shock in this study was minuscule.161 There is 
one report evaluating the effectiveness of vasopressin on hypotension in 
two adults who experienced insect sting anaphylaxis and one report of 
a patient who received vasopressin after anaphylaxis to a drug.162,163 No 
controlled studies have been performed to evaluate the potential efficacy 
of vasopressin in anaphylaxis, alone or in combination with epinephrine.

Corticosteroids:  Steroids are often recommended for use in the man-
agement of patients experiencing anaphylaxis. However, the evidence 
in support of the use of steroids is unclear. A recent Cochrane review 
concluded that there is no evidence from high-quality studies for the 
use of steroids in the emergency management of anaphylaxis and it 
neither supported nor refuted the use of these drugs for this purpose.164 
Glucocorticosteroids have not been shown to be effective for the acute 
treatment of anaphylaxis but could, theoretically, prevent protracted 
anaphylaxis.20 There is no conclusive evidence that the administration 
of corticosteroids prevents a biphasic response.165

β-Blockers and Anaphylaxis:  Patients with anaphylactic reactions who are 
on β-blockers are likely to experience severe anaphylactic reactions char-
acterized by paradoxical bradycardia, profound hypotension, and severe 
bronchospasm. There are no epidemiologic studies that indicate that ana-
phylaxis occurs more frequently in patients receiving β-blockers.20 The 
risk is not reduced in patients who are using selective β1 blockers because 
both β1- and β2-antagonists may inhibit the β-adrenergic receptor.20 
These systemic effects have also been documented with the use of topi-
cal ophthalmic β-blockers.166 Greater severity of anaphylaxis observed in 
patients receiving β-blockers might relate, in part, to a blunted response 
to endogenously produced epinephrine as well as the administration of 
this drug to treat anaphylaxis.166 Epinephrine administered to a patient 
taking a β-blocker can produce unopposed α-adrenergic and reflex 
vagotonic effects, possibly leading to hypertension and the risk of cere-
bral hemorrhage.167 Patients on β-blockers are at increased propensity 
not only for bronchospasm, but also decreased cardiac contractility with 
perpetuation of hypotension and bradycardia.167-169 For these reasons, 
β-blocker–related anaphylaxis may be more likely to be refractory to 
management. Glucagon and very aggressive fluid (up to 7 L of crystalloid) 
resuscitation may be necessary if epinephrine is ineffective in treating 
anaphylaxis in patients taking β-blockers.170-175 Glucagon may reverse 
refractory bronchospasm and hypotension during anaphylaxis in patients 
on β-blockers by activating adenyl cyclase directly and bypassing the 
β-adrenergic receptor.170-173 The recommended dosage for glucagon is  
1 to 5 mg (20-30 mg/kg [max 1 mg] in children) administered intrave-
nously over 5 min and followed by an infusion, 5 to 15 mg/min, titrated 
to clinical response. Protection of the airway is important since glucagon 
may cause emesis and risk of aspiration in severely drowsy or obtunded 
patients. Placement in the lateral recumbent position may be sufficient 
airway protection for many of these patients.

OTHER PROPOSED THERAPIES FOR ANAPHYLAXIS
Several other therapeutic agents have been proposed for use in anaphylaxis.

Leukotriene inhibitors: At this time, there are no data documenting the 
efficacy of leukotriene inhibitors in the treatment of anaphylaxis or 
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in its prevention. In addition, at this time, the only available route of 
administration is oral and therefore the onset of action of such agents 
in anaphylaxis would not be optimal.20

Tranexamic acid: It has been used to treat anaphylactic episodes associ-
ated with disseminated intravascular coagulation; however, it is not 
available in the United States.118

Nitric oxide inhibitor: NO synthesis inhibition via methylene blue 
has been reported, in case reports, to be helpful in the treatment of 
hypotension occurring during anaphylaxis. There are no controlled 
studies, however, involving the use of this agent in anaphylaxis.176
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BASICS OF DERMATOLOGY

■■ APPLICATION OF STRUCTURE AND FUNCTION TO DERMATOSES
The basic anatomy of the skin is described in Figure 129-1. The skin is 
a complex organ whose major function is to provide a barrier against 
the environment. Other major functions include temperature regulation 
and sensation. The skin has three major layers: epidermis, dermis, and 
subcutaneous tissue. The outermost layer of the epidermis, the stratum 
corneum, is composed of dead, anucleate keratinocytes and serves as the 
first and major physical barrier. The stratum granulosum and stratum 
spinosum lie below the stratum corneum and are composed of keratino-
cytes in the process of differentiation. They are derived from the bottom 
layer of the epidermis, the basal cell layer. The epidermis is connected 
to the dermis by a complex of proteins and adhesion molecules in the 
basement membrane zone. Nutrients and products of metabolism are 
exchanged in the superficial and deep vascular networks located in the 
dermis. The dermis also contains nerve endings and supporting struc-
tures such as sebaceous glands, eccrine sweat glands, and hair follicles.

Alteration of any layer or structure of the skin can result in primary 
dermatologic disease. Often the skin is secondarily affected in underly-
ing comorbid conditions and may serve as a window to internal disease 
processes. The stratum corneum can be damaged in the intensive care 
setting by tape, electrocardiographic leads, defibrillator devices, dry 
environments, pressure, or adhesives. Alteration may impair barrier 
resistance to infectious agents or allow passage of antigens to deeper 

129
C H A P T E R layers of the skin. Preparing the skin for invasive procedures with topi-

cal solutions exposes the patient to potential sensitizers. Metabolically 
active cells in the suprabasal layers are susceptible to inflammatory 
and cytotoxic reactions from medications and toxins. Disruption 
in cell adhesion clinically manifests as blisters and may result from 
medications, toxins, pressure, extremes in temperature, or autoimmune 
diseases. Infections and inflammatory processes can occur at any level 
or in any structure, leading to conditions such as impetigo, folliculitis, 
cellulitis, fasciitis, or vasculitis.

■■ BASIC MORPHOLOGIC APPROACH AND DESCRIPTIONS
When approaching a patient with skin disease, careful observation, 
palpation, and description are critical for developing a differential diag-
nosis. The morphology, or type, of lesion may be flat (macule), elevated 
(papule, nodule, plaque, cyst, vesicle, bulla, pustule, or hyperkeratosis),  
or depressed (ulcer or atrophy; Table 129-1). Shape, margination 
(well or poorly defined borders), and arrangement of the lesions are 
important. Color may be white (leukoderma or hypomelanosis), red 
(erythema), pink, violaceous (purple), brown (hypermelanosis or hemo-
siderin), black, blue, gray, or yellow. Particular attention should be paid 
to the distribution of the eruption (eg, localized, systemic, truncal, acral, 
unilateral, or intertriginous). Palpation will help determine consistency, 
temperature, mobility, tenderness, and depth of lesion. When various 
lesions are present, one should attempt to determine the primary lesion.

Clinical history is essential. Cutaneous symptoms (pruritus, pain, 
tenderness, burning, or stinging) as well as systemic symptoms (fever, 
malaise, arthralgias, myalgias, etc) must be ascertained. Time course 
of the skin lesions should be determined, with particular attention to 
medication history (prescription and nonprescription, oral, topical, and 
alternative). Common diagnostic aids in dermatology are skin biopsy 
for hematoxylin and eosin or other special staining, direct immuno-
fluorescence (DIF), or culture; potassium hydroxide preparation (for 
dermatophytic infections); mineral oil mounts (for scabies); Gram stain 
(for bacterial infections); fluid cultures; and Tzanck smears (for herpes 
simplex and varicella zoster virus infections).

DERMATOSES PRECIPITATED BY DRUGS

KEY POINTS

•• In a patient with a dermatologic condition, observation and 
description of the lesions (morphology, distribution, and texture) 
are important for developing a differential diagnosis.

•• Mucous membranes (oral, ocular, nasal, genital, and perianal) 
should be examined in all patients.

•• The skin may provide clues to an underlying, life-threatening 
condition, such as endocarditis, graft-versus-host disease, bacterial 
and fungal sepsis, toxic shock syndrome, systemic vasculitis, or 
complications from the human immunodeficiency virus.

•• Drug-related dermatoses are prevalent in the intensive care unit. 
Clues to diagnosis include a rapidly developing eruption; general-
ized, symmetrical, predominantly truncal distribution; morbilliform, 
urticarial, or acneiform morphology; and accompanying pruritus.

•• Extensive skin disease can cause important fluid, electrolyte, and pro-
tein losses and predisposes the patient to life-threatening infections.

FIGURE 129-1.  Structure of normal skin. (Used with permission of Dr Jie Song.)

Stratum corneum

Stratum granulosum

Stratum spinosum

Dermis

Epidermis

Stratum basale

KEY POINTS

•• Morbilliform and urticarial eruptions are the two most common 
types of drug eruptions.

•• Less common reactions include pustular, bullous, vasculitic, 
lichenoid, and fixed drug eruptions.

•• Stevens-Johnson syndrome (SJS), toxic epidermal necrolysis 
(TEN), and drug reaction with eosinophilia and systemic symp-
toms (DRESS) are three severe cutaneous drug reactions that need 
prompt recognition and initiation of treatment.

•• Therapy consists of withdrawal of the culprit drug, symptomatic 
relief with antihistamines ± topical or oral steroids, IVIG, and 
wound care when indicated.
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■■ EPIDEMIOLOGY OF ADVERSE DRUG REACTIONS
The World Health Organization (WHO) defines an adverse drug reac-
tion (ADR) as any noxious, unintended, and undesired effect of a drug 
that occurs at diagnostic, prophylactic, or therapeutic doses used in 
humans.1 This definition excludes untoward events due to noncompli-
ance or errors in drug administration, therapeutic failures, intentional 
and accidental poisoning, and drug abuse. A meta-analysis of 39 pro-
spective studies covering 32 years reported a 10.9% incidence of ADR 
in admitted hospital patients and a 4.7% incidence for patients admitted 
because of serious ADR.2 In addition, fatal ADR ranked “between the 
fourth and sixth” leading causes of death in the United States in 1994, 
exceeding deaths due to pneumonia and diabetes.2 The rate and severity 
of preventable ADRs in intensive care units (ICUs) are nearly twice that 
in non-ICUs.3

Cutaneous ADRs (CADRs) are the most common type of ADR and 
occur in 2% to 3% of hospitalized patients.4 The numbers of CADR may 
be higher in the ICU setting due to the critical and compromised nature 
of the patient compounded by the multiplicity of drugs. Several factors 
influence the probability of a drug producing an adverse reaction: the size 
of the compound (larger compounds are more likely to act as haptens), 
drug-drug interactions (altered metabolism and protein displacement), 
the route of delivery (intravenous administration increases the incidence  
of reactions), and patient factors such as renal function, alcohol use, 
hepatic function, and severity of concomitant disease.5,6 Antibiotics  
(eg, amoxicillin, penicillin, fluoroquinolones, sulfonamides, and cepha-
losporins) and nonsteroidal anti-inflammatory agents (NSAIDs) are the 
most likely medications to cause CADR. Antiepileptics (eg, phenytoin 
and carbamazepine) are also common causal agents. The following 
medications only rarely cause CADR: digoxin, acetaminophen, meperi-
dine, aminophylline, diphenhydramine, bisacodyl, prochlorperazine, 
spironolactone, prednisone, thiamine, ferrous sulfate, atropine, mor-
phine, insulin, and spironolactone.

■■ AN APPROACH TO CUTANEOUS ADVERSE DRUG REACTIONS
Cutaneous eruptions are the most frequent ADR in hospitalized 
patients. Morbilliform exanthems (Fig. 129-2) and urticaria (Fig. 129-3)  
are responsible for 95% and 5% of CADRs, respectively.7 Other less 
common drug-associated morphologies include lichenoid, photosen-
sitive, vasculitic, and lupus-like patterns. Onset of the exanthem is 
usually within 1 week of administration, with the notable exceptions 
of antibiotics and allopurinol. Clues to diagnosis include (1) an erup-
tion that develops very rapidly with an onset temporally related to the 
administration of a drug; (2) a generalized, symmetrical, predominantly 
truncal distribution; (3) an exanthematous (morbilliform), urticarial, 
fixed drug, or acneiform morphology; and (4) accompanying pruritus. 
Medical history, physical examination, and laboratory findings may  
provide clues, although an extensive laboratory workup is usually unnec-
essary for diagnosis (Fig. 129-4). Identifying the causative agent in the 
ICU setting may be problematic due to the concurrent administration of 
multiple drugs; hence, all medical records and family members or close 

  TABLE 129-1    Basic Morphologic and Descriptive Terminology

Macule Flat lesion of variable size

Papule Elevated lesion less than 0.5 cm diameter

Plaque Elevated lesion greater than 0.5 cm diameter

Nodule Elevated, palpable lesion greater than 0.5 cm diameter

Vesicle Fluid filled lesion less than 0.5 cm diameter

Bullae Fluid filled lesion greater than 0.5 cm diameter

Pustule Pus-filled lesion

Ulcer Depressed lesion with loss of epidermis and variable levels of dermis

Wheal Evanescent pale-red papule or plaque

FIGURE 129-2.  Morbilliform drug eruption. (Used with permission of Dr Aisha Sethi.)

FIGURE 129-3.  Drug-induced urticaria. Edematous and erythematous, polycyclic 
plaques. (Used with permission of Dr Aisha Sethi.)

contacts should be questioned. Table 129-2 outlines the information 
that must be obtained. With all this information in hand and knowing 
the reaction rate of various medications, identification of the cause of an 
eruption becomes more likely.

Despite the benign nature of the overwhelming majority of CADRs, 
it is important to evaluate for increasing liver or renal dysfunction and 
for signs suggesting progression to severe skin disease (Stevens-Johnson 
syndrome or toxic epidermal necrolysis). Signs indicative of serious skin 
problems include mucosal involvement, blistering lesions, and a positive 
Nikolsky sign (Table 129-3).

■■ CLASSIFICATION OF CUTANEOUS ADVERSE DRUG REACTIONS
The most widely used classification scheme for ADR was devised by 
Rawlins and Thomson5 (Table 129-4). Type A reactions are the most 
common (80%) and can occur at any dose. Type B reactions occur 
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1. Patient develops a
possible adverse drug

reaction

2. Review of medical history, records,
physical exam, and clinical tests support

the occurrence of a drug-induced
reaction

Yes

No
3. Drug-

induced hyper-
sensitivity/

immunologic
reaction

suspected

4. Nonimmune adverse event,(eg, toxicity,
side effect, drug interaction), idiosyncrasy,

intolerance or pseudoallergic effect of the drug

5. Perform
appropriate

confirmatory tests,
if available

Available

Not available

No

No

6. Tests
positive

Yes

7. Diagnosis of drug
hypersensitivity/immunologic

reaction confirmed

9. Patient not
allergic to the

drug

8. Does test have
high negative

predictive value?

10. Patient may be allergic
with negative drug-specific
or nonspecific confirmatory

tests

Yes

     4a. Management:
     Modify dose (for toxicity, side effect, or drug
     interactions)
     Alternative drug
     Consider slow graded challenges
     Consider prophylactic regimens before
     administration (if shown to be effective)
     Patient education

      7a. Management:
     Anaphylactic reactions require prompt emergency treatment
     Avoid drug if possible
     Consider desensitization or graded challenge before administration
     Consider prophylactic regimen before administration (if shown to be effective)
     Future prudent use of drugs
     Future use of drug could cause nonanaphylactic, life-threatening reaction (eg, Stevens-Johnson,
     Churg-Strauss), thus absolutely contraindicated
     Patient education

FIGURE 129-4.  Algorithm for the management of adverse drug reactions. Adapted with permission from Executive summary of disease management of drug hypersensitivity: a practice 
parameter. Joint Task Force on Practice Parameters, the American Academy of Allergy, Asthma and Immunology, the American Academy of Allergy, Asthma and Immunology, and the Joint 
Council of Allergy, Asthma and Immunology. Ann Allergy Asthma Immunol. December 1999;83(6 pt 3):665-700.

in susceptible individuals (10%-15%) a few days after administration 
or with re-exposure, and are independent of dose. Type B comprises 
drug intolerance, idiosyncratic reactions, and allergic or hypersen-
sitivity reactions. Allergic reactions can be categorized further into 
those that are mediated by drug-specific antibodies or drug-specific  

T lymphocytes. These include the four mechanisms identified in the 
Gell and Coombs classification: immediate, cytotoxic, immune complex, 
and delayed hypersensitivity.8

Type I (immediate) hypersensitivity reactions are mediated by immu-
noglobulin (Ig) E antibodies specific to the causative drug, found on 
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mast cells and peripheral blood basophils, and occur more frequently 
with parenteral administration. They usually occur within 1 hour of 
drug administration, but may occur as late as 72 hours in the absence 
of prior sensitization to the drug. Type I hypersensitivity reactions often 
manifest as urticaria, angioedema, or anaphylaxis. Urticarial lesions are 
pruritic, erythematous or white, nonpitting, round or oval edematous 
papules or plaques surrounded by a clear or red halo, usually at different 
stages of formation (Fig. 129-3). Angioedema refers to the same patho-
physiologic process as urticaria with transudation of interstitial fluid 
into the dermis or hypodermis. Anaphylaxis is a severe allergic reaction 
with systemic manifestations that comprise angioedema with laryngeal 
edema, bronchospasm, hypotension, diffuse erythema, hyperperistalsis, 

cardiac arrhythmias, urticaria, and pruritus. Drug-induced anaphylaxis 
occurs in 1 of 2700 hospitalized patients and is most frequently induced 
by β-lactam antibiotics (including penicillin), radiocontrast medium, 
intravenous anesthetic drugs, aspirin, other NSAIDs, and opiates. In 
the United States, the most common cause of anaphylaxis is penicillin.9 
Treatment of urticaria consists of discontinuation of the offending drug 
and administration of oral antihistamine H1 blockers. These include 
diphenhydramine, hydroxyzine, and the nonsedating agents, loratadine, 
cetirizine, and fexofenadine. If anaphylaxis develops, emergency treatment  
is instituted with intramuscular or subcutaneous epinephrine, high-flow 
oxygen and airway management, intravenous diphenhydramine, ste-
roids, fluids, vasopressors, and cardiopulmonary resuscitation, as needed 
(Chap. 128). Skin testing with the offending agent is usually positive in 
IgE-mediated reactions.

Cytotoxic (type II) reactions are mediated by IgG and complement, 
usually occur longer than 72 hours after drug exposure, and manifest as 
increased clearance of red blood cells and platelets by the lymphoreticu-
lar system. More rarely, they may manifest as intravascular destruction 
by complement-mediated lysis. Skin testing is not useful.

Type III reactions are serum sickness-like reactions, in which IgG or 
IgM immune complex deposition leads to diffuse tissue injury. Common 
clinical findings include fever, urticaria, angioedema, malaise, arthral-
gias (particularly of the hands and feet with swelling), lymphadenopa-
thy, and occasionally nephritis or endocarditis, usually starting after 1 
to 3 weeks of drug administration. There is an associated eosinophilia. 
Heterologous antisera, xenogeneic antibodies, and drugs such as peni-
cillins, minocycline, bupropion, and propranolol are the most com-
mon triggers. Cefaclor, a second-generation cephalosporin, has also  
been reported to cause serum sickness-like reactions in adults, albeit 
less frequently than in children.10 Systemic steroids are often used 
to treat this reaction, although large-scale controlled clinical trials  
are lacking.

Type IV, delayed-type hypersensitivity reactions occur as a result of an 
immune reaction to a hapten-carrier complex. Under physiological con-
ditions, drugs can bind covalently to a larger protein or peptide, forming 
stable hapten-carrier complexes which are then processed and presented 
on MHC molecules as immunogenic peptides. This leads to primary 
sensitization to the drug. After primary sensitization has occurred, an 
allergic reaction can be elicited by topical or systemic administration 
of the same or a structurally similar agent. Occasionally, a reaction may 
appear de novo after several days of contact with the offending agent. 
Allergic contact dermatitis (Fig. 129-5) is the most common type IV, 
delayed-type hypersensitivity reaction, usually caused by topically 
applied medications. A pruritic, erythematous, vesicular, scaly eruption 

  TABLE 129-2   � Drug Eruption Checklist: Information to Be Elicited From the 
Patient’s Medical Records or Family

(1)	 Time of onset and course of the reaction
(2)	 Dosage and time of initiation or discontinuation of any medications, including over-

the-counter and alternative products
(3)	 The patient’s previous exposure to this or other related medications
(4)	 Any previous history of adverse drug reaction (ADR), its management, and any 

measures taken to prevent future ADRs
(5)	 The patient’s medical problems
(6)	 Any physical or laboratory abnormalities present with the ADR, with special attention 

to organ systems involved

  TABLE 129-3    Indicators that an Adverse Drug Reaction May Become Serious

Cutaneous Findings Systemic Findings

Confluent erythema High fever (>40°C)

Rash or edema involving the face Lymphadenopathy

Tender skin lesions Joint pain

Palpable purpura Dyspnea, wheezing, hypotension

Necrotizing skin lesions

Vesicles/bullae Laboratory Findings

Positive Nikolsky signa Abnormal liver function tests

Mucous membrane erosions Lymphocytosis with atypia

Urticaria Eosinophilia (>1000/mm3)

Tongue edema
aOuter layer of epidermis separates readily with lateral pressure.

Roujeau and Stern.44

  TABLE 129-4    Classification of Cutaneous Adverse Drug Reactions (CADR)

Type A reactions (common, predictable)
•	 Toxicity or overdose (hepatic failure with high-dose isotretinoin)
•	 Side effects (dry skin with topical retinoids)
•	 Drug interaction (increased Coumadin bleeding when a macrolide is administered)
Type B reactions (uncommon, unpredictable)
•	 Idiosyncratic reaction (the very rare cholestatic liver dysfunction occurring after 

3-4 weeks of oral terbinafine therapy)
•	 Immunologic reactions

Type I (immediate, IgE mediated): anaphylaxis
Type II (cytotoxic, IgG, complement-mediated): hemolysis
Type III (immune complex): serum sickness
Type IV (delayed-type hypersensitivity): contact dermatitis

•	 Type C reactions
Long-term use (blue discoloration with the use of hydroxychloroquine)

•	 Type D reactions
Carcinogenic or teratogenic effects (squamous cell carcinoma after ultraviolet 
A radiation therapy)

SOURCES: Rawlins and Thompson,5 and Gell and Coombs.8

FIGURE 129-5.  Allergic contact dermatitis. A well-demarcated, hyperpigmented plaque 
on the lateral neck. (Used with permission of Dr Juliana Basko-Plluska.)
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occurs at the site of contact, which, with time, may become lichenified 
(thickened with accentuation of skin markings) related to rubbing or 
scratching.

Diagnostic tests for CADR may be useful to determine the causative 
agent, the type of reaction, and the prognosis. Skin testing may be 
performed by a prick or intradermal administration of the suspected 
drugs to determine the presence of drug-specific IgE antibodies (type I 
Gell-Coombs reactions). Penicillin, muscle relaxants, and barbiturates 
are amenable to this type of testing because their epitopes are known. 
Medicines that undergo significant metabolism and those with unde-
fined epitopes cannot be tested. An in vitro test to study the presence 
of circulating drug-specific IgE antibodies is the radioallergosorbent 
test. Penicillin, insulin, thiopental, protamine, latex, chymopapain, and 
selected muscle relaxants can be tested by radioallergosorbent test, with 
variable consistency.

When ADRs are mediated by drug-specific T cells (type IV; eg, contact 
dermatitis), patch testing is a useful adjunct. It is performed by applying 
predetermined dilutions of the compound on intact skin for different 
periods and assessing for erythema, edema, or vesiculation, all indicative 
of specific T-cell reactivity. A skin biopsy aids in clarifying the patho-
physiology of a reaction, for example, by the demonstration of immune 
complexes, leukocytoclastic vasculitis, or tissue eosinophilia. Blood 
eosinophil counts have been regarded as an indicator of ADR; however, 
recent studies have shown that this criterion carries a low sensitiv-
ity (22%-36%, depending on arbitrarily defined cutoff rates), making  
routine eosinophil testing unhelpful.11 Serum tryptase levels are  
useful in reactions caused by diffuse mast cell (anaphylactic or anaphy-
lactoid) activation, especially when hemodynamic changes are present. 
Tryptase is a protease stored in the granules of mast cells and released 
with mast cell activation. Levels should be obtained within 2 hours of 
the anaphylactic episode. Serum tryptase concentrations are recom-
mended over serum histamine concentrations due to the greater stability 
of tryptase.12

The clinical usefulness of in vitro diagnostic tests to detect the pres-
ence of drug-specific antibodies capable of eliciting basophil histamine 
release, lymphocyte blast transformation, or complement activation 
remains to be proven. These tests carry a low sensitivity, are currently 
used mainly as research tools, and therefore are not recommended for 
routine clinical use.

Despite the different proposed mechanisms, overlap is common, and 
one cannot infer the pathogenesis of an eruption by its morphology or 
causative drug alone. The diagnosis of a drug-related dermatosis encom-
passes a complex mental algorithm of probability, time and causality, 
alternative diagnoses, and plausibility.

■■ CHEMOTHERAPY-INDUCED DERMATOSES
Cancer patients may be affected by cutaneous reactions of diverse 
etiologies, including infections, paraneoplastic pemphigus, dermatomy-
ositis, graft-versus-host disease (GVHD), nutritional deficiency, metas-
tases, cutaneous neoplasms, radiation reactions, and administration of 
chemotherapeutic agents. Table 129-5 includes the most commonly 
encountered chemotherapy-induced dermatoses.

The most common CADR to chemotherapeutic agents is alopecia 
(hair loss), which may present as anagen (hair growth phase) or telogen 
(hair resting phase) effluvium.13 Anagen effluvium is usually caused by 
antineoplastic agents, which weaken the hair shaft, resulting in severe 
hair loss apparent 1 to 2 months after therapy. Telogen effluvium occurs 
secondary to acute physical or psychological stress, malnutrition, or 
drugs. Spontaneous regrowth with drug discontinuation is the norm for 
both types of alopecia. Treatments are rarely successful. The effective-
ness of 2% topical minoxidil has been inconsistent.14,15

Adverse effects in the oral mucosa occur in 40% of patients as a result 
of direct drug toxicity or indirectly via effects on the bone marrow.  
Stomatitis is a frequent complication leading to erythema, edema, ulcer-
ation, pain, burning, and xerostomia. Healing occurs within 2 to 3 weeks. 
Treatment consists of adequate oral hygiene and the use of topical agents 

such as attapulgite, magnesium/aluminum hydroxide, diphenhydramine 
elixir, benzocaine, and viscous lidocaine.

Candidiasis, with its white, adherent velvety plaques, and varicella 
zoster virus may also affect the inside of the mouth. Herpes simplex 
usually affects the vermilion border of the lips, but in the immunosup-
pressed may cause indolent intraoral ulcers.

Intravenous administration of chemotherapeutic agents may result 
in extravasation into surrounding tissues. Severity depends on type, 
quantity, and concentration of drug,16 and disabling sequelae are  
uncommon. Agents may be irritants (eg, bleomycin, carboplatin, 
cyclophosphamide, doxorubicin, etoposide, fluorouracil, paclitaxel, or 
vinblastine), which cause sclerosis, hyperpigmentation, and tenderness 
along the vein, or vesicants (eg, bleomycin, carmustine, cisplatin, doxoru-
bicin, etoposide, fluorouracil, melphalan, mechlorethamine, mitomycin, 
paclitaxel, vinblastine, or vincristine), which cause burning, necrosis, and 
ulceration. Treatment consists of discontinuing the infusion, elevating 
the affected extremity, and applying local heat or cold. Heat should not 
be applied when extravasation of vinca alkaloids occurs because this may 
cause ulceration.17 Surgical debridement and skin grafting may be needed 
in persistent ulcers. Antidotes are also recommended (Table 129-6).

Localized or diffuse hyperpigmentation is a common CADR, as a 
result of melanin, carotene, hemoglobin, or other pigment deposition. 
Characteristic gingival bands occur with cisplatin; horizontal hyper-
pigmented bands on blond hair (flag sign) with methotrexate; flagellate 
streaks of hyperpigmentation with bleomycin; serpentine supravenous 
hyperpigmentation primarily with 5-fluorouracil; pigmented nail bands 

  TABLE 129-5    Chemotherapy-Induced Dermatoses

Type of Reaction Responsible Drugs Treatment

Alopecia (anagen or  
telogen effluvium)

Vincristine, cyclophosphamide, 
doxorubicin, daunorubicin,  
dactinomycin, paclitaxel

•	 None

Mucositis/stomatitis Topotecan, methotrexate,  
fluorouracil, doxorubicin,  
dactinomycin, bleomycin,  
docetaxel, daunorubicin

•	 Oral hygiene
•	 Magnesium/aluminum 

hydroxide
•	 Viscous lidocaine
•	 Benzocaine
•	 Diphenhydramine elixir

Candidiasis Vincristine, cisplatin, 
doxorubicin, daunorubicin

•	 Nystatin wash/cream

Extravasation reactions Bleomycin, carboplatin,  
cyclophosphamide, doxorubicin, 
etoposide, paclitaxel, 
vinblastine

•	 Discontinue infusion
•	 Elevate effected extremity
•	 Apply local heat or cold
•	 Debridement/skin grafting
•	 Use antidotes

Hyperpigmentation  
(localized or diffuse)

Bleomycin,a cisplatin,b 
methotrexate,c cyclophospha-
mide, daunorubicin, doxorubicin  
fluorouracil, hydroxyurea,  
vinblastine, 5-fluorouracil

•	 None

Acral erythema Cytarabine, doxorubicin,  
fluorouracil

•	 Elevate the extremity
•	 Cold compresses
•	 Analgesics
•	 Pyridoxine 150 mg daily

Lower extremity 
ulcerations

Hydroxyurea, methotrexate •	 Discontinue the drug

Neutrophilic eccrine  
hidradenitis

Cytarabine, bleomycin,  
cyclophosphamide, cisplatin,  
topotecan, anthracyclines

•	 None

aCauses flagellate streaks of hyperpigmentation.
bGingival bands.
cFlag sign = horizontal hyperpigmented bands on blond hair.
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with bleomycin, cytarabine, cyclophosphamide, daunorubicin, doxo-
rubicin, fluorouracil, hydroxyurea, idarubicin, mitomycin, tegafur, or  
vinblastine; and mucosal hyperpigmentation with busulfan, fluorouracil,  
tegafur, doxorubicin, hydroxyurea, cisplatin, or cyclophosphamide.13

Another well-described CADR to chemotherapeutic agents is acral 
erythema (Fig. 129-6), occurring in 6% to 24% of patients,18 mainly 
those treated with cytarabine, doxorubicin, and fluorouracil. This pain-
ful eruption consists of diffuse erythema and edema on the palms and 
soles. This resolves with exfoliation within 4 weeks of discontinuing the 
drug. It needs to be differentiated from acute GVHD in the appropriate  
clinical setting. Treatment is supportive, with elevation, cold compresses, 
analgesics, and pyridoxine 150 mg each day.19

Cutaneous ulceration of the lower extremities is reported as a compli-
cation of long-term hydroxyurea,20 and rarely, high-dose methotrexate.21  
Hydroxyurea-induced ulcers typically occur over the malleoli, are 
painful, and may be resistant to local wound care, topical or systemic 
antibiotic therapy, pentoxifylline, prednisone, hyperbaric oxygen, or 
Unna vascular boots. Ulcers heal over several months after cessation of 
hydroxyurea. The first case of lower extremity cutaneous ulceration in a 
patient without psoriasis receiving methotrexate was reported in 1998.21 
Since then, several additional cases of methotrexate-related cutaneous 
ulcers have been reported.

Neutrophilic eccrine hidradenitis (NEH) is a disorder that results 
from a direct cytotoxic effect of chemotherapy on the eccrine glands. 
Erythematous papules and plaques occur on the trunk and the extremi-
ties within 2 weeks of starting chemotherapy. This condition is most often 
associated with the initiation of cytarabine in patients with acute myelog-
enous leukemia. Bleomycin, cyclophosphamide, anthracyclines, cisplatin, 

and topotecan have also been implicated. NEH typically resolves within 
weeks after cessation of chemotherapy, although it may recur in subse-
quent cycles. Dapsone is used to treat and prevent recurrences of NEH.22

■■ ANTICOAGULANT-INDUCED DERMATOSES
Adverse reactions to anticoagulants can be localized or diffuse and 
mediated by various mechanisms. Unfractionated heparin, low-molecu-
lar-weight heparins, and vitamin K antagonists are drugs used routinely 
in the treatment and prophylaxis of thromboembolic disease. In addi-
tion to the well-known ADRs such as an increased bleeding tendency, 
these agents may cause CADR which necessitate institution of alterna-
tive therapies.

Heparin is a mucopolysaccharide that can induce various ADRs, 
including immediate reactions (eg, urticaria, asthma, and anaphylaxis), 
and delayed-type reactions (eg, erythematous plaques, skin necrosis, a 
generalized eruption, and thrombocytopenia).23 Delayed-type reactions 
manifest as erythematous, vesicular, or pruritic plaques at the injection 
site within 2 to 5 days of therapy, whereas heparin-induced skin necrosis 
(Fig. 129-7) develops between 5 and 10 days of therapy. Cutaneous reac-
tions have also been described with the use of low-molecular-weight 
heparins and heparinoids.24 In patients with skin necrosis, heparin must 
be discontinued due to the increased risk of developing heparin-induced 
thrombocytopenia II.25 These patients usually have significant concurrent 
illnesses but no coagulation abnormalities. Histology shows fibrin deposi-
tion in venules and capillaries in the dermis and hypodermis, with necrosis.  
Intracutaneous testing is useful for the diagnosis of delayed reactions 
(erythematous plaques at heparin injection sites) but is contraindicated 
in the presence of skin necrosis. A positive skin test has been associated 
with heparin-induced IgG antibodies. There may be cross-reactivity 
between unfractionated heparin and low-molecular-weight heparins and 
heparinoids. Rates of 50% and 30%, respectively, have been reported.26 
Therefore, treatment consists of discontinuing heparin and administering 
one of the newly developed direct thrombin inhibitors (argatroban and 
lepirudin) to provide protection during warfarin initiation.

Warfarin inhibits the vitamin K–dependent clotting factors II, VII, IX,  
and X; it also inhibits the anticoagulant proteins C and S, thereby caus-
ing a transient hypercoagulable state.27 On rare occasions, skin necrosis  
(Fig. 129-8), which is potentially fatal (15% of cases), occurs with initia-
tion of therapy before full anticoagulation is achieved. Three to ten days 
after starting therapy, pain precedes the appearance of ill-defined ery-
thematous plaques, which progress into edematous, blue-black plaques 
with hemorrhagic bullae in the center. The lesions necrose, leaving central 
eschars. Necrosis commonly affects the breasts, abdomen, and thighs in 

  TABLE 129-6    Antidotes Used in Chemotherapeutic Agent Extravasation

Agent Antidote

Anthracycline Topical DMSO

Mitomycin Topical DMSO

Vinca alkaloid Hyaluronidase (ICA)

Mechlorethamine Sodium thiosulfate (ICA)

Dacarbazine Sodium thiosulfate (ICA)

Cisplatin Sodium thiosulfate (ICA)

DMSO, dimethylsulfoxide; ICA, intracutaneous administration.

Data from Susser WS, Whitaker-Worth DL, Grant-Kels JM. Mucocutaneous reactions to chemotherapy.  
J Am Acad Dermatol. March 1999;40(3):367-398.

FIGURE 129-6.  Palmoplantar erythema in a patient treated with capecitabine for 
prostate cancer. (Used with permission of Dr Bernhard Ortel.)

FIGURE 129-7.  Sharply demarcated, necrotic areas with irregular branching margins, 
surrounded by retiform purpura. (Used with permission of VisualDx.)
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FIGURE 129-8.  Warfarin-induced skin necrosis. Ill-defined, edematous, violaceous 
plaque with central hemorrhagic vesicles. (Used with permission of Dr Keyoumars Soltani.)

females and the abdomen and thighs in males. Histopathology shows 
fibrin occluding dermal and hypodermal veins, with diffuse necrosis.28 
This occurs more commonly in women. Other risk factors include a 
large loading dose, protein C deficiency, and the presence of the factor V 
Leiden mutation. Treatment consists of discontinuation of warfarin and 
administration of intravenous heparin. Some investigators have reported 
success with the use of protein C concentrate, prostacyclin, and factor 
VII.29 Lesions are treated as any other skin ulcer; however, when they are 
extensive, surgical debridement, grafting, or occasionally amputation may 
be necessary to prevent the development of infection and sepsis.

■■ ADVERSE REACTIONS TO ALTERNATIVE DRUGS
Herbal remedies are classified as dietary supplements. As such, they are 
exempt from the stringent evaluation and regulatory processes that drugs 
have to undergo to show efficacy, safety, and quality.30,31 It is not uncommon  
for patients admitted to the ICU to have been taking herbal medicines or 
supplements. Contrary to popular belief, herbal products may result in 
clinically significant adverse reactions and herbal-drug interactions. Some 
remedies have been found to contain traditional drugs, such as aspirin, 
paracetamol, mefenamic acid, diazepam, and triamcinolone, with cor-
responding adverse reactions. Contaminants, such as lead, arsenic, and 
other heavy metals, have been found in numerous herbal remedies and are 
a significant source of adverse reactions. Autoimmune thrombocytopenia 
has been reported in a patient receiving kelp tainted with arsenic.

Similarly, interactions with traditional drugs are a significant cause of 
concern in individuals taking herbal remedies concurrently with tradi-
tional medicines32 (estimated at 18% of the population). Components in 
herbal remedies such as St John’s wort and Kava-Kava, used for depres-
sion and anxiety, respectively, have been shown to inhibit monoamine 
oxidase activity. Interactions with drugs affecting the metabolism of 
neuroactive amines, such as the selective serotonin-reuptake inhibitors, 
are a potential problem. Therefore, coffee, tea, and foods containing 
tyramine (aged cheese, soy sauce, smoked meats, bananas, and avocados)  
should be avoided.

Because many of the mechanisms underlying acute hypersensitivity  
reactions are unclear, a careful history and evaluation is necessary. 
In addition, because the half-life of many of these components is not 
known, they should be discontinued immediately on admission to the 
hospital or the critical care unit.

■■ VASOPRESSIN-INDUCED SKIN NECROSIS
Vasopressin, a nonselective vasoconstrictor, is used in the treatment of 
vasodilatory septic shock, hypotension unresponsive to catecholamines,33 

and variceal hemorrhage.34 Uncommon adverse reactions to large-dose 
(0.2-0.4 U/min), centrally administered vasopressin include cardiac 
arrhythmias, ischemia, infarction, and bowel ischemia.46 When periph-
eral intravenous administration is used, accidental extravasation of the 
drug may result in skin necrosis (Fig. 129-9) and gangrene. This CADR 
may occur even at small doses (0.04 U/min) or when small quantities 
that are undetectable by the occlusion pressure monitor infiltrate the 
tissue. Administration through a central venous catheter is encouraged, 
even for small doses, to minimize the occurrence of this adverse reac-
tion, although skin necrosis with low-dose vasopressin infusion through 
central venous route has been recently reported.36 Interestingly, skin 
necrosis does not occur with large-dose subcutaneous administration, 
as performed for diabetes insipidus. Mortality rate is usually high in 
patients with septic shock who develop necrotic skin lesions. Treatment 
consists of stopping the vasopressin infusion, surgically débriding the 
ischemic tissue, and applying wet dressings or grafting.

Diffuse ischemic skin lesions, defined as new areas of mottled or livid 
skin, have been found to occur in approximately 30% of patients during 
infusion of arginine-vasopressin, an alternative powerful vasopressor 
agent that is increasingly used in catecholamine-resistant vasodilatory 
shock. Sepsis and arterial occlusive disease are predisposing factors. 
These lesions, often seen on the limbs and trunk but also on the tongue, 
may lead to gangrene, necessitating debridement and amputation.37

■■ ACUTE GENERALIZED EXANTHEMATOUS PUSTULOSIS
Acute generalized exanthematous pustulosis (AGEP) is a rare, T-cell–
mediated drug reaction that often presents within 1 to 5 days of start-
ing the culprit medication. It is typically reported in association with 
antibacterial drugs (>90% of cases) including ampicillin, amoxicillin, 
quinolones, clindamycin, and sulfonamides. However, other topical and 
systemic medications, including corticosteroids, terbinafine, diltiazem, 
chloroquine, and herbal remedies, have also been implicated.

AGEP is clinically characterized by the acute onset of edematous 
erythema, followed by disseminated, small, nonfollicular sterile pustules 
which may coalesce into bullae (Fig. 129-10). Marked edema of the 
face, target-like lesions, blisters, and purpura may be seen, but are not  
typical of AGEP. Mild and nonerosive mucosal involvement occurs in 
20% of patients. Patients have fever (T >38°C) and massive leukocytosis, 
sometimes with eosinophilia, but there is no internal organ involvement. 
Histologically, AGEP is characterized by a subcorneal or intraepidermal 
sterile pustule and marked spongiosis with a few necrotic keratinocytes.

AGEP is self-limiting and spontaneously resolves within 2 weeks. The 
5% mortality rate, which is often reported, results from secondary infec-
tions in patients with other medical comorbidities. Treatment consists 
of discontinuation of the suspected drug and supportive therapy. Oral 

FIGURE 129-9.  Vasopressin-induced skin necrosis. Retiform purpura with central necrosis. 
(Used with permission of Dr Vesna Petronic-Rosic.)
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FIGURE 129-10.  Acute generalized exanthematous pustulosis. Multiple nonfollicular, 
sterile pustules. (Used with permission of Dr Aisha Sethi.)

and topical steroids are not necessary; however, they may shorten the 
duration of the disease.

SEVERE CUTANEOUS ADVERSE DRUG REACTIONS

■■ STEVENS-JOHNSON SYNDROME AND TOXIC EPIDERMAL NECROLYSIS
CADRs are classified by the WHO as severe when they are life threat-
ening, require hospitalization, or lead to permanent disability. Stevens-
Johnson syndrome (SJS) (Fig. 129-11) and toxic epidermal necrolysis 
(TEN) (Fig. 129-12) are rare, serious CADRs, with calculated incidences 
of 1 to 6 and 0.4 to 1.2 cases per million person-years, respectively.39 SJS 

FIGURE 129-11.  Stevens-Johnson syndrome (SJS). Erosive involvement of the lips. 
(Used with permission of Dr Aisha Sethi.)

FIGURE 129-12.  Toxic epidermal necrolysis (TEN). A. Mucosal involvement with ero-
sions and hemorrhagic crusts. B. Large, intact bullae on erythematous skin. C. Detachment 
of full-thickness epidermis has led to areas of denuded skin. (Used with permission of  
Drs. Christopher R. Shea and Vesna Petronic-Rosic.)

and TEN are histopathologically identical diseases that are differentiated 
by the extent of epidermal detachment: less than 10% in SJS, 10% to 29% 
in transitional SJS/TEN, and greater than 30% in TEN. In addition to the 
hypersensitivity syndrome/drug reaction with eosinophilia and systemic 
symptoms, SJS and TEN constitute the major groups of severe CADRs40 
(Table 129-7).

SJS and TEN are caused almost exclusively by medications.41 The 
implicated medication is usually started within 3 weeks of the eruption. 
An increased risk for SJS and TEN has been found with the use of the 

section11.indd   1287 1/19/2015   10:53:21 AM

http://www.myuptodate.com


PART 11: Special Problems in Critical Care1288

following drugs: anticonvulsants (phenytoin, valproic acid, phenobarbital,  
and carbamazepine), antibiotics (sulfonamides and aminopenicillins),  
NSAIDs (oxicam derivatives), chlormezanone, allopurinol, and, interest-
ingly, corticosteroids (Table 129-8).39 Drugs with long half-lives, known  
to be frequent culprits, have been associated with higher fatality 
rates.42 SJS is associated with a 5% mortality rate, whereas TEN, which 
is the most severe form of drug eruption known, has a mortality rate 
of approximately 30%.43 Mortality is mainly a result of respiratory 
complications and sepsis. Prognosis is influenced by age (>60 years), 
the presence of comorbidities, sepsis, and extent of body surface area 
involved.43-45 A prognostic scoring system, also known as SCORTEN, 
has been proposed (Table 129-9).46 TEN occurs more frequently in 

HIV-infected individuals, especially those receiving sulfonamides  
or nevirapine. Precipitation of SJS and TEN by infectious agents is 
much less common. Infection with Mycoplasma pneumoniae is the best 
documented.47

The pathogenesis of SJS and TEN remains unclear. Humoral and cell-
mediated cytotoxicities, drug metabolites, and apoptotic mechanisms 
have been implicated, with inconsistent data. Experimental data suggest 
that activation of Fas (CD95) through its ligand, FasL (CD95L), results 
in caspase-mediated keratinocyte apoptosis, possibly an important 
pathophysiologic mechanism in TEN.48 Fas (CD95) is a cell surface 
receptor expressed on most cells, including keratinocytes, and can be 
activated by FasL, which is expressed by natural killer cells and activated 
T lymphocytes.49 FasL can also exist in a soluble form (sFasL), capable 
of inducing apoptosis.50 Soluble FasL results from metalloproteinase-
mediated cleavage of cell surface FasL, and stimulation of peripheral 
blood mononuclear cells by an offending drug results in upregulated 
sFasL expression. Sera from SJS and TEN patients can induce Fas-FasL–
mediated keratinocyte apoptosis in vitro, and contain elevated concen-
trations of sFasL when compared with control patients.51

Initial symptoms of both SJS and TEN include pain, tenderness, or 
a burning sensation in the skin. These symptoms often begin abruptly 
and are associated with fever and general malaise. Over the next 1 to 
3 days, ill-defined erythematous macules or diffuse erythema develop 
over the trunk and extremities. The palms and soles can be an early site 
of involvement. As the red areas enlarge, central dusky necrotic sites 
develop with subsequent bullae formation. Bullae result from edema 
occurring beneath the necrotic epidermis. As the disease progresses, 
sheets of full-thickness epidermis slough off, revealing dark red, moist 
dermis (resembling severe second-degree burns). The Nikolsky sign 
(separation of the skin with lateral traction) is positive and an important 
clinical diagnostic clue. Criteria to predict which patients with SJS are 
likely to progress to full-blown TEN are currently unavailable.

Mucous membrane involvement occurs in 85% to 95% of patients and 
may be the presenting sign.52 The oropharynx and conjunctivae are most 
affected, resulting in severe erosions and pain. Keratitis, ocular erosions, 
and symblepharon may result in blindness. Dysuria is a sign of urethral 
involvement. Erosions in the lower respiratory tract and the intestine have 
also been described.53 Involvement of the epithelium of the trachea, bronchi,  
or gastrointestinal tract increases morbidity. Laboratory, histopathology, 
and immunofluorescence findings are outlined in Table 129-10.

The clinical differential diagnosis includes staphylococcal scalded 
skin syndrome, acute GVHD, scarlet fever, erythema multiforme, and 

  TABLE 129-7    Classification of Severe Cutaneous Adverse Drug Reactions

SJS TEN
Hypersensitivity/
DRESS

Mucous membrane >90% >90% <30%

BSA involvementa <10% >30% <10%

Erosions Several sites Several sites Mouth and lips

Detachment of  
epidermis

Yes Yes No

Hyperkeratosis/ 
desquamation

No No Usual

Neutropenia No 30% No

Eosinophilia No No 90%

Atypical lymphocytes No No 30%-40%

Respiratory tract Bronchial erosions/
ARDS

Bronchial erosions/
ARDS

Interstitial  
pneumonitis

Liver Hepatitis 10% Hepatitis 10% Hepatitis 60%

Heart No No Myocarditis

Lymph node enlarged No No Usual
aWhen detachment involves 10%-29% of BSA, we classify the case as SJS-TEN overlap. ARDS, adult respi-
ratory distress syndrome; BSA, Body surface area; dress, drug reaction with eosinophilia and systemic 
symptoms; SJS, Stevens-Johnson syndrome; ten, toxic epidermal necrolysis.

  TABLE 129-8    Factors Associated With SJS and TEN

Drugs Infections (Isolated Cases)

Antibiotics Mycoplasma Pneumoniae

•	 Sulfonamides Histoplasmosis

•	 Aminopenicillins Hepatitis A

•	 Cephalosporins Epstein-Barr virus

•	 Quinolones Coxsackievirus B5

Anticonvulsants Milkers’ nodules

•	 Phenobarbital Yersiniosis

•	 Phenytoin Adenovirus

•	 Valproic acid Gram-negative septicemia

•	 Carbamazepine

NSAIDs

•	 Piroxicam

•	 Tenoxicam

Allopurinol

Chlormezanone

Graft-versus-host disease

SJS, Stevens-Johnson syndrome; TEN, toxic epidermal necrolysis.

SOURCES: Roujeau and Stern,44 and Ducic et al.45

  TABLE 129-9    SCORTEN: A Prognostic Scoring System for Patients With TEN

Prognostic Factors Points

Age >40 years 1

Heart rate >120 bpm 1

Cancer or hematologic malignancy 1

BSA involved on day 1 above 10% 1

Serum urea level (>10 mmol/L) 1

Serum bicarbonate level (<20 mmol/L) 1

Serum glucose level (>14 mmol/L) 1

SCORTEN Mortality rate (%)

0-1 3.2

2 12.1

3 35.8

4 58.3

> or = 5 90

BSA, body surface area.

Reproduced with permission from Bastuji-Garin S, Fouchard N, Bertocchi M, et al. SCORTEN: a severity-
of-illness score for toxic epidermal necrolysis. J Invest. August 2000;115(2):149-153.
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  TABLE 129-10    Clinical and Histopathological Features of SJS/TEN

Laboratory Findings (% patients) Histopathology Immunofluorescence

•	 Anemia (100%)
•	 Lymphopenia (90%)
•	 Neutropeniaa (30%)
•	 Thrombocytopeniab

•	 Eosinophilia
•	 Hypoalbuminemia
•	 Hypocalcemia
•	 Proteinuria, <1 g/day (50%)
•	 Elevated transaminases (30%)
•	 Elevated amylase, lipase

•	 Subepidermal vesiculation
•	 Necrotic keratinocytes at all 

levels of the epidermis in SJS
•	 Full-thickness necrosis in TEN
•	 Minimal inflammatory  

infiltrate in the dermis

Negative

aCarries poor prognosis.
bRare.

  TABLE 129-11    Differential Diagnosis of SJS/TEN

Differential Diagnosis Cutaneous Findings Histopathology/Immunofluorescence

Erythema multiforme Asymptomatic, targetoid lesions Interface dermatitis with individual apoptotic keratinocytes and a perivascular 
lymphocytic infiltrate/negative immunofluorescence

Staphylococcal scalded skin 
syndrome (SSSS)

Large areas of tender erythema, flaccid bullae 
followed by desquamation

Subcorneal blisters with no inflammatory cells/immunofluorescence negative

Acute generalized exanthematous 
pustulosis (AGEP)

Nonfollicular, sterile pustules within large areas of 
edematous erythema

Subcorneal or superficial epidermal blisters with neutrophils/immunofluorescence 
negative

Graft-versus-host disease Generalized erythematous morbilliform eruption Vacuolar interface dermatitis with satellite necrotic keratinocytes and epithelial  
atypia/negative immunofluorescence 

Scarlet fever Erythematous papules on the trunk with a 
“sandpaper-like” texture followed by desquamation 
of the hands and feet, strawberry tongue

Engorged capillaries and dilated lymphatic vessels, most prominent around hair  
follicles/negative immunofluorescence 

Paraneoplastic pemphigus Mucocutaneous involvement with tense and flaccid 
bullae intermixed with erosions.

Variable intraepidermal acantholysis, interface reaction with necrotic keratinocytes 
and vacuolar change, +/− subepidermal clefting/ IgG and C3 deposition between 
keratinocytes and at the dermoepidermal junction

Pemphigus vulgaris Superficial flaccid bullae, erosions Intraepidermal split/IgG and C3 deposition between keratinocytes

Bullous pemphigoid Large tense bullae, urticarial wheals, serpiginous plaques Subepidermal blister/linear deposition of IgG and C3 along basement membrane

Drug-induced linear IgA bullous dermatosis Tense vesicles and bullae with annular configuration Subepidermal blister with neutrophils/linear deposition of IgA along the dermoepidermal junction

pemphigus vulgaris (Table 129-11). In all these cases, full-thickness epi-
dermal necrosis is rare (except in GVHD, in which epidermal necrosis is 
accompanied by an abundant lymphocytic infiltrate).

Erythema multiforme (Fig. 129-13) (previously referred to as erythema  
multiforme minor) is an acute, self-limited reaction characterized by 
asymptomatic, annular erythematous, or urticarial plaques with central 
areas of blistering and necrosis, resulting in the characteristic target 
lesions. Lesions usually develop on the extensor surfaces of the extremi-
ties and mucosae, and cover less than 10% of the body surface area. 
Outbreaks last for 1 to 4 weeks. Relapses are frequent. It is associated 
with recurrent herpes simplex virus infections in the great majority of 
cases and with M pneumoniae infection in a smaller subset.

Treatment for SJS and TEN includes pain management and prompt 
withdrawal of any agents that are not essential for the maintenance of 
life (Table 129-12). The latter has been shown to decrease mortality rate 
in TEN by about 30% per day, despite some progression of the muco-
cutaneous involvement.42 Fluid resuscitation, treatment of infections, 
and meticulous skin and eye care are most appropriately managed in an 
isolation room in a burn unit, where the staff is trained in topical wound 
and skin care. Topical therapy includes gentle debridement of necrotic 
skin followed by the application of nonadherent dressings to the areas 
of skin erosion, a wrapping of a thin silver-impregnated dressing, and 
an outer linen covering to hold all in place. Antibiotic ointments are 
widely used, although their value is unproven. It is important to avoid 
the sulfonamide derivatives (silver sulfadiazine cream, topical mafenide 

acetate, and ophthalmic sodium sulfacetamide) because of potential 
significant absorption and the possibility of inducing SJS.54 A variety of 
other dressings may be used to decrease fluid loss and pain and promote 
wound healing. These include porcine xenografts55 and synthetic dress-
ings such as Omniderm, OpSite, Vigilon, Mepitel, and Biobrane.

The use of corticosteroids and immunosuppressive agents in the 
treatment of TEN is controversial. The rationale for such an approach is 
based on the assumption that TEN is an immune-mediated event. There 
are no case-controlled studies supporting the use of corticosteroids; 
however, several case reports have advocated their use.56,57 In most cases 
in which steroids were found effective, they were started very early in 
the course of the disease. More recent literature has indicated a higher 
mortality rate, increased time to recovery, and increased length of hos-
pital stay in patients treated with systemic corticosteroids.58,59 Patients 
undergoing long-term glucocorticoid therapy who develop TEN may 
have a delay in onset, but the severity of disease is unaffected.60 Based 
on this information, corticosteroids should not be used routinely in 
TEN and should only be considered in patients who present early in the 
course of disease. Intravenous immunoglobulin therapy (IVIG) in TEN 
aims to decrease Fas-mediated keratinocyte apoptosis by sequestering 
Fas available for binding to CD95. Several nonrandomized, uncontrolled 
studies have shown that large-dose IVIG decreases mortality rate and 
progression of TEN,61-64 whereas at least one prospective study showed 
no benefit.40 Currently, there is no consensus about the use of IVIG due 
to lack of controlled, randomized trials. In addition, the use of plasma-
pheresis and immunosuppressive drugs remains controversial due to the 
lack of strong clinical data.

■■ HYPERSENSITIVITY SYNDROME/DRUG REACTION WITH EOSINOPHILIA 
AND SYSTEMIC SYMPTOMS

A severe hypersensitivity syndrome consisting of fever, skin rash, 
lymphadenopathy, and variable organ (usually liver) involvement may 
appear 1 to 8 weeks after administration of the inciting drug for the first 
time. When associated with eosinophilia and systemic symptoms, the 
term drug reaction with eosinophilia and systemic symptoms (DRESS) 
is used. Table 129-13 includes the most recently proposed diagnostic 
criteria for DRESS.65 Typical precipitating drugs are aromatic anticon-
vulsants (eg, phenytoin, phenobarbital, and carbamazepine) and sulfon-
amides. DRESS syndrome is estimated to occur in between 1 in 1000 
and 1 in 10,000 exposures with these drugs. There is a 75% incidence 
of cross-reactivity between the different anticonvulsants; therefore,  
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once one of these drugs has caused a reaction, further exposure to any 
of them should not be attempted. Other medications known to cause 
this syndrome include dapsone, allopurinol, terbinafine, NSAIDs, and 
minocycline (Table 129-14).66 The pathophysiology of DRESS syn-
drome remains unclear, although faulty metabolism of the causative 
drugs and infections with human herpes virus type 6, cytomegalovirus, 
and Epstein-Barr virus have been suggested as plausible causes.67

The cutaneous manifestations of DRESS range from a morbilliform 
eruption to frank erythroderma. In most cases, the skin eruption starts 
as erythematous macules that often evolve into pruritic, confluent 

papules (Fig. 129-14). Pustules may also be present. The eruption starts 
in the face and upper trunk, but quickly spreads to the lower extremities. 
Facial edema is a frequent finding that serves as the hallmark of DRESS. 
Mucosal involvement is not typical as in SJS/TEN, but conjunctivitis and 
ulceration of the vaginal and buccal mucosae may be seen.

Lymphadenopathy is one of the most frequent findings associated 
with DRESS. Internal organ involvement is another important charac-
teristic, but may not develop until 1 to 4 weeks into the reaction. The 
most frequently involved organ is the liver, followed by the kidneys 
and lungs. Hepatic involvement presents as mild elevation of transami-
nases in 60% of cases; however, fulminant hepatic necrosis may occur 
occasionally, resulting in high mortality rates. Granulomatous intersti-
tial nephritis, interstitial pneumonitis, myocarditis, encephalitis, and 
thyroiditis are rare manifestations of DRESS. Prominent eosinophilia, 
often in association with mononucleosis-like atypical lymphocytosis, is 
encountered frequently.

DRESS syndrome is associated with a 10% mortality rate; there-
fore, prompt recognition and discontinuation of the offending drug is  
crucial. The administration of moderate to large doses of systemic ste-
roids over 6 to 8 weeks is the treatment of choice. Sometimes, steroids 
can be tapered over longer periods of time. In addition, supportive care, 
similar to that for SJS and TEN, in an ICU or burn unit, must be insti-
tuted when life-threatening visceral manifestations are present. Topical 
steroids alone may be sufficient for mild disease. IVIG and plasmapher-
esis have also been used but are not yet accepted as the standard of care. 
Close follow-up of the patient over the subsequent several months with 
monitoring of liver, thyroid, and renal function, along with documenta-
tion of resolving peripheral eosinophilia is highly recommended.

MEDICAL DERMATOSES

■■ PEMPHIGUS VULGARIS
Pemphigus vulgaris (PV) is an autoimmune, mucocutaneous, blistering 
disease characterized by an intraepidermal split that results in superficial 
flaccid bullae (Fig. 129-15). IgG autoantibodies directed against inter-
cellular adhering junction antigens (desmogleins 3 and 1) lead to bullae 
formation. The stimulus for the circulating autoantibodies is unknown. 
PV has been described in association with autoimmune diseases, 
malignancy, and medications.68 The medications most often cited have 
thiol groups in their molecules, such as penicillamine and captopril.69 
PV occurring in association with an underlying neoplasm is termed 
paraneoplastic pemphigus. Paraneoplastic pemphigus (Fig. 129-16)  
is seen primarily in the context of an underlying lymphoproliferative 
malignancy.

FIGURE 129-13.  Erythema multiforme (EM). Extensor arm with targetoid lesions. (Used 
with permission of Dr Aisha Sethi.)

  TABLE 129-12    Management of SJS/TEN

•	 Promptly discontinue any possible offending medications
•	 Admit patient to the intensive care unit or the burn unit
•	 Promptly attend to fluid resuscitation, correction of electrolyte imbalances and caloric replacement
•	 Treat underlying/precipitating infections if any
•	 Daily wound care: cover detached areas with petrolatum gauze, silicone dressings or other non-

adherent dressings until reepithelialization occurs; avoid manipulation of areas with intact skin
•	 Gentle debridement of necrotic skin
•	 Apply antibiotic ointments (eg, mupirocin) to the affected areas
•	 Consult ophthalmology for regular eye examination
•	 Consult urology if urethral inflammation
•	 Consider IVIG (0.6-0.7 g/kg QD × 4 days); there is much debate regarding use of high-

dose pulse steroids. The current practice suggests to start pulse steroids within 24 hours 
of onset, with the plan to discontinue them if no benefit is seen in 72 hours

  TABLE 129-13    Diagnostic Criteria for DRESSa

•	 Maculopapular rash developing >3 weeks after initiation of a limited number of drugs
•	 Prolonged clinical symptoms after discontinuation of the causative drug
•	 Fever (>38°C)
•	 Liver abnormalities (ALT >100U/I) or other organ involvement
•	 Leukocyte abnormalities (at least one present)

Leukocytosis (>11 × 109/I)
Atypical lymphocytosis (>5%)
Eosinophilia (>1.5 × 109/I)

•	 Lymphadenopathy
•	 HHV-6 reactivation (detected in the second to third week after initiation of symptoms)

aThe diagnosis is confirmed by the presence of all seven criteria given above (typical DRESS) or five (1-5) 
of them (atypical DRESS).

Reproduced with permission from Shiohara T, Inaoka M, Kano Y. Drug induced hypersensitivity syndrome 
(DIHS): a reaction induced by a complex interplay among herpesvirus and antiviral and antidrug immune 
responses. Allergol Int. March 2006;55(1):1-8.

  TABLE 129-14    Drugs Associated With DRESS

Anticonvulsants Antiretroviral

•	 Phenobarbital •	 Abacavir

•	 Phenylhydantoin •	 Nevirapine

•	 Carbamazepine Anti-TB drugs

•	 Phenytoin •	 Isoniazid

•	 Lamotrigine •	 Ethambutol

•	 Olanzapine Calcium channel blockers

Methyldopa •	 Diltiazem

Antibiotics ACE inhibitors

•	 Sulfonamides •	 Captopril

•	 Dapsone Allopurinol

•	 Minocycline

•	 Rifampin NSAIDS

•	 Azithro/clarithromycin
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split with application of pressure to small intact bullae) is a characteristic 
feature. Blisters may occur anywhere on the body, with a predilection 
for the trunk, groin, scalp, and face. Mucous membrane involvement is 
characteristic. The oral mucosa is involved in more than 95% of patients 
and is the initial manifestation in up to 70%.70 PV occurs primarily in the 

FIGURE 129-14.  Drug reaction with eosinophilia and systemic symptoms (DRESS). 
A. Edema of the face. B, C Coalescing, erythematous papules on the palms and soles. 
Desquamation of the soles is also noted. (Used with permission of Dr Aisha Sethi.)

PV is characterized by flaccid bullae on normal or slightly erythema-
tous skin. The bullae rupture easily, leaving superficial and crusted  
erosions. Intact bullae are rarely seen due to their superficial location. 
The presence of Nikolsky sign (lateral extension of an intraepidermal 

FIGURE 129-15.  Pemphigus vulgaris (PV). A. Multiple erosions on the trunk. B. Crusted 
erosions and a few intact, but flaccid bullae noted on the lower abdomen. (Used with permis-
sion of Dr Aisha Sethi.)

FIGURE 129-16.  Paraneoplastic pemphigus. Mucocutaneous erosions with hemor-
rhagic crust on the face. (Used with permission of Dr Aisha Sethi.)
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middle and older age groups. Table 129-11 outlines the histopathology 
and immunofluorescence findings.

Before the advent of corticosteroids, PV carried a high mortality 
rate. At present, patients are typically started on doses of at least 1 to  
2 mg/kg per day of prednisone to halt progression of the disease. 
Azathioprine may be started concurrently at a dose of 50 to 100 mg/day.  
The dose is calculated based on the red blood cell concentration of 
thiopurine methyltransferase, an enzyme involved in the metabolism 
of the thiopurine drugs. Low concentrations of this enzyme may lead 
to serious side effects, such as excessive myelosuppression, whereas 
high concentrations may lead to rapid metabolism of azathioprine and 
potential underdosing.71 Immunosuppressants should be initiated early 
in the course of the disease to allow time for their immunosuppressant 
actions to take effect which may take up to 6 weeks. Current thera-
peutic regimens also include parenteral gold, dapsone, plasmapher-
esis, intravenous immune globulin, and other immunosuppressant 
agents, such as cyclosporine, cyclophosphamide, and mycophenolate 
mofetil.72,73

■■ BULLOUS PEMPHIGOID
Bullous pemphigoid (BP) is a self-limited autoimmune blistering dis-
ease characterized by a subepidermal split that results in tense bullae 
(Fig.  129-17). Autoantibodies develop to portions of the hemidesmo-
some complex in the basement membrane zone. These antigens are 
identified by their molecular weights, 230 kDa (BPAGI) and 180 kDa 
(BPAG2). DIF of perilesional skin shows a linear deposition of IgG and 
complement along the basement membrane zone (Table 129-11).

BP occurs equally in men and women between 60 and 80 years of 
age. There is a predilection for tense blisters on normal or erythematous 
skin to occur in the groin, axillae, and flexural areas. Nikolsky sign is 
negative. Mucous membranes are involved in approximately 20% of 
patients. In addition to the bullae, patients may have urticarial wheals 
and serpiginous erythematous plaques. Lesions heal without scarring, 
although there may be significant pigmentary change.74

Corticosteroids, at smaller doses (≤1 mg/kg per day) than those used 
for PV, have been the mainstay of treatment for widespread disease. 
Localized or mild disease may respond to antibiotics at anti-inflamma-
tory doses such as tetracycline 1 to 3 g/day or erythromycin 1 to 3 g/d 
with nicotinamide 1 g three times daily and/or high-potency topical 
steroids. Other therapies include dapsone and immunosuppressants 
such as azathioprine, cyclophosphamide, chlorambucil, mycophenolate 
mofetil, and methotrexate.75

■■ PSORIASIS
Psoriasis is a chronic, recurrent skin condition that affects 1% to 3% 
of the population. It is characterized by well-defined circular or oval 
plaques with adherent silvery scale, and has a predilection for extensor 
surfaces, especially the knees, elbows, scalp, and the superior end of the 
gluteal fold (Fig. 129-18). Psoriatic lesions often develop at sites of phys-
ical trauma such as scratched areas, surgical incisions, and tape removal. 
This finding is referred to as the Köbner phenomenon. Initial psoriatic 
episodes that may occur 2 to 3 weeks after a streptococcal infection 
sometimes appear as widespread, asymptomatic, small red papules with 
a silvery scale. This is called guttate psoriasis and usually resolves over 
2 to 3 months with no specific treatment. Drugs may also precipitate 
or exacerbate preexisting psoriasis. Well-known culprits include the 
withdrawal of systemic or strong topical steroids or other immunosup-
pressive agents, and the administration of β-blockers, antimalarials, or 
lithium. Alcohol abuse and HIV infection are associated with extensive 
and resistant psoriasis.76

Many clinical variants of psoriasis exist. Generalized pustular pso-
riasis (Fig. 129-19), also referred to as von Zumbusch psoriasis, is a 
rare but serious variant that is characterized by diffuse pustules on 

FIGURE 129-17.  Bullous pemphigoid (BP). Tense bullae with surrounding erythema on 
the arm. Note the two biopsy sites. (Used with permission of Dr Keyoumars Soltani.)

FIGURE 129-18.  Plaque psoriasis. A sharply demarcated, erythematous plaque with 
silvery scale on the buttocks. (Used with permission of Dr Vesna Petronic-Rosic.)

FIGURE 129-19.  Pustular psoriasis. Multiple sterile pustules coalescing into lakes of pus 
on the trunk. (Used with permission of VisualDx.)
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erythematous plaques, which may coalesce to form “lakes of pus.” 
Nails, palms, and soles are often affected. Fever, hypocalcemia, and  
leukocytosis may accompany the outbreak. Precipitating factors include 
drugs, infection, pregnancy, exertion, and menstruation. The differential 
diagnosis in a patient with diffuse pustules and fever includes infection, 
drug reaction, acute generalized exanthematous pustulosis, pustular 
psoriasis, and subcorneal pustular dermatosis.77,78

Psoriasis may be treated initially with a variety of topical medications, 
either as monotherapy or in combination. These include corticosteroids, 
calcipotriene, tar, anthralin, and topical retinoids. Systemic drugs are 
reserved for extensive or disabling disease and include methotrexate, 
cyclosporine, and oral retinoids. Ultraviolet (UV) light therapy, which 
has been a mainstay of treatment for years, is often used in combination 
with topical or systemic agents. This includes natural sunshine, broad-
band UVB (280-20 nm), UVA (320-400 nm), and a single-wavelength 
light narrowband UVB (311 nm). Psoralen, a photosensitizer, is used 
to potentiate the UVA effects in a regimen called PUVA. Acitretin, a  
systemic retinoid, may be used alone or in combination with photo-
therapy. Biologic therapy that targets specific cytokines and intercellular 
adhesion molecules has recently been introduced. Biologics include 
TNF-α inhibitors (etanercept, adalimumab, infliximab) and T-cell 
modulators (alefacept, efalizumab). Acitretin, narrowband UVB, PUVA, 
methotrexate, and cyclosporine have been used effectively in the treat-
ment of generalized pustular psoriasis.79

■■ ERYTHRODERMA
Erythroderma or exfoliative dermatitis (Fig. 129-20) is a descriptive term 
for a clinical condition characterized by total body diffuse erythema and 
scaling. The skin is initially red and warm. Scaling and exfoliation, 

often accompanied by fever, chills, and lymphadenopathy, follow. 
The percutaneous absorption barrier is lost and blood flow to the 
skin increases, which may lead to serious complications such as 
hypoalbuminemia, peripheral edema, loss of muscle mass, and 
high-output cardiac failure, with as much as 8% of the total cardiac 
output being directed at the inflamed cutaneous vasculature. Causes 
of exfoliative dermatitis include inflammatory conditions, drug  
eruptions, cutaneous T-cell lymphoma, and systemic neoplasms  
(Table 129-15). Common inflammatory conditions include psoria-
sis, atopic dermatitis, contact dermatitis, and pityriasis rubra pila-
ris. Antiepileptic medications (carbamazepine, phenobarbital, or  
phenytoin), antihypertensive medications (captopril or chlorothia-
zide), antibiotics (cephalosporins, dapsone, isoniazid, or mino-
cycline), and calcium channel blockers have been associated with 
exfoliative erythroderma.80 Lymphomas and hematologic malignancies 
are common systemic neoplasms that may cause erythroderma. Sézary 
syndrome is the leukemic form of cutaneous T-cell lymphoma, which is 
characterized by circulating atypical lymphocytes with hyperconvoluted 
nuclei (Sézary cells). These atypical cells are identified on blood smear or 
in skin biopsies. Internal malignancies occasionally cause erythroderma.

The erythrodermic patient should be monitored with specific  
attention to fluid and electrolyte balance, temperature regulation, and 
nutritional status. Skin biopsy may help identify the underlying cause of 
the dermatosis and thus direct specific treatment. Initial management 
includes the use of medium potency topical steroid ointments covered  
with a bland ointment, such as zinc oxide ointment and wrapped with 
clean cloths, or topical steroids applied directly under a plastic sauna 
suit. It is important to avoid topical irritant agents, such as tar-containing 
ointments. Wet dressings may help weeping or crusted areas. Pruritus and 
anxiety typically respond to the sedating antihistamines. Alternatively, 
doxepin at doses of 25 to 50 may be given at bedtime.

  TABLE 129-15    Differential Diagnosis of Erythroderma

Atopic dermatitis

Contact dermatitis

Graft-versus-host disease

Lymphoma:

  Cutaneous T-cell lymphoma

  Sézary syndrome

Leukemia

Psoriasis

Pityriasis rubra pilaris

Seborrheic dermatitis

Toxic epidermal necrolysis (early)

Toxic shock syndrome

Streptococcal toxic shock syndrome

Drug eruption

Pemphigus foliaceus

Bullous pemphigoid

Paraneoplastic pemphigus

Papuloerythroderma of Ofuji

Hypereosinophilic syndrome

Crusted (Norwegian) Scabies

Autoimmune connective tissue disease

Mastocytosis

Primary immunodeficiencies

Idiopathic erythrodermaFIGURE 129-20.  Erythroderma. Generalized erythema. (Used with permission of VisualDx.)
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■■ PURPURA
Purpura is a clinical term that describes the extravasation of blood into 
surrounding tissues.81 Purpura is a common skin condition that has 
many causes. The type of lesion depends on the depth of the vascular 
plexus involved, the size of the vessel injury, precipitating factors, and 
coextravasated circulating substances. Visual and tactile assessments of 
a lesion are crucial. An approach to the patient with purpura focusing on 
the dermatologic decision-making algorithm is discussed. Lesions are 
placed into three main categories: palpable, nonpalpable, and retiform 
purpura (Table 129-16). The patient’s underlying conditions, potential 
precipitating events, current and past laboratory values, and medication 
history are analyzed.

Nonpalpable (macular), nonblanching purpura arises from simple 
hemorrhage into tissue. The dermal vascular network consists of super-
ficial and deep vascular plexuses. The superficial plexus possesses arte-
riovenous loops that ascend into the dermal papilla. Petechiae are lesions 
smaller than 0.2 cm in diameter that result from superficial vascular 
hemorrhage. Larger areas are termed ecchymoses. Nonpalpable purpura 
is most commonly attributed to fragility of the vascular tissue or defects 
in hemostasis. Examples include actinic or solar purpura (owing to the 
age-related loss of collagen in the basement membrane of blood vessels) 
and purpura secondary to systemic corticosteroids (related to inhibition 
of lysyl oxidase that is required for synthesis of type IV collagen, the 
principal collagen associated with blood vessel basement membrane 
integrity). Cutaneous amyloid, primary or secondary resulting from 
myeloma, may be deposited in endothelial cells.82 Deposition results 
in vascular fragility so that nonpalpable lesions representing common 
bruises, sometimes called pinch purpura, may occur after minor trauma. 
This occurs mainly on the face, especially periorbitally. Other common 
causes of flat purpura include platelet disorders (thrombocytopenia, 
thrombocytopathia, and thrombocytosis), disseminated intravascular 
coagulation (DIC), and warfarin-associated necrosis. If the diagnosis 
cannot be made on clinical grounds, a skin biopsy may be helpful. Flat 
purpura in neutropenic patients is approached as if it were palpable 

purpura, because these patients are unable to mount the appropriate 
immune response to cause dermal inflammation. In such patients, 
biopsy is important to assist with diagnosis.

Palpable purpura indicates underlying vasculitis (also called cutane-
ous necrotizing venulitis or leukocytoclastic vasculitis). For the first 24 
to 48 hours, the lesions are a deep erythematous color that eventually 
becomes violaceous. The pathologic process results from segmental 
vascular inflammation, swelling and necrosis of endothelial cells, and 
neutrophilic infiltration of vessel walls with fragmentation of nuclei.

As outlined in Figure 129-21, many factors may lead to vasculitic 
injury. Precipitating factors include infections, drugs, autoimmune dis-
eases, and immunoglobulin-mediated complement activation. Common 
infectious agents include Staphylococcus aureus, hepatitis B, and 
hepatitis C. Drugs commonly associated with vasculitis include 
ampicillins, thiazides, phenytoin, sulfa-containing compounds, allo-
purinol, hydralazine, and propylthiouracil.

Workup includes identification of a potential primary cause and 
evaluation for systemic involvement. In addition to a biopsy, a com-
plete blood count, chemistry panel, liver function tests, urinalysis, stool 
guaiac, hepatitis B and C viral serologies, cryoglobulins, and comple-
ment levels are evaluated. Antinuclear antibody titers are evaluated in 
patients with suspected connective tissue diseases. In patients with a 
fever and heart murmur, blood cultures and echocardiography should 
be performed.83

Retiform purpura (Fig. 129-22) is referred to as purpura fulminans, 
a pattern usually indicative of micro-occlusion. In contrast to inflam-
matory purpura, this type immediately manifests as violaceous purpura 
that may or may not be palpable. Lesions appear abruptly and display 
a retiform or jagged edge, sometimes blending into a livedo pattern at 
the periphery. The major causes of micro-occlusive disease include DIC, 
meningococcemia (Fig. 129-30), acquired protein C or S deficiency, 
warfarin-induced skin necrosis (Fig. 129-8), antiphospholipid antibody 
syndrome, sepsis of various causes, cryoglobulinemia (Fig. 129-23), 
cryofibrinogenemia, paroxysmal nocturnal hemoglobinuria, and cho-
lesterol emboli.84 Figure 129-24 represents a case of purpura fulminans 
with peripheral gangrene which can occur in many different settings, 
but mostly in association with DIC and meningococcal septicemia.

■■ GRAFT-VERSUS-HOST DISEASE
Graft-versus-host disease (GVHD) is a complex syndrome which 
typically occurs between days 10 and 30 after allogeneic bone marrow 
transplantation, but may appear at any time.85 The skin is often the first 
and most frequent organ involved. Skin changes consist of a generalized 
morbilliform eruption progressing to extensive redness, blistering, or 
skin necrosis. The earliest sign is pruritus and tenderness of the palms 
and soles, with reddening of the dorsal aspects of the fingers and peri-
ungual skin. Diffuse erythema of the hands and feet soon follows. In 
addition, the ears are commonly affected. Unusual clinical patterns may 
be seen due to the polymorphous nature of this disease. Confluence of 
lesions occurs on the trunk as the disease progresses. Blisters (with a 
positive Nikolsky sign) and generalized desquamation portend a poor 
prognosis. The palmar and plantar erythemas of acute GVHD need to 
be differentiated from those of palmar-plantar erythrodysesthesia due 
to chemotherapeutic agents. This syndrome may occur with GVHD or 
in similar clinical situations. The erythrodysesthesia begins as spotty 
erythema on the thenar and hypothenar eminences and progresses to 
severe pain and swelling.

Several features of GVHD are recognized: (1) 72% of transplanted 
patients develop clinically recognizable GVHD; (2) an increase in the 
serum aspartate aminotransferase concentration is related to the onset 
or worsening of the skin eruption; (3) cutaneous symptoms precede 
systemic involvement by 2 to 3 days; and (4) the severity of GVHD does 
not correlate with the underlying disease process, the conditioning regi-
men, or the day of onset after grafting. The initial management strategy 
when GVHD is suspected includes obtaining a skin biopsy to look for 
the characteristic changes. Unfortunately, the diagnostic yield of skin 

  TABLE 129-16    Causes of Purpura

Nonpalpable Purpura Palpable Purpura Retiform Purpura

Platelet disorders
Thrombocytopenia
Thrombocytosis
Impaired platelet function

Vascular tissue defects
Senile purpura
Steroid purpura
Collagen vascular disorders
Scurvy
Amyloidosis
Dysproteinemias
Capillaritis
Schaumberg disease

Coagulation disorders
Lupus anticoagulant 
syndrome
Clotting factor defects
DIC

Thrombi and emboli
Monoclonal  
cryoglobulinemia
TTP
DIC
Cholesterol
Fat
Warfarin associated

Idiopathic leukocytoclastic 
vasculitis
Drug-induced leukocyto-
clastic vasculitis
Small vessel vasculitis

Henoch-Schönlein 
purpura
Erythema elevatum 
diutinum
Acute hemorrhagic 
edema of infancy
Urticarial vasculitis

Small and medium-sized 
vessel vasculitis

Cryoglobulinemic  
vasculitis
Microscopic polyangiitis
Churg-Strauss syndrome
Wegener granulomatosis

Medium-sized vessel 
vasculitis

Polyarteritis nodosa
Large-sized vessel  
vasculitis

Takayasu arteritis
Giant cell arteritis

Systemic coagulopathies
Acquired protein C 
deficiency
Acquired protein S  
deficiency

Systemic infection
Meningococcus
Gonococcus
Pseudomonas
DIC/sepsis
Opportunistic fungal 
infections
Lucio phenomenon of 
leprosy

Embolization
Cholesterol
Oxalate
Infective endocarditis
Marantic endocarditis 
Atrial myxoma
Libman-Sacks  
endocarditis

Platelet Occlusion
Heparin necrosis
TTP

DIC, disseminated intravascular coagulation; TTP, thrombotic thrombocytopenic purpura.
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biopsies for GVHD is only 50% to 65%. When biopsies show nonspe-
cific changes, additional biopsies are recommended in 24 to 48 hours. 
Tissue cultures to look for bacteria, mycobacteria, and fungi should be 
performed in febrile patients.

Factors associated with a high risk of developing GVHD include 
an HLA mismatch, an unrelated donor, older age of the recipient or 
donor, a sex mismatch, T-cell–replete grafts, donor allosensitization, 
regimen toxicity, and compromised delivery of GVHD prophylaxis.86 
Polymorphism of minor determinants such as the adhesion molecule 

CD31 may account for the risk of GVHD between HLA identical donor 
and transplant recipients.87 Future testing for minor and major determi-
nants may help decrease the risk and severity of GVHD.

GVHD has also been described after autologous and syngeneic trans-
plantation. This phenomenon has stimulated much interest because 
it indicates that factors other than donor reactivity against recipient 
antigens may be involved in allogenic GVHD. In autologous GVHD, 
only the skin is involved, and lesions typically resolve within 7 days. 
The combination of total body irradiation (which causes failure of the 
peripheral autoregulatory mechanisms) and cyclosporine (which blocks 
clonal deletion of autoreactive T cells that escape from the thymus) are 
believed to be important factors.88

Treatment for acute GVHD includes modifying the original immu-
nosuppressive prophylactic regimen (cyclosporine, tacrolimus, or myco-
phenolate mofetil) and adding methylprednisolone at 2 mg/kg. Treatment 
protocols differ and may include antithymocyte globulin, intravenous 
immunoglobulin (IVIG), and monoclonal antibodies. Topical treatment 
is mainly supportive, with emollients and topical steroids. Erythrodermic 
and severe blistering patients deserve close monitoring and aggressive 
immunosuppression. Other therapies reported to be beneficial in the 
treatment of GVHD include ultraviolet light therapy (PUVA, broad band 
or narrow band UVB) extracorporeal photochemotherapy (photophere-
sis), pentoxifylline, and thalidomide.

■■ EDEMA BULLAE
Edema bullae (Fig. 129-25) occur primarily in patients with an acute 
exacerbation of chronic edema, particularly of the lower and upper 
extremities. These bullae are not infrequent and usually develop in 
immobile, hospitalized elderly patients who suffer from heart failure, 
renal disease, hepatic cirrhosis, hypoalbuminemia, or acute exac-
erbations of lymphedema.89 Edema bullae may occur in the setting 
of anasarca as well. The bullae are tense and asymptomatic, and the 

Palpable purpura

No systemic involvement
(primary cutaneous vasculitis)

With systemic involvement
(systemic vasculitis)

I. Leukocytoclastic vasculitis
      1. Idiopathic
      2. Drug-induced
         (NSAIDs, penicillin, quinolones,
         minocycline, hydralazine, anti-
         TNF-α agents)

*GI involvement
  (bloody stools)
*Renal involvement
  (hematuria)
*Arthritis
* +/– asthma

Fever

* Rule out underlying
infection vs malignancy
-> Bacterial/viral/fungal
     cultures
-> Hep B/C, CMV, HIV,
     parvovirus B19
-> Echo if heart murmur

I. Rheumatoid vasculitis
II. Sjögren disease
III. Systemic lupus
IV. Urticarial vasculitis
V. Henoch-Schönlein purpura

I. Wegener granulomatosis
   (c-ANCA)
II. Churg-Strauss (p-ANCA)
III. Microscopic polyangiitis

ANCA +

I. Cryoglobulinemic
vasculitis
-> Rule out underlying
     multiple myeloma, other
     lymphoproliferative
     disorders
-> HCV, HBV, HIV

Cryo +
ANCA –

Cryo –
ANCA –

FIGURE 129-21.  A clinical approach to vasculitis. ANCA, antineutrophil cytoplasmic antibodies; CMV, cytomegalovirus; Cryo, cryoglobulin; HBV, hepatitis B virus; HCV, hepatitis C virus; 
TNF, tumor necrosis factor.

FIGURE 129-22.  Retiform purpura and ulcerations in the setting of calciphylaxis. (Used 
with permission of Dr Keyoumars Soltani.)
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FIGURE 129-23.  Vascular occlusion syndrome due to cryoglobulinemia. A. Livedo reticularis on the lower extremities. B. Retiform purpura. (Used with permission of Dr Aisha Sethi.)

FIGURE 129-24.  Purpura fulminans with peripheral gangrene. (Used with permission 
of Dr Joaquin Brieva.)

surrounding skin is edematous. The blister fluid is sterile, usually clear 
but it can be serous or bloody as well. The bullae resolve rapidly with 
improvement of the edema. Diuretics, compression bandages, and eleva-
tion of the extremity expedite the resolution of edema bullae.

DERMATOSES PRECIPITATED BY INFECTION

■■ BACTERIAL INFECTIONS
Infectious organisms can involve the skin via a primary or secondary 
route. Primary infections begin as a localized exogenous invasion that 

can spread superficially or invade to the deeper subcutaneous tissue, 
depending on host and virulence factors. Secondary infections occur by 
hematogenous dissemination of the organism or portions of the organ-
ism and may be accompanied by immune complex deposition.

■■ NECROTIZING FASCIITIS
Necrotizing fasciitis (NF) is a rapidly progressive suppurative bacterial 
infection of the superficial and deep fascia that, if left unchecked, pro-
gresses to gangrene, sepsis, and death. The pathogenesis, presentation, 

FIGURE 129-25.  Edema bullae. Clear fluid-filled, intact bullae, surrounded by edema-
tous skin, on the extensor forearm. (Used with permission of Dr Aisha Sethi.)
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and management of NF are discussed in Chap. 74. Classically, this 
has been associated with group A Streptococcus alone or with con-
comitant facultative and anaerobic bacteria (Clostridium, bacteroides, 
Enterobacteriaceae, Vibrio species, and non-group A streptococci).90

NF can occur in both immunocompetent and immunosuppressed 
individuals following any trauma to the skin. Although limbs are more 
commonly involved, NF can involve the face,91 chest, and abdominal 
wall.92 Underlying diabetes, cirrhosis, immunosuppression, and drugs 
such as infliximab may increase the risk of infection.93 The use of 
NSAIDs may delay diagnosis due to suppression of the early inflamma-
tory host response and alteration of the humoral immune response.94

Patients present with skin erythema, edema, warmth, and tender-
ness often localized to one limb. Within 24 hours there is rapid spread 
proximally and distally along the limb, and bullae and areas of necrosis 
can develop (Fig. 129-26). The key features that distinguish NF from 
cellulitis are rapid spread and significant tenderness out of proportion 
to the injury.

The diagnosis of NF is primarily clinical. Computed tomography or 
magnetic resonance imaging may help locate the site and extent of infec-
tion. In mixed anaerobic infections, plain radiographs may detect gas in 
the soft tissues. In evaluation of a swollen painful extremity, compart-
ment pressure measurements may be useful. If pressures are elevated 
(>40 mm Hg), immediate fasciotomy is indicated. A superficial skin 
biopsy does not aid in the diagnosis, as tissue sampling that extends to 
the fascia is required.

Surgical exploration and debridement are essential for treatment. 
Empiric antibiotic treatment should include penicillin to treat clostridia, 
as well as a third-generation cephalosporin or aminoglycoside, and 
clindamycin for mixed infections. Antibiotics alone are ineffective, as 
they may not reach affected areas due to vascular occlusion and are less 
likely to affect the slowly growing streptococci in large inocula.95

■■ TOXIC SHOCK SYNDROME
Toxic shock syndrome (TSS) is characterized by fever, desquamat-
ing erythematous rash, and multiorgan system failure due to toxins 
released by group A streptococci or S aureus. This syndrome often 
occurs in young, healthy patients who have not developed antibodies 
to these toxins. Patients with TSS present with influenza-like symptoms 
(fever, pharyngitis, myalgias, malaise, headache, nausea, vomiting, or 
diarrhea) in conjunction with pain and a scarlatiniform rash. There 
may be flexural accentuation, erythema and edema of the palms and 
soles, hyperemia of the conjunctivae and mucous membranes, and a 

strawberry tongue.96 The rash desquamates 7 to 14 days after the onset 
of the illness.97 Complications from TSS, such as renal failure and ARDS, 
are related to the severity of hypotension.

The diagnostic criteria for streptococcal and staphylococcal TSS are 
presented in Table 129-17.98,99 Streptococcal TSS is mediated by one or 
more of the streptococcal pyrogenic exotoxins (types A, B, or C). Type A 
exotoxin has the most potent inflammatory and cytotoxic properties and 
is most closely associated with TSS.100 Staphylococcal TSS is caused by S 
aureus strains that produce one or more exotoxins, such as TSS toxin 1. 
These toxins may act as superantigens by stimulating the production of 
TNF and IL-1, which lead to capillary leak and shock.101

Treatment of TSS consists of supportive care including fluids, vaso-
pressors, and antibiotics. Aggressive fluid repletion is necessary to 
maintain intravascular volume in the setting of diffuse capillary leak and 
shock. Adequate antimicrobial coverage for S aureus and Streptococcus 
should be initiated, with additional consideration for clindamycin which 
can inhibit further toxin production.102 Treatment with IVIG or plasma-
pheresis may be considered in patients who have severe disease or fail 
conventional therapy, although the data are limited.103,104

■■ STAPHYLOCOCCAL SCALDED SKIN SYNDROME
Staphylococcal scalded skin syndrome (SSSS; Fig. 129-27) is a desqua-
mative exanthem that occurs with infection of toxin-producing S aureus  
phage group II types 3A, 3C, 55, and 71.105 The desquamation is medi-
ated by exfoliative toxins A and B.106 SSSS is most common in the pedi-
atric population, and adults are rarely affected. The major risk factors for 
developing SSSS in adults are renal failure (owing to decreased filtration 
of toxin), hematologic malignancies, and immunosuppression. The con-
current use of NSAIDs may also predispose to SSSS.107

Patients may report a preceding upper respiratory infection. The 
exanthem begins abruptly with diffuse, tender erythema and subsequent 
superficial desquamation. The erythematous skin has a rough sandpa-
per-like texture often accentuated in the flexural and periorificial areas. 
Because the split occurs superficially, in the granular layer, intact bullae 

FIGURE 129-26.  Necrotizing fasciitis. Edema, erythema and blister formation with skin 
detachment in the setting of necrotizing fasciitis. (Used with permission of VisualDx.)

  TABLE 129-17    Diagnostic Criteria for Toxic Shock Syndrome98,99

•	 Staphylococcal toxic shock syndrome
•	 Fever—temperature >38.9oC (102.0oF)
•	 Hypotension—systolic blood pressure <90 mm Hg or orthostasis
•	 Rash—diffuse macular erythroderma
•	 Desquamation—involves palms and soles, occurs 1 to 2 weeks after onset of illness
•	 Multisystem involvement—three or more of the following:
•	 GI—emesis, diarrhea
•	 Musculoskeletal—severe myalgias, CPK elevation > two-times upper limit of normal
•	 Renal—BUN or creatinine > two-times upper limit of normal, pyuria
•	 Hepatic—bilirubin or transaminase >two-times upper limit of normal
•	 Hematologic—thrombocytopenia with platelet count <100,000/μL
•	 �Central nervous system—mental status change without focal neurologic deficit in 

the absence of fever and hypotension
•	 Mucous membranes—conjunctival, oropharyngeal, or vaginal hyperemia

•	 Negative results
•	 �Blood, throat, or cerebrospinal fluid cultures negative for other pathogens
•	 Serologic tests for Rocky Mountain spotted fever, leptospirosis, or measles

•	 Streptococcal toxic shock syndrome
•	 Isolation of group A Streptococcus from sterile site
•	 Hypotension—Systolic blood pressure ≤90 mm Hg in adults
•	 Two or more of the following:
•	 �Renal impairment —Serum creatinine ≥2 mg/dL or ≥ twofold elevation over 

baseline in patients with preexisting renal disease coagulopathy
•	 �Liver involvement—Bilirubin or transaminase ≥ two-times upper limit of normal, 

or ≥twofold elevation over baseline for patients with preexisting liver disease
•	 Adult respiratory distress syndrome
•	 Erythematous macular rash, which may desquamate
•	 Soft tissue necrosis—necrotizing fasciitis, myositis, or gangrene

SOURCES: References 98 and 99.
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are rarely seen. Nikolsky sign, which refers to the split of the epidermis 
from the dermis with lateral traction of intact skin, is often positive. The 
skin appears bright pink, moist, and eroded after desquamation.

The diagnosis of SSSS is supported by the isolation of S aureus from 
cultures of the conjunctivae, nasopharynx, vagina, or rectum. Blood 
cultures are almost always negative in children, but they may be positive 
in adults. Because the clinical presentation can be difficult to distinguish 
from toxic epidermal necrolysis (TEN), histopathologic examination 
of a frozen section of the exfoliated skin will help determine the level  

of cleavage. Pathologic findings are outlined in Table 129-11. Biopsies 
at the border of a blister and normal skin should also be sent for routine 
processing. Cultures from blisters are negative because of the toxin-
mediated nature of the disease.

Treatment of SSSS requires appropriate antibiotics and careful moni-
toring of fluids and electrolytes. An antibiotic with activity against 
β-lactamase–producing S aureus is recommended. Topical antibiotics 
are not necessary. Adjunctive measures include the application of bland 
lubricants for the patient’s comfort. Healing occurs in 7 to 10 days.

■■ PSEUDOMONAS BACTEREMIA
Several skin manifestations of Pseudomonas bacteremia have been 
described, and fall into four general categories.108 The first is ecthyma 
gangrenosum (Fig. 129-28), which is characterized by a localized, ery-
thematous, tender plaque or bulla that subsequently develops central 
necrosis, leaving a gangrenous eschar with an erythematous annular 
border. The lesions can occur anywhere but are usually found in the 
anogenital region, buttocks, or axilla.109 Ecthyma gangrenosum occurs 
in approximately 5% of patients with Pseudomonas bacteremia and has 
been described in association with localized Pseudomonas infection 
without bacteremia. The second category includes vesicles or bullae that 
can occur anywhere and may occur singly or in clusters. These lesions 
frequently become hemorrhagic and take on the appearance of ecthyma 
gangrenosum lesions when ruptured. The third category is cellulitis with 
a sharply demarcated border, unlike cellulitis caused by staphylococ-
cal or streptococcal infection, which tends to have ill-defined borders. 
The fourth category of lesions comprises small pink, round plaques or 
subcutaneous nodules that are concentrated on the trunk and proximal 
extremities. The nodules are considered a form of nodular cellulitis and, 
when incised and drained, grow Pseudomonas aeruginosa in culture. 
Pseudomonas aeruginosa bacteremia carries a high mortality rate and 
appropriate antimicrobial treatment should be initiated early.

■■ MENINGOCOCCEMIA
Acute infection with the gram-negative diplococcus Neisseria meningiti-
dis is associated with characteristic cutaneous findings, which may aid 
in the early diagnosis of this rapidly fatal disease. Cutaneous findings 
are present in more than 70% of meningococcemia cases. Characteristic 
findings include petechiae, ecchymoses, and palpable purpura. Petechiae 
may have a smudged appearance and tend to be concentrated on the 
trunk, proximal extremities, and mucosal surfaces (Fig. 129-29). The 
number of petechiae correlates with the degree of thrombocytopenia 
and is indistinguishable from other causes of petechiae, such as diffuse 

FIGURE 129-27.  Staphylococcal scalded skin syndrome (SSSS). Superficial desquama-
tion of nonnecrotic epidermis in the face (A) and distal upper extremities (B). (Used with 
permission of Drs. Sarah L. Stein and Aisha Sethi)

FIGURE 129-28.  Ecthyma gangrenosum. Central necrosis with surrounding purpura. 
Note the biopsy site. (Used with permission of Dr Aisha Sethi.)
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intravascular coagulation (DIC). A late finding may be hemorrhagic 
vesicles or bullae centrally located within a purpuric patch.

The differential diagnosis of the cutaneous findings of meningococ-
cemia is outlined in Table 129-18. Patients with gonococcemia usually 
have an associated arthritis and tenosynovitis with very few scattered 
petechiae, each surmounted by a tiny pustule occurring in an acral 
distribution. Symmetric petechiae of the palms and soles are highly sug-
gestive of Rocky Mountain spotted fever due to infection with Rickettsia 
rickettsii (Fig. 129-30).

The purpura seen in meningococcemia result from two mechanisms. 
The first is thrombosis precipitated by meningococcus, fibrin, and leu-
kocytes with a corresponding leukocytoclastic vasculitis. Thrombi are 
concentrated in the lung, skin, spleen, heart, and liver. The second is 
DIC precipitated by meningococcal endotoxin.110 Fibrin thrombi within 
a vessel and a corresponding vasculitis are seen on histology.

Mortality rates are high and fewer than 30% with septic shock survive, 
making an early diagnosis crucial. The Gram stain from a skin biopsy is 
significantly more sensitive (72%) than the Gram stain from CSF (22%) 
for detecting meningococci. Cultures should be sent from both blood and 
skin biopsies. Mortality rates increase with extensive skin hemorrhage 
(purpura fulminans, Fig. 129-24). Prompt antibiotic treatment is essen-
tial and improves outcomes. Third-generation cephalosporins should be 
used empirically until culture results are available. Although antibiotic 
therapy may decrease the yield of CSF cultures, it will not affect cultures 
from the skin biopsies. Chloramphenicol is an acceptable alternative in 
penicillin-allergic patients, although resistance has been reported.111

■■ INFECTIVE ENDOCARDITIS
The most common cutaneous findings associated with infective endo-
carditis are petechiae, found in approximately 20% to 40% of patients.112 
Petechiae may be secondary to microemboli or a local vasculitis, and 
can appear on the conjunctiva, buccal mucosa, palate, and retina (Roth 
spots). Petechiae on fingers or nail beds manifest as red/brown streaks 
termed splinter hemorrhages (Fig. 129-31). Although splinter hemor-
rhages are also seen in other conditions, they are most suggestive of 
infective endocarditis when they occur on the proximal nail beds.

Hemorrhagic macules occurring on the palms and soles are termed 
Janeway lesions. Janeway lesions persist for several days and occur  
commonly in staphylococcal endocarditis. They are thought to be 
caused by septic microemboli from the valvular lesion, and cultures 
of the specimen are usually positive. Janeway lesions are characteristi-
cally nontender,113 unlike Osler nodes, which are small, painful, red-
purple nodules.114 Osler nodes (Fig. 129-32) are commonly found on the  
pads of the fingers, toes, or thenar eminences. They are frequently  
multiple and evanescent, and disappear within hours to days. Osler  
nodes are seen in 5% to 15% of patients with streptococcal infective endo-
carditis, but are also seen in systemic lupus erythematosus, endocarditis 
due to fungal or gram-negative bacilli, typhoid fever, and gonococcemia. 
The pathogenesis of Osler nodes involves an immunological phenom-
enon. Both Janeway lesions and Osler nodes resolve with appropriate 
antibiotic therapy.

FIGURE 129-29.  Meningococcemia. Petechiae and palpable purpura on the lower 
extremities. (Used with permission of VisualDx.)

  TABLE 129-18    Differential Diagnosis for Meningococcemia

•	 Gonococcemia
•	 Rickettsial infections
•	 Rocky Mountain spotted fever
•	 Leukocytoclastic vasculitis
•	 Bacterial endocarditis
•	 Disseminated Intravascular Coagulation (DIC)
•	 Toxic shock syndrome (TSS)
•	 Erythema multiforme

FIGURE 129-30.  Rocky Mountain spotted fever. (Used with permission of VisualDx.)
FIGURE 129-31.  Subacute bacterial endocarditis. Splinter hemorrhages. (Used with 
permission of VisualDx.)
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VIRAL INFECTIONS

■■ HERPES SIMPLEX
Cutaneous herpes infection is associated with herpes simplex virus 
(HSV) types 1 and 2. In general, HSV-1 causes orofacial infection and 
HSV-2 causes anogenital infection, although crossover is possible due to 
oral-genital contact. The classic appearance of recurrent HSV infection 
is a cluster of vesicles or shallow erosions over the lips, genitals, and 
lumbosacral region (Fig. 129-33). In the ICU, recurrent HSV infections 
are extremely common and related to the stress of illness or the degree of 
immunosuppression. If early lesions go undetected in an immunocom-
promised patient, large, erosive areas of ulceration may occur. Chronic 
perianal HSV ulcers are sometimes mistaken for decubitus ulcers. 
Scalloped borders and small circular ulcerations at the periphery of the 
ulcer may be helpful distinguishing signs. Transplant and HIV patients 
are at increased risk of developing chronic perianal HSV ulcers.

Several diagnostic modalities are available, as outlined in  
Table 129-19.115,116 All HSV and VZV infections encountered in the 
ICU should be treated promptly with an antiviral agent such as acyclovir, 

famciclovir, or valacyclovir. For acyclovir-resistant strains, foscarnet is the 
preferred second-line agent for treatment of HSV and VZV.

Local care consists of 0.5% silver nitrate or Burrow compresses 
applied for 20 minutes three to four times daily to alleviate swelling, 
inflammation, maceration, and crusting of extensive erosions. Topical 
acyclovir is generally not useful but may speed the healing of erosive 
HSV in immunosuppressed individuals. Topical penciclovir applied 
every 2 hours for 4 days has been shown to decrease clinical healing time 
by about 1 day in primary infections.

An important complication of HSV infection is eczema herpeticum 
(Fig. 129-34), which is a disseminated cutaneous HSV infection that 
occurs in patients with an underlying dermatitis such as atopic dermati-
tis, seborrheic dermatitis, contact dermatitis, or Darier disease. Patients 
present with diffuse crusting that may or may not be preceded by typical 
herpetic lesions. Intact vesicles are rarely seen. Diffuse eczema herpeti-
cum is a severe and potentially life-threatening condition that usually 
requires therapy with intravenous acyclovir.117

■■ VARICELLA ZOSTER
Infection with the varicella zoster virus leads to two distinct conditions: 
varicella (chicken pox, Fig. 129-35) as the primary disease, and herpes 
zoster (shingles, Fig. 129-36A) as a reactivation of the latent form. 
Primary infection occurs via aerosolized respiratory droplets or direct 
contact with vesicle fluid. After primary infection, the virus lies dormant 
in the dorsal root ganglion until reactivation occurs. Reactivation results 
in spread of the virus down the nerve root, causing pain, erythema, and 
vesicles in a dermatomal distribution.

The classic cutaneous finding in varicella is a generalized eruption of 
discrete vesicles, each on an erythematous base (“dew-drop on a rose 
petal”). These appear after an average incubation period of 14 days 
(range = 9-21 days) and are usually seen in association with prodromal 
symptoms of fever and malaise. The cutaneous lesions progress from an 
erythematous papule to a vesicle to hemorrhagic crusting. The lesions 
first appear on the trunk, then spread to the extremities. There may be 
lesions at various stages of development at any one time. The patient is 
contagious from 2 days before the eruption until all lesions have crusted.

Herpes zoster presents with a prodrome of intense pain affecting a 
dermatome followed by the eruption of a cluster of vesicles on an ery-
thematous base. The eruption is generally unilateral and limited to one 
dermatome, but spread across the midline and into adjacent dermatomes 

FIGURE 129-32.  Subacute bacterial endocarditis (Osler nodes). (Used with permission 
of VisualDx.)

FIGURE 129-33.  Herpes-simplex virus (HSV). Multiple punched-out erosions coalescing 
into a larger plaque. (Used with permission of Dr Aisha Sethi.)

  TABLE 129-19    Diagnostic Modalities for Diagnosing Cutaneous Herpes Simplex

Diagnostic test Advantages Disadvantages

Direct fluorescent anti-
body (DFA) testing 

•	 Rapid diagnosis (30min to 
2 hours)

•	 Can distinguish between 
HSV1 and HSV2

•	 Sample must contain 
epithelial cells to avoid 
false-negative results

Tzanck smear •	 Can be performed at 
bedside

•	 Inexpensive
•	 Reliable

•	 Sample must contain  
epithelial cells to avoid  
false-negative results

•	 Does not differentiate 
between HSV and VZV

Viral cultures •	 Used in conjunction with other 
tests to confirm diagnosis

•	 Can distinguish between 
HSV1 and HSV2

•	 Delayed diagnosis  
(48+ hours)

Skin biopsy •	 Provides more reliable tissue  
material for histological 
examination

•	 Expensive
•	 Delayed diagnosis

Serologic antibodies •	 Nonspecific
•	 Small, primary lesion may 

not generate detectable 
antibody response
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may be seen. After several days, the vesicles appear purulent or hemor-
rhagic, then become crusted. The most common dermatomes affected 
are in the thoracic (55%) and trigeminal (15%-20%) distribution. 
Involvement of the eye is caused by infection of the ophthalmic branch 
of the trigeminal nerve. This may lead to conjunctivitis, keratitis, iri-
docyclitis, and eventually blindness (Fig. 129-36B). The nasociliary 
branch innervates the tip and side of the nose. Vesicles occurring in 

FIGURE 129-34.  Eczema herpeticum. A. Intact, grouped vesicles and crusted papules.  
B. Diffuse crusting of punched-out erosions. (Used with permission of Dr Sarah L. Stein.)

FIGURE 129-35.  Varicella (chicken pox). Generalized eruption of discrete vesicles on an 
erythematous base. (Used with permission of VisualDx.)

FIGURE 129-36.  Herpes zoster. A. Grouped vesicles on an erythematous base with a 
dermatomal distribution on the trunk. B. Ophthalmic zoster leading to enucleation of the 
affected eye. Note the sharp midline demarcation of the facial scarring. (Used with permission 
of Dr Aisha Sethi.)
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this area (Hutchinson sign) may be a clue to potential eye involvement. 
Ophthalmologic consultation is mandatory.

In patients who are immunosuppressed, disseminated herpes zoster 
may occur. The rash is initially limited to a few contiguous dermatomes 
and spreads to involve large areas of the body over several days. Patients 
should receive full doses of intravenous antiviral therapy.

Varicella zoster and HSV infection are diagnosed by Tzanck smear, 
histology, culture, DIF, and direct fluorescent antigen (DFA). Tzanck 
smear and histology do not distinguish between VZV and HSV. Culture 
will identify the virus but may be delayed up to 14 days. DIF or DFA is 
recommended when rapid diagnosis is required.

■■ SMALLPOX (VARIOLA)
The WHO declared the world free of smallpox in 1980. The last case of 
naturally acquired smallpox occurred in Somalia in 1977 and the last case 
in the United States occurred in 1949. The threat of smallpox as a possible 
bioterrorism agent has renewed attention to this disease (see Chap. 81). 
Smallpox is caused by one of two Orthopoxviridae, variola major or variola 
minor. The disease is spread through droplets during face-to-face contact 
by coughing or by contact with body fluids such as vesicle or conjunctival 
fluid, urine, or saliva. The virus enters the body through the respiratory 
tract.118 The infectious period starts 1 day before the onset of the rash, 
peaks during the first week of the rash, and continues until the lesions are 
completely healed. Incubation time is typically 7 to 17 days. Malaise, fever, 
and back ache are followed by the exanthem in 2 to 4 days. Lesions are 
initially concentrated on the face and limbs, but can quickly progress to 
involve the entire body surface area. They begin as papulovesicles which 
become firm, deep-seated pustules with a tendency to coalesce. Crusting 
develops over 1 week. Case fatality rate may be as high as 60% in an unvac-
cinated population with variola major, and is due to pulmonary edema 
from heart failure.

The Center for Disease Control and Prevention (http://www.bt.cdc.
gov/agent/smallpox/index.asp) has offered a definition for smallpox 
cases: an individual with a fever greater than 101°F, who then develops 
firm, deep-seated pustules or vesicles in the same state of development, 
in the absence of other known causes. Laboratory testing is required to 
confirm the smallpox diagnosis, and can include identification of variola 
DNA by polymerase chain reaction alone, or in conjunction with the 
isolation of the variola virus. Laboratory testing should be conducted at 
a CDC Laboratory Response Network laboratory.

Chickenpox is the most likely condition to be confused with smallpox.  
The lesions of varicella are more superficial and are not preceded by 
a prodrome. They appear in crops, evolve rapidly, and have different 
stages of evolution, with papules, vesicles, and erosions appearing on 
any individual body segment at the same time (Fig. 129-35). Other 
conditions to consider include disseminated herpes zoster, molluscum 
contagiosum, bullous impetigo, morbilliform drug eruptions, contact 
dermatitis, erythema multiforme, Stevens-Johnson syndrome, entero-
viral infections, especially hand-foot-and-mouth disease, disseminated 
herpes simplex, scabies, and insect bites including flea bites.

Individuals at high risk of smallpox exposure, including military per-
sonnel, may be given the smallpox vaccine. Several cutaneous reactions 
have been noted, including exanthematous, urticarial, morbilliform, 
vesicular, pustular, and Stevens-Johnson syndrome.119 These lesions 
typically appear 1 to 3 weeks after vaccination, and are self-limited. 
They spontaneously resolve and generally require no specific treatment. 
A case of severe eczema vaccinatum in a child who was a household 
contact of a smallpox vaccine recipient has been recently published.120

No curative treatment is known for smallpox. Supportive care and 
treatment of secondary infections, often staphylococcal, are mainstays 
of therapy. Vaccination within 4 days of exposure may prevent or lessen 
the severity of the illness. Vaccinia immune globulin, which is in limited 
supply but can be obtained from the Centers for Disease Control and 
Prevention, may be helpful. There is no experience with antiviral agents, 
although investigations are underway.

■■ HUMAN IMMUNODEFICIENCY VIRUS
There are many cutaneous manifestations associated with HIV infec-
tion. An acute nonspecific exanthem in association with influenza-like 
symptoms is seen in up to 66% of patients soon after the initial infection. 
This is characterized by a morbilliform eruption on the torso and arms, 
which resolves without intervention. Subsequent cutaneous manifesta-
tions of HIV can be divided into three broad categories: inflammatory, 
infectious, and malignant, as outlined in Table 129-20.121 The incidence 
of TEN and cutaneous drug reactions is increased in patients with HIV 
infection.

The infections seen in patients with HIV range from common 
conditions that take on a more aggressive and recalcitrant course to 
rare conditions seen more commonly in the immunocompromised 
host. Infectious diseases may have atypical appearances. The classic flesh-
colored papules with central umbilication seen in molluscum conta-
giosum closely resemble the cutaneous manifestations of C neoformans 
and histoplasmosis. Chronic cutaneous ulceration may be the result of 
an underlying infection such as HSV, bacteria, fungus, mycobacteria, 
and atypical mycobacteria. Oral hairy leukoplakia (OHL) secondary to 
Epstein-Barr virus and mucous membrane candidiasis are commonly 
seen. White plaques of OHL appear on the sides of the tongue, and the 
white patches due to colonization by Candida albicans may occur on any 
mucosal surface. Rubbing the white plaques removes candidal colonies, 
but OHL lesions are adherent.

The most common malignancies seen in association with HIV are 
Kaposi sarcoma (KS) and lymphomas. Human herpes virus 8 infection 
has been implicated in the pathogenesis of KS. Cutaneous findings in 
KS vary from violaceous macules to plaques or nodules. Lesions may 
appear anywhere and at any time during the course of HIV infection. 
They tend to be symmetrically distributed, form oval patches along skin 
tension lines, and are often seen on the palate and tongue.122 Individuals 
with HIV have a 200-fold increased risk of non-Hodgkin lymphoma 
compared with the general population. Most of these lymphomas are 
B-cell derived and are associated with aggressive disease. The patho-
genesis is not known but probably involves HIV, immune dysfunction, 
cytokine dysregulation, and other viral antigens (eg, human herpes virus 
8 and Epstein-Barr virus). Extranodal disease is common, and skin 
involvement includes variably distributed erythematous to flesh-colored 
papules or nodules.123

  TABLE 129-20    Cutaneous Manifestations in HIV Patients

•	 Inflammatory
•	 Seborrheic dermatitis—Erythema and greasy scale
•	 Psoriasis—Erythematous, well-demarcated plaques with silvery scale
•	 Reiter syndrome—Dull erythematous macules that become papular and pseudove-

sicular, then develop hyperkeratotic plaques
•	 Infections
•	 Common infections that may disseminate or become extensive:
•	 Molluscum contagiosum
•	 Herpes simplex
•	 Varicella zoster
•	 Candidiasis
•	 Dermatophyte infections

•	 Rare infections seen in immunocompromised hosts
•	 Mycobacterium tuberculosis
•	 Mycobacterium avium intracellulare
•	 Atypical mycobacteria
•	 Cryptococcus neoformans
•	 Deep fungal infections

•	 Malignancies
•	 Kaposi sarcoma
•	 Lymphoma
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Fungal Infections

■■ DISSEMINATED CANDIDIASIS
During the past two decades, the incidence of candidemia in patients in 
ICUs has soared from 1.5 to 60 infections per 10,000 adult ICU admis-
sions and from 23 to 123 infections per 10,000 neonatal ICU admissions. 
Even with antifungal therapy, the mortality rate approaches 30%. Most 
cases occur in patients who have central venous lines. Candida species 
on the skin of the patient or caregivers can insinuate their way into 
these catheters, adhere to the inside of the tubing, and form biofilms.124 
Disseminated candidiasis presents with the characteristic widespread 
papules and pustules. In neutropenic patients with candidiasis, the 
skin lesions may not develop until the white count begins to recover.125 
Neutropenia and immunosuppression are the greatest risk factors for 
disseminated candidiasis. The differential diagnosis includes steroid-
induced acne, which may develop in conjunction with chemotherapy. 
In steroid-induced acne, the pustules arise from the hair follicle, are all 
in the same stage of development, and tend to concentrate on the face, 
shoulders, and upper trunk.

Diagnosis can be attempted by culturing the blood, the pustule 
contents, or tissue obtained from a skin biopsy, but the yield may be 
as low as 50%. Biopsy specimens may be stained with periodic acid-
Schiff (PAS) or silver methenamine stain to visualize yeast forms. There 
is a need for better technology to identify disseminated candidiasis. 
Detection of anti-Candida antibodies, Candida metabolites, Candida 
DNA, or the release of β-glucan into the blood has not proven to be of 
general clinical use thus far.126

■■ DEEP FUNGAL INFECTIONS
Deep cutaneous fungal infections are uncommon in the immunocompe-
tent host. Opportunistic infections occur in patients who are immuno-
compromised by malignancies, systemic agents, or medical conditions. 
Hematogenous seeding to the skin from the lung is the most common route 
for aspergillosis (Fig. 129-37), histoplasmosis, blastomycosis (Fig. 129-38),  
cryptococcosis, and zygomycosis (Fig. 129-39).127 Direct inoculation 
may occur but is less common. Lesions present as inflammatory pap-
ules, plaques, nodules, and ulcerations. Differentiation cannot be made 
on clinical grounds alone. Umbilicated papules resembling lesions of 
molluscum contagiosum are characteristically seen in disseminated 
cryptococcosis, but they have also been reported in disseminated his-
toplasmosis. Biopsy and culture of the lesions is imperative. Histologic 

FIGURE 129-37.  Disseminated aspergillosis: a well-defined, necrotic plaque on the 
anterior chest. (Used with permission of Dr Bernhard Ortel.)

FIGURE 129-38.  Blastomycosis. A well-demarcated plaque with violaceous, rolled 
borders and verrucous surface. (Used with permission of Dr Diana Bolotin.)

FIGURE 129-39.  Disseminated mucormycosis: a well-defined necrotic plaque with 
surrounding erythema on the anterior arm (A), and multiple small necrotic papules on dorsal 
hands (B). (Used with permission of Dr Keyoumars Soltani.)
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findings are outlined in Table 129-21. Systemic treatment with itracon-
azole, fluconazole, amphotericin B, or caspofungin is required to control 
each of these diseases, as is extensive debridement of all necrotic tissue.128

SELECTED DERMATOSES

■■ MILIARIA
Miliaria, sometimes referred to as heat rash, is caused by obstruction 
of the eccrine (sweat) ducts at a variety of levels causing sweat reten-
tion. Miliaria can be classified into three groups, based on the levels 
of ductal obstruction: miliaria crystallina, miliaria rubra, and miliaria 
profunda.128

Miliaria crystallina (Fig. 129-40) presents as crops of 1 to 2 mm 
asymptomatic, clear fluid-filled vesicles (“dew drops”), which develop 
after an episode of increased temperature due to obstruction of the 
eccrine gland close to the surface of the skin. Miliaria rubra presents 
as 1 to 2 mm pruritic erythematous macules or papules as a result of an 
obstruction deeper in the epidermis. Resolution of lesions is followed 
by variable periods of anhidrosis. The eruption can occur anywhere, 
most commonly on the trunk and neck, and tends to spare the face and 
volar areas. Treatment consists of reducing the ambient temperature and 
humidity, and emollient application. Miliaria profunda is less frequent 
than the other types, and is characterized by asymptomatic 1 to 3 mm 
pink papules usually located on the trunk, that result from obstruction 
at or below the dermal-epidermal junction.

■■ PRESSURE ULCERS
The incidence of pressure ulcers in the ICU varies widely in the litera-
ture. Continuous pressure over a bony site obstructs microcirculation, 
leading to tissue ischemia and necrosis. ICU patients have multiple risk 
factors for developing pressure ulcers, which can occur in as little as  
2 hours under certain conditions. Mechanical ventilation, limited mobil-
ity, hypoperfusion, and the use of vasoactive drugs may increase the risk 
of pressure ulcers. The development of pressure ulcers leads to increased 
mortality rates, costs, and lengths of hospital stays.

A National Pressure Ulcer Advisory Panel in 1998 developed the most 
widely used staging system of pressure ulcers.129 It encompasses four grades.

Stage I:  A stage I pressure ulcer is an observable pressure-related 
alteration of intact skin that may display a different skin temperature 
(warmth or coolness), tissue consistency (firm or boggy feel), or sen-
sation (pain, itching). The ulcer appears as a defined area of persistent 
redness in lightly pigmented skin, but can appear with red, blue, or 
purple hues in darker skin tones.

Stage II:  A stage II ulcer is defined as partial-thickness skin loss 
involving epidermis, dermis, or both. The ulcer is superficial and 
presents clinically as an abrasion, blister, or shallow crater.

Stage III:  The stage III ulcer is characterized by full-thickness skin loss 
involving damage to, or necrosis of, subcutaneous tissue that may extend 
down to, but not through, underlying fascia. The ulcer presents clinically 
as a deep crater with or without undermining of adjacent tissue.

Stage IV:  This ulcer is characterized by full-thickness skin loss with 
extensive destruction, tissue necrosis, or damage to muscle, bone, or 
supporting structures (eg, tendon, joint capsule).

Preventive strategies should be implemented from the moment of 
entry into the ICU. These include the use of risk assessment scales, 
repositioning the patient every 2 hours, provision of dynamic or static 
support surfaces that redistribute pressure, and proper nutrition.130 A 
critical aspect of the topical treatment is the maintenance of a moist 
environment. This can be achieved by the use of any one of many differ-
ent dressings: transparent films, hydrocolloids, alginates, foams, hydro-
gels, or hydrofibers marketed for pressure ulcer care. These dressings 
require few changes, so they result in less need for nursing care, faster 
healing, and decreased infection. Gauze dressings, particularly wet to 
dry dressings, are to be avoided because they allow the wound to dry 
and, as such, slow healing.131 Surgery may be attempted for recalcitrant, 
full-thickness ulcers. However, recurrence rates are high.

  TABLE 129-21    Histologic Findings for Deep Fungal Infections

Condition Staining Technique Key Histologic Findings

Blastomycosis KOH mount Round, refractile spherical cells 
with broad-based budding

Histoplasmosis H & E stain, Giemsa stain Small yeast-like spores within 
macrophages

Cryptococcus India ink stain Round to ovoid spores with 
large capsules

Aspergillosis H & E stain, PAS, silver methenamine stain Branching septate hyphae

Mucormycosis H & E stain, PAS, silver methenamine 
stain

Large, long, nonseptate 
hyphae that may invade 
vascular structures

FIGURE 129-40.  Miliaria crystallina. Multiple, clear-fluid vesicles on the axillary region. 
(Used with permission of Dr Aisha Sethi.)
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C H A P T E R

KEY POINTS

•• Extreme obesity presents unique cardiorespiratory challenges in 
the intensive care unit and frustrates the delivery of routine care.

•• Extreme obesity leads to a variety of cardiovascular diseases 
through diverse mechanisms. Therefore, a high index of suspicion 
for their presence is warranted in the critically ill patient.

•• Many patients with extreme obesity suffer from varying degrees of 
pulmonary hypertension. Potential etiologies include the obesity 
hypoventilation syndrome, the “overlap syndrome” of coexist-
ing obstructive sleep apnea and chronic obstructive pulmonary 
disease, chronic venous thromboembolic disease, and left heart 
failure. Diastolic dysfunction is common and may contribute to 
this pathology.

•• Although simple obesity has relatively minor effects on pulmonary 
function, extreme obesity may be associated with reductions in 
forced vital capacity, forced expiration volume in 1 second, and 
total lung capacity. Arterial hypoxemia may be present, particu-
larly in the supine position.

•• Unrecognized sleep-disordered breathing in the critically ill 
patient may contribute to cardiopulmonary failure. It may also 
confer increased sensitivity to sedatives and narcotics.

•• An increased risk of venous thromboembolism in obesity merits 
an aggressive approach to prophylaxis.

•• Intraabdominal pressure is elevated in obesity, placing the patient 
at increased risk for the abdominal compartment syndrome.

•• Extreme obesity is associated with a significant increase in the per-
centage of oxygen consumption attributable to the work of breath-
ing. This decreased respiratory reserve results in a predisposition 
to the development of respiratory failure even after trivial insults.

•• Atelectasis is common in the extremely obese postoperative patient 
and, along with sleep-disordered breathing, may lead to respiratory 
failure. The early use of noninvasive ventilation in the high-risk post-
operative patient may prevent the development of respiratory failure.

•• Intubation of the extremely obese patient may be technically chal-
lenging because of poor visibility of the glottis and decreased oxy-
gen stores in alveoli from a reduced functional residual capacity.

•• Extremely obese patients should be ventilated in the upright or 
semi-upright position to improve respiratory system compliance 
and reduce the work of breathing. Positive end-expiratory pressure 
between 8 and 15 cm H2O may be necessary to prevent atelectasis.

•• Because the compliance of the respiratory system is reduced in 
extreme obesity, a high plateau pressure does not necessarily indicate 
alveolar overdistention. When using low tidal volume ventilation in 
the management of the acute respiratory distress syndrome, a plateau 
pressure of 35 to 40 cm H2O may be acceptable in some patients.

•• Ultrasound guidance may be useful in establishing vascular access 
in the extremely obese patient.

•• Numerous unpredictable alterations in pharmacokinetics have 
been described in obesity. Reference to published guidelines for 
individual drugs and close monitoring of clinically available serum 
drug levels are recommended.

•• Nutritional support in the form of carefully balanced hypocaloric 
enteral regimens is recommended.

•• Interestingly, while obesity is associated with increased all-cause 
mortality, the preponderance of evidence suggests that ICU out-
comes are not worse in the obese critically ill patient.

An ever-increasing percentage of the inhabitants of developed countries 
is obese or overweight. This trend includes men and women and spans 
all age groups, including children. Obesity is associated with diabetes 
mellitus, cardiovascular disease, hypertension, and cancer and confers 
a reduced life expectancy, particularly in younger and extremely obese 
individuals. Extreme obesity is frequently associated with life-threat-
ening cardiopulmonary disease and presents substantial obstacles to 
the delivery of routine care. We present a summary of the challenges 
involved in caring for the extremely obese critically ill patient and 
highlight physiological principles important to the care of such patients.

THE OBESITY EPIDEMIC

■■ DEFINING OBESITY
Due to the impracticality of determining body fat composition in the clini-
cal setting, obesity is typically defined as excessive weight relative to body 
surface area as determined by calculation of the body mass index (BMI), 
calculated as weight in kilograms divided by height in square meters. The 
correlation between BMI and obesity in most middle-age adults is very 
good, although using BMI as a proxy for body fat is misleading in individu-
als engaged in weight training who have increased muscle mass, and when 
significant edema is present. The World Health Organization definition of 
overweight is a BMI greater than 25 kg/m2 but less than 30 kg/m2, while 
obesity is defined as a BMI greater than 30 g/m2. Obesity has been further 
subclassified into mild (class I) obesity with BMI 30 to 34.9 kg/m2, moder-
ate (class II) obesity with BMI 35 to 39.9 kg/m2, and extreme/severe/morbid 
(class III) obesity with BMI 40.0 kg/m2 or greater. A relatively new category 
of “super obesity” has been proposed for BMI greater than 50 kg/m2.

■■ THE MAGNITUDE OF THE PROBLEM
The prevalence of obesity in the United States has increased dramatically 
in both men and women over the past 50 years (Fig. 130-1). In 2007-
2008 data from the National Health and Nutrition Examination Survey 
indicated that approximately 34.2% of all US adults were overweight, 
33.8% were obese, and 5.7% were extremely obese.1 There are racial 
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and ethnic differences in the prevalence of overweight and obesity, with 
the highest rates occurring in non-Hispanic black women and Mexican 
American women. Of greatest concern is the high prevalence of obesity 
in children and adolescents.2

The obesity epidemic is the result of an interaction between genetics 
and what has been called the “obesigenic” environment. Technologic 
advances have decreased the cost of food production, thereby making 
food more affordable, and decreased the energy expended by the typical 
worker.3 Leisure time is increasingly dominated by sedentary activities 
such as watching television or using the computer. Television viewing is 
associated with increased food intake and a decrease in metabolic rate 
even when compared with other sedentary activities such as reading 
or sewing.4 The risks of obesity and type II diabetes mellitus have been  
positively correlated with the amount of television watched,5 and children 
randomized to an intervention discouraging television viewing had sig-
nificant reductions in relative BMI compared with controls.6 Relatively 
recent data suggest that long-term societal reductions in sleep quantity 
may play a role in the obesity epidemic. A number of studies performed in 
young adults indicate that short-term sleep curtailment is associated with 
decreased insulin sensitivity and glucose tolerance, elevated sympathova-
gal balance, increased levels of the hunger-promoting hormone ghrelin, 
decreased levels of the satiety hormone leptin, and increased hunger.7 In 
addition, studies performed in mice suggest that exposure to low levels of 
light at night—for instance, in the form of indoor lighting and exposure 
to television and personal electronic devices—may promote obesity by 
disrupting the timing of food intake.8 Other possible explanations for the 
obesity epidemic include an increased percentage of meals eaten outside 
the home, the serving of larger portions at commercial establishments, 
and the widespread consumption of diets low in vegetables and fibers 
and high in refined sugars. Individual susceptibility to these influences is 
poorly understood but likely includes a genetic component.

Unfortunately, the obesity epidemic is not confined to highly developed 
countries. The World Health Organization estimates that 1 billion people 
worldwide are overweight or obese. Worse, while there is some evidence 
that increases in obesity prevalence may be plateauing in the United States, 
most indications are that the worldwide epidemic has not yet peaked. 
Obesity is increasing in prevalence in developing countries coincident 
with decreased physical activity and the replacement of traditional fruits 
and whole grains in the diet with calorie-dense, processed foods.

  TABLE 130-1    Critical Care Considerations in the Extremely Obese Patient

Cardiovascular
Systolic dysfunction may be due to ischemic heart disease, longstanding 
hypertension, or obesity-related cardiomyopathy
Diastolic dysfunction is common and may be difficult to diagnose
Moderate to severe pulmonary hypertension should prompt consideration of OHS, the 
overlap syndrome, and/or left heart failure

Pulmonary
Reduced pulmonary reserve places patient at risk for respiratory failure from 
seemingly trivial insults
Increased risk of atelectasis, particularly when bed-bound and in postoperative setting
Increased risk of venous thromboembolism

Sleep disordered breathing
Untreated OSA may complicate the postoperative course
Untreated sleep disordered breathing may lead to cardiopulmonary failure
Patients with inadequately treated OSA and/or the OHS may be particularly sensitive 
to the effects of sedatives and narcotics

Other concerns
Increased risk of developing intraabdominal hypertension
Chronic kidney disease
Altered pharmacokinetics

FIGURE 130-1.  Trends in overweight, obesity, and extreme obesity among adults aged 20 to 74 years: United States, 1960-2008. (Accessed from http://www.cdc.gov/nchs/data/hestat/
obesity_adult_07_08/obesity_adult_07_08.htm on 3/2/11. In the public domain. Confirmed with NCHSED [CDC].).
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PHYSIOLOGIC EFFECTS OF EXTREME OBESITY
Obesity is associated with a reduced life expectancy, particularly in the 
extremely obese.9 Obesity is associated with cardiovascular disease, dia-
betes, sleep apnea, lung disease, liver and gallbladder disease, chronic 
kidney disease, and cancer. This section summarizes some of these 
physiologic derangements, with an emphasis on those germane to the 
care of the extremely obese critically ill patient (Table 130-1).

■■ CARDIOVASCULAR EFFECTS
Increases in BMI above 25 kg/m2 are associated with progressive increases 
in the risk of death from ischemic heart disease, stroke, and other vascu-
lar diseases, the latter category including heart failure and hypertensive 
disease.9 Obesity promotes cardiovascular disease through a variety of 
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mechanisms.10 First, obesity increases the risk of coronary atheroscle-
rosis by inducing several risk factors in parallel. For example, obesity 
is associated with hypertension, insulin resistance, dyslipidemia, and 
coagulation abnormalities, which separately and collectively promote  
the development of cardiovascular disease. Impaired fibrinolysis and 
systemic inflammation are suggested by the frequent elevation of 
plasminogen activator inhibitor I, fibrinogen, and interleukin-6 and 
C-reactive protein levels. The metabolic syndrome in particular repre-
sents a cluster of risk factors for atherosclerosis.11

There are other, more direct mechanisms through which obesity 
causes heart disease.10 Obesity may impair cardiac function through 
chronic pressure and volume overload. Cardiac output is increased 
in obesity as a result of increased extracellular volume and increased 
blood flow to most tissue beds. This increased cardiac output is associ-
ated with increased preload and cardiac dilation, with the subsequent 
development of eccentric left ventricular hypertrophy. This chronic 
volume-overloaded state, when combined with increased left ventricu-
lar afterload from concurrent hypertension, may result in marked left 
ventricular hypertrophy. Over time, left ventricular hypertrophy leads 
to impaired ventricular filling and diastolic heart failure. Systolic heart  
failure may result from ischemic heart disease, microvascular disease from 
diabetes mellitus, longstanding hypertension, or, in severe, longstanding 
obesity, a decrease in mid-wall fiber shortening and ejection fraction.12

Pulmonary hypertension with right ventricular hypertrophy and 
dilation may accompany obesity. Frequently, the pathogenesis is multi-
factorial: for instance, due to the combination of diastolic heart failure 
and untreated sleep disordered breathing. Importantly, uncomplicated 
obstructive sleep apnea alone results in only mild pulmonary hyperten-
sion. The clinical implication of this is that the clinician who encounters 
a patient with moderate to severe pulmonary hypertension is obligated 
to search for causes in addition to obstructive sleep apnea. Occult 
diastolic dysfunction and chronic thromboembolic disease should be 
considered. The so-called “overlap syndrome” describes the relatively 
common presentation of the patient who has both obstructive sleep 
apnea and chronic obstructive pulmonary disease, a condition that 
may lead to severe pulmonary hypertension.13 Cor pulmonale may also 
develop in patients with the obesity hypoventilation syndrome (OHS).14 
This poorly understood disorder is associated with daytime hypercap-
nia and hypoxemia, with the latter arising from alveolar hypoventila-
tion and poor ventilation of the basal lung due to airway closure and  
atelectasis. Hypercapnia and hypoxemia elicit pulmonary vasoconstric-
tion. Eventually, this may lead to vascular remodeling with resulting 
irreversible pulmonary hypertension and cor pulmonale. Individuals with 
the OHS usually, but not always, have coexisting obstructive sleep apnea.

Interestingly, patients with cardiovascular disease who are overweight 
and obese tend to have better outcomes than patients with who are not.15 
There are many potential explanations for this so-called “obesity paradox,” 
 including the possibility that patients who develop cardiovascular  
disease through obesity-related mechanisms may develop more mild 
forms of disease.

What are the clinical implications of this susceptibility? First, the inten-
sivist caring for the extremely obese patient should have a high index of 
suspicion for the presence of ischemic heart disease from coronary artery 
or microvascular disease. Second, abnormal cardiac function, diastolic 
or systolic, may be present, even if other risk factors for heart disease are 
absent. Particular sensitivity to changes in intravascular volume may result. 
Third, pulmonary hypertension and right ventricular failure should be 
suspected when obstructive lung disease and/or daytime hypoxemia or 
hypercapnia are present. The diagnosis of these conditions is complicated 
by poor sensitivity of physical examination and transthoracic echocardiog-
raphy in extremely obese individuals. In selected patients, transesophageal 
echocardiography or invasive hemodynamic monitoring may be necessary.

■■ PULMONARY EFFECTS
Mechanics of the Respiratory System:  The effect of obesity on pulmo-
nary function varies considerably between individuals, with most 

patients exhibiting relatively normal pulmonary function but some 
patients experiencing more significant effects.16-18 In general, abnor-
malities accrue as the BMI increases, and with increases in thoracic 
and abdominal (eg, central) adiposity. The most predictable effect of 
obesity is a decrease in the functional residual capacity (FRC) caused 
by the mass load of adipose tissue around the rib cage and abdomen 
and in the visceral cavity.18 In extremely obese patients, the FRC may 
little exceed the residual volume, predisposing to small airway closure 
and atelectasis, particularly in the dependent areas of the lung. In 
addition, the overall compliance of the respiratory system is reduced, 
mildly so in simple obesity and to as low as 45% of normal in patients 
with OHS. This has historically been thought to be due to a combina-
tion of reduced lung compliance and reduced chest wall compliance. 
Conceivably, the former may arise from some combination of dependent 
airway closure and increased surface tension related to breathing  
at low lung volumes, and from increased thoracic blood volume. 
Studies of chest wall compliance have yielded conflicting results. 
However, it is likely the case that, while the configuration of the 
pressure-volume curve of the chest wall is relatively normal, chest and 
abdominal adiposity impose an inspiratory threshold load to breathe. 
In other words, while the initiation of the breath requires more effort, 
once this threshold is surpassed chest wall compliance is normal.19

Airway function may be abnormal in some patients with obesity.20,21 
There is some evidence that airway resistance is increased beyond that 
expected from a reduction in airway caliber due to reduced lung volume. In 
addition, the effects of bronchoconstriction on expiratory flow limitation 
and airway closure may be more pronounced in obesity as a consequence 
of smaller lung volumes and airway caliber. Whether obesity is itself associ-
ated with increased airway hyperresponsiveness is controversial.

Pulmonary Function:  The most frequent abnormality in pulmonary 
function in obesity is a decrease in the expiratory reserve volume 
attributable to cephalad displacement of the diaphragm by adipose 
tissue. In extremely obese individuals and in those with the OHS, total 
lung capacity and vital capacity may be reduced. In such patients, the 
residual volume actually may be increased relative to total lung capac-
ity because of small airway closure and gas trapping. This is supported 
by the finding of larger total lung capacity by body box plethysmogra-
phy than by helium dilution. Similarly, spirometry is typically normal 
in simple obesity, whereas severely obese individuals or those with 
the OHS may exhibit reductions in the forced expiratory volume in  
1 second and in the forced vital capacity, although the ratio of these 
two variables is preserved or even increased.

Why do some individuals exhibit diminished pulmonary function and/
or the OHS, whereas comparably overweight individuals may be little 
affected? Some, but not all, data suggest that the distribution of body fat 
may be an important determinant of pulmonary function; simply put, 
adipose tissue that is more centrally located is more likely to negatively 
influence pulmonary function. There may also be differences in respira-
tory muscle strength between patients with simple obesity and those with 
the OHS, with the latter exhibiting relatively decreased inspiratory muscle 
strength. Weakness may be considered absolute, a result of mechanical dis-
advantage from diaphragm malposition, and relative, when the increased 
work of breathing from extreme obesity is considered (see below).

Gas Exchange:  Extreme obesity causes closure of small peripheral air-
ways in the dependent regions of the lung, resulting in mismatching 
of ventilation and perfusion. The result may be a widened alveolar to 
arterial oxygen gradient and mild to moderate hypoxemia that worsens 
in the supine position. Severe hypoxemia may be present in individuals 
with the OHS because of the additional contribution of hypoventilation. 
The diffusing capacity for carbon monoxide is typically normal or even 
elevated when indexed to alveolar volume.

Control of Breathing:  Ventilatory drive is increased in simple obesity 
as assessed by the mouth occlusion pressure and diaphragm electrical 
activity in response to carbon dioxide inhalation. In contrast, mouth 
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occlusion pressure response to carbon dioxide is reduced in OHS 
compared to normal individuals and to patients with simple obesity. 
Diaphragm electrical activity in response to carbon dioxide is inap-
propriately low in OHS. In obese patients with OSA, hypercapnea is 
associated with the severity of OSA, with increasing BMI, and with 
the degree of restrictive chest wall mechanics.22

■■ OTHER EFFECTS OF OBESITY
Not surprisingly, the risk of obstructive sleep apnea increases signifi-
cantly with obesity, to as high as 40% when the BMI exceeds 40 kg/m2. 
Increasing obesity probably promotes pharyngeal collapsibility not only 
through an increase in pharyngeal adiposity but also by decreasing 
radial traction on the upper airway through reductions in end expi-
ratory lung volume.23,24 Obstructive sleep apnea may exacerbate and 
promote cardiovascular disease through its hemodynamic effects on the 
heart as well as by increasing sympathetic outflow and oxidative stress.25 
Patients who successfully lose a significant amount of weight, usually 
via surgical approaches to weight reduction, may exhibit significant 
improvements in lung volumes, gas exchange, and work of breathing, 
and sleep-disordered breathing may improve or even resolve.

Intraabdominal pressure is elevated in obesity,26 placing the patient at 
increased risk for the abdominal compartment syndrome, a potentially 
lethal and under recognized complication of critical illness (see Chap. 114).  
Indeed, BMI has been identified in a multicenter study as a risk factor for 
the development of intraabdominal hypertension.27 A recent study also 
demonstrated that many extremely obese (BMI 38-80.7 kg/m2) individuals 
have positive (elevated) pleural pressures throughout the chest at relax-
ation volume, although the elevation was not predictable from BMI, waist 
circumference, or sagittal abdominal diameter.28 This finding suggests that 
respiratory and lung compliances are low in obesity as a result of breath-
ing at low lung volumes. It also highlights a limitation of static measure-
ments of cardiac filling pressure in assessing fluid responsiveness, given 
that higher filling pressures would be required in such patients in order to 
achieve the same transmural pressure.

An intriguing association between obesity and chronic kidney disease 
is becoming apparent.29 Certainly obesity is associated with diabetes 
mellitus, hypertension, and cardiovascular disease, all of which predis-
pose to the development of chronic kidney disease. There is increasing 
evidence, however, that obesity is an independent risk factor for chronic 
kidney disease. Obesity is associated with increased renal blood flow 
and glomerular hyperfiltration that may subsequently lead to sclerosis.  
Interestingly, obesity-related nephropathy may be mediated by the 
adipocyte itself. The adipocyte not only is an important component 
of the renin-angiotensin-aldosterone system but also elaborates a variety 
of substances including leptin, free fatty acids, plasminogen activator 
inhibitor-1, and proinflammatory cytokines, all of which may promote 
kidney injury.

The risk of venous thromboembolism is greatly increased in obese 
patients (BMI >30 kg/m2). Inactivity, venous stasis, and hypercoagu-
lability likely contribute to this risk. The risk of death from cancer is  
lowest in individuals with a normal BMI and increases along with BMI.9,30

MANAGEMENT OF RESPIRATORY FAILURE

■■ PATHOPHYSIOLOGY OF RESPIRATORY FAILURE IN EXTREME OBESITY
Extremely obese patients may be particularly susceptible to respiratory 
failure. Under normal conditions, very little (<5%) of the body’s total 
oxygen consumption (VO2) is attributable to the work of breathing. 
Emphysema and other forms of chronic lung disease increase the oxygen 
consumed by the respiratory muscles (VO2RESP) by increasing the load on 
the respiratory muscles. In such conditions, the strength of the respira-
tory system may be just adequate for the load on the system, and further 
insults, however trivial, may provoke respiratory failure.

Evidence suggests that extremely obese patients may be similarly 
compromised. Baseline VO2RESP averaged 16% in a group of extremely 

obese (average BMI = 53 kg/m2) patients scheduled for gastric bypass 
surgery.31 Further, obesity is associated with a disproportionate rise in 
VO2RESP for a given increase in minute ventilation, similar to emphysema.32  
Together these data suggest reduced respiratory reserve in extreme 
obesity, thereby increasing the risk of respiratory failure even from 
seemingly trivial insults (eg, viral infection or, particularly in the post-
operative patient, atelectasis) in a manner analogous to emphysema or 
other chronically compensated forms of respiratory failure.

■■ EVALUATION OF RESPIRATORY FAILURE
The evaluation of extremely obese patients with critical illness and 
respiratory failure, in particular, is challenging. Physical examination 
is difficult, and chest radiography is commonly unhelpful. Computed 
tomography and other similar diagnostic studies may be impossible if 
the patient exceeds the weight limit or width of the scanner table. Even 
when such studies are possible, there are enormous technical and safety 
challenges that accompany the transfer of such patients throughout the 
hospital. Frequently, diagnoses must by necessity be made on the basis 
of other clinical criteria.

The diagnosis of pulmonary edema is often frustrated by uncertainty 
regarding the presence of edema on the chest radiograph. Soft tissue 
shadows on portable chest radiographs are often difficult to distinguish 
from airspace edema. When suspected, other clinical signs may assist in 
making a diagnosis. For example, abundant frothy secretions from the 
endotracheal tube commonly accompany pulmonary edema. Analysis 
of the protein content of the initial secretions may permit a distinction 
between high- and low-pressure edema, as the latter is associated with a 
protein content greater than one-half that of serum.33 Measurement of a 
frankly elevated B-type natriuretic peptide level supports the diagnosis 
of pulmonary edema in the extremely obese patient with acute hypox-
emic respiratory failure. Similarly, pulmonary edema may be diagnosed 
in the patient with hypoxemia refractory to high-flow oxygen who 
also has an elevated right atrial pressure and abnormal left ventricular  
systolic or diastolic function, although this approach also makes an 
inference that pulmonary edema necessarily results from abnormal 
pump function. Acute lung injury may be diagnosed on the basis of 
appropriate setting (eg, aspiration after the administration of sedatives) 
and hypoxemia refractory to high-flow oxygen. Although differentiating 
this condition from atelectasis can be difficult, noting abundant protein-
rich endotracheal secretions may be helpful.

Pulmonary embolism is another serious condition that is particularly 
difficult to diagnose in the extremely obese patient. Computed tomog-
raphy of the chest and pulmonary angiography may be technically 
unfeasible. Serial lower extremity Doppler examinations should be per-
formed, although pulmonary embolism is not disproved solely through 
this approach. A normal D-dimer as determined by enzyme-linked 
immunosorbent assay reliably excludes the diagnosis, but such a result is 
unlikely in the critically ill population, given the multitude of conditions 
associated with elevations in D-dimer levels. Echocardiography may 
suggest the diagnosis by demonstrating acute right heart dysfunction, 
but this finding lacks specificity given the range of disorders precipitating 
respiratory failure (eg, acute lung injury, overlap syndrome, OHS, etc) 
that cause this. Because there are no good data to guide the clinician, 
our approach is to initiate therapeutic anticoagulation in the setting of 
significant pulmonary hypertension (mean pulmonary artery pressure 
>40 mm Hg), if acute right heart dilation without another satisfactory 
cause is present, or when historical features (eg, acute onset of chest pain 
and dyspnea) suggest the diagnosis.

■■ MANAGEMENT OF RESPIRATORY FAILURE
Noninvasive positive pressure ventilation (NIV) may confer several 
potential benefits in the initial management of extremely obese patients 
with respiratory failure, including unloading the respiratory muscles, 
decreasing atelectasis, and treating any underlying sleep-disordered 
breathing. It may also have a role in preventing respiratory complica-
tions in the postoperative period, as discussed below. We recommend 
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the early use of NIV in extremely obese patients who have developed 
respiratory failure. Extubation to NIV may also be considered for 
extremely obese patients at high risk for respiratory failure after thoracic 
or abdominal surgery. Noninvasive ventilation is discussed in greater 
detail in Chap. 44.

Intubation of the extremely obese patient can be problematic.34 The 
view afforded the operator may be suboptimal because of extensive 
soft tissue in the hypopharynx. Reduced functional residual capacity 
from extreme obesity and from sedation diminishes the oxygen stores 
available for the patient during apnea. The risk of aspiration of gastric  
contents may be increased in this population, and obese patients should 
be considered to have “full stomachs” during airway manipulation. For 
these reasons, we recommend that intubation be performed in the 
presence of an experienced operator, if possible. Once the decision has 
been made to intubate, appropriate planning should commence with-
out delay. Patient positioning is crucial to the success of the procedure. 
The “ramp” position is preferred in severely obese patients because 
it allows increased visualization of the larynx when compared to the 
“sniff ” position. The ramp position is achieved by placing pillows 
and blankets under the upper body, head, and neck until the exter-
nal auditory meatus and the sternal notch are horizontally aligned  
(Fig. 130-2).35 Critical desaturation during intubation may occur due 
to reduced FRC and oxygenation stores. Preoxygenation may be useful 
at preventing this complication. Early planning allows for the con-
sultation of an experienced operator and an opportunity to consider 
the approach to airway management, including the use of fiberoptic 
assistance (see Chap. 45).

Several factors promote the development of atelectasis in the extremely 
obese patient who is intubated for respiratory failure. These include the 
supine position, administration of sedatives and narcotics, and trans-
laryngeal intubation. As a result, extremely obese patients frequently 
require increased levels of positive end-expiratory pressure to prevent 
atelectasis and maintain adequate oxygenation, even in the absence of 
acute lung injury. In our experience, a positive end-expiratory pressure 
of 8 to 15 cm H2O is frequently necessary. Because of atelectasis, sig-
nificant hypoxemia may be present at the time that the patient appears  
otherwise ready to sustain spontaneous breathing. In such cases it 
may be necessary to “break the rules” that typically guide the deci-
sion to extubate, while being prepared for possible failure. Extubation 
to NIV may facilitate this transition and may maintain upper air-
way patency when residual sedation promotes obstructive respiratory 
events, recognizing that some data supporting the routine use of NIV 

for postextubation respiratory failure are not encouraging.36 If possible, 
extremely obese patients should be ventilated and undergo spontane-
ous breathing trials in the reverse Trendelenburg position, a maneuver 
that improves respiratory system compliance by shifting the abdominal 
contents off the chest wall.

Lung protective ventilatory strategies are challenging to apply in the 
extremely obese patient with acute lung injury because of the difficulty 
in diagnosing alveolar overdistension in this population. The plateau 
pressure represents the pressure required to inflate the lung against its 
elastic recoil, as well as that of the chest wall. Because the compliance 
of the chest wall is diminished in extreme obesity, a high plateau pres-
sure does not necessarily indicate alveolar overdistension. Thus, when 
using low tidal volume ventilation in the management of acute lung 
injury or the acute respiratory distress syndrome, the delivery of a tidal 
volume of 6 mL/kg ideal body weight may result in a plateau pressure 
easily exceeding 30 cm H2O without necessarily overdistending alveoli. 
While esophageal manometry may be considered in such cases we do 
not advocate its routine use given the lack of data in this setting. We 
instead recommend measurement of the plateau pressure in the upright 
or semi-upright position to minimize the contribution of increased 
intraabdominal pressure from obesity and at times accepting an arbi-
trarily higher plateau pressure, for example, up to 35 to 40 cm H2O in 
the extremely obese patient, if necessary.

Perioperative Considerations:  The reduced functional residual capacity 
associated with severe obesity encroaches on the closing capacity, the 
lung volume at which small airways in the lung bases begin to close. 
This places severely obese patients at significant risk for atelectasis 
in the perioperative period, particularly during and following upper 
abdominal and thoracic procedures. Hypoxemia may result and may 
be marked in the setting of a relatively unremarkable chest radiograph. 
While pulmonary embolism should always be considered in such 
cases, aggressive measures directed at reversing atelectasis are typically  
effective. Treatment involves adequate analgesia, avoidance of overse-
dation, early mobilization, and vigorous pulmonary toilet. Sleep-
disordered breathing may worsen in the postoperative period, thereby 
increasing the risk of respiratory failure. Preoperative screening of 
obese patients for obstructive sleep apnea is recommended: the STOP-
BANG (Snoring, Tiredness during daytime, Observed apnea, high blood 
Pressure, Body mass index, Age, Neck circumference, Gender) question-
naire represents one such tool for this purpose.37 The early application 
of noninvasive ventilation to improve pulmonary function, reduce 
atelectasis, and treat latent sleep disordered breathing may decrease the 
incidence of postoperative pulmonary complications.

■■ TRACHEOSTOMY
Consideration should be given to early tracheostomy in the following  
settings: (1) when severe obstructive sleep apnea that is refractory to 
medical therapy is present, (2) when long-term nocturnal ventilation 
for the treatment of obesity hypoventilation syndrome is planned, and 
(3) when the course of recovery is expected to be prolonged. While the 
rate of life-threatening complications from tracheostomy is low overall 
in extremely obese patients, the risk is not zero, and there are a variety 
of challenges to the safe performance and routine maintenance of a tra-
cheostomy in this patient population.38 Increased submental and anterior 
cervical fat may increase the difficulty of the procedure and also obstruct 
the tracheostomy lumen once placed. Increased skin to airway distance 
makes routinely available tracheostomy tubes unsuitable for use in many 
extremely obese patients. Inadvertant dislodgment of the tracheostomy 
tube may be associated with rapid desaturation in the extremely obese 
patient lying flat, while the replacement of the tube may be technically 
challenging. In such cases, it is preferable to reintubate the patient orally. 
For all these reasons, the performance of a tracheostomy should ideally 
be conducted by an operator with experience in caring for extremely 
obese patients, and the patient should be observed in the ICU setting for 
a period of time following the procedure.

FIGURE 130-2.  A morbidly obese patient placed in the “ramped” position. The external 
auditory meatus and the sternal notch are horizontally aligned. (Reproduced with permission 
from Kristensen MS. Airway management and morbid obesity. Eur J Anaesthesiol. November 
2010;27(11):923-927.)
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OTHER PROBLEMS IN THE DELIVERY OF CRITICAL CARE

■■ ESTABLISHING VASCULAR ACCESS
Establishing intravenous access may be difficult in the extremely obese 
patient, beginning with the frequent inability to place a peripheral intra-
venous line. The increased distance from skin to blood vessel makes any 
attempt to cannulate a central vein more difficult, while the sharp angle 
required at times to cannulate the subclavian and femoral veins may 
make it impossible for the operator to pass the wire and/or dilator. In 
some patients, the needle and the introducer may be too short for the 
subclavian site. The femoral site should be used as a last resort because 
of the increased risk of infection and thrombosis associated with this 
site; in addition, this site is frequently inaccessible because of inter-
trigo. The internal jugular vein is therefore generally the site of choice 
for extremely obese patients, even with the difficulties imposed by a 
short, thick neck. We recommend the use of real-time ultrasonography  
when possible.

■■ NUTRITIONAL SUPPORT
Initially, critically ill obese patients exhibit less lipolysis and fat oxidation 
than nonobese subjects.39 This decreased ability to mobilize fat increases 
protein breakdown to fuel gluconeogenesis and, hence, ensure adequate 
carbohydrates for energy. An increased risk for protein malnutrition 
results, with potentially detrimental effects on immune function, wound 
healing, and lean muscle mass. However, it appears that this impairment 
in lipolysis and fat oxidation is short-lived,40 and that subsequently obese 
patients are able to utilize their significant fat stores for energy in the 
setting of hypocaloric feeding, an approach that improves insulin sensi-
tivity and glycemic control and minimizes the risks of hypercapnea and 
fluid retention. In fact, several trials of carefully controlled hypocaloric 
nutritional support in which adequate protein was supplied demon-
strated that chronically critically ill patients receiving such a regimen 
had nitrogen balance comparable to those patients receiving conven-
tional total parenteral nutrition.

We recommend following the 2009 guidelines of the Society of 
Critical Care Medicine and the American Society for Parenteral and 
Enteral Nutrition.41 This guideline recommends the provision of approx-
imately 60% to 70% of targeted energy requirements, or 11 to 14 kcal/kg 
actual body weight per day. Protein should be administered to patients 
with obesity class I and II at a dose of approximately 2 g/kg ideal body 
weight daily, while patients with obesity class III should receive at least 
2.5 g/kg ideal body weight. Indirect calorimetry should be considered 
to guide nutritional support because of the unreliability of conventional 
equations in this setting.

■■ DRUG DOSING
A variety of alterations in pharmacokinetics have been described in 
obese patients.42 In general, the volume of distribution for drugs with 
greater lipophilicity is increased. There are notable exceptions, however, 
thus illustrating the importance of other factors, such as plasma protein 
binding, in the distribution of drugs. Variable alterations in enzymatic 
and antioxidant systems have been described, and difficulties in estimat-
ing renal clearance rates have been described.

This tremendous intersubject variability, combined with important 
differences between drugs make generalizations about the dosing of 
individual medications impossible. Drugs with a narrow therapeutic 
window such as theophylline and digoxin may confer toxicity when 
dosed according to total body weight. Reference to published guide-
lines for individual drugs is recommended, as is close monitoring of 
clinically available serum drug levels. Because of data indicating an 
increased volume of distribution and prolonged half-life for mid-
azolam in obese subjects and an apparent lack of accumulation for 
propofol when given as a general anesthetic, we prefer propofol as a 
continuous intravenous sedative, when this method of administra-
tion is indicated.43,44 A strategy to prevent any potential accumulation 

of this sedative or the accompanying analgesic is still desirable, 
whether it be by daily interruption of continuous intravenous seda-
tion or conversion to a validated regimen of intermittent sedative  
administration.

■■ MINIMIZING COMPLICATIONS OF CRITICAL ILLNESS
Because of the significantly elevated risk of venous thromboembo-
lism in obesity, an aggressive approach to prophylaxis is merited. 
Unfortunately, data on this subject are lacking even in the general  
medical ICU population, and a survey of surgeons who perform 
bariatric surgery showed wide variation in practice.45 We recom-
mend following the ACCP guidelines for prophylaxis in the bariatric 
surgery patient. This guideline recommends the use of low molecu-
lar weight heparin, low dose unfractionated heparin three times 
daily, fondaparinux, or the combination of one of these agents with 
optimally used intermittent pneumatic compression.46 Higher doses 
than usual may be required (see Chaps. 5 and 39).

Most studies suggest that the risk of aspiration of gastric contents is 
increased in the obese patient due to increased intraabdominal pressure 
and the high volume and low pH of gastric contents in such patients. 
This has implications not only for intubation but also for routine nursing 
and feeding. We recommend that all extremely obese patients be fed and 
nursed in the semi-upright position.

■■ NURSING ISSUES
There are a number of challenges involved in caring for the critically ill 
patient who is obese,47,48 some of which are highlighted in Table 130-2. It is  
important to emphasize that the care of patients with extreme obesity  
is likely to be much more successful and also safer and less frustrating 
for the caregivers if attention is paid to equipment and staffing issues. 
The bariatric bed is an extremely important component of the care 
plan, as are the equipment necessary for the safe and smooth transfer 
of patients. The latter include bariatric stand assist lifts, seating transfer 
aids, full-body slings, the overhead trapeze, and a variety of other equip-
ment. It is critical that patient transfers are performed with adequate 
staffing in order to prevent injury to the patient or staff. The services of a 
lift team should be employed when such a service is available. A culture 
of teamwork and sensitivity is helpful when caring for such patients, 
as with any patient with greater than usual needs, and the increased 
demands placed on nursing in order to accomplish routine tasks should 
be taken into consideration by nursing leadership and by the patient’s 
treating physicians.

  TABLE 130-2   � Nursing Considerations in the Extremely Obese Patient  
With Critical Illness

Monitoring concerns
Limitations in the physical examination
Variable electrocardiogram lead placement
Difficulty obtaining accurate noninvasive blood pressure measurements (consider 
forearm cuff)

Increased difficulty performing bedside procedures (intravenous lines, bladder catheters, etc)

Increased risk of skin and soft tissue injury
Skin breakdown and infection, particularly in skin folds
Unusually located pressure sores from bed posts, equipment, etc
Venous stasis ulcers and cellulitis

Challenges with patient positioning and mobilization
Routine positioning and bathing
Bedside procedures and radiology
Physical therapy
“Road trips” to other locations

Increased demands on staff to deliver routine care

Potential for injury to patient or staff during transfer

section11.indd   1310 1/19/2015   10:56:04 AM

http://www.myuptodate.com


CHAPTER 131: Hypothermia 1311

WEIGHT LOSS
Recovery from critical illness related to extreme obesity provides an 
opportunity to engage the patient in a long-term plan to achieve weight 
loss. Referral to a weight-loss specialist is indicated. In addition to 
dietary counseling and physical activity (insofar as possible), available 
medical therapies include a variety of appetite-suppressant and antia-
bsorptive medications. Unfortunately, although short-term success is 
frequent with nonsurgical management, significant long-term weight 
loss is uncommon. Therefore, careful consideration should be given to 
the option of surgical therapy. Laparoscopic adjustable gastric banding 
and laparoscopic or open Roux-en-Y gastric bypass procedures are per-
formed most commonly, although other techniques are available, and 
the relative merits of these respective procedures are debated amongst 
practitioners. Increasing evidence suggests a long-term mortality benefit 
for properly selected patients who undergo bariatric surgery when com-
pared with matched controls, as well as improvements in or resolution 
of diabetes, obstructive sleep apnea, and various cardiovascular risk 
factors.49,50 Overall perioperative mortality for properly selected patients 
is low (<1%).51 Careful preoperative evaluation and consultation with 
an experienced surgeon is necessary to exclude patients in whom the 
potential benefit of surgery is exceeded by the risk (eg, older patients 
with cor pulmonale).

DOES OBESITY INFLUENCE THE OUTCOME  
OF CRITICALLY ILL PATIENTS?
Obesity has obviously detrimental effects on health across many 
domains, including an increase in the rate of malignancies and an 
increase in mortality rate. The influence of obesity on outcome of 
patients undergoing intensive care is less clear. Whereas some inves-
tigators have found an increased mortality rate and longer length of 
ICU stay with extreme obesity,52 many others have reported outcomes 
that are no different or even improved when compared with nonobese 
patients, and the preponderance of evidence to date suggests that obesity 
is not itself associated with worse outcomes from critical illness.53,54 Our 
recommendation is that the presence or absence of obesity should not 
be considered in assessing a patient’s prognosis.
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C H A P T E R

KEY POINTS

•• Accidental hypothermia results from the unintentional decrease in core 
body temperature to lower than 35°C (95°F) and can be classified as mild  
(32.2-35°C, or 90-95°F), moderate (28-32.2°C, 82-90°F), or severe 
(<28°C, 82°F).

•• Although hypothermia from environmental exposure is common, 
several medical conditions may also predispose to hypothermia 
necessitating hospitalization and admission to the intensive care unit.

•• Individuals at highest risk for hypothermia include the homeless, 
the mentally ill, trauma victims, outdoor workers, those at the 
extremes of age, those with serious underlying medical conditions, 
and those with ethanol or drug intoxication.

•• Multiple organ systems are affected by hypothermia: clinical manifes-
tations depend on the underlying cause and core body temperature. 
Below 30°C (86°F), shivering ceases, level of consciousness progres-
sively declines, and cardiac arrhythmias become more common.

•• In the initial stages, wet clothing should be removed promptly, 
continued heat loss must be prevented, and any underlying illness 
should be identified and treated.

•• Rewarming is the primary treatment for moderate to severe hypo-
thermia. For patients with a core body temperature above 32°C 
(90°F), passive and active external rewarming and supportive ther-
apies are preferred; for patients with lower temperatures and those 
with hemodynamic instability, active core rewarming using body 
cavity lavage or extracorporeal blood warming may be considered.

•• In addition to rewarming, all patients with hypothermia need con-
tinuous monitoring of cardiac status, intensive fluid resuscitation, 
and circulatory support.

Hypothermia is defined as a core body temperature lower than 35°C 
(<95°F). The severity of hypothermia is indicated by the degree to 
which the core body temperature is lowered and is classified as mild, 
moderate, or severe. Several medical conditions may increase the risk 
of hypothermia. Individuals at the extremes of age are at greatest risk. 
Risk of death from hypothermia is related to age, preexisting illnesses, 
nutritional status, and alcohol and drug intoxication.1 In cases of severe 
hypothermia, prompt intervention with rapid rewarming is crucial and 
may be life saving. This chapter discusses the pathophysiology, risk 

section11.indd   1311 1/19/2015   10:56:04 AM

http://www.mhprofessional.com/hall
http://www.myuptodate.com


PART 11: Special Problems in Critical Care1312

  TABLE 131-1    Causes of Hypothermia

Mechanism Clinical Disorder

Decreased heat production Endocrinologic failure

  Hypopituitarism

  Hypoadrenalism

  Hypothyroidism

Insufficient fuel

  Extreme exertion

  Hypoglycemia

  Malnutrition

Neuromuscular inefficiency

  Age extremes

  Impaired shivering

  Inactivity

Increased heat loss Environmental exposure

Induced vasodilation

  Drugs, including alcohol

  Toxins

Skin disorders

  Burns

  Psoriasis

  Exfoliative dermatitis

Iatrogenic

  Cold infusion

  Emergent deliveries

Impaired thermoregulation Peripheral failure

  Neuropathies

  Spinal cord transection

  Diabetes

Central failure

  Metabolic

  Drugs: barbiturates, tricyclic antidepressants, sedatives, alcohol

  Trauma

  Cerebrovascular accident (CVA), subarachnoid bleed

  Parkinsonism

  Hypothalamic dysfunction

  Multiple sclerosis

  Anorexia nervosa

Miscellaneous Sepsis

Pancreatitis

Carcinomatosis

Uremia

Vascular insufficiency

factors, clinical diagnosis, and management of hypothermia. The use 
of hypothermia as a treatment, such as after cardiac arrest, is covered 
in Chap. 26.

REGULATION OF BODY TEMPERATURE
Body temperature is closely regulated through a balance between heat 
production and heat dissipation.2 The majority of endogenous heat pro-
duction results from metabolic activity in the heart and liver. The skin 
accounts for 90% of heat loss and the lungs contribute the rest. Radiation 
cooling (heat loss in the form of infrared radiation) is the primary 
method of thermal load dissipation and accounts for approximately 60% 
of heat loss. Conduction (direct transfer of heat to a cooler object) and 
convection (heat removal by air currents) account for 10% to 15% of 
heat loss while evaporation from skin and the respiratory tract accounts 
for 25% to 30% of heat loss. Conduction is an important mechanism of 
heat loss in immersion accidents because thermal conduction of water 
is approximately 30 times that of air. Convection is important in windy 
conditions by removing the warm insulating layer of air around the 
body. The preoptic nucleus of the anterior hypothalamus is the thermal 
control center, which maintains body temperature at a given set value. 
In response to a decrease in core body temperature, the hypothalamus 
initiates mechanisms to conserve heat by cutaneous vasoconstriction 
and produce heat by stimulation of muscular activity in the form of 
shivering.2,3 Nonshivering thermogenesis occurs via increased activity 
of thyroxine and catecholamines.4,5 In a conscious individual, the appre-
ciation of cold induces the individual to exercise, wear more clothes, or 
move to a warmer environment.

As the core temperature decreases below 35°C (95°F), the coordi-
nated systems responsible for thermoregulation begin to fail because the 
physiologic responses to minimize heat loss are very limited.6 Primary 
hypothermia (accidental hypothermia) refers to a spontaneous decrease 
of core body temperature, usually as result of exposure to cold envi-
ronments without adequate protection. Environmental hypothermia 
results from a combination of heat loss by convection (degree of wind 
exposure), conduction, and radiation to the surrounding ambient air. 
Secondary hypothermia represents a complication of an underlying 
disorder. Some of the disorders and conditions that may predispose an 
individual to hypothermia by decreasing heat production, increasing 
heat loss, or interfering with the central or peripheral control of thermo-
regulation are listed in Table 131-1.1-3,6-10

EPIDEMIOLOGY
From 1979 through 2002, 16,555 deaths attributed to excessive natural  
cold were reported in the United States (an annual average of 689 deaths).11 
Approximately half of the deaths from hypothermia occur in persons 
older than 65 years and males account for the majority of deaths. In 
addition, for persons older than 65 years, the death rate for men and 
women of black and other races was much higher than that for white 
men and women.12 Race-specific differences may reflect differences in 
socioeconomic determinants for factors that are important in the pre-
vention of hypothermia, such as access to protective clothing, shelter, 
and medical care. Hypothermia may occur in any climate and during 
any season of the year. Hypothermia is most common among the elderly, 
the homeless or mentally ill, trauma victims, outdoor workers, children, 
and individuals with certain medical conditions as mentioned above.

CLINICAL PRESENTATION

■■ DIAGNOSIS
When exposure to cold is obvious by history, the diagnosis is simple. 
Measurement of core body temperature is important in diagnosis of 
less overt presentations and in determining the severity of hypothermia.  
Standard thermometers do not measure temperatures below 35°C 
(95°F) and core temperature is best measured by using a cold-recording 

thermometer capable of measuring temperatures as low as 25°C (77°F). 
Bladder catheters with thermistors provide readings similar to intra-
vascular devices. A rectal thermistor probe is often most practical even 
though measurements may lag behind core changes. The probe should 
be inserted to an adequate depth but avoid cold fecal material. An 
esophageal probe is an alternative, but measurements may be falsely ele-
vated in an intubated patient receiving heated oxygen. The reliability of 
tympanic temperature devices has not been established in hypothermia.7
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Clinical manifestations vary with the etiology of hypothermia, rapidity 
of cooling and the duration and severity of hypothermia. The severity of 
hypothermia is classified based on core temperature as mild (35-32.2°C, 
95-90°F), moderate (<32.2-28°C, <90-82°F), and severe (<28°C, 
<82°F).2,3,7,9,13,14 The classification for patients with traumatic injuries is 
more conservative due to worse outcomes, with a core temperature of 
<32°C (90°F) considered severe hypothermia.15,16 This classification has 
implications for management because appropriate treatment depends on 
severity of the disorder, as described below. The onset of hypothermia 
is often insidious. Initial symptoms may be vague and include hunger, 
nausea, dizziness, chills, pruritus, or dyspnea. Extremity stiffness, weak-
ness, and shivering may also be prominent. As core body temperature 
decreases, many patients no longer complain of cold, shivering disap-
pears at temperatures below 32°C (<90°F), and muscles become rigid.7,17 
At this point, the level of consciousness becomes markedly altered and 
systemic manifestations are readily evident. A severely hypothermic 
victim has a markedly decreased metabolic rate. As a consequence, the 
cerebral ischemic tolerance during cardiocirculatory arrest is consider-
ably longer in contrast with the normothermic state.7,18,19 Therefore, one 
has to be very careful in assessing brain death while a patient remains 
hypothermic. Low temperatures cause the myocardium to become irrita-
ble and cardiovascular abnormalities are common.18 These may include 
initial tachycardia followed by progressive bradycardia with an increase 
in systemic vascular resistance. Arrhythmias are common at core tem-
peratures below 32°C (90°F), and ventricular fibrillation may occur 
spontaneously when the temperature is below 28°C (82°F).17 Systemic 
blood pressure is often decreased in patients with severe hypothermia. 
Other clinical manifestations of hypothermia are listed in Table 131-2.

■■ LABORATORY EVALUATION
Initial laboratory evaluations should be obtained to assess metabolic sta-
tus and organ dysfunction. Recommended tests include blood glucose,  
electrolytes, renal and hepatic functions, complete blood count, and 
coagulation profile. Arterial blood gases should be obtained, and cor-
rection for temperature is not necessary.7,20,21 Electrolytes, hematocrit, 
and coagulation status change with rewarming, so frequent monitoring 
is necessary. Other laboratory tests such as thyroid function studies, 
cardiac isoenzymes, toxicologic screen, and cultures should be ordered 
selectively based on the clinical history and examination. Chest and 
abdominal radiographs should be obtained with the need for other 
radiographs dictated by the clinical situation. The following are common 
laboratory findings in patients with hypothermia.

Arterial Blood Gases:  Typically, pH values increase as body temperature 
decreases (0.0147 increase for each 1°C decrease). Arterial pressures 
of O2 and CO2 also decrease with a decrease in temperature (7.2% and 
4.4%, respectively, for each 1°C decrease in temperature), and the oxy-
hemoglobin dissociation curve is shifted to the left. However, because 
all arterial blood gas samples are warmed to 37°C (98.6°F) before values 
are measured, simply comparing uncorrected values measured at 37°C 
with the normal reference values at 37°C yields an accurate interpreta-
tion. Respiratory acidosis and metabolic acidosis are common findings 
in patients with moderate and severe hypothermia.20

Complete Blood Count:  An increase in hematocrit secondary to decrease 
in plasma volume is common (2% for each 1°C decrease in temperature). 
A low initial hematocrit suggests bleeding or preexisting anemia. White 
blood cell and platelet counts may decrease as temperature decreases.2,7 
A normal or low white blood cell count cannot be used as an indicator 
for the absence of infection.

Coagulation Profile:  A physiologic coagulopathy occurs with hypothermia  
due to inhibition of coagulation factors. Hypothermia is associated with 
thrombocytopenia secondary to bone marrow suppression and splenic 
and hepatic sequestration, as well as reduction in platelet function. 
Disseminated intravascular coagulation may also occur with rewarming. 
Prolonged bleeding and clotting times are common. Prothrombin time 
and partial thromboplastin time may initially appear normal despite the 
presence of clinical coagulopathy because the tests are performed after 
warming the blood sample to 37°C.

Serum Electrolytes:  Recurrent evaluation of electrolytes is essential  
during rewarming because no consistent effect is present. Hypo- and 
hyperkalemia may complicate the course of hypothermia and either 
should be promptly corrected.

Serum Urea Nitrogen and Creatinine:  These measurements are almost 
always elevated because of decreased urinary clearance and decreased 
renal perfusion associated with hypovolemia.

Blood Glucose:  Acute hypothermia may be associated with an initial 
elevation of blood glucose, especially when core body temperature 
is above 30°C (86°F), due to catecholamine-induced glycogenolysis, 
inhibition of insulin release, and impaired insulin uptake. Exogenous 
insulin should be avoided as it may cause rebound hypoglycemia  
during rewarming. Subacute and chronic hypothermia produce 
glycogen depletion with subsequent hypoglycemia. Nevertheless, 

  TABLE 131-2    Clinical Manifestations of Hypothermia

System Mild Hypothermia Moderate Hypothermia Severe Hypothermia

CNS Confusion, slurred speech, impaired judgment,  
amnesia

Lethargy, hallucinations, loss of pupillary reflex, EEG abnormalities Loss of cerebrovascular regulation, decline in 
EEG activity, coma, loss of ocular reflex

CVS Tachycardia, increased cardiac output and 
systemic vascular resistance

Progressive bradycardia (unresponsive to atropine), decreased  
cardiac output and BP, atrial and ventricular arrhythmias, 
J (Osborn) wave on ECG

Decline in BP and cardiac output, ventricular  
fibrillation (<28°C) and asystole (<20°C)

Respiratory Tachypnea, bronchorrhea Hypoventilation (decreased rate and tidal volume), decreased 
oxygen consumption and CO2 production, loss of cough reflex

Pulmonary edema, apnea

Renal Cold diuresis Cold diuresis Decreased renal perfusion and GFR, oliguria 
and anuriaHematologic Increased hematocrit and decreased platelet, 

white blood cell count, coagulopathy, and DIC

GI Ileus, pancreatitis, gastric stress ulcers, hepatic  
dysfunction

Altered drug metabolism Altered drug metabolism

Metabolic endocrine Increased metabolic rate, hyperglycemia Decreased metabolic rate, hyper- or hypoglycemia

Musculoskeletal Increased shivering Decreased shivering (<32°C, 90°F), muscle rigidity Patient appears dead, “pseudo-rigor mortis”

BP, blood pressure; CNS, central nervous system; CVS, cardiovascular system; DIC, disseminated intravascular coagulation; ECG, electrocardiogram; EEG, electroencephalogram; GFR, glomerular filtration rate; GI,  
gastrointestinal.
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hypoglycemia is one of the most common causes of mild hypothermia 
in a hospitalized patient.

Other Laboratory Abnormalities:  Hyperamylasemia is common and 
may be related to a preexisting pancreatitis or pancreatitis induced 
by hypothermia. Hyperamylasemia correlates with the severity of 
hypothermia and with mortality rate. Variable elevation in creatine 
phosphokinase levels may reflect underlying rhabdomyolysis.

Electrocardiographic Abnormalities:  PR, QRS, and QT intervals may 
be prolonged secondary to hypothermia-induced slowed impulse  
conduction. When body temperature decreases below 33°C (91.4°F), 
the J (Osborn) wave may be noted as a positive deflection in the left 
ventricular leads at the junction of the QRS and ST segments in 25% 
to 30% of patients.2,22-24 The presence of this wave is not pathogno-
monic and has no prognostic implication (Fig. 131-1).

MANAGEMENT
The severity of hypothermia, clinical findings, and comorbid conditions 
of the patient are important factors for determining the aggressiveness of 
resuscitation techniques (Fig. 131-2). Once hypothermia is confirmed, 
assessment and treatment of the critically ill patient should take place 
simultaneously. Actions in all patients should include prompt removal of 
wet clothing, protection against continued heat loss, continuous moni-
toring of cardiac status, and avoidance of rough movement and excess 
activity, which can precipitate ventricular fibrillation.21,25-27 Patients 
received in the hospital with moderate or severe hypothermia should 
be resuscitated until adequate rewarming has occurred or efforts are 
deemed unsuccessful.14,25,26

■■ INITIAL STABILIZATION
Hypothermia should be confirmed by an accurate assessment of core 
temperature with a low reading thermometer. In patients with moderate 
to severe hypothermia, temperature should be assessed continuously. 

Other vital signs may be difficult to evaluate, but evidence of a spontane-
ous pulse or blood pressure should be aggressively sought. The use of a 
Doppler ultrasound device may be necessary. Pulse oximetry is unlikely 
to be accurate in the setting of hypothermia and poor perfusion.

Supplemental oxygen should be administered pending assessment of 
oxygenation. Endotracheal intubation is indicated unless the patient is 
alert and has intact airway reflexes. Orotracheal intubation is preferred 
due to the risk of traumatic bleeding with the nasal route. However, 
muscle rigidity of the jaw in moderate to severe hypothermia may 
preclude use of the oral route. Neuromuscular blockers are unlikely to 
be effective at temperatures below 30°C (86°F) and should be avoided. 
Topical vasoconstrictors and the use of a smaller endotracheal tube may 
facilitate blind nasotracheal intubation in the patient with some spon-
taneous respirations. Intubation is unlikely to induce dysrhythmias in 
hypothermic patients.10

A nasogastric or orogastric tube should be placed in patients with 
moderate or severe hypothermia to relieve gastric distention. A urinary 
catheter is also essential to monitor urine output and assess volume 
resuscitation efforts. Peripheral venous large gauge catheters are pre-
ferred over central venous access due to the potential to precipitate 
dysrhythmias. The femoral vein is the preferred site if a central venous 
catheter is needed. Intraarterial catheters for pressure monitoring should 
be used selectively. Pulmonary artery catheters are avoided due to poten-
tial dysrhythmias and the risk of vascular perforation. After rewarming, 
invasive monitoring may be warranted in complicated cases. Patients 
with moderate or severe hypothermia should be handled gently because 
movement and manipulation may precipitate arrhythmias. Associated 
conditions requiring urgent intervention, such as traumatic injuries, 
hypoglycemia, or endocrinologic insufficiency, should be sought.

■■ VOLUME RESUSCITATION
Patients with moderate or severe hypothermia are volume depleted and 
require rapid assessment of volume status and administration of fluids. 
A reasonable approach is to administer a 250- to 500-mL fluid challenge 

FIGURE 131-1.  The J (Osborn) wave (arrows) appears on electrocardiograms of approximately 80% of hypothermic patients. In general, the amplitude and duration of the Osborn wave 
are inversely related to core temperature.
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of warmed 5% dextrose in normal saline until further evaluation can be 
completed. During rewarming, increased fluid requirements are often 
necessary to prevent or treat hypotension. It has been recommended 
that lactated Ringer solution be avoided due to decreased ability of the 
liver to metabolize lactate.

In moderate or severe hypothermia, intravenous fluids heated to 40°C 
to 42°C (104-107.6°F) should be administered. Heated intravenous flu-
ids add little heat (unless very large volumes are infused) but do avoid 
further heat loss and the cooling effect of fluid therapy. Crystalloids can 
be heated in a microwave or commercial fluid warmer and should be 
mixed adequately before administration. Conductive heat loss can be 
minimized by using short segments of intravenous tubing and adminis-
tering fluid as intermittent boluses.28 Alternatively, fluids can be heated 
to higher temperatures (60°C, 140°F) when long lengths of tubing can-
not be avoided.

Hemoconcentration is usually present in the severely hypothermic 
patient. A low initial hematocrit suggests acute hemorrhage or preexist-
ing anemia. Occasionally, transfusion of packed red blood cells may be 
necessary as part of acute resuscitation. Different blood warming devices 
are available to deliver warm red cell products. The patient should be 
monitored closely for clinical signs of fluid overload during rewarming.

■■ CIRCULATORY SUPPORT
Cardiopulmonary resuscitation is indicated in any patient with moder-
ate to severe hypothermia in whom no pulse is present after appropriate 
evaluation or who has a nonperfusing rhythm such as ventricular fibril-
lation or asystole. The patient with a bradycardic pulse does not require 
pharmacologic manipulation of heart rate. Chest wall compressions 
are difficult and require more force in the hypothermic patient due to 
decreased chest wall elasticity. Frequent change of personnel performing 
chest compressions is necessary to prevent fatigue and ineffectiveness.

Initial defibrillation should be attempted for ventricular fibrillation 
or ventricular tachycardia without a pulse, although attempts may be 
unsuccessful at temperatures below 30°C to 32°C (86-90°F). If initial 
defibrillation is unsuccessful, rewarming is instituted and defibrillation 

is attempted again after every 1°C to 2°C increase in temperature or 
when core temperature increases above 30°C to 32°C. Antiarrhythmic 
and vasoactive drugs are usually ineffective at temperatures below 30°C 
(86°F). These drugs should generally be avoided until rewarming to 
above 30°C (86°F), and then the lowest effective dose should be used. 
Excessive administration of resuscitation drugs may result in toxicity 
with rewarming due to altered metabolism.

Most hypothermia-induced arrhythmias will convert spontaneously 
with rewarming. Atrial fibrillation is seen frequently and does not usu-
ally require specific treatment because the ventricular rate is usually 
slow. The best approach to ventricular arrhythmias has not been deter-
mined. Bretylium tosylate has been effective in animal studies but is not 
currently used in resuscitation.27,28 Lidocaine appears to be less effective, 
and procainamide may increase the incidence of ventricular fibrilla-
tion. The effects of amiodarone in hypothermic patients have not been  
evaluated. The optimal dose and infusion rate of bretylium and other 
vasoactive drugs are unknown in severe hypothermia.

Hypotension should be treated initially with volume replacement. 
Vasopressor agents have minimal effect on constricted vessels in moder-
ate or severe hypothermia but may increase the risk of dysrhythmias.

■■ REWARMING METHODS
Although rewarming is the primary treatment for moderate or severe 
hypothermia, controversy exists as to the optimal method, duration, and 
rate of rewarming. No controlled studies comparing rewarming methods 
exist, and rigid treatment protocols cannot be recommended. Rapid rates 
of rewarming have not been proven to improve outcome in patients with 
severe hypothermia. The clinical circumstances, availability of resources, 
and advantages and disadvantages of available methods should be taken  
into account when selecting specific interventions for the patient.3,7-9,14,18,21,25,31

■■ PASSIVE EXTERNAL REWARMING
Passive external rewarming involves covering the patient with an insulat-
ing material to prevent further heat loss. This method is the treatment of 
choice for most patients with mild hypothermia and is used as an adjunct 

FIGURE 131-2.  A systematic approach to a patient with hypothermia.
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in patients with moderate or severe hypothermia. Patients must have 
adequate physiologic reserve to increase their metabolic rate and gener-
ate heat to rewarm themselves. Rewarming rates with passive external 
rewarming in mild hypothermia vary between 0.5°C and 2.0°C per hour.6

■■ ACTIVE REWARMING
Active rewarming involves the transfer of exogenous heat to the patient 
by using external or internal techniques. Indications for active rewarming  
include cardiovascular instability, poikilothermia (<32°C), inadequate 
rewarming with other methods, endocrinologic insufficiency, and 
traumatic peripheral vasodilation (ie, spinal cord injury). Patients with 
endocrinologic diseases may have insufficient glycogen stores or insuf-
ficient endogenous thermogenesis.

■■ ACTIVE EXTERNAL REWARMING
Different methods have been used for active external rewarming 
(AER), including immersion in a 40°C bath, warming blankets, heat-
ing pads, radiant heat, and forced air rewarming. Indications for 
use of these devices remain controversial. Concerns were raised in 
the past regarding AER because vasodilation in the extremities may 
facilitate transport of colder peripheral blood to the warmer core, 
thereby lowering the core temperature (“afterdrop”), but experience 
with AER has not found evidence of afterdrop. Peripheral vasodilation 
may also potentially worsen hypotension. Immersion in a warm water 
bath can impede monitoring and active resuscitation. Thermal injury 
can occur with heating pads, warming blankets, and radiant heat 
sources. The most practical technique for AER in hospitals is forced 
air rewarming, which transfers heat convectively and prevents heat 
loss. These devices are usually readily available from postoperative 
care units. They enable greater contact of warm air with the patient’s 
body than traditional warming blankets. Successful use of forced air as 
the primary rewarming method in patients with severe hypothermia 
with and without cardiac arrest has been reported.32 Newer resistive 
polymer blankets have been compared to forced air rewarming in 
volunteers and postoperative patients but there is no experience in 
hypothermia victims.33,34

Warming rates of 1°C to 2.5°C per hour have been reported with 
AER after accidental hypothermia.32,35 Circulatory problems may be 
minimized if AER is applied only to the trunk. Truncal AER may be 
combined successfully with other methods of active core rewarming 
such as warmed intravenous fluids and heated humidified oxygen. The 
advantages of AER are ease of institution, availability, low cost, and 
noninvasiveness.

■■ ACTIVE CORE REWARMING
Numerous alternatives are available for active core rewarming which is 
the application of heat to the body core. Airway rewarming using heated 
humidified oxygen is relatively simple to institute and should be a part 
of management of most patients with moderate or severe hypothermia.36 
The delivery of heated oxygen is more effective through an endotracheal 
tube than by mask. Oxygen should be warmed to 40°C to 45°C (104-
113°F) through modification of humidifier devices.37 A rewarming rate 
of 1°C to 2.5°C per hour can be expected.7 Although there are several 
proposed advantages of airway rewarming that include decreased respi-
ratory heat loss, increased heat donation to the respiratory tract, and 
direct heat transfer to the hypothalamus, brain stem, and medulla, its 
efficacy remains equivocal.38

Heated irrigation has been used to transfer heat from fluids to inter-
nal body areas with a variety of techniques. Peritoneal dialysis or lavage 
is probably the most widely recognized method of heated irrigation. 
Peritoneal dialysis can deliver fluid heated to 40°C to 45°C (104-113°F) 
to the peritoneal cavity with flow rates of approximately 6 L/h. Potential 
advantages of this technique are hepatic rewarming, use during chest 
compressions, and the capability to simultaneously provide renal 
replacement when a dialysate is used. Rewarming rates average 1°C 
to 3°C per hour.6 This technique is not routinely advocated for stable 

patients but may be considered in combination with other rewarming 
methods for the patient with no evidence of perfusion.

Closed thoracic lavage also has been proposed for treatment of hypo-
thermia.39-42 This technique uses a large thoracostomy tube inserted into 
the anterior second or third intercostal space in the midclavicular line.  
A second tube is inserted in the posterior axillary line in the fifth or  
sixth intercostal space. Sterile normal saline heated to 40°C to 42°C 
(104-107.6°F) is infused through the anterior tube and allowed to drain 
passively from the posterior tube. This technique may have the advan-
tage of warming the heart and great vessels. However, clinical experience 
is limited. Mediastinal irrigation and myocardial lavage could be con-
sidered in patients with severe hypothermia and no spontaneous perfu-
sion. These techniques require expertise for thoracotomy and clinical  
experience is limited.

Irrigation of the stomach, bladder, or colon has limited utility because 
the surface area available for conductive heat transfer is small. In addi-
tion, gastric lavage may predispose to aspiration and must be discontin-
ued during chest compressions. Special double lumen esophageal tubes 
or modified Sengstaken tubes have had limited evaluation and use.43,44 
These techniques are warranted only if no other methods are available 
for rewarming.

Several methods have been used for extracorporeal blood rewarming.  
These include hemodialysis, venovenous rewarming with continuous  
renal replacement techniques, venovenous extracorporeal membrane 
oxygenation (ECMO), and cardiopulmonary bypass (CPB). Hemodialysis 
uses a two-way flow catheter with percutaneous cannulation of a single 
vessel. The femoral vein is preferred over the subclavian vein to avoid 
myocardial irritation with the guidewire. This technique may be most 
appropriate in the patient without severe hemodynamic instability, 
although it has been used in unstable patients.45,46 Hemodialysis may be 
the preferred rewarming method when hypothermia is associated with 
severe renal dysfunction or intoxication with dialyzable substances. An 
alternative to hemodialysis is continuous venovenous rewarming.47 This 
technique uses countercurrent fluid warming in the dialysis cartridge 
with use of a roller pump.

More recently, venovenous ECMO has been utilized for treatment 
of severe hypothermia in patients with cardiovascular instability.48,49 
Potential advantages include the availability of portable units, limited 
need for heparinization, percutaneous cannulation that does not inter-
fere with resuscitation, support of pulmonary function and rewarming 
rates similar to CPB.

CPB using standard access through the femoral artery or femoral 
vein is the most invasive and labor-intensive technique for rewarming.50 
It has the advantages of providing complete hemodynamic support 
during rewarming and rapid rewarming rates.18 Core temperature can 
increase 1°C to 2°C every 3 to 5 minutes with femoral flow rates of 2 to 
3 L/min.6 Unfortunately, CPB may require considerable time to institute 
and is not available in all institutions. Systemic anticoagulation may be 
contraindicated in trauma victims or contribute to hypothermic coagu-
lopathy. Heparin-bonded tubing, portable circuits, and methods using 
venovenous access may overcome some of these problems.51,52 These 
advances have allowed the institution of CPB in emergency departments 
and intensive care units.53 Long-term outcomes of patients with severe 
hypothermia treated with CPB have been favorable.54

Another technique for active core rewarming is intravascular warm-
ing with an endovascular temperature control device. These systems are 
used most commonly to induce mild hypothermia in patients suffering 
cardiac arrest. Experience is very limited but potential advantages may 
include percutaneous femoral insertion and no use of anticoagula-
tion.55,56

■■ FUTURE TECHNIQUES
Techniques such as the use of very high-temperature intravenous fluids 
and diathermy are being explored for the treatment of moderate or 
severe hypothermia. Intravenous fluids heated to 65°C (149°F) have 
been used in animal studies and resulted in rewarming rates of 2.9°C to 
3.7°C per hour with minimal intimal injuries.57,58
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Diathermy involves the conversion of energy waves into heat. 
Ultrasound or low-frequency microwave radiation can deliver large 
amounts of heat to deep tissues. Although animal studies are promising, 
further investigation is needed to determine optimum clinical use.6,38

■■ SUPPORTIVE CARE
Numerous complications are associated with moderate and severe hypo-
thermia and should be anticipated by the clinician. Continuous monitor-
ing and frequent reassessment of metabolic and hemodynamic parameters 
are essential to successful outcome. Rhabdomyolysis is frequent and may 
result in electrolyte disturbances and renal dysfunction. Compartment 
syndromes may become apparent several days after initial treatment. 
Acute respiratory distress syndrome, acute tubular necrosis, and dissemi-
nated intravascular coagulation may require intensive interventions.

PROGNOSIS
The prognosis for hypothermia is improved by prompt recognition of 
the clinical presentation and institution of appropriate management 
strategies.51 The risk of death from hypothermia is related to age, pre-
existing illnesses, nutritional status, and alcohol and drug intoxication. 
Outcome from severe hypothermia is difficult to predict. Mortality rates 
vary in several cohorts between 40% and 75%.21 Clearly, resuscitation 
will be successful only if cardiac arrest is due to hypothermia and not 
a consequence of anoxia or other injuries. Underlying diseases, pre-
cipitating events, and duration and severity of exposure are important 
factors to be considered.59,60 Although the treatment dictum has been 
that “no one is dead until warm and dead,” clinical judgment is neces-
sary for determining the most appropriate treatment and termination 
of efforts.21 Proposed indicators of prognosis on arrival include severe 
hyperkalemia (>10 mEq/L), which may indicate death before severe 
hypothermia, a venous pH below 6.5, and severe coagulopathy.36,61

PREVENTION
Many episodes of severe hypothermia may be preventable by implement-
ing public health strategies that include education programs targeting 
high-risk individuals such as the elderly and the homeless. Specific pre-
ventive measures include wearing adequate protective clothing, maintain-
ing fluid and calorie intake, avoiding fatigue, ensuring heated shelter, and 
avoiding excessive alcohol consumption. Emergency departments and 
intensive care units should be prepared to manage victims with hypother-
mia especially in the winter months. Social services should be adequately 
staffed to provide counseling and shelter to homeless persons during 
periods of extreme cold. Family members, home health care workers, and 
social service providers should closely monitor the elderly and patients 
with medical conditions that may predispose to hypothermia.
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132
C H A P T E R

KEY POINTS

•• Immersion and diving produce physiologic effects from increased 
hydrostatic pressure and its effects on the physical behavior of gases.

•• Diving with compressed air (or other breathing mixtures) causes the 
body to take up extra nitrogen or other inert gases in proportion to 
the pressure change. During ascent, these dissolved gases must leave 
gradually through the lungs to avoid decompression sickness (DCS).

•• DCS is caused by gases leaving solution and forming bubbles in 
body tissues, leading to musculoskeletal pain (bends) or neuro-
logic symptoms due to direct vascular damage, ischemia, edema, 
and inflammation.

•• DCS usually manifests within minutes to hours of surfacing and 
is emergently treated with high-flow O2 and the administration 
of fluids. Oxygen recompression in a hyperbaric chamber is the 
definitive treatment for signs and symptoms and for the preven-
tion of recurrences, even if delayed 1 or 2 days.

•• Arterial gas embolism (AGE) is the result of overexpansion of the lungs 
during ascent from diving with compressed gas. It is usually associated 
with rapid ascent and CNS symptoms and after drowning, is the sec-
ond leading cause of fatalities in recreational diving. AGE is a medical 
emergency that also occasionally occurs in the hospital setting.

•• Drowning is defined by asphyxia in water, and is usually associated 
with aspiration of water. In survivors, the primary injuries are to 
the brain, heart, lungs, and kidneys. Drowning is common in chil-
dren, and in young adult males, and is often associated with drug 
or alcohol ingestion.
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relevant to diving are shown in Table 132-1 where one of the three 
variables is held constant. The most important of these is Boyle’s law, 
which accounts for the change in volume with a change in pressure and 
explains the need to equilibrate pressure inside gas-containing spaces in 
the body, such as the middle ear spaces and lungs, to avoid barotrauma 
of descent (eg, ear squeeze) or ascent (eg, gas embolism).

Air is composed of mixtures of different molecules in which the total 
pressure is equal to the sum of the partial pressures of each gas. This 
reflects Dalton’s law of partial pressures, which states that each gas in a 
mixture behaves as though it alone occupies the entire space. The uptake 
of gases by tissue is determined primarily by the diffusion of gas from 
the alveolar spaces into blood and by transport of gas to tissues by the 
circulation (perfusion). The amount of a gas dissolved in liquid at any 
temperature, such as blood or tissues of the body at 37°C (98.6°F), is also 
proportional to its partial pressure (Henry’s law). The gas concentra-
tion in tissue at equilibrium is related to the partial pressure of the gas 
multiplied by its solubility coefficient. The physiologic effects of diving, 
such as nitrogen narcosis and the requirement for decompression, and 
decompression illnesses such as decompression sickness (DCS) and 
arterial gas embolism (AGE) generally correlate with the partial pressure 
of the gas in the body tissues.

IMMERSION AND BREATH-HOLD DIVING
Water immersion produces three main physiologic effects: a decrease 
in thoracic gas volume, an increase in cardiac output, and a diuresis.1 
The blood vessels outside the thorax are supported by water, and the 
upright body is exposed vertically to a hydrostatic pressure gradient that 
compresses the abdomen relative to the thorax, thereby causing nega-
tive pressure breathing (approximately −20 cm H2O). The diaphragm is 
displaced upward, which decreases thoracic gas volume and expiratory 
reserve volume. The pressure gradient across the diaphragm, coupled to 
a hydrostatic stiffening of the venous capacitance in the legs, increases 
the thoracic blood volume by about 20%, including the heart. Arterial 
vasoconstriction may further increase the central blood volume if the 
water temperature is below the thermoneutral point (∼34°C, 93.2°F).

The cardiovascular distention accompanying immersion activates 
mechanoreceptors that normally respond to hypervolemia. This appar-
ent hypervolemia is sensed in the hypothalamus via vagal afferents and 
leads to an immersion response consisting of diuresis and natriuresis. 
Their profiles suggest that they operate by different mechanisms because 
peak diuresis occurs rapidly (1-2 hours) while peak natriuresis occurs 
slowly (4-5 hours). Immersion diuresis but not natriuresis can be pre-
vented by fluid restriction and vasopressin administration. The immer-
sion response is driven by suppression of antidiuretic hormone release, 
also known as the Gauer-Henry response. The urinary sodium excretion 
correlates with distention of the heart, but is related to a decrease in 
tubular sodium reabsorption and not to an increase in sodium filtration.  
Natriuresis involves aldosterone suppression via decreased renin-
angiotensin activity, increased release of atrial natriuretic factor(s), release 
of renal prostaglandins, and decreased renal sympathetic activity.

The distension of the heart in immersion enhances ventricular 
diastolic filling (preload), which increases the cardiac output almost 
entirely due to an increase in stroke volume, which may double. The 
elevated cardiac output is sustained, but is not accompanied by an 
increase in oxygen consumption.

The immersion response has important implications for the physi-
ological events related to breath-hold diving.2 While breath-holding, the 
inflation of the lungs provides a reservoir for the continued exchange 
of O2 for CO2. A breath-hold in air decreases the mean alveolar partial 
pressure of O2 (PO2) as a linear function of the decrease in mixed venous 
PO2. As alveolar PO2 falls, the O2 consumption remains constant until the 
O2 delivery reaches a threshold beyond which anaerobic metabolism 
increases. CO2 enters the lungs in proportion to pulmonary blood flow 
and the CO2 diffusion (PCO2) gradient between the mixed venous and 
alveolar partial pressures. Initially, the CO2 transfer rate is high, but falls 

  TABLE 132-1    Pressure Equivalents and Gas Laws

Pressure Condition fsw mm Hg psig ATA

Sea level 0 760 0 1.0

Seawater 33 1520 14.7 2.0

Seawater 66 2280 29.4 3.0

Seawater 330 8360 147.0 11.0

Boyle law P
1
V

1
 = P

2
V

2
 

Charles law V
1
/T

1
 = V

2
/T

2

Gay-Lussaac law P
1
/T

1
 = P

2
/T

2

ATA, atmosphere absolute (depth in ATA = [fsw + 33]/33); fsw, feet seawater; psig, pounds per square 
inch gauge (a pressure gauge at sea level reads zero).

Water sports are enjoyed by millions of people of all ages throughout the 
world, but the water environment is deceptively hazardous, and swimmers,  
divers, and boaters display various degrees of skill, experience, and judg-
ment. Too often, inexperienced swimmers or divers venture into perilous 
conditions with deadly results. In many cases, they have ignored their 
physical limitations or impaired their faculties with alcohol or other 
drugs. In some situations, such as with young children, the encounter with 
water is unsupervised or unexpected. The exact numbers of such aquatic 
incidents worldwide and their effect on health care systems are difficult to 
estimate, but according to the Global Burden of Disease the overall death 
rate by drowning is around 8.4/100,000 people. This converts to more 
than half a million deaths per year and probably several times that number  
of drowning episodes. Many victims survive the incident only to die hours 
or days later in the hospital. In the United States and other westernized 
nations, there are also several million active sports divers, and there are 
several thousand diving accidents each year. Thus, the consequences and 
management of victims of drowning incidents and recreational diving 
accidents must be familiar to the intensive care specialist.

THE PHYSICS OF UNDERWATER ENVIRONMENTS
The physiologic changes produced by the underwater environment are a 
result of the direct effects of increased hydrostatic pressure and its effects 
on the physical behavior of gases. Pressure is measured in units of force per 
area, which can be expressed in several convenient forms (Table 132-1).  
At sea level, the pressure of the atmospheric column is approximately 
760 mm Hg (14.7 lb/in2). Underwater, the pressure of the water column 
must be added to the atmospheric pressure to obtain total pressure, 
usually expressed in atmospheres absolute (ATA). The water pressure is 
directly proportional to the depth; for instance, a seawater column 33 ft 
deep (fsw) exerts a pressure equivalent to 1 atmosphere of air at sea level. 
Thus, a diver at 33 fsw is exposed to a total pressure of 2 ATA.

In diving on compressed air, the diver must inhale at an inspired gas 
pressure that is very close to the absolute pressure surrounding the body. 
This means the lungs (or other gas-filled cavities) must be filled with a 
larger number of gas molecules in order to maintain a constant volume 
at a given temperature. The relation of pressure (P), volume (V), temper-
ature (T) to number of moles of gas (n) is described by the ideal gas law:

PV = nRT

where R is the universal gas constant. The ideal gas law gives rise to 
the special gas laws important in diving. The three special gas laws 

(132-1)

•• Drowning may be accompanied by traumatic injuries and complicated 
by acute respiratory distress syndrome (ARDS), often of late onset and 
often aggravated by aspiration of gastric contents or other foreign debris.

•• Drowning may be complicated by pneumonia (or sepsis) caused 
by unusual pathogens present in contaminated water. However, the 
prophylactic administration of antibiotics is not recommended.
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as the alveolar PCO2 approaches the mixed venous PCO2. Continuing CO2 
production increases the mixed venous PCO2, which then allows the alve-
olar PCO2 to increase further. The rising PCO2 causes breathing to resume 
at the so-called break point. The time to the break point can be extended 
by maneuvers that lower the PCO2 or raise the PO2 such as hyperventila-
tion or O2 breathing. Hyperventilation does not appreciably increase the 
body’s O2 stores because the increase in alveolar PO2 resulting from a 
decrease in alveolar PCO2 only increases blood O2 content slightly. Thus, 
hyperventilation extends breath-hold time, but profound hypoxia may 
develop before the CO2 reaches the break point.

The physiology of breath-holding is altered by underwater descent 
because the thoracic compression decreases the lung volume, which 
increases the partial pressures of O2, CO2, and N2 in the lungs (Fig. 132-1).  
The alveolar O2 and CO2 concentrations decrease faster than the inert 
gas (N2) because those gases are transferred more quickly to the pulmo-
nary capillary blood as O2 is consumed and since CO2 is more soluble 
than nitrogen.

Compared with a simple breath-hold in air, the alveolar PO2 initially 
increases during a breath-hold dive due to the increase in pressure on 
the thorax. The transfer of CO2 during the early descent is opposite  
normal, and CO2 moves from alveoli to pulmonary capillary blood. 
During ascent, the lung re-expands, and as the pressure decreases, so 
do the alveolar PO2 and PCO2. Near the surface, the alveolar PO2 may 
approach the mixed venous PO2, and during ascent from particularly 
strenuous dives, the expansion of hypoxic alveoli may result in reverse 
O2 transfer from mixed venous blood to alveoli (see Fig. 132-1). Carbon 
dioxide in the blood during the dive also leaves during ascent as alveolar 
PCO2 decreases. Carbon dioxide elimination continues after the dive as 
does the elimination of the small amount of N2 that entered the blood 
during the dive.

Hyperventilation before a breath-hold dive is a dangerous way to 
extend the duration of dive. Because the alveolar PO2 initially increases 
from thoracic compression, the primary signal to return to the surface is 
the PCO2. If the diver hyperventilates before the breath-hold, the arterial 
PCO2 begins at a lower level, which extends the time to the break point. 
During the longer dive, the alveolar O2 concentration decreases to lower 
levels, and as the diver approaches the surface, life-threatening hypoxia 
and loss of consciousness may occur. Traditionally, this is called shallow 
water blackout, although free divers may refer to it as deep water blackout 

to distinguish it from unconsciousness after breath-hold swimming 
events performed entirely in shallow water, such as in pools.3 Both types 
of events are responsible for many episodes of drowning.

In breath-hold diving, the physiology is modified by a diving response 
induced by apnea and facial immersion, particularly if the water is cold. 
This diving response, manifested by the triad of apnea, bradycardia, 
and redistribution of organ blood flow is most pronounced in young 
children. It has been interpreted as an O2-conserving response that 
redistributes blood flow from organs resistant to hypoxia to organs with 
continuous O2 needs such as heart and brain. This diving response may 
convey a small advantage to trained human apnea divers, and it probably 
does contribute to the survival of children after submersion in cold water.

DIVING WITH COMPRESSED GASES
The practical utility of underwater breath-hold diving is limited by time 
and depth, although today there are still working free divers, such as the 
Japanese Ama, and competitive, “no-limit” apnea divers have achieved 
depths exceeding 200 m. The use of pressurized underwater breathing 
apparatus provides the diver with a continuous supply of breathing gas 
at almost any depth. In shallow water, for instance, 0 to 135 fsw, diving  
is usually carried out with compressed air because it is inexpensive 
and readily available, even at remote locations. Air divers are usually 
free swimming, that is, they use a self-contained underwater breathing 
apparatus (SCUBA). Special gas mixtures, such as 32% nitrogen-oxygen 
(nitrox), used to extend the bottom time and/or provide an extra safety 
margin, are increasingly being used by recreational divers.

The recommended maximum safe depth for Scuba divers is 135 fsw 
and approximately 200 fsw for divers tethered to a safety line.4 Safety 
concerns are brought about by three factors: nitrogen narcosis, safe 
decompression, and oxygen toxicity. The problems of importance to 
the intensive care specialist are related to decompression illness and 
pulmonary overpressurization as discussed below. The other problems 
are covered in standard textbooks on diving medicine.

To dive beyond the practical range of compressed air, special gas mix-
tures, such as helium-oxygen (heliox) or oxygen-enriched air (nitrox) 
must be supplied. In heliox operations, inspired oxygen pressure is 
usually maintained at a constant 0.4 to 1.0 ATA, and the helium may 
be recycled by gas reconditioning equipment. Surface-supplied heliox 

FIGURE 132-1.  Mechanism of shallow water blackout. All values are expressed in millimeters of mercury. A. The breath-hold diver hyperventilates before the dive to bring down the 
alveolar partial pressure of CO2 (PaCO2). B. At depth, arterial CO2 (PaCO2) and O2 (PaO2) increase as the alveoli are compressed by hydrostatic pressure. C. At the end of the breath-hold dive, CO2 
increases toward the break point, and the diver begins to ascend. Note the decreased PaO2 and PaO2 at this point. D. When approaching the surface, PaCO2 and PaO2 decrease as the alveoli reexpand; 
O2 leaves the pulmonary capillaries and enters the alveoli. This may result in profound hypoxemia and produce unconsciousness.
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diving is expensive but effective and relatively safe to depths of 400 fsw. 
Most dives deeper than 400 fsw require saturation of the diver with inert 
gas at the approximate working depth of the dive. Saturation divers can 
live and work for weeks at pressure, for instance in a bell and chamber 
system, and then undergo a single slow decompression to the surface.

The principle pathophysiologic problems of compressed gas diving 
occur during ascent due to the uncontrolled emergence of inert gas from 
tissues. During an ascent from diving or to altitude the extra inert gas in 
the body at the higher pressure is eliminated as the pressure decreases by 
the process of decompression.5 The rates of uptake or elimination of inert 
gases from the body after a pressure change are determined primarily by 
the solubility of the gas in blood and tissue, the blood flow, and the vol-
ume of tissue. In most tissues, inert gas exchange follows an exponential 
function with respect to time. Tissues that behave this way are perfusion 
limited, and the characteristics of their inert gas exchange are defined 
by a half-time. Because the body tissues receive different amounts of 
blood flow and nitrogen is more soluble in fat, half-times for various 
tissues vary considerably. The principle of multiple tissues was used to 
calculate the first safe decompression tables, with the assumption that 
gas bubbles and DCS would occur only if the tissues were supersaturated 
to allow a nitrogen partial pressure of about twice the absolute pressure. 
Modern decompression tables are still based on such parallel expo-
nential models, but with lower degrees of supersaturation. The most 
important variable affecting inert gas uptake and elimination is blood 
flow or tissue perfusion, but diffusion may limit tissue gas exchange 
under some conditions.5 Diffusion may become important when two 
adjacent tissues have very different rates of perfusion. In such condi-
tions, the more highly perfused tissue eliminates inert gas more quickly, 
allowing inert gas to diffuse into it from the slower tissue. Thus, a faster 
tissue may remain supersaturated for longer than expected. Diffusion is 
also important during decompression once gas bubbles have formed in 
a tissue. Bubbles contain large amounts of N2 gas that can be removed 
by perfusion only after the N2 diffuses back into the tissue. The rate at 
which N2 diffuses away from a gas bubble is determined by the bubble 
surface area, the intrabubble pressure, and the difference in partial pres-
sure between bubble and tissue.

Bubbles tend to form in specific nucleation sites in the body during 
decompression. Microscopic gas nuclei can be stabilized at hydropho-
bic sites in the body, but grow into bubbles during decompression. 
The number of nucleation sites and their location and propensity to 
form macroscopic bubbles differ according to physiologic conditions. 
For example, exercise may increase the number of bubbles formed by 
tribonucleation, a mechanism by which large negative pressures can 
generate bubbles by traction between surfaces lubricated by a liquid, 
such as joints.

■■ DECOMPRESSION ILLNESS
Decompression illness encompasses both decompression sickness (DCS) 
and arterial gas embolism (AGE) and these conditions, particularly after 
an uncontrolled ascent by an inexperienced diver, may coexist. As a 
rule, AGE has more serious implications, and it is a medical emergency. 
Arterial gas blocking cerebral or coronary vessels and causing ischemia 
must be eliminated promptly for the best outcome.

DCS is attributable to the growth of bubbles in body tissues that pro-
duce one or more clinical manifestations. The most common presenta-
tion is pain-only or type I DCS, also known as bends. In type I DCS, the  
primary sites of bubble growth are the joint spaces, tendon sheaths, and 
periarticular tissues, including peripheral nerves. Type II or serious 
DCS is less common and usually involves the central nervous system, 
including the brain and spinal cord. Altitude DCS is similar, although 
symptoms appear most often during the exposure. Altitude DCS tends 
to be pain-only because the subject has often breathed an O2-enriched 
gas or has undergone O2 prebreathing. Although uncommon, cases 
involving the CNS do occur.

Most serious cases of DCS are due to omitted decompression and/
or other risk factors such as exercise, cold, coexisting dehydration, or 

preexisting medical conditions or injuries that compromise regional 
blood flow. Other serious forms of DCS involving the audiovestibular 
system (staggers) and pulmonary system (chokes), although relatively 
rare, also occur. The most common clinical manifestations of DCS 
are presented in Table 132-2. The variable manifestations can make 
the clinical diagnosis difficult to establish, and there are no diagnostic 
laboratory studies.

Although bubbles do lead to bends, some bubbles are clinically silent. 
As a result there is uncertainty about precisely how bubbles trigger the 
diverse features of DCS. The factors that govern bubble formation in 
model tissues have been used to develop safe decompression tables 
usually by assuming that DCS will not occur unless the inert gas tension 
exceeds the critical supersaturation threshold. The use of such a thresh-
old is empirical, and in the subcritical range of supersaturation, DCS 
occurs as a stochastic event.6 Therefore, even appropriate use of well-
tested decompression tables or a decompression computer is associated 
with a finite risk of DCS for dives deeper than about 25 fsw.

In open water recreational diving, the incidence of DCS is probably 
about one in 3000 dives, but increases with depth and duration, multiple 
same day dives, cold water and strenuous work. In military and commer-
cial divers and in military aviation, the risk is slightly higher, with a pre-
dominance of mild to moderate type I symptoms. Tunnel workers have 
a reported incidence of DCS of 0.7% to 1.5%, primarily consisting of 
type I symptoms of the knee and lower leg.7 In recreational divers, some 
surveys have suggested frequent type II symptoms, but underreporting 
of type I DCS and overdiagnosis of type II DCS are common.8 Delays 
in the diagnosis and treatment of DCS may also allow more severe 
manifestations to evolve. Recreational divers are also more likely to omit 
decompression than are professional divers, thus increasing the risk.

One of the most serious forms of DCS is spinal paralysis.9 Spinal cord 
DCS is not fully understood, but the injury may be related to intravas-
cular bubbles forming in the low-pressure, epidural venous plexus of 
the spinal cord.10 Because of its low blood flow, the plexus is susceptible 
to bubble formation. Bubble-induced thrombi can obstruct venous out-
flow, leading to spinal cord ischemia. Despite evidence for bubble for-
mation in the spinal venous plexus, intravascular formation of bubbles is 
otherwise uncommon. Most intravascular bubbles probably originate at 
the tissue-blood interface and stream into the circulation to be absorbed 
by the lungs. Bubbles arising in the body of the spinal cord (autochtho-
nous) have also been implicated in the etiology of spinal DCS.11

Once bubbles enter the circulation, surface activity at the blood-
to-bubble interface produces complement activation, activation of 
coagulation and fibrinolysis, platelet and neutrophil aggregation and 

  TABLE 132-2    Clinical Manifestations of DCS

Type I (mild DCS)
Limbs

Pain (bends), niggles, mild lymphatic obstruction, numbness, and paresthesias 
usually involving the large joints, eg, shoulders, elbows, and knees

Skin
Itching, rash, pallor, urticaria, edema (severe lymphatic obstruction, mottling, 
and edema is considered serious [cutis marmorata])

Type II (serious DCS)
CNS

Brain
Headache, seizures, loss of consciousness, visual disturbances, hemiparesis, 
aphasia, tremor, ataxia (staggers)

Spinal cord
Low back or pelvic girdle pain, paraparesis, urinary retention, incontinence

Audiovestibular DCS
Tinnitus, vertigo, nystagmus, decreased hearing, nausea, and vomiting

Cardiopulmonary DCS (chokes)
Dyspnea, cough, wheezing, hemodynamic collapse

CNS, central nervous system; DCS, decompression sickness.
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destruction, and release of inflammatory mediators. These events are 
contributory, but their exact roles in DCS pathogenesis have not been 
determined.

If many bubbles are released into the venous system during decom-
pression, the pulmonary circulation may become obstructed, causing 
the chokes. Chokes is characterized by sore throat, cough, chest pain, and 
shortness of breath. This syndrome may lead to cardiovascular collapse 
and death. Some bubbles may also cross-pulmonary capillaries as small 
gas emboli or pass into the arterial circulation through right-to-left 
cardiac shunts, for example, patent foramen ovale (PFO).12 Although 
PFO is present in about 20% of normal individuals, its presence gener-
ally leads to more severe rather than more frequent episodes of DCS.13

The symptoms of chokes develop minutes to hours after decompres-
sion, and may be progressive. Physical examination reveals tachypnea, 
tachycardia, crackles, wheezing, cyanosis, and gasping in severe  
cases. The chest radiograph may show diffuse pulmonary opacities  
similar to acute respiratory distress syndrome (ARDS). Should bubbles 
pass into the arterial circulation, neurologic findings may appear,  
primarily involving cerebral symptoms and signs. Arterial blood-gas 
determinations often show hypoxemia and respiratory alkalosis.

■■ PULMONARY BAROTRAUMA
Pulmonary barotrauma of ascent, also known as pulmonary overpressur-
ization, is a potentially serious consequence of failure of expanding gas 
in the lung to escape from alveoli. Overstretching of lung regions may 
rupture acini or alveoli and cause pulmonary interstitial emphysema. 
Disruption of the pulmonary parenchyma may cause mediastinal or 
soft tissue emphysema, pneumopericardium, pneumothorax, or arterial 
gas emboli (AGE). Pulmonary overinflation occurs during ascent while 
diving with compressed breathing gases. It is most likely to occur with 
breath-holding, loss of consciousness underwater, or airway obstruction 
that traps gas. Rarely, pulmonary over inflation may occur after explo-
sive decompression of aircraft at altitude.

Lung rupture during ascent also depends on physiologic factors such 
as pulmonary compliance, transpulmonary pressure, and lung volume. 
Airway closure and air trapping induced by immersion in the upright 
position may increase the risk of lung overstretching during ascent.14 If 
alveolar pressure becomes positive by about 100 cm H2O relative to that 
at the mouth, the lung will rupture. During breath-holding at total lung 
capacity (TLC), the difference between alveolar and ambient pressure is 
approximately 50 cm H2O. Thus, hydrostatic pressure outside the body 
during ascent must decrease another 50 cm H2O for the lung to rupture. 
Assuming a compliance of the lung and chest wall at a TLC of 15 mL/cm  
H2O, lung volume during ascent must increase by 15 mL × 50 cm H2O, 
or 750 mL, before the lung ruptures. Using Boyle’s law (see Table 132-1),  
an approximate depth can be determined from which a diver must 
ascend for pulmonary rupture during a breath-hold at TLC. At the  
surface, P1 = 1.0 ATA; suppose the rupture volume V1 = 7000 mL. Then, 
the maximum allowed volume at depth V2 = 7000 − 750, or 6250 mL. 
The corresponding pressure is found as

(1.0)(7000 mL) = P2(6250 mL)
and

P2 = (1.0)(7000/6250) = 1.12 ATA, or 4.0 ft

This calculation illustrates why pulmonary overinflation and AGE 
occur in shallow water during rapid ascent with full lungs. It also 
indicates that relative volume changes are greatest at low hydrostatic 
pressures.

VENOUS AND ARTERIAL GAS EMBOLISM
Most intensive care specialists are familiar with venous gas emboli 
(VGE), which occurs in a variety of clinical settings, often introduced by 
iatrogenic means, and not infrequently leading to serious consequences 
(see Chap. 39). However, VGE are also commonly detected during 

(132-2)

(132-3)

decompression in divers during and after decompression. As in clinical 
settings, intravenous gas may be clinically silent, but VGE tend to cause 
injury in four situations: (1) obstruction of the heart or major vessels 
by gas, (2) arterialization of bubbles across the pulmonary vasculature, 
(3) arterialization of bubbles across a PFO, and (4) physical denatur-
ation of the blood by air. When venous gas bubbles enter the arterial 
system, even a small amount of gas can produce substantial morbidity 
or death.15,16

The human lung is an effective filter for VGE larger than about 20 µm 
in diameter17; this size barrier is not absolute because bubbles of 500 µm 
may spillover through the pulmonary circulation as demonstrated 
in experimental animals.15 The VGE crossover rate and passage size 
increases in the setting of a large difference between pulmonary arte-
rial and pulmonary venous pressures. Pulmonary arterioles constrict in 
response to VGE and pulmonary arterial pressure increases.18 As more 
VGE mechanically obstruct the vasculature, the gradient of pulmonary 
arterial versus venous pressure increases, thereby decreasing the filtering 
effectiveness of the pulmonary capillaries and allowing VGE to pass.19 
The presence of anatomic intrapulmonary shunting also decreases the 
filtering efficiency of the lungs.

Paradoxical gas embolism may occur in divers (as in patients) when 
VGE disburse across a PFO into the arterial system. Detection of PFO 
by echocardiography relies on gas microbubbles for ultrasonic contrast. 
Right-to-left atrial crossover of these bubbles is variable and may require 
Valsalva or other special maneuver to increase right atrial pressure. 
Bubble crossover also may occur spontaneously during some phases 
of the cardiac cycle.20 The probability of paradoxical gas embolism 
increases in divers who have a resting PFO or who perform a Valsalva 
during ascent or develop pulmonary hypertension and vascular obstruc-
tion from overwhelming VGE.8

VGE also become physiologically significant when a large quantity 
of gas obstructs major vessels of the pulmonary vasculature or the 
heart. In the heart, gas that obstructs the inflow and outflow of blood 
diminishes the cardiac output. In addition to obstructing the pulmonary 
vasculature, venous gas triggers pulmonary arterial constriction, bron-
chospasm, dyspnea, and acute lung injury.22

Physical interactions at the blood-bubble interface complicate 
mechanical obstruction of the circulation and amplify the physiologic 
effects of small volumes of intravenous gas. The blood-bubble interface 
stimulates biochemical events associated with release of multiple inflam-
matory mediators with subsequent damage to the vascular endothelium. 
Noncardiogenic pulmonary edema may develop quickly as extravasated 
fluid floods alveoli and may progress to ARDS.22 Scuba divers have long 
recognized a similar sequence of events as the syndrome of chokes.23

AGE in diving may occur from VGE that cross into the arterial circu-
lation or by gas entering the left heart after pulmonary overpressuriza-
tion. The occurrence of AGE by the latter mechanism may be associated 
with the entry of large amounts of gas into the pulmonary circulation, 
and this disorder is second to drowning as the leading cause of fatal 
accidents. Indeed, the most common source of AGE in divers is pulmo-
nary barotrauma. Similar events may occur in patients who suffer direct 
pulmonary trauma, such as penetrating chest wounds, or after misad-
ventures with transthoracic or transbronchial biopsies, or in patients on 
mechanical ventilation who require high airway pressures. Pulmonary 
over-distention may or may not produce other evidence of barotrauma 
such as pneumothorax, pneumomediastinum, or pneumopericardium. 
Intravascular gas is not reliably detected by brain CT or MRI, and the 
diagnosis is suggested by the clinical setting and signs of end-organ 
damage, primarily brain or cardiac ischemia.24 Therefore, procedures to 
document the presence of air should not delay the treatment of a criti-
cally ill patient unless there is a strong suspicion of a nondiving related 
etiology such as cerebral hemorrhage.8

Like VGE, AGE obstruct, induce vasoconstriction, activate coagula-
tion, complement, and neutrophils and aggregate platelets. This leads to 
release of mediators of inflammation that activate and may subsequently 
damage vascular endothelium. Even a minor episode of AGE has the 
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potential for permanent injury, and AGE should never be regarded as 
benign; however, the severity of injury in general appears to be related 
to the volume of intravascular gas. In the heart, the myocardial response 
to AGE is similar to coronary insufficiency of any etiology. Ventricular 
arrhythmias and ST-segment elevation or depression are common and 
may lead to myocardial infarction.25,26 Cerebral manifestations of AGE 
are similar to those of arterial thromboembolism and include focal  
neurologic deficits, loss of consciousness, seizures, and death. The 
distinction between AGE and VGE may become clinically indistinct 
because the possibility of arterial spillover is difficult to exclude, and 
either may manifest with cardiovascular collapse.

Divers who experience AGE are most often inexperienced and fre-
quently arrive suddenly at the surface after diving. They may cry out, 
indicating a rapid ascent with a closed glottis, or they may surface 
unconscious. Somewhat surprisingly, AGE is only occasionally com-
plicated by pneumothorax or pneumomediastinum or accompanied 
by clinical signs of pulmonary barotrauma, such as mediastinal crunch 
(Hamman sign), subcutaneous air, or tension pneumothorax. The onset 
of AGE is quite sudden, virtually always within 15 minutes of surfacing, 
and presents with symptoms of cerebral ischemia, which may be pro-
gressive. Initial symptoms of AGE appearing more than 1 hour after an 
ascent should not be attributed to AGE but to serious DCS, drowning, or  
stroke. Common clinical findings of AGE include headache, confu-
sion, nausea, vomiting, blindness, hemiparesis, seizures, and uncon-
sciousness. Chest pain, hemoptysis, and shortness of breath may also  
occur. Laboratory abnormalities may include elevated serum creatine 
kinase levels, signifying injury to skeletal and cardiac muscle.27

THERAPY OF DECOMPRESSION ILLNESS

■■ ADJUNCTIVE THERAPY
The optimal care of patients with decompression illness begins with a 
heightened suspicion of the problem in the appropriate setting. High flow 
oxygen, if available, should be administered at the scene and a thorough,  
but rapid neurological examination performed as soon as feasible. The 
management of AGE (as with VGE) begins with prompt identification 
of the problem and efforts to prevent further emboli. In VGE of any 
etiology, a “mill wheel” murmur produced by air in the right ventricle 
may be audible with a stethoscope.28 The clinical practice of positioning 
the patient in the left lateral decubitus and Trendelenburg position in 
an effort to avoid PFO crossover and brain emboli had been proposed 
to reduce cerebral bubble diameter by increasing hydrostatic pressure 
in the cranium28; however, later evidence suggested that positioning is 
not efficacious because blood flow rather than buoyancy of the bubble 
determines the course of air emboli.29 Further, Trendelenburg position-
ing has been associated with increased cerebral edema. The use of 100% 
O2 helps correct hypoxemia and increases the diffusion gradient for 
nitrogen out of the bubbles, promoting shrinkage.30 Vasopressors and 
antiarrhythmic agents may be required for hypotension and ventricular 
arrhythmias associated with AGE. Lidocaine at 2 to 4 mg/min intrave-
nously after a 1-mg/kg loading dose ameliorated cerebral injury after 
experimental cerebral AGE.31

Adjunctive therapy for AGE and serious DCS, other than oxygen 
consists of correction of hemoconcentration with intravenous fluids 
and management of complications.32,33 Parenteral corticosteroids such 
as dexamethasone, 4 mg every 6 hours, have been recommended to 
decrease cerebral or spinal cord edema after AGE and serious DCS, but 
the evidence for efficacy in either case is lacking. Stress ulceration may 
occur after AGE, and prophylaxis should be used routinely. Because 
of blood-bubble physical interactions discussed earlier, treatment of 
cerebral AGE with heparin was once recommended, but has not proven 
efficacious, and is associated with hemorrhage into areas of cerebral 
infarction induced by the air embolus.33 However, heparin prophylaxis of 
deep venous thrombosis and pulmonary emboli should be given for spinal 
cord DCS because of the immobility of the patient.

■■ RECOMPRESSION THERAPY
Gas bubbles in tissue or circulation slowly resolve spontaneously, but 
the rate at which they are removed can be greatly enhanced by oxygen 
breathing and recompression. Recompression and hyperbaric oxygen 
(HBO) administration are primary therapy for DCS and AGE.34 Bubble 
resolution is related to size and the partial pressure difference between 
the bubble and tissue. This partial pressure difference is due to the 
inherent unsaturation of venous blood that results from the difference 
in solubility of CO2 and O2 in body tissues. CO2 is 20 times more soluble 
than is O2 in tissues. As O2 is consumed, it is replaced by CO2 from 
substrate oxidation at a ratio of about 0.8 mol of CO2 for each mole 
of O2. Thus, O2 entering tissue at an arterial PO2 of 100 mm Hg leaves 
the venous capillary at a PO2of 40 mm Hg. In contrast, CO2 enters at 
40 mm Hg and leaves at only 46 mm Hg. The remaining gas pressure in 
tissues is primarily N2, which is inert and has the same partial pressure 
at equilibrium, 573 mm Hg, on both sides of the circulation. Therefore, 
the sum of partial pressures in the venous system is 54 mm Hg less than 
in the arterial system. This “oxygen window” provides a pressure gradi-
ent to eliminate N2. As O2 is removed by metabolism, a bubble collapses 
because the internal pressure of N2 (PN2) increases above tissue PN2 as 
the pressure in the bubble stays in equilibrium with ambient pressure. In 
this way, N2 is gradually absorbed. The oxygen window can be expanded 
during and after decompression and during recompression by adminis-
tration of high inspired PO2, which decreases tissue PN2 and increases the 
partial pressure gradient for N2 between bubble and tissue. Immediate 
O2 administration at the scene of a diving accident before recompression 
therapy is clearly beneficial in the management of DCS and AGE.

Various recompression schedules are effective for AGE and DCS if treat-
ment is begun promptly, but the treatment of choice is recompression tables 
that use HBO and minimal recompression. US Navy (USN) Treatment 
Table 6 (Fig. 132-2), which uses intermittent HBO at a maximum depth 
of 2.8 ATA (60 fsw), is a standard for primary DCS and for recurrent 
symptoms.4 Recurrent or persistent symptoms should be retreated with 
daily recompression according to Table 6 or with USN Treatment Table 
5 once or twice a day. As a rule, a point of diminishing returns is reached 
after a few (usually four to eight) sessions. Persistent bladder and bowel 
dysfunction or neuromuscular weakness also may respond to saturation 
therapy (eg, USN Table 7), if the resources and expertise are available for 
conducting prolonged treatments.4 Rarely, recompression using oxygen is 
not available, and air recompression tables must be used. These tables are 
longer and less effective than HBO tables and are more likely to produce 
DCS in chamber attendants. Recompression of the seriously ill patient 
can present significant logistical challenges for the intensive care team, 
particularly in monoplace chambers.35

HBO is used to treat AGE and serious neurological manifestations of 
VGE on the basis of the following rationale. First, an increase in ambi-
ent pressure compresses the gas and increases the ratio of surface area 
to volume of the bubble, thus improving nitrogen diffusion out of the 
bubble. Second, greater oxygen tension in the blood increases the nitro-
gen gradient across the blood-bubble interface. Third, the amount of O2 
physically dissolved in plasma during HBO (∼6 mL O2/dL of plasma at 
2.8 ATA) may avert or reverse ischemia because plasma streaming can 
occur around emboli that obstruct erythrocyte flow.

The optimal treatment of AGE using HBO is not known. Experience 
by the US Navy with air embolism after diving accidents led to the 
development of USN Table 6A, which uses initial recompression of the 
patient breathing air to an equivalent pressure of 165 fsw (6 ATA) fol-
lowed by decompression to 60 fsw (2.8 ATA) and O2 breathing in cycles 
alternating with air.4 The intent of the initial, deep compression is reduc-
tion of emboli size to 55% of their original diameter (assuming spherical 
geometry). This approach may be appropriate for very recent AGE or 
when the quantity of intravascular gas is very large. Deep compression 
on air, however, may actually allow nitrogen into the emboli so that they 
increase in size. This problem can be circumvented in part by having the 
patient breathe a mixture of 50% O2 and 50% N2 during compression to 
limit the driving force of N2 into the emboli. Recent experience using 
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USN Treatment Table 6 to treat AGE suggests that equally good results 
are obtained at 2.8 ATA. This compresses the emboli to about 70% of 
their original diameter and expedites the release of nitrogen. USN Table 
6 is more amenable to hospital-based chambers and is particularly well 
suited to critically ill patients with AGE at sea level pressure. Like DCS, 
recurrent or persisting symptoms of gas embolism may respond to daily 
Table 6 sessions until the patient’s neurological condition reaches a 
plateau. In general, the prognosis is good with early treatment in expe-
rienced centers.36

Smaller hospitals may not have the experience or equipment to 
manage critically ill patients in a hyperbaric chamber. In that case, the 
patient may require transfer to a suitably equipped facility. This can be 
accomplished by ground or air transportation as long as the aircraft can 
be pressurized or fly below 1000 ft of altitude to avoid further increases 
in gas volume.

The best therapeutic responses for AGE and type II DCS occur with 
rapid recompression. Although anecdotal, recompression treatment 
delays of 24 hours and perhaps up to 48 hours appear to show benefit 
for both conditions in some cases.37 Advice from a diving medicine 
physician concerning diving-related injuries is available 24 hours a day 
by calling Duke Dive Medicine (919-684-8111). Duke Dive Medicine 
collects and disseminates information on diving safety and related inju-
ries and is associated with the hyperbaric treatment center at the Duke 
University Medical Center.

DROWNING

■■ DEFINITION
The terminology of drowning has evolved of late in the interest of 
standardization and to avoid confusion in reporting. The International 
Liaison Committee on Resuscitation (ILCOR) defines drowning as  
“a process resulting in primary respiratory impairment from submer-
sion/immersion in a liquid medium.” This definition implies that liquid  
present at the entrance of the airway has prevented the victim from 
breathing air. The victim may live or not, but whatever the outcome, 
he or she has been in a drowning incident. This definition avoids the 
need for terms such as near-drowning, wet-drowning, or dry-drowning 
although these descriptions are still encountered in the literature.38 There 
are excellent summaries of the demographics and emergency response 
available and those aspects are not covered here.38-41 This section 

summarizes the information on the pathogenesis of drowning and the 
consequences to the frequently injured systems supported in the ICU.

■■ PATHOPHYSIOLOGY
The consequences of drowning are mainly those of asphyxia.41 During 
submersion, the victim’s breath-hold time is exceeded and alveolar 
hypoxia and hypercapnia supervene. Laryngospasm develops and the 
victim frequently swallows large quantities of water. Ultimately, breath 
holding and laryngospasm abate and water usually enters the lungs, 
worsening the hypoxemia. Without restoration of ventilation, most 
victims develop bradycardia followed soon thereafter by cardiac arrest. 
The key point is that cardiac arrest is a result of alveolar hypoxia and the 
reversal of hypoxemia is critical to obtaining a return of spontaneous 
circulation.42

Lungs:  Acute lung injury in drowning is initiated by upper airway 
obstruction when freshwater or seawater contacts the respiratory tract 
mucosa and provokes laryngospasm. Laryngospasm is protective if the 
duration of hypoxemia is limited by a short immersion time. As many 
as 15% of individuals aspirate trivial amounts of water, but some of these 
victims develop sufficient hypoxemia to produce hypoxic encepha-
lopathy or ventricular arrhythmia from laryngospasm.42 Aspiration of 
water also induces mechanical airway obstruction with a small airway  
component. Small airway obstruction is aggravated by bronchoconstric-
tion, mucosal edema, and plugging by water and suspended debris such 
as algae, diatoms, sand, mud or by teeth and gastric contents.43

Although there are differences between salt water and freshwater 
drowning, animal studies and human series have shown that, regardless 
of the tonicity of the inhaled liquid, hypoxemia is the dominant patho-
physiological process—driven by surfactant loss, alveolar collapse, atel-
ectasis, and intrapulmonary shunting. Small differences in electrolyte 
values are rarely relevant clinically and require only routine attention.

Aspiration of even small quantities of water immediately decreases 
lung compliance and creates persistent areas of low ventilation- 
perfusion ratio and shunt.42,43 Therefore, the duration of hypoxemia after 
aspiration of water is usually longer than after laryngospasm alone. The 
early changes in pulmonary gas exchange have been studied experi-
mentally and are attributable to loss of surfactant or its activity, damage 
to the alveolar epithelium and capillary endothelium, and pulmonary 
edema. In humans, vomiting and aspiration of stomach contents during 

FIGURE 132-2.  US Navy Treatment Table 6. This is an oxygen recompression treatment table used to treat decompression sickness and in many instances, arterial gas embolism. Other USN 
treatment tables can be found in the US Navy Diving Manual, Volume 5.
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the episode is common, and this aggravates the airway and alveolar 
epithelial injury.

The combination of alveolar flooding, loss of surfactant or its function, 
atelectasis, and alveolar damage may give rise to progressive hypoxemia 
from intrapulmonary shunting, which in severe cases may reach 70% 
of the cardiac output.42-44 In about 40% of individuals who initially  
survive drowning, the injury culminates in ARDS hours to days after the  
episode.45,46 Hypoxemia necessitates treatment with supplemental oxy-
gen, usually at high inspired O2 fraction, which if prolonged, may super-
impose pulmonary oxygen toxicity on ARDS. Fortunately, ARDS after 
drowning is more amenable to resolution than ARDS from other causes.46

Brain:  Drowning is the second leading cause of brain death, after 
trauma, in children admitted to the pediatric ICU.47 The pathology is 
that of global anoxia or severe hypoxia. Prolonged anoxia or hypoxia 
produces diffuse neuronal damage, which if severe, compromises blood-
brain barrier function, leading to cerebral edema. As edema develops, 
intracranial pressure (ICP) may increase, further decreasing cerebral 
perfusion pressure and exacerbating intracellular hypoxia. In severe 
cases, this may lead to uncal herniation. Profound increases in ICP are 
infrequent after drowning, but tend to appear more than 24 hours after 
resuscitation of patients who present with neurologic dysfunction.46 
There is evidence that the increase in ICP reflects the severity of neuro-
nal injury rather than a major cause of ongoing damage.46,48

The clinical differences between drowning and other causes of anoxic 
brain injury are minor, although there are potential mitigating effects 
of the diving reflex and hypothermia.49 In adults, the diving reflex is 
manifest mainly by bradycardia, while young children exposed to cold 
water may exhibit the entire triad.49,50 Drowning in cold water leading to 
rapid hypothermia slows cerebral metabolism, thereby postponing the 
deleterious effects of anoxia.51 Drowning in cold water (below 5°C or 
41°F) is associated with a better prognosis after rescue.48

Heart:  The most important cardiac effects of drowning are atrial and 
ventricular arrhythmias, in particular ventricular fibrillation. Studies of 
drowning in animals have demonstrated hemolysis and rapid shifts in 
blood electrolyte composition after instillation of water into the lungs.52 
These responses correlated with the appearance of ventricular arrhyth-
mias. Human studies have not confirmed significant electrolyte changes 
even in patients with ventricular fibrillation,53 except for drowning in 
the Dead Sea, which has far higher mineral content than other seawater. 
Victims of the Dead Sea may develop hypernatremia, hyperchloremia, 
hypermagnesemia, and hypercalcemia after the episode because electro-
lytes are absorbed from the gastrointestinal tract after swallowing large 
volumes of water during the episode.54

Human victims rarely aspirate enough water to produce significant 
electrolyte changes.53 Pathologic studies after drowning have generally 
demonstrated cardiac myocyte hypercontraction and hypereosino-
philic sarcomeres characteristic of catecholamine excess. These changes  
suggest that intense adrenergic stimulation contributes to the arrhyth-
mias after drowning.55 Thus, the etiology of ventricular fibrillation 
in human beings is most likely related to hypoxemia, respiratory and 
metabolic acidosis, and catecholamine excess. A review of cases of chil-
dren with brain death also demonstrated that myocardial infarction was 
commonly associated with drowning.56

The long QT syndrome (LQTS) has received a great deal of attention 
because these individuals are at risk for sudden death, particularly in 
the water.57,58 Genetic polymorphisms in cardiac ion channel LQTS-
susceptibility genes and the polymorphic ventricular tachycardia- 
associated cardiac ryanodine receptor predisposes to ventricular  
tachycardia (particularly torsades de pointes) and ventricular fibrilla-
tion. Survivors of episodes of cardiac arrest while swimming who have 
no other cardiac risk factors should be tested for LQTS, and beta blocker 
therapy is usually recommended.

Kidney:  Acute kidney injury after drowning is reported far less fre-
quently than lung, brain, or cardiac injury. The renal complication 
cited most often is oliguria attributable to acute tubular necrosis,59 

probably caused by hypoxemia and hypotension. Infrequently, drown-
ing may be complicated by rhabdomyolysis and hemolysis with dis-
seminated intravascular coagulation.60,61 These conditions may also 
contribute to acute tubular necrosis. Although patients with acute 
kidney injury after drowning may require transient dialysis, recovery 
of renal function can be expected in most patients.

■■ MANAGEMENT
General Measures:  The management of the drowning victim involves 
four distinct, but interrelated phases.48 These are aquatic rescue, basic 
life support, advanced life support, and postresuscitation care. The 
intensive care specialist is often responsible for postresuscitation 
care, and should be familiar with predisposing factors and compli-
cating injuries including blunt trauma, alcohol and other drugs, and 
preexisting medical conditions. These factors are easily overlooked in 
unconscious, critically ill patients, but they must be taken into con-
sideration in each case because they may impact on the treatment and 
prognosis of the patient.

Alcohol and other centrally acting drugs are commonly implicated in 
adult drowning victims, especially in young males.62 Alcohol and seda-
tives, in particular, may complicate the patient’s initial ICU stay by exac-
erbating hypothermia and hypotension and impairing the mental status 
and respiratory drive. Drug screens and blood alcohol levels should be 
considered in all complicated drowning patients admitted to the ICU.

Two other important factors, cardiac disease and cerebrovascular 
disease, can either predispose to or complicate drowning.40-42 Myocardial 
infarction, cardiac arrhythmias (including LQTS), cardiomyopathies, 
immersion pulmonary edema, seizures, subarachnoid hemorrhage, and 
in the diver, AGE have been implicated as causative or complicating 
factors in many drowning victims. Other predisposing factors include 
trauma, hypothermia, hypoglycemia, and depression.42

In the immediate post-resuscitation environment of the ICU, these 
events may require concerted diagnostic efforts. Electrocardiography 
should be routinely obtained in these patients because the heart is a 
target of hypoxemia. Serial measurement of cardiac enzymes is useful 
for confirming the diagnosis of myocardial infarction. Acute intra-
cranial hemorrhage or status epilepticus may need to be ruled out in 
patients whose presentation is complicated by altered mental status. 
Recompression and HBO therapy should be considered in divers with 
unexplained neurologic deficits (see section on Decompression Illness).

Injuries to the spine and skull are common in drowning victims. 
These occur most often when a swimmer is body surfing or dives into 
shallow water and hits the head on the bottom or on a submerged 
object.63 Another common scenario involves a motor vehicle accident 
that leaves the passenger submerged underwater. Burst fractures of the 
cervical vertebrae resulting in tetraplegia have been reported in these 
settings. In addition, skin, middle ear, or sinus trauma sustained during 
the episode may serve as entry portals for infection.64

ICU Care:  The drowning patient with respiratory insufficiency, post- 
cardiac arrest or arrhythmia, and altered mental status should be cared 
for in an ICU. Clinically, the patient may exhibit cyanosis, tachycardia, 
hypo- or hypertension, hypothermia, respiratory distress with frothy, 
blood-tinged sputum, diffuse crackles, and wheezing on examination. 
Initial laboratory evaluation often shows a metabolic acidosis (caused by 
lactic acid) and hypoxemia on arterial blood-gas analysis. Serum electro-
lytes, with the exception of a decreased bicarbonate concentration, are 
rarely abnormal,65 although drowning in unusual fluids can perturb the 
serum electrolytes.66 Hypoglycemia is common.67 Hemolysis and rhabdo-
myolysis are usually modest and tend to occur early. Electrocardiographic 
abnormalities include evidence of ischemia or injury and ventricular and 
atrial arrhythmias. Initial chest radiographic findings range from patchy 
infiltrates to diffuse airspace disease (Fig. 132-3). A progressive increase 
in parenchymal infiltrates over hours to days is not unusual.

Mechanical Ventilation:  Mechanical ventilation can be challenging in 
the severely injured drowning victim. Atelectasis and pulmonary edema 
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with intrapulmonary shunting are encountered in all types of drowning 
and ARDS can develop. Although there are no randomized controlled 
trials in this population of patients specifically, these individuals should 
be treated, like other instances of ARDS, with PEEP and lung protective 
ventilation (TV 6 mL/kg ideal body weight and plateau pressure <30 cm 
H2O; see Chap. 52). The improvement in severe hypoxemia after drown-
ing with the use of PEEP to decrease intrapulmonary shunt can be dra-
matic. Deep sedation or muscle relaxants are best avoided because they 
impair the ability to follow the neurologic examination. The judicious 
use of these agents may facilitate mechanical ventilation by synchroniz-
ing the patient with the ventilator and by decreasing airway pressures 
and the risk of barotrauma. The use of sedation holidays and spontane-
ous breathing trials is recommended. Treatment of children with drown-
ing and ARDS with artificial surfactant does not improve outcome, but 
did modestly improve pulmonary function.68

Pulmonary Complications:  Respiratory insufficiency may be complicated  
by factors other than atelectasis and intrapulmonary shunt. Airway 
obstruction may occur as bronchospasm or by the presence of a 
foreign body in the airway. Bronchodilator therapy may benefit the 
patient with diffuse wheezing. Patients with localized atelectasis that 
fails to improve with effective ventilation or those who exhibit local-
ized wheezing should undergo fiberoptic bronchoscopy to exclude or 
remove a foreign body.

Pneumonia is a common complication of drowning and may be 
related to submersion in contaminated water or to a prolonged need 
for mechanical ventilation. Many drowning accidents occur in water 
contaminated with human or animal waste or naturally containing 
pathogenic bacteria or fungi. The lung is the usual portal of entry for 
these organisms. Infection is heralded by fever 2 to 7 days after the 
event and should prompt sputum and blood cultures before initiation of 
antibiotic therapy.64,69 Prophylactic antibiotic coverage has not improved 
outcome in drowning, and routine use of antibiotics, unless immer-
sion in raw sewage is involved, is not indicated. Unusual organisms 
may occur in fresh or salt water and the reports include Klebsiella oxy-
toca, Herellea species, Neiserria meningitides, Pseudomonas aeruginosa, 
Listeria monocytogenes, Plesiomonas shigelloides, Chromobacterium  
violaceum, Aeromonas hydrophila, Proteus mirabilis, and Vibrio parahe-
molyticus. Awareness of infection by such organisms is crucial because 
they may have specific culture requirements not routinely offered in 
many hospital microbiology laboratories.

■■ NEUROLOGICAL CONSIDERATIONS
Special measures for brain resuscitation in drowning are of historical 
interest, but none have been shown to improve outcome. The problem 
is difficult to study because so many diverse parameters influence brain 
injury and recovery, including young age, submersion time (and water 
temperature), coexisting injuries, and preexisting disease.70 The issue is 
further complicated by anecdotes of complete or nearly complete neu-
rologic recovery in association with uncontrolled therapeutic modalities 
after prolonged submersion, such as barbiturates, corticosteroids, manipu-
lation of intracranial pressure (ICP) and mild hypothermia. The neuro-
logical status at 1 to 2 hours post-resuscitation is perhaps the best indicator 
of long-term neurological outcome, but the prognostic uncertainties about 
brain recovery after drowning mandate a full effort at cardiopulmonary 
resuscitation, including the correction of hypothermia.42,71,72

A classification system with reasonable discrimination for outcome 
classifies patients after resuscitation into three categories, as listed in 
Table 132-3.50,51 The best discrimination for outcome with this system has 
been found in children in whom all category A and B patients (n = 57)  
recovered completely. Level C patients (n = 39) had 33.3% and 23.9% 
cerebral morbidity rates (mortality rate + morbidity rate = 56.2%), with 
the lowest survival rate in the C.3 group.51 In another series of patients 
that included 52 adults, the category A patients recovered completely, 
and two adults and one child in level B eventually succumbed to baro-
trauma or other complications.50 Eight of 11 (73%) adult and 8 of 18 
(44%) child category C patients recovered completely in that series.

A management regimen known as HYPER (hyperhydration, hyper-
pyrexia, hyperexcitability, and hyperrigidity) initially suggested some 
benefit in children seriously injured by drowning.51 The acronym refers 
to the overhydration, fever, excitability, and muscular rigidity thought to 
negatively affect outcome in some patients.

HYPER therapy consisted of corticosteroids, osmotic diuretics, 
hyperventilation, barbiturate coma, and muscle relaxants administered 
to minimize cerebral edema and decrease ICP. Controlled hypothermia 
(32°C, 89.6°F) to decrease neuronal metabolism was advocated.52 ICP 
monitoring is necessary to guide such aggressive therapy. The rationale 
for HYPER therapy was based on the idea that control of ICP would 
minimize neuronal damage after diffuse anoxia. As mentioned earlier, 
increases in ICP may be a result of severe neuronal injury rather than 
its cause.

Subsequent experience with HYPER therapy failed to confirm its 
efficacy and highlighted its detrimental effects.41,42,73 A retrospective 
review of 40 patients from the institution that reported the original 
experience with HYPER found increased incidences of sepsis and 
multiple organ failure in patients treated with hypothermia. This may 
result from cold-induced immune suppression (including neutropenia) 
complicated by cold-induced bronchorrhea and decreased mucociliary 
clearance.70

Since corticosteroids have no proven benefit in decreasing brain 
edema in drowning, they should be avoided because they are immu-
nosuppressive and predispose to infection and gastric ulceration.41,42 
Although hypothermia and barbiturates can decrease ICP in some cir-
cumstances, their use does not improve neurologic outcome. Osmotic 
agents also do not improve neurologic outcome in drowning and may 
lead to hyperosmolarity and renal insufficiency. Mild hyperventilation 

  TABLE 132-3   � Classification of Individuals After Near Drowning and Initial 
Resuscitation

Category A Awake, fully conscious

Category B Blunted consciousness, stuporous but arousable

Category C Comatose

C.1 Decorticate posturing

C.2 Decerebrate posturing

C.3 Flaccid

FIGURE 132-3.  Chest radiograph 2 hours after an episode of near drowning shows 
typical patchy opacities.
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to temporarily decrease ICP is a comparably benign, but unproven 
intervention. ICP monitoring has been advocated most strongly to guide 
therapy in the subset of patients with increased ICP and poor prognosis,  
but experience with cerebral monitoring in these patients has been 
disappointing.74

■■ HYPOTHERMIA
Victims of drowning may develop primary or secondary hypothermia. If 
the drowning episode occurs in cold water (5°C or 41°F), the rapid onset 
of hypothermia may afford some protection from cerebral hypoxia. Such 
effects are typically seen in children who survive submersion in ice-cold 
water. Hypothermia may also develop as a complication of the submer-
sion and subsequent resuscitation efforts in the field.

Patients with severe accidental hypothermia can survive after 
either passive or active warming, and there is benefit from induced 
hypothermia for comatose victims resuscitated from prehospital car-
diac arrests42,75,76 but there are no compelling data to guide therapy in 
this subset of patients.77 A practical recommendation is to consider 
rewarming until a core temperature of 32°C to 34°C is achieved, 
allowing body temperature to then settle out after a 24-hour period 
of intensive care, taking care to avoid shivering and hyperthermia 
(>37°C).

■■ PROGNOSIS
Overall, of patients who live to reach the hospital, about 80% of chil-
dren and adults recover completely, 8% to 10% survive but with brain 
damage, and 10% to 12% die. About 90% of category A and B and 
approximately 50% of category C patients make full recoveries, whereas 
10% to 23% of the later group survive but have permanent neurologic 
sequelae.45,46,50,54 Thus, respiratory insufficiency in the absence of sepsis 
or infection is seldom the cause of death in these patients in hospitals 
with modern intensive care capabilities.

Many parameters such as serum electrolytes, arterial blood-gas and 
pH values, electroencephalographic findings or clinical features (body 
temperature, absence of pupillary response, cardiac arrest, duration of 
submersion, and resuscitative efforts), and cross-brain oxygen content 
differences74 have been examined as indicators of prognosis. None is suf-
ficiently discriminating to guide early therapy. Conversely, the presence 
of cardiac arrest and absence of spontaneous respirations after resuscita-
tion are ominous signs associated with permanent neurologic impair-
ment or death.70 In a retrospective review of 44 children, all survivors 
who regained good neurologic function, were awake with purposeful 
motion 24 hours after the incident.78
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Index

A
Abciximab, 300
Abdomen, as occult source of sepsis, 

1083, 1083ft
Abdominal aortic aneurysm, examination  

for, 208
Abdominal compartment syndrome,  

1084–1087
definition and diagnosis of, 1084
epidemiology of, 1085, 1086t
pathophysiology of, 1084–1085

cardiovascular effects, 1085
central nervous system effects, 1085
clinical manifestations, 1085, 1085t
pulmonary effects, 1085
renal effects, 1084–1085

treatment of, 1085–1087, 1086t
Abdominal injuries, 1160–1161

specific, 1162–1168
duodenal, 1162–1163, 1162f
extrahepatic biliary tract, 1165–1166
genitourinary, 1166–1167
intestinal, 1163–1164
liver, 1164–1165
pancreatic, 1163
retroperitoneal hemorrhage, 1166
spleen, 1165
stomach, 1162
traumatic abdominal compartment 

syndrome, 1167–1168
Abdominal pain and elevated erythrocyte 

sedimentation rate, 1246
Abdominal ultrasonography, 207–208
Abnormal heart rate and rhythm, 275
Abscess(es). See also Brain abscess

cranial epidural, 686
percutaneous, 209–211, 210f
peritonsillar, 407, 680f, 683–684
prostatic, 701
renal and perinephric, 700
retropharyngeal, 683
subdural empyema and epidural, 661–663
visceral, 1082–1083, 1082t, 1083f

Acalculous cholecystitis, 559, 1000, 1080
Acetabular fractures, 1170
Acetaminophen, 561, 1206–1210,  

1207f, 1209t
Acetoacetate, 971
Acetone, 971
Acid-base balance, 968–974

anion gap and strong ion gap,  
970–971

causes of metabolic alkalosis, 974
chloride-resistant disorders, 973–974
chloride-responsive disorders, 973

crystalloid solutions, 970
disorders in, 937, 968
metabolic disturbances, 969
non-anion gap, 972–973, 972t

iatrogenic acidosis, 973
metabolic alkalosis, 973, 973f
renal tubular acidosis, 972–973

positive-anion gap acidoses
ketoacidosis, 971
lactic acidosis, 971
poisons, 972
renal failure, 971–972
miscellaneous and unknown, 972

in pregnancy, 1268–1269
respiratory disorders, 969, 974
specific metabolic disorders,  

969–970
Acidemia

acid-base balance and, 969, 970t
in pregnancy, 1268–1269

Acidosis
gastrointestinal, 973
iatrogenic, 973
lactic, 971
metabolic, 932

in acute kidney injury, 932
bicarbonate therapy for, 261

myocardial, 272
renal tubular, 972–973

Acquired angioedema, 409–410
Acquired immunodeficiency syndrome 

(AIDS). See also human 
immunodeficiency virus (HIV)

ICU eligibility of, 642
supportive care for, in ICU,  

641–642, 642f
Acquired thrombotic thrombocytopenic 

purpura, 858
Acral erythema, 1285
Acral erythrodysesthesia, 901
Activated charcoal, 1203–1204
Activated partial thromboplastin  

time, 847
Activated recombinant factor VIIA, 857
Activated whole blood clotting time, 848
Active range of motion, 163–164

barriers to, 163–164
Acute abdomen, intensive care unit 

management of patient with,  
1079–1083, 1079t, 1081t, 1082f

Acute abdominal pain, evaluation of, in 
intensive care unit patient,  
1078–1079, 1078ft

Acute calculous cholecystitis, 212–213
Acute cardiopulmonary failure, 515

etiology of, 515–516
hemodynamic management of, 516
intubation and mechanical ventilation in, 

516–517
long-term management of, 517
noninvasive ventilation in, 516
outcome, 515
oxygen therapy for, 516

Acute Care Center (ACC) module, 61
Acute chest syndrome, 907–908, 908t, 909f, 

910, 910t
Acute cholangitis, 1080

sepsis and, 567
Acute colonic pseudoobstruction  

(ACPO), 1007
clinical presentation of, 1007
diagnosis of, 1007

Acute coronary syndromes, 294, 843
Acute cor pulmonale, 312
Acute Dialysis Quality Initiative  

(ADQI), 916
Acute disseminated encephalomyelitis 

(ADEM), 676, 813
Acute drug-induced myopathies, 828
Acute embolic arterial obstruction, 1039
Acute epiglottitis and 

laryngotracheobronchitis,  
684–685, 685f

Acute exacerbation of COPD  
(AECOPD), 483

Acute focal bacterial nephritis, 700
Acute generalized exanthematous pustulosis, 

1286–1287, 1287f
Acute graft-versus-host disease (GVHD), 

884–885, 884t
Acute hydrocephalus, 776
Acute hypocalcemia, 959
Acute hypoxemic respiratory failure (AHRF), 

431–432
management of, 240–241, 240t

Acute kidney injury, 916–932, 916f, 917t
classification of failure

intrinsic, 919–922, 920ft, 921t
postrenal, 919
prerenal, 917–918, 918t
vascular causes of, 922

clinical acute renal failure syndromes
liver disease and acute renal failure, 

927–928, 927t
malignancy and acute renal failure,  

926, 926t
pregnancy and acute renal failure, 927
in renal transplantation, 928
thrombotic microangiopathy and acute 

renal failure, 926

Note: Page numbers with f indicate figures; page numbers with t indicate tables.
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Acute kidney injury (Cont.):
diagnostic approach to failure, 923–926, 

923f, 924t, 925t
metabolic acidosis in, 932
monitoring renal function in intensive care 

unit, 922–923, 923f
nondialytic supportive care of acute renal 

failure, 931–932, 932t
prevention of acute renal failure,  

928–931, 928t
diuretics in acute renal failure, 929–930
renal vasodilators, 930–931, 930f

treatment of, 728
Acute Kidney Injury Network (AKIN), 

916–917
Acute leukemia, 865–872

anemia, thrombocytopenia and, 870, 870t
disseminated intravascular coagulation and, 

870–871
general framework for management of, 

868–869, 868–869t, 869f
hyperleukocytosis syndrome and, 871–872
infectious complications of, 866–867
myeloid sarcoma and, 867
necrotizing enterocolitis (typhlitis) and, 868
presentation and differential diagnosis of, 

866, 866t
solid organ infiltration, 868
tumor lysis syndrome and, 871, 871t

Acute liver failure, 936–937, 1022–1026, 1098
cardiovascular management, 1023–1024
coagulation and, 1024
description and aetiology,  

1022–1023, 1022t
early management and referral practice, 

1023
encephalopathy and elevated intracranial 

pressure, 1024–1025, 1025t
gastrointestinal management, 1024
initial investigations and  

management, 1023
in pregnancy, 1268
respiratory management, 1024
sepsis and, 1024
support systems, 1025
transplantation, 1025–1026, 1026f

Acute lung injury
acute respiratory distress syndrome and, 

313, 449–470, 450f
description and definitions,  

450–451, 451t
diagnosis of ALI and ARDS, 456–457, 

456t, 457t
epidemiology of, 451–452, 451t
fibrosis, resolution, and repair 

mechanisms, 455
pathogenesis, 453–455, 453f
pathology and pathophysiology,  

452–453, 452f
treatment of, 458–469, 458f, 459f, 460f, 

461ft, 462t, 463ft, 464t, 465t, 467f
in drowning, 1323

Acute lymphoblastic leukemia, diagnosis and 
classification of, 867

Acute mitral regurgitation, 195–198, 195f, 
196f, 197f, 198f, 305–306

Acute myelogenous leukemia, diagnosis and 
classification of, 867, 867t

Acute myocardial infarction, 256
after cardiac surgery, 1069
complications of, 304–308
indication for, temporary pacing,  

307–308
Acute necrotizing mediastinitis, 683
Acute neurologic injury, 937
Acute on chronic heart failure,  

276–277, 277t
Acute on chronic liver failure, 1027
Acute-on-chronic pulmonary hypertension, 

314, 314t
Acute-on-chronic respiratory failure (ACRF), 

384, 431, 482–496
causes of decreased neuromuscular 

competence, 485, 485f
failed transmission, 485
muscle weakness, 485–487, 486t

causes of increased load
increased chest wall elastic load, 487
increased lung elastic load, 487
increased resistive load, 487
minute ventilation loads, 487

multifactorial, 487–495, 492t
approach to patient, 487–495, 492t

pathophysiology, 483, 484f
airflow obstruction and dynamic 

hyperinflation (intrinsic PEEP),  
485, 486f

load-effort imbalance, 484–485
respiratory drive, 484
respiratory muscle fatigue, 485

quality performance measurement and 
reporting for, 495, 495t

Acute pain episode, 904
Acute pancreatitis, 1031–1036

diagnosis and assessment of severity,  
1032–1033, 1033ft

etiology, 1032, 1032t
initial resuscitation and management

early fluid, 1033–1034
nutrition in, 1034
pancreatic and peripancreatic collections, 

1035, 1035f
role of endoscopic retrograde 

cholangiopancreatography  
in, 1034

role of prophylactic antibiotics,  
1034, 1034f

pathophysiology, 1032
Acute pericarditis, 336–338

diagnosis of, 336–337, 337ft
management of, 337–338

Acute Physiology and Chronic Health 
Evaluation II (APACHE II) scoring 
system, 84, 85, 88, 89, 91, 92, 93, 
94, 95, 111, 568, 570

Acute Physiology and Chronic Health 
Evaluation III (APACHE III) 
scoring system, 85, 88,  
89, 93, 94

Acute Physiology Score (APS), 568
Acute promyelocytic leukemia, diagnosis and 

management of, 869–870

Acute prostatitis, 701
Acute pulmonary embolism, 309
Acute pulmonary hypertension, 312–314, 312t

acute lung injury/acute respiratory distress 
syndrome, 313

acute sickle chest syndrome, 313
cardiac surgery and cardiopulmonary 

bypass, 314
right ventricular infarction, 312–313
sepsis, 313

Acute renal failure
defined, 916
diagnostic approach to, 923–926,  

923f, 924f, 925t
liver disease and, 927–928, 927t
nondialytic supportive care of, 931–932, 932t
nonsteroidal anti-inflammatory drugs and, 

921–922
in pregnancy, 927, 1268
in renal transplantation, 928
renal vasodilators in, 930–931, 930f
thrombotic microangiopathies and, 926

Acute respiratory distress syndrome, 439–440
acute lung injury and, 449–470, 450f

approach to diagnosis of ALI and ARDS, 
456–457, 456t, 457t

description and definitions, 450–451, 451t
epidemiology of, 451–452, 451t
fibrosis, resolution, and repair 

mechanisms, 455
pathogenesis, 453–455, 453f
pathology and pathophysiology,  

452–453, 452f
treatment of, 458–469, 458f, 459f, 460f, 

461ft, 462t, 463ft, 464t, 465t, 467f
depression in patients with, 110
ECMO outcomes in, 478
meta-analysis of ECMO trials for, 478–479
in pregnancy, 1267
treatment of, 728
waveforms to facilitate lung-protection in, 

420–421, 420f, 421f
Acute respiratory failure, 370–377, 720

inadequate blood transport of oxygen, 
370–372, 370f, 371t, 372t

mechanistic approach to, 372–377
abnormalities in pulmonary gas 

exchange, 372–373
abnormalities in respiratory mechanics, 

373–374, 373f, 374f
clinical presentation and treatment goals, 

374–375, 375t
hypoperfusion states cause type intravenous 

(IV) respiratory failure, 375–376
perioperative respiratory failure, 375

MERS-CoV, 720
respiratory muscle exercise and fatigue in 

respiratory failure, 376–377
exercising rested respiratory muscles, 376
liberating patient from mechanical 

ventilation, 376–377
resting fatigued respiratory muscles, 376

SARS, 720
Acute respiratory failure (ARF), 628
Acute right heart failure, 1070–1071
Acute right heart pressure overload, 309
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Acute right heart syndromes, 308–318
acute-on-chronic pulmonary 

hypertension, 314
acute pulmonary hypertension,  

312–314, 312t
acute lung injury/acute respiratory 

distress syndrome, 313
acute sickle chest syndrome, 313
cardiac surgery and cardiopulmonary 

bypass, 314
right ventricular infarction, 312–313
sepsis, 313

ancillary therapies for acute right heart 
syndromes, 317

establishing effective circulating volumes, 
314–315

maximizing myocardial function,  
optimize coronary sinus 
perfusion, 315–316

pathophysiology of, 309–312, 309f, 310t, 
311f, 312ft

reducing right ventricle afterload and  
right ventricle (RV) ischemia, 
316–317

right ventricular physiology, 309
treatment of, 314, 314t

Acute sickle chest syndrome, 313
Acute thrombotic arterial occlusion, 1039
Acute tubular necrosis, 919–920
Acute tubulointerstitial nephritis, 922
Acute variceal hemorrhage,  

1030–1031
Acute ventricular dysfunction, 231f,  

232–233
ADAMTS13, 852, 859
Adaptive support ventilation,  

436–437
Adenoviridae, 674
Adjunctive corticosteroids, 634
Adjunctive testing, for neuromuscular injury, 

766–769, 767f, 768t
Adjuvant therapies

in decompression illness, 1322
for malaria, 727
for primary percutaneous coronary 

intervention, 300–302, 301t
Adrenal insufficiency, 260, 948, 1144

in burn patients, 1187
diagnosis of, 983

Adrenal shock, 238
Advance care planning, 127
Advanced critical care echocardiography, 

207–208
Advanced Trauma Life Support  

(ATLS), 1117
Adverse drug reactions,  

1239–1241
Adverse reactions, 1285

to alternative drugs, 1286
Afterdepolarization, 278

delayed, 278
early, 278

Agency for Healthcare Research and  
Quality (AHRQ) hospital surge 
model, 59

Aging, sarcopenia of, 108

Airborne precautions, in intensive-care  
unit, 29

Air embolism, 185, 333–335
bronchovenous, 1158
management of, 334–335
pathophysiology, 333, 333t
presentation, 334, 334ft

Airflow obstruction
dynamic hyperinflation and, 485, 486f
measurement of, 498

Air leakage, compensation for, 379
Airtraq™, 390
Airway gas conditioning, 379
Airway management, 384–396

assessing patient prior to intubation,  
385–386, 385t, 386t

in burn patients, 1181, 1181f
complications, 393–394, 393t
equipment, 387, 387t
indications for intubation, 385, 385t
muscle relaxants and, in intensive-care  

unit, 388
pharmacologic preparation and use,  

387–388, 387t
physiologic changes associated with 

intubation and mechanical 
ventilation, 393

procedures for intubation, 388–393
changing endotracheal tube,  

392–393
difficult airway, 390, 392, 392f
fiberoptic, 389–390, 390f
intubating with laryngeal mask airway, 

390, 392f
nasotracheal, 389
orotracheal, 388–389

teaching skills in, 395, 396t
in tetanus, 732
tracheostomy, 394–395

complications of, 395
indications, 394
minitracheostomy, 395
percutaneous versus surgical,  

394–395
Airway pressure release ventilation (APRV),  

435–436
Airways, 250–251, 251t

extrathoracic, 404
Akinetic mutism, 830
Albumin, 572
Aldosterone, 1046
Alemtuzumab, 604
Alkalemia, acid-base balance and,  

969, 970t
Alkaline tide, 970
Alkalosis

metabolic, 932, 973, 973f
respiratory, 497, 951, 974

Alkhurma hemorrhagic fever, 738
Allopurinol, 878
Alopecia, 1284
Alveolar-capillary barrier, 565
Alveolar-capillary membrane injury and 

disruption, 455
Alveolar hemorrhage, 895
Alveolar hypoventilation, 515, 1051–1052

Alveolar hypoxic vasoconstriction  
(AHV), 314

Alveolar ventilation, 405
Ambulatory extracorporeal membrane 

oxygenation (ECMO), 481
American Association of Critical  

Care Nurses
on communication, 116
on critical care, 116

American Burn Association
establishment of criteria for burn patients, 

1188–1189
Practice Guidelines for Burn Shock 

Resuscitation, 1186
American Hospital Association, 57
American Medical Informatics  

Association, 49
American Recovery and Re-investment  

Act (2007), 49
American Society for Healthcare  

Engineering, 57
American Society of Anesthesiologists’ 

Difficult Airway Algorithm, 390
American Spinal Injury Association (ASIA), 

scoring system of, 1138, 1139f
American Telemedicine Association, 52
Amikacin, 547
Aminoglycosides, 547, 549t

nephrotoxicity and, 920–922, 920t
Aminophylline, 500
Amiodarone-induced thyrotoxicosis,  

994–995, 995t
thyroid disease and, 994–995, 995t

Amnesia, Korsakoff-like, 669
Amniotic fluid embolism in pregnancy, 1266
Amoxicillin-clavulanic acid, 699
Amphetamines, 1210
Amphotericin B, 651
Amphotericin B lipid (ABLC), 621
Ampicillin-sulbactam, 699
Amrinone, 316
Amur virus, 742
Anabolic steroids in burn patients, 1188
Anaerobic cellulitis, 691
Analgesia, 146–147

epidural, 147
indications for, 145–146
neuraxial opiate, 147–148
regional techniques for, 147–148

Analgesics, 112–113
sickle cell disease and, 912–913,  

912t, 913t
Anaphylactic and anaphylactoid reactions, 

1269–1279
causes of anaphylaxis in critical care unit or 

operating room, 1271–1272
clinical presentation, 1274, 1274t
differential diagnosis of, 1275–1277,  

1275t, 1276t
epidemiology of, 1270, 1270t
etiology, 1271, 1271t
laboratory testings for triggers of 

anaphylaxis, 1277, 1277t
pathophysiology, 1272–1274, 1273ft, 1274f
treatment of, 1277–1279, 1277t, 1278t

Anaphylactic shock, 238, 260
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Anaphylaxis, 901, 1283
drug-induced, 1283
laboratory in diagnosis of,  

1276–1277, 1276t
Ancillary therapies for acute right heart 

syndromes, 317
Andes virus, 742
Anemia

defined, 842
pathophysiology of, in critical illness, 842
physiologic response to, 842
sickle cell, 903
thrombocytopenia and, 870, 870t
treatment of, 728

Aneurysm(s)
intracranial mycotic, 687
mycotic, 597
subarachnoid hemorrhage due to ruptured 

intracranial, 775–778
Angina

Ludwig, 406, 679, 680, 681
management of, 297–298
refractory, 298
stable, 294
unstable, 294

Angiodysplasia, 1018, 1020
Angioedema, 407, 409–410, 1283

acquired, 409–410
hereditary, 409

Angiotensin converting enzyme (ACE) 
inhibitors, 298, 302

Anion gap, 1200–1201, 1201t
acid-base balance and, 970–971

Anoxia, 842
Anrep effect, 309
Anterolateral thoracotomy, 1157
Anthracyclines, 896
Anthrax, 745, 746t
Antiarrhythmics, 316

in drug therapy, 279–280, 280ft, 302
Antibiotic resistance

epidemiology of, 27, 27t
in intensive-care unit, 27

preventing
hand hygiene, 28
surveillance, 27–28
use and control, 27–28

Antibiotics
percutaneous abscess drainage and, 210
in preventing antibiotic resistance in 

intensive-care unit, 27
role of prophylactic in acute pancreatitis, 

1034, 1034f
for sepsis, 569–570

Antibodies to cyclic citrullinated  
peptide, 1249

Anticancer therapies, review of,  
891–892, 892t

Anticardiolipin antibodies, 1249–1250
Anticoagulant-induced dermatoses,  

1285–1286, 1285f, 1286f
Anticoagulants, 301, 301t, 304

pharmacologic, 854–855
Anticoagulation, 327–329, 940–941

for ECMO, 474–475
Antidiuretic hormone (ADH), 944, 1046
Antifactor Xa activity, 848

Anti-interleukin-2 receptor antibodies, 1090
Antimalarial treatment, 726–727, 726t
Antimicrobial classes, 545–549, 548t
Antimicrobial impregnated catheters, 183
Antimicrobial stewardship, 550
Antimicrobial therapy, 523, 544–551

classes, 545–552, 548t
for infectious diarrhea, 708
pharmacokinetics and pharmacodynamics 

in critically ill patients,  
544–545, 544f

renal replacement therapy, 549–550
stewardship, 550
for tetanus, 732

Antinuclear antibodies, 1248–1249
Antioxidant vitamins and trace minerals, 139
Antiplatelet therapy, 302–303
Antipyretic drugs for fever, 561
Antiretroviral therapy (ART), 625
Antiseizure prophylaxis, 1128–1129
Antitoxin therapy, for tetanus, 731–732
Antiviral therapy, for influenza, 716
Aortic branch compromise, 365
Aortic branch occlusion, signs and symptoms 

of, 359–360, 361f
Aortic dissection, 356–368

classification of, 357
clinical picture, 357, 358f, 359–360, 359f
follow-up, 368
intramural hematoma, 357
investigations and diagnosis of, 360–368

diagnostic imaging, 360–362, 360f,  
361f, 362f

laboratory, 360
natural history, 362
treatment of, 363

pathogenesis, 356–357, 356f
pharmacologic control of blood pressure, 

363–365
acute management of, 363–364, 363t
chronic management of, 364
definitive management of, 364–365,  

365f
results, morbidity, 367
surgical intervention, 365–367

type A, 365–366, 365f, 366f
type B, 366, 366f

Aortic intramural hematoma, 357
Aortic regurgitation, 347–348

clinical presentation of, 347
diagnostic evaluation of, 347–348
etiology of, 347, 347f
management of, 348
pathophysiology of, 347

Aortic rupture, 1159–1160, 1159f
Aortic stenosis, 344–347

clinical presentation, 345
diagnostic evaluation, 345, 345t
etiology, 344, 344f
natural history, 344
pathophysiology, 344

Aortic valve operations, 1069
Aortic valvular stenosis, 274
Aortoenteric fistula, 1021
Apoptosis, 555

gene expression and, 555
ARDS Network, 447

Arenaviridae, 738–740
Argatroban, 329
Argentine hemorrhagic fever, 739
Arginine, 138
Arrhythmia evaluation, 199–200, 200f
Arrow, Kenneth, 38
Arterial blood gases, pulse oximetry  

and, 498
Arterial catheters and pressure transducers, 25
Arterial graft infections, 598
Arterial hypoxemia, 1143
Arterial pulse contour analysis and cardiac 

output, 247–248, 247f
Arterial pulse oximetry, 242–243, 243f
Arterial puncture/bleeding, 183–185
Arterial thrombolysis, leg pain in, 218
Arthritis, rheumatoid, 409, 826, 1244–1245
Artificial feeding and hydration, 127–128
Ascites, spontaneous bacterial peritonitis and, 

1029–1030
Aseptic necrosis, 1090
A Severity Characterization of Trauma 

(ASCOT), 89
Aspiration, 1052

in pregnancy, 1266
reducing risk of, 136–137

Aspirin, 297, 300
Assessment of severity of illness, 83–96

clinical, administrative, and management 
uses of scoring systems, in 
randomized controlled trials and 
other clinical research, 90

development of scoring systems,  
84–85, 85f

ethical issues in, 92–93, 93f
purposes of scoring systems, 83–84, 84t
recommendations for clinical use, 96
severity-of-illness scoring systems in 

clinical use, 85, 86–87t
for administrative purposes, 90–91
to assess individual patient prognosis and 

to guide care, 91–92, 92f
to assess intensive care unit  

performance, 91
comparison of clinical assessment  

with, 89
comparison of difference, 89
customization of, for specific diseases, 89
dynamic severity of illness, 88–89
established at admission, 88
specific for trauma patients, 89–90, 90t

sources of error and bias in scoring systems
imprecise principal diagnosis of, 94, 94f
inaccuracy of scoring systems for certain 

types of intensive-care units or 
different geographic regions, 94–95

lead-time, 94
propensity scoring systems and case 

matching to simulate randomized 
controlled trials, 95–96

related to poor calibration, 93–94, 93f
related to selection of variables and 

collection of data, 93
severity-of-illness scoring systems 

for systems for specific disease 
categories, 94

Assistive technologies, 165
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Association, measures of, and quantifying 
effect size, 46

Asthma, 496
cardiac, 498
patients with severe acute, 383
in pregnancy, 1264–1265

Astrocytes, 566
Asymptomatic hyponatremia, 949
Asystole, 170–171
Atelectasis, 1049–1051, 1049f, 1051ft
Atherosclerotic emboli, 1076
Atlas fractures, 1147
Atovaquone, 634
Atracurium, 154
ATRA syndrome, 895
Atrial fibrillation, 1071, 1096, 1104
Atrial flutter, 287, 1071, 1104
AUC:MIC ratio, 545
Autoinflammatory diseases, 1245
Automatic external defibrillators, 173
Autonomic dysreflexia, 1145
Autonomic instability, managing, 732–733
AutoPEEP effect, 415
Autopsy, virtual, 36
Autoregulatory escape, 1038
Avian influenza, 717
Azathioprine, 1089

in critically ill patient, 1251

B
Bacterial encephalitis, 674–675
Bacterial infections, 1296

of central nervous system, 651–664
brain abscess, 658–661
meningitis, 652–658
subdural empyema and epidural abscess, 

661–663
suppurative intracranial 

thrombophlebitis, 663–664
in urinary tract, 696–701, 697t, 698t

Bacterial meningitis, 652
Bacteriuria, catheter-associated, 702–703
Balloon atrioseptostomy (BAS), 317
Balloon tamponade, 1009
Barbiturate coma, 810
Barbiturates, 153–154, 1210

in lowering intracranial pressure, 1135
Barotrauma, macroscopic, 440
Bartonella species, 674–675
Basket extraction, 213
Basophil degranulation, 1272
Bath salts, 560
B-cells 

depletion in critically ill patient, 1252
functions, 604–605

Beck triad, 1070
Bed rest and immobility, 162
Bedside monitoring, 52
Bedside nurses

patient-nurse ratio, 19, 20–21t
type, training, certification and use of 

extenders, 19, 21
Bell palsy, 670
Benzodiazepines, 151, 1210–1211

for delirium, 762
infusion of, 875
for tetanus, 732

Bernard-Soulier syndrome, 846
Beside nurses, 19–21
ß- Agonists, 499
ß- Blockers, 297, 301–302, 364, 1211

in burn patients, 1188
ß-Lactam antibacterial agents,  

545–547, 549t, 601
Bias

defined, 9
research concepts relevant to quality 

measurement and, 9, 9t
Bilateral lung transplantation, 1090
Bi-level positive airway pressure  

(Bi-PAP), 385
Biliary tract sepsis, 1080
Bilirubin, measurement of, 998, 998f
Bioavailability, 1224
Bioinformatics, 50
Biological warfare, 744–753, 744t,  

751–752, 752t
anthrax in, 745, 746t
botulinum in, 748–749, 748t
category B agents in, 751
plague in, 745–747
role of critical care in, 751–752, 752t
smallpox in, 749–750
tularemia in, 747, 748
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agents in, 743
viral hemorrhagic fever in, 750–751

Biomarkers
in diagnosing neuromuscular  

injury, 767
of sepsis, 567
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encouraging independent interpreting  

of, 5
in neuromuscular injury, 766–767

Bioterrorism. See Biological warfare
Biotrauma, 444
Bird’s nest filter, 223
Bispectral Index Monitor, 148
Bisphosphonates, 877
Bivalirudin, 301, 304
Blackwater fever, treatment of, 728
Black widow spider, 1222–1223
Bladder toxicities, 898–899, 899t
Blanket consent forms, 126
Bleeding. See also Hemorrhage

arterial puncture and, 183–185
clinical assessment of, in critically ill 

patient, 845, 845t
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frequency and general risk factors for,  

in intensive care unit patients, 
845–846

gastrointestinal, 218–221, 219f
head injuries and, 1128–1129
in intensive care patients,  

845–846
intracranial, 1128
massive, 1156–1157
massive hemoptysis and, 511–513
obscure, 1020–1021
salvage therapy, for endoscopically 

uncontrolled, 1009–1010
spinal injuries and, 1146

upper gastrointestinal, 218, 219f
variceal, 221, 223

Bleeding disorders, 844–857
clinical assessment of, in critically ill 

patients, 845, 845t
combined platelet and coagulation 

factor disorders, 855–856,  
855t, 856t

correction of thrombocytopenia and 
coagulopathy for routine bedside 
procedures, 857

frequency and general risk factors for,  
in intensive care unit patients, 
845–846

laboratory testing of coagulation function, 
847–849, 848f

physiology and mechanism of normal 
coagulation, 846–847

platelet disorders, 849–853, 850t, 851t
platelet transfusion, blood components,  

and procoagulant treatments, 
856–857

of soluble coagulation factors, 853–855, 
853t, 854t

Bleeding gastric varices, 223
Bleomycin, 895
Blinding, 45
Blood-borne pathogens

hepatitis B virus as, 30–31
hepatitis C virus as, 30–31
human immunodeficiency virus  

(HIV) as, 30–31
Blood dipstick test, 1196
Blood gas analysis, 385
Blood glucose, physiological regulation of, 

142, 142f
Blood pressure, pharmacologic control of, 

363–365
Blood stream infection, 591
Blunt cardiac injury, 1159
BlyS inhibition, use of, in critically ill  

patient, 1252
Bolivian hemorrhagic fever, 739
Bolus technique, 246
Bone marrow, decreased platelet production 

and disorders of, 850
Bone marrow infarcts, sickle cell  

disease and, 907
Borrelia, 676
Botulinum, 748–749, 748t
Botulism, 827–828
Bradycardia, 170
Brain abscess, 658–661, 686

clinical presentation, 659
diagnosis of, 659–660
epidemiology and etiology of, 658–659
treatment of, 660–661, 660t

Brain death
critical care aspects of, 839–840
declaration of, 1109
neurologic states resembling, 839

Brain dysfunction, systemic lupus 
erythematosus and,  
1242–1243

Brain injury, contre-coup, 1122, 1122f
Brain parenchymal intracranial pressure 

devices, 1136
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patient-nurse ratio, 19
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214–216, 215f, 511
Bronchial necrosis and dehiscence,  

1095–1096
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Bronchoscopy
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airway management in, 1181, 1181f
breathing in, 1181–1182
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infection/inflammation/sepsis in, 1187
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preventable complications in,  

1186–1187
adrenal insufficiency, 1187
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shock pathophysiology in, 1183,  

1185–1186
transfer criteria in, 1188–1189
wound management in, 1188

Burst fractures, 1147
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Calcineurin inhibitors, use of, in critically ill 

patient, 1252
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hypercalcemia and, 960–962, 961t, 962t
hypocalcemia and, 957–960, 958t,  

959t, 960t
metabolism and, 957, 957f, 958f

Calcium channel blockers, 297, 302,  
1211–1212

Calcium chloride, 959–960
Calcium gluconate, 959–960
Calcium sensitizers, 316
Calibration, 85
Campylobacter, 676
Candida

as cause of esophagitis, 705
invasive infections and, 643–644, 644t, 645
urinary tract infection due to, 701–702

Candidemia, 618, 644–645
treatment of, 648–649

Candidiasis, 1284
identifying patients at risk for, 647
intra-abdominal, 649
risks factors for invasive, 644
strategies to prevent invasive,  

647–648, 647t
Candiduria, catheter-associated, 702–703
Cannulation, 473–474, 473f, 474f
Carbapenems, 545–546, 549t

for febrile neutropenic patients, 612
Carbon dioxide enhancement, in 

interventional radiology, 209
Carbon monoxide, 1212
Carboplatin, 899
Carcinoid syndrome, 1077
Carcinoid tumors, 1077
Carcinoma, hepatocellular, 1101
Cardiac, electric trauma and, 1177
Cardiac arrest

aspects of defibrillation, 171–172
asystole, 170–171
automatic external defibrillators, 173
basic life support, 168
bradycardia, 170
defined, 166
ending resuscitation efforts, 171
ethical issues, 173–174
etiologies of, 167t
hypothermia in, 176–177, 176f, 177t

induced, 173
initial assessment, 168
limitations on efforts, 173
pediatric, 167
pharmacologic therapy of, 173, 173t
prevention of, 167–168
pulseless electrical activity, 170, 170t
resuscitation team organization, 168
three-phase time-sensitive model of,  

172–173, 172f
three-phase time-sensitive model of 

therapy, 172–173, 172f
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tachycardia without a pulse,  
169–170

ventricular tachycardia with a pulse, 169

Cardiac arrhythmias, 258, 278–293
antiarrhythmic drug therapy,  

279–280, 280ft
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supraventricular tachyarrhythmias,  
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implantable cardioverter defibrillators, 
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tachyarrhythmias, 278–279, 279ft
ventricular tachyarrhythmias, 280–286, 
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Cardiac asthma, 498
Cardiac biomarkers, 294, 295–296
Cardiac catheterization, 342

in diagnosing aortic regurgitation, 348
in diagnosing mitral regurgitation, 351

Cardiac computed tomography, in diagnosing 
valvular diseases, 345

Cardiac disorders, abnormal waveforms in, 
195–200, 195f, 196f, 197f, 198f, 199f

Cardiac dysfunction, 256
assessment of, 266–268, 266f, 267t
in pregnancy, 1259–1260

Cardiac evaluation, in organ transplantation, 
1111–1112, 1112t

Cardiac herniation, 1073
Cardiac magnetic resonance imaging, in 

diagnosing right heart syndromes, 
311–312, 312t

Cardiac massage, 1158
Cardiac mechanical devices, temporary, 

1072–1073
Cardiac morbidity, assessment of, for 

noncardiac surgery, 1055, 1055t
Cardiac output, 242, 245–248, 246f, 247f

effects of pressure outside the heart on, 235, 
235f, 236t

fluid responsiveness and, 569
systemic vessels in controlling, 233–238, 

233f, 234f, 235f, 236t
Cardiac pacing, in intensive-care unit, 290
Cardiac pump function, 268
Cardiac surgery, corticosteroids in 

treating, 985
Cardiac tamponade, 237, 338–340, 880,  

880f, 1069–1070, 1155–1156, 
1157–1158

diagnosis of, 338–339, 338f
invasive hemodynamics, 339, 339f
pathophysiology, 338
pericardiocentesis, 339–340, 339f

Cardiac ultrasonography, 206–208
Cardiogenic shock, 229f, 236–237, 256–257t, 

258–259, 306–307, 306f
Cardiopulmonary bypass, 1068, 1093
Cardiopulmonary monitoring in sepsis, 569
Cardiopulmonary resuscitation (CPR), 

166–174
in pregnancy, 1263–1264, 1263t

Cardiorespiratory system, goal of, 242
Cardiotoxicity, 896–897, 896t
Cardiovascular dysfunction, in sepsis, 565
Cardiovascular effects, obesity and,  

1306–1307
Cardiovascular system, primary role of, 228
Cardioversion/defibrillation, 290
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infectious complications of, 182–183
mechanical complications of, 183–185
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extended spectrum, 612
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1130–1131, 1130f
Cerebral edema, 774, 976, 1025
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1063–1065t
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clinical and laboratory diagnosis of, 
771–773

etiology of, 771
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ruptured intracranial aneurysm, 
775–778
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and, 1150
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management of, 508–509
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balance and, 973–974
Chloride-responsive disorders, acid-base 

balance and, 973

Cholangitis, 999–1000, 1000f
acute, 1080

Cholecystitis
acalculous, 1000, 1080
sepsis and, 567

Cholecystostomy, percutaneous,  
212–214, 213f, 214f

Cholestasis, 566
parenteral nutrition-associated, 1000–1001

Chronic critical illness, 97–103, 97t
communication of outcomes,  

102–103, 103t
incidence, 97–98, 98f
management of

airway management of, 100
alternative sites of care, 101
infection control, 99
liberation from mechanical 

ventilation, 100
nutrition, 99–100
physical and occupational therapy, 

100–101
psychological support, 101

outcomes
costs, 102
function and quality of life, 101–102
survival, 101

pathophysiology of chronic critical illness, 
neuroendocrine model, 98–99, 99t

risk factors, 98, 98t
Chronic graft-versus-host disease  

(GVHD), 885
Chronic liver failure, 1097–1098
Chronic lung allograft dysfunction  

(CLAD), 1096
Chronic lung diseases, in pregnancy, 1265
Chronic obstructive pulmonary disease, 

332, 1090
Chronic respiratory failure, acute 

exacerbation, 379–381
Chronic vasodilator therapy, 348
Circadian rhythmicity in critically ill patient, 

158–159
Circulating biomarkers in diagnosing right 

heart syndromes, 312
Circulating mediators, measurement of, 554
Circulation, 251–252, 252f

assessing, 242–248
arterial pulse contour analysis and 

cardiac output, 247–248, 247f
cardiac output, 245–248, 246f, 247f
functional hemodynamic 

monitoring, 248
tissue oxygenation, 242–245, 243f,  

244t, 245f
in burn patients, 1182, 1183f, 1184f
pathophysiology of, in critical illness,  

228–241, 229f, 230f, 231ft, 233f, 
234f, 236t, 238f, 239f, 240ft, 241f

Circulatory arrest, 1068
Circulatory disorders of pregnancy,  
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Circulatory shock, 243
Circulatory system, adaptation of, in 
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acute on chronic liver failure, 1027
acute variceal hemorrhage, 1030–1031
hemodynamic derangements, 1027–1028
hepatic encephalopathy, 1027, 1027t
liver transplantation, 1031
pulmonary derangements, 1028

hepatic hydrothorax, 1028–1029
hepatopulmonary syndrome, 1028
mechanical ventilation, 1028
portopulmonary hypertension, 1028

sepsis, 1030
Cisatracurium, 154
Cisplatin-based chemotherapies, 901–902
Cisplatin infusion, 897
Clarithromycin, 641
Clearance, 944–945
Clinical Decision Support System  

(CDSS), 52, 55
Clinical examination, 266, 267t
Clinical informatics, 50
Clinical information system (CIS), 50
Clinical phenotypes in critical illness, 

spectrum of disability and,  
107–108, 108f

Clinical skills, developing and trusting, 2
Clopidogrel, 300, 303
Closed intensive-care unit (ICU), 16
Closed-loop control, 52
Clostridium difficile, 708–711

clinical presentation of, 709, 1003
colitis, 559
diagnosis of, 709–710, 709f, 1003, 1004f
epidemiology of, 708–709
gastrointestinal infections and,  

703–711, 704t
diarrhea, 705–708, 706t
esophagitis, 704–705
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host defenses, 704

microbiology, 709
pathogenesis of, 1003
prevention, 710–711
treatment of, 710, 710t, 1003–1004

Coagulation
acute liver failure and, 1024
impaired fibrinolysis and, 454
physiology and mechanism of normal, 

846–847
Coagulation cascade, soluble clotting factors 

and, 846–847, 847t
Coagulation disorders, 332
Coagulation enzymes, antibody inhibitors of, 

853–854
Coagulation factors, disorders of soluble, 

853–855, 853t
Coagulation function, laboratory testing of, 

847–849, 848f
Coagulation imbalance, 565
Coagulation screening, 511
Coagulopathy, 1099

of trauma and massive transfusion, 856
Cocaine, 1212–1214, 1213f
Coccidioidomycosis, 636
Cockroft-Gault equations, 544, 545
Cognitive errors, 36

Colchicine, 338
Colistin, 547
Colistin methanesulfonate, 547
Colloids, 571
Colonoscopy, 1018
Coma, 829

barbiturate, 810
differential diagnosis of, 834–835
myxedema, 988–990, 989t
pentobarbital, 810
selected causes of, 835
treatment of, 837–838

Coma cocktail, 1196–1197
Comatose patient
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835–837, 836t

examination of, 831–834, 832t, 833f, 834f
Communication in palliative care, 121–122, 

121f, 122t
Community-acquired pneumonia

complications, 583–584
criteria for ICU, 582, 582t
diagnosis of, 581–582, 581t
epidemiology, 580
etiologic spectrum, 580–581, 581t
prevention of, 584
treatment of, 583, 583t

Community emergency planning, 61, 61ft
Compartment syndrome, 1174, 1179

in burn patients, 1187
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Compensatory anti-inflammatory response 

syndrome (CARS), 551, 552
Complement activation, 565
Complement levels, 1249
Complete heart block, 1071
Compliance, identifying local barriers to 

practice, 33
Complications, related to ECMO, 476, 476t, 477t
Comprehensive Unit-Based Safety Program 

(CUSP), 33–34, 34t, 36
Compressed gases, diving with,  

1319–1321, 1320f
Compression fractures, 1147
Computed tomography angiography  

(CTA), 219–220
Computed tomography (CT) scan

in diagnosing pulmonary ecbolic  
disorders, 324

percutaneous abscess drainage and, 210
Computer-based patient record, 55
Computerized physician order entry (CPOE) 

system, 49, 52, 55
Computer use, brief history and current 

state of, in intensive-care unit,  
50, 51ft, 52–53

Confidence intervals, 9, 46–47
Confounding, post-randomized, 45–46
Confounding measures, research concepts 

relevant to quality measurement 
and, 9t, 10

Confusion Assessment Method ICU, 760
Conscious, minimal, 830
Consciousness, 829

impaired, 829, 830–831
normal and impaired, 829–830, 829t, 830t

Conscious sedation
in interventional radiology, 209
in percutaneous abscess drainage, 210

Consent, request for, 1109–1110
Constrictive pericarditis, 198, 340–342

cardiac catheterization, 342
clinical evaluation, 341
echocardiography, 341–342, 342f
pathophysiology, 340, 341f
treatment of, 342

Content validity, 85
Continuous positive airway pressure (CPAP), 385
Continuous renal replacement techniques 

(CRRT), 549
Continuous venovenous hemodiafiltration 

(CVVHD) drug removal, 549
Contrast-enhanced computed tomography,  

in diagnosing right heart 
syndromes, 311

Contre-coup brain injury, 1122, 1122f
Convective clearance, 933
Convulsions, treatment of, 728
Cooling in treating fever, 561
Coombs test, 861–862
Coronary artery bypass graft (CABG),  

1068–1069
Coronary sinus perfusion, optimizing, 315–316
Coronary stenting, 300
Coronavirus, infection control and, 31
Corticosteroids, 499–500, 573

adjunctive, 634
indications for, 985
perioperative, in patient on chronic 

corticosteroids, 985–986
sepsis and, 573
systemic, 1090
treatment with, 983–985, 984t
use of, in critically ill patient, 1250–1251
for vasogenic edema, 812–813

Cortisol physiology, 980–981, 981f
Cosmesis, 109, 109f
Cost accounting, 39
Cost-benefit analysis, 38
Cost-effectiveness analysis, 38–39, 40f, 44

in intensive-care unit, 37–40, 39f, 40f
cost accounting, 39
cost-benefit analysis, 38
cost-effectiveness analysis, 38–39, 40f
cost estimates and guesses, 42
cost measurement, 42
cost-minimization analysis, 38
costs, 40
cost streams, 42
cost-utility analysis, 39
defining standard care, 42
discounting, 42
economic evaluations in health care, 38
methodological considerations in 

analysis, 39
outcome measures, 39–40
policy implications, 43–44
reporting and PCEHM reference case, 

43, 43f
robustness and sensitivity analysis, 

42–43, 43f
methodological considerations in, 39
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Cost-effectiveness ratio, 38, 42
Cost estimates and guesses, 42
Cost measurement, 42
Cost-minimization analysis, 38
Costs, 40
Cost streams, 42
Cost-utility analysis, 39
Coughing, in clearing blood from airway, 510
Coxsackievirus, 676
Cranial epidural abscess, 686
C-reactive protein, 1247

sepsis and, 567
Cricothyroid muscle, 404
Cricothyroidotomy, 1117–1118
Crimean Congo hemorrhagic fever,  

718, 740–741
Critical care

documentation in, 129–130
electrolyte disorder in, 943–968
handling of mass casualties in, 56–57
implementing curriulum, in intensive  

care unit, 5, 5t
infectious complications of intravascular 

access devices used in, 588–593
interface between end-of-life care, palliative 

care and, 121
interpreting and applying evidence, 44–48

measures of association and quantifying 
effect size, 46

observational studies, 45
p values, confidence intervals, and power, 

46–47
qualitative data and its role in critical 

care research, 48
randomized controlled trials, 45–46
surrogate outcomes measures in critical 

care research, 46
understanding diagnostic test, 47–48

legal issues in, 125–130
decisional capacity and surrogate 

decision making, 126–127
informed consent and refusal, 126

legal responsibility and vicarious  
liability, 129

measuring quality of experience of,  
117, 118t

obesity and delivery of, 1310, 1310t
organizing team in, 3
psychological burden of, on patient’s 

relatives, 117
qualitative data and its role in, 48
quality indicators in, 12–15, 14t
risk management in, 130
role of, in bioterrorism, 751–752, 752t
scholarship of teaching and discovery in, 

5–7, 5t
surging resources, 59
surrogate outcomes measures in, 46
teaching, in curricula of medical schools 

and residency programs, 6
Critical care echocardiography, basic,  

206–207
Critical Care Family Needs Inventory 

(CCFNI), 117, 118t
Critical Care Family Satisfaction Survey, 117
Critical care information system (CCIS), 55

Critical care pharmacology, 1223–1241
individualization of drug therapy in 

intensive care unit,  
1227–1241, 1227f

adverse drug reactions, 1239–1241
consideration of potential drug-drug 

interactions, 1238–1239
half-life, 1238
hepatic biotransformation, 1232, 1232t, 

1233t, 1234–1238, 1234t,  
1235ft, 1236t

loading dose, 1228
maintenance dose, 1228–1230
renal excretion, 1230–1232
route of drug administration, 1228
therapeutic drug monitoring, 1239

pharmacokinetic and pharmacodynamic 
principles, 1224–1227

bioavailability, 1224
drug distribution and elimination,  

1224–1226, 1224f, 1225ft, 1226
pharmacodynamic modeling, 1226–1227

renal excretion, 1230–1232
Critical care ultrasonography, applications 

of, 203–205
Critical illness

acute respiratory failure in, 720
MERS-CoV, 720
SARS, 720

care of caregiver after, 114–116
circadian rhythmicity in, 158–159
clinical assessment of bleeding in, 845, 845t
diagnostic approaches and early 

therapeutics, 713–716
empiric therapy in the traveler, 716
initial diagnostics, 714–715, 715f
physical examination, 714, 714t
supportive measures, 715–716

erythropoietin in, 844
evaluation of, with diarrhea, 706t, 707–708
glycemic control in, 144–145
impact on public health and community, 

720–721
importance of, 712, 712t
influenza in, 716–717
investigating mechanisms and 

management of, 6–7
long-term outcomes after, 103–114

additional physical morbidities,  
108–109, 109f

barriers to construction of rehabilitative 
models after, 110

caregiver and family burden in, 113
clinical phenotypes in, and spectrum of 

disability, 107–108, 108f
critical illness-associated brain injury, 

110–113
differential repair, 108
health-related quality of life, 104–105

neuropsychological morbidities and, 
105–106

long-term functional disability, 105, 106f
myopathy, 107
neuromuscular dysfunction, 106, 106f
phase-specific approach to recovery  

after, 110

polyneuropathy, 106–107
rehabilitation framework—International 

Classification of Functioning, 
Disability, and Health (ICF), 
109–110

sarcopenia of aging, 108
treatment - early mobility and 

rehabilitation, 113–114
malaria in, 716
management of, 711–721
mobilization of, 163
pathophysiology of anemia in, 842
pathophysiology of circulation in, 228–241, 

229f, 230f, 231ft, 233f, 234f, 236t, 
238f, 239f, 240ft, 241f

pharmacokinetics and pharmacodynamics 
in, 544–545, 544f

potential adverse effects of sleep disruption 
in, 158, 158t

red blood cell transfusion in, 843
rickettsial diseases, 718–719

Rocky Mountain spotted fever, 718–719
sleep in, 159–161, 159t
transportation of, 69–76

prior to transfer, 69–75, 70t, 71–72, 73t, 
74ft, 75f

special circumstances/clinical conditions, 
75–76, 76t

thyroid hormone physiology in, 987, 987f
tissue corticosteroid resistance during, 982
ulcer node syndromes, 719–720

plague, 719
tularemia, 719–720

ventricular dysfunction in, 229–233, 229f, 
230f, 231ft

viral hemorrhagic fevers, 717–718
dengue, 717–718
Ebola/Marburg, 718
hantavirus, 718

Critical illness myopathy, 107, 768, 768t
Critical illness neuromyopathy (CINM), 767
Critical illness polyneuromyopathy, 768
Critical illness polyneuropathy, 106–107, 

767–768, 767t
Critical illness-related corticosteroid 

insufficiency, 980–986, 980f
clinical manifestations, 982–983
cortisol physiology, 980–981, 981f
diagnosis of adrenal insufficiency, 983
hypothalamic-pituitary-adrenal axis failure 

in acute illness, 982, 982t
perioperative corticosteroids in patients  

on chronic corticosteroids,  
985–986

tissue corticosteroid resistance during, 982
treatment with corticosteroids,  

983–985, 984t
Critical Pathway for the Organ Donor, 1108
Cross-clamp, 1068
Cross-reactions, 1271
Cruzan, Nancy, case of, 127–128
Cryoglobulins, 1249, 1250
Cryoprecipitate, 857
Cryptococcus neoformans, 638–639, 639f
Crystalloid solutions, acid-base  

balance and, 970
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Crystalloid versus Hydroxyethyl Starch 
Trial (CHEST), 929

CTLA4-IG inhibition, use of, in critically ill 
patient, 1252–1253

Cutaneous adverse drug reaction, 1281, 1281f, 
1282f, 1283ft, 1284

classification of, 1281–1284, 1283t
Cutaneous necrotizing venulitis, 1294
Cyanide, 1214–1215
Cyclic antidepressants, 1215–1216
Cyclophosphamide, 897, 899

use of, in critically ill patient, 1251
Cyclosporine, 1089
CYP2C9 Polymorphism, 1236
CYP2C19 Polymorphism, 1236
CYP2D6 Polymorphism, 1235
CYP2E1 Polymorphism, 1236
Cystic fibrosis, bronchial artery 

embolization and, 216
Cysts, renal, 700–701
Cytokines, 565
Cytomegalovirus (CMV), 670–671, 928

infections due to, 636, 1106
Cytopathic hypoxia, 565
Cytotoxic chemotherapy, infection in patients 

receiving, for malignancy, 600–625
cancer patients in ICU, 601, 602t
deficits in host defenses related to cancer 

chemotherapy, 601–605, 602f, 605f
infection prevention in neutropenic 

host, 622–624
infections and bacterial pathogens causing 

neutropenic fevers, 605–606
infection syndromes in patients undergoing 

cytotoxic chemotherapy, 615–622, 
617f, 619f, 620f

neutropenic fever, 606–615
Cytotoxic edema, 794
Cytotoxic (type II) reactions, 1283
Cytotoxic therapy, immunosuppressive 

effects of, 603–605

D
Dabigatran, 288
Damage-associated molecular patterns 

(DAMPs), 552
Damage control orthopaedic treatment, early 

total care versus, 1175
Dapsone, 632
Daptomycin, 548–549
Data warehouse, 55
Death/dying

brain
critical care aspects of, 839–840
neurologic states resembling, 839

changing goals, 4, 4t
combining excellence and  

compassion, 4–5
declaration of, using neurologic 

criteria, 838
determination of, 128–129
grief management and, 4, 4t
in intensive care unit, 3–5, 4t
physician-assisted, 128

Decerebrate posturing, 800, 800f
Decerebrate response, 800

Decisional capacity and surrogate decision 
making, 126–127

Decisions to limit treatment, 127–128
determinations of death, 128–129
documentation, 129–130
institutional protocols and supports, 128
legal responsibility and vicarious 

liability, 129
risk management of, 130

Decision Support System (DSS), 55
Decompartmentalization, lung injury and, 

444–445
Decompression illness, 1320–1321, 1320t
Decompressive craniectomy, 1134–1135

complications of, 816
Decreased left ventricular systolic 

contractility, 270–273,  
271f, 272t

Deep cervical fascial space infections,  
678–679, 679f, 680ft, 681t

Deep enteroscopy, 1021
Deep fungal infections, 1303–1304,  

1303f, 1304t
Deep sulcus sign, 505, 506f
Deep vein thrombosis (DVT), 221

in burn patients, 1187
prophylaxis in surgical and trauma 

patient, 1067
Defects, learning from, 34, 35t
Defibrillation, aspects of, 171–172
Deiodinases, 987
Delayed afterdepolarization, 278
Delirium, 112, 829

in intensive care unit, 756–763
Diagnostic and Statistical Manual of 

Mental Disorders (DSM-IV) on,  
756, 756t

monitoring for, 759–760, 760t
pathophysiology, 758–759, 759f
prevalence and subtypes, 756–757
prognosis following, 760–761, 761f
risk factors, 757–758, 757t, 758f
strategies for prevention of, 761–762
treatment of, 762–763

Dementia, 829
Dengue fever, 717–718, 734, 736–737
Dengue hemorrhagic fever, 734, 736–737
Denis three-column theory of spinal 

instability, 1138
Depressed heart, managing, 273
Dermatologic conditions, 1280–1305

basics of
application of structure and function to 

dermatoses, 1280, 1280f
morphologic approach and descriptions, 

1280, 1281t
classification of cutaneous adverse drug 

reactions, 1281–1284, 1283t
acute generalized exanthematous 

pustulosis, 1286–1287, 1287f
adverse reactions to alternative 

drugs, 1286
anticoagulant-induced dermatoses, 

1285–1286, 1285f, 1286f
chemotherapy-induced dermatoses, 

1284–1285, 1284t, 1285ft

vasopressin-induced skin necrosis,  
1286, 1286f

cutaneous adverse drug reactions,  
1287–1290

hypersensitivity syndrome/drug reaction 
with eosinophilia and systemic 
symptoms, 1289–1290, 1290t

Stevens-Johnson syndrome and toxic 
epidermal necrolysis, 1287–1289, 
1287f, 1288t, 1289t

dermatoses precipitated by drugs,  
1280–1287

cutaneous adverse drug reactions,  
1281, 1281f, 1282f, 1283ft

epidemiology of adverse drug 
reactions, 1281

dermatoses precipitated by infection, 
1296–1299

bacterial, 1296
infective endocarditis, 1299,  

1299f, 1300f
meningococcemia, 1298–1299, 

1299f, 1300ft
necrotizing fasciitis, 1296–1297, 1297f
pseudomonas bacteremia, 1298, 1298f
staphylococcal scalded skin syndrome, 

1297, 1298f
toxic shock syndrome, 1297, 1297t

fungal infections, 1303–1304
deep fungal, 1303–1304, 1303f, 1304t
disseminated candidiasis, 1303

medical dermatoses, 1290–1296
bullous pemphigoid, 1292, 1292f
edema bullae, 1295–1296, 1296f
erythroderma, 1293, 1293ft
graft-versus-host disease,  

1294–1295
pemphigus vulgaris, 1290–1292, 1291f
psoriasis, 1292–1293, 1292f
purpura, 1294

selected dermatoses
miliaria, 1304, 1304f
pressure ulcers, 1304

viral infections, 1300–1302
herpes simplex, 1300, 1300ft, 1301f
human immunodeficiency virus, 

1302, 1302t
smallpox, 1302
varicella zoster, 1300–1302, 1301f

Dermatologic toxicity, 901
Dermatomyositis, 821, 826–827
Dermatoses precipitated by infection,  

1296–1299
bacterial, 1296
infective endocarditis, 1299, 1299f, 1300f
meningococcemia, 1298–1299, 

1299f, 1300ft
necrotizing fasciitis, 1296–1297, 1297f
pseudomonas bacteremia, 1298, 1298f
staphylococcal scalded skin syndrome, 

1297, 1298f
toxic shock syndrome, 1297, 1297t

Desmopressin (1-desamino-8-D-arginine 
vasopressin) (DDAVP), 946, 1127

Destructive lesions, 835
Detection bias, 93
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Detoxification, 1203–1206
activated charcoal, 1203–1204
extracorporeal removal of toxins,  

1205–1206
forced diuresis and urinary manipulations, 

1204–1205, 1204t
gastric emptying, 1203
whole-bowel irrigation, 1204

Devic disease, 676
Device-related infections, 598–599, 598t
Dexmedetomidine, 153–154

for delirium, 763
D+ hemolytic-uremic syndrome (D+ HUS), 

diagnosis of, 861
Diabetes insipidus, managing, 840
Diabetes mellitus in high-risk surgical 

patients, 1058–1059
Diabetic ketoacidosis (DKA), 974
Diagnostic and Statistical Manual of Mental 

Disorders (DSM-IV), 756
Diagnostic errors, reducing, 34–36
Diagnostic peritoneal lavage (DPL), 1161
Diagnostic tests, understanding, 47–48
Diaphoresis, 498
Diaphragmatic rupture, 1160
Diarrhea, 705–708, 706t, 1001–1004

Clostridium difficile in,  
1003–1004, 1004f

evaluation of critically ill patient with,  
706t, 707–708

hemorrhagic, 707
inflammatory, 706–707
management of, in critical care,  

1001–1003
noninflammatory, 706
treatment of, 708, 708t

Diastolic dysfunction, 256, 257t, 258f
management of, 274

Diastolic stiffness, increased, 274
Diastolic V-P curve, in ventricular filling 

disorders, 231, 231ft
Diazepam, 152
Dieulafoy lesion, 1017
Diffuse alveolar hemorrhage, 887
Diffuse axonal injury (DAI), 1123
Diffuse brain disease (dementia and 

encephalopathy), 640
Diffuse reversible edema syndrome  

(DRES), 819
Diffusion of responsibility, 67
Digital imaging and communications in 

medicine (DICOM), 54
Digoxin, 1216–1217, 1216t
Dilutional thrombocytopenia, 850
Dipyridamole, 316
Direct thrombin inhibitors, 304, 328–329
Disaster response, organizing hospital  

for, 60, 60ft
Discounting, 42
Discovery in critical care, 5–7, 5t
Discrimination, 84–85
Disseminated candidiasis, 1303
Disseminated intravascular coagulation 

(DIC), 855, 855t, 870–871
Diuretics in acute renal failure, 929–930
Diverticular bleeding, 1018

Diving medicine, 1317–1323
with compressed gases, 1319–1321, 1320f
immersion and breath-hold diving,  

1318–1319, 1319f
physics of underwater environments,  

1318, 1318t
therapy of decompression illness,  

1322–1323, 1323f
venous and arterial gas embolism,  

1321–1322
Dobrava-Belgrade virus, 742
Dobutamine, 331, 573
“Do no harm,” 3
Donor, evaluation of potential, 1110–1113
Do-Not-Resuscitate (DNR) order, 128
Dopamine in acute renal failure, 930–931, 930t
Doppler US, 222
Doripenem, 546
Dose-dependent effects, 1227
Drainage system, chest tube management and, 

508–509
DRESS syndrome, 1290
Droplet precautions in intensive-care 

unit, 29–30
Drowning, 1323–1326

definition, 1323
hypothermia, 1326
management, 1324–1325, 1325f
neurological considerations,  

1325–1326, 1325t
pathophysiology, 1323–1324
prognosis, 1326

Drug administration, route of, 1228
Drug distribution and elimination,  

1224–1226, 1224f, 1225ft, 1226
Drug dosing, obesity and, 1310
Drug-drug interactions, 628

consideration of potential, 1238–1239
Drug fever, 560
Drug-induced anaphylaxis, 1283
Drug-induced thrombocytopenia,  

850–851, 850t, 851t
Drugs/definitive therapy, 253
Duchenne muscular dystrophy (DMD), 1062
Ductal injury, 1163
Duodenal injuries, 1162–1163, 1162f
Dysfunction, effects of circulatory, 1237
Dysglycemia, 977
Dyspnea, 405
Dysregulated inflammation, 454

E
Early afterdepolarization, 278
Early Goal-Directed Therapy algorithm,  

251, 252f
Early mobilization, 164–165
Early total care, damage control orthopaedic 

treatment versus, 1175
Eastern equine encephalitis virus (EEEV), 673
Eaton-Lambert syndrome, 826
Ebola hemorrhagic fever, 740
Ebola/Marburg, 718
Echinocandins, 650
Echocardiography, 266–268, 296

in advanced critical care, 207–208
in diagnosing aortic regurgitation, 347–348

in diagnosing mitral regurgitation, 351
in diagnosing right heart syndromes, 

311–312
in diagnosing tricuspid regurgitation, 352
in diagnosing valvular diseases, 345
in evaluating constrictive pericarditis, 

341–342, 342f
Eclampsia, 927
Economic evaluations in health care, 38
Eczema herpeticum, 1300, 1301f
Edema

cerebral, 774, 976
mass effect and, 794–795, 794t, 795f

cytotoxic, 794
high-pressure pulmonary, 384
hydrocephalic, 794
hydrostatic, 794
interstitial, 794
ischemic, 794
osmotic, 794
pulmonary, 239–240, 240f

diagnosis and management of, 200–201
vasogenic, 794

corticosteroids for, 812–813
Edema bullae, 1295–1296, 1296f
Elderly patient with elevated sedimentation 

rate, 1246
Electrical trauma, 1175–1180, 1176t, 1177t

cardiac, 1177
extremity and wound, 1178–1179
gastrointestinal, 1178
initial evaluation, 1176–1177
late sequelae of injury, 1179–1180
lightning injury, 1179
neurologic, 1178
pulmonary, 1178
renal, 1177–1178

Electric shock, 1176
Electrocardiography, 295

in diagnosing mitral stenosis, 349
in diagnosing right heart syndromes, 311

Electrolyte disorders in critical care, 943–968
calcium, 957–962

hypercalcemia, 960–962, 961t, 962t
hypocalcemia, 957–960, 958t, 959t, 960t
metabolism, 957, 957f, 958f

magnesium, 965–968
hypermagnesemia, 967–968
hypomagnesemia, 966–967, 966t
metabolism, 965–966

phosphorus, 962–965
hyperphosphatemia, 964–965, 965t
hypophosphatemia, 962–964, 963t, 964t
metabolism, 962
renal handling of, 962

potassium, 950–957
hypokalemia, 951–954, 951t, 953f
metabolism, 950–951, 950f

sodium, 944–950
hypernatremia, 945–947, 946ft, 947f
hyponatremia, 947–950, 947f, 948ft
metabolism, 944–945, 944t

Electronic health record (EHR), 55
adoption of, 129
health information technology and, 49
impact of, 50, 51t

Index.indd   1337 23-01-2015   15:33:51

http://www.myuptodate.com


Index1338

Electronic medical record (EMR), 55
Elevated liver enzymes, 856
Embolectomy, surgical, 331
Embolization

bronchial artery, 214–216, 215f
in endovascular treatment, 220
foreign body, 226

Emergency cricothyroidotomy and 
tracheostomy, 400

Emergency thoracotomy, 1157–1160
aortic rupture, 1159–1160, 1159f
blunt cardiac injury, 1159
cardiac tamponade, 1157–1158
diaphragmatic rupture, 1160
esophageal disruption, 1160
indications, 1157
lung contusion, 1158
rib fractures, 1160
simple hemopneumothorax, 1160

Emerging antimicrobial resistance, in 
enterobacteriaceae, 697–698, 697t

Emphysematous pyelonephritis, 701
Empiric therapy in travelers, 716
Empyema, 507, 583
Encephalitis, 665–676

bacterial, 674–675
bunyaviridae, 673
causes of, 666, 666t, 667–669t
defined, 665–676
flaviviridae, 671–672
herpes simplex virus type I, 666, 669–671
herpes viridae and, 666, 669–671
measles virus, 674
neonatal, 670
Nipah virus, 674
orthomyxoviridae, 673–674
paramyxoviridae, 674
picornaviridae, 672–673
postinfectious, 676
protozoan, 675–676
rhabdoviridae, 673
togaviridae, 673

Encephalopathy and elevated intracranial 
pressure, acute liver failure and, 
1024–1025, 1025t

End-expiratory lung volume, 442–444, 443f
Endobronchial infections, 1096
Endocarditis

infective, 594–596, 594t, 596t
intravascular infections and, 593–600

cavernous sinus thrombosis, 597
device-related, 598–599, 598t
infection of venous structures,  

597–598, 597t
infective endocarditis, 594–596,  

594t, 596t
mycotic aneurysms, 597
pathogenesis of, 594

native valve, 594
Endocrine dysfunction, 566
Endocrine monitoring, in burn patients, 1188
Endocrine response, 1046
Endocrine surgery special situations,  

1076–1077
End-of-life care, interface between critical 

care, palliative care and, 121

Endoscopic retrograde 
cholangiopancreatography  
(ERCP), 1163

in acute pancreatitis, 1034
Endoscopic therapy, 1012–1013, 1018, 1020
Endoscopy, video capsule, 1021
Endothelin receptor modulators, 317
Endotracheal aspirates

qualitative cultures of, 525–526, 526f
quantitative cultures of, 526

Endotracheal tube, changing, 392–393
Endovascular catheter directed 

thrombolysis, 216
End-systolic V-P curve and contractility, 232
Enhanced contractility, 309
Enoxaparin, 301
Enteral nutrition

in burn patients, 1187–1188
sepsis and, 574
timing of, 136

Enteric infections, 616–617
Enterobacteriaceae, emerging antimicrobial 

resistance in, 697–698, 697t
Enterocolitis, necrotizing, 868
Enteroscopy, deep, 1021
Enteroviruses, nonpolio, 673
Entrapment neuropathy and joint 

contractures, 109
Envenomations, 1222–1223
EOLIA extracorporeal membrane oxygenation 

(ECMO) trial,  
479, 480f

Epidemiology of antibiotic resistance,  
27, 27t

Epidural analgesia, 147
Epidural hematomas, 1122
Epilepsia partialis continua, 780
Epstein-Barr virus (EBV), 671
Equations, Cockroft-Gault, 544
Errors

cognitive, 36
Type I, 47
Type II, 47

Ertapenem, 546
Erythema multiforme, 1289, 1290f
Erythrocyte sedimentation rate, 1247
Erythroderma, 1293, 1293ft
Erythropoietin in critically ill, 844
Esmolol, 363
Esophageal disruption, 1160
Esophagitis, 704–705

clinical presentation, 704
diagnosis of, 705
microbiology, 704–705
therapy, 705

Ethambutol, 641
Ethanol, 1209–1210
Ethics in withholding or withdrawing 

life sustaining therapies,  
121f, 123–124

Ethylenediamine tetraacetic acid  
(EDTA), 850

Ethylene glycol, 1208
European Society of Intensive Care Medicine 

on size of intensive-care unit, 16
Euthyroid-sick syndrome, 987

Evidence
interpreting and applying, in critical care 

medicine, 44–48
measures of association and quantifying 

effect size, 46
observational studies, 45
p values, confidence intervals, and power, 

46–47
qualitative data and its role in critical 

care research, 48
randomized controlled trials, 45–46
surrogate outcomes measures in critical 

care research, 46
understanding diagnostic test, 47–48

translating, into practice, 33
Excellence, continuing compassion and, 4–5
Exemplary care

critical care team in, 3
“do no harm” in, 3
hypotheses in, 2, 3f
interventions in, 2–3
providing, 2–3
therapeutic goals in, 3

Exercise-induced anaphylaxis, 1271
Exercise-induced hypoxemia, 518
Exit site infection, 591
Extracorporeal CO2 removal, 471–472
Extracorporeal life support (ECLS) systems, 317
Extracorporeal lung support, 470–482

ECMO and 2007 influenza A (H1N1) 
severe ARDS, 479–481

ambulatory ECMO, 481
guidelines, 481
for pulmonary emboli, 481
in trauma, 481, 481f

incremental approach to management of 
patients with severe hypoxemia, 
471, 471f, 472f

initiation of ECMO, 473–476
anticoagulation for, 474–475
cannulation, 473–474, 473f, 474f
complications related to, 476, 476f, 477t
parameters (SvO2, SaO2, hemoglobin, 

platelets), 475
supportive care on, 475–476
ventilator management during 

ECMO, 475
weaning off, 476, 476f

respiratory conditions requiring ECMO, 
470, 471t

in specific indications
in ARDS and outcomes, 477, 477t, 478t
CESAR trial, 478
ECMO outcomes in ARDS, 478
EOLIA ECMO trial, 479, 480f
meta-analysis of ECMO trials for ARDS, 

478–479
types of

candidates for ECMO for respiratory 
failure, 472–473

extracorporeal CO2 removal, 471–472, 
472t

Extracorporeal membrane oxygenation 
(ECMO), 470, 471, 472t

ambulatory, 481
anticoagulation for, 474–475
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in ARDS and outcomes, 477, 477t, 478t
in burn patients, 1182
candidates for, for respiratory failure, 

472–473, 472t
complications related to, 476, 476t, 477t
goal of, 470
guidelines for, 481
initiation of, 473–476, 473f, 474f, 476f, 477f
outcomes in ARDS, 478
parameters for, 475
for pulmonary emboli, 481
respiratory conditions requiring, 470, 471t
supportive care on, 475–476
in trauma, 481, 481t
2007 influenza A (H1N1) severe ARDS, 

479–481
use of, 317
veno-arterial, 474
ventilator management during, 475
weaning of, 476, 476f

Extrahepatic biliary tract injuries,  
1165–1166

Extrathoracic airways, 404
Extrathoracic trachea, 404
Extravascular lung water, sepsis and, 569
Extremity trauma, 1172–1175

complications in, 1173–1175, 1174f
electrical, 1178
fracture assessment, 1172, 1173t
treatment of, 1173, 1173t

Eye disease, sickle cell disease and, 906

F
Factor Xa inhibitors, 855
Failed neuromuscular transmission, 485
Family-centered care, 116–120

high-risk situations for relatives to develop 
psychological problems, 117

measuring quality of critical care 
experience, 117, 118t

psychological burden of critical care on 
patients’ relatives, 117

strategies for preventing psychological 
stress and damage, 117–119, 119t

treating family conferences like 
procedures, 119–120

Family conferences, treating, like 
procedures, 119

Family consent statutes, 127
Family history, 999
Family satisfaction in the ICU (FS-ICU) 

instrument, 117
Fanconi syndrome, 924–925
Fat embolism, 335–336, 335t

clinical manifestations, 335
pathophysiology, 335
prophylaxis and treatment of, 335–336

Fat embolism syndrome, 1174–1175, 1175t
Febrile neutropenic patients

role of glycopeptides in, 612–613
Febrile seizures, 781
Feeding protocols, 137
Fenoldopam in acute renal failure, 931
Fentanyl, 151
Fetal oxygen delivery, in pregnancy,  

1255–1256

Fever(s)
alkhurma hemorrhagic, 738
antipyretic drugs for, 561
Argentine hemorrhagic, 739
blackwater, 728
Bolivian hemorrhagic, 739
Brazilian hemorrhagic, 739–740
Chapare hemorrhagic, 739
cooling in treating, 561
Crimean Congo hemorrhagic,  

718, 740–741
Dengue, 717–718, 734, 736–737
Dengue hemorrhagic, 734, 736–737
drug, 560
Ebola hemorrhagic, 740
hemorrhagic, 743

with renal syndrome, 742–743
Lassa, 718, 738–739
Lujo virus hemorrhagic, 739
Marburg hemorrhagic, 740
neutropenic, 606–615

diagnosis of, 606–608, 607t, 608f
empirical antimicrobial therapy for, 

609–615, 610t, 611t, 614t
infections and bacterial pathogens 

causing, 605–606
risk assessment in, 608–609

Omsk hemorrhagic, 738
persistent, 557–562. See also Persistent fever

differential diagnosis of fever in ICU, 
558, 558t

epidemiology and impact of, 557–558
selected infectious causes of,  

558–559
selected noninfectious causes of 

hyperthermia and, 559–561
temperature regulation and 

measurement, 557, 557f
treatment of, 561

Q, 751
Rift Valley, 718, 741
Rocky Mountain spotted, 676,  

718–719, 1299
South American hemorrhagic, 739
systemic lupus erythematosus and, 1242
Venezuelan hemorrhagic, 739
yellow, 718, 737–738

Fiberoptic bronchoscopy, 383–384
Fiberoptic intubation, 389–390, 390f
Fibrin degradation products and  

D-dimer, 848
Fibrinolytic therapy, 307
Filamentous fungi, 623–624
Filoviridae, 740
Fistula

aortoenteric, 1021
tracheo-innominate, 395, 400

Flail chest, 1157
Flaviviridae, 671–672
Fluconazole, 649
Fluid responsiveness

dynamic measures to predict,  
264–265, 264t

predicting, 263–265
Fluid resuscitation, judging adequacy of, 

262–266, 263f, 264t

Fluids
role of, in shock, 263
sickle cell disease and, 912

Fluid therapy
in establishing effective circulating 

volumes, 314–315
for sepsis, 570–572, 571t

Flumazenil, 1197, 1210–1211
Fluoroquinolones, 548t, 549, 550

for febrile neutropenic patients, 611–612
Fluorouracil, 896–897
Focal hepatic candidiasis, 618
Focal neurologic disease, 639–640, 640f
Focused Assessment Sonogram in Trauma 

(FAST), 1157–1158
Focused surveillance, in infection control, 23
Fomepizole, 1208
Fondaparinux, 301
Forced diuresis and urinary pH 

manipulations, 1204–1205, 1204t
Foreign body embolization, 226
Foreign body retrieval, intravascular,  

225–226, 225f
Fractures

acetabular, 1170
atlas, 1147
burst, 1147
compression, 1147
hangman, 1147
odontoid, 1147
rib, 1160
skull, 1122, 1122f
stabilization of, 1120

Frank-Starling mechanism, 309
Fresh-frozen plasma, 856–857
Fulminant hepatic failure, 817–818, 817f
Functional hemodynamic monitoring, 248
Functional platelet disorders, 853
Fungal infections, 643–651, 1303–1304

clinical disease caused by Candida species, 
644–645, 644t

deep fungal, 1303–1304, 1303f, 1304t
diagnosis of, 645–647, 645ft, 646f
disseminated candidiasis, 1303
epidemiology of, 643–644, 644t
in HIV-infected patient, 636
identifying patients at risk for invasive 

candidiasis, 647
outcomes of invasive Candida 

infections, 645
strategies to prevent invasive candidiasis, 

647–648, 647t
treatment of, 648–651, 648t

Fungal laryngotracheitis, 407

G
Gallbladder ablation, 213
Gallbladder distension, 559
Gangrene

gas, 690
Meleney, 690, 691
progressive bacterial synergistic, 690

Gas gangrene, 690
Gastric acidity as host defense, 704
Gastric antral vascular ectasia, 223
Gastric aspiration, 394
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Gastric emptying, 1203
Gastric lavage, 1210, 1211
Gastric varices, 221, 1012
Gastritis, 705
Gastrointestinal acidosis, acid-base balance 

and, 973
Gastrointestinal adaptation in  

pregnancy, 1255
Gastrointestinal bleeding, 218–221, 219f
Gastrointestinal dysfunction in sepsis, 

565–566
Gastrointestinal hemorrhage, 1008–1021

clinical considerations, 1009–1010, 1009t
lower, 1018–1020, 1019f
nonvariceal, 1014–1018
upper, 1010
variceal, 1010–1014

Gastrointestinal infections, Clostridium 
difficile and, 703–711, 704t

diarrhea, 705–708, 706t
esophagitis, 704–705
gastritis, 705
host defenses, 704

Gastrointestinal system, electrical trauma  
and, 1178

Gastrointestinal toxicities, 897–898
Gastrointestinal tract issues, spinal injuries 

and, 1152
Gastroparesis, 976
Gelatin, 572
Gemcitabine, 895
Gene expression, apoptosis and, 555
General adaption syndrome, 980
Generalized tetanus, 730
Genitourinary injuries, 1166–1167
Genitourinary tract issues, spinal injuries  

and, 1152
Gentamicin, 547
Gilbert syndrome, 999, 1001
Glasgow Coma Scale (GCS), 832, 832t,  

1124–1125, 1125f
Glasgow Outcome Score, 816
GlideScope™, 390
Global cerebral hypoperfusion, 818, 819f
Global end-diastolic volume, 264
Global hypertension, 1076
Glomerular filtration rate (GFR), 261

as measure of kidney function, 916
Glomerulonephritis, rapidly progressive, 922
Glomerulosclerosis, 927
Glomerulotubular balance, 918
Glottis, 404, 405
Glucocorticoids, 338, 877, 980–981

head injury and, 1129
for sickle cell disease, 914
supplementation in chronic glucocorticoid 

users, 1059–1060
Glucose and electrolyte balance,  

maintaining, 840
Glucose dysregulation, 112
Glucose monitoring in burn patients, 1188
Glucotoxicity, 975
Glutamine, 139
Glycemic control, 141–145

in critically ill patients, 144–145
head injury and, 1136–1137

interventional clinical studies, 143–144, 
143t, 144t

mechanisms of stress hyperglycemia,  
142–143, 143f

observational clinical studies, 143
physiological regulation of blood glucose, 

142, 142f
sepsis and, 575
spinal injuries and, 1151
toxicity associated with high glucose 

concentrations, 142
Glycopeptides, 548, 548t

in febrile neutropenic patients, 612–613
Glycoprotein Ib platelet receptor deficiency, 846
Glycoprotein IIb/IIIa receptor antagonists, 

300, 304
Glycylcyclines, 548, 548t
Goiter and acute airway obstruction, 990

thyroid disease and, 990
Gradenigo syndrome, 664
Graft-versus-host disease (GVHD),  

1294–1295
acute, 884–885, 884t
chronic, 885
hematopoetic stem cell transplantation  

and, 881–890, 882ft
complications of conditioning regimen, 

882–883
general and critical care outcomes in 

Hematopoetic Stem Cell Transplant 
(HSCT) recipients, 890

hepatic complications, 888–889
infectious complications, 885–886, 886t
pulmonary complications, 886–888
rejection/graft failure, 889
relapses, 890
renal complications, 889

prophylaxis, 883
Granulocyte-macrophage colony-stimulating 

factor (GM-CSF), 556
Granulomatous hepatitis, 618
Graves disease, 826
Grief, managing, 4, 4t
Group B streptococcus, 653
Guillain-Barré syndrome (GBS), 671, 821, 

824–825

H
H1N1 pandemic, 57
HACEK, 595
Half-life, 1238
Haloperidol, 153, 1197

in treating delirium, 762
Halo vest, 1147
Hand-foot syndrome, 901
Hand hygiene in intensive-care unit, 28
Hangman fractures, 1147
Hantaan virus, 742
Hantaviruses, 718, 742
Hantavirus pulmonary syndrome, 742
Harm, preventable versus inevitable, 32
Hartford Hospital Once Daily Aminoglycoside 

nomogram, 547
Hazard vulnerability analysis (HVA), 57

intensive care units (ICUs) and, 57–58, 58t
Head, life-threatening infections of, 676–688

Head injury, 1121–1137
bleeding and transfusion issues, 1128–1129

antiseizure prophylaxis, 1128–1129
glucocorticoids, 1129
neuromonitoring issues, 1129

cerebral blood flow, 1130–1131, 1130f
cerebral oxygenation and metabolism, 

1131–1132
brain tissue oxygen monitoring,  

1131–1132, 1132f
jugular venous bulb oximetry, 1131, 1131f
microdialysis, 1132

cerebral perfusion pressure and, 1130
health care-associated infections, 1136
hemodynamic monitoring and 

management, 1126–1127,  
1126f, 1127f

initial stabilization, imaging, and 
management, 1124–1125, 1125f

intracranial pressure monitoring,  
1129–1130, 1130f

intravenous fluid and electrolyte 
management, 1127–1128

nutrition and metabolic management, 
1136–1137

glycemic control, 1136–1137
thyroid function, 1137

paroxysmal sympathetic hyperactivity, 1127
primary and secondary traumatic brain 

injury, 1124, 1124f
prophylactic hypothermia and induced 

normothermia, 1135
respiratory management, 1125–1126
trauma, mechanisms of injury, 1122–1124, 

1122f, 1123f
treatment of intracranial hypertension, 

1132–1135
barbiturates, 1135
cerebrospinal fluid drainage, 1133
hyperosmolar therapy, 1133–1134
hyperventilation, 1133
operative management of traumatic 

brain injury and decompressive 
craniectomy, 1134–1135

sedation, analgesia, and paralytics, 
1132–1133

venous thromboembolism prophylaxis, 
1135–1136

Health care, 113–114
economic evaluations in, 38

Health care associated infections, 1136
criteria for diagnosis of, 23–24
interventions to prevent, in intensive-care 

unit, 26
spinal injuries and, 1151

Health-care associated pneumonia, 584–585
definition, 584
epidemiology of, 584
etiologic spectrum and recommended 

antibiotic therapy, 584–585
Health Information Systems (HIS), 55
Health information technology (HIT), 49, 55

factors affecting adoption of, 55
Health Insurance Portability and 

Accountability Act (HIPAA) (1994), 
53–54, 129
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Health-related quality of life (HRQoL), 
104–105

neuropsychological morbidities and, 
105–106

Heart
compression of, by surrounding  

structures, 259
Starling curve of, 230–231, 230f

Heart disease, sickle cell disease and,  
906–907

Heart transplantation, 1102–1108
indications and outcomes, 1102
infectious complications, 1104–1107, 

1105ft, 1107t
postoperative complications,  

1103–1104, 1104t
postoperative management, 1102–1103
procedures, 1102

Heat stroke, 560
Heliox, 500–501

for noninvasive ventilation, 381
HELLP syndrome, 985
Hematomas

aortic intramural, 357
epidural, 1122
subdural, 1122

Hematopoietic cell dysfunction in sepsis, 566
Hematopoietic growth factors, role of, in 

management of febrile neutropenic 
patients, 613

Hematopoietic stem cell transplantation, 
graft-versus-host disease and, 
881–890, 882ft

complications of conditioning regimen, 
882–883

general and critical care outcomes in HSCT 
recipients, 890

hepatic complications, 888–889
infectious complications, 885–886, 886t
pulmonary complications, 886–888
rejection/graft failure, 889
relapses, 890
renal complications, 889

Hematuria, 1166
Hemobilia, 1021
Hemodialysis, 1205–1206
Hemodynamic instability, management 

of, 1145
Hemodynamic monitoring, 296–297, 296t

functional, 248
head injury and, 1126–1127, 1126f, 1127f
in sepsis, 569, 572–573

Hemodynamic stability, maintaining,  
839–840

Hemodynamic waveforms
clinical use of pressure measurements, 

195–201, 195f, 196f, 197f, 198f, 199f, 
200f, 201f

interpretation of, 186–202
pressure monitoring system, 186–187, 187f

pressure, 187, 188f, 189f
pulmonary artery, 190–192, 191f
pulmonary artery wedge, 192–193, 192f, 

193f
right atrial, 187, 190, 190f
transmural, 193–195, 194f

Hemofiltration, 1206
Hemoglobin, 842
Hemoglobinopathy, 999
Hemolysis, elevated liver enzymes, 

low platelets syndrome  
(HELLP), 856

Hemolytic uremic syndrome (HUS), 852–853, 
858, 860–861, 860f, 861f, 926

diagnosis of, 861–863
differentiation of thrombotic 

thrombocytopenic purpura from, 
862–863, 862t

management of organ failure and 
treatment-related complications, 
864–865

treatment of, 863–864
Hemoperfusion, 1206
Hemoperitoneum, 1161
Hemopneumothorax, simple, 1160
Hemoptysis, massive, 214, 874. See also 

Massive hemoptysis
Hemorrhage. See also Bleeding

acute variceal, 1030–1031
alveolar, 895
diffuse alveolar, 887
gastrointestinal, 1008–1021

clinical considerations,  
1009–1010, 1009t

lower, 1018–1020, 1019f
nonvariceal, 1014–1018
upper, 1010
variceal, 1010–1014

intracerebral, 775, 776t
intracranial, 876–877, 876t
intrathoracic, 1158
locating source of internal, 1119
lower gastrointestinal, 1018–1020, 1019f
nonvariceal, 1014–1018
postoperative, and sentinel bleed, 1067
retroperitoneal, 1166
splinter, 1299
spontaneous subarachnoid, 771
subarachnoid, 1123, 1123f

due to ruptured intracranial aneurysm, 
775–778

upper gastrointestinal, 1010
variceal, 1010–1014

acute, 1030–1031
endoscopic therapy, 1012–1013
management, 1010–1012, 1011ft
pharmacotherapy, 1012
salvage therapy for endoscopically 

uncontrolled bleeding, 1009–1010
Hemorrhagic diarrhea, 707
Hemorrhagic fever

approach to patients with, 743
with renal syndrome, 742–743

Hemorrhagic shock in pregnancy,  
1257–1259, 1258t

Hemothorax, 507
Heparin, 304, 327, 854, 1285

alternatives to, 328–329
complications of, 327–328
discontinuation of, in interventional 

radiology, 209
low-molecular-weight, 328

Heparin-induced thrombocytopenia (HIT), 
327, 851–852, 851t

in burn patients, 1187
diagnosis of, 328

Heparin-like compounds, 854
Heparin necrosis, 328
Hepatic abscess, 1082
Hepatic biotransformation, 1232, 1232t,  

1233t, 1234–1238, 1234t, 
1235ft, 1236t

Hepatic encephalopathy, 1027, 1027t
Hepatic hydrothorax, 1028–1029
Hepatic toxicities, 897–898
Hepatic venoocclusive disease, 888
Hepatitis, hypoxic, 1023
Hepatitis A, 676
Hepatitis B virus (HBV), infection 

control and, 30, 676
Hepatitis C virus (HCV), infection 

control and, 30
Hepatobiliary iminodiacetic scintigraphy 

(HIDA scan), 559
Hepatobiliary system, sickle cell disease 

and, 907
Hepatocellular carcinoma, 1101
Hepatopulmonary syndrome (HPS), 223, 

1028, 1101–1102
Hepatorenal syndrome (HRS), 223,  

927, 1029
Hepatosplenic candidiasis, 618
Hepatotoxicity, 898
Hereditary angioedema (HAE), 409
Hereditary thrombotic thrombocytopenic 

purpura, 858
Herniation, transcalvarial, 1123
Herniation syndromes, 790, 795–797, 

795ft, 796ft, 797f
Herpes B virus, 671
Herpes simplex, 1300, 1300ft, 1301f
Herpes simplex virus (HSV), 676

as cause of nonepidemic fatal 
encephalitis, 665

Herpes simplex virus encephalitis (HSVE), 
666, 669, 705

clinical features and diagnosis of, 
666, 669f, 670f

epidemiology and pathogenesis, 666
management of, 666, 669

Herpes simplex virus type 2 (HSV2) 
encephalitis, 669–670

Herpes viridae, encephalitis and, 666,  
669–671

Hetastarch, 572
Heterotopic ossification, 109, 109f
Heyde syndrome, 854
High airway pressures/large tidal  

volumes and lung injury,  
441–442, 441f, 442f

High cardiac output hypotension, 259
High-dose cytarabine (HDARA-C), 603
High-frequency oscillatory ventilation, 436
High-intensity staffing model, 12
High-output cardiac failure, 275
High-pressure pulmonary edema, 384
High-risk situations in developing 

psychological problems, 117
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High-risk surgical patient, preoperative 
assessment of, 1053–1060

Histamine, 1272–1273
Histoplasmosis, 636
HIV. See Human immunodeficiency virus 

(HIV)
Homeland Security Exercise Evaluation 

Program (HSEEP), 58
Homozygous sickle cell disease, 903
Horner syndrome, 406
Hospital(s), organizing, for disaster 

response, 60, 60ft
Hospital-acquired infections, 13–14
Hospital-acquired pneumonia, 585–587

altered pathogenesis and 
pathophysiology, 585

antibiotic therapy, 586–587, 586t
diagnosis of, 585, 585t
etiologic spectrum, 585–586
prevention, 587, 587t

Hospital and community emergency planning, 
integration of  
intensive-care unit into,  
59–61, 60f, 62

Hospital Incident Command System,  
60, 60ft

Hospitalists, 17
Host immune response, 564
House officers, 17
Human corona virus, 676
Human herpes virus 6 (HHV-6), 671, 676
Human immunodeficiency virus (HIV),  

625, 676, 1302, 1302t
antiretroviral therapy in ICU, 626–628, 627t
changing spectrum of ICU presentations 

among infected patients in the ART 
era, 628–629

Cryptococcus neoformans, 638–639, 639f
diffuse brain disease (dementia and 

encephalopathy), 640
epidemiology of, 625
focal neurologic disease, 639–640, 640f
fungal infections and, 636
infection control and, 30

postexposure prophylaxis, 641
Mycobacteria tuberculosis, 635–636
natural history, 626
neurologic manifestations in, 637–638, 

637–638t
opportunistic infections, 640–641
pathogenesis, 625–626, 626t
Pneumocystis jiroveci pneumonia,  

629–635
clinical and radiologic features,  

630, 635f
diagnosis of, 630–631
management of, 632, 632–634t
prognosis, 634–635

pulmonary infiltrates in HIV-infected 
individuals, 636–638, 637–638t

respiratory disease complicating infection, 
629, 629f

Human T-cell lymphotropic virus type I 
(HTLV-I), 676

Hutchinson sign, 1302
Hydrocephalic edema, 794

Hydrocephalus, acute, 776
Hydromorphone, 151
Hydrostatic edema, 794
Hydrostatic pressure, 239
ß-Hydroxybutyrate, 971
γ-Hydroxybutyrate, 1217
Hydroxycobalamin, 1215
Hydroxyethyl starch (HES), 928
Hydroxyurea for sickle cell disease, 914
Hyperacute rejection, 1095
Hypercalcemia, 877, 960–962, 961t, 962t, 991
Hypercapnia, pulmonary artery pressure 

and, 317
Hypercapnic respiratory failure, 516
Hypercoagulation state, 1046
Hyperglycemia, 98, 107, 1136–1137
Hyperglycemic crisis, 974–978

complications in, 976–977
differential diagnosis of, 976
epidemiology/incidence of, 976
management of, 977–978, 977t
pathophysiology of, 975
presentation of, 975–976, 975t

Hyperglycemic hyperosmolar 
nonketotic coma, 975

Hyperglycemic hyperosmolar nonketotic state, 
975

Hyperglycemic induced brain injury, 112
Hyperhydration, hyperpyrexia, 

hyperexcitability, and hyperrigidity 
(HYPER), 1325

Hyperinflation, 484–485
Hyperkalemia, 327, 954–957, 954t, 956t
Hyperleukocytosis syndrome, 871–872
Hypermagnesemia, 967–968
Hypernatremia, 945–947, 946ft, 947f
Hyperosmolar hyperglycemic state, 974
Hyperosmolar therapy, 1133–1134

in intracranial pressure management, 808
Hyperparathyroidism

primary, 960
tertiary, 960

Hyperphosphatemia, 931, 937, 964–965, 965t
Hypersensitivity, 327, 900–901
Hypersensitivity syndrome/drug reaction 

with eosinophilia and systemic 
symptoms, 1289–1290, 1290t

Hypertension, 776
Hypertensive encephalopathy and 

eclampsia, 819, 820f
Hypertensive renal crisis, scleroderma and, 

1243–1244
Hyperthermia, 557, 837

noninfectious causes of, 559–561
spinal injuries and, 1150–1151

Hypertonic saline solutions, 809
Hypertrophic cardiomyopathy, 295
Hyperventilation, 1133, 1319

prophylactic, 812
Hypervolemia, 197f, 198
Hypocalcemia, 931–932, 957–960,  

958t, 959t, 960t
acute, 959

Hypoglycemia, 978–979
causes of, 978, 979t
evaluation of, 979

incidence of, 112
symptoms and signs of, 978, 978t
treatment of, 979

Hypokalemia, 951–954, 951t, 953f, 976
Hypokalemic periodic paralysis, 951
Hypomagnesemia, 952, 966–967, 966t
Hyponatremia, 777, 947–950, 947f, 948ft

asymptomatic, 949
hyposmotic, 947
postoperative, 948
symptomatic, 949, 949f
thiazide-induced, 948

Hypoparathyroidism, 958–959
Hypoperfused states in pregnancy,  

1256–1257, 1256ft
Hypoperfusion, 261, 1118–1119

approach to, 235–238, 236t, 238f
injuries in, 794

Hypopharynx, 404
Hypophosphatemia, 486, 962–964, 963t, 964t
Hyposmotic hyponatremia, 947
Hypotension, 112, 364

postintubation, 501
in surgical patient, 1047, 1047f

Hypothalamic-pituitary-adrenal (HPA) axis 
failure in acute illness, 982, 982t

Hypothermia, 243, 1311–1317, 1326
in burn patients, 1186
clinical presentation, 1312–1314,  

1313t, 1314f
defined, 1311
epidemiology of, 1312
induced, 818

history of, 174–175
management of, 1314–1317, 1315f
mechanisms of, 175–176, 175f
potential benefits of, 1135
prevention of, 1317
prognosis, 1317
regulation of body temperature,  

1312, 1312t
spinal injuries and, 1150–1151
therapeutic, 809–810

Hypothyroidism, thyroid disease and,  
986–987

Hypovolemia
delayed resuscitation of, 252
nonhemorrhagic, 237
treating, 262

Hypovolemic shock, 237, 254–256, 254f, 
255–256, 255f, 260

Hypoxemia, 243, 243f, 1125
arterial, 1143
exercise-induced, 518
identifying causes of, 243
incremental approach to management of 

patients with severe, 471, 471f, 472f
mechanisms of, 320
refractory, 517

Hypoxemic respiratory failure, 381–382
Hypoxemic versus ventilatory failure, 372, 

373t
Hypoxia, 949
Hypoxic hepatitis, 1023
Hypoxic-ischemic encephalopathy, 835

cause of, 835
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I
Iatrogenic acidosis, acid-base balance  

and, 973
Ibuprofen, 561
ICUEHR, next generation of, 55
ICUEMR, functional and abstract model 

of, 50, 51f
Idiopathic pneumonia syndrome, 887
Idiopathic pulmonary fibrosis, long-term 

management of, 520
IFN-γ, 556
Ifosfamide, 899
Ileus, postoperative, 1006
Imaging

in diagnosing neuromuscular injury, 767
encouraging independent interpreting of, 5

Imaging informatics, 50
Imipenem, 546
Immersion and breath-hold diving,  

1318–1319, 1319f
Immune enhancing nutrients and 

antioxidants, role of, 137–138
Immune reconstitution inflammatory 

syndrome, 628
Immune thrombocytopenia, 852
Immunoparalysis, sepsis and, 551–556

apoptosis, 555
appropriate diagnostic tools and 

monitoring, 555–556
clinical evidence and relevance of 

immunosuppression, 554
definition of systemic sepsis-induced, 553
evolution to immunoparalysis, 553, 553f
future therapeutic approaches, 556
history—definition, 551
measurement of cell surface markers, 

554–555
measurement of circulating mediators, 554
modification of, 554–556
natural history of infection and sepsis 

syndrome, 551–552
Immunosuppression in transplant patient, 

1088–1090, 1088f, 1093
antilymphocyte antibodies, 1089–1090
calcineurin inhibitors and related 

compounds, 1089
new agents, 1090
proliferation inhibitors, 1089
systemic corticosteroids, 1090

Impaired consciousness, 829, 830–831
Implantable cardioverter defibrillators, 290–291f, 

292f, 293
Implicit review, 11
Imprecise principal diagnosis, 94, 94f
Inactivity and muscle weakness, 162–163
Inactivity and other organ system injury, 163
Incentive spirometry, sickle cell disease and, 913
Incidence density in intensive-care unit, 23
Incremental cost-effectiveness ratio, 38, 40
Indicator dilution methods to assess cardiac 

output, 245–247, 246f
Indicators

characteristics of, 8, 8t
measurable, 8, 8t
rate-based, 8–9
relevance, 8, 8t

timely, 8, 8t
types of, 8–9

Individual organ systems, 260–261
Induced hypothermia, 818

in cardiac arrest, 173
Inducible nitric oxide synthase (iNOS), 552
Indwelling central venous access device 

infections, 621–622
Infarction right ventricular overload and, 

236t, 237–238
Infection(s)

in burn patients, 1187
invasive devices and intensive-care  

unit-acquired, 24–26
prevention and surveillance, in  

intensive-care unit, 23–31
infection prevention policies and 

procedures, 24
nursing staffing ratios, 24
structural/organizational factors that 

affect infection prevention, 24
surveillance, 23–24

of venous structures, 597–598, 597t
Infection control, issues related to specific 

pathogens
blood-borne pathogens, 30–31
coronavirus, 31
influenza virus, 31
integrated approach to patient safety, 36
Meningococcus, 31
respiratory syncytial virus, 30–31
safety scorecards, 36–37
taxonomy of patient safety issues,  

33–36, 34t, 35f
tuberculosis, 30
varicella-zoster virus, 30

Infection syndromes in patients undergoing 
cytotoxic chemotherapy, 615–622, 
617f, 619f, 620f

Infectious agents, screening for, in organ 
transplantation, 1110–1111, 1111t

Infectious complications
of central venous catheters, 182–183
of intravascular access devices used in 

critical care, 588–593
definitions and diagnosis of  

device-related infections, 591
epidemiology of, 588–589, 588t, 589t
management of infection, 591–592
microbiology, 590, 590t
pathogenesis, 589–590, 590f
preventive strategies, 592–593, 592–593t

Infectious Diseases Society of America 
(IDSA), 11

Infective endocarditis, 354–356, 594–596, 
594t, 596t, 1299, 1299f, 1300f

clinical presentation, 354, 355f
etiology, 354
pathophysiology, 354

Inferior vena cava filter placement,  
22f, 221–223

Inferior vena cavagram (IVC), 222
Inflammation

in burn patients, 1187
sepsis and, 564

Inflammatory diarrhea, 706–707

Inflammatory response, 272
Influenza

avian, 717
in critically ill traveler, 716–717
seasonal, 716

Influenza A, 676
Influenza B, 676
Influenza virus, 673–674

infection control and, 31
Infobuttons, 52, 55
Informed consent and refusal, 126
Inodilators, 316
Inotropes, 573
Inspiratory muscle dysfunction, 514
Insulin-like growth factor in acute renal 

failure, 931
Integrated approach to patient safety, 36
Intensity-benefit relationship, 3, 3f
Intensive Care Delirium Screening 

Checklist, 760
Intensive care unit (ICU)

administering sedatives in, 148–149
antibiotic resistance in, 27
assessing cost-effectiveness in,  

37–40, 39f, 40f
cost accounting in, 39
cost-benefit analysis in, 38
cost-effectiveness analysis in, 38–39, 40f
cost estimates and guesses in, 42
cost measurement in, 42
cost-minimization analysis in, 38
costs in, 40
cost streams in, 42
cost-utility analysis in, 39
defining standard care in, 42
discounting, 42
economic evaluations in health care, 38
methodological considerations in 

analysis, 39
outcome measures in, 39–40
policy implications, 43–44
reporting and PCEHM reference case, 

43, 43f
robustness and sensitivity analysis, 

42–43, 43f
brief history and current-state of computer 

use in, 50, 51ft, 52–53
cardiac pacing issues in, 290
care of the caregiver in, 114–116
closed, 16
delirium in, 756–763

Diagnostic and Statistical Manual of 
Mental Disorders (DSM-IV),  
756, 756t

monitoring for delirium, 759–760, 760t
pathophysiology, 758–759, 759f
prevalence and subtypes, 756–757
prognosis following intensive care unit 

delirium, 760–761, 761f
risk factors, 757–758, 757t, 758f
strategies for prevention of delirium, 

761–762
treatment of, 762–763

differential diagnosis of fever in, 558, 558t
exercises related to needs for medical  

surge, 58
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Intensive care unit (ICU) (Cont.):
hazard vulnerability analysis (HVA) and, 

57–58, 58t
implementing critical care curriculum, 5, 5t
infection prevention and surveillance in

infection prevention policies and 
procedures, 24

nursing staffing ratios, 24
structural/organizational factors that 

affect infection prevention, 24
infection prevention policies and 

procedures in, 24
integration of, into hospital and community 

emergency planning, 59–61, 60f, 62f
International Classification of Disease  

(ICD) issues in, 293
interventions to prevent health-care 

associated infections, 26
intravascular devices in, 179–186

central internal jugular approach, 180, 181f
infectious complications of central 

venous catheters, 182–183
infraclavicular subclavian approach, 180
placement of central venous catheters, 180
posterior internal jugular approach,  

180, 181f
ultrasound-guided placement, 180

invasive devices and ICU-acquired 
infections, 24–26

arterial catheters and pressure 
transducers, 25

central venous catheters/pulmonary 
arterial catheters, 24–25, 24t

intracranial pressure-monitoring  
devices, 26

respiratory therapy equipment and 
nasogastric tubes, 25–26, 26t

urinary catheters, 25, 25t
management of patient with acute abdomen, 

1079–1083, 1079t, 1081t, 1082f
managing death and dying in, 3–5, 4t
“meaningful use” of HIT in, 53–55, 54ft
models of care in, 12
monitoring renal function in, 922–923, 923f
occupational health and, 30
open, 16
practical implementation of an exercise 

and mobilization program in acute 
care, 165–166

preventing antibiotic resistance in
hand hygiene, 28
surveillance, 27–28
use and control, 27–28

preventing morbidity in, 32–37, 33f, 35f, 36f
integrated approach to patient safety, 36
Meningococcus, 31
preventable versus inevitable harm in, 32
safety and, 32–33, 33t
safety scorecard, 36–37
science of safety, 32–33, 33t
taxonomy of patient safety issues,  

33–36, 34t, 35f
preventing transmission of pathogens between 

patients and personnel, 28–30, 29t
principles of medical informatics and 

clinical informatics in, 49–55, 50f, 
51ft, 53f, 54ft

promoting sleep in, 161
providing palliative care in, 121–123,  

121f, 124t
renal replacement therapy in, 932

defined, 933
dose of therapy, 938–939, 940t
future directions, 942–943
indications for and timing of initiation, 

933–934, 933t, 935t
modality of

acid-base disturbance, 937
acute liver failure, 936–937
acute-neurologic injury, 937
diffusive versus convective 

therapies, 938
hyperphosphatemia, 937
intermittent versus continuous 

delivery, 934–936
severe sepsis, 937–938

supportive care
medication dosing, 942
nutritional support, 941–942

technical aspects
access, 939–940
anticoagulation, 940–941

role of palliative care in, 120–121
roots of, 2
safety scorecard in quality 

improvement, 36–37
seizures in, 779–786

classification of, 780–781
clinical manifestations, 781–782
diagnostic approach, 782–783
epidemiology and outcome, 779–780, 779t
management approach, 783–786, 783t, 785t
pathogenesis and pathophysiology, 781

sleep after, 161
structural/organizational factors that affect 

infection prevention, 24
supportive care for AIDS patients in,  

641–642, 642f
ultrasonography in, 202–208

applications of critical care 
ultrasonography, 203–205

cardiac ultrasonography, 206–208
equipment requirements, 203
scope of practice and training in critical 

care ultrasonography, 202–203
thoracic ultrasonography, lung and 

pleura, 205–206
Intensive care unit-acquired weakness,  

763–770, 764f
adjunctive testing for neuromuscular
injury, 766–769, 767f, 768t
clinical presentation, 765, 765t
critical care survivorship, 764–765
differential diagnosis of, 765, 766t
prevention and treatment of, 769–770

Intensive-care unit (ICU) nurses, special 
critical care certification, 21

Intensive care unit (ICU) patients
etiology of thrombocytopenia in, 849–853, 

850t, 851t
evaluation of acute abdominal pain in, 

1078–1079, 1078ft
frequency and general risk factors for 

bleeding in, 845–846

Intensive care unit staffing, 15–22
hospitalists, 17
house officers, 17
intensivists, 16
pharmacists, 21–22
respiratory therapists, 21–22
telemedicine, 17

Intensives, nighttime availability of, 12
Intensivists, 3

around-the-clock presence of, 16
open versus closed intensive care units and 

related topics, 16
in regionalization, 64
role of, in telemedicine, 68
workload of, 16

Interactive care, 64
Interleukin-1 inhibition, use of, in critically ill 

patient, 1252
Interleukin-1 receptor-associated kinase 

(IRAK), 552
Interleukin-6 (IL-6), sepsis and, 567
Interleukin-6 inhibition, use of, in critically ill 

patient, 1252
International Classification of Disease (ICD) 

issues, in intensive-care unit 
setting, 293

International Classification of Functioning, 
Disability, and Health (ICF),  
109–110, 110f

International League Against 
Epilepsy’s (ILAE) classification 
of seizures, 780

International Standards Organization (ISO), 
defining quality, 7

Interoperability, standards for, 53–54
Interpretation of rheumatology laboratory 

abnormalities, 1247–1250
Interstitial edema, 794
Interstitial pulmonary fibrosis, 1090
Interventional clinical studies in glycemic 

control, 143–144, 143t, 144t
Interventional lung assist, 471
Interventional management, 304–305, 305f
Interventional radiology, 209
Interventions

encouraging independent interpreting of, 5
liberating from, 2–3
to prevent health care-associated infections 

in intensive-care unit, 26
Intestinal injuries, 1163–1164
Intestinal ischemia, pathophysiology  

of, 1038
Intestinal obstruction, 1004–1006,  

1004t, 1005t
workup of bowel, 1005

Intra-abdominal candidiasis, 649
Intra-abdominal infection, 645
Intra-aortic balloon pump (IABP),  

298, 307
Intra-arterial disease, 976
Intracerebral hemorrhage, 775, 776t
Intracranial bleeding, 1128
Intracranial hemorrhage, 876–877,  

876t
Intracranial hypertension, treatment of, 

1132–1135
Intracranial mycotic aneurysm, 687
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Intracranial pressure, 786–820
cerebral edema and mass effect,  

794–795, 794t, 795f
brain tissue displacement and herniation 

syndromes, 795–797, 795ft,  
796ft, 797f

examination of patient with suspected 
intracranial pressure elevation, 
797–801, 798t, 799ft, 800f

consideration of cerebral pressure
cerebral blood flow and perfusion,  

791–792, 791f, 792f, 793f, 794
compartments and Monro-Kellie 

doctrine, 786–788, 787f, 788f
intracranial, 788–789, 789ft
intracranial compliance, 789–791, 790f
plateau waves, 794

general disease-specific comments, 816
fulminant hepatic failure, 817–818,  

817f
global cerebral hypoperfusion,  

818, 819f
hypertensive encephalopathy and 

eclampsia, 819, 820f
large supratentorial hemispheric 

infarction, 816–817, 817f
septic encephalopathy, 818–819
traumatic brain injury, 816

management of increased, 806–816
algorithm approach to elevated, 816
general approach to patients with 

abnormal, 806–808, 807t, 808t
neuromedical, 808–813, 810t,  

811f, 812t
surgical, 813, 814–815f, 816

monitoring, 801–806
of abnormal, 803, 803t
adjunct brain modalities, 804–806,  

805t
cerebral autoregulation, 803–804
indications for, 801–802, 801t
placing devices, 802–803, 802f

Intracranial pressure monitoring
head injury and, 1129–1130, 1130f
in intensive-care unit, 26

Intracranial subdural empyema, 686
Intracranial suppuration, 686–687
Intramyocardial inflammatory response, 

limitation of, 273
Intrathoracic blood volume, 264
Intrathoracic hemorrhage, 1158
Intravascular devices

infectious complications of, used in critical 
care, 588–593

in intensive-care unit, 179–186
central internal jugular approach,  

180, 181f
infectious complications of central 

venous catheters, 182–183
infraclavicular subclavian approach, 180
placement of central venous 

catheters, 180
posterior internal jugular approach,  

180, 181f
ultrasound-guided placement, 180

Intravascular foreign body retrieval,  
225–226, 225f

Intravascular hemochromogens, 
precipitation of, 1178

Intravascular volume, assessing,  
263–265

Intravascular volume contraction, 777
Intravascular volume depletion, 1101
Intravenous fluid and electrolyte  

management, in head injury, 
1127–1128

Intravenous gamma globulin, use of, in 
critically ill patient, 1252

Intrinsic acute renal failure, 919–922,  
920ft, 921t

Intubation, 501–504, 502f, 503f
Invasive fungal infections, 617–621,  

619f, 620f
Investigational care, for sickle cell  

disease, 914
Iodide-induced thyrotoxicosis, thyroid 

disease and, 996
Ionized hypocalcemia, 272–273
Ipratropium bromide, 499
Iron lung, 377
Ischemia, 256
Ischemic digits, 1247
Ischemic edema, 794
Ischemic heart disease in rheumatology 

patient, 1245
Isopropanol, 1210
Itraconazole, 623–624

J
Japanese encephalitis virus (JEV), 672
Jaundice, 998–1001

etiology of, 999, 999t
investigation of, 999, 999f
metabolism and measurement of bilirubin, 

998, 998f
nonobstructive, 999
obstructive, 999
treatment of, 999–1001, 999t

Jet ventilation, 392
Job burnout, 18
Joint Commission, 11
Jugular venous bulb oximetry, 1131,  

1131f

K
Kaposi’s sarcoma (KS), 636–637,  

1302
Kawasaki disease, 922
Kernohan notch phenomenon,  

1123
Ketamine, 153, 504
Ketoacidosis, 975

acid-base balance and, 971
Ketone bodies, 971
Ketonemia, 975
Keystone ICU project, 36
Kidney Disease Improving Global Outcomes 

(KDIGO) group, 917
Kidney dysfunction in sepsis, 566
King-Denborough syndrome, 1062
King’s College Criteria, 1098
Korsakoff-like amnesia, 669
Kyasanur Forest disease, 738
Kyphoscoliosis, 514

L
Labetalol, 363
Laboratory studies and radiologic imaging, 

sepsis and, 567
Lacosamide, for status epilepticus, 785
La Crosse virus (LACV), 673
Lactic acidosis, 372, 498, 575, 725, 728, 828, 

835, 837, 968, 971, 1023, 1040
acid-base balance and, 971
brain damage and, 112

Laminar flow, 405
Large bowel obstruction, 1006
Laryngeal mask airway, intubating with,  

390, 392f
Laryngotracheitis, 407

fungal, 407
Laryngotracheobronchitis, 685
Larynx, 404
Lassa fever, 718, 738–739

management of, 739
Lateral pharyngeal space infections, 681–683
Late sequelae of electrical injury, 1179–1180
Lead-time bias, 94
Learning, affirming, in critical care, 6
Left ventricular contractility in critical 

illness, 273
Left ventricular dysfunction, mechanisms and 

management of, 270–275, 271f, 272t
Left ventricular end-diastolic pressure 

(LVEDP), 315
Left ventricular failure, 256

treatment of, 258
Left ventricular hypertrophy, 344
Left ventricular systolic contractility, 

decreased, 270–273, 271f, 272t
Legal issues in critical care, 125–130

decisional capacity and surrogate decision 
making, 126–127

informed consent and refusal, 126
Legionella, 676
Lemierre syndrome, 598, 682–683, 682f
Length-of-stay, 40
Leptospira, 676
Leukapheresis, 872
Leukemia. See also Acute leukemia

acute lymphoblastic, 867
acute myelogenous, 867, 867t
acute promyelocytic, 869–870
central nervous system, 867–868

Leukocytoclastic vasculitis, 1294
Leukostasis, 878–879
Leukotriene inhibitors, 1279
Leukotrienes, 500, 565
Levetiracetam, for status epilepticus, 784
Levosimendan, 316
Levothyroxine overdose, thyroid disease and, 

995
Liberation from mechanical ventilation, 

535–541, 536t
breaking the rules, 540–541, 541t
breathing without, 538–540, 538f,  

539f, 540f
expediting, 536–538, 537f
extubation, 540
strategies, 536

LiDCO™, 247
LiDCOplus, 248
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LiDCOrapid™, 248
Lidocaine, 302, 1215
Life-sustaining therapy

practical aspects of withholding or 
withdrawing, 124, 124t

withholding or withdrawing,  
123–124, 124f

Life-threatening infections of head, neck, and 
upper respiratory tract, 676–688

clinical syndromes, 678–687
acute epiglottitis and 

laryngotracheobronchitis,  
684–685, 685f

deep cervical fascial space infections, 
678–679, 679f, 680ft, 681t

lateral pharyngeal space infections, 
681–683

pericranial infections, 685–686, 685t
peritonsillar abscess, 680f, 683–684
submandibular space infections,  

679–681, 679f, 679t, 680f, 682f
suppurative parotitis, 669f, 683

diagnostic considerations
imaging techniques, 687–688
microbiologic techniques, 687

general anatomic considerations,  
677, 677f, 678f

microbial etiology and pathogenesis,  
678, 678f

therapeutic considerations, 688
Lightning injury, 1179
Linezolid, 548
Lipid-lowering agents, 298
Lipopeptides, 548–549, 549t
Liposomal doxorubicin, 896
Lipotoxicity, 975
Listeria monocytogenes, 653, 675
Lithium, 1217–1218
Liver

evaluation of, in organ 
transplantation, 1113

injuries to, 1164–1165
Liver disease

acute renal failure and, 927–928, 927t
effects of, 1237

Liver failure, corticosteroids in treating, 985
Liver support systems, 1025
Liver transplantation, 1025–1026, 1026f, 1031, 

1074–1075, 1097–1102
changes in donor demographic and 

management, 1098
indications and outcomes, 1097–1098, 

1097t, 1098ft
postoperative complications, 1100–1102, 

1100t, 1101t
procedure, 1098–1099

Living will, 127
LMA-ProSeal, 390
Loading dose, 1228
Lobar torsion, 1073–1074
Localized tetanus, 730
Logistic Organ Dysfunction System  

(LODS), 89
Logistic regression modeling, 84
Long QT syndrome (LQTS), 1324
Long-term functional disability, 105, 106f

Long-term management of idiopathic 
pulmonary fibrosis, 520

Long-term outcomes after critical illness, 
103–114

additional physical morbidities,  
108–109, 109f

barriers to construction of rehabilitative 
models after, 110

caregiver and family burden in, 113
clinical phenotypes in, and spectrum of 

disability, 107–108, 108f
critical illness-associated brain injury, 

110–113
differential repair, 108
health-related quality of life, 104–105

neuropsychological morbidities  
and, 105–106

long-term functional disability, 105, 106f
myopathy, 107
neuromuscular dysfunction, 106, 106f
phase-specific approach to recovery 

after, 10
polyneuropathy, 106–107
rehabilitation framework - International 

Classification of Functioning, 
Disability, and Health (ICF), 
109–110

sarcopenia of aging, 108
treatment—early mobility and 

rehabilitation, 113–114
Lorazepam, 152
Lower gastrointestinal bleeding, 218–219, 

1018–1020, 1019f
Low-molecular-weight heparin  

(LMWH), 304, 328
Low platelets syndrome, 856
Low T3 syndrome, nonthyroidal illness  

(NTI), 987
thyroid physiology in brain in, 987

Ludwig angina, 406, 679, 680
mortality rate for, 681
therapy of, 680

Lujo virus hemorrhagic fever, 739
Lumbar puncture, 660
Lung Allocation Score, 1091–1092
Lung contusion, 1158
Lung disease, sickle cell disease and, 906
Lung infiltrates

elevated sedimentation rate and, 1247
in renal failure, 1246

Lung Open Ventilation (LOV), 447
Lung point, 505, 506f
Lung-protective strategies, do no harm, 

445–447, 446t
Lung sliding, 505
Lung transplantation, 1090–1096

indications and outcomes, 1090–1092, 
1090t, 1091ft, 1092ft

postoperative complications, 1093–1096, 
1094t, 1095t, 1096f

postoperative management, 1093, 1094t
procedure, 1093

Lupus pneumonitis, systemic lupus 
erythematosus and, 1242

LV/RV interdependence, 310
Lymphadenopathy, 1290

Lymphocyte anergy, 555
Lymphomas, 1302

M
Macroscopic barotrauma, 440
Macroscopic injury, 440
Magnesium, 965–968

hypermagnesemia, 967–968
hypomagnesemia, 966–967, 966t
metabolism, 965–966

Magnesium sulfate, 500
Maintenance dose, 1228–1230, 1229t, 1230t
Major histocompatibility complex (MHC), 564
Malaria, 721–728

biology of parasites, 722, 722f, 723f
in critically ill traveler, 716
diagnosis of, 726
differential diagnosis of, 726
epidemiology of, 722–723
pathophysiology, 723–726, 724t

acute renal impairment, 725
cerebral malaria, 725, 725f
circulatory changes, 726
cytoadherence, cytokines, and severe 

disease, 724–725
hematological complications, 725
hepatic dysfunction, 725
metabolic complications, 725
pulmonary complications, 725

treatment of severe falciparum malaria
adjuvant therapies, 727

antimalarial, 726–727, 726t
of concomitant diseases, 727

supportive, 728
Malignancy, acute renal failure and, 926, 926t
Malignant hyperthermia, 561, 1061–1062, 1062t
Malignant otitis externa, 686
Malignant spinal cord compression, 875–876
Mallory-Weiss tear, 1017
Mannitol, 1133–1134

for fulminant hepatic failure, 818
for intracranial pressure, 808–809

Marburg hemorrhagic fever, 740
Massive hemoptysis, 214, 509–513, 510t, 874

evaluation of, 511–512, 511f
site and etiology of bleeding, 511–513

stabilization of, 510–511
treatment of

diffuse alveolar hemorrhage,  
510t, 511f, 512

general measures, 512
specific interventions, 512
surgical versus medical management, 512

Massive hemothorax, 1156
Massively bleeding patient, 1156–1157

flail chest, 1157
pneumothorax and tracheobronchial injury, 

1156–1157
traumatic air embolism, 1157

Mast cell, 1272
Maturity-onset diabetes of youth (MODY), 975
Mean arterial pressure, 242, 250
Mean systemic pressure, 229f, 233
Measles virus, 674
Mechanical ventilation, 377, 470

liberation of patient from, 433
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novel modes of, 434–439
addressing improved patient ventilator 

interactions, 437–438, 438f
clinical challenges facing clinicians, 

434–435, 434f
strategies addressing challenge of 

balancing gas exchange versus vili, 
435–437

in pregnancy, 1267–1268, 1267t
sleep and, 159–160

Meckel diverticulum, 1021
Medical anthropologists, use of narrative  

by, 116
Medical dermatoses, 1290–1296

bullous pemphigoid, 1292, 1292f
edema bullae, 1295–1296, 1296f
erythroderma, 1293, 1293ft
graft-versus-host disease, 1294–1295
pemphigus vulgaris, 1290–1292, 1291f
psoriasis, 1292–1293, 1292f
purpura, 1294

Medical informatics, 49–50
Medical schools and residency programs, 

teaching critical care in  
curricula of, 6

Medical surge
intensive-care unit exercises related to 

needs for, 58
modeling for patients and resources, 58–59

Medication-induced thrombocytopenia,  
850–851, 850t, 851t

MELD score, 223
Meleney gangrene, 690, 691
Meleney ulcers, 691
Meningitis, 638, 837

bacterial, 652
clinical presentation, 652–658, 653–654
diagnosis of, 654
due to aerobic gram negative bacilli, 653
epidemiology and etiology, 652–653, 652t
pneumococcal, 652–653
prevention, 657–658
sickle cell disease and, 911
treatment of, 654–657, 654f, 655t, 656t

Meningococcemia, 1298–1299, 1299f, 1300ft
Meningococcus, infection control and, 31
Meperidine, 151
Mephedrone (4-MMC), 560
Meropenem, 546
MERS-CoV, 720
Mesenteric ischemia, 1036–1044, 1037t

anatomy and dynamics of mesenteric 
circulation, 1036–1037, 1037f

clinical presentation of, 1039–1040
control of circulation, 1037–1038, 1038t
diagnosis of acute, 1040–1042, 1040f, 1041f
intestinal risk factors, 1039
management of, 1042–1043
nonocclusive, 1039
pathophysiology of intestinal ischemia, 1038
prognosis, thyroid function, 1037
systemic response to  

revascularization, 1039
Mesenteric venous thrombosis, 1039
Meta-analysis of ECMO trials and 

ARDS, 478–479

Metabolic acidosis, 932
in acute kidney injury, 932
bicarbonate therapy of, 261

Metabolic alkalosis, 932, 951
acid-base balance and, 973
in acute kidney injury, 932

Metabolic disorders, specific, 969–970
Metabolic disturbances, acid-base 

balance and, 969
Metabolic emergencies, 877–878, 878f
Metabolic management in head injury, 

1136–1137
glycemic control in, 1136–1137
thyroid function in, 1137

Metabolism, sepsis and, 574
Methanol, 1208
Methemoglobinemia, 1218–1219
Methicillin-resistant Staphylococcus aureus 

(MRSA), 559
Methodologic rigor, 85
Methotrexate, use of, in critically ill 

patient, 1251
Methotrexate pneumonitis, rheumatoid 

arthritis and, 1244
Methylprednisolone, spinal injuries  

and, 1150
MHLA-DR, 555–556
Microcosting, 42
Microhematuria, 1166
Microscopic injury, 440–441
Microvascular pressure, 1048
Midazolam, 152

for refractory status epilepticus, 786
for status epilepticus, 785

Miliaria, 1304, 1304f
Miliaria crystallina, 1304, 1304f
Minimal conscious, 830
Minitracheostomy, 395
Mirizzi syndrome, 999
Mitochondrial myopathy, 828
Mitral regurgitation, 350–351, 350f

clinical presentation in, 350–351
diagnostic evaluation in, 351
etiology in, 350
management of, 351
pathophysiology in, 350

Mitral stenosis, 348–350
clinical presentation of, 349
diagnostic evaluation of, 349
management of, 349
pathophysiology of, 348–349, 349f

Mitral valve, systolic anterior motion  
of, 1069

Mitral valve operations, 1069
Mixed antagonists response syndrome 

(MARS), 551
Mobile computing, 52–53, 53f
Mobility, sepsis and, 575
Mobilization of critically ill patient, 163
Model of End-Stage Liver Disease  

(MELD), 1097
Models of quality, 11
Modular Emergency Medical System 

(MEMS), 59, 61, 61ft
Monoclonal antibodies, 604
Monocyte dysfunction, 555

Monomorphic ventricular tachycardia, 
284–285

Monotherapy, 547
Morbidity, preventing, in intensive-care unit, 

32–37, 33f, 35f, 36f
integrated approach to patient safety, 36
preventable versus inevitable harm, 32
safety, taxonomy of patient issues,  

33–36, 34t, 35f
Morel-Lavallee lesion, 1172, 1172f
Morphine, 150–151
Mortality probability model 0 at zero hours, 

sepsis and, 569
Mortality Probability Model (MPM) scoring 

system, 89
Mortality Probability Model (MPM II) scoring 

system, 85, 88, 91
Motility agents, 137
Motility as host defense, 704
Mucomycosis, 976
Multidetector computed tomography 

(MDCT), 1141
Multidrug resistant tuberculosis  

(MDR-TB), 635
Multifactorial respiratory failure,  

487–495, 492t
Multinational Association for Supportive Care 

in Cancer (MASCC), 603
Multiorgan donor, 1108–1115

declaration of brain death, 1109
evaluation of potential, 1110–1113

cardiac evaluation, 1111–1112, 1112t
donor-related malignancies,  

1111, 1112t
liver, 1113
pulmonary, 1112–1113, 1112t
renal, 1113, 1113f
screening for infectious agents,  

1110–1111, 1111t
management of, 1113–1115
request for consent, 1109–1110

Multiorgan dysfunction, effects of, 1237
Multiple autoantibodies and multisystem 

inflammatory disease, 1245
Multiple-dose activated charcoal  

(MDAC), 1204
Multiple myeloma, 947
Multiple Organ Dysfunction Score  

(MODS), 89
Multisystem trauma

deciding on surgical intervention, 1121
priorities in, 1116–1121

adequacy of perfusion, 1118–1119, 1119t
airway, oxygenation, ventilation, and 

cervical spine control, 1117
cervical spine protection, 1118
detailed systematic assessment and 

definitive care, 1120
fracture stabilization, 1120
locating source of internal  

hemorrhage, 1119
neurologic status, 1119–1120
reevaluation and monitoring patient, 

1120–1121
surgical airway, 1117–1118, 1117f
ventilation, 1118
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Mumps virus, 674
Monro-Kellie doctrine, 788
Murray Valley encephalitis virus, 672
Muscle relaxants and airway management in 

intensive-care unit, 388
Myasthenia gravis (MG), 821, 825–826, 1265
Mycobacterium avium complex, 640–641
Mycobacterium tuberculosis, 635–636, 675

during pregnancy, 1265
Mycophenolate mofetil, 1089

use of, in critically ill patient, 1251
Mycoplasma pneumoniae, 675, 676
Mycotic aneurysms, 597, 686–687
Myelitis, 665
Myeloid cells, soluble triggering receptor 

expressed on, 567
Myeloid sarcoma, 867
Myeloma, multiple, 947
Myelosuppression, 601–603, 602f,  

893–894, 894t
Myocardial acidosis, 272
Myocardial function, maximizing, 315–316
Myocardial hypoxia, 272
Myocardial infarction, 294

induced hypothermia in, 177
Myocardial ischemia, 272, 293–308, 1069

cardiac biomarkers, 295–296
echocardiography, 296
electrocardiogram, 295
hemodynamic monitoring, 296–297, 296t
management of angina, 297–298
non-ST elevation myocardial infarction, 

302–305
pathophysiology, 294, 294f
signs and symptoms, 294–295
silent, 295
ST-elevation myocardial infarction, 298–

302
terminology, 293–294

Myoclonic jerks, 781
Myoclonus in postanoxic coma, 781
Myoglobin, 1178
Myonecrosis, 690, 694–695, 694f

etiology, 694
management of, 695
pathogenesis of, 694
presentation of, 694–695

Myopathy, 768, 768t
Myotonia, 1062
Myxedema coma

diagnosis of, 988, 989t
pulmonary and cardiovascular 

complications, 988–989
thyroid disease and, 988–990, 989t
treatment of, 989–990

N
Naloxone, 1196
Narrative, use of, by medical 

anthropologists, 116
Nasopharynx, 404
Nasotracheal intubation, 389
National Quality Forum, 11
Native valve endocarditis (NVE), 594
Near-infrared spectroscopy (NIRS), 244
Neck, life-threatening infections of, 676–688

Neck surgery emergencies, 1076
Necrosis, 328

cellular, 1124
Necrotizing enterocolitis, 616–617, 868
Necrotizing fasciitis, 690, 691–694, 692f, 693f, 

1296–1297, 1297f
etiology of, 692
management of, 693–694
pathogenesis of, 691–692
presentation of, 692–693
sepsis and, 567

Needle cricothyroidotomy, 392
Negative pressure ventilation, 380
Neisseria meningitides, meningitis  

due to, 652
Neonatal encephalitis, 670
Neonatal thyrotoxicosis, thyroid disease and, 

995–996
Neostigmine, 1007–1008
Nephritis, acute focal bacterial, 700
Nephrogenic systemic sclerosis, risk of, 209
Nephrostomy, percutaneous, 211–212,  

211f, 212f
Nephrotoxic injury, 920
Neurally adjusted ventilatory assistance, 438
Neuraxial opiate analgesia, 147–148
Neurocognitive impairments, 111–113
Neurogenesis, 1124
Neurogenic hypotension, 1144
Neurogenic shock, 260
Neuroleptic malignant syndrome, 560–561
Neurologic, electrical trauma and, 1178
Neurological outcome, spinal injuries 

and, 1152
Neurologic complications, 899–900
Neurologic criteria, declaration of death 

using, 838
Neurologic emergencies, 875–877, 875t, 876t
Neurologic examinations, 831–832
Neurologic injury

after carotid revascularization,  
1075–1076, 1075t

extremity trauma and, 1173–1174
Neurologic manifestations in HIV-infected 

patients, 637–638, 637–638t
Neurologic states resembling brain  

death, 839
Neuromonitoring issues, head injury 

and, 1129
Neuromuscular blockade, 1061

complications of, 155
monitoring level of, 154–155

Neuromuscular blocking agents, 154–155
nondepolarizing, 154
for tetanus, 732

Neuromuscular diseases leading to respiratory 
failure, 821–828

general assessment and management,  
821–828, 821t, 822t

of acute respiratory failure secondary to, 
823–828

respiratory muscle weakness,  
821–823, 823f

Neuromuscular dysfunction, 106, 106f
Neuromuscular injury, adjunctive testing for, 

766–769, 767f, 768t

Neuromuscular junction blockade, prolonged, 
768–769

Neuroprotection, spinal injuries and, 1150
Neuropsychological morbidities, health-

related quality of life and,  
105–106

Neurosurgical management issues, spinal 
injuries and, 1146–1147, 1146f, 
1147f, 1148f, 1149–1150, 1149f

Neutropenia, 601–603, 602f, 893–894
in burn patients, 1187

Neutropenic fevers, 606–615
diagnosis of, 606–608, 607t, 608f
empirical antimicrobial therapy for,  

609–615, 610t, 611t, 614t
infections and bacterial pathogens causing, 

605–606
risk assessment in, 608–609

Neutropenic host, infection prevention in, 
622–624

Neutropenics, 603
Neutrophilic eccrine hidradenitis, 1285
New directions, sepsis and, 575–576
Nicardipine, 364
Nikolsky sign, 1291, 1294, 1298
Nipah virus, 674
Nitrates, 297, 301
Nitric oxide, 316–317
Nitric oxide inhibitor, 1279
No Code order, 128
Nondepolarizing neuromuscular blocking 

agents (NMBs), 154
Nondialytic supportive care of acute renal 

failure, 931–932, 932t
Nonhemorrhagic hypovolemia, 237
Noninflammatory diarrhea, 706
Noninvasive leg studies in diagnosing 

pulmonary embolic  
disorders, 325

Noninvasive positive pressure ventilation 
(NPPV), 501

in critically ill traveler, 715–716
Noninvasive ventilation, 160, 377–384

acute exacerbation of chronic respiratory 
failure in, 379–381

cardiogenic pulmonary edema in, 381
epidemiology of, 378–379, 378f
equipment in, 379
fiberoptic bronchoscopy in, 383–384
hypoxemic respiratory failure in, 381–382
new modes of, 383
patients who should not be intubated, 383
patients with severe acute asthma, 383
postextubation respiratory failure in, 383
postoperative respiratory failure in, 383
preoxygenation before intubation, 382
rationale and objective in, 377–378
subgroups in, 382
trauma in, 384
weaning in, 383

Nonobstructive jaundice, 999
Nonocclusive mesenteric ischemia, 1039
Nonphysician providers, intensive-care unit 

staffing of, as physician extenders, 
17–19, 17t, 18t

Nonpolio enteroviruses, 673
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Non-Q-wave myocardial infarction, 294
Non-ST elevation myocardial infarction, 

302–305
Nonsteroidal anti-inflammatory drugs 

(NSAIDS), acute renal failure 
and, 921–922

Nonthyroidal illness syndrome, thyroid 
disease and, 987

Nonvariceal hemorrhage, 1014–1018
No-reflow phenomenon, 1038
Normal colonizing flora as host defense, 704
Normothermia, maintaining, 840
Nosocomial sinusitis, 686
Nuclear scintigraphy, 219, 219f
Null hypothesis, 47
Number needed to treat (NNT), 46
Nurses, bedside, 19–21
Nursing staffing ratios in intensive-care 

unit, 24
Nutrition, 1046–1047

in acute pancreatitis, 1034
in critically ill, 132–141

achieving access, 136
assessing tolerance, 136
importance of maintaining 

gastrointestinal integrity, 135
readiness for enteral nutrition, 135
relationship of gastrointestinal tract, 

immune system, and ischemia/
reperfusion injury, 133, 133f,  
134f, 135

screening and assessment, 135–136
strategies to maximize benefits and 

minimize risks of enteral nutrition, 
136–141

in head injury, 1136–1137
glycemic control in, 1136–1137
thyroid function in, 1137

obesity and, 1310
in pregnancy, 1269
sepsis and, 574
spinal injuries and, 1151

O
Obesity

cardiovascular effects and, 1306–1307
drug dosing and, 1310
nutritional support and, 1310
pulmonary effects and, 1307–1308
respiratory failure and, 1308–1309, 1309f
vascular access and, 1310
weight loss and, 1311

Obesity epidemic, 1305–1311
defining, 1305
magnitude of problem, 1305–1306, 1306f
management of respiratory failure,  

1308–1309, 1309f
physiologic effects of extreme, 1306–1308, 

1306t
cardiovascular effects, 1306–1307
pulmonary effects, 1307–1308

problems in delivery of critical care,  
1310, 1310t

weight loss and, 1311
Obscure bleeding, 1020–1021

lesions associated with, 1021

Observational studies, 45
in glycemic control, 143

Obstructive jaundice, 999
Obstructive shock, 258
Occupational health, intensive-care unit 

and, 30
Oculocephalic reflex, 834
Oculovestibular reflexes, 834
Odontoid fractures, 1147
Ogilvie syndrome, pathogenesis of, 1007
Olanzapine, 153
Omega-3 fatty acids, 138–139
Omsk hemorrhagic fever, 738
Oncologic emergencies, 872–881

cardiac tamponade, 880, 880f
leukostasis, 878–879
metabolic, 877–878, 878f
neurologic, 875–877, 875t, 876t
respiratory, 873–874, 873f
superior vena cava syndrome,  

879–880, 879f
Open heart surgery, cardiac surgery 

emergencies and, 1067–1077, 1068f, 
1071f, 1073t, 1074f, 1076t, 1077t

Open intensive-care unit, 16
Open pneumothorax, 1154–1155, 1155f
Opioids, 1219
Opportunistic filamentous fungal 

infections, 619
Opportunistic infections, 640–641
Opportunity costs, 40
Oral direct thrombin inhibitors,  

849, 855
Organ dysfunction in sepsis, 565–566
Organ failure, management of, and  

treatment-related complications, 
864–865

Organophosphate and carbamate insecticides, 
1219–1220, 1219t

Organophosphate toxicity, 828
Organ perfusion pressure, 242
Organ systems

assessment of perfusion, 252–253
individual, 260–261
pathophysiology of shock, 260–261

Organ transplantation. See specific organ
Oropharyngeal mucosal and esophageal 

infections, 615–616
Oropharynx, 404
Orotracheal intubation, 388–389
Orthomyxoviridae, 673–674
Osler nodes, 1299, 1299f
Osmolality, 944
Osmotic demyelination syndrome, 950
Osmotic edema, 794
Ossification, heterotopic, 109, 109f
Osteogenesis imperfecta, 1062
Osteoporosis, 327
Otitis externa, malignant, 686
Outcome measures, 39–40
Outcome validated, 13
Oxazolidinones, 548, 548t
Oxidant injury, 454
Oximetry

arterial pulse, 242–243, 243f
tissue, 244–245

venous, 243–244, 244t
Oxygen, sickle cell disease and, 912
Oxygen countercurrent exchange, 1037

P
Pacemaker and defibrillator infections, 598
Pacing modality, choice of, 290
Paclitaxel, 897
Pain assessment and management, in 

palliative care, 122–123
Palliative care

in intensive-care units, 120–123,  
121f, 124t

interface between end-of-life care, critical 
care and, 121

pain assessment and management  
in, 122–123

spiritual support in, 122–123
Pancreatic injuries, 1163
Pancreatic pseudocyst, 1163
Papilledema, 799
Paradoxical gas embolism, 1321
Paraganglioma, 1076
Paralysis/paresis, after thoracic aortic  

surgery, 1072
Paramyxoviridae, 674
Paranasal sinusitis, 658
Parapneumonic effusions, 583
Parathyroid crisis, 960
Parenteral nutrition

maximizing benefits and minimizing risks 
of, 140–141

role of, 139–140
sepsis and, 574

Parenteral nutrition-associated cholestasis, 
1000–1001

Pareto, Vilfredo, 38f
Pareto optimal, 38
Parotitis, suppurative, 669f, 683
Paroxysmal sympathetic hyperactivity, 1127
Passive leg raising (PLR), 264
Passive range of motion, 163
Pathogens, 742

preventing transmission of, between 
intensive-care unit personnel and 
patients, 28–30, 29t

Pathophysiology of circulation in critical 
illness, 228–241, 229f, 230f, 231ft, 
233f, 234f, 236t, 238f, 239f,  
240ft, 241f

Patient health record (PHR), 55
Patients

with coagulation or platelet disorders, 332
diagnostic approach to sepsis, 566–567
ensuring all receive therapy, 33
monitoring of, in interventional 

radiology, 209
preventing transmission of pathogens 

between intensive-care unit 
personnel and, 28–30, 29t

Patient safety
integrated approach to, 36
taxonomy of, 33–36, 34t, 35f

Patient Self-Determination Act (PSDA) 
(1988), 128

Patient-ventilator synchrony, 432, 432f, 435
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Pattern recognition receptors (PRRs), 552
Pediatric cardiac arrest, 167
Pediatric Risk of Mortality (PRISM)  

score, 85
Pelvic ring injuries, 1168–1172, 1168t

anatomy, 1168–1169, 1169f
clinical assessment, 1170, 1171f
complications, 1172, 1172f
management of, 1170–1172, 1171f
mechanism and injury classification,  

1169–1170, 1180f
radiographic assessment, 1170, 1171f

Pemphigus vulgaris, 1290–1292, 1291f
Penicillins, 545, 549t
Pentamidine, 632
Pentax AWS™, 390
Pentobarbital, 1135
Pentobarbital coma, 810
Peptic ulcers, endoscopic therapy for,  

1014–1017, 1015f, 1016f
Percutaneous abscess drainage,  

209–211, 210f
Percutaneous cholecystostomy, 212–214,  

213f, 214f
Percutaneous dilational tracheostomy, 399

technique of, 399–400
Percutaneous nephrostomy, 211–212,  

211f, 212f
Percutaneous tracheostomy, 394–395
Performance, 33

measuring, 33
statistical control charts for  

monitoring, 9t, 10
Pericardial diseases, 336–343

acute pericarditis, 336–338
diagnosis of, 336–337, 337ft
management of, 337–338

cardiac tamponade, 338–340
diagnosis of, 338–339, 338f
invasive hemodynamics, 339, 339f
pathophysiology, 338
pericardiocentesis, 339–340, 339f

constrictive pericarditis, 340–342
cardiac catheterization, 342
clinical evaluation, 341
echocardiography, 341–342, 342f
pathophysiology, 340, 341f
treatment of, 342

Pericardial effusions, 880
Pericardial friction rub, 337
Pericardial tamponade, 198, 200f
Pericardiocentesis, 305, 339–340,  

339f
Pericardium, 336
Pericranial infections, 685–686, 685t
Periengraftment respiratory distress 

syndrome, 887
Perinephric abscess, 700
Perioperative lung dysfunction, 

predicting, 1052
Perioperative management, sickle cell disease 

and, 912
Perioperative respiratory failure,  

1048–1053
pulmonary edema, 1048–1049

alveolar hypoventilation, 1051–1052

aspiration, 1052
atelectasis, 1049–1051, 1049f, 1052ft
predicting and preventing perioperative 

lung dysfunction, 1052
treatment principles for perioperative 

respiratory failure, 1052–1053
Perioperative ß-blockade, 1056
Peripheral nerve injuries, 1178
Perirectal infections, 617
Peritonitis

primary, 1079–1080
secondary bacterial, 1080–1082,  

1081t, 1082f
Peritonsillar abscesses, 407, 680f, 683–684
Persistent fever, 557–562

differential diagnosis of fever in ICU,  
558, 558t

epidemiology and impact of, 557–558
selected infectious causes of, 558–559
selected noninfectious causes of 

hyperthermia and, 559–561
temperature regulation and measurement, 

557, 557f
treatment of, 561

Persistent vegetative state, 829–830
prognosis and, 838–839

Pharmacists, intensive-care unit staffing 
by, 21–22

Pharmacodynamic modeling, 1226–1227
Pharmacodynamics in critically ill patients, 

544–545, 544f
Pharmacogenetics, 1234t, 1235, 1235t, 1236
Pharmacokinetics in critically ill patients, 

544–545, 544f
Pharmacologic agents, 107
Pharmacologic anticoagulants, 854–855
Pharmacologic control of blood pressure, 

363–365
acute management of, 363–364, 363t
chronic management of, 364
definitive management of, 364–365, 365f

Pharmacologic therapy of cardiac arrest,  
173, 173t

Pharmacology. See Critical care pharmacology
Phase II enzyme polymorphism, 1236
Phenobarbital for status epilepticus, 784–785
Pheochromocytoma, 260, 1076
Phosphorus, 962–965

hyperphosphatemia, 964–965, 965t
hypophosphatemia, 962–964, 963t, 964t
metabolism, 962
renal handling of, 962

Physical therapy, 162–166
active range of motion, 163–164
assistive technologies, 165
bed rest and immobility, 162
early mobilization, 164–165
inactivity and muscle weakness, 162–163
inactivity and other organ system 

injury, 163
mobilization of critically ill patient, 163
passive range of motion, 163
practical implementation of an exercise and 

mobilization program in acute care 
intensive-care unit, 165–166

survivorship, 162

Physician-assisted death (PAD), 128
Physician extenders, nonphysician providers 

as, 17–19, 17t, 18t
Physician orders for life-sustaining treatment 

(POLST), 127
Physiological regulation of blood glucose,  

142, 142f
Physiologic response to anemia, 842
PiCCO™ system, 247, 248
Picornaviridae, 672–673
Picture Archiving and Communication 

System (PACS), 55
Pinch-off phenomenon, 225, 225f
Pinch purpura, 1294
Plague, 719, 745–747
Plasmapheresis/therapeutic plasma exchange 

in critically ill patient, 1253
Plasma viral load, 626
Platelet activating factor (PAF), 565
Platelet-derived growth factor  

(PDGF), 566
Platelet disorders, 332, 849–853,  

850t, 851t
Platelet glycoprotein receptors,  

disorders of, 846
Platelet physiology and function, 846
Platelet transfusion, 856
Pleural effusion, 507, 507f
Pleural pressure, dynamic predictors relying 

on perturbing, 264–265
Pneumococcal meningitis, 652–653
Pneumocystis jiroveci pneumonia,  

629–635
clinical and radiologic features, 630, 635f
diagnosis of, 630–631
management of, 632, 632–634t
prognosis, 634–635

Pneumonia, 559, 576–587
bronchiolitis obliterans organizing, 888
community-acquired

complications, 583–584
criteria for ICU, 582, 582t
diagnosis of, 581–582, 581t
epidemiology, 580
etiologic spectrum, 580–581, 581t
prevention of, 584
treatment of, 583, 583t

community-acquired pneumonia,  
580–584

as complication of drowning, 1325
general treatment strategies

antibiotic, 580
septic shock, 580
ventilatory support, 580

health-care associated, 584–585
definition, 584
epidemiology of, 584
etiologic spectrum and recommended 

antibiotic therapy, 584–585
hospital-acquired, 585–587

altered pathogenesis and 
pathophysiology, 585

antibiotic therapy, 586–587, 586t
diagnosis of, 585, 585t
etiologic spectrum, 585–586
prevention, 587, 587t
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pathogenesis, 577
aspiration in, 577–578, 578f
bacterial milieu, 577, 577t
host defense, 578–579

pathophysiology
bacterial responses, 579, 579f
host response, 579
hypotension, 579
hypoxemia, 579
respiratory failure, 579

Pneumocystis jiroveci, 629–635
clinical and radiologic features, 630, 635f
diagnosis of, 630–631
management of, 632, 632–634t
prognosis, 634–635

ventilator-associated, 388, 424, 520–535, 
570, 629

diagnosis of, 525–529, 526f, 527f
difficulty in, 14

difficulty in diagnosing, 14
epidemiology of, 521–522
evidence of, 46
predisposing factors, 522–525, 523t
prevention of, 532–535
sensitive indicator for, 8
treatment of, 529–532

Pneumothorax, 185, 505, 1156
open, 1154–1155, 1155f
tension, 1154, 1154f

Pocket infection, 591
Poison control centers, 1203
Poisoning, 1208–1210
Poliovirus, 672
Polymorphic ventricular tachycardia,  

285–286
Polymyositis, 821, 826–827
Polymyositis/dermatomyositis, 1244
Polymyxins, 547, 549t
Polyneuromyopathy, 768
Polyneuropathy, critical illness and, 106–107, 

767–768, 767t
Portal hypertensive gastropathy, 223
Portal vein patency, verification of, 223
Portopulmonary hypertension, 1028
Positive end-expiratory pressure (PEEP), 439, 

441, 443
Positive pressure ventilation,  

complications of, 378
Posterior reversible edema syndrome  

(PRES), 819
Postextubation respiratory failure, 383
Postextubation stridor, 408
Postherpetic neuralgia, 670
Postinfarction ischemia, 305
Postintubation hypotension, 501
Postoperative critical care, 1067–1077, 1068f, 

1071f, 1073t, 1074f, 1075t, 1076t
general postoperative and trauma care and 

surgical emergencies, 1062–1067, 
1063–1065t, 1066t

immediate postanesthesia,  
1061–1062, 1062t

emergence, 1061
malignant hyperthermia,  

1061–1062, 1062t
postoperative extubation, 1061

principles of, 1060–1077
principles of open heart surgery and cardiac 

surgery emergencies, 1067–1077, 
1068f, 1071f, 1073t, 1074, f

Postoperative hyponatremia, 948
Postoperative ileus, 1006
Postoperative pain, as risk factor for delirium, 

1054–1055, 1054t
Postoperative respiratory failure, 383
Postpericardiotomy syndrome, 1072
Post-randomized confounding, 45–46
Postrenal acute renal failure, 919
Postreperfusion syndrome,  

1075–1076, 1075t
Postthrombotic syndrome, 218
Posttransfusion purpura, 852
Posttraumatic stress disorder (PTSD),  

111, 1189
corticosteroids in treating, 985
family members risk for, 117

Posturing, 800, 800f
Potassium, 950–957

hypokalemia, 951–954, 951t, 953f
metabolism, 950–951, 950f

Powassan virus, 672
Practice, translating evidence into, 33
Pragmatic effectiveness trials, 40
Prasugrel, 300
Preeclampsia, 927, 1261–1263
Pregnancy

acute renal failure and, 927
in critical illness, 1254–1269

circulatory disorders of, 1256–1264, 
1256t, 1257ft, 1258t, 1260t, 
1262t, 1266t

physiology of, 1254–1256, 1254t, 1255t
respiratory disorders of, 1264–1268

pulmonary embolism in, 332
thyroid storm in, 993

Pregnancy-associated thrombotic 
thrombocytopenic purpura, 860

Preoperative assessment of high-risk surgical 
patient, 1053–1060

of cardiac morbidity for noncardiac surgery, 
1055, 1055t

of perioperative central nervous system 
risk, 1054–1055, 1054t

risk modification, 1055–1057
of risk of postoperative pulmonary 

complications, 1057–1060
screening, 1053–1054, 1054t

Preoperative coronary revascularization, 
1055–1056

Preoperative respiratory failure, treatment 
principles for, 1052–1053

Preoxygenation before intubation, 382
Preparedness for catastrophe, 56–62

hazard vulnerability analysis and,  
57–58, 58t

integration of intensive-care unit into 
hospital and community emergency 
planning, 59–61, 60ft, 62f

intensive care units and, 57–58, 58t
modeling for medical surge patients and 

resources, 58–59
preparation and planning, 57

role of exercises related to intensive-care 
unit needs for medical surge, 58

surging critical care resources, 59
Prerenal azotemia, 917–918
Pressure Recording Analytical Method 

(PRAM), 248
Pressure-targeted breaths

enhancements on volume feedback control 
of, 437–438

volume feedback control of, 437
Pressure ulcers, 1304
Priapism, sickle cell disease and, 912
Primary hyperparathyroidism, 960
Primary PCI in acute myocardial infarction, 

299–300, 299t, 300ft
Primary peritonitis, 1079–1080
Primary survey, 250–253

airway in, 250–251, 251t
breathing in, 251
circulation in, 251–252, 252f

Proarrhythmia, 279
Procalcitonin, 582

sepsis and, 567–568, 568t
Procedural proficiency, 18
Process of care, 11
Progressive bacterial synergistic  

gangrene, 690
Project IMPACT, 11
Prophylactic hyperventilation, 812
Prophylaxis against venous 

thromboembolism, 332–333
Propofol, 152, 1133, 1135
Proportional assist ventilation, 437–438
Prostaglandin E1 (PGE1, alprostadil),  

316–317
Prostanoid, 316
Prostatic abscess, 701
Prostatitis, acute, 701
Prosthetic valve dysfunction, 352–354

structural failure of prosthetic  
valves, 354

thrombosis, 353–354, 353f
Prosthetic valve thrombosis,  

353–354, 353f
Proteases, 565
Prothrombin time (PT), 847
Protocol-driven resuscitations,  

consequences of, 2–3
Protozoan, 675–676
PROWESS SHOCK, 92
Pseudohyponatremia, 947
Pseudomonas bacteremia, 1298, 1298f
Pseudoobstruction, 1006–1008

treatment of colonic, 1007
Psoriasis, 1292–1293, 1292f
Pseudothrombocytopenia, 849–850
Psychiatric morbidity, 110–111
Psychogenic polydipsia, 948
Psychological problems, high-risk  

situations for relatives to  
develop, 117

Psychological stress and damage, strategies for 
preventing, 117–119, 119t

Public health, impact of critically ill travelers 
on, 720–721

Public health informatics, 50
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Public Health Service Panel on Cost-
Effectiveness in Health and 
Medicine, United States  
(PCEHM), 39

Public reporting of quality metrics, 10–11
Pulmonary angiography in diagnosing 

pulmonary embolic disorders, 326
Pulmonary artery catheters, 24–25, 24t,  

245–246, 456–457
in burn patients, 1186
distal tip thermistor, 246
in diagnosing right heart syndromes, 312

Pulmonary artery hypertension, 259
Pulmonary artery occlusion pressure, 263
Pulmonary artery pressure, hypercapnia  

and, 317
Pulmonary barotrauma, 1321
Pulmonary capillary permeability, 1048–1049
Pulmonary circulation

edema, 239–240, 240f
pressures, flow, and resistance in 

pulmonary vessels, 238–239, 239f
Pulmonary crackles, 259
Pulmonary edema, 239–240, 240f, 1048–1049

diagnosis and management of, 200–201
Pulmonary effects, obesity and, 1307–1308
Pulmonary embolic disorders. See Air 

embolism; Fat embolism; 
Pulmonary thromboembolism

Pulmonary embolism, 221, 873–874, 873f
ECMO for, 481
spinal injuries and, 1151

Pulmonary evaluation in organ 
transplantation, 1112–1113, 1112t

Pulmonary fibrosis, 517–520
acute cardiopulmonary failure, 518
cardiovascular management of, 519
detecting reversible features, 519, 519t
effects on pulmonary circulation, 518
gas exchange, 518
laboratory abnormalities, 517–518
long-term management of idiopathic, 520
outcome, 518–519
oxygen therapy, 519
respiratory mechanics, 518
ventilator management of, 519–520

Pulmonary function abnormalities, 109
Pulmonary gas exchange, abnormalities in, 

372–373
Pulmonary hypertension, 312, 1103, 1307

acute-on-chronic, 314, 314t
scleroderma and, 1243
sickle cell disease and, 910–911, 911f

Pulmonary infiltrates in HIV-infected 
individuals, 636–638, 637–638t

Pulmonary overpressurization, 1321
Pulmonary resection surgery, evaluation of 

risk prior to, 1057–1058
Pulmonary risk, clinical assessment of, 

1057–1060
Pulmonary system, electrical trauma  

and, 1178
Pulmonary thromboembolism, 318–333

clinical manifestations
history, examination, and laboratory 

data, 321, 321t

signs from more invasive monitoring, 
321–322

diagnosis of
empirical, 324f, 326
risk factors, 322, 323f
special problems in intensive-care unit, 

322, 323f
tests, 323–326, 324f, 325t

epidemiology of, in intensive-care unit, 
318–321

pathophysiology, 319–321, 319f,  
320f, 321f

prophylaxis against venous 
thromboembolism, 332–333

air embolism, 333–335
fat embolism, 335–336, 335t

special considerations
chronic obstructive pulmonary  

disease, 332
patients with coagulation or platelet 

disorders, 332
pregnancy, 332

treatment of, 326–332
anticoagulation, 327–329
prognosis and intensity of, 326–327
supportive care, 327

Pulmonary toxicity, 894–896, 895t
Pulmonary vasodilator therapy, 259
Pulmonary venoocclusive disease, 895
Pulseless electrical activity, 170, 170t
Pulse oximetry, 243

arterial blood gases and, 498
Pulse pressure waveform analysis, 247–248
Pump failure, 309
Pumpless, extracorporeal lung assist 

(PECLA), 471
Pupillary reflex, 833
Purpura, 1294, 1294t, 1295f

posttransfusion, 852
Push enteroscopy, 1020–1021
Puumala virus, 742
P values, 9, 46–47

confidence intervals, and power, 46–47
Pyelonephritis, emphysematous, 701
Pyocystitis, 701
Pyonephrosis, 212, 700
Pyuria, 696

Q
Q fever, 751
QRS complexes, 280
Qualitative data, role in critical care research 

and, 48
Quality

defining, 7
indicators in, 8–9, 8t
models of, 11
reasons for measuring, 7–8

Quality assurance, 3
Quality indicators in critical care, 12–15, 14t
Quality measurement

research concepts relevant to, 9–10, 9t
bias in, 9, 9t
chance, 9, 9t
confounding measures, 9t, 10
regression to the mean, 9–10, 9t

secular trends, 9t, 10
statistical control charts for performance 

monitoring, 10
sources of variability in, 11

Quality metrics, public reporting of, 10–11
Quality of life, health-related, 104–105
Quality scale, 11
Questioning approach, learning and using, in 

critical care, 6
Quetiapine, 153
Q-wave myocardial infarction, 294

R
Rabies virus, 673
Radiography in diagnosing right heart 

syndromes, 311
Radiology, interventional, 209
RAMPART trial, 784
Ramsay Hunt syndrome, 670
Ramsay Sedation Score, 148
Randomized controlled trials, 45–46
Range of motion

active, 163–164
passive, 163

Rapidly progressive glomerulonephritis, 922
Rapid response teams, 77–83

conditions reviewed and interventions 
performed, 81

deterioration of patients, 80, 81f
evidence for effectiveness of, 81–83, 82f
nomenclature surrounding, 81
outcomes of cardiac arrests, 80
principles underlying, 80–81, 80f, 81t
serious adverse events

in hospitalized patients, 77, 78t
preceded by signs of instability, 77, 

78–79t, 79–80, 80f
Rate-based indicator, 8–9
Rebleeding, 776
Recluse spider bite, 1223
Recombinant human activated protein C, 

sepsis and, 574
Recompression therapy, in decompression 

illness, 1322–1323, 1323f
Red blood cell transfusions, 842

in critical illness, 843
during initial resuscitation, 252

Reduced intensity conditioning (RIC), 603
Refractory angina, 298
Refractory hepatic hydrothorax, 223
Refractory hypoxemia, 517
Refractory status epilepticus (RSE),  

780, 785, 875
Regionalization, 62

barriers in, 64, 64t
evidence in, 63–64
implementation strategies in, 64, 65ft
potential benefits in, 63
role of intensivists in, 64
special challenges in, 68
unintended consequences in, 63

Regional techniques for analgesia,  
147–148

Regression to the mean, 9–10, 9t
Rehabilitation, spinal injuries and, 1152
Reliability, 85

Index.indd   1352 23-01-2015   15:33:53

http://www.myuptodate.com


htt
ps

://k
at.

cr/
us

er/
tah

ir9
9/

Index 1353

Remifentanil, 151
Remote monitoring, 64
Renal abscess, 700

sickle cell disease and, 907
Renal adaptation in pregnancy, 1255
Renal cysts, 700–701
Renal dysfunction, electric trauma and, 

1177–1178
Renal evaluation, in organ transplantation, 

1113, 1113f
Renal excretion, 1230–1232
Renal failure

acid-base balance and, 971–972
assessment of, 208
systemic lupus erythematosus  

and, 1242
Renal function, monitoring, in intensive care 

unit, 922–923, 923f
RenalGuard system, 921
Renal insufficiency, interventional radiology 

and, 209
Renal replacement therapy, 549–550

defined, 933
dose of therapy, 938–939, 940t
future directions, 942–943
indications for and timing of initiation, 

933–934, 933t, 935t
in intensive care unit, 932–943
modality of

acid-base disturbance, 937
acute liver failure, 936–937
acute-neurologic injury, 937
diffusive versus convective  

therapies, 938
hyperphosphatemia, 937
intermittent versus continuous delivery, 

934–936
severe sepsis, 937–938

supportive care
medication dosing, 942
nutritional support, 941–942

sepsis and, 574–575
technical aspects

access, 939–940
anticoagulation, 940–941

Renal salt wasting, 1128
Renal syndrome, hemorrhagic fever with, 

742–743
Renal toxicities, 898–899, 899t
Renal transplantation, acute renal failure  

and, 928
Renal tubular acidosis, 972–973

acid-base balance and, 972–973
Renal vasodilators in acute renal failure, 

930–931, 930f
Renal vein thrombosis, 922
Reperfusion therapy, 307
Rescue therapies for life-threatening  

hypoxia minimizing ventilator-
induced lung injury,  
447–448, 448f

Research concepts relevant to quality 
measurement, 9–10, 9t

bias in, 9, 9t
chance in, 9, 9t
confounding measures in, 9t, 10

regression to the mean in, 9–10, 9t
secular trends in, 9t, 10
statistical control charts for performance 

monitoring in, 9t
Respiratory abnormalities, ventilator 

management of, 458–459, 458f, 
459f, 460f, 461ft, 462t, 463ft, 464t, 
465t, 467f

Respiratory acid-base disorders
acid-base balance and, 974
pathophysiology of, 974

Respiratory alkalosis, 497, 951, 974
Respiratory complications, with spinal 

injuries, 1143–1144, 1143f
Respiratory conditions requiring 

extracorporeal membrane 
oxygenation (ECMO),  
470, 471t

Respiratory disease complicating HIV 
infection, 629, 629f

Respiratory disorders
acid-base balance and, 969
in pregnancy, 1264–1268
in sepsis, 565

Respiratory failure
neuromuscular diseases leading to, 8 

23–828
obesity and, 1308–1309, 1309f
polymyositis/dermatomyositis and, 1244

Respiratory infections in pregnancy,  
1265–1266

Respiratory management, head injury and, 
1125–1126

Respiratory mechanics, abnormalities in, 
373–374, 373f, 374f

Respiratory muscle fatigue, 485, 516
Respiratory muscle weakness,  

821–823, 823f
Respiratory syncytial virus, infection control 

and, 30–31
Respiratory system, adaptation of, in 

pregnancy, 1255, 1255t
Respiratory therapists, intensive-care unit 

staffing by, 21–22
Respiratory therapy equipment and 

nasogastric tubes, 25–26, 26t
Respiratory tract infection, 645
Respiratory virus infections, 617
Restaurant syndromes, 1275
Reston ebolavirus, 740
Restrictive cardiomyopathy, 198
Restrictive disease of respiratory system, 

513–520
acute cardiopulmonary failure, 515

etiology, 515–516
hemodynamic management of, 516
intubation and mechanical ventilation, 

516–517
long-term management of, 517
noninvasive ventilation, 516
outcome, 515
oxygen therapy, 516

pulmonary fibrosis, 517–520
acute cardiopulmonary failure, 518
cardiovascular management  

of, 519

detecting reversible features,  
519, 519t

effects on pulmonary circulation, 518
gas exchange, 518
laboratory abnormalities, 517–518
long-term management of  

idiopathic, 520
outcome, 518–519
oxygen therapy, 519
respiratory mechanics, 518
ventilator management of, 519–520

thoracic cage deformity, 513–515,  
513t, 514f

effects on pulmonary circulation, 515
gas exchange, 515
respiratory mechanics, 514,  

514f, 515f
Resuscitation

catheters and monitoring during  
initial, 254

red blood cell transfusion during, 252
Resuscitation goals, in burn patients,  

184, 1185f
Reteplase, 299
Reticular activating system, 830–831
Retiform purpura, 1294, 1295f
Retinoic acid syndrome, 895
Retroperitoneal hemorrhage, 1166
Retropharyngeal abscesses, 683
Reynold pentad, 999
Rhabdomyolysis, 977, 1213
Rhabdoviridae, 673
Rheumatoid arthritis, 409, 826, 1244–1245
Rheumatoid factor, 1249
Rheumatologic diseases in intensive care 

unit (ICU), outcomes of patients 
with, 1245

Rheumatology in intensive care unit (ICU), 
1241–1253

abdominal pain and elevated erythrocyte 
sedimentation rate, 1246

autoinflammatory diseases, 1245
central nervous system dysfunction, 

1246–1247
elderly patient with elevated sedimentation 

rate, 1246
empirical therapy for suspected rheumatic 

disease, 1253
interpretation of rheumatology laboratory 

abnormalities in, 1247–1250
ischemic digits, 1247
lung infiltrates and elevated sedimentation 

rate, 1247
lung infiltrates in renal failure, 1246
multiple autoantibodies and multisystem 

inflammatory disease, 1245
outcomes of patients with rheumatologic 

diseases in, 1245
polymyositis/dermatomyositis, 1244
rheumatoid arthritis, 1244–1245
scleroderma, 1243–1244
systemic lupus erythematosus,  

1242–1243
use of corticosteroids, immunosuppressives 

and anti-inflammatory drugs in 
critically ill patient, 1250–1253
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Rhinocerebral mucomycosis, 686
Rib fractures, 1160
Richmond Agitation-Sedation Scale (RASS), 

148, 148t, 759
Ricin toxin, 751
Rickettsial diseases, 718–719

Rocky Mountain spotted fever as,  
718–719

Rifabutin, 641
RIFLE classification

of acute kidney injury, 916, 916f
modification of, 916–917

Rift Valley fever, 718, 741
Right atrial pressure, 263
Right heart dysfunction, 309
Right heart syndromes

pathophysiology of, 309–312, 309f, 310t, 
311f, 312ft

recognizing, 310–312, 310t
Right ventricle afterload, reducing,  

316–317
Right ventricle dilation, 312–313
Right ventricle ischemia, reducing,  

316–317
Right ventricular dysfunction, mechanisms 

and management of, 275–276
Right ventricular failure, 258, 1103

diagnosis and management of, 258–259
Right ventricular infarction, 198–199, 306, 

312–313
Right ventricular overload, infarction and, 

236t, 237–238
Right ventricular physiology, 309
Riker Sedation-Agitation Scale, 759
Risk-adjusted CUSUM charts, 13
Risk-adjusted p charts, 13
Risk ratio, 46
Risperidone, 153
Rituximab, 604
Robustness, sensitivity analysis and,  

42–43, 43f
Rocky Mountain spotted fever, 676,  

718–719, 1299
Rocuronium, 154
Rubella virus, 673
Rumack-Matthew nomogram,  

1207, 1207f, 1208

S
Saaremaa virus, 742
SAFE clinical trial, 572
Safety

question of, 32
science of, 32–33, 33t

Safety infrastructure, investing in, 34
Safety scorecard, 36–37
St. Louis encephalitis, 672
Salicylates, 1220–1221, 1220t, 1221t
Salvage therapy, for endoscopically 

uncontrolled bleeding,  
1009–1010

SAPS II scoring system, 85, 89, 568
Sarcopenia of aging, 108
SARS, 57, 720
Scleroderma, 1243–1244

ScvO2, 244, 244t
Seasonal influenza, 716
Secondary bacterial peritonitis, 1080–1082, 

1081t, 1082f
Secondary data use for practice monitoring 

and research, 54, 54f
Secular trends research concepts relevant to 

quality measurement and, 9t, 10
Sedation

assessing adequacy of, 148, 148t
drugs for, of mechanically ventilated 

patients, 149–153, 150f, 151t, 152t
indications for, 145–146
sleep and, 160–161, 160t
spinal injuries and, 1151

Sedation Agitation Scale (SAS), 148
Sedatives, 112–113

administering, in intensive-care unit, 
148–149

Seizures
in intensive care unit, 779–786

classification of, 780–781
clinical manifestations, 781–782
diagnostic approach, 782–783
epidemiology and outcome,  

779–780, 779t
management approach, 783–786,  

783t, 785t
pathogenesis and pathophysiology, 781

international League Against Epilepsy’s 
(ILAE) classification of, 780

Selected dermatoses
miliaria, 1304, 1304f
pressure ulcers, 1304

Selective serotonin reuptake inhibitors,  
1221–1222, 1221t

Self-contained underwater breathing 
apparatus (SCUBA), 1319

Selye, Hans, 980
Sensitivity analysis, 40, 42

robustness and, 42–43, 43f
Sensitivity of test, 47
Sentinel bleed, postoperative hemorrhage  

and, 1067
Seoul virus, 742
Sepsis, 263, 562–576

abdomen as occult source of, 1083, 1083ft
acute liver failure and, 1024
acute physiology and chronic health 

evaluation, 568
antibiotic therapy for, 569–570
biliary tract, 1080
biomarkers of, 567
brain injury associated with, 113
bundles, 573–574, 574t
in burn patients, 1187
cardiac output and fluid  

responsiveness, 569
as cause of pulmonary hypertension, 313
central venous pressure, 569
cirrhosis and, 1030
corticosteroids, 573
C-reactive protein, 567
definitions and epidemiology,  

562–564, 563ft

microbiological causes, 563
related epidemiological phenomena of, 

563–564
sources of, 563

extravascular lung water, 569
fluid therapy for, 570–572, 571t
glycemic control, 575
hemodynamic management of, 572–573
immunoparalysis and, 551–556

apoptosis, 555
appropriate diagnostic tools and 

monitoring, 555–556
clinical evidence and relevance of 

immunosuppression, 554
definition of systemic sepsis-

induced, 553
evolution to immunoparalysis,  

553, 553f
future therapeutic approaches, 556
history—definition, 551
measurement of cell surface markers, 

554–555
measurement of circulating 

mediators, 554
modification of, 554–556
natural history of infection and sepsis 

syndrome, 551–552
Interleukin-6 (IL-6), 567
laboratory studies and radiologic 

imaging, 567
mobility, 575
monitoring, hemodynamic and 

cardiopulmonary monitoring  
in, 569

mortality probability model 0 at zero 
hours, 569

new directions, 575–576
nutrition and metabolism, 574
organ dysfunction in, 565–566
pathophysiology, 564–565, 564f

microbiology, 564–565
patient presentation and diagnostic 

approach, 566–567
procalcitonin, 567–568, 568t
recombinant human activated  

protein C, 574
renal replacement therapy, 574–575
sequential organ failure assessment, 

568–569
sickle cell disease and, 911
simplified acute physiology score, 568
soluble triggering receptor expressed on 

myeloid cells, 567
source control for, 570
sources of, 563
systemic inflammatory response syndrome 

(SIRS) and, 107
venous oxygen saturation, 569
venous thromboembolism and stress ulcer 

prophylaxis, 575
Sepsis bundles, 573–574, 574t
Septic encephalopathy, 818–819
Septic intracranial thrombophlebitis, 686–687
Septic myocardial dysfunction, 272
Septic myocardium, 236
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Septic shock, 229f, 236, 236t, 259, 563
in pregnancy, 1260–1261, 1260t

Sequential Organ Failure Assessment (SOFA)
scoring system, 85, 88, 89
sepsis and, 568–569

Serotonin syndrome, 560, 561t
Severe sepsis, 937–938
Severity index score, 568, 568t
Shingles, 670
Shock, 249–262

adrenal, 238
anaphylactic, 238, 260
cardiogenic, 229f, 236–237, 256–257t, 

258–259, 306–307, 306f
circulatory, 243
defined, 249–250
electric, 1176
establishing working diagnosis of cause of, 

249–250, 250f
hypovolemic, 237, 254–256, 254f, 255–256, 

255f, 260
inflammatory component of, 260
multiple etiologies of, 238
neurogenic, 238, 260
obstructive, 258
organ system pathophysiology of,  

260–261
right heart dysfunction as cause of, 309
role of fluids in, 263
septic, 229f, 236, 236t, 259, 563
spinal, 1145–1146
therapeutic interventions and, 261
treatment of, 728
types of, 254–256, 257t, 258–260
untreated, 261
urgent initial resuscitation, 250–254, 251t, 

252f, 253t
Shock liver, 1001
Shock lung, 261
Shock-wave lithotripsy, 213
Sickle cell anemia, 903
Sickle cell disease, 902–914, 903f

baseline physiology, 904–905,  
905t, 906ft

common clinical problems, 906–907
eye disease, 906
heart disease, 906–907
hepatobiliary, 907
lung disease, 906
renal, 907
skeletal, 907
skin, 907
splenic, 907
stroke, 906
vaso-occlusive pain crisis, 906

general background for, 902–903
genetics and epidemiology, 903
homozygous, 903
pathophysiology, 904, 904t, 905f
special problems in intensive care unit, 

907–912, 907t
acute chest syndrome, 907–908, 908t, 

909f, 910, 910t
perioperative management of, 912
priapism, 912

pulmonary hypertension, 910–911, 911f
sepsis and meningitis, 911
splenic sequestration and infarction, 

911–912
stroke, 911

treatments, 912–914
analgesics, 912–913, 912t, 913t
glucocorticoids, 914
hydroxyurea, 914
incentive spirometry, 913
investigational, 914
oxygen and fluids, 912
transfusion, 913–914, 913t, 914t

Silent ischemia, 295
Simple hemopneumothorax, 1160
Simplified acute physiology score,  

sepsis and, 568
Simplified Acute Physiology Score (SAPS II) 

scoring system, 93, 94, 379
Sinusitis, 524–525, 559

nosocomial, 686
Sinus tachycardia, 498
Sirolimus, 1089, 1100
Skeletal system, sickle cell disease  

and, 907
Skin, sickle cell disease and, 907
Skull fractures, 1122, 1122f
Sleep, 155–161

after intensive care, 161
architecture, 156–157, 157f
circadian rhythmicity in critically ill 

patient, 158–159
in critically ill patient, 159–161, 159t
mechanical ventilation and, 159–160
physiologic changes during normal, 

157–158
potential adverse effects of disruption in 

critically ill patients, 158, 158t
promoting, in intensive-care unit, 161
sedation and, 160–161, 160t
sleep-wake regulation, 156

Sleep deprivation, 157
Slow continuous ultrafiltration (SCUF), 933
Small bowel feeding, role of, 137
Small bowel obstruction, 1005–1006,  

1020–1021
Smallpox, 749–750, 1302
Snake bite, 1222
Snare device, 226
Society of Interventional Radiology 

Guidelines, for use of inferior vena 
cava (IVC) filters, 221

Sodium, 944–950
hypernatremia, 945–947, 946ft, 947f
hyponatremia, 947–950, 947f, 948ft
metabolism, 944–945, 944t

Sodium nitroprusside, 364
Sodium thiosulfate, 1215
Soft tissue infections, 688–695

classification of, 688–690, 689t
major, 690–695

anaerobic cellulitis, 691
cellulitis, 690–691
myonecrosis, 694–695, 694f
necrotizing fasciitis, 691–694, 692f, 693f

Solid organ infiltration, 868
Soluble clotting factors, coagulation cascade 

and, 846–847, 847t
Soluble triggering receptor expressed on 

myeloid cells, sepsis and, 567
Source control, for sepsis, 570
South American hemorrhagic fevers, 739
Specificity of test, 47
Specific metabolic disorders, acid-base 

balance and, 969–970
Spectrum of disability, clinical phenotypes in 

critical illness and, 107–108, 108f
Spider bite, 1222–1223
Spinal cord injuries, 1178
Spinal injuries, 1137–1152, 1138t, 1139f

airway, breathing, and respiratory issues, 
1142–1144

complications, 1143–1144, 1143f
ventilator weaning and 

tracheostomy, 1144
bleeding and transfusion issues, 1146
cervical spine clearance, 1150
classification of vertebral injuries,  

1138–1139, 1140t
diagnostic imaging, 1141–1142,  

1141f, 1142f
epidemiology of, 1138
gastrointestinal tract issues, 1152
general management issues after  

acute, 1141
genitourinary tract issues, 1152
health care-associated infections, 1151
hemodynamic issues

autonomic dysreflexia, 1145
cardiovascular complications and 

neurogenic shock, 1144–1146, 1145f
management of instability, 1145
monitoring, 1144
spinal shock, 1145–1146

intensive care unit management, 1142
neurological outcome, 1152
neuroprotection, 1150
neurosurgical management issues,  

1146–1147, 1146f, 1147f, 1148f, 
1149–1150, 1149f

nutritional support issues, 1151
glycemic control, 1151

primary versus secondary, 1139–1140
rehabilitation, 1152
sedation issues, 1151
temperature regulation and hypothermia, 

1150–1151
venous thromboembolism, 1151

Spinal paralysis, 1320
Spinal shock, 1145–1146
Spiritual support, in palliative care,  

122–123
Spleen injuries, 1165
Splenic abscess, 1082
Splenic sequestration, 911–912

sickle cell disease and, 912
Splenic system, sickle cell disease  

and, 907
Splinter hemorrhages, 1299
SpO2, clinical uses of, 243
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Spontaneous bacterial peritonitis, ascites and, 
1029–1030

Spontaneous breathing trial (SBT), ventilated 
patients receiving, 8, 536

Spontaneous subarachnoid hemorrhage 
(SAH), 771

Spurious thrombocytopenia,  
849–850

S-ßo-Thalassemia, 903
S-ß+-Thalassemia, 903
StO2 vascular occlusion test, 245, 245t
Stable angina, 294
Standard care, defining, 42
Standardized mortality rates (SMRs), 13
Standard precautions, 28
Staphylococcal scalded skin syndrome,  

1297, 1298f
Starling curve of the heart, 230–231, 230f
Starling function curve, 268
Static echocardiographic, ultrasound 

predictors and, 263–264
Statistical control charts for performance 

monitoring, research concepts 
relevant to quality measurement 
and, 9t, 10

Status asthmaticus, 496–505
clinical presentation, differential diagnosis, 

and assessment of severity
admission criteria, 498–500
measurement of airflow  

obstruction, 498
pulse oximetry and arterial blood  

gases, 498
radiographic studies, 498

management of intubated asthmatic
administration of bronchodilators  

during mechanical  
ventilation, 504

extubation, 504
intubation, 501–504, 502f, 503f

pathophysiology, 497
therapy prior to intubation

noninvasive positive pressure 
ventilation, 501

pharmacotherapy, 499–500, 499t
Status epilepticus, 780, 784–785, 875, 875t

refractory, 785
ST-elevation myocardial infarction,  

298–302
Sternal wound infection and dehiscence, 

1071–1072, 1071f
Steroids, 253
Stevens-Johnson syndrome and toxic 

epidermal necrolysis, 1287–1289, 
1287f, 1288t, 1289t

Stewart-Hamilton equation, 245
Stomach injuries, 1162
Stomatitis, 1284
Stone dissolution, 213
Store-and-forward, 64
Streptokinase, 299
Stress-related mucosal damage, 1017–1018
Stress ulcer prophylaxis, 523, 534
Stress ulcers, 575

in burn patients, 1187

Stroke
induced hypothermia in, 177
sickle cell disease and, 906, 911

Stroke volume variation (SVV), 262
Structure, 11
Study on Efficacy of Nosocomial Infection 

Control (SENIC), 23
Study to Understand Prognoses and 

Preferences for Outcomes and 
Risks of Treatments (SUPPORT 
study), 92–93

Study validity, assessing, 45
Stuporous patient, 829
Subacute sclerosing panencephalitis  

(SSPE), 674
Subarachnoid hemorrhage, 1123, 1123f

due to ruptured intracranial aneurysm, 
775–778

Subdural empyema and epidural abscess, 
661–663

clinical presentation, 661–662
diagnosis of, 662
epidemiology and etiology, 661
treatment of, 662–663

Subdural hematomas, 1122
Submandibular space infections, 679–681, 

679f, 679t, 680f, 682f
Subtentorial masses, 835
Sudan ebolavirus, 740
Superficial pyodermas, 690
Superior laryngeal nerve, 404
Superior mesenteric artery bypass, 1043
Superior mesenteric artery  

embolectomy, 1043
Superior vena cava syndrome,  

879–880, 879f
Super-refractory status epilepticus, 780
Supportive care, on ECMO, 475–476
Suppurative intracranial thrombophlebitis, 

663–664
clinical presentation, 663–664
diagnosis of, 664
epidemiology and etiology, 663, 663f
treatment of, 664

Suppurative jugular thrombophlebitis,  
682–683, 682f

Suppurative parotitis, 669f, 683
Supraglottic region, 404
Supraglottitis, 407
Supratentorial mass lesions, 835
Supraventricular tachyarrhythmias,  

286–287, 287f
evaluation of patient with, 287
management of, 287–288, 287f

Supraventricular tachycardias, 295
Surface markers, measurement of, 554–555
Surgical drains, 1062–1063, 1063–1065t
Surgical embolectomy, 331
Surgical intervention, 365–367

type A, 365–366, 365f, 366f
type B, 366, 366f

Surgical patients
critically ill

antidiuretic hormone and 
aldosterone, 1046

endocrine response, 1046
hypercoagulable state, 1046
hypotension in, 1047, 1047f
increased oxygen requirements,  

1047, 1047f
magnitude and duration of surgical 

insult, 1047
nutrition, 1046–1047
other considerations in, 1047–1048
third-space fluid sequestration, 1046

hypotension in, 1047, 1047f
nutrition in, 1062

Surgical site infection, 559
Surgical tracheostomy, 394–395, 399

technique of, 399
Surgical trauma, 560
Surrogate outcomes measures, in critical care 

research, 46
Surveillance

antibiotic resistance in intensive-care unit 
and, 27

in intensive-care unit, 23–24
Survivorship, 162
SvO2, 244, 244t

clinical uses of, 244, 244t
Symbiotics, 1003
Symptomatic hyponatremia,  

949, 949f
Syndrome of inappropriate antidiuretic 

hormone secretion (SIADH), 672, 
945, 948, 1127–1128

Systematized nomenclature  
of medicine-clinical terms 
(SNOMED-CT), 54

Systemic corticosteroids, 1090
Systemic inflammatory response syndrome 

(SIRS), 95, 98, 563, 565
sepsis and, 107

Systemic lupus erythematosus (SLE),  
826, 1242–1243

Systemic lupus erythematosus with vasculitis, 
differentiation of thrombotic 
thrombocytopenic purpura 
from, 863

Systemic sepsis, induced 
immunoparalysis, 553

Systemic (peripheral) vascular resistance 
(SVR), 250, 250f

Systemic vessels, control of cardiac  
output by, 233–238, 233f, 234f,  
235f, 236t

Systolic dysfunction, 255f, 256

T
Tachyarrhythmias, 278–279, 279ft
Tacrolimus, 1089
Tamponade, cardiac, 237
Targeted surveillance, in infection  

control, 23
Task Force for Mass Critical Care, 59
Teaching, in critical care, 5–7, 5t
Team, working as, 33–34, 34t
Teicoplanin, 548
Telemedicine, 17, 52, 53f, 62,  

64–68, 66f
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barriers, 67
evidence, 67
implementation strategies, 67–69
potential benefits, 66–67
role of intensivists, 68
special challenges, 68–69
unintended consequences, 67

Temperature regulation and hypothermia, 
spinal injuries and, 1150–1151

Tempo of resuscitation, 254
Temporary pacing, indications for, in acute 

myocardial infarction,  
307–308, 308t

Tenecteplase, 299
Tension pneumothorax, 1154, 1154f
Terlipressin, 927
Tertiary hyperparathyroidism, 960
Tetanus, 729–733

antimicrobial therapy for, 732
antitoxin therapy for, 731–732
cephalic, 730
clinical manifestations, 730

cephalic, 730
generalized, 730
localized, 730

diagnosis and laboratory testing, 731, 731t
epidemiology of, 729
generalized, 730
localized, 730
minimizing muscle spasm for, 732

benzodiazepines, 732
neuromuscular blocking agents, 732

pathogenesis, 729–730
prognosis, 733
supportive care

airway management of, 732
managing autonomic instability,  

732–733
treatment of, 731, 731t
wound management of, 731

Tetany, 959
Therapeutic drug monitoring, 1239
Therapeutic goals, defining, 3, 3f
Therapeutic hypothermia, 174–179,  

809–810
in cardiac arrest, 176–177, 176f, 177t
clinical applications, 177–178
future of induced, 179
history of induced, 174–175
induced

in myocardial infarction, 177
in stroke, 177

mechanisms of protection, 175–176, 175f
risks of, 178
unresolved questions, 178–179

Therapeutic hypothesis, testing, 2, 3f
Therapeutic interventions, shock and, 261
Therapeutic Intervention Scoring System 

(TISS) score, 90–91
Therapy, changing goal of, 4, 4t
Thermal coil, 246
Thermal filament, 246
Thermoregulation, 557
Thiazide-induced hyponatremia, 948
Thienopyridines, 300

Thienopyridines-associated thrombotic 
thrombocytopenic purpura,  
859–860

Third-space fluid sequestration, 1046
Third spacing phenomenon, 256, 544
Thoracic aortic cross clamping, 1158
Thoracic aortic surgery, paralysis/paresis  

after, 1072
Thoracic cage deformity, 513–515, 513t, 514f

effects on pulmonary circulation, 515
gas exchange, 515
respiratory mechanics, 514, 514f, 515f

Thoracic injuries requiring immediate 
intervention, 1153–1157

cardiac tamponade, 1155–1156
massive hemothorax, 1156
open pneumothorax, 1154–1155, 1155f
tension pneumothorax, 1154, 1154f

Thoracic surgery emergencies, 1073
Thoracic ultrasonography, lung and pleura, 

205–206
Thoracostomy, 505–509

chest tube insertion, 507–508
catheter size, 507
contraindications, 508
placement, 508, 508f
risks, 508

drainage systems and chest tube 
management, 508–509

indications for, 505
pleural effusion, 507, 507f
pneumothorax, 505–507, 506f

Thoracotomy
anterolateral, 1157
emergency, 1157–1160

Three-phase time-sensitive model, of 
cardiac arrest therapy,  
172–173, 172f

Thrombin time, 847–848
Thrombocytopenia, 328, 849, 893

anemia and, 870, 870t
correction of, and coagulopathy for routine 

bedside procedures, 857
dilutional, 850
drug and medication-induced, 850–851, 

850t, 851t
etiology of, in intensive care unit patients, 

849–853, 850t, 851t
heparin-induced, 851–852, 851t
immune, 852
spurious, 849–850

Thrombocytopenia syndrome, severe fever 
with, 741–742

Thromboelastography, 848–849, 848f
Thrombolysis, patient selection  

of, 331
Thrombolytic agents, 299
Thrombolytic therapy, 298–299, 299t,  

329–332, 330t
Thrombosis, cavernous sinus, 687
Thrombosis factors, vascular physiology 

and, 846
Thrombotic complications, 185, 901–902
Thrombotic microangiopathies, 852

acute renal failure and, 926

Thrombotic thrombocytopenic purpura 
(TTP), 858, 859, 901–902

acquired, 858
diagnosis of, 861–863
differentiation of

from hemolytic uremic syndrome, 862–
863, 862t

from pregnancy-associated 
complications, 863

from systemic lupus erythematosus with 
vasculitis, 863

hereditary, 858
hereditary and acquired idiopathic,  

859, 859f
management of organ failure and 

treatment-related complications, 
864–865

pregnancy-associated, 860
thienopyridines-associated, 859–860
treatment of, 863

Thymectomy, 826
Thymic hyperplasia, 826
Thymoma, 826
Thyroid disease, 986–996

amiodarone-induced thyrotoxicosis,  
994–995, 995t

decision to treat, 988, 988t
goiter and acute airway  

obstruction, 990
hypothyroidism, 986–987
iodide-induced thyrotoxicosis, 996
levothyroxine overdose, 995
myxedema coma, 988–990, 989t
neonatal thyrotoxicosis, 995–996
nonthyroidal illness syndrome, 987
risks and management in thyrotoxic 

patients, 993–994
thyroid function studies, 987–988, 987t
thyroid hormone physiology in critical 

illness, 987, 987f
thyroid storm, 991–993, 991t, 992t
thyrotoxicosis, 990–991, 990t

Thyroid function, head injury and, 1137
Thyroid function studies, thyroid disease and, 

987–988, 987t
Thyroid hormone physiology in critical illness, 

thyroid disease and, 987, 987f
Thyroiditis, 826
Thyroid storm

precipitating factors, 991
thyroid disease and, 991–993, 991t, 992t
treatment of, 991–993, 992t

Thyrotoxicosis
amiodarone-induced, 994–995, 995t
iodide-induced, 996
neonatal, 995–996
thyroid disease and, 990–991, 990t

Ticagrelor, 303
Ticarcillin-clavulanic acid, 699
Tick-borne encephalitis virus (TBE), 672
Tick paralysis, 828
Tigecycline, 548, 699
Timing it right (TIR) framework, 110
Tissue corticosteroid resistance during 

critical illness, 982
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Tissue hypoxia, 842
Tissue oximetry, 244–245
Tissue oxygenation, 242–245, 243f,  

244t, 245f
Tobramycin, 547
Tocolytic therapy in pregnancy, 1266
Togaviridae, 673
Tonicity, 944
Torsade de pointes, 281
Torso trauma, 1152–1168, 1153f

abdominal injuries in, 1160–1161
classification of, 1153
emergency thoracotomy, 1157–1160

aortic rupture, 1159–1160, 1159f
blunt cardiac injury, 1159
cardiac tamponade, 1157–1158
diaphragmatic rupture, 1160
esophageal disruption, 1160
indications, 1157
lung contusion, 1158
rib fractures, 1160
simple hemopneumothorax, 1160

massively bleeding patient, 1156–1157
flail chest, 1157
pneumothorax and tracheobronchial 

injury, 1156–1157
traumatic air embolism, 1157

specific abdominal injuries, 1162–1168
duodenal, 1162–1163, 1162f
extrahepatic biliary tract, 1165–1166
genitourinary, 1166–1167
intestinal, 1163–1164
liver, 1164–1165
pancreatic, 1163
retroperitoneal hemorrhage, 1166
spleen, 1165
stomach, 1162
traumatic abdominal compartment 

syndrome, 1167–1168
thoracic injuries requiring immediate 

intervention, 1153–1157
cardiac tamponade, 1155–1156
massive hemothorax, 1156
open pneumothorax,  

1154–1155, 1155f
tension pneumothorax, 1154, 1154f

Toxicology in adults, 1192–1223
detoxification, 1203–1206

activated charcoal, 1203–1204
extracorporeal removal of toxins,  

1205–1206
forced diuresis and urinary 

manipulations, 1204–1205, 1204t
gastric emptying, 1203
whole-bowel irrigation, 1204

diagnosis of toxic ingestion, 1198–1203
history and physical examination,  

1198–1199, 1198t, 1199t, 1200t
laboratory evaluation, 1199–1202,  

1200t, 1201t
toxicology screening, 1202–1203,  

1202t, 1203t
indications for intensive care unit 

admission, 1206
initial supportive measures,  

1194–1198, 1194t, 1195t

agitated or seizing patient, 1197, 1197t
alterations in temperature,  

1197–1198, 1197t
coma cocktail, 1196–1197

poison control centers, 1203
specific intoxications, 1206–1223

acetaminophen, 1206–1210,  
1207f, 1209t

amphetamines, 1210
barbiturates, 1210
benzodiazepines, 1210–1211
calcium-channel blockers, 1211–1212
carbon monoxide, 1212
cocaine, 1212–1214, 1213f
cyanide, 1214–1215
cyclic antidepressants, 1215–1216
digoxin, 1216–1217, 1216t
envenomations, 1222–1223
lithium, 1217–1218
methemoglobinemia, 1218–1219
opioids, 1219
organophosphate and carbamate 

insecticides, 1219–1220, 1219t
salicylates, 1220–1221, 1220t, 1221t
selective serotonin reuptake inhibitors, 

1221–1222, 1221t
ß-blockers, 1211
γ-hydroxybutyrate, 1217

Toxicology screening, 1202–1203,  
1202t, 1203t

Toxic shock syndrome (TSS), 564,  
1297, 1297t

Toxidrome, 1198
Toxoplasma gondii, 675–676
Toxoplasmosis, 675–676
Trachea, 404
Tracheal deviation, 505
Tracheal intubation, 384
Tracheo-innominate fistula, 395, 400
Tracheostomy, 394–395, 396–404, 1309

areas of continued controversy and future 
study, 403

benefits and risks of, 397–398, 397t
complications of, 395
emergency cricothyroidotomy and, 400
indications for, 394, 396–397, 397t
management of, 400–401
minitracheostomy, 395
percutaneous versus surgical, 394–395
selection of tube, 401
speech and swallowing, 403
technique of, 399–400
timing of, 398
weaning from, and decannulation, 401, 

402f, 403
Tracheostomy tube, selection of, 401
TRAF-associated kinase (TAK), 552
Tranexamic acid, 1279
Tranexamic acid and aminocaproic acid, 857
Transcalvarial herniation, 1123
Transesophageal echocardiography, 1056
Transforming growth factor (TGF), 566
Transfused red blood cells,  

transfusion-related 
immunomodulation and  
age of, 843–844

Transfusion, sickle cell disease and,  
913–914, 913t, 914t

Transfusion-related immunomodulation and 
age of transfused red blood cells, 
843–844

Transjugular intrahepatic portosystemic shunt 
(TIPS) procedure,  
24f, 223–225, 928, 1009

Translational research in rehabilitation after 
critical illness, 110

Transmission-based precautions, 28–30, 29t
Transplant patient, 1087–1108

heart transplantation, 1102–1108
indications and outcomes, 1102
infectious complications,  

1104–1107, 1105ft, 1107t
postoperative complications,  

1103–1104, 1104t
postoperative management, 1102–1103
procedures, 1102

immunosuppression, 1088–1090, 1088f
antilymphocyte antibodies, 1089–1090
calcineurin inhibitors and related 

compounds, 1089
new agents, 1090
proliferation inhibitors, 1089
systemic corticosteroids, 1090

liver transplantation, 1097–1102
changes in donor demographic and 

management, 1098
indications and outcomes, 1097–1098, 

1097t, 1098ft
postoperative complications,  

1100–1102, 1100t, 1101t
procedure, 1098–1099

lung transplantation, 1090–1096
indications and outcomes, 1090–1092, 

1090t, 1091ft, 1092ft
postoperative complications, 1093–1096, 

1094t, 1095t, 1096f
postoperative management, 1093, 1094t
procedure, 1093

Transplant surgery emergencies,  
1074–1075, 1076t

Transportation, of critically ill patient, 69–76
prior to transfer, 69–75, 70t, 71–7271t,  

74ft, 75f
special circumstances/clinical conditions, 

75–76, 76t
Transpulmonary indicator dilution, 247
Transtentorial uncal herniation, 1123
Trauma. See also Torso trauma

ECMO in, 481, 481t
electric, 1175–1180, 1176t, 1177t

cardiac, 1177
extremity and wound, 1178–1179
gastrointestinal, 1178
initial evaluation, 1176–1177
late sequelae of injury, 1179–1180
lightning injury, 1179
neurologic, 1178
pulmonary, 1178
renal, 1177–1178

extremities, 1172–1175
complications in, 1173–1175, 1174f
electrical, 1178
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fracture assessment, 1172, 1173t
treatment of, 1173, 1173t

multisystem
deciding on surgical intervention, 1121
priorities in, 1116–1121

adequacy of perfusion,  
1118–1119, 1119t

airway, oxygenation, ventilation, and 
cervical spine control, 1117

cervical spine protection, 1118
detailed systematic assessment and 

definitive care, 1120
fracture stabilization, 1120
locating source of internal 

hemorrhage, 1119
neurologic status, 1119–1120
reevaluation and monitoring patient, 

1120–1121
surgical airway, 1117–1118, 1117f
ventilation, 1118

nutrition and, 1062
in pregnancy, 1259

Traumatic abdominal compartment 
syndrome, 1167–1168

Traumatic air embolism, 1157
Traumatic brain injury (TBI), 1122

operative management of, and decompressive 
craniectomy, 1134–1135

primary and secondary, 1124, 1124f
Triage Index, 91–92
TRICC trial, 843
Tricuspid regurgitation, 198, 199f, 351–352

clinical presentation, 352
diagnostic evaluation, 352
etiology, 351, 352f
management of, 352
pathophysiology, 352

TRISS trauma score, 89
Tuberculosis (TB), infection control and, 30
Tularemia, 719–720, 747, 748

typhoidal, 747
ulceroglandular, 747

Tumor lysis syndrome, 871, 871t, 877–878, 
878f, 926, 965

Tumor necrosis factor inhibition, use of, in 
critically ill patient, 1252

Tumor necrosis factor-α (TNF-α), 604
Tunnel infection, 591
2009 influenza A (H1N1) severe ARDS, 

ECMO and, 479–481
Type I error, 47
Type I (immediate) hypersensitivity 

reactions, 1282–1283
Type II error, 47
Type IV, delayed-type hypersensitivity 

reactions, 1283–1284
Typhlitis, 616–617
Typhoidal tularemia, 747

U
Ubiquitous injury, 107–108, 108f
Ulcer(s)

Meleney, 691
peptis, 1014–1017, 1015f, 1016f
pressure, 1304
stress, 575

Ulcer node syndromes, 719–720
plague, 719
tularemia, 719–720

Ulceroglandular tularemia, 747
Ultrafiltration, 933
Ultrasound predictors, static 

echocardiographic and, 263–264
Uncontrolled bleeding, salvage therapy for 

endoscopically, 1009–1010
Uniform Determination of Death Act, 838
United Network for Organ Sharing  

(UNOS), 1097
U.S. Strategic National Stockpile  

(SNS), 57
Unstable angina, 294
Upper airway obstruction, 404–411

anatomy of upper airway, 404, 405f
causes of

laryngeal, 407–409
nasal and pharyngeal, 406–410, 408t
oropharyngeal, 406–407

clinical presentation and initial evaluation, 
405–406

complications of, 411
pathophysiology of upper airway 

obstruction, 405
fixed upper airway obstruction, 405
variable extrathoracic obstruction, 405
variable intrathoracic obstruction, 405

treatment of, 410–411
Upper gastrointestinal bleeding, 218, 219f, 1010
Upper respiratory tract, life-threatening 

infections of, 676–688
Urinalysis in patients with acute kidney 

injury, 924–925
Urinary catheters, 25, 25t
Urinary tract infections (UTIs), 559, 645,  

649, 696–703
catheter-associated bacteriuria and 

candiduria, 702–703
due to bacteria, 696–701, 697t, 698t

antimicrobial therapy, 698–700
complications, 700–701
emerging antimicrobial resistance in 

enterobacteriaceae, 697–698, 697t
enterococci as urinary pathogens, 698
microbiology, 696

due to Candida, 701–702
Urolithiasis, 211

V
Vaccine, oral polio, 672
Valvular dysfunction, 258, 275
Valvular heart disease, 343–356

aortic regurgitation, 347–348
clinical presentation, 347
diagnostic evaluation, 347–348
etiology, 347, 347f
management of, 348
pathophysiology, 347

aortic stenosis, 344–347
clinical presentation, 345
diagnostic evaluation, 345, 345t
etiology, 344, 344f
natural history, 344
pathophysiology, 344

infective endocarditis, 354–356
clinical presentation, 354, 355f
etiology, 354
pathophysiology, 354

mitral regurgitation, 350–351, 350f
clinical presentation, 350–351
diagnostic evaluation, 351
etiology, 350
management of, 351
pathophysiology, 350

mitral stenosis, 348–350
clinical presentation, 349
diagnostic evaluation, 349
management of, 349
pathophysiology, 348–349, 349f

prosthetic valve dysfunction, 352–354
structural failure of prosthetic  

valves, 354
thrombosis, 353–354, 353f

tricuspid regurgitation, 351–352
clinical presentation, 352
diagnostic evaluation, 352
etiology, 351, 352f
management of, 352
pathophysiology, 352

Vancomycin, 548, 550
Vancomycin intermediate Staphylococcus 

aureus (VISA), 547
Variability, sources of, in quality 

measurement, 11
Variceal bleeding, 221, 223
Variceal hemorrhage, 1010–1014

acute, 1030–1031
endoscopic therapy, 1012–1013
management, 1010–1012, 1011ft
pharmacotherapy, 1012
salvage therapy for endoscopically 

uncontrolled bleeding,  
1009–1010

Varicella zoster virus (VZV), 670,  
1300–1302, 1301f

infection control and, 30
Vascular access, obesity and, 1310
Vascular causes of acute renal  

failure, 922
Vascular dysfunction, in sepsis, 565
Vascular injury, extremity trauma and,  

1173, 1174f
Vascular occlusion test (VOT), 245
Vascular physiology, thrombosis factors  

and, 846
Vascular surgery emergencies,  

1075–1076, 1075t
Vasculitis, 1247
Vasoactive drug therapy, 315
Vasogenic edema, 794

corticosteroids for, 812–813
Vaso-occlusive crisis (VOC), 904
Vaso-occlusive pain crisis, sickle cell 

disease and, 906
Vasopressin, 316

as option in endovascular treatment, 
220–221

Vasopressin antagonists, role of, 950
Vasopressin-induced skin necrosis,  

1286, 1286f
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Vasopressin in Septic Shock Trial  
(VASST), 263

Vasopressors, 252–253, 572–573, 1145
Vasospasm, 243, 777
VCAM-1, 908
Vegetative state, 829–830
VEGF-targeted tyrosine kinase  

inhibitors, 897
Vena caval interruption, 329
Venezuelan equine encephalitis virus  

(VEEV), 673
Venezuelan hemorrhagic fever, 739
Veno-arterial extracorporeal membrane 

oxygenation (ECMO), 474
Venoocclusive disease, 223
Venous air embolism, in pregnancy,  

1266–1267
Venous oximetry, 243–244, 244t
Venous oxygen saturation, sepsis  

and, 569
Venous return

cardiac function curves and, 233–234,  
233f, 234f

control of, by systemic vessels, 269–270
decreased, 254–256, 255f
resistance to, 234, 234f

Venous thromboembolism, 221, 560
in pregnancy, 1268
prophylaxis, 1135–1136
prophylaxis against, 332–333
reducing risk of recurrence, 221
risk of, 1308
spinal injuries and, 1151
stress ulcer prophylaxis, sepsis  

and, 575
Venous thrombosis, 319f, 320f, 321f
Venous ultrasonography, in diagnosing 

pulmonary embolic disorders, 325
Ventilated patient

cardiopulmonary interactions, 425
choosing ventilator mode, 425–430,  

428f, 429f
management of, 424–434, 430–433,  

431f, 432ft
prevention, the ventilator bundle, 424
ventilator-induced diaphragm  

dysfunction, 425
ventilator-induced lung injury, 425

Ventilation perfusion lung scan, in 
diagnosing pulmonary embolic 
disorders, 325–326

Ventilator, management during  
ECMO, 475

Ventilator-associated pneumonia (VAP),  
388, 424, 520–535, 570, 629

diagnosis of, 525–529, 526f, 527f
difficulty in diagnosing, 14
epidemiology of, 521–522, 522t
evidence of, 46
predisposing factors, 522–525, 523t
prevention, 532–535
sensitive indicator for, 8
treatment of, 529–532

Ventilator discontinuation process, 
patient ventilator synchrony,  
435, 435f

Ventilator-induced lung injury, 434–435, 434f, 
439–448, 439t, 440t, 470

acute respiratory distress syndrome and, 
439–440

biotrauma, 444
decompartmentalization, 444–445
high airway pressures/large tidal volumes 

and, 441–442, 441f, 442f
lung-protective strategies, do no harm, 

445–447, 446t
macroscopic injury, 440
rescue therapies for life-threatening hypoxia 

minimizing vili, 447–448, 448f
role of end-expiratory pressure,  

442–444, 443f
Ventilator management of respiratory 

abnormalities, 458–459, 458f, 459f, 
460f, 461ft, 462t, 463ft, 464t,  
465t, 467f

Ventilator waveforms, 411–424
to facilitate lung-protection in acute 

respiratory distress syndrome,  
420–421, 420f, 421f

flow waveforms, 414–415, 415f
hemodynamic interpretation and,  

421–422, 421f, 422f
obstructed patient, 415–418, 415f, 416f, 

417f, 418f
patient asynchrony, 418, 419f,  

420, 420f
pressure at the airway opening, 412–414, 

412f, 423ft
unusual problems revealed by analysis,  

423, 423f
Ventilatory failure, 250–251

hypoxemic versus, 372, 373t
Ventilatory impairment, diseases of, 974
Ventricular dysfunction in critical illness, 

229–233, 229f, 230f, 231ft, 266–278
acute on chronic heart failure, 276–277, 277t

clinical features, 277
management of, 277
precipitating factors, 276–277

assessment of cardiac dysfunction,  
266–269, 266f

central venous and right heart catheters, 
268

clinical examination, 266, 267t
echocardiographic examination,  

266–268
decreased cardiac output due to cardiac 

dysfunction or decreased venous 
return, 268–270

control of venous return by systemic 
vessels, 269–270

definition of cardiac pump function 
and its relation to venous return, 
268–270

ventricular systolic and diastolic 
function, 268–269, 269f

mechanisms and management of left 
ventricular dysfunction, 270–275

abnormal heart rate and rhythm, 275
decreased left ventricular systolic 

contractility, 270–273, 271f, 272t
increased diastolic stiffness, 274

special effects of altered afterload on 
ventricular function in critical 
illness, 274–275

valvular dysfunction, 275
mechanisms and management of right 

ventricular dysfunction, 275–276
decreased right ventricular systolic 

function, 275
disorders of right ventricular preload, 

afterload, valves and rhythm,  
275–276, 276t

ventricular interaction, 276
Ventricular dysrhythmias, 1177
Ventricular fibrillation and pulseless VT, 286
Ventricular fibrillation/ventricular tachycardia 

without a pulse, 169–170
Ventricular filling disorders, diastolic V-P 

curve and, 231, 231ft
Ventricular free wall rupture, 305
Ventricular hypertrophy, 310
Ventricular interaction, diagnosis of 

interdependence, 276
Ventricular interdependence, treatment of, 276
Ventricular proarrhythmia, risk of, 279
Ventricular septal rupture, 305
Ventricular tachyarrhythmias, 280–286, 281f, 

282t, 283t, 284ft, 285f, 286f
management of, 283–286, 284ft

Ventricular tachycardia with a pulse, 169
Ventricular-vascular coupling, 229–230, 229f
Ventriculostomy infections, 1136
Venturi effect, 1069
Vertebral injuries, classification of,  

1138–1139, 1140t
Viatorr™ stent, 224
Vibrio cholerae, in noninflammatory 

diarrhea, 706
Video capsule endoscopy, 1021
Vigileo™, 248
Viral hemorrhagic fevers, 717–718, 733–743, 

734–7353, 736t, 750–751
dengue as, 717–718
Ebola/Marburg as, 718
flaviviridae as, 734–736, 738
hantavirus as, 718

Viral infections, 1300–1302
herpes simplex, 1300, 1300ft, 1301f
human immunodeficiency virus, 1302, 1302t
smallpox, 1302
varicella zoster, 1300–1302, 1301f

Virtual autopsy, 36
Visceral abscess, 1082–1083, 1082t, 1083f
VISICU system, assessing, 17
Vitamin K antagonists, 854–855
Volume, 252
Volume feedback control of pressure-targeted 

breaths, 437
Volume responsiveness, detection of, 243
VolumeView, 247
Von Willebrand disease, 846, 854
Von Willebrand factor (VWF)

deficiency of, 854
qualitative deficiency of, 846

Von Zumbusch psoriasis, 1292–1293, 1292f
Voriconazole, 649–650
VT/VF electrical storm, 286
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W
Waldenström macroglobulinemia, 947
Warfarin, 1285–1286, 1286f
Waterhouse-Friderichsen syndrome, 260
Weakness. See Intensive care unit-Acquired 

weakness
Weaning off ECMO, 476, 476f
Weaponization of Venezuelan hemorrhagic 

fever (VHF) agents, 743
Wedge artery occlusion pressure, 263
Weight loss, obesity and, 1311

Western equine encephalitis virus  
(WEEV), 673

West Nile virus (WNV), 671–672
White blood cell count, 567
Whole-bowel irrigation, 1204
Wolff-Parkinson-White syndrome, 279, 

286–287, 295
Wound care

in burn patients, 1188
postoperative infections and,  

1065–1067, 1066t

Y
Yeast infections, 624
Yellow fever, 718, 737–738
Yesinia pestis, 746
Young-Burgess classification,  

1169–1170, 1170t

Z
Zaire ebolavirus, 740
Ziprasidone, 153
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